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Energy Converters - CAD and System Dynamics Preface

Dear student,

this text book provides you in detail with the contents of the lecture “Energy Converters -
CAD and System Dynamics of Electrical Machines”. This text book is accompanied by the
“Collection of Exercises”, which comprises the theoretical questions and calculation examples
with detailed solutions for learning for the written exam. The exam comprises three examples
and several theoretical questions.

We offer for these lectures in parallel a tutorial, where you get acquainted with calculating
examples by hand and by computer software. Computer Aided Design (CAD) of electrical
machines is done with the commercial, widely used program package of the SPEED group in
UK and for dynamical calculations with the MATLAB/Simulink software. You get an
introduction to both programs during the tutorial. Via two mini tests during that tutorial you
can gather points, which may help you to get a better final mark. Further details concerning
the examination please take from our internet home page or from the black board at our
department.

The power point presentation of the lectures may be regarded as the essentials of this course
and are a comprehensive “path” through the topics taught during that course. The power point
presentation is available at our home page for down load. My assistants and | offer also
consulting during our official hours. | do not have fixed official consulting hours. In the case
you want to consult me, please make a date with my secretary.

We offer to you in addition to the lectures some experiments during the lecture break and an
accompanying excursion to different companies in our vicinity. We invite you to make broad
use of these interesting possibilities to get in contact with industry.

As modern CAD comprises also Finite Element methods for design and simulation, we offer a
seminar course “Design of electric machines and actuators with numerical field
calculation” on finite element calculations, where you solve after a short introduction
practical tasks on the computer. If you are interested in that course, do not hesitate to contact
us.

In case of further questions you are invited to contact our assistants or myself. We wish you
good success in taking the main messages of these lectures and a good passing of your
examinations.

Yours sincerely

A. Binder Darmstadt, January 2023

Head of Institute for
Electrical Energy Conversion

TU Darmstadt Institute of Electrical Energy Conversion
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List of symbols

a - number of parallel branches of winding in AC machines, BUT: Half of
number of parallel branches of armature winding in DC machines

a; - parallel wires per turn

A A/m current layer

A m’ area

b m breadth

bp m pole width

B T magnetic flux density

c J/(kgK) specific heat capacity

C kVA'min/m® Esson’s number

C m length of integration loop

de m penetration depth

dsi m inner stator diameter

E V/m electric field strength

f Hz electric frequency

F N force

g - integer number

Gin W/K thermal conductance

h m height

H A/m magnetic field strength

electric current

field excitation current

I - per unit current

i - counting index

J - imaginary unit J-1

J A/m® electric current density

polar momentum of inertia

ke - Carter’s coefficient

kg - distribution factor

Kt - slot fill factor, frequency coefficient
- stack fill factor

- average decrease of AC inductance
- average increase of AC resistance of n conductors
pitch factor, increase of AC resistance of p™ conductor
average increase of AC resistance

- winding factor

axial length

self inductance

overall length

life span

number of phases

- per unit torque

kg mass

Nm torque

Nm rated apparent torque

Nm asynchronous break down torque
Nm synchronous pull out torque

s Nm shaft torque

M;  Nm starting torque

> >

A= Ja == '
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1/s

(¢}
1

jan
1

TS OO0 U T ZZ2=5

Rin K/W
S -

S 1/s

S m

SQ m

S VA

t S

tB, tSt S

T S

TJ S

Tg S

T K

u U Vv

u -

Ur Vv

Us \Y

U, A%

ay, Uy -

Vv m/s
Vio W/kg
Vis W/kg
\Y A

V m’
w J

w m

X m

X -

X Ohm
X4, Xg Ohm
Z -

Z Ohm
a rad
B -

e -

a, ac Ws/m?
oo  rad

y rad

% kg/m’
TU Darmstadt

rotational speed

number of turns per phase

number of turns per coil

number of half oscillations for 95% damping
number of pole pairs

power density

power

number of slots per pole and phase
heat flow density

number of slots

ordinal number of radial force waves, per unit resistance
electric resistance

thermal resistance

slip

Laplace operator

distance

slot opening

apparent power

time

operating time, stand still time
time constant, duration of period
starting time constant

thermal time constant

absolute temperature

electric voltage

per unit voltage

reactance voltage of commutation
field excitation voltage

back EMF, synchronous generated voltage
current / voltage transforming ratio
velocity

iron losses at 1.0 T, 50 Hz per 1 kg
iron losses at 1.5 T, 50 Hz per 1 kg
magnetic voltage (m.m.f.)

volume

energy

coil width

circumference co-ordinate

per unit inductance

reactance

direct and quadrature reactance
total number of conductors
impedance

firing angle

slot ripple coefficient
equivalent pole coverage ratio
heat transfer coefficient

slot angle

circumference angle

mass density
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14 /s inverse armature time constant (1/T,)

o m air gap width

o /s damping coefficient

n - efficiency

9 °C temperature

49 K temperature rise

e A ampere turns

K S/m electric conductivity

A - “magnetic conductance”

Ath W/(mK) thermal conductivity

Y7, - ordinal number of rotor space harmonics
y7, Vs/(Am) magnetic permeability

Lo Vs/(Am) magnetic permeability of empty space (47107 Vs/(Am))
1% - ordinal number of stator space harmonics
& - ,reduced* conductor height

o} - leakage coefficient

oo - harmonic leakage coefficient

T N/m? tangential specific thrust

79,75, Trm slot pitch (stator, rotor)

) m pole pitch

1) rad phase angle

@ Wb magnetic flux

v, ¥ Vs magnetic flux linkage

0] /s electric angular frequency

ax /s natural angular frequency (“eigen-frequency”)
Wy Onl/s mechanical angular frequency

Subscripts

a
ad
av
amb
b

c
crit

outer, armature

additional

average

ambient

asynchronous break down, winding overhang (bobinage)
coil

critical

copper

direct axis stator component, DC, distribution, dissipation, dental (tooth)
direct axis damper component
electric, equivalent

field

friction

iron

Foucault losses (eddy current losses)
main-

hysteresis

induced, internal, inner

input

short circuit-, convective

cooling ducts
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small letters: instantaneous value (e.g.: electric current) or per unit value

capital letter: value in physical units e.g. reactance in €, small letter: per unit value

L conductor (strand)

mag magnetic

m mechanical, magnetising,

max maximum

N rated

out  output

p pole, pitch, synchronous pull-out
ph phase value

q quadrature axis stator component
Q slot, quadrature axis damper component
r rotor

S stator

S shaft

sh sheet

sk skew

syn  synchronous

St stand-still

th thermal, theoretical

y yoke

w winding, windage

o air gap

o leakage

0 no load, steady state, initial

1 starting (S = 1 with induction machine)
o0 infinite

Notation

i

I capital letters: r.m.s. or DC value (e.g.: electric current)
X, X

1 underlined: complex values

] amplitude

I’ related to stator side winding
Re(.) real part of ...

Im(.) imaginary part of ...

TU Darmstadt

Institute of Electrical Energy Conversion
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German-English translation of important technical items

Anzahl paralleler Wicklungs- number of parallel winding
zweige bei Drehfeldmaschinen, branches of poly-phase machines,
a - aber: HALBE Anzahl paralleler however: HALF of the number of
Wicklungszweige bei Gleichstrom- | parallel winding branches of dc
maschinen machines
A A/m | Strombelag electric loading
A m” Flache area
b, by m Nutbreite (Stator, Rotor) slot width (stator, rotor)
b, m Polschuhbreite width of pole shoe
Dstab m Stabbreite width of bar
B T Ex;?ﬁ::;;zils:)lnduktlon magnetic induction (flux density)
Feldfaktoren der Langs-, Quer- field factors of d-(direct) and q-
Cd, Cq - .
achse (quadrature) axis
Ersatzfederkonstante der equivalent spring constant of a
Cy Nm/rad . :
Synchronmaschine synchronous machine
dsi m Bohrungsdurchmesser bore diameter
D As/m? elektrische Verschiebung electric displacement (electric flux
(elektrische Flussdichte) density)
E V/m elektrische Feldstirke electric field strength
f Hz elektrische Frequenz electric frequency
F N Kraft force
g - ganze Zahl integer
h m Hohe height
H A/m | magnetische Feldstirke magnetic field strength
| A elektrische Stromstérke electric current
J - imaginire Einheit imaginary unit
J A/m” | elektrische Stromdichte electric current density
J kgm” | polares Trigheitsmoment moment of inertia
Kk - Ordnungszahl ordinal number
Kq - Zonenfaktor distribution factor
ky - Leerlauf-Kurzschluss-Verhaltnis no load - short circuit ratio
Ko - Sehnungsfaktor pitch factor
kg, ki - Stromverdrdangungsfaktoren current displacement factors
K . Proportionalitdtskonstante der proportional constant of the
R V's/A
Reaktanzspannung reactance voltage
Kw - Wicklungsfaktor winding factor
K - Anzahl der Kommutatorsegmente | number of collector segments
I m Linge (axial) length (axial)
L H Selbstinduktivitit self inductance
m - Strangzahl number of phases
M H Gegeninduktivitit mutual inductance
M Nm Drehmoment torque
Mg Nm asynchrones Kippmoment asynchronous breakdown torque
Mpo Nm synchrones statisches Kippmoment (siynchronous, steady-state break-
own torque
M; Nm %llerl)ﬁe lllllrrrll%smme??ent’ shaft torque
TU Darmstadt Institute of Electrical Energy Conversion
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M, Nm Anfahrmoment breakaway torque
n 1/s Drehzahl motor speed
N - Windungszahl je Strang number of windings per phase
N¢ - Spulenwindungszahl number of windings per coil
p - Polpaarzahl number of pole pairs
P W Leistung power
q - Igg;?lzgé;hl (Nuten pro Pol und number of slots per pole and phase
Q - Nutzahl number of slots
R Ohm | elektrischer Widerstand electric resistance
S - Schlupf slip
S m Weglinge distance
t S Zeit time
T S Zeitkonstante time constant
u - Spulenseiten je Nut und Schicht number of coils per slot and layer
U \ elektrische Spannung electric voltage
U, \Y Polradspannung synchronous internal voltage
i i Ubersetzungsverhaltnis ratio (voltage ratio)
’ (Spannungsiibersetzungsverhéltnis)
U - Stromiibersetzungsverhéltnis current ratio
Vv m/s Geschwindigkeit velocity
Vv A magnetische Spannung magnetg-motive force (“magnetic
voltage™)
Vv m’ Volumen volume
W J Energie energy
W m Spulenweite coil width
X m Umfangskoordinate circumferential coordinate
X Ohm | Reaktanz reactance
Xd, Xq Ohm | Léangs-, Querreaktanz d-, g-reactance
y - Weltg ciner Spule, gezdhlt in width of a coil in numbers of slots
Nutteilungen
z - gesamte Leiterzahl total number of conductors
YA Ohm | Impedanz impedance
e - dquivalente Polbedeckung pole pitch factor
a rad Zindwinkel firing angle
a0 rad Nutenwinkel (elektrischen Grad) slot angle (electric degrees)
y rad Umfangswinkel (elektrische Grad) (cilrcumferentlal angle (electric
egrees)
o m Luftspalt air-gap
@ rad Phasenwinkel phase angle
D Wb magnetischer Fluss (Scheitelwert) | magnetic flux (peak value)
v Vs giii?:é?\illeitl;lussverkettung magnetic flux linkage (peak value)
K S/m elektrische Leitfdhigkeit electric conductivity
U - Ordnungszahl ordinal number
u Vs/(Am) | magnetische Permeabilitit magnetic permeability
magnetische Permeabilitit des magnetic permeability of vacuum
+Ho VsiAm) Vakuums (4710”7 Vs/(Am)) (410”7 Vs/(Am))
TU Darmstadt Institute of Electrical Energy Conversion




Energy Converters - CAD and System Dynamics 0/11

Introduction

% - Ordnungszahl ordinal number
& - ,Jeduzierte® Leiterhohe “reduced” conductor height
n - Wirkungsgrad efficiency
9 rad Polradwinkel (elektrische Grad) load angle (electric degrees)
O A elektrische Durchflutung Ampere-turns
o - BLONDEL "scher Koefﬁzwnt der BLONDEL’s leakage coefficient
Gesamtstreuung, Streuziffer
Oo - Streuziffer der Oberfelderstreuung leakage coefficient of harmonic
leakage
T m Kommutatorstegteilung collector segment pitch
Nutteilung allgemein bzw. Stator- | slot pitch in general, stator / rotor
Q5o m und Rotornutteilung slot pitch
T m Polteilung pole pitch
@ 1/s elektrische Kreisfrequenz electric angular frequency
0 1/s elektrische Winkelgeschwindigkeit | electric angular speed
Wy n 1/s @eircllli?;ezlclﬁwin digkeit mechanic angular speed

Indizes / Subscripts

a Anker armature
av Mittelwert average value
b Biirste, asynchrones Kippen brush, asynchronous breakdown
c Spule, Kommutator coil, collector
com Kommutierungs- collector
C Koerzitiv- coercive
direct (l%ings), (.10 (Gleichgrofie), direct, dc (direct current), phase
d Zone (distribution), Verluste RN L
SN (distribution), losses (dissipation)
(dissipation)
D D? mpferwicklung in der damper winding in direct axis
Lingsachse
e elektrisch, dquivalent electric, equivalent
f Feld field
Fe Eisen steel
h Haupt- mutual / magnetising
i induziert induced
in zugefiihrt fed -
k Kurzschluss- short circuit -
m Magnetisierungs-, magnetisch magnetising -, magnetic
m mechanisch mechanical
m maximal maximum
N Nenn rated
out abgegeben delivered
0 Oberfelder harmonics
. Pol, Polrad, Sehnung pf)le, rotor (synchronous machine),
pitch
q quer quadrature
Déampferwicklung in der damper winding in the quadrature
Q Querachse axis

TU Darmstadt

Institute of Electrical Energy Conversion
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Q Nut slot
r Rotor rotor
R Reaktanz- (Gleichstrommaschine), | reactance (DC machine),
Remanenz, Reibung remanence, friction
s Stator stator
s Welle shaft
sch schalt switching
syn Synchron synchronous
sh Shunt shunt
v Vorwiderstand external resistance
w Wicklung winding
\\% Wendepol commutating
3 Luftspalt air-gap
c Streu- leakage
0 Leerlauf No-load
1 Anfahrpunkt (s =1 bei breakaway (s = 1 with
Asynchronmaschine) asynchronous machines)
#

Notationen / Notations

Kleinbuchstabe: z.B.: elektrische

! Stromstirke, Augenblickswert

lower case letter: e.g.: electric
current, instantaneous value

Grofibuchstabe: z.B.: elektrische
| Stromstirke, Effektivwert oder
Gleichstrom-Wert

upper case letter: e.g.: electric
current, rms or dc value

Grof3buchstabe: z.B. Reaktanz,
X, X Kleinbuchstabe: z.B. bezogene
Reaktanz (p.u. -Wert)

upper case letter: e.g. reactance,
lower case letter: e.g. normalised
reactance (p.u.-value)

unterstrichen: komplexe GrofBen

underlined: complex values

Spitzenwert, Amplitude

peak value, amplitude

auf Stinderwicklungsdaten

as seen from the stator winding

umgerechnet
X', X" transiente, subtransiente Reaktanz | transient, subtransient reactance
I* konjugiert komplexer Wert von | conjugated complex value of |
Re(.) Realteil von ... real part of ...
Im(.) Imaginérteil von ... imaginary part of ...

TU Darmstadt
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1. Basic design rules for electrical machines
1.1 Torque generation and internal power

A rotating electric machine consists of a stator and a rotor. Magnetic flux density is always
arranged in pole pairs p with at least two poles 2p = 2 and pole pitch 7, yielding rotor
circumference 2p7,. Due to small air gap between stator and rotor, when compared with

rotor diameter, stator and rotor diameter are nearly equal, so pole pitch is often calculated frim
stator inner diameter 7, = dgi7 /(2 p). Magnetic flux density Bs in air-gap, excited by one part

(stator or rotor), acts with electric current i in winding in the other part by generating a
tangential Lorentz-force F, which forces the rotor to rotate. Due to feeding distributed
winding (e.g. distributed in slots) with e.g. AC current the actual current | depends at rotor
circumference co-ordinate X on time t . Total number of current carrying conductors z along
circumference yields in small section dx the number of conductors (Fig. 1.1-1)

dx

dz=z-
2prp

, (1.1-1)

if concentration of conductors in slots is neglected, being assumed to be evenly distributed
along circumference. With axial length | of rotor and perpendicular directions of current flow
and air gap flux density, generated Lorentz-force at co-ordinate X is

dF(x,t) =dz-i(x,t)- Bs(x,t)-I . (1.1-2)

With definition of current loading (current sheet)

A(x,t):# (1.1-3)
p

total tangential force is

2pr,
F=1- [AXD-Bs(x1)-dx. (1.1-4)
0

Fig. 1.1-1: Tangential Lorentz-force in small section dx

If AC machines, fed by AC currents with frequency f =@ /(27) are designed in that way,
that the distributed windings generate a sinusoidal distributed rotating current loading

A(x,t) = A-cos(xz /7, — at) (1.1-5)
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and a sinusoidal distributed rotating air gap flux density, phase shifted by internal current
angle ¢

Bs(X,t) =By -cos(Xz /7, — ot + ) : (1.1-6)
then (1.1-4) yields a constant total tangential force

F=1-pr,-A-Bscosg . (1.1-7)

With DC machines, stator excited flux density is (more or less) constant Bs along pole
coverage a7y (g~ 0.7) and zero in the pole gaps, whereas current loading A is constant

due to commutation of rotor AC current via brushes and commutator. Hence (1.1-4) yields a
constant total tangential force

F=I1-2p7r,-A-a.Bs . (1.1-8)
Electromagnetic torque results from force with e.g. stator inner diameter as

Me=F-dg/2  Mgac=I(pry)*-A-Bs-cosg/x

(1.1-9)
Meoc =1-2(prp)* - A-aBs/x
Tangential force per stator inner surface is called specific thrust
r=F/(dg-7-I) Tac = A-Bs-cosp; /2 (1.1-10)
Toc = A B

Example 1.1-1:
- Air gap flux density peak value 1.0 T,
- Typical maximum current loading for air cooling with open ventilation:

A =700 A/cm (DC-machines), corresponding amplitude for AC-machines A=+2- K1 - A
a) DC-machines: o = 0.7: 7pc = A- @B 5= 70000-0.7 -1.0 = 49000 N/m” = 0.5 bar
b) AC-machines: ky = 0.95, A=+/2- K1 - A =940 A/cm, maximum thrust at cos¢; =1:
Tac = A-Bg-cosg; /2 =94000-1-1/2 = 47000 N/m* = 0.5 bar

In AC machines rotational speed of A(X,t), B5(X,t)is ngy, = f / p, yielding internal power

(air gap power) as
Ps =27 -Ngyq -Me . (1.1-11)

In DC machines A, B; are not rotating, therefore internal power (air gap power) is
determined by rotational speed of rotor n

P;=27-n-M, . (1.1-12)

Facit:
Electromagnetic torque is determined by air gap flux density and current loading ( = ampere-
turns per unit length) and corresponds with internal power (air gap power).
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1.2 Electromagnetic utilization

Maximum internal power in AC machines is given at cos¢; =1, which equals internal

apparent power S;. This power per stator bore volume dszi (w/4)-1 , but usually neglecting

74, and per speed Ny, 1s called electromagnetic utilization or Esson’s number C.

2
28—5:”_.A.|§5 (1.2-1)
si syn

From theory of distributed winding we know that current loading A is derivative of ampere-
turn distribution V (also called magnetic voltage or "magnetomotive force" m.m.f.).

A(X) = dV () / dx (1.2-2)

Fourier-analysis of spatial ampere-turn distribution for symmetrical three-phase winding (m =
3) with N turns per phase and fundamental winding factor k1, fed by sinusoidal currents with

amplitude V21 and frequency f =w/(27), phase shifted each by 120° (= 24/m), yields
fundamental m.m.f. (see lectures: "Electrical machines and drives").

V2 m

V() =V sin(xz/ry—at) V=20 N-Ky I (1.2-3)
T p

Thus we get with (1.2-2)
AX,t) = A-cos(xz /7y —at)  A=~2-ky A : (1.2-4)

where abbreviation

~2-m-N-I
2pz,

A (1.2-5)

is the r.m.s. current loading, as | is the r.m.s. current per phase, which describes the thermal
loading of the conductors. Therefore the usual way to calculate electromagnetic utilization C
of AC machines is

Sé‘ 72'2

Crpc=—-20 =" .k, AB . (1.2-6)
AC dszi'l'nsyn \/5 wl 1)

For air gap flux density always peak value By = B s 1s used, as it determines saturation of iron

parts. For DC machines we get with S5 = Ps for Esson’s number C

P
Coc=—52—=7" - A-Bs . (1.2-7)
dsi'l'n

Example 1.2-1:
Comparison of electromagnetic utilization of AC and DC machine for the same current

loading A and peak air gap flux density By = I§5 :
CDC _ (049 N 1
Cac ku /2 ki
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With winding factors ranging between 0.92 to 0.96, even in best case cos¢; =1 the utilization
of DC machines is a little bit higher than of AC machines. With cos¢; = 0.8 as typical value

for induction machines this value is higher by about 20%. But note: DC machines need
maintenance of brushes, additional inter-poles to minimize sparking (the inter-pole winding
causes additional resistive losses) and a mechanical commutator. Therefore nowadays robust
induction machines are usually preferred.

Internal power may also be calculated by electric quantities induced voltage (back EMF) and
current. For AC machines main flux per pole of air gap sine wave

@, :%-rpl ‘B (1.2-8)

induces voltage per phase

Ui=v27-f -N-ky @, (1.2-9)
which along with current yields internal apparent power

Ss=m-U;-1=C-dg -1-ng, , (1.2-10)
which leads with (1.2-5) again to expression (1.2-6). For DC machines main flux per pole

Dy =g Tyl By (1.2-11)

induces voltage in the Z conductors, which are arranged in 2a parallel winding branches

U, :Z'Tp-n-@h . (1.2-12)

Along with armature DC current | we get internal power
Ss=U;-1=C-d3-1-n (1.2-13)

and with current amplitude per conductor of AC current in rotor armature | /(2a) and current
loading

_z-1/(2a)
2pr,

A (1.2-14)

finally again (1.2-7) is derived.

Facit:

Electromagnetic utilization is given by current loading and air gap flux density amplitude.
Latter is limited to about 1 T, as in the rotor and stator teeth flux fringing causes flux
densities of about 1.8 ... 2 T, which is saturation limit of iron. Current loading is limited by
cooling system, which enables the machine to get rid of winding losses. Big machines with
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superior cooling system allow therefore high current loading and high electromagnetic
utilization.

Example 1.2-2:
Typical values for electromagnetic utilization, with increased current loading with increasing
machine sizes due to improved heat transfer:

a) DC machines: air-cooled, open ventilated, winding temperature rise 105 K

rated power P kW 1 10 100 6000
rated speed n 1/min 1500 1500 1500 400
rated torque M Nm 6.4 64 640 | 143000
pole count 2p - 2 4 4 18
current loading A Alcm 150 300 430 600
air gap flux density Bs T 0.7 0.85 0.9 1.05
Esson’s number C kW'min/m’ 1.2 2.9 4.5 7.3

a.=0.7

b) AC synchronous machines, cos ¢; = 0.75, 50 Hz : winding temperature rise 80 K,

air-cooled, open ventilated, except *) ,

rated apparent power | S kVA 200 | 800 | 4000 | 40000 | 1000000 *)
rated speed n 1/min 1500 | 1500 | 1500 | 3000 3000
pole count 2p - 4 4 4 2 2
current loading A A/cm 420 | 440 | 750 | 1000 2100
air gap flux density Bs T 0.9 1.0 | 1.03 | 1.05 1.1
Esson’s number C |kVAmin/m’| 4.2 4.9 6.1 8.3 25.6

*) Large steam turbine generators with hydrogen gas or conductor direct water cooling

¢) AC induction (asynchronous) machines: four poles, winding temperature rise 80 K,
air-cooled, open ventilated

rated apparent power S kVA 100 1000 | 10000
current loading A A/cm 300 550 1000
air gap flux density Bs T 1.0 1.05 1.1
Esson’s number C  |kVAmin/m’| 3.3 64 | 122

d) AC induction (asynchronous) machines: four poles, winding temperature rise 105 K,
air-cooled, totally enclosed (standard induction motors)

rated apparent power S kVA 5 650
current loading A A/cm 280 410
air gap flux density Bs T 0.95 1.0
Esson’s number C kVAmin/m’| 3.0 4.5

The scaling effect of the rated machine power Sy with machine size for a given speed
(very often used is about 1500 ... 1800 /min) is given by the assumption, that the machine
dimensions increase with the machine active length L (including radial ventilation ducts): the
proportionality of bore diameter ds; ~ L and iron packet length | ~ L lead to a scaling of the
machine volume V ~ (dsi)2 | ~ L. Thus we use L as a machine size characterization.

Sy =Ss=C-d-1.-n~L° (1.2-15)
As power per speed is proportional to torque, we also get
My ~Ss/n=C-d3 1~L° (1.2-16)
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For given electromagnetic utilization machine torque rises with volume of machine. Big
torque is achieved better by increasing machine diameter instead increasing machine length.

Note:
According to (1.2-16) torque determines size of machine, NOT power, as for the same torque,
but twice speed power is doubled.

1.3 Thermal utilization

Neglecting all other loss components in electric machine, still the losses of armature winding,
where current flows, remain. These losses Pc, must be transported off the winding in order to
get constant temperature rise 49 in the winding. The coolant (mostly air) flows by the
winding, is heated up by the losses, thus absorbing the loss energy, which by coolant flow is
transported off to a heat exchanger or is blown into the environment (convection cooling).
Exchange of winding heat to coolant is raised by

- increased contact area A, between winding and coolant flow V s

- increased temperature difference between winding ,, and ambient Y,y

A8 =9y = Farnp (1.3-1)

- improved conditions of heat exchange to coolant such as increased flow velocity of coolant,
thus increasing coolant flow V and by physical properties of coolant itself (e.g. hydrogen gas
has superior parameters for heat absorption than air). These parameters are summarized in
heat transfer coefficient ¢ .

Peu =ax - A - 48 (1.3-2)

Assuming the coolant flow in the air gap, as it is the case for machines with internal
ventilation, the contact area may be taken as the stator bore surface, increased by the length of
the winding overhangs .

Ac=dg (g +1p) (1.3-3)

Winding losses in the conductors, placed in the slots, are given by the sum of losses per
conductor, given by conductor resistance R, and conductor currents I, (Fig. 1.3-1). Each
conductor per slot with conductivity x has cross section A, and length according to iron stack
length | = lp. and length of winding overhang I,

z
PCU=m.R.|2=ZRC.|C2=Z.RC.|C2=Z.M.|C2 (1.3-4)
i=1 KA

With current density per conductor

I=1./A (1.3-5)

we get from (1.3-4)

I I -l I I
PCu:z'Fe—-i_b"]'lc:d' :dsiﬂ.Fe—w.J.A (1.3-6)

z C
K K dgz K
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A9 = Feu L J.A =  |48~J A (1.3-7)

o A -(lge +1p) oy -x

Facit:

Thermal utilization of electrical machine (= temperature rise in armature winding for given
machine torque) is determined by product of current density and current loading and may be
reduced by superior cooling (increased o) or decreased losses (increased x).

Fig. 1.3-1: Losses in winding (stator slot conductors), cooled via the stator bore surface

Scaling effect with increasing motor size is given by considering surface of conductors
itself, e.g. d.7-l, for round conductor wire (cylindrical shape) with wire diameter d. and

wire length |, , and heat transfer coefficient at conductor surface o. With losses per conductor

| I
PCU,CZRCICZZ—C'IZZM'J2 = PCU~L3 (1.3-8)

c

KA Ke

temperature rise in conductor may be estimated by

R n /4
Ag=—_CuC dez/4-lc .J2=d—C-J2 =  A9~L-J? (1.3-9)
o -der-l,  Kg-ag-dor-l, 4-a¢ K¢
YN (1.3-10)
Example 1.3-1:

Typical electromagnetic and thermal utilization and current density of air-cooled
asynchronous machines with internal air flow (open ventilated) with temperature rise 4% = 80
K (at3amp = 40 °C) at rated speed of about 1450/min.

Rated power / kW 100 1000 10000
Bs/ T 1.0 1.0 1.0
A/ A/cm 300 550 1000
C /kVA'min/m’ 3.3 6.1 11.1
machine volume L*/ p.u. 1.0 54 29.7
machine size L / p.u. 1.0 1.75 3.1
1/4JL 1.0 0.75 0.55
J ~1/~/L /A/mm? 6.8 5.1 3.7
A-J/(A/cm).(A/mm") 2040 2850 3700
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Example 1.3-2:
Thermal utilization of totally enclosed, air-cooled (standard) AC induction (asynchronous)
machines with four poles and shaft-mounted fan.

a) winding temperature rise 105 K:

rated power P kW 5 650
current loading A A/cm 280 430
current density J A/mm” 7.6 5.0

AJ | A/emA/mm” | 2100 | 2150
b) winding temperature rise 80 K:

rated power P kW 4 570
current loading A Alcm 240 380
current density J A/mm” 6.6 4.4

AJ | A/lemA/mm° | 1580 | 1670

Losses Py ~ 12 must reduced by 80 K/105 K = 0.76, compared to a). Therefore power
P ~U -1, current | and J and A must be reduced by v80/105 =0.87.

Note:

At 80 K temperature rise a open ventilated air-cooled induction machine of about 1 MW has a
thermal utilization of typically 2800 (A/cm)(A/mm?), whereas for totally enclosed, surface
cooled machine this value is about 1800 (A/cm)(A/mm?), thus 35% lower.

Facit:
Machines with increased rated power P at same rated speed have increased geometric

dimensions L due to P~ L’and increased losses (dissipated power) due to Py ~ L.

Therefore one must reduce current density J by 1/+/L to achieve same winding temperature
rise A9, if the same cooling conditions (o) and the same type of winding material (x) is
assumed. Therefore bigger machines with increased current density need improved cooling
systems such as segmented iron cores, internal and external fan or — for big generators —
hydrogen gas or direct water cooling.

1.4 Overload capability of AC machines

AC synchronous and asynchronous machines show a maximum torque, when fed with fixed
stator voltage system Us and frequency fs =@ /(27), which may be influenced by design

parameters.

1.4.1 Synchronous machines

The maximum torque and power of grid-operated synchronous machines is the pull-out torque
M;o, which for neglected stator resistance and cylindrical rotor machines (no saliency: Lg =
Ly) occurs at load angle = +/2 :
_3-p Us Uy

= , P
W Xd Xd

M

%0 (1.4.1-1)
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Big overload capability at rated voltage Ugy means big ratio of pull-out power versus rated
apparent power

P|oo= 1 .3'U8N'UP=UP. ! :“_p_ (1.4.1-2)
SN 3-Ugy Iy Xq Un Xa/Zn  Xg

Thus the synchronous reactance Xy = wglLyas per unit value X3 = X4 /Zy with the rated

impedance Zy =Ugy / Iy should by small.

S

IN
— ls(s)
, stable
Me
Mpo
motor
1 >
—S
0,5 —2
generator . Me(s)
f T - — 4
- -1 /2 0 /2 T Y
-3 Mb,gen
Fig. 1.4.1-1 Fig. 1.4.2-1

Fig. 1.4.1-1: Torque versus load angle of synchronous machine when fed from fixed voltage system with pull-
out torque at load angle 9= +7/2

Fig. 1.4.2-1: Torque M, and stator current I of induction machine depending on rotor slip s (resp. speed), when
operated with fixed stator voltage system

Synchronous reactance consists of magnetizing reactance X, and stray reactance Xs, of which
the latter may be neglected here. Formula for X, (from lectures "Electrical machines and
drives") shows that magnetizing inductance depends on geometric parameters like air gap o,
pole pitch and stack length, but also on square of number of turns per phase.

Iz
Xd=Xh+XGzXh=2ﬂfs-,u0N2kV2V12—n; P (1.4.1-3)
7° p-o
L: 1 .USN ~ Usn . 1 .izﬁ.i (1.4.1-4)
Xg  Xa v V2o Noky-2/m)z,l 20N-lw 7, A 7,
2pr,

Big overload capability is achieved by big air gap flux density and small current load.

P
o _Fp By o (1.4.1-5)
SN Xd A Tp

Turbo generators for thermal power plants have a high electromagnetic utilization, so A is
very big due to elaborate cooling systems. Moreover pole pitch is big, as pole count is only 2:
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Ty =07 /(2p) =di /2 . Therefore overload capability is poor. To increase it, the air gap &

is increased up to several cm or even dm.

Example 1.4.1-1:
Large synchronous generators:

Hydro generators (high pole count: 2p > 4 up to typical 100) X¢=0.8..1.2

Turbo generators (2p = 2) X¢g=2.0...2.3

Synchronous motors operated from grid:
International standard IEC 34-1 demands minimum overload capability M o /My =1.35.

1.4.2 Induction machines

Breakdown torque M, at breakdown slip is maximum torque of induction machine in
generator or motor mode and defines its overload capability. In Fig. 1.4.2-1 this value is
My /My = 2.3 at motor operation. International standard IEC 34-1 demands minimum motor
overload capability M, /My =1.6.

With neglected stator winding resistance, absolute value of breakdown torque for generator
and motor mode is equal and increases with decreasing stray reactance oX(formula acc. to

lecture "Electrical machines and drives"):

R, =0: My=Ts Py2l=@

1.4.2-1
2 w oXg ( )

So, in the same way as for synchronous machines, we get for overload capability at rated
voltage Uy

B Myo/p 1o 111
SN B mS'USN .ISN 20 XS/ZN (2 XS

(1.4.2-2)

Small total stray flux o =@, /(D + Dy), but also small per unit value of stator reactance

yield big overload capability. As X, of induction machine is the corresponding reactance to X4
of synchronous machine

Iz
xsth+xsath=2;zfs-y0N2kV2V12—”;S P : (1.4.2-3)
- p-o
we get the same result for big overload capability
iwi.LNE.i ) (1.4.2-4)

Facit:

Big overload capability of AC machines is achieved both for synchronous and induction
machines by big air gap flux density and small current load, as well as by small pole pitch
and big air gap. Thus machines with low electromagnetic utilization usually have big
overload capability, which means that the machine is capable of much more power than
actually used one.
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2. Design of induction machines
2.1 Motor requirements

Aim is to design a three-phase induction machine, being operated from grid with fixed stator
voltage and stator frequency. For grid operation asynchronous start-up torque and stator
current must be calculated (Fig.2.1-1) in advance as well as parameters at rated speed such as
rated current, power factor, losses and efficiency.

Ms A Ig

My

SN Dsyn
Fig. 2-1: Typical start-up shaft torque and stator current of cage induction machine with increase of starting
current due to rotor current displacement

Line operated cage induction motors cover about 80% of motor application world wide, as it
is a robust cheap motor and many drive applications need only fixed speed (e.g. many pump
applications, mills, fan drives, saws, conveyors). Nowadays also many wind mills operated
with cage induction machines at fixed speed with a gear between wind turbine and generator.
Due to its enormous economical significance, many features of cage induction machines are
standardized. Calculated values of machine, which are handed over to customer or are printed
on motor name plate, must lie within specified tolerances according to IEC 34-1.

Rated operation: Tolerances for measured values:
Measured rated slip Sy +20% of calculated rated slip Sncalc
Measured power factor cosen -(1- cosncaic)/6
Measured efficiency 7 -0.15:(1-7n,calc) Tor Pn < 50 kW

'010(1' 77N,C&|C) for Pn > 50 kW

Overload capability:

Measured breakdown torque Mp: -10% of calculated breakdown torque My caic
Demand: My, /My >1.6for15s

Starting parameters (at s = 1):

Measured starting torque M1 -15% ... +25% of calculated starting torque My caic

Measured starting current Iy +20% of calculated starting current Iy caic

Measured minimum torque Mmin
("saddle" torque):

Demands: M i, >0.5M;
M in = 0.5M  for Pn > 100 kW
M in =0.3M for Pn <100 kW

Table 2.1-1: Tolerances for measured operational parameters of cage induction machines according to IEC 34-1
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Example 2.1-1:

Calculated power factor: cos¢n,caic = 0.85, tolerance -(1- cos¢n,caic)/6 = -0.025. Thus measured
power factor must be at least cosgn = 0.85 — 0.025 = 0.825.

Calculated efficiency of 30 kW-motor: 7n.cac = 0.873, tolerance -0.15(1-7ncaic) = -0.019.
Thus measured efficiency must be at least v = 0.873 — 0.019 = 0.854.

For starting machine design, demanded operation parameters are given:
- mechanical output power (motor) or electrical output power (generator)
- rated stator voltage and frequency

- rated rotor speed.

Starting demands according to Table 2-1 and often further demand to stay with starting
current beneath certain limit e.g. I1/In < 6 must be taken into account. Solution should be a
machine with low mass, high efficiency and power factor. Steady state temperature rise of
stator winding must stay within the specified Thermal Class of used insulation system, which
according to IEC 34-1 is standardized.

Example 2.1-2:

Thermal Class B: 80 K average temperature rise of stator winding over 40 °C ambient
temperature, measured by rise of resistance of hot winding with respect to resistance of cold
winding.

Solution of electromagnetic and thermal calculation must comprise geometric data of stator
and rotor iron sheets, winding arrangement, rated operational data such as stator current,
power factor, efficiency, no-load current and losses, overload capability and starting data
according to Fig. 2-1.

Wound rotor induction machines (slip-ring induction machines) are treated in the same
way, but starting performance is determined by external rotor three-phase resistance.
Therefore voltage between slip-rings at stand still must be known in advance for specifying
these external resistors.

2.2 Main dimensions and basic electromagnetic quantities of induction machines

Main dimensions of induction machines:

inner and outer diameter of stator and rotor iron stack dsi, dsa, Ori, Ora
air gap between stator and rotor iron stack, and pole pitch o, T
length of iron stack, number and length of cooling ducts and Ire, Zk, Ik, L = Ire + zxlk

total stack length

Electric and magnetic quantities:

Stator and rotor current loading (r.m.s.) As, Ar

Flux density in air gap, stator and rotor teeth and yoke (peak Bs, Bds, Badr, Bys, Byr
values)

Main flux (in air gap) and stray flux (components in slots, Dn, Ds

winding overhangs, influence of skewing and deviation of air
gap flux from sinusoidal distribution)

Table 2.2-1: Main dimensions and basic electromagnetic quantities

First cage and wound rotor induction motors were designed and built by Michael Dolivo-
Dobrowolsky, who studied at Darmstadt University of Technology, in 1889 in Germany,
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based on the basic principles of rotating magnetic fields, found first by Prof. Ferraris of
University Torino/Italy in 1885. Since then a huge number of machines have been designed
and built with ever increasing performance. So a lot of experience is available, which is
summarized in the following to get an easy start for choosing main dimensions,
electromagnetic and thermal utilization.

Fig. 2.2-1: Main dimensions and basic electromagnetic quantities of induction machine

Pole count 2p is determined by given stator frequency fs and demanded synchronous speed
Nsyn

2p=2-fs/ng, (2.2-1)
and determines pole pitch 7, of stator bore

tp =dg7/(2p) : (2.2-2)
Velocity of rotor at synchronous speed at stator bore

Veyn = 257, (2.2-3)

may also be taken as being proportional to velocity of air flow in air gap of open ventilated
machines with fans mounted shaft. Therefore with increasing pole pitch for given pole count
and frequency cooling increases, thus allowing increase of current loading A~z,. Flux

density cannot rise with increasing pole pitch, as it is limited by iron saturation in the teeth
and yokes. If no axial cooling ducts are used in iron stack, main air gap flux of fundamental of
air gap flux density distribution is

2

It is excited by coils in slots. In order to get the shape of coils for minimum copper losses for
maximum flux, we consider, that the coil must span a surface 7, - I, resulting in a minimum

length per turn of 2-(z, +1ge). This is exact for full pitched coils (coil width W = pole pitch
7p) With ideally short winding overhangs Ip = zp. Maximum flux for given resistance per
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winding requires maximum surface 7, -lg, for given length 2-(z, +Ig,) = const., resulting
in 7, =lge. This is often realized for 4-pole machines, whereas machines with higher pole
count often have 7, <Ig, due to the smaller pole pitch. Thus we get for rated apparent

power Sy with Esson’s equation and assumed A~ 1z, Ige ~7, and dg; ~7, - p

2
Sy ~ Sy :%.kM.A.B5.d§i -|Fe.f_ps~|ée, Sy ~ A4, Sy~ (2.2-5)

Taking Py ~ Sy, we finally arrive at Fig. 2.2-3, 2.2-4 and 2.2-5, showing the increase of pole
pitch, iron length and current loading with %/Py , whereas average air gap flux density
Bs av = (2/7)-Bs is limited by By ,, =(2/7)-1.05=0.67T. As explained in Chapter 1,

current density for given cooling system decreases with increasing machine power due to
scaling effect (Fig. 2.2-6).

Note:

Two pole machines would require a very big stator and rotor yoke height, as the main flux is
twice as big as in four pole machines at the same iron length and stator bore diameter. This
would result in very heavy machines. Therefore usually air gap flux density is reduced by
about 30% to get smaller machines (Fig. 2.2-5). To compensate this a little, one chooses
7, <lge to increase power by increased stack length.

As air gap field is magnetized by stator currents, on tries to get big magnetizing reactance Xn
for small magnetizing current Im (Fig. 2.2-2). According to Chapter 1 this demands a small air
gap o, which is only limited by mechanical properties of machine such as bending of the
rotor. Rotor must not touch stator in any case, so with increasing power and thus heavier rotor
the air gap must be increased, as bending increases too (Fig. 2.2-7). Rotor shaft diameter must
be increased with bigger machines to increase mechanical stiffness of shaft (Fig. 2.2-8). Rotor
iron stack consists of laminated sheets with only a small contribution to rotor stiffness.

Xsols

I
7]

Rsls

Un

@i I

Im

a) | b)

Fig. 2.2-2: Induction machine: a) Equivalent circuit per phase for fundamental air gap flux density distribution,
sinusoidal currents and voltages (iron losses Pres neglected, Us assumed in real axis), b) Corresponding phasor
diagram for motor operation
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Fig. 2.2-3: Pole pitch of built induction machines for pole numbers 2, 4, 6, 8, 12
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Fig. 2.2-4: Equivalent iron stack length of built induction machines for pole numbers 2, 4, 6, 8, 12
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Fig. 2.2-5: Above: Current loading of built induction machines for pole numbers 2, 4, 6, 8, 12; open ventilated
air cooled machines, Thermal Class B (temperature rise 80 K over 40 °C ambient); below: Average flux density
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Fig. 2.2-6: Current density of built 6 kV induction machines for pole numbers 2, 4 and > 6; open ventilated air
cooled machines, Thermal Class B (temperature rise 80 K over 40 °C ambient)
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Fig. 2.2-7: Increase of air gap width with increasing induction machine size (pole pitch) for pole numbers 2, 4, 6,
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Fig. 2.2-8: Increase of shaft diameter, which is assumed to be equal to inner rotor stack diameter d,
with increasing induction machine power and size for pole numbers 2, 4, 6, 8 and 12
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Fig. 2.2-9: Increase of efficiency with increasing induction machine power at pole numbers 2, 4, 6, 8 and 12 for
cage and wound rotor, 6 kV, 50 Hz, Thermal Class B, open ventilated machines
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Fig. 2.2-10: Increase of power factor with increasing induction machine power at pole numbers 2, 4, 6, 8 and 12
for cage and wound rotors, 6 kV, 50 Hz, Thermal Class B, open ventilated machines
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In Chapter 1 it was shown, that copper losses may described as P, ~ L2, which holds also for

iron and additional losses Py ~ L3. Machine output power is according to (2.2-6) P ~ L4,
therefore efficiency rises with increased machine size (Fig. 2.2-9):

P 1 1

- = = (2.2-6)
P+Py 1+P4/P 1+const/L

n

As power rises with speed, machine efficiency rises also with increased speed (or decreased
pole count):

P 27-n-M
P+Pd 27['ﬂ'M+Pd

Motor: n (2.2-7a)

P—Pd _27Z"n'M—Pd
P 27-n-M

Generator: n= (2.2-7b)

With increased pole count and therefore reduced pole pitch the ratio /5 is decreasing, thus
decreasing Xn (Chapter 1). Therefore magnetizing current increases with increasing pole
count, yielding lower power factor for higher pole numbers (Fig. 2.2-10). With increasing
machine size the ratio of stray flux versus main flux @s/@, may be decreased: Thus power
factor rises with increasing machine size (Fig. 2.2-10).

Starting design process from given power, speed and voltage demand has to be done first with
some estimates for power factor and efficiency, which can be taken from already built
machines. The values in Fig. 2.2-9 and 2.2-10 are valid for rated voltage 6 kV and rated
frequency 50 Hz, but may also be taken roughly for other voltage and frequency. Internal
apparent power Ss is smaller/bigger than terminal apparent power Sy in motor/generator
operation due to stator stray flux and resistive voltage drop (Fig. 2.2-6b). Neglecting Rs and
assuming, that stator leakage is half of total leakage o3 =@ /@, ~o/2, we estimate

Uy =U, /1+ o) for motor and U,, =U - (1+ o) for generator mode.

Ss=3-U,-lg, S=3-Ug-lg, S5s=S/1+0o5) (motor mode) (2.2-8)
A good choice for Blondel’s stray coefficient is c=10.08 ... 0.1.

Example 2.2-1:

Given values for a three-phase induction machine to be designed:

Motor, Pn = 500 kW, 6 kV, 50 Hz, 4 pole.
- Estimated values from Figs. 2.2-9, 2.2-10: nn = 94.4 %, cosen = 0.868

- Motor output power: 500 kW, apparent power: Sy = L =610kVA
7N - COSQN
- Motor current: Iy = Sn 610 =59A,
J3-Uy /36

- synchronous speed: ng, = fs / p=1500/min

- Pole pitch 360 mm, stack length: 380 mm, air gap: 1.4 mm, shaft diameter: 200 mm,
- Current loading: 500 A/cm, current density: 5.5 A/mm?,
- Stator bore diameter: dg; =2pz, /7 =458mm.
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- Internal apparent power: (os = 0.08/2 = 0.04): S5 =S/(1+ o5) =610/1.04 =587kVA

- Electromagnetic utilization: C =S /(dszi lpe *Ngyn) = 4.9 KVAmin/m?
2

- Flux density (kw1 = 0.91 estimated): C = ﬁ—~km -A-Bs = Bgs=0.927T. This value

J2
is in the range indicated in Fig.2.2-4: 0.89 ... 0.99 T.
- Thermal utilization: A-J =2750(A/cm)(A/mm?)

2.3 Stator winding low and high voltage technology

a) Single and two-layer winding:

Three phase windings may be wound as single layer or two layer windings. For single layer
windings usually round wire coils are used, and the q coils per pole and phase are often
arranged concentric (Fig. 2.3-1a). Due to crossing of winding overhangs of coils the coils are
bent in the overhang region and are therefore manufactured either in two or three different
sizes (Fig. 2.3-2, 2.3-3) to allow bending. Bending of round wire coils is possible, but round
wire coils are insulated only for low voltage application (< 1000 V). Note that due to series
connection of the coils of different size in a four pole machine (and multiples) according to
Fig. 2.3-2 the resistance and stray inductance per phase is identical for all three phases. In
case of Fig. 2.3-3 this is not the case.

\

| s u

Fig. 2.3-1: Coil groups per pole and phase (here: q = 3 per group): left: concentric coils, right: coils with
identical span

Fig. 2.3-2: Single layer winding: Two different sizes of concentric coil groups (here: q = 2 coils per pole and
phase): left: coil arrangement (without coil connectors) , right: cross section of winding overhang

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and dynamics 2/11 Induction machine design

-+ B’
- 7 7 r—-— — — — 1 I_____:—l
S N A et Y A s A DO A M
i o o B
:L—V——JLI—V—LJLILV—LH——V——HJ—V—LJLLJ-H——V—J:' B -B
i +Ul W +ivi —Ul W ifvi +U i |
| 1 I N
L___.____1___|___| L_______1___|__J L______;_T._
T Tt ) Jﬂ
- ‘> B s

Fig. 2.3-3: Single layer winding: Three different sizes of coils (here: q = 2 coils per pole and phase): left: coil
arrangement (without coil connectors), right: cross section of winding overhang

Two layer windings are often manufactured with profile copper (rectangular cross section of
conductors), which allow fabrication of form wound coils with high voltage insulation,
typically ranging 1 kV ... 24 (30) kV, the latter being used for big synchronous generators.
According to Fig. 2.3-4 crossing of coils in winding overhangs is avoided due to two-layer
arrangement.

The induced voltages per coil in a coil group, induced by harmonic flux density waves

(ordinal number |v| >1) with |v|p pole pairs, are phase shifted by ﬂ Series connection
m-q

of these coils may therefore lead to cancelling of certain harmonic voltages. Therefore both

single and two-layer windings are manufactured with g > 1 to allow filtering of inducing

harmonic voltage by the distribution factor

. V-
5'”(2.mj
kdv:
q-sin %
2-g-m

Example 2.3-1:
Reduction of harmonic induced voltage e.g. forq =3
-for v=-5:ky 5 =0.218, v =7:ky ; =-0.177.

Note that also fundamental flux linkage is reduced a little bit: v =1:ky; = 0.960.

(2.3-1)

o e e

ol twt oyt Ry w il

Fig. 2.3-4: Two layer winding: Identical sizes for all coils (here: q = 2 coils per pole and phase): left: coil
arrangement with full pitched coils, right: winding overhang

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and dynamics 2/12 Induction machine design

W - Tp _
| +AU —AW —I;\V | —AU +AW —AV |
0000080000000
H0/0000@00000eee e
+YU —\{N' +YV —YU +\\(N —YV ‘
- . Jd L — -
//j/l/ ey %/ /////////i
H+U -W +V 1-U +W -V |

Fig. 2.3-5: Two layer lap-wound winding: Above: Arrangement of pitched coils per phase and connection of coil
groups for N- and S-pole (here: q = 3 coils per pole and phase, pitch W/z, = 8/9), below: cross section of coil
arrangement in slots, showing all three phases U, V, W in upper and lower layer, being symbolized by phase
belts (bottom) without depicting single slots

Mostly lap-wound two layer windings are used (Fig. 2.3-5), except for large synchronous
hydro generators with high pole count, where wave wound windings allow reduction of coil
connections in the winding overhang region. Advantage of two-layer winding is pitching of
coils, meaning that the coils span W is smaller than pole pitch. This allows electromagnetic
filtering of air gap flux density harmonics, which also induce stator winding, which is
described by pitching factor (chording factor) kp.

; z W
Kpy =sin(v—-—)
Tp

(2.3-2)

Example 2.3-2:
The flux linkage with stator winding of harmonic flux density waves with |v|p pole pairs is

reduced for W/zp, =8/9 e.g. for v=-5:k, 5=064, v=7:k,; =-0.34.
Note that also fundamental flux linkage is reduced a little bit: v =1:k, = 0.984
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Resulting effect of distributed winding and pitching of coils is described by winding factor
Kwy =Kay - Kpy : (2.3-3)

Further a reduction of amount of copper for winding overhang by W/z, is possible. Usually
the three phases of two layer winding are arranged in six sections of phase belt per pole pair:
+U, -W, +V, -U, +W, -V.

b) Slot and coil arrangement and winding insulation:

—Wedge yA A
top lining //?;' 5
_main insulatiom—___| L;_ -
inter-turn insulation [ r -
Insulation between - 1
upper and lower layer ]
_conductor\\¥;—4
\: _ ~

Fig. 2.3-6: Slot geometry: left: Oval semi-closed slot for round wire low voltage, two-layer coil arrangement,
right: rectangular slot for form wound high voltage, two-layer coil arrangement with N¢ = 8 turns per coil

-
| [ __Wedge ‘
-\\ - .
\\ top lining \
=l _main insulation _
| Tstrand NNZF
insulation Z between
upper and lower Iayer\\‘\ L
=
B .. { .L“
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Fig. 2.3-7: Roebel bar: left: Cross section in slot with 24 strands per bar, right: winding overhang with clearing E
to end shields (on earth potential) and clearing ZF of end of main insulation from pressing construction of iron
stack end

Geometry of slots for round wire coils is oval, as round wire coils fill any shape. Oval slots
lead to teeth with parallel tooth sides, so tooth flux density is constant within tooth (Fig. 2.3-
6). Slot opening may be semi-closed, as each turn of coil is put into coil step by step. Form
wound coils, mostly used for high voltage, need slot shape with parallel slot sides. Slots must
be open, as the fully impregnated and insulated prefabricated form-wound coil is put into the

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and dynamics 2/14 Induction machine design

slot as a whole piece. Parallel slot sides lead to conical tooth shape, so tooth flux density is
highest at narrowest part of tooth. Glass fibre wedges are used to close the slots. In case of
rectangular slots often magnetically wedges with 4 =5 ... 9 are used to reduce influence of
slot opening on air gap field.

In very big machines the current per conductor is so big, that one conductor per slot and
layer (Nc = 1) is needed to get the necessary conductor cross section. Due to the AC current
with stator frequency the AC slot leakage flux will induce eddy currents in the conductor,
leading to additional losses in the conductor and uneven current density distribution. Whereas
this effect of current displacement is wanted in cage conductors for increased starting torque
(see: Lectures "Electrical machines and Drives"), it is unwanted in stator winding. Therefore
the single conductor is segmented into many parallel insulated strands, which are twisted in
special way to avoid eddy currents. These conductors (Roebel bars) are used in large
synchronous generators (Fig. 2.3-7).

Insulation is necessary between wires of one coil (conductor and inter-turn insulation),
between coil and stator core (which is on earth potential for safety reasons) by main insulation
and between different phases in the winding overhangs (inter-phase insulation) and in the
slots between upper and lower layer. Low voltage windings are insulated with special paper
or plastic foils or linings, which are impregnated with resin. Conductors are insulated by
enamel coating on copper wire, or — for higher temperature — with glass fibre coating. Low
voltage winding with 400 V is used mainly for smaller machines up to typically 200 kW.
Bigger power is designed with 690 V even up to 3 MW e.g. with wind generators. In that case
a lot of parallel winding branches a and parallel strands a; per conductor are necessary.

Special care must be taken for high voltage windings, which is used for bigger power —
starting with about 500 kW and reaching to biggest machine power 2000 MVA (4-pole turbo
generators for nuclear power plants). High voltage 3.15 kV and 6.3 kV are used between 0.5
MVA and several MVA, 10.5 kV usually above 1 MVA. Main insulation is made of many
layers of special paper or glass fibre bands, coated with mica (mica foil), which is
impregnated by epoxy resin usually under vacuum (pressure < 1 Torr). Admissible average
electric strength within main insulation is about 30 kV/cm.

Rated voltage (line-to-line, r.m.s.) kV | 3.3]6.6 11.0/13.8/16.5
Slot main insulation, thickness d mm | 15|22 |32]38][45
Inter-layer insulation, thickness Z mm | 3 4 6 7 8
Top lining thickness mm | 03]04]06|07)|08
Winding overhang main insulation, thickness ds mm| 2 [25]35] 4 4
Clearing of slot main insulation ZF mm | 25 | 45 | 80 | 100 | 110
Clearing between coils in winding overhang 4 mm| 3 | 4 | 6 7 8
Clearing from winding overhang to earth potential E mm| 25 | 35 | 55 | 65 | 75
Total conductor insulation thickness (both sides), glass| mm | 0.3 | 0.4 | 0.4 | 0.4 | 0.5
fibre, inter-turn voltage < 80 V

Slot lining thickness in vertical direction and slot play mm | 1 2 2 2 2

Table 2.3-1: High voltage insulation for stator winding

Example 2.3-3:

6.6 kV rated voltage, Y connected winding, phase voltage 6.6/+/3 = 3.8kV (r.m.s.):
Insulation thickness (Table 2.3-1): d = 2.2 mm

E=U,/d=+/2-3.8/2.2=244 kV/mm = 24.4 kV/cm < 30 kV/cm
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Winding overhangs are also insulated with that material. Conductors are insulated with glass
fibre coating. Additional slot linings protect the coil from sharp edges of iron. Top linings
protect coils, when wedge is put into slot under pressure to fix the coils mechanically, as they
are experiencing AC forces with twice stator frequency due to AC slot stray flux.

In order to put form wound coils into open slots without problem, an additional play is
necessary. In horizontal direction it must be increased with increasing stack length, as coils
sides tend to deviate from parallel due to stacking.

Iron stack length Ire m |<04|<1.0(<20

Slot lining thickness in horizontal direction and slot play mm | 04 | 05 | 0.8

Table 2.3-2: Horizontal slot lining thickness and play

Insulation of conductor increases not only with rated voltage, but also with inter-turn
voltage, as is shown here for 6.6 kV rated voltage.

Inter-turn voltage V | <80 [<120|<160

Total conductor insulation thickness (both sides), Un=6.6 kV |mm| 0.4 | 0.5 0.8

Table 2.3-3: Conductor insulation thickness

Thermal expansion coefficient of insulation material is larger than that of copper and iron. So,
duty cycles of electric machine with time varying temperature rise cause a compression of
heated insulation with plastic deformation, causing gaps within iron and coils in the slots,
when machine is cooled down again. In these small gaps partial discharge ("corona™) may
occur, therefore high voltage coils above 6 kV are covered with an enamel containing graphite
to get a conductive layer (of very low conductivity). This conductive layer band (outer anti-
corona screen) must be in contact with coil surface and slot surface, thus bridging the small
gaps (voids) and limiting the voltage at the void to the resistive voltage drop in the conductive
band. As this voltage is lower than the partial discharge inception voltage, no partial
discharges may occur. In the same way the winding overhangs within the clearing ZF are
covered with this "anti-corona layer". Often the conductor surface itself is covered with
graphite enamel between conductor insulation and main insulation to get a more
homogeneous electric field strength especially at the edges of the copper profiles, thus
reducing partial discharge inception voltage within main insulation (inner anti-corona
screen).

2.4 Stator winding design

a) Winding arrangement:

Magnetic flux and ampere-turns both need space in the stator, therefore tooth and slot width
are most often chosen nearly equal, yielding a ratio slot width versus slot pitch
bos / 7gs =0.5...0.6.. Coils in the power range 100 kW ... 10 000 kW are manufactured for
slot widths bg = 10 mm ... 20 mm. A high number of stator slots Qs allows a high ratio of

cooling coil surface versus coil volume, giving good cooling conditions, but needs more work
for manufacturing stator winding (expensive !). A big g allows good filtering of harmonic
voltages induced by air gap space harmonics.

Care must be taken concerning stator winding connection. With star connected winding the
stator phase voltage is Ugy =Uy //3, but line current is phase current Iy =1y , whereas

with delta connection we get Uy =Uy, sy = In /3.

Number of turns per phase Ns depend on turns per coil Nc and on how many parallel
branches a per phase exist. Parallel branches should be avoided as long as possible, as it must
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always be secured that current sharing between parallel branches is correct to avoid
overheating of one branch. In case of two-layer winding number of coil groups is equal to
number of poles, whereas with single layer winding number of coil groups is only half pole
number.

two-layer: Ng =2p-q-N./a, singlelayer:Ng; =p-q-N./a (2.4-1)

With increasing machine size pole flux increases, demanding lower number of turns per phase
for given voltage, with increased conductor cross section for the increased current. Conductor
height h_ must be limited at 50 Hz to about 3 ... 4 mm to avoid additional eddy currents being
induced by AC slot stray flux. If this limit is reached, parallel branches a > 1 are chosen to
increase N, thus reducing h. for given slot height. If this is not sufficient, each turn of a
winding (conductor) may be split into several (ai) parallel strands to reduce conductor height
further. Details for calculating eddy current losses with stranded conductors are discussed in
Lectures: "Large generators and high-power drives". Solving Maxwell’s equations for eddy-
current generation in conductors due to AC slot flux yield necessary condition for avoiding
eddy current losses (nne: NUMber of conductors aside in slot)

g:hL.\/”O'“"K'n“E'bL <0.35 (2.4-2)
2-bg

Example 2.4-1:
Data: Induction machine: Pn = 500 kW, 6 kV, Y, 50 Hz, 4 poles, three phases,
pole pitch 360 mm, stack length: 380 mm, stator bore diameter: dg; =2pz, /7 =458mm.

Stator winding design:
- Chosen number of slots: q =5, Q, =2p-m-q=4-3-5=60, leads to 15 slots per pole

- Slot pitch: 75 = dgj7z/ Qg =24.0mm

- Coll pitching is possible in steps of one slot pitch: W/z, = 14/15, 13/15 etc., chosen pitch
W/zp = 12/15 leads to Kpgq =0.951, Ky 5 =0, k57 =0.588. The influence of 5" space

harmonic is completely eliminated.
- Distribution factor: kys; = 0.957, stator winding factor: k,,s; =0.957-0.951=0.910

- With chosen air gap flux density 0.9 T main flux per pole of fundamental v=1is

@, = % - % :0.36-0.38-0.9 = 78.4 mWh.

- Choice of number of turns per phase Ns:

Uy /+/3  6000/+/3

140, 104
Up =2 -Ngkyg - @, = N, =210.17

N¢ =N -a/(2pg) =210.17-1/(2-2-5) =10.5, so integer value N =10 for a =1 is chosen.

- Final values:
N. =10, Ng =200,a =1, for U, =3330V: Bs,_, =0.946 T

Estimated induced voltage per phase: Uy, = =3330V

b) Coil and slot design:

Sizes of round wire copper and profile copper are standardized on the market and are
available with single enamel coating (L), double layer coating (2L) for increased voltage
stress (Table 2.4-1 and 2.4-2).
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wire diameter wire cross section insulated wire insulated wire
(mm) (mm?) diameter (L) (mm) diameter (2L) (mm)
0.1 0.00785 0.121 0.129
0.2 0.03142 0.230 0.245
0.315 0.07793 0.352 0.371
0.4 0.1257 0.442 0.462
0.5 0.1963 0.548 0.569
0.63 0.3117 0.684 0.706
0.71 0.3959 0.767 0.790
0.8 0.5027 0.861 0.885
0.9 0.6362 0.965 0.990
1.0 0.7854 1.068 1.093
1.25 1.227 1.325 1.351
14 1.539 1.479 1.506
1.6 2.011 1.683 1.711
1.8 2.545 1.868 1.916
2.0 3.142 2.092 2.120
2.36 4,374 2.459 2.488
2.65 5.516 2.754 2.784
3.0 7.069 3.110 3.142
3.55 9.898 3.676 3.702
Table 2.4-1: Selection of available round copper wire
br Conductor height hi
(mm) (mm)
1.8 2 2.24 2.5 2.8 3.15 3.55 4 4.5 5
5 8.637 | 9.637 | 10.84 | 11.95 | 13.45 | 15.20 | 17.22 - - -
5.6 0.717 | 10.84 | 12.18 | 1345 | 15.13 | 17.09 | 19.33 | 21.54 - -
6.3 10.98 | 12.24 | 13.75 | 15.20 | 17.09 | 19.30 | 21.82 | 24.34 | 27.49 -
7.1 1242 | 13.84 | 1554 | 17.20 | 19.33 | 21.82 | 24.66 | 27.54 | 31.09 | 34.64
8 14.04 | 15.64 | 17.56 | 19.45 | 21.85 | 24.65 | 27.85 | 31.14 | 35.14 | 39.14
9 15.84 | 17.64 | 19.80 | 21.95 | 24.65 | 27.80 | 31.40 | 35.14 | 39.64 | 44.14
10 17.64 | 19.64 | 22.04 | 24.45 | 27.45 | 30.95 | 34.95 | 39.14 | 44.14 | 49.14
11.2 | 19.80 | 22.04 | 24.73 | 27.45 | 30.81 | 34.73 | 39.21 | 43.94 | 49.54 | 55.14
125 | 2214 | 24.64 | 27.64 | 30.70 | 34.45 | 38.83 | 43.83 | 49.14 | 55.39 | 61.64
14 24.84 | 27.64 | 31.00 | 34.45 | 38.65 | 4355 | 49.15 | 55.14 | 62.14 | 69.14
16 - 31.64 | 3548 | 39.45 | 44.25 | 49.85 | 56.25 | 63.14 | 71.14 | 79.14

Table 2.4-2: Selection of available profile copper wire: dimensions without enamel coating and cross section
(edges of wire rounded by 0.5 mm .... 1.0 mm radius)

Low voltage winding is usually manufactured of round wire, whereas high voltage winding
is made of profile copper conductors with special main insulation on prefabricated coils. As in
low voltage winding copper wires are randomly distributed in slot, it is not possible to make
an exact coil design for slot, but one uses slot fill factor ks for calculating slot.

kf:h
A

The whole cross section of conductors per slot is taken as Acu, whereas Ag is the cross section
of the slot. With single layer winding no inter-layer insulation is necessary, so slot fill factor
is slightly higher than for two-layer winding. Theoretical maximum value for fill factor is

(2.4-3)

TU Darmstadt Institute of Electrical Energy Conversion




Energy Converters - CAD and dynamics 2/18 Induction machine design

2
Kt max th =%=ﬂ/4=0-79 : (2.4-5)

L

but practical values for coils, which are filled in semi-closed slots wire by wire, are much
lower, on one hand due to the slot insulation, but also due to irregular positions of wires.

single layer winding double layer winding

slot fill factor ks <0.45 <042

Table 2.4-3: Slot fill factors for low voltage, random wound winding with round copper wire

Example 2.4-2:

Data: Standard induction motor, totally enclosed, shaft mounted-fan, 2-pole, 400 V, D, 50 Hz,
30 kW, power factor 0.87, efficiency 90.6%, insulation Thermal Class B (80 K temperature
rise); dsi = 180 mm, Ire = 175 mm, Qs = 36, oval shaped semi-closed slot (Fig. 2.3-6 left):

Agq = 194 mm?, oz = 0.05, single layer winding with round copper, N¢ = 13, a = 1. Each turn
per winding consists of aj = 8 parallel wires with diameter dcy = 1.0 mm.

Calculation of stator winding design and motor utilization:

Sy Py /(cosey -17y) _ 30000/(0.87-0906)
J3.Uy  ABUy J3-400
- Stator phase current: lg = Iy /\3=549//3=317A

U Uy 400
l+o, 1+o, 105
- Slots per pole and phase: q=Q,/(2p-m)=36/(2-3)=6
- Turns per phase: Ng =p-q-N;/a=1-6-13/1=78

. T
SIn| ——
(2~3j
6-sin( i j

2.6-3

- Winding factor: ky; =Kg1 -k, =0.956
U 381
- Flux per pole: @, = h = =23.0mWb
Pere " V2.7 f-Nekys 2-7-50-78-0.956
- Pole pitch: 7, =dgi7z /(2p) = 282.7 mm, slot pitch: 75 = dg7z/ Qg =15.7mm
- Flux density: B ,_q = @, [(tplge -2/ 7) =0.73T

- Conductor: A =a;-d&, - 7/4=8-1°.7/4=6.28 mm?

- Slot fill factor: A, =N - A =13-6.28=817mm? k; =81.7/194=0.421
- Current density: J =l /(a- A ) =31.7/(1-6.28) = 5.0 A/mm?

A=2mNISN 2-3-78-31.7

2pz, 2.28.27

A-J =262-5.0=1312(A/cm)(A/mm?): fits to limits given in Chapter 1 for totally enclosed

machine with 80 K temperature rise.

- Electromagnetic utilization:
2 2
C=2_ Ky ABg= % -0.956- 26200- 0.73 =127605VAs/m® = 2.12 kKVAmin/m?

A

TU Darmstadt Institute of Electrical Energy Conversion

- Stator line current: Iy = =549A

=381V

- Induced voltage: Uy, =

- Distribution factor: kg, = =0.956, pitching factor: kp1 =1
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This rather low utilization is due to 2-pole machine, where flux density is reduced to get lower
yoke heights and therefore reduced iron masses.

Example 2.4-3:

Data from Example 2.4-1: Current per phase 59 A, voltage per phase 3460 V, current density
limit 5.5 A/mm?, Ns = 200, N¢ = 10, Tgs =240 mm,a=1,a=1

- Conductor cross section: Ay = I /(Js-a-3;) =59/(5.5-1-1) =10.73 mm?

- Chosen slot breadth: bo, =12.5mm (= 0.52-7¢)

- Chosen conductor dimensions (Table 2.4-2): b, =7.1mm, h, =1.8mm

- Inter-turn voltage (neglecting the influence of 1/kw.d): Uy, =Ug / Ng =3460/200=17.3 V

< 80 V: Table 2.3-3: Conductor insulation thickness dic = 0.4 mm (both sides)
- Additional inter-turn insulation di = 0.3 mm

Slot height design: mm
Number of insulated turns per coil | N.-(h, +d;.)+(N;-1)-d; =
one above the other = 10 ~10-(1.8+0.4)+9-0.3=247 |247
Main insulation 2-d=2-22=44 4.4
Insulated coil side 24.7+44=29.1 29.1
Two coils per slot 2-29.0=58.0 58.2
Inter-layer insulation Z2=40 4.0
Slot lining (thickness 0.15 mm) 3-dy =3-0.15=0.45 0.45
Wedge + tooth tip height hwedge = 4.0, h4= 0.5 4.5
Top and bottom lining 2-d;=2-04=08 0.8
Vertical play 1.05
Slot height hg 69.0
Slot width design: mm
Number of adjacent insulated Npe - (b +djc) =
Main insulation 2-d=2-22=44 4.4
Slot lining (thickness 0.15 mm) 2-dy =2-0.15=0.30 0.3
Play 0.3
Slot width bg 12.5

Table 2.4-3: Slot design

Check of winding design must comprise:

» height of conductor h. (or strand) to avoid eddy current losses (current displacement)
> conductor cross section concerning current density : J < J.; (€.9. Fig. 2.2-5)

» coil main insulation thickness with respect to rated voltage (Table 2.3-1)

» conductor insulation with respect to inter-turn voltage (Table 2.3-3)

> sufficient tooth width to avoid increased iron saturation: By < By, = 2...2.2T

> resulting thermal utilization A-J

Example 2.4-3:

- Checking of eddy currents at 20°C: &, =57-10°S/m, f = 50 Hz, ne = 1,
by /bg =7.1/125
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. . . . . _7¢ . . . 6. .
P N :0.0018_\/47z 107-27-50-57-10° 1 7.0 _ 0 oo
2-bg 2.125 ===

- Checking of current density and thermal utilization:
Js=lg/(a-a;- Ay ) =59/(1-1-12.42) = 4.75A/mm?* < 5.5 A/mm?
A 2mNgls _ 2-3-200-59 _ 492 Alem
2pz, 4.36
A-J =492.4.75=2337(Alcm)(A/mm?): fits to limits given in Chapter 1 for open

ventilated machine with 80 K temperature rise.

- Electromagnetic utilization:

2 2
C="_ Ky ABg="—-0.91-49200-0.946 = 295585V As/m® = 4.93 KVAmin/m®
J2 J2
sq sq
h
—lﬂ—l—fh‘t 4 - hg * )
h2 h2 4
h'y
hy hQr = |h hQr hi=hpar
hgs h’ h'
b
h'l b
b
a) b) 0)

Fig. 2.4-1: a) Two coils (two-layer winding) in one slot for 6 kV, 500 kW induction machine, b) Wound rotor
induction machine: rotor slot design c) Cross section of deep rotor bar in slot

2.5 Rotor cage design

a) Features of squirrel cage:

fan blade iron stack ring

Fig.2.5-1: Die-cast aluminium cage rotor with skewed rotor bars and small fan blades at the rings
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The rotor cage consists of bars, which are housed in rotor slots usually without any insulation
between cage and rotor iron stack. At both ends the bars are short-circuited by rings (squirrel
cage). For smaller motors typically up to 200 kW die-cast aluminium cages are used, whereas
bigger machines, but also smaller traction motors e.g. for street-cars are fabricated from
copper bars, which are soldered to rings.

The stator flux fundamental sine wave induces the rotor cage, when it is rotating with
rotational speed n, causing a certain slip s with respect to fundamental wave speed nsyn:

S= (nsyn - n)/nSyn (2.5-1)
m
O
r 7
(i/”"’l Qi,bar
Vsyn 2 <14
- Se
stator
e
4 \ B
<588 ¢ & X & F /S
S*Vsyn=V Ui rotor
-
B vVm
a) Ul ~ |VXB| b)

Fig. 2.5-2: a) Stator fundamental flux density wave induces in each bar phase shifted rotor voltages, b) Induced
phase shifted voltages for Q./p= 14 bars per pole pair

Fig. 2.5-4: Kirchhoff’s law for two ring section currents 12 and 13 and one bar current |».

Rotor frequency is therefore f, =s- f; and usually rather low at rated operation, as rated

speed is only in the range of 1% ... 5%, decreasing with increasing machine size. Induced
voltage in each bar is phase shifted to the next one by aq =27 - p/Q, (Fig. 2.5-2). So in

each bar flows a different rotor bar current with same r.m.s. value Iy, but with different phase-
shift. In the ring sections between two bars flows therefore a ring section current. From
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section to section this current is phase shifted by 27z -p/Q,(Fig. 2.5-3). According to
Kirchhoff’s law we get (Fig. 2.5-4)

lp+1,-15=0 (2.5-2)
I, =2l sin(ag /2) = Iy =2lgjngsSin(pz/Q,) . (2.5-3)

Thus the resistance of one ring section ARring may be added as equivalent series resistance

ARy, to the bar resistance Ryar for further calculation.

2 2 * 2 2
PCu,r = QrRparlr + 2QrARRing I Ring — Qr (Rbar + ARRing) Iy =QrR Iy =

1

ARgi o = ARgip g ————————
Ring Ring 25in2(7zp/Qr)

(2.5-4)

b) Shape of rotor bars in rotor slots:

!| | Ill 7;_
%% _
a) b)

N

) g) h)

Fig. 2.5-5: Cross section of rotor bars: From a) to h) increasing effective rotor resistance due to current
displacement at stand still: a), b) Nearly no current displacement, c) deep bar, f) — h) round bars made of bronze

Raising starting torque is possible by eddy-current effect at stand still, when rotor frequency is
identical with stator frequency, thus being large. Rotor AC slot stray flux will therefore
induce big eddy currents in rotor bars, which are superimposed to rotor bar current in that
way, that bar current density increases at top of bar near rotor slot opening and decreases near
bottom of rotor slot (“current displacement™). Thus resulting rotor bar current flows mainly
in upper half of bar, thereby using only part of rotor bar cross section, which leads to increase
of effective rotor bar resistance. According to

Pour = QR 17 =5s-P; ., =Ps=(o5/p)M, (2.5-5)
increase of rotor resistance leads to increase of electromagnetic torque at s = 1. Additional
flux excited by eddy current in rotor bar is in phase opposition to AC slot stray flux and

reduces this stray flux component, therefore rotor stray inductance is reduced by current
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displacement. With rising speed and decreasing slip rotor frequency decreases also and effect
of current displacement vanishes, so no rotor bar eddy currents will occur at rated slip.

Rotor bars with big slot stray flux will generate considerable current displacement, therefore
especially shaped rotor bars which are narrow and deep are used (deep bar). Further increase
of rotor resistance at stand still is achieved by narrowing top of the bar, where main part of
rotor bar current flows, or by using double cage, where upper bar is made of bronze instead of
copper to increase rotor bar resistance.

¢) Choice of rotor slot numbers:

Q/ \ synchronous
a) / a) \ .~ harmonic
% torque

N Ty ——»
\_ -7 \N_* n
-0,2 0 0,14 1 syn
—Nsyn /5 Nsyn /7

Fig. 2.5-6: a) Asynchronous harmonic torque (here: 5 and 7" space harmonic) and b) synchronous harmonic
torque disturb the start up of induction machine. They are reduced by proper stator winding design (few
harmonics in generated air gap field) and by rotor skewing

A

U

S

amplitude of r
deformation

~180° [cose, . |~1
stator “r |cos gyl

yoke ring

Fig. 2.5-7: Deformation of stator yoke (depicted like a ring) Fig. 2.5-8: Current phasor diagram of induction by
a radial force density distribution with 2r = 4 nodes motor at rated operation according to equivalent
circuit
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Line starting motors have usually rotor bars skewed by typically one stator slot pitch. Thus
stator slot harmonic flux density waves cannot induce the rotor, which otherwise would lead
to additional high frequency rotor currents. These currents may cause additional
""asynchronous' harmonic torque (Fig. 2.5-6), which influence the asynchronous starting
curve M(n). This skewing also helps to minimize "synchronous" harmonic torque
components, which are generated by space harmonics of stator and rotor flux distribution,
excited by Is and I;. Further these field space harmonics of stator and rotor flux density
distribution may interact not only to generate tangential forces and therefore parasitic torque,
but also to generate pulsating radial forces. Radial force distribution along stator circum-
ference is distributed sinusoidal (Fig. 2.5-7) and rotates with tonal frequency, which is deter-
mined by stator frequency and stator and rotor ordinal numbers. Deflection of stator is caused,
which compresses/decompresses surrounding air, thus generating sound pressure wave
(acoustic noise) with tonal frequency, which may be significant, if tonal frequency hits a
stator yoke bending resonance frequency. Skewing might reduce this radial force, as well as
certain choice of slot number ratios.

Choice of rotor slot number Qr must be done with respect to stator slot number Qs (details
see: Lectures "Motor development for electric drive systems™).

1. Qg =Q,: Avoid cogging at stand still; good choice is, when Qg, Q,have no (or few)

common divider.
2. Skewed rotors:0.8Q; <Q, <Q, minimizes inter-bar currents between bars and iron

stack, which cause additional losses and amplify asynchronous harmonic torque.
3. Q,not below 0.8Q,and not above 1.2Q,, otherwise slot frequent flux pulsation mainly in

rotor teeth due to open stator slots will cause too big additional losses already at no-load.
4. |Qs—Q¢[#0,1,2,..r*,2p,2p+1,2p£2,..,2p£r*: Avoids radial force waves of node

counts 2r*, which otherwise might bend the housing and generate vibration and noise. By
calculating natural vibrations modes of stator and rotor, those modes r* with natural
frequency < 6 ... 8 kHz, which must not be excited by radial force waves, are determined.

5. Choose Qr even to avoid radial force waves with 2r = 2 (r = 1), which might cause the
rotor to perform bending oscillations, which in case of resonance with rotor natural
bending frequency might cause the rotor to touch stator or damage the bearings.

Example 2.5-1:

2p = 4, Qs = 60, unskewed rotor: Qr = (0.8 ... 1.2)Qs = 48 ... 72, taking only even numbers.
With r* = 4 the range 52 ... 68 is excluded. The numbers 48, 72 are excluded (common
divider 2, 3, 4, 6, 12). Excluding in similar way other slot numbers with common dividers, we
get as choice (46), 50, 54, 66, 70, (74).

For skewed rotor only slot numbers (46), 50, 54 remain, e.g. Qr= 50 is chosen.

d) Cage design:

Each bar is regarded as a single phase (m: = Qr), as it is carry its own bar current, with number
of turns per phase N; = 1/2; therefore kwr = 1. Rotor current transformation ratio U, must yield
same current-loading as stator current:

As :kws'ﬁ'M :>Ar :kWS.\/E,ZmSNs(Ir/UI) :kwr'\/E‘zmrerr

2pz, 2pz, 2pz,
i, = KwsMsN _ 2KysmsNg (2.5-6)
kwrmrNr Qr
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Rotor cage is designed according to rotor bar current, which may be taken from Fig. 2.5-8
with the assumption cosgr = -1 (¢r = 180°) as

Ir =1,/0; = g -cose; : (2.5-7)

Rotor bar and ring current density Jr shall be nearly the same and may be a little bit higher
than stator current density Js, as rotor temperature may somewhat higher, as no insulation is in
the rotor, which might be damaged by too high temperature.

bRing

hy

[T
hRing hpar

L — 1

dRing

S o L

Fig. 2.5-9: Cross section of rotor ring

Example 2.5-2:
Data: Stator current 59 A, cosen = 0.87, stator current density: 4.75 A/mm?, Qs/Qr = 60/50,
Ns = 200, kws: 091, ms = 3

-l =110, =15 -cosps =59-0.87=51.33A, {,

_ 2kysMgNg  2-0.91-3-200
Q 50

=2184

I, =0, -1; =21.84-51.33=1121A
- Deep bar rotor to increase starting torque: ratio hcy/bcy > 8

Choice: hcy = 40 mm, bey = 5 mm, cross section: Acur = 200 mm? (Fig. 2.4-1¢)
- Rotor bar current density: J, =1, / Ag,; =1121/200= 5.6 A/mm?

- Semi-closed rotor slot dimensions (Fig. 2.4-1c):
h1 = hcy =40 mm, by = bcy =5 mm (plus 0.1 mm play each)
hs = 3.4 mm, sor = 2.5 mm
hor =40.1 + 3.4 =43.5 mm, bgr =5.1 mm
- Rotor ring current Igjng =1, /(2-sin(pz/Q,)) =1121/(2-sin(2z / 50)) = 4472A

- Ring current density: J, = Jgjpq =5.6 A/mm?,
- Necessary ring cross section: Agjng = Iring / JRing =4472/5.6 =800 mm? (Fig. 2.5-9)

- Ring height is usually at least bar height: hring > hcu
Choice: hring = hcu = 40 mm, bring = 800/40 = 20 mm

2.6 Wound rotor design

a) Features of wound rotors:

The wound rotor consists — like the stator — of a laminated iron stack with slots, carrying like
the stator a three-phase distributed winding, which terminals x, y, z are usually connected in
star, whereas u, v, w are connected to three slip rings. There they may be connected via
graphite brushes, running on the slip rings, to three external resistances (which in their turn
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are star connected). Thus rotor resistance is increased at stand still for increase of starting
torque. After start up the rotor is short circuited at the slip rings, then operating in
asynchronous mode as an induction machine.

a)

Fig. 2.6-1: Wound rotor induction machine: a) Schematic cross section for simplified machine with 2p = 2, ms =
me =3, 0s=0r=1, Ws = W, =7, (Note: In reality it must be Qs # Qr). b) Common schematic of wound rotor
induction machine

Rotor coils must produce same number of magnet poles like stator winding to generate
constant torque, therefore rotor coil span must be (besides of some pitching) the same as
stator coil span. Choice of rotor slot number must be Qs= Qr to avoid cogging, therefore rotor
number of coils per pole and phase is chosen (Fig. 2.6-3)

qr =0s +1,(*2) - (2.6-1)

Design of rotor winding is done according to the same principles as stator winding with
calculation of rotor winding factor kwr (fundamental), numbers of turns per phase N, rotor slot
design and number of turns per rotor coil Ncr. To avoid flash over at slip rings, rotor winding
must be designed in rather low voltage < 1000 ... 2000 V (line-to-line = between to slip
rings). Voltage transformation ratio between stator and rotor winding

_ Nokws _Ur

= (2.6-2)
Nekyr Uy

Uy

determines at stand still and open rotor stand still rotor voltage Ur,LLo between two slip
rings. From equivalent circuit diagram at s = 1 and open rotor circuit we get

U/
;'O :—r'LL’O =Up = Xh .US N—Xh .US: US (26'2)
V3 JRZ + (X + Xp)? Xso + Xp 1+0o
UriLo A U N k
s NgKys

Rotor winding is usually made as two-layer low voltage wave winding (Fig. 2.6-2) to reduce
amount of copper for coil connectors. In order to get low voltage on rotor side, usually
N; < N,, leading to low number of turns per coil (usually Ner = 1 or 2).
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!
- Tp; Ire ‘ /
\/ X=-U Y=-V Z=-W
Fig. 2.6-2: Rotor wave winding, full pitched Fig. 2.6-3: Numerically calculated flux lines at s = 0 of 2-

pole wound rotor induction machine, ms = m, = 3, at
instant, when iy = - iw, iv = 0. Winding: gs= 3, gr= 2,
s — Wr :Tp, Q5: 18, Qr = 12

Slot design for rotor two-layer winding (Fig. 2.6-4) shows deep bar arrangement with semi-
closed slots to reduce influence of rotor slot openings on air gap field. Rotor coils are
separated in two halves as two bar coil sides, which are inserted into rotor slots, and are
afterwards connected by soldering the winding overhangs.

1

a
[

2
b
L 2
N3 [ 3
—6 6
4 =,

3

Fig. 2.6-4: Wound rotor slot and two-layer winding design: left: One turn per rotor coil, right: Two turns per
rotor coil. 1: Insulation of conductor (glass fibre band), 2: main insulation, 3: inter-layer insulation, 4: bottom
lining, 5: top lining, a: vertical inter-turn insulation, b: fixation band

Rotor stand still voltage Ur,L0 -] <800V | <1500V | <2000V
Thickness of main insulation (mm) (one side) 2 0.5 1.0 1.3
Inter-layer insulation (mm) 3 0.5 0.5 1.0
Thickness of winding overhang insulation (mm) *) - 0.24 0.8 1.0
Vertical inter-turn insulation (mm) a 0.3 0.3 0.4

*) both sides
Table 2.6-1: Insulation of rotor winding according to rated voltage
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Conductor insulation (both sides) (mm) 1 0.3
Slot bottom lining (mm) 4 0.3
Slot top lining (mm) 5 0.5
Fixation band thickness (one side) (mm) b 0.12

Table 2.6-2: Insulation of conductors and additional linings

b) Rotor winding design:

Rotor slot width should be b, /7o =0.4..0.5 and for 100 kW < P < 1000 kW:
bor =10... 20mm . Rotor phase current is determined form rotor apparent power

S, =m, Uyl , (2.6-4)

which is estimated in case of motor operation as

§ - ™ (2.6-5)
7N - COS gy

with the assumption cos¢x = -1 (¢ = 180°, Fig. 2.5-8). Rotor current loading and rotor current
density must fit to the same thermal utilization as stator winding.

Example 2.6-1:

Data: Wound rotor induction motor 500 kW, stator rated voltage 6 kV, Y, stator rated current
59 A, v = 0.94, stator current density: 4.75 A/mm?, gs = 5, Ns = 200, kws = 0.91, ms = 3, dsi =
458 mm, air gap 6= 1.4 mm

- Choice: m=3,Y,0r=5+1=6, Qr_2p m -q,=4-3-6=72
- Full pitched wave winding: W, =z, Kppq =sin((\W, /7,)-7/2) =1

sm( j
2m
- Rotor distribution factor: Ky, = r =0.956,

qr -sin( d ]
2mrqr

- Rotor winding factor: ky,q = Kg1Kpr =0.956

- Choice of number of turns per coil: N¢r = 1, series connection per phase: ar = 1.

- Number of turns per phase: N, =2p-q, - N /a, =4-6-1/1=24
- Rotor stand still voltage:
Upg ~ Us  Npkyr =6000/\/§.24-0.956=420V’ Ur 1o =43-420=727V
1+o, Ngk,s 1+0.04 200-0.91 T —

- Rotor rated current:
Py __ 500000 _ ..,

an Urio-3 094.727.43 —

- Rotor outer diameter: d,, =dg; —26 =455.2mm

- Rotor slot pitch: 7o, =d, - 7/Q, =19.86mm

- Choice: bor = 6.9 mm = 0.35 7,

- Choice of rotor rated current density (nearly the same as in stator): Jr = 5.2 A/mm?

~

I, ~
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- Conductor cross section: Acyr =1, /(a, - J,) = 423/(1-5.2) =81mm?
Conductor dimensions:

bLr = Sloth width — main insulation — conductor insulation — slot lining — play =
=69-2.-05-03-2-0.15-0.8=4.5mm
h, = Acyr /b =81/45=18.0mm
- Rotor slot opening: sqr = 2.5 mm, hs =1 mm

Slot height design: mm
Number of insulated turns per coil N -(h, +d;.) =
one above the other =1 ~1.(18+0.3)=183 18.3
Main insulation 2-d=2-05=10 1.0
Insulated coil side 18.3+1.0=19.3 19.3
Two coils per slot 2-19.3=38.6 38.6
Inter-layer insulation Z=05 0.5
Slot lining (thickness 0.15 mm) 3-0.15=0.45 0.45
Wedge 4.0 4.0
Top and bottom lining 0.3+0.5=0.8 0.8
Vertical play 0.65
Slot height hor 45.0
Table 2.6-3: Rotor slot height determination (Fig. 2.4-1b)
- Thermal utilization:
A = 2y NI, 2:3-24-423 423A/cm, AJ, =423-5.2 = 2200(A/cm)(A/mm?)
dg7 45.87 —

2.7 Design of main flux path of magnetic circuit

Fig. 2.7-1: Cross section of 4-pole induction machine, showing stator and rotor current distribution and main flux
path. Stator and rotor iron stack are subdivided into 3 sections with radial cooling ducts in between.
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Fig. 2.7-1 shows cross section of 4 pole induction machines with flux lines of main flux,
crossing the air gap, being excited both by stator and rotor ampere-turns of all m phases. This
may be expressed according to equivalent circuit by "*magnetizing current™ Im flowing in Ns
turns per phase per stator winding, exciting fundamental harmonic (v = 1) of magnetizing
m.m.f. per pole pair p (see: Lectures "Electrical machines and drives")

V2. m

——Ngkyg - Im =Viy : (2.7-1)
T P

Vm,v=l =

Basically, magnetic circuit of main flux is non-linear due to non-linear B-H-characteristic of
iron. Laminated iron sheets with insulation between sheets are used to suppress eddy currents
ant hence reduce eddy current losses, which are induced by AC main flux. Stator and rotor
iron stack of bigger machines are segmented into axial sections with cooling ducts in between
to guide cooling air flow (Fig. 2.7-1). Hysteresis loops of iron sheets must be very small to get
low hysteresis losses. Eddy current losses and hysteresis losses together are called iron
losses, which should be small, as they occur already at no-load due to main flux. By adding Si
(silicon) to the iron the resistance of iron sheets is increased, thus reducing eddy currents, but
on the other hand saturation flux density of these "dynamo sheets" is reduced by this measure.
Iron losses are measured according to Epstein in so-called Epstein frame e.g. at 50 Hz, 1.0 T
(Table 2.7-1) as vio losses per kg iron mass. Iron sheet insulation (enamel or oxide layer) is in
the range of 3% to 5% of sheet thickness. Sheet thickness is usually 0.5 mm, but special
thinner sheets for inverter fed machines (high frequency !) down to 0.35 mm and 0.1 mm are
also available. The cross section of iron stack consists therefore only to about

kre = 95% ... 97 % (stacking coefficient)

of iron, the rest is insulation.

Si V10 hysteresis eddy-current B(H)-curve

losses losses Fig. 2.7-2
% W/kg W/kg W/kg -
steel-sheet 0 ~4.2 *) *) C
sheet type 1l 1 2.3 1.6 0.7 A
sheettype IV | 3.5 1.7 1.3 0.4 B

*) not specified, by typically 70% hysteresis losses
Table 2.7-1: Iron losses of typically used iron sheets
Basic method to calculate magnetization current of non-linear iron circuit is shown in basic

Fig. 2.7-3, which contains air gap ¢ and iron part like in the real induction machine, by using
Ampere’s law.

n n
Hi s =Zvi =N-I . (2.7-2)
i=1 i=1

§H-d§=N-| =N
C

The closed loop C may be taken arbitrarily, but is often used the closed flux line of B. In that
case H is tangential to curve C, yielding the scalar product as Heds=H-ds. By

n
discretization of the integral we getasum D> H;-s;=N-1.
i-1
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Fig. 2.7-2: Magnetization characteristic B(H) of iron sheets (Manufacturer “a”): A: sheet type Il (slightly
different to data of Table 2.7-2, different manufacturer), B: sheet type IV, C: steel-sheet, D: cast iron. Hysteresis
loops are very narrow and therefore not depicted.

B/T H/ Alcm
) L1 L2 .3 LA .5 .,.B N .8 .9
0.5 0.7 0.81 0.83 0.85 0.87 0.89 0.91 0.93 0.95 0.97

0.6 0.99 1.01 1.03 1.05 1.07 1.09 1.11 1.13 1.15 1.17

0.7 1.19 1.21 1.24 1.26 1.28 1.32 1.34 1.36 1.38 1.43

0.8 1.46 1.49 1.53 1.56 1.59 1.64 1.68 1.72 1.75 1.79

0.9 1.83 1.88 1.93 1.98 2.03 2.08 2.13 2.18 2.25 2.3

1.0 2.35 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2
11 3.3 3.4 3.5 3.6 3.8 3.9 4.1 4.2 44 45
1.2 4.7 4.9 5.1 5.2 54 5.6 5.8 6.1 6.3 6.6
1.3 6.8 7.1 7.4 7.7 8.1 8.5 9.0 9.5 10.0 10.6

14 11.3 12.1 13.0 14.2 155 16.8 18.0 19.3 20.5 219

1.5 23.3 24.8 26.4 28.1 29.8 315 334 355 37.7 40.0

1.6 42 45 48 51 55 59 62 66 70 74
1.7 78 83 87 92 97 101 106 112 117 123
1.8 129 135 141 148 155 162 170 178 187 196

1.9 206 216 226 236 247 259 272 287 303 320

2.0 339 361 383 408 435 465 495 530 567 605

2.1 650 700 750 810 870 930 1000 1070 1140 1220

2.2 1300 1380 1460 1540 1620 1700 1780 1860 1940 2020

2.3 2100 2180 2260 2340 2420 2500 2580 2660 2740 2820

Table 2.7-2: Magnetization curve B(H) of iron sheet type Il (Manufacturer “b”). Hysteresis loop suppressed.

Note that B(H)-curves type III of manufacturers “a” and “b” differ. By dividing the magnetic
path into n sections of length s;j and taking the cross sections A; of each section, we start with a
certain flux @ and determine the flux densities B; =@/ A per section. For iron sections Hi is

taken by Hi(Bi) from Fig. 2.7-2, for air we calculate H; = B; / . The m.m.f. per sections
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are summed to get the magnetizing ampere-turns N -1 and magnetizing current | for given
flux @. So for different flux values the magnetizing characteristic @(I) of main flux versus
magnetizing current is derived. Note that for g, — oo the values H in iron are zero, and &x1)

is linear (*"air gap characteristic™).

// HFe
BT 1" <O
I ¢ A iron
Hs é 8 air )
~ 6
=N
—————— o

\ 0 -

a) cross—section area A b) 0 |

Fig. 2.7-3: Basic arrangement of magnetic circuit with air-gap: a) iron part and exciting coil, b) magnetizing
characteristic &(I)

Real geometry of induction machine cross section with closed loop C for Ampere’s law
according to (Fig. 2.7-4), which is following a flux line (Fig. 2.7-5), shows the following
sections:

- air gap o, which is influenced by slot openings sq,

- stator and rotor teeth with length l4, section, and

- stator and rotor yoke with half yoke length ly.

Instead of determining necessary ampere-turns by numerical field calculation (Fig. 2.7-5), in
the following a simplified method according to (2.7-2), (2.7-3) will be presented.

stator

Fig. 2.7-4: Cross section of an 8-pole induction machine with sections of magnetic circuit of main flux

Note that magnetizing ampere-turns per pole is twice m.m.f. amplitude

O =N, , (2.7-4)
so calculating (2.7-2), (2.7-3) with the sections depicted in Fig. 2.7-4 yields
On=2-Hs5-0+2-Hys - lgys+2-Hgy - lgr +2- Hys ~Iys +2-Hy, ~Iyr ,  (2.7-5)

which is often simplified by calculating ""half of magnetic circuit™

Vi, =Hs0 + Hyslgs + Hygelgr + Hyslys + Hyrlyr =V +Vgs +Var +Vys +Vy; ) (2.7-6)
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Facit:
Calculation of magnetizing current is done by calculating m.m.f. of sections in iron and air
gap step by step.

Fig. 2.7-5: Cross section of a three-phase, 4-pole high voltage cage induction machine with wedge rotor slots (Qs
/ Qr = 60/44) induction machine with numerically calculated no-load flux density B at rated voltage and no-load
(s =0, rotor current zero)

2.7.1 Magnetization of air gap

Due to the slot openings the air gap flux density shows a considerable ripple along
circumference co-ordinate x, as the flux fringes at the tooth tips (Fig. 2.7.1-1). Especially open
stator slots of high voltage machines yield considerable flux density ripple. For unslotted rotor
and slotted stator solution of Maxwell’s equations (by method of conformal mapping) yield
the rippled air gap flux density, from which the average flux density Bs per slot pitch may

be derived with respect to the peak value E§5 beneath the tooth tips, called Carter’s coefficient
ke > 1.

7 % =
| | JIk
4.0 N
d sq & ool (o) 5
NI ‘
Bd | | ]§6=kC°§(5 Bd Bd
| | ‘ > x
I } > T
) : | > X ) Q

Fig. 2.7.1-1: Flux fringing in air gap due to slotting: a) Real slot geometry, b) Idealized geometry for calculation

A T
kC = Bé‘ / Bé‘ = % (271'1)
Q — .

With increasing slot opening sq and/or decreasing air gap o the influence of slotting on flux
ripple increases according to the ratio h=s5 /5 (Fig. 2.7.1-2).
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h2

. 2.7.1-2
h+5 ( )

g(h)= % : [h-arctan(h/Z) - In(1+ (h/2)2)]z

¢4

6

o0 1 2 3 4 5 6 7 8 9 10
—

sq/0
Fig. 2.7.1-2: Influence of ratio so/J on coefficient £ to determine Carter’s coefficient

The air gap flux per slot pitch is determined with the average air gap flux density per slot
pitch

@&2 = Bé‘ . TQ I y (271'3)

but the m.m.f. under the tooth tip, where air gap with is ¢, has to be determined with peak
value By

. 3 B
Vy=Hy.0-20.5-Bo s o ;=205 s =ke-6 . (27.1-4)

Ho Ho o

Stator and rotor slotting are considered simultaneously by approximation
kc = kCS . kCI’ y (271'5)
when each of the coefficients kcs, kcr are determined for unslotted opposite part.

In the same way radial ventilation ducts between sections of iron stack of length I with duct
width I lead to ripple of air gap flux density in axial direction z (Fig. 2.7.1-3). If we consider
ventilation ducts only on stator or rotor side, the relation between average air gap density and
peak air gap density is given by (2.7.1-1), if we take Ik + |1 instead of 7 and Ik instead of sq

|1+Ik
bl 20

and for h' =1, /6. Without radial ventilation ducts the total iron length of nk section would be
lze =Ny -1} and the air gap flux per slot pitch @z, = B - 7g - Ige . With ducts the total length

is L=ny -l +(n, —1)-1, and the average air gap flux density decreases to By < By, yielding
for flux per slot pitch @5, = By -7g - L, which is a little bit larger due to some flux passing
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through the ducts: Bs-L > By -lg.. If we want to use average flux density per slot pitch
B for calculation, we take according to

By L=Bys-L/ks=Bg-l, l,=L/k: (2.7.1-7)

equivalent iron length I, <I, <L into account for considering magnetic effect of radial
ventilation ducts. Usually radial ventilation ducts are oppositely arranged in stator and rotor,
yielding symmetrical fringing of air gap flux density with symmetry line in middle of air gap.
So instead of sonly half air gap &/2 has to be used in (2.7.1-6), (2.7.1-7).

L -
[y il
HH]HIIII”H ““‘mm""“ |“wmm ‘|IH||‘
- 1|1 - 1
AVAR R VAV
Bs
’ >
1 Z

Fig. 2.7.1-3: Ripple of air gap flux density in axial direction due to radial ventilation ducts

@&2 = 85 'TQ . Ie (271'8)
Facit:

If average air gap flux density Bs is taken for calculating air gap m.m.f., equivalent air gap
& has to be used instead of geometrical air gap width & in order to consider slotting.
Magnetic effect of radial ventilation ducts is considered by using equivalent iron length Ile
instead of real iron length Ire.

Example 2.7.1-1:

500 kW, cage induction machine, Qs/Qr = 60/50, Bs = 0.858 T, stator bore diameter: dsi = 458
mm, air gap o= 1.4 mm, high voltage winding: slot width bgs = Sqs = 12.5 mm, sor = 2.5 mm,
iron stack of stator and rotor consist of 9 sections with I1 = 42 mm and 8 radial ducts with
width lx = 10 mm.

o/ mm | S/ mm Sol& 4 ke
stator 24.0 12.5 8.93 5.72 1.50
rotor 28.8 2.5 1.79 0.47 1.023

Carter’s coefficient: kg = k¢ Koy =1.5-1.023=1.54
Equivalent air gap: 5, =kc -0 =1.54-1.4 =2.156mm

I+ 1 B
L+l —<(h)-(512)
Total axial length: L=9-1; +8-1, =9-42+8-10=458mm

h =1, /(5/2) =10/(1.4/2) =14.28, £ (W) =10.58, ki = 1.166
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Iron stack length: I, =9-1; =9-42=378mm
Equivalent iron length: I, = L/ks = 458/1.166 = 392mm
Vs =225, =288 g 002156-1472A

Ho 4710~ -

2.7.2 Magnetization of teeth

by O Hq
Fig. 2.7.2-1: a) Tooth flux density, b) Determination of magnetic tooth flux density and field strength

Air gap flux per slot pitch @5 =B -7 -l is quenched into stator and rotor teeth, thus

increasing there tooth flux density, which leads to iron saturation. Slots with parallel slot sides
lead to teeth, which in stator are narrowest at the tooth tip and in rotor at the slot bottom (Fig.
2.7-1). Thus tooth cross section depends on radius r. At a given radius tooth width is by (r) . If

we assume that that air gap flux @sq is completely flowing through iron teeth @y, avoiding the
parallel path of slots completely, we get for tooth flux density

P
Kre by (1) - Ire
and via B(H)-magnetization curve of iron the tooth magnetic field strength H; (r) . In reality,

some flux @q also passes via the parallel slot and through the insulation of iron sheets (cross
section b (Nlge + (1 —Kkge)lge -bg (r) ). This effect is strong especially when iron is strongly

saturated. Therefore, real tooth flux density By (r) is a little bit lower than apparent tooth flux
density Bj(r): By (r) <Bg(r), which leads at high saturation to considerable reduction of
Hq(r) <Hg(r). As Hy(r) is directed parallel to tooth side, this magnetic field strength is
the same in iron and in slot. Slot flux density is therefore zgHg(r).

Bsy = By + By = By () - Keeby (Nl + oHg (1) -Ipe [ (1) + A= keedbg ()] (27.2-2)

Combining (2.7.2-1), (2.7.2-2) leads to

bo (r
By (r) = BY (r)—&-( of )+1—kpeJ- Hq(r) , (2.7.2-3a)
Kre \ g (1)
being a straight line B4(Hq) with negative inclination tane,
By (r) =By (r)—tanea - Hy (1) : (2.7.2-3b)
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which can be introduced in B(H)-characteristic to determine Bq , Ha (Fig. 2.7.2-1). It is clearly
visible, that at low Bq the difference between By, B} is negligible.

The m.m.f. of teeth with varying width is integral along tooth length l4, which may be
simplified by Simpson’s rule, taking the values of Hq at tooth tip Hai, in the middle of tooth
Ham and at tooth bottom Hga.

ri+|d
Vg = [Hg(r)-dr=lg-(Hgi+4Hgy +Hgy)/6 (2.7.2-4)

fi

Simplified calculation takes Ha at on 1/3 of tooth length at the narrower side (Fig. 2.7.2-1)
for calculating m.m.f. and often also apparent tooth flux density instead of real one:

Tosa/3 = (s +(2/3)lgs) 7/ Qs torasa =ds —2- (8 +(2/3)-1g)]- 71 Q,

by 1/4 = b g, .~ ool HY 1 2(Bl 1/4) ~ H
41/3=7Q1/3 P = 413 =3 p I = 41/3(Ba1s3) ® Hy /s
Fe "Md,1/3 " 'Fe

Vg =Hg1/3lg : (2.7.2-5)

In order to avoid extensive saturation, apparent tooth flux density should stay below 2.4 T at
narrowest part of tooth.

For parallel sided teeth calculation is much simpler, as by = const., so (2.7.2-5) can be taken
with bq instead of bg /3.

Example 2.7.2-1:

Data: 500 kW cage induction motor: Bs = 0.858 T, kre = 0.95, le = 392 mm, lre = 378 mm,

dsi = 458 mm, Qs/Qr = 60/50, air gap o = 1.4 mm, s = 24.0 mm, zgr = 28.8 mm, iron sheet
type Il (Table 2.7-2)

hQ, bQ (mm) Id = hQ (mm) bd,l/3 (mm) Ba,l/?:/T Hall/3/A/Cm Vi /A

stator | 69.0,12.5 69.0 13.9 1.615 46.5 321

rotor | 43.5,5.1 43.5 19.9 1.35 8.5 37

Check of flux density at narrowest tooth width:

bd,i(mm) Bél,l/3/T

stator 11.5 1.95<24

rotor 18.0 152<24

By variation of air gap flux density Bs from zero to Bsmax €.9. 1.2 T, one gets corresponding
values Vs, Vgs , Var and thus a non-linear saturation characteristic (Fig. 2.7.3-2).

Bs = f(Vs1a) = f (Vs +Vas +Var) : (2.7.2-6)

2.7.3 Distribution of saturated magnetic air gap flux density

Exciting m.m.f. V(x) and in linear case also magnetic air gap flux density Bs(x) is step-like
due to conductors being placed in slots (Fig. 2.7-3-1 a). Taking only fundamental v =1 as
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main magnetizing component into account, the m.m.f. Vo -1 and By, = 1V, 1 /5 are

distributed sinusoidal. Due to iron saturation only the percentage of 0 < Vs/V.=1 < 1is left for
air gap magnetization, whereas the rest is necessary for magnetizing teeth and yokes. As the
amount of m.m.f. for magnetizing iron parts increases with increasing Bs , the shape of
saturated magnetic air gap flux density Bs(x) is no longer sinusoidal, but flattened at the top
Bs (Fig. 2.7-3-1 b).

Bé(x) Bsmax B
Bs(x) Bsav '

=
a)— > X 0y © — »x P

Fig. 2.7.3-1: a) Distribution of air gap field due to coils concentrated in slots (slot openings neglected), b)
saturated air gap flux density, excited by sinusoidal fundamental of m.m.f., neglecting steps in field distribution

This flattened distribution may be Fourier-analyzed, showing a fundamental v=1

Bs,v1(X,t) = Bs , _1 -cOs(X7 / 7, — wst) (2.7.3-1)

and a considerable third harmonic v=3

Bs, —3(X,t) = Bs, _3-c0s@(X7 /7, —st)) = B, _3 - COS@X7 /7, —3wit) (2.7.3-2)

and further small space harmonics with odd ordinal numbers, dividable by 3: 9, 15, 21, ....
These additional harmonics induce phase voltages in stator winding phases U, V, W with
frequencies 3fs, 9fs, 15fs, 21fs, ... . There is no phase shift between these harmonic phase
voltages of U, V, W due to

Uy 3(t) = U3 cosBwst)
Uy 3(t) =U3 cos@(at — 27 /3)) =U3 cos@Bast) = Uy 3(t) , (2.7.3-3)
Uy 3(t) =U3 cos@(ast — 47 /3)) =U3 cos@Bmst) = uy 3(t)

therefore in line-to-line voltage of star connected stator winding these harmonics are not
visible.

Ugy 3(t) =uy 3(t) —uy 3() =0 (2.7.3-4)

No harmonic phase current may flow therefore with frequencies 3fs, 9fs, 15fs, 21fs ... in
stator winding, except in that case, when electric connection of star point to ground is used.
Then ground current is 3 times phase harmonic current ig (t) = 3is 3(t) with frequencies 3fs,
of, 15fs, 21fs ... and may be dangerously big in case of high saturation.

In delta connected stator winding phase voltage is also line-to-line voltage, so this
harmonic current 3ig(t) with frequencies 3fs, 9fs, 15fs, 21fs ... circles in delta winding,
heating winding up in addition to fundamental current, but is not visible in terminal
connections due to 2" Kirchhoff’s law:

iy, Line3(t) =15y 3(t) —isy 3(t) =is 3(t) —is3(t) =0 (2.7.3-5)
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Facit:

In order to avoid harmonic currents with frequencies 3fs, 9fs, 15fs, 21f, ... due to saturation
flux density harmonics, stator (and in case of slip ring induction machine also rotor) winding
shall be preferably connected in star without any connection of star point to earth. In that
case only induced voltage of fundamental of air gap flux density distribution balances
terminal voltage of the grid.

Determination of flattened air gap flux density distribution is usually done by only

considering saturation of teeth, which due to narrow iron parts dominate in saturation. Taking
at t = 0 fundamental m.m.f., which is distributed sinusoidal in air gap

Vi, (X) =V, g -cOS(X7 /7)) : (2.7.3-6)

one gets via (2.7.2-6) the corresponding value Bg(x), which is the top-flattened air gap flux
density distribution.

BsA V Bs A
= \Y% \Y
7 | N\¢Bs(x) By 6 _/Vd
/) )
/, N\ Vora(x) |
Vs+d
0L - ‘
0 30° 60° 90° Tp XT 0 = > Vsid
3) Tp p O Votrd

Fig. 2.7.3-2: a) Distribution of sinusoidal m.m.f. Vs.q, saturated air gap flux density Bs and its fundamental Bs,
b) non-linear saturation characteristic of teeth and air-gap.

Fourier fundamental of flattened B (x) is with y =Xz /7

2
By g = i [B5()-sin(y)-dy = [B5(309) + V3 - B5(60°) + B; (90°))/3 . (2.7.3-6)
0

Air gap flux of flattened air gap flux density distribution is nearly the same as of fundamental:

Tp Tp
2
@5 =g [Bs(x)-dx=lg -7, By oy =1 IB&V:l(x)-dx:;Je 7y Bsya . (2737)
0 0

Therefore fundamental amplitude may taken from

B5,V=l = (7[/2) . B&,av . (273'8)

This procedure of determination of fundamental depending on saturation (2.7.3-6) has been
done for iron sheet type 111, but is also valid more or less for type 1V and similar types of iron
sheets. With rising degree of tooth saturation Vgs+qar/Vs the ratio of maximum of flattened air
gap flux density distribution versus average flux density Bs/Bsav = 1/a decreases from linear
(unsaturated) value 712 = 1.57 to typically 1.3 with a theoretical limit 1 at very high saturation
(Fig. 2.7.3-3). Once a curve like Fig. 2.7.3-2b has been derived with (2.7.2-4) or (2.7.2-5),
only the ratio k is of importance for « (Arnold’s method), which is often used instead of
method (2.7.3-6). So, if we need a certain Bsv=1 for inducing the necessary voltage Un
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Up
V2 Nokys - (21 )7 ’

Bs,v-1= (2.7.3-9)

how big is the real maximum flux density Bs in air gap, which determines tooth saturation ?
By utilization of Fig. 2.7.3-3 in iterations, this is answered and the correlation of air gap flux
D5 =lg -7y - Bs 5 » maximum air gap flux density Bs and fundamental is Bs v=1 is found.

1
a

\\
\\
1,4 <
\\ -
\\\\

1,3 —
1.2

L1

0 02 04 06 08 1,0 1,2 1,4 1.6
—>

K= Vds+ Vdr

=

Fig. 2.7.3-3: Ratio of maximum of flattened air gap flux density distribution versus average flux density Bs/Bsav ,
depending on degree of tooth saturation Vgs+ai/Vs, from many calculated machines acc. to Fig. 2.7.3-2.

Example 2.7.3-1:
550 kW cage induction motor, demanded rated voltage 6.6 kV Y, 50 Hz, motor dimensions
according to example 2.7.1-1, 2.7.2-1, s = 0.05, Ns = 200, kws = 0.91.

Uy =Uy /(3 (1+ o)) = 6600/(/3-1.05) = 3629V
Up 3629
B5,V=l - = :10T
\/Eﬂfs “Ngkys - (2/ )7 ple J27-50-200-0.91-(2/ z)-0.36-0.392
Bsyv=1=1.0T
Bsav=(2/7)-Bs -1 =(2/7)-1.0=0.6366T
Assumption (1% iteration):
Bs/Bs.av = 1.41 = Vgs+ar/Vs = 0.3
Bs =1.41B; ,, =1.41-0.6366=0.897T

Bs-7h. -1
Bls1/3 = —— 2 —169T, Hjgy1/3 = 74A/cm, Vg = 74-6.9 = 511A
I(Fe 'bds,1/3 'IFe
Bs 7o, |
Biris = —— 3 —142T, Hj, /3 =13Acm, Vg, =13-4.35=57A
kFe 'bdr,1/3 'IFe
V=255 - Lg?? .0.002156=1539A
Ho 47 -10° =
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Vds+ar/Vs = (511+57)/1539 = 0.37

Assumption (2" iteration): average of old and new value: Vags+ar/Vs = (0.37 + 0.3)/2 = 0.335

Vis+ar/Vs | Bs/Bsav | Bs | Bas1/a | Barass | Haswa | Harwra | Vs | Var | Vs | Vas+ar/ Vs
- - T T T Alcm | Alcm | A A A

0.3 141 | 0897 | 1.69 | 1.42 74 13 511 | 57 |1539| 0.37

0.335 140 | 0.891 | 1.68 1.41 70 12.1 | 483 | 52.6 [1529| 0.35
Table 2.7.3-1: Iterative determination of flat top Bs for given air gap flux

As after 2" iteration values Vgs+ar/Vs at beginning and end of iteration differ only by
(0.35-0.335)/0.335 = 4.5% < 5%, iteration is ended, taking as final values Bs = 0.891 T and
Vds+dr/V6 =0.35.

2.7.4 Magnetization of yokes

The air gap flux is divided in the yokes into two equal parts, called yoke flux (back iron flux)
(Fig. 2.7.4-1).

Dy =512 (2.7.4-1)
The air gap flux as main flux @5 = @, is increased in the stator yoke by the stator stray flux

Dy = (D5 + Dys) 1 2=+ 05) Ds 12 . (2.7.4-2)
Whereas air gap and tooth flux density is oriented radial, the yoke flux density is oriented
tangential in circumference direction. The maximum of yoke flux density By is in the neutral

axis (g-axis), where the air gap flux density is zero, whereas the yoke flux density is zero in d-
axis, where air gap flux density is maximum (Fig. 2.7.4-1 a):

(2.7.4-3)
B A

ByS

X

anih /

\\I \
AERNY

\7
1.7 Hys
sy

b) x

bys

a)

Fig. 2.7.4-1: Yoke flux density: a) Flux density distribution in air gap Bs(x)and stator and rotor yoke By(x) of 2-
pole machine, b) Sinusoidal yoke flux density distribution By(x) leads to non-sinusoidal distribution of yoke field
strength Hy(x) in case of iron saturation

Especially in bigger machines radial cooling ducts are used, which reduce yoke height hy. In
Fig. 2.2-1 e.g. axial round ducts with diameter c, are used in rotor iron back. There yoke
height is only c1 + c3 < hyr, whereas in between these ducts yoke height is hyr. By numerical
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field calculation of yoke flux flow exact increase of yoke flux density due to ducts is
determined. Approximately an equivalent yoke height hye is often taken.

hye =C1+C2/3+C3 =hy —(2/3)'C2 (274'4)

If the rotor iron stack is directly mounted on shaft (Fig. 2.7.4-2), a part of yoke flux will also
pass through shaft, thus finding an increased yoke flux cross section. At ideal no-load (s = 0)
rotor frequency is f, =s- fg =0 and rotor flux is DC flux, which — in case of 2-pole machine

— penetrates rotor shaft completely (Fig. 2.7.4-1). In 4-pole machine (Fig. 2.7-5) yoke flux
penetrates rotor shaft only partially. With increasing pole count the flux penetration in the
rotor shaft decreases. At load (rated slip s = 1 ... 5 %) rotor frequency is small (e.g. fs = 50
Hz: f, =s-f; =0.5... 2.5Hz), but penetrating rotor yoke flux is AC flux, which induces
eddy currents in massive rotor shaft. Eddy currents excite additional flux with phase
opposition to inducing penetration flux, thus reducing this flux, which only will flow in
surface of rotor shaft (Fig 2.7.4-3). Penetration depth dg, determined by solution of
Maxwell’s equations, may be taken as equivalent depth in shaft, where flux flows:

1

dE:
\/”'S' fs - Hpe  KFe

(2.7.4-5)

In case of 2- and 4-pole machines rotor yoke height is increased by de to consider cross
section of rotor yoke flux, whereas with larger pole count effect of flux penetration in shaft is
negligible already at DC conditions:

Nyre = hyr +dg (2.7.4-6)

D=
== iZ \%: ﬁ

N,

s R . ‘

'.’ (g

"l
.

e

)
(v

T

Fig. 2.7.4-2: Open ventilated slip ring induction motor, rotor iron stack directly mounted on shaft, International
Mounting IM B3, International Protection 1P23

1: stator housing, 2: end shield, 3: oil cooler for sliding bearings, 4: stator iron stack, 5: overhang of two layer
form wound stator winding, 6: rotor iron stack with axial ducts in rotor iron back, 7: shaft end, 8: overhang of
rotor two layer winding, 9: three phase rotor slip rings with brush contacts and hand wheel to lift brushes and
short circuit the rotor, 10: shaft mounted radial fan for generating cooling air flow, which passes through
openings in stator housing
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Fig. 2.7.4-3: Penetration of rotor flux into shaft and reduction of shaft flux by shaft eddy currents

Yoke heights must be chosen large enough to avoid high iron saturation. As length of yokes |y
is much larger than length of teeth I4 (especially in machines with low pole count 2p < 10 ...
12), m.m.f. of yokes would dominate, if yoke flux density is as big as tooth flux density.
Therefore saturation limit of maximum yoke flux density is chosen lower than for teeth:
By <1.7T.

Yoke flux density By(x) is integral of air gap flux density distribution, hence even flat top
B (X) -distribution leads to nearly sinusoidal yoke flux density distribution By (x)

(2.7.4-7)

B, (X) = SR
=" :

y

X
IFe'IBﬁ(X)'dX
D, (X .
y( ): 0 sz.sin[X ﬂ-]
y

But non-linear B(H)-magnetization of iron therefore yields non-sinusoidal distribution of
magnetic yoke field strength Hy(x) (Fig. 2.7.4-1, right) along 0<x<I, at average yoke

radius rys, yr
fys = (dg + hys)/2+ lgs Fyr = (dg — hyr)/2— lyr —O (2.7.4-8)
Iy =Ty - l(2p) . (2.7.4-9)

Deviation of Hy(x) from sinusoidal distribution increases with increasing By. Calculation of
yoke m.m.f. Vy

<

Vy = |Hy(x)-dx=1I,-H, (2.7.4-10)

o

leads to average yoke magnetic field strength ﬁy(By) , Which depends on maximum yoke

flux density By. This calculation has been done for B(H)-magnetization of iron sheet type IlI
for varying 0 < B, <1.8 T (Table 2.7.4-1), and may be used also roughly for determination of

Vy for sheet type 1V and similar iron sheets. A similar By(ﬁy) -characteristic for iron sheets
is given in Fig. 2.7.4-4.
Note that B, (ﬁy) -curves of manufacturers “a” and “b” differ somewhat.
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By/T H, / Alcm
.,.0 ol 02 03 54 ) .,.0 ool .8 )
0.8 0.83 0.85 0.87 0.89 0.91 0.93 0.95 0.97 0.99 1.01
0.9 1.03 1.05 1.07 1.09 1.1 1.11 1.13 1.15 1.17 1.19
1.0 1.23 1.26 1.29 1.33 1.36 1.39 1.43 1.46 1.49 1.53
11 1.56 1.59 1.63 1.68 1.73 1.78 1.83 1.88 1.93 1.98
1.2 2.03 2.08 2.13 2.18 2.23 2.28 2.33 2.38 2.43 2.5
1.3 2.6 2.7 2.8 2.9 3.0 3.1 3.25 3.4 3.55 3.7
14 3.9 4.1 4.3 4.5 4.7 5.0 5.3 5.6 5.9 6.2
15 6.6 7.0 7.4 7.8 8.3 8.8 9.3 9.8 104 11.0
1.6 11.6 12.3 13.0 13.7 14.5 154 16.4 17.4 18.4 194
1.7 20.4 21.5 22.6 23.9 25.2 26.6 28.0 29.4 31.0 32.7
1.8 34.4 36.1 37.8 39.6 414 43.2 45.0 47.2 49.7 52.6
Table 2.7.4-1: Yoke (back iron) average magnetization characteristic of iron sheet type 111 (Manufacturer “b”).
By 4
T
1,9 T
//
1,8 — —
L
1,6 v
1,4 //
1,2
1,0
0,8
0,6
0,4
0,2
0
0 10 20 30 40 50 60 70
—
Hy
A/cm

Example 2.7.4-1:

Fig. 2.7.4-4: Yoke average magnetization B, (ﬁy) for iron sheets type 111 (Manufacturer “a”).

Data: 550 kW 4-pole cage induction motor, demanded rated voltage 6.6 kV Y, 50 Hz, motor
dimensions according to example 2.7.1-1, 2.7.2-1: dsi = 458 mm, 6= 1.4 mm, lgs = 69 mm,
lar = 43.5 mm, hys = 77 mm, shaft diameter dri = 200 mm, ¢2 = 30 mm
B5=0.891T,Bsv=1=1.0T, B ,, =0.6366T.

- Stator maximum yoke flux density:

TU Darmstadt

Bys

_@5-(+og)l2 @Ir)Bs,g-tp-le-Q+os)/2

hys'IFe “Kre

_(2/7)-1.0-0.36-0.392-1.05/2
0.077-0.378-0.95

hys ke - Kre

=1.70T

dsa =dgj +2lys +2hyg =458+ 2-69+2-77 =750mm

hyr
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- Without flux penetration in shaft:
hyre =hy —(2/3)-¢c, =84.1-2/3-30=64.1mm

- With flux penetration in shaft at sy = 0.015, fs = 50 Hz, ure = 10000 ,
Keeshat =5-10° S/m

B 1 B 1

J7-s-fs - tpe - Kee  \7-0.015-50-1000- 471077 -5-10°

hyr‘e = hyr —(2/3)-cy +dg =64.1+8.2=72.3mm

- Rotor maximum yoke flux density:
B, - Ps12 _(@2/7)-Bsya-7p-le/2 (2/2)-10-036-0.392/2

hyre  Ire " Kee hyre *lre “Kee 0.0723-0.378-0.95

- Yoke radii and lengths :
rys = (dgj +hys)/ 2+ 145 = (458+77)/2+69=336.5mm, |, =ry-7/(2p)=264.2mm

ryr =(dgi —hy o)/ 214 — 6 =(458-72.3)/2—-43.5-1.4=14825mm

lyr =Ty -7 /(2p) =116.4 mm

- Yoke m.m.f.: According to Table 2.7.4-1: H ys =20.4 Alcm, H yr =23.9 Alcm,
Vi = ﬁyslys =20.4-26.4=539A, V, = ﬁyrlyr =239-11.64=278A

de =8.2mm

=1.73T

y

2.7.5 Magnetizing reactance

Magnetizing reactance Xy for infinite iron permeability is only determined by air gap and
may be taken from Lectures: "Electrical machines and drives".

2-m l,-7
X =27ts - g '(Nskwsl)2 T s. 2P (2.7.5-1)
7°-p O

With finite iron permeability Xi is reduced by the ratio Vs, /V,, according to (2.7-6) for given
voltage and hence flux level. Corresponding magnetizing current is calculated from (2.7-1).

Example 2.7.5-1:

Data: 550 kW 4-pole cage induction motor, demanded rated voltage 6.6 kV Y, 50 Hz, motor
dimensions according to example 2.7.1-1, 2.7.2-1. Bs =0.891 T, B5s,,=1 = 1.0 T,

Bs av =0.6366T.

-m.m.f.0 Vg =1529A, Vusear = 483 + 52.6 = 535.6 A, Vs =539A, V,, =278 A
Vp, =1529+483+52.6 +539+ 278=2882A, Vg =By .1 - 0/ 11p =1716A
- unsaturated magnetizing reactance:

Xpo = 27-50-47-1077 - (200-0.91)% -

2-3 0.392-0.36

=26020Q
7%.2 0.002156

\Y
Xy =% X0 _116 o605 _15500
Vi T 2882 —
- magnetizing current:
| Vi 2882
T2 mg V2.3,
2

T P T

|
1l
N
w
~
(62]
>

;I /1y =2345/59=0.4
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2.8 Stray flux and inductance

Those parts of magnetic field, which do not contribute to generation of electromagnetic
torque, are called stray field (stray flux). These stray flux components are excited by stator
and rotor current, and therefore stator and rotor stray flux has to be considered as stator and
rotor stray inductance in equivalent circuit. They exist as

- slot stray flux in stator and rotor slots,

- stray flux in winding overhangs of stator and rotor winding,

- flux of harmonics of air gap field, excited by stator current v > 1 and excited by rotor
current > 1,

- stray flux due to skew between stator and rotor slots in cage induction machines. Usually
rotor cage is skewed, thus rotor stray inductance is increased.

2.8.1 Slot stray flux and inductance of stator winding

a) Single layer winding:

7/ la
.
% - ?f > B, (y)
By
hy
® KRS
Ne|lc RNBN
: ==
v >
a) y b) \,/

Fig. 2.8.1-1: Slot stray flux of single layer winding in open slot: a) idealized slot shape, b) real slot shape

According to Fig. 2.8.1-1 slot conductor ampere-turns NI, excite the slot stray flux lines,

which cross the slot perpendicular. Stray flux density Bs(y) rises linear with co-ordinate y up
to y = hy, and remains constant in section hs, as Ampere’s law for closed loop C (taken as
closed loop of a stray flux line) yields with g, — 00, Hgg — 0

. A NI
§Ha.ds:Ha'bQ:Nc|c'l Bo () = oH s (Y) = 1o cc_l, O<y<h (281-1)
C hl bQ hl

TR - NI
fHo 05 =Hybg =Nelo B, ()= oHo () =so—2%, <ysh+h, (2812
C Q

Magnetic energy stored in slot stray field of one coil, placed in two slots is determined by slot
stray inductance Loc Of one coil as well as by energy per volume BCZ, 1(2q), taking volume of

the two slots. Axial length of slots in iron stack with radial ventilation ducts is le instead of Ire,
considering amount of stray flux in ducts:

2 2.1..b hy +hy
reote S0 B2 (y)-dy (2819
2 2/”0 0
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Solving integral (2.8.1-3) with flux density according to (2.8.1-1), (2.8.1-2) delivers slot stray
inductance of one coil in two slots

Loo =2- g - N2 Jg -1, jo=Tu he . (2.8.1-4)
3bg  bg

In single layer winding with series connection of all coils per phase slot stray inductance per

phase is L,g = p-q- Ly, in case of a parallel branches per phase itis L,g = p-q- Ly /a?.

With Ny = p-qg-N./a follows:

2
P-ds

Lsoq = Ho - NE - ———" Ags -le (2.8.1-5)

For semi-closed slots (Fig. 2.8.1-2) the influence of geometry on parameter Aq is also
determined by the width of slot opening sq, which increases stray flux:

hl h2 h3 h4
=L 4243 44 2.8.1-6
e 3y by (bg+50)/2 So ( )

In case of parallel sided tooth stator slot width at slot bottom ba is larger than on top ba, so
average slot width boay = (bi + ba )/2 along section hy is taken. In case of rounded top of slot
with radius r = bi/2 (Fig. 2.8.1-2, right) solution of Ampere’s law yields according to Rothert
A =0.685. The vertical play is usually considered at the slot bottom (no influence on leakage).

Ags = i +0.685+h—4 (2.8.1-7)
300ay o

bq

b/2

hg ha ha

hg

a) Sq b) Sq

Fig. 2.8.1-2: Slot dimensions for calculating stray flux of single layer winding in semi-closed slots:
a) parallel sided slot, b) parallel sided tooth

b) Two layer winding:

In Fig. 2.8.1-3 phase belt of upper and lower layer is shown for pitched coils. Per phase slots
exist, where in upper and lower layer the same phase current flows (Fig. 2.8.1-3 a), but also
slots, where in upper layer current of adjacent phase flows, e.g. lu and —Iw (Fig. 2.8.1-3 b).
Due to phase shift 120° between Iy and lw the phase shift between Iy and —lw is 60°, so total

ampere turns in slot (b) are only 86.6% of slots (a) (\/§/2 =0.866"). Therefore they excite a

smaller stray flux, thus reducing total slot stray flux (depending on the pitch W/z,), which is
considered by the slot stray flux reduction functions

S VV+7 KZ:E-ﬂ+1 2/3<W/z,<1 . (2.8.1-8)
4

“1=167 "16
Ty 16 4 Ty
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TP—W

Tp ——'———

UL |[+U[-W][+V

~U|[+W]|-V|

LL+U|-W|[+V|[-U[+W |-V ][+U

(a) (b)

Induction machine design

Fig. 2.8.1-3: Left: Phase belt of a two layer winding with coil pitch, Right: Current flow in slots, where upper
and lower layer belong (a) to the same phases, (b) to different phases (UL: upper layer, LL: lower layer)

iy

Bqo(y)

Z

(i)

AR

bq

h

h3 hz

SQ

Fig. 2.8.1-4: Slot stray flux of two layer winding, (i) current flow for case (b) of Fig. 2.8.1-3, (ii) open slot

geometry, (iii) semi-closed slot geometry
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Fig. 2.8.1-5: Function K1, K> for considering reduction of slot stray flux due to coil pitch W/z in two layer

winding
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For two-layer winding the same equation (2.8.1-5) is valid, but Aq has to be taken for the slot
geometry in Fig. 2.8.1-4:

Open slots:
h N hy

Adgs =K1+ 2 2+ —+ K, - = (2.8.1-9)
3bg  4bg bg

Semi-closed slots:

Ags =Ky 2- i - h +K, - h—2+h—3+h—4 (2.8.1-10)
3bg  4bg bg (bg+S9)/2 sg

2.8.2 Slot stray flux and inductance of rotor winding

For wound rotor induction machines the same calculation methods as for three-phase stator
winding are used (Section 2.8.1).

2
P-qr

Lrog = o - Nf -———Agr -le (2.8.2-1)

For cage rotor slots the different slot shapes have to be taken into account. From (2.8.1-4),
which is valid for a coil in two slots, we get for a coil with one winding N = 1 and further for
abarinoneslot L, . =L, /2

Lo bar = Ho - Aor *le (2.8.2-2)
SQ
S
h4| | 9
hy
sQ I T=A=—be
i
—o| h]_
ha ‘I‘ , hy 0,9-hq
d P
a) ! b bq c) 7 '

Fig. 2.8.2-1: Cage rotor slot shapes: a) round bar, b) deep bar, c) wedge bar

Due to eddy currents induced in the bar by the AC slot stray flux, the AC resistance of the bar
increases by factor kr with increasing rotor frequency, whereas the stray flux decreases by
factor k., because the self-field of the eddy currents in the bar opposes the slot stray flux, thus
reducing it. This "current displacement effect” is used for increase of starting torque due to
increase of rotor resistance, whereas decrease of slot stray flux must be considered in that
section of slot, where bar is placed (height hy).

For deep bar (Fig. 2.8.2-1 b), Maxwell’s equations yield
E=hym-te -y -xcy (2.8.2-3)
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o = sinh(2&) +sin(2¢&)

(2.8.2-4)
cosh(2&) — cos(2¢)
in' sinh(2&) —sin(2%) . (2.8.2-5)
2& cosh(2&) —cos(24)
Note: &>2:kg =&, k. =3/(28)
-
kRT 1,0
6 0,8 \]
5
0,6
4
3 0,4 ™S
2 Sz > ~_
T 0,2
1
0 1 2 3 4 5 8 0 1 2 3 4 5 6
3 3
a) b)

Fig. 2.8.2-2: a) Increase of AC resistance kg , b) decrease of bar inductance k. for "deep bar" in dependence of &

Example 2.8.2-1:
Deep bar (copper): At 75°C: xcy = 50:10° S/m, 1y = 47 107" Vs/(Am), rotor frequency
fr=50 Hz, hpar =h1 =30mm =3 cm: £=3, kr =3, kL = 0.5.

Deep bar, semi-closed slot:

hy
Ador == Kk +— (2.8.2-6)
3bQ o

Round bar, semi-closed slot, h1 = d (K round = 1):

d h
=| ——+0.47|-k + 4 2.8.2-7
ﬂQr (158(? ] L,round SQ ( )

Wedge bar, b, =b, + (b, —b,)/10 (KL wedge according to Fig. 2.8.2-3):

h
Agr = % KL wedge + i (2.8.2-8)
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Fig. 2.8.2-3: Increase of AC resistance kg and decrease of bar inductance k. for "wedge bar" in dependence of &
and wedge ratio bo/by

2.8.3 Stray flux and inductance of winding overhangs

stator

~3

rotor

a)

)\ s

5 :::@

\

é@/ —B’Gb

b)

w

ell}-

i

/

Fig. 2.8.3-1: a) Schematic view of stray field of winding overhang of wound rotor induction machine, b) winding
overhang length Iy

Stray flux of winding overhang is inducing voltage at length lps of turn per coil. As all coils
excite in winding overhang the stray flux, no influence of slot number or g respectively,
appears. Therefore taking lps instead of le and neglecting g, we get from (2.8.1-5) the

expression

Lsob = #o -

2

2
Ns 'B'ﬂbs'lbs

TU Darmstadt

(2.8.3-1)
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Due to the complicated, three-dimensional field distribution in winding overhangs, Ans cannot
be calculated easily, but is taken from measurements with model coil arrangements according
to Kirzel. A rough estimate for stator winding of cage induction machine is Ans = 0.3, where
rotor ring stray is already included, whereas more detailed calculation is shown below.

a) Single layer winding:

M) ‘

/

| b) W

iy A

la

Fig. 2.8.3-2: a) Single layer winding geometry for determining winding overhang stray inductance, b) Two layer
winding geometry for determining length of winding overhang

(2.8.3-2)

Aps =0.37-C- 1+o.9.m
Ib +1O'dW

The coefficient c is taking into account the numbers of slots per pole and phase (Table 2.8.3-
1), whereas dw is the diagonal of the cross section of coils in winding overhang.

q 1 2 3 4 5 6 >7

c 1 0.8 0.67 0.6 0.54 0.5 0.47

Table 2.8.3-1: Considering influence of numbers of coils per pole and phase g for stray flux of winding
overhangs

b) Two layer winding:

s = 0.075- (1+ 'l] (2.8.3-3)

Tp

¢) Ring stray flux of cage rotor:
If the rotor ring stray flux inductance is calculated as transformed value X, = Uy X4 0N

stator side with (2.8.3-1), following values are used.

Apr =012, Iy =7, (2.8.3-4)
It is rather difficult to calculate the length lns of coils in the winding overhangs. With round
wire coils an estimate is (Fig. 2.8.3-1a), where I is the clearing of main slot insulation in

winding overhang ZF and some additional length for bending the conductors:

lps =1.3-W +3- hQ +2-1 (2.8.3-5)
Un \YJ <690 3300 6600
la mm 20 35 57

TU Darmstadt
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For form wound coils exact coil geometry is known, from which calculation of Iys is derived.
Depending on manufacturing method, some additional length Alys is needed for winding
arrangement (Fig. 2.8.3-1b).

h
= Z0 o Al (2.8.3-6)
. (bg +2)> 2
7%
Uv | kv J<069] 1 | 2 | 3 | 5 | 6 | 8 | 10 | 12

la mm 20 23 29 35 50 57 73 91 110

Alps mm <30 | <30 | <40 | <40 | <50 | <50 | <60 | <60 | <60

Table 2.8.3-2: Typical dimensions of winding overhangs

2.8.4 Harmonic inductance

a) Single and two-layer windings: _ . ,
JXsaQ+b Xys Rr /s

I R )
ws s Xn
Xhy=-5
Bs(x) Us
thv=+7
] :
) C™ X b) o |

Fig. 2.8.4-1: a) Step-like air gap flux density distribution due to slotting, b) Corresponding equivalent circuit

Step-like stator air gap flux density distribution due to stator slotting — excited by stator
current - may be decomposed according to Fourier analysis as sum of harmonic flux density
waves with ordinal number v

Bs(xt)= D By -cos(vax/t, — at) (2.8.4-1)
v=1,-5,7,...

and - neglecting saturation - amplitudes

By =0 .M. s Ts Jwr g (2.8.4-2)

AU s =D Uy, =D jXp, -1 (2.8.4-3)

M>l M>l

with magnetizing reactance per harmonic X,
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2

k 2.m. -7
Koy =2t o NZ- Kz 230 e

14 ﬂ'zp 5e

(2.8.4-4)

This additional self-induced voltage AU ;. (Fig. 2.8.4-1, left) may be regarded as additional

stray reactance, as the harmonic field waves generate only parasitic asynchronous harmonic
torque. From (2.8.4-3), (2.8.4-4) follows

2

) . k .

Auhs = Z thv 'ls = th,V:l 'ls ' Z(%j = JXSOO 'ls . (284'5)
v>1 v]>1 V- Kwst

Harmonic stray inductance is calculated from fundamental magnetizing inductance (where
main flux saturation may be included) by considering harmonic stray coefficient oos

2
Lo =00s ‘Ll . Cos = Z(—kwsv j , (2.8.4-6)
v[>1 V- Kyst

which is evaluated by considering the infinite sum of winding factors and is available as exact
formula, e.g. for the full-pitched winding with ms = 3 phases

2 2
o =| —F— | -2 :1—1 . (2.8.4-7)
3kws,1 60

Example 2.8.4-1:
ms =3, W/, =1 (e.g. single layer winding): g5 =1:0gs =0.097, 05 =2:0ps =0.0285, ...

For pitched winding W/z = 1 with W =(mg -5 —S)-7g, more complicated formula is
valid, which is given in Table 2.8.4-1.

y gs=1 2 3 4 5 6 7 8

S

S=0 9.662 2.844 1.406 0.890 0.648 0.516 0.437 0.385
1 9.662 2.354 1.149 0.738 0.549 0.446 0.385 0.345
2 9.662 2.844 1.109 0.624 0.437 0.349 0.303 0.276
3 2.844 1.406 0.688 0.411 0.293 0.238 0.212
4 2.844 1.429 0.890 0.500 0.311 0.220 0.176
5 9.662 1.374 0.925 0.648 0.400 0.258 0.181
6 1.406 0.890 0.687 0.516 0.341 0.228
7 3.649 0.830 0.669 0.555 0.437 0.305
8 9.662 0.890 0.622 0.549 0.474 0.385
9 2.062 0.574 0.516 0.476 0.421
10 4.590 0.648 0.469 0.454 0.427
11 9.662 1.398 0.437 0.417 0.413

Table 2.8.4-1: Harmonic stray coefficient 1000o for the pitched 3-phase integer-slot two-layer winding

With increasing slot number per pole and phase gs harmonic stray inductance decreases, as
step like air gap flux density distribution approximates sine wave better. For two-layer
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winding for given gs there exists a minimum harmonic stray inductance for certain pitch
between 2/3<W /7, <1, which means that some harmonics are very small.

b) Rotor cage:

Step-like rotor air gap flux density distribution due to rotor slotting — excited by rotor current
- may be also decomposed according to Fourier analysis as sum of harmonic flux density
waves with ordinal number . These harmonic waves cause self-induced voltage in rotor cage
with rotor frequency AU, . In equivalent circuit rotor voltages are given with respect to

stator winding data, thus as
AJ' =0y, =J -0 Xy - 1y : (2.8.4-8)

With cage data k,,, =1 N, =1/2, m, =Q, the rotor stray harmonic coefficient is derived
as

; 1
LFOO :Uor . Lh O'Or = ] 2 —1 . (284'9)
(sm(p-n/Qr)]
p'”/Qr

According to sin(x)/x|x_>0 — 1 the harmonic stray inductance tends to zero with increasing
rotor slot number per pole.

c) Skewed cage winding:

| ring

bar

Ire

Fig. 2.8.4-2: Skewed rotor bars of cage rotor

By skewing the rotor bars (skew bsk) asynchronous and synchronous harmonic torque due to
stator slot harmonic may be significantly reduced, if by =zq,. On the other hand, stator and

rotor winding are de-coupled by skewing. Thus a small part of rotor-excited air gap main flux
will be de-coupled as skew stray flux. This flux self-induces rotor cage, but not stator winding
due to skewing. Hence rotor harmonic stray flux is increased by skewing according to

1

sin(p-n/Qr)jz_ sin(p-7/Qp) (b / 7r)]
p-7/Q (p-7/Qy) - (bs /7yr)

O0+sk,r = > -1 (2.8.4-10)
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Usually p-z/Q, <<1, therefore (2.8.4-10) simplifies to

2 2 2
O 0+sk,r EE'Lp.ﬂ-j +E'[p.ﬂJ : Dsec , (2.8.4-11)
' 3\ Q 3 Q TQr

where first part is harmonic influence of slotting and second part is influence of skew,
showing that skew stray flux rises quadratic with skew.

Example 2.8.4-1:
500 kW-cage induction motor:

e Stray inductance of stator winding :
Data of Example 2.4-1, 2.4-3, W/ 7, = 12/15, W = 121Qs :

Slot: open slot: bos = sgs

K=~ W 7 08875 K,=>- W 1 085 bge=125mm
16 7, 16 4’7, 4

h =N, - (h, +di) + (N, —1)-d; —di, = 24.7— 0.4 = 24.3mm
hN=Z+2-d+2-(d/2)=4+2.22+2-(0.4/2) =8.8mm

hy =djc/2+d +2-dg +d; +hyegge =04/2+22+2-015+0.4+4.0=7.1mm

Mo, Mok, 2t _ger5.0. 243 | 88 405 76 154
‘3bgs  4bgs bos 3.125  4.125 125 —

2 Jgsle = 2750+ 471077 - 2007 2—25 11.843-0.392=2.28Q

w

Xsoq = WsLsoq =27 - 1oN

Winding overhang:

h .
lps = W + T QS+2-Ia+AIbS= 12-24 +£-@+2-57+50=614.8mm
(bgs +2)2 2 2 L (12.5+ 4)2 -
2 242
Aps =0.075- 1+Ib—S =0.075- [1 wj_o. 03
Tp 360 —

X = OsLogp = 27 - 11oN 21b5|b3_2ﬂ5o 47-107" -200% - % 0.203-0.6148=1.97 Q
p

Harmonic reactance:
0os(ds =5,5 =3) =0.411/100

X500 = @sLso0 = 005 - Xpy = (0.411/100) -155.0 = 0.64 ©

Resulting stator stray reactance:
Xsg = XSOQ + Xsop + Xso0 = 2.28+1.97+0.64=4.=89£2
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e Stray inductance of unskewed rotor cage:
Data of Example 2.5-2: hy =40 mm, bgr = 5.1 mm, hs = 3.4 mm, sgr = 2.5 mm

Slot:

dor =k e 4034 o1k, +1.36
Bor " Sor 351 .

2.5
a) Start slips=1and 20°C: f, =1-50=50Hz:
E=hym-fpy-Kxey = 0.04\/7z~50~47z 1077 .57-10° =4.24
_ 3 sinh(2-4.24) —sin(2-4.24) _ 0353, Aor =22

2-4.24 cosh(2-4.24) —cos(2-4.24) —
b) Rated slip s = 1.5%: f, =0.015-50=0.75Hz: £=0.519, ki = 0.998, Ao, =3.96
_ Nokus _ 200'0'91=364, i, =y Ms _364.3 _ 2184

Nk,  05-1 Q, 50
a) At stand still:
X 10 = Uyl osLroq = Uy Uy 276 190l = 364-21.84-2750- 4710~ -2.28-0.392=2.80 Q
b) At rated slip:

Xroq =487Q

oo

ke

Uy

Winding overhang:
Aor =012, |y, = Tp =360mm

X!y = ogLty =27, -yongzmlbr = 2750-47-107" - 200 %-0.12-0.36=0._689
> 959

Harmonic reactance:

Cor = L ;1= — L - —1=0528/100
sin(p-7/Q,) (8|n(2-7r/50)j

X} o0 = @sLioo = oor - Xpy =0.528/100-155.0 = 0.82 2

Resulting rotor stray reactance:
a) At stand still (locked rotor): X, = X{,0 + X{op + Xis0 =2.80+0.68+0.82=4.30Q

b) At rated slip: Xis =6.37Q
c) For arbitrary slip: Xie =3.20-k +3.18Q

Example 2.8.4-2:
Stray inductance of skewed rotor (Data of Example 2.8.4-1):
Rotor skew bsk = Qs = 24 mm, bSk /TQF = TQS /TQI‘ = Qr /QS =50/60

Corsr = ! ~1=0.896/100

[sin(27z/50)j2 .[sin[(Zzz/SO) - (50/60)]}2
27150 (27 150) - (50/60)

Xro0 = @slioo = oor - Xy =(0.896/100) -155.0 =1.39Q

Effect of skew: Increase of harmonic stray inductance by 1.39 - 0.82 = 0.57 Q
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2.9 Influence of saturation on inductance

Both magnetizing inductance AND stray inductance are influenced by saturation of iron,
decreasing the values from unsaturated to saturated state.

?\ S

S ((\))\
|‘(§§}»>‘>>))z)\ \{” / @

.
\

-

i i
77/ ,\ AN

Fig. 2.9-1: Numerically calculated two-dimensional magnetic flux density B of a three-phase, 4-pole high
voltage cage induction machine with wedge rotor slots (Qs / Qr = 60/44) at rated voltage a) at no-load (s = 0,
rotor current zero), b) at stand still (locked rotor) s =1

At no load (and rated load) main flux @, dominates and saturates teeth and yokes as
described in Chapter 2.7. Main flux saturation can be measured at no-load, operating the
electric machine with variable stator voltage Us, measuring voltage Us versus no-load current
Iso (Fig. 2.9-2).

Us =R + JXso Lo +Up ~Upp = X Ls (2.9-1)

This saturation is also valid at rated slip, which differs only by few percent from zero slip.

$h
/. / /

i Stator d
[I
/

7/

a) b)

Fig. 2.9-2: Saturation of teeth and yokes by main flux: a) Main flux path, b) measured ,,no-load“-characteristic

<:| i
Z |7
|

0 0:5 >
’ Iso /IN

At locked rotor (Fig. 2.9-1 b) s=1 rotor and stator current are nearly in phase
oppositions=1:1, =—I',, Iy = (5...8) Iy . Hence magnetic flux is quenched into the air gap
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and to the tooth tips Fig. 2.9-3), being directed mainly in circumference direction as stray
flux. This effect is supported by rotor current displacement due to bar eddy currents. Main
flux @ is reduced strongly and stray flux @s is increased due to big current. This big zig-zag
stray flux saturates tooth tips, therefore at big slip also saturation of stray flux and hence
of stray inductance occurs.

/y ‘ Is1
/ S 4
‘W_ ; ~
(I)g 2 S
L . : : , US
Z .
a) b)

Fig. 2.9-3: Saturation of tooth tips by zig-zag stray flux: a) Zig-zag stray flux path, b) measured ,,locked rotor*-
characteristic

Stray flux saturation can be measured at locked rotor test s = 1, operating the electric machine
with variable stator voltage Us, measuring Us versus locked rotor current Is; (Fig. 2.9-3).

s=1:Ug =[(Ry +RY)+ i(Xso + X1 g (2.9-2)

Calculation of stray inductance saturation is difficult analytically, therefore numerical
methods are preferred (Fig. 2.9-1). Saturation influences mainly

- slot bridge component at tooth tip of slot stray flux in case of semi-closed slots and

- harmonic stray flux, as it is an air gap flux component.

A rather simple method to estimate this saturation according to Norman uses zig-zag
saturation factor kzz, which is derived from numerous measurements of built induction
machines (Fig. 2.9-4).

kZZ
A
2__
1,4
1 1,0
0 I I I >Bf
0 1 |2 3 4

Fig. 2.9-4: Determination of zig-zag saturation factor k., via "fictive" zig-zag air gap flux density B¢
Zig-zag air gap flux density for unsaturated iron is called "fictive" zig-zag air gap flux density

Br (Fig. 2.9-5a), which is calculated from Ampere’s law according to Hre = 0 with Fig. 2.9-5a
for one slot by
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§H”-o|§=(3f | 1) - 26 = O . (2.9-3)
C

Considering the influence of many slots by using stator and rotor slot pitch leads to

%
265 -(2,/8 I(rgs +1r)) +0.5)

B = - (2.9-4)

Slot ampere-turns @ is taken as average value of stator and rotor slot peak ampere-turn.
With Ng turns per slot (single layer winding: Ngg = N , two layer winding: Ngg = 2N,

rotor cage: Ng, =1) and a parallel branches in stator winding we get for s = 1

Noo -l /a+1
Qs " 'sl rl
O = 2.9-5
Q 2 ( )

A

or with Ng = p-qs - NQs’ IAsl ~ IA;lzul Ir, Oy =2mgNgky,s /Qp and Qg =2pmyq;:

~ 1
Oq =Ngs - (I /2)-

+ kWs ‘Qs /Qr _
> (2.9-6)

In case of pitched winding coefficient K> (2.8.1-8) considers reduction of stator slot ampere-
turns. Influence of arrangement of stator winding in coil groups with gs coils per group is
considered by distribution factor Kgs.

K2+kws'kds'Qs/Qr
2

Oq
5%@;% o
2 7
L4l

5 A K

|
@ bth /Kzz
2 ) bth

Fig. 2.9-5: a) "Fictive" zig-zag air gap flux density Br, b) saturation of tooth tips of semi-closed slots by zig-zag
stray flux

@Q = NQS -(fslla)-

(2.9-7)

Below 1.7 T iron does not saturate, hence zig-zag saturation factor kz is determined by

Ky, =1, Bf <1.7T

Bf +15 : (2.9-8)
2= gy B >1.7T
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leading to saturated harmonic reactances

XSOO,Sat = Xs00 1Kz ;oO,sat = Xto0 Kz . (2.9-10)

Saturation of slot bridge (breadth buriage) may be regarded as an increase of slot opening (Fig.
2.9-5b)

1
SQ,sat = SQ +bbridge'(1_k_] , (2.9-11)

Y24

which leads to a decrease of slot stray flux, e.g. for deep bar slot

hy h
=1 .k + 4 (2.9-12)
Aor 30q SQ.sat
Example 2.9-1:

550 kW cage induction machine, In =59 A, Is1 = 5In = 295 A, slot data of 2.8.4-1.:
Ky =0.85, kg =0.957, kys =0.91, Nog =2-10=20,a=1, 7g, =24mm, 7o, =28.8mm
K, +Kkyskgs - Qs /Qy 0.85+0.91-0.957-60/50

2

=20-(+/2-295/1) - ) =7906 A

Og = Ngs (I /a)
_ Ho - Oq ~ 471077 -7906
26-(2,/6 /(rqs + 7)) +05)  2-0.0014-(2,1.4/(24+28.8)) +0.5

By +15 429415

Z- 32 3.2
X so0.sat = Xso0 / Kz =0.64/1.8=0.36 2, loosat = X1oo /Ky =0.82/1.8=0.46 Q

By ):4.29T

=18

Stator open slot remains unchanged, as there are no tooth tip horns, which might saturate.
Stray inductance of rotor slot (bgr = 5.1 mm, hs = 3.4 mm, sor = 2.5 mm) decreases:
bbridge = er — SQI’ =51-25=2.6mm

1 1
S =50 *+Bprigge’| 1-— |=25+2.6-|1-— |=3.66 mm
Q,sat Q bridge ( K ] ( 1.8)

24

Ats=1and 20°C: k, =0.353:

Aor = i k. + hy __40 -0.353+ﬂ=1.85,x;0Q =227Q
3er SQr,sat 3-5.1 3.66 -

Xso = Xsoq T Xsoh + X550 =2.28+1.97+0.36=4.61Q

Xt =Xroq + Xiep + Xio0 =2.27+0.68+0.46=3.410

Facit:
Due to zig-zag stray flux saturation the stray inductance of the 550 kW, high voltage cage
induction motor is reduced by 13 % from X_ =X, + X, =4.89+430=9.19Q to

X, =4.61+3.41=8.02Q. For low voltage machines with semi-closed stator slots, smaller

winding overhangs, but increased harmonic stray inductance due to low gs this saturation is
much bigger up to 30% ... 40%.
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2.10 Masses and losses

Determination of efficiency n for demanded output power Poyu requires knowledge of losses
Py

n= _Pour . (2.10-1)

Pout + Pd

Loss components are

- stator and rotor ohmic losses,

- friction and windage losses,

- iron losses (mainly in stator iron),

- brush losses in case of slip ring induction machines,

- additional no-load losses such tooth pulsation and surface losses,

- additional load losses such as stator and rotor eddy current losses in conductors.

2.10.1 Stator and rotor winding resistance and mass
a) Stator winding:
According to IEC 34-2 for determining efficiency, a typical winding temperature has to be

assumed, e.g. for Thermal Class B insulation with maximum winding temperature of 80 K
plus 40°C ambient temperature the typical winding temperature is defined as ¢ = 75°C. For

copper the increase of specific resistance p=1/x from 20°C (x¢,(20°C) = 57-10° S/m) is
P =p(20°C)- 1+ag-A9), ag =1/255K* A8 =9-20°C (2.10.1-1)

Stator winding resistance per phase:

1 Ng-2-(L+ly)

R 2.10.1-2
Tk aa-Ag ( )

Total stator winding copper mass (ycu = 8900 kg/m®):

Mcy,s =7cu Ms - Ng-2-(L+1p)-a-a - Ap (2.10.1-3)

Example 2.10.1-1:

Stator winding data according to Example 2.4-2, 2.4-3, 2.8.4-1:

pcy(75°C) 1 p(20°C) = (L+ (75— 20)/ 255) =1.22

n L1 Ng-2:(L+by) 1 1200-2-(0.458+0.6148)
 x  a-a-AyL  57-10%/1.22 1-1.12.42.10°°

Meu,s = YcuMsNs - 2(L+1p)-a-ajAy. =

=8900-3-200-2-(0.458+0.6148)-1-1-12.42-10"® =142.3g

-0.740

b) Rotor cage:
The rotor bar at length le has increased losses kr due to current displacement. Rotor bar and
ring segment resistance
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* 1 (I -kg+(L-I 1
Ry = Rpar + ARRing =—- (le ke + ) + ARRing — 5, (2.10.1-4)
K Acur 2sin’(7p/ Q)
with average ring diameter (Fig. 2.5-9)
dRring = dsi =20 —NRjng —2hy (2.10.1-5)

and ring segment resistance

ARging = dring /(- Q;  Aging) (2.10.1-6)
are transformed to stator winding data

R = Uy R, (2.10.1-7)
and yield cage losses

Peur = QrRAIF =mgRIIYZ (2.10.1-8)
Total cage mass is

Mcy,r =7cu |_Qr “Acur - L +2- Aging 'dRingﬂ'J . (2.10.1-9)

Example 2.10.1-2:
Cage data according to Example 2.5-2: 75°C:

Bar:
a) At stand still (locked rotor) s=1.0: f, =1.50=50Hz:

E=ty\J7 T, -ty Koy =0.047-50- 47107 -(57/1.22) -10° =3.84
~sinh(2-3.84) +sin(2-3.84)

kgr =3.84 =3.844
cosh(2-3.84) —cos(2-3.84)
- 1 - (0.392-3.844+ (0.4658—0.392)) 1683240
(57/1.22)-10 200-10

b) Rated slip s = 0.015: f, =0.015-50=0.75Hz: £ =0.47, kg =1.0043, Ry, = 49.2 1
Ring:

dRing = dsi — 20 —Ngjng — 2Ny = 458—2:1.4— 40— 2-3.4 = 408.4 mm

ARging = Uring /(k - Qr + Aging) = 0.4084- 7 /((57/1.22) -10° - 50-800-10™°) = 0.69 L2

1 1
AR — = -0609. =220
M9 osin?(zp/Q;) 2sin?(r - 2/50) Hex

iy, =364, U =21.84

ARRing

Total cage resistance:
a) At stand still:

Ry = Ryar + ARRing =168.32+22.0 =190.3 12,
R/ =i, 0 R, =364-21.84-0.0001903=1.513Q
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b) At rated slip:

Ry = Rpar + ARRing =49.2+22.0=71.2 4

Rr =UyU R, =364-21.84-0.0000712=0.5669
c) At arbitrary slip: R; =0.3335-kg +0.2325Q

Cage mass: Qr = 50 bars, 2 end rings:
My ¢ =8900-[50-200-10°° 0,458+ 2-800-10°° -0.4084- z|=59.0kg

2.10.2 Friction and windage losses

These losses comprise friction losses in bearings and — in case of slip ring machines — brush
friction losses. Concerning windage losses, friction of rotating rotor surface in air is usually
small. The power consumption of shaft mounted fan usually dominates the windage losses
and is much larger than the bearing losses. Bearing losses rise linear with speed, power
consumption of fan with third power of speed. A gross estimate of friction and windage losses
is given by assuming losses to be proportional to rotor surface and square of surface speed:

Pioy ~dg-(dg -7-n)? = Pg,, ~10-d3-L-7%-n? (2.10.2-1)

Example 2.10.2-1:
500 kW-induction motor: synchronous speed n = 1500/min

Py ~10-d3-L-72.n?=10.0.458-0.458- 72 - (1500/ 60) = 2714W

2.10.3 Iron losses
a) Basic considerations on eddy current losses in conductive sheets:

Ba AY
/ [.l.o,IC=O

Fig. 2.10.3-1: Eddy current density Jr and AC flux density distribution in a conductive sheet

If a homogeneous AC flux density
B(t) =B-sin(2z- f 1) (2.10.3-1)

penetrates a conductive sheet (breadth bsh, permeability z, conductivity «, side surface area
A), it induces according to Faraday’s law eddy currents with current density Jrt = Ui/Rre. If
length of sheet | is assumed infinite, eddy current will flow on left and right sheet side (bsn/2)
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in opposite direction, thus forming the eddy. With U; = (2af ) - (bg,!) - B/+/2, the iron sheet
resistance R, =2-1/(x-h-bg, /2) and the iron sheet volume V =bg, - A=bg, -1-h we get

the eddy current losses per volume: Pg /V =U?/(Rg, V)= (7 f by, -B)?-x/2.We

assumed Jr: to be constant over bsi/2. More detailed (Fig. 2.10.3-1), we consider also the self
field of the eddy currents. According to Ampere’s law eddy currents excite a magnetic field,
which opposes the original field, reducing it within the sheet with minimum field in middle of

sheet (Fig. 2.10.3-1). Thus the average sheet flux density B is lower than peak value B at
sheet sides. Solving Maxwell”s equations yields the per volume eddy current losses:

2
4.x V4 5

Pe, /lV=—v—‘"| -2 _.f.bs.-B| -k 2.10.3-2

Ft 3 (2\/5 sh J W ( )

Ky _3 sinhg —sing . C=byldg , dg=1/J7-f u-x (2.10.3-3)

¢ cosh¢ —cose

With increasing frequency eddy currents grow strong and reduce internal field much. Field
will penetrate only in penetration depth dg, where the eddy currents flow. If penetration depth
is larger than sheet thickness bsh, we speak of "low frequency' with respect to sheet
thickness bsh (“thin sheet"), resulting in low ¢ At **high frequency™ with respect to sheet
thickness penetration depth is much smaller than bsy (“thick sheet™) with big ¢

"Thinsheet”: ¢ <2 = ky=1 = B=B

2
Pey = Pey IV =4TK(L f -bg, Ej == (- f-bg- 5)2 ) (2.10.3-4)

2.2

This is valid for calculating eddy current losses in the iron stack of electric machines. The
factor 1/3 considers Jr to rise linear ~ x over bsi/2, hence the average of x? gives 1/3.

Wk
N | &

"Thick sheet”: ¢ >3 = ky =23/ = B<<B

by, B 7% 3.k
Losses per volume: pg, = P, /V = Shz : V = A-bg, (2.10.3-5a)
U
b2 B |[7% 3.k
Losses per sheet surface P /(2A) = Sh4 . (2.10.3-5b)
U

This equation is valid for calculating eddy current losses in massive conductive parts such as
iron end shields, rotor shaft or stator housing of electric machine.

Example 2.10.3-1:
Eddy current losses in thin and thick iron sheet at

f=50Hz, B=1T, x, =107 S/m (pure iron), spe =1000s,, 7ge = 7850kg/m?

thin sheet bsh = 0.5 mm thick sheet bsp = 50 mm
& 0.7 70
kw 1 0.043
Pre / W/dm?® 10.3 4390.5
Pre / 7re | Wikg 1.3 559
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Facit:
By using thin insulated sheets, eddy currents may be suppressed significantly.

b) Calculation of iron losses:

Eddy current (Ft) and hysteresis losses (Hy) in iron stack are called iron losses and are
measured at 1.5 T, 50 Hz or 1.0 T, 50 Hz in so-called Epstein frame and are given as losses
per mass vis or vio. These losses depend on B2, so vjs = 2.25- vy, . Hysteresis losses depend on

f and eddy current losses on f2. Further eddy current losses vary with square of sheet thickness
(2.10.3-4). Usually sheets with bsy = 0.5 mm or 0.35 mm thickness are used.

Vig = Py - (f /50) + pgy - ( /50)° - (bg, /0.5)*  (f in Hz, bsn in mm) (2.10.3-6)
e.g. sheet type IV: pyy, =1.3W/kg, pg =0.4Wikg

Due to different flux density in yoke and teeth losses there are calculated separately. At rated
speed rotor frequency is very low, so iron losses there may be neglected. Due to punching the
slots in the sheets the punching shear stress in iron increases hysteresis losses. Punching may
also destroy insulation of sheets partially, thus bridging the sheets, when stacked. This causes
an increase of eddy current losses. As ratio of cutting length versus sheet surface is bigger for
teeth than for yoke, the increase of losses due to punching is bigger for teeth than for yokes
with typical loss increase rates

kyg =1.8... 2.0 (teeth), kyy =1.3...1.5 (yoke) :

leading to teeth and yoke iron losses

2 2
Py =k 03 k S o Kk
Fe.d =Kvg| =75 | V1o Kt -M Fe.y =Kvy| 7o | Vao "Ke -My (2.10.3-7)

with influence of frequency according to

o) o)
Hy| za |+ PRt 24
ke = ——0 S0 . (2.10.3-8)

Vio

Calculation of tooth masses (. = 7800 kg/m®):

Mgs = 7V Fe - {l(dsi + 2|d5)2 - dszi J (714)=Qs - Ags } lre -Kre (210.3-9)
Myr =7Fe " {ldraz - (dra - 2Idr)2J' (71'/4) _Qr : AQr } IFe ) kFe (2'10'3'10)

Calculation of yoke masses, neglecting axial ventilation ducts:

Mys = Ve - [dSZa —(dgy — Zhys)ZJ' (7 14)\gg - Ko (2.10.3-11)
Myr = 7ee (A + 20,02 —d3 |- (7/4) - 1eg - Kee (2.10.3-12)
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Example 2.10.3-2:

550 kW-cage induction motor, 50 Hz, iron sheet type 1V, data of Example 2.4-1, 2.4-3, 2.7.4-
1: dsi =458 mm, 6= 1.4 mm, lgs = 69 mm, lgr = 43.5 mm, hys = 77 mm,

shaft diameter dr = 200 mm, hyr = 84.1 mm

Flux densities:
Bys =1.70T, By, =1.73T, Bjs1/3 =1.68 T, By 1/3 = 1.41T, kva = 1.8, kvy = 1.5

Masses:

Aos = bgs - hos =12.5-69 = 862.5mm?

Mgs = 7800- {(0.458+2.0.069)2 — 0.458? |- (z/4) — 60-862.5-107° - 0.378-0.95 = 175kg
Por =bor -y +5gr -hy =5.1:40.1+ 2.5.3.4 = 213mm?, dy, = dg; — 26 = 0.4552mm

mg, = 7800- {[0.45522 —(0.4552-2. 0.0435)2]-%—50- 213-10—6} .0.378-0.95=127.8kg
mys = 7800- [0.752 —(0.75-2- 0.077)2J- (r14)-0.378-0.95 = 456kg
mw,:7800-k024-2-a08432-022}(n/4)-0378-095::2102kg
Losses:

1.68)
f=50Hz: k; =1: a%ﬂsst(ij;j1Jn1175=5£;m/

2
Pee.ys =1.5- (%j 1.7-1-456=3360W

2.10.4 Surface losses

SQ n
(1), -
)
)
2B8kcBs kcBs
> X
-
Q
T/2
ABo | BkcB;
\ » X
T ]
\/El 2 J//_ r%
a) 2 b) Z S UV B

Fig. 2.10.4-1: a) Slot ripple of air gap flux density at rotor surface (2) due to open stator slot (1), b) Penetration
of slot-frequent flux ripple into rotor, causing there eddy current density Jg

As described in Chapter 7, the slot openings cause a slot-frequent ripple of the air gap flux
density, especially due to open stator slots of high voltage machines. The rotor surface is
usually tooled to adjust the rotor outer diameter. This is necessary to ensure the small air gap
which is necessary to limit the magnetization current in induction machines. Due to this
tooling the insulated rotor iron sheets may be bridged partially at the rotor tooth tips, leading
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to a conductive surface. Here the air gap flux density ripple may induce eddy currents,
causing the so-called rotor surface losses already at no-load. As rotor slots are usually semi-
closed and as stator bore surface is not tooled, stator surface losses are usually negligible.

Solving Maxwell’s equation by conform mapping, shape of flux density ripple is derived,
yielding field variation under slot opening with average air gap field Bs, peak value beneath
tooth tip with Carter’s coefficient kcBs and minimum value (1-25)kcBs . Hence air gap flux
density pulsates with frequency fgo =Qg-n (1000 ... 2000 Hz !) with respect to rotor with

slot-frequent flux density amplitude
Bq =/ ke *Bs (2.10.4-1)
with influence of slot opening versus air gap according to

poLg___ 2l

2 J1+(2/n)?

) h=so/5 . (2.10.4-2)

AP

0.5
0,4—
0,3—
0,2
0,1
0 ! !
0 10 20 30
_>
SQ/(S

Fig. 2.10.4-2: Slot ripple coefficient g for determining air gap flux density ripple at rotor surface. Note: For
infinite sq/Sthe value of g=0.5.

Flux density variation (Fig. 2.10.4-1a) is assumed to be sinusoidal: BQ -SiN2x- 7l 7g) -

Average flux per half wave length (= half slot pitch): B = (2/7)- I§Q .

As Bs itself as fundamental flux wave is sinusoidal distributed along pole pitch, r.m.s. value of
Bs is effective for eddy current losses: By /+/2 .

In case of massive rotor iron penetration of the slot-frequent flux ripple into the rotor, it
causes there an induction of the eddy current density Jr: with a penetration of about zos/2. The
eddy current density distribution then resembles the calculation model of the thick sheet. We
take mqs/2 as equivalent "sheet thickness" bsh and calculate the rotor surface losses with the
rotor surface A, =Q; - (zqr —Sqr) - Ige With the "thick sheet" equation (2.10.3-5b).
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2
2 g2 [ 3 ¢3 (TQS/Z) ( j 3
POrIAr'bShL;rB ) T :l .KZAr- : \/_ '(Qs'n)1'5' 7Z'lu-l(‘

Of course rotor iron is not massive, but only partially bridged, therefore experiments
according to Richter show, that measured surface losses of iron stack with 0.5 mm sheet type
IV are only kexp = 8 ... 13 % of "thick sheet" equation.

Rotor surface losses:

2
or =Qr '(TQr _SQr)'IFe'(TQs/A')Z ( Bcs \/—J )15 ]/7[ . )go (2.10.4-3)

Example 2.10.4-1:

550 kW, 4-pole cage induction motor, 50 Hz, iron sheet type 1V (z<:4-106 S/m), data of
Example 2.4-1, 2.4-3, 2.7.4-1: sqs = bgs = 12.5mm, 6= 1.4 mm, Bs = 0.891 T, xp, =1400.,

Qr =50, 7y =28.8mm, sg, = 2.5mm, I, =378mm, 75 = 24mm, kcg =1.5, Qg = 60, Kgy, =0.08

a) Pulsation frequency: fo = Qg -n=60-1500/60=1500Hz
2/8.93

J1+(2/8.93)

b) Flux density amplitude: Bys = B -kes - By =0.391-1.5-0.891=0.52T

¢) Rotor surface: A, =Q, - (7gr —Sor) - Ire =50-(0.0288-0.0025) - 0.378=0.497 m?

d) Rotor surface losses:

~)=0.301

h=sgs/6=125/1.4=8093, ﬁ——(l—

0.024/2)2 -] 2.0.391. 150891
3 6
7 J2 _15001,5_\/ 7%.4.10
4 1400-47 -10~'

Py, =0.497-

-0.08 =1220W

2.10.5 Tooth pulsation losses

Stator and rotor slot openings cause a slot-frequent pulsation of the tooth flux density.
Especially high voltage machines with open stator slots cause a considerable rotor tooth flux
pulsation with frequency fo =Qg-n (1000 ... 2000 Hz !), whereas semi-closed rotor slots

usually produce only small stator tooth flux pulsation (Fig. 2.10.5-1).

Rotor tooth flux pulsation depends on slot number ratio Qs/Qr (Fig. 2.10.5-1) and is
decreasing with Qs/Qr > 1 (Table 2.10.5-1). Ideal situation for Qs/Qr = 1 yields no flux
pulsation, but produces big cogging torque and is therefore not feasible. Minimum and
maximum rotor tooth flux @grmin and @urmax are shown in Fig. 2.10.5-2, facing either stator
slot opening or stator tooth tip.

TQr /2
Rotor tooth flux: Dyr =g IB5(X) -dx (2.10.5-1)
—TQr /2
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Dyr min + D,
Average rotor tooth flux: @y, o, = —rm ~ X _ 7, By (2.10.5-2)

2

Qs/QrZO’E) Qs/Qr=1

o)’
wolt}

<
-
-t
-

N\ / -/ N\
| |
I I
Fig. 2.10.5-1: Influence of slot number ratio Qs/Q; on rotor tooth flux pulsation

Qs/Qr
0.5 Each rotor tooth experiences flux pulsation between 0 and 200%
due to facing either stator slot opening or stator tooth tip
1.0 Rotor teeth do not experience any flux pulsation, as each rotor
tooth tip faces always both stator slot opening and stator tooth tip
1.5 Each rotor tooth experiences flux pulsation between 66% and
133% due to facing either one or two stator slot openings

Table 2.10.5-1: Depending on slot number ratio Qs/Q, rotor tooth flux pulsation may vary considerably

SQS 7 SQS | ’
I 5 4
A\ 2y 7AW A\ x 7AW
TQI‘ TQI‘
TQS TQS
| |
A N
<I>da,min Bs q’dr/,{max
1 > X 1 > X
0 0

Fig. 2.10.5-2: Variation of air gap flux density causes (left) minimum and (right) maximum rotor tooth flux for a
given slot number ratio Qs/Q; due to (left) tooth unaligned position, (right) tooth aligned position
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With respect to average stator tooth flux @y 5y = lge - 7gs - Bs We get:
Dyr,av =lre *70s " (Qs /Qr) - Bs = (Qs / Qr) - Pys ay (2.10.5-3)

Flux density variation (Fig. 2.10.4-1a) is assumed to be sinusoidal: E§Q -SIN(2x - 7w [ 7g ) With

I§Q = [ -Kcs - Bs, S0 we get for air gap flux density at minimum / maximum rotor tooth flux:
Bs(X) = Bs F Bg -sin(2x- 7/ 75) (2.10.5-4)

With (2.10.5-1) minimum / maximum rotor tooth flux is calculated as

chr min =cDds av'{%_ﬂ.—kcs'sm(”%ﬂ’ cDdr max :st av'{%+ﬁ'—kcs'5in(”%ﬂ J
’ ’ Qr ‘ aauie” 2 Qr

hence tooth flux pulsation leads to pulsation of rotor tooth flux density according to

ABdI’ — @dr,max _@dr,min _ ,8 kC X Sln(ﬂ- 'QS /QI’) (2 10 5_5)
s . .1U.

Bar 2djdr,av 2 Qs /Qr

Even at fo =Qg-n = 1000 ... 2000 Hz iron sheets with thickness 0.35 ... 0.5 mm may be

regarded as "thin" sheets (kw = 1). Therefore we may use eddy current part of iron loss
equation (2.10.3-7) for rotor teeth with frequency fo =Q-n to calculate rotor tooth

pulsation losses. As Bs itself as fundamental flux wave is sinusoidal distributed along pole
pitch, r.m.s. value of Bs is to be used for tooth pulsation losses: Bg /2.

2 2
Pouls =ka( = 3} -th-( Qj My (2.10.5-6)

1.0 50

with slot-frequent tooth flux density amplitude

8. .. Baraz-B-Kes sin(z-Qs/Qr)
dr,1/3 \/E ”'Qs /Qr

(2.10.5-7)

Note:
For QJ/Qr =1, 2, 3, ... rotor tooth flux pulsation is zero, which fits to Fig. 2.10.5-1.

Example 2.10.5-1:
550 kW, 4-pole cage induction motor, 50 Hz, iron sheet type IV: pg =0.4W/kg, data of

Example 2.4-1, 2.4-3, 2.7.4-1: sgs = bgs = 12.5 mm, 6=1.4 mm, Bar13=1.41 T,
my, =127.8kg, Q, =50, ke =1.5, Q; =60, kyy =1.8, £ =0.391

Pulsation frequency: fo = Qg -n=60-1500/60 =1500Hz
Bar1/3 B Kes sin(z-Qg/Q,) 1.41-0.391-1.5 sin(x-60/50)
AByrass = ‘ = : =
V2 7-Qs1Qy V2 7 -(60/50)
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2 2
Poutsr =1.8- 0091 4 4.[ 1300} 1978 688W
* 1.0 50 =

2.10.6 Eddy current losses in stator conductors

In stator slot n conductors are arranged along slot height and are exposed to AC stator slot
stray flux, which crosses perpendicular (Fig. 2.10.6-1). Each conductor thus suffers eddy
current losses due the stray flux, which is excited by the current in the conductor itself. Thus
current displacement causes increase of conductor resistance Rpc,. by the coefficient kr(&),
which is called here (&), to "AC resistance” Rac,. > Roc.. In addition, each p™ conductor
experiences the stray flux from the p - 1 underneath lying conductors, which causes additional
eddy currents and additional increase of resistance by the coefficient p-(p—21)-w(&). These

coefficients have been derived from Maxwell’s equations by Field and Emde.

n

hp, 1
by,

bq

Fig. 2.10.6-1: Arrangement of n conductors in stator slot

So total increase of AC resistance per p™ conductor is (nne: number of conductors aside in
slot)

R
kp =@+ P (P-D-p() =225 (2106-1)
DC,L
_ . sinh(2¢) +sin(2<) _ 5 Sinh(&) —sin(&) )
ve)=¢ cosh(2&) — cos(2£) ’ vie)=2 cosh(&) + cos(&) (2106-2)
E=hy -z pg- fs K (Npe by /) (2.10.6-3)

The n™ conductor near top of slot experiences the highest eddy current losses and will get
hottest. In single layer winding all n conductors are connected in series, in two layer winding
n/2 conductors of lower layer are connected with n/2 conductors of upper layer of another
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slot, so again series connection is given. The average increase of resistance for all n series
connected conductors is

1 n% -1
Kn :_ka = (&) +
noa 3

(&) . (2.10.6-4)

In winding overhangs stray flux is much smaller, so there only negligible eddy currents are
induced in conductors. Thus, average rise of AC resistance per coil and hence per phase is

Kp-le+L—=1g+1y
L+|b

KR.ay = (2.10.6-5)

By choosing conductor height h_ sufficient small, condition £ <0.35 ensures that RacL =
Roc,L, thus avoiding additional winding losses due to current displacement.

Example 2.10.6-1:
Motor data from Example 2.4-3: f; = 50 Hz, 20°C: x¢, =57-10°S/m, b, =7.1mm,
h. =1.8mm, two layer winding n=2Nc=20,ne=1, b /by =7.1/12.5

E=h_ -7 po- fs-xc- (e by /bg) =0.0018- J7-47-1077 .50.57-10° - (1-7.1/12.5) = 0.144
¢(0.144) =1.0000382, y(0.144) = 0.0001433
202 -1

k, =1.0000382+ -0.0001433=1.019

Facit:
Increase of AC resistance is only 1.9% compared to DC resistance and therefore negligible.

2.10.7 Additional losses (stray load losses)

- No-load tooth flux pulsation losses,

- no-load surface losses

- eddy current losses in stator winding due to no-load current

are additional no-load losses, which are measured together with iron losses in no-load test. In
machine they cannot be measured separately.

Under load increased stator current and rotor current excite increased step-like air gap flux
density distribution, causing increase of tooth flux pulsation and surface losses, but also
further harmonic currents in rotor cage and in skewed rotor cages inter-bar currents between
adjacent bars. These and other eddy current losses in conductive parts such as stator housing
or press fingers of stator and rotor iron stack are summarized as stray load losses (additional
load losses).

Their calculation is done similar as shown here for additional no-load losses, but always leave
a rather big uncertainty concerning the reliable results, when compared to actual measured
motor stray load losses. According to IEC 34-2 they may be estimated as 0.5% of electric
power of machine, which for smaller motors < 100 kW usually is too low, as measurements
show typically 1.5% ... 2%. These stray load losses are eddy current losses, caused by induced
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voltage ui of magnetic field harmonics and stray flux at load in different conductive parts of
electric machine. These field components are excited by load current component.

Vioad =1s0— 15 (2.10.7-1)

With ¢ = 90° no-load current Iso is a nearly totally inductive component, so load current
component is a nearly totally real current, therefore we may put

2_

120ag =12 -1% (2.10.7-2)

Therefore we get for stray load losses P,g; ~ u? /R ~ B?/R ~ 1%,,4 / R, hence at rated speed

Pag1=0.005- Py - (12 —15) /(14 — 14 . (2.10.7-3)

At varying speed the frequency of induced eddy currents varies also. In that case additional
dependence of speed must be considered.

Example 2.10.7-1:
550 kW motor, efficiency 94.4 %, B, = P, = P,,;/ 7 =550/0.944 =582.6 kW

Stray load losses (IEC 34-2) at rated current: P4, =0.005- P, =0.005-582.6 = 2.91kW

2.10.8 Total active masses

Stator winding (without winding insulation) 142.3 kg
Rotor cage 59.0 kg
Winding mass: 201.3 kg
Stator teeth 175.0 kg
Stator yoke 456.0 kg
Stator iron mass: 631.0 kg
Rotor teeth 127.8 kg
Rotor yoke 210.2 kg
Rotor iron mass: 338.0 kg
Total active mass: 1170.3 kg

Table 2.10.8-1: Calculated active mass for 550 kW-cage induction machine, open ventilated, Thermal Class B,
50 Hz, four poles

Total active masses comprise stator and rotor iron stack masses and stator and rotor winding
masses. Inactive masses as mass of rotor shaft, stator housing and end-shield, fan, bearings,
terminal box (screws always included) and — for bigger machines — air-air cooler or air-water-
cooler must be added to get total mass. Rough estimate for total mass is for standard induction
machines (totally enclosed, shaft mounted fan) about 2 ... 3-times active mass.

A typical ratio of ""power per active mass™ is 0.5 kW /kg:

Thermal Class B: 80 K temperature rise: 550 kW/ 1170.3 kg = 0.47 kW/kg.
Thermal Class F: 105 K temperature rise: +/105/80-0.47 =0.54 kW/kg.
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2.10.9 Machine performance

Grid-operated machine performance is calculated from equivalent circuit diagram with the
parameters as calculated above, yielding for given stator voltage and frequency Us and fs
stator and rotor current, electromagnetic torque, shaft torque, all loss components and
machine efficiency. Additional thermal calculation based on calculated losses is needed
afterwards to check winding temperature rise (see Chapter 3).

No load rotor tooth pulsation losses and surface losses are measured along with stator iron
losses at no load and are therefore often taken as total iron losses, which are considered in
equivalent circuit as "equivalent iron resistance™ Rre. As iron losses are generated by

B2 ~ @ ~U? with Uy, = X,, - I, total iron losses are considered by Ree in parallel to Xs.
With Uy, =U /(1+ o) =Ug often for simplification Rre is put in parallel to feeding voltage
Us (Fig. 2.10.9-1). Operation at different frequency fs would lead to dependence of Rre(fs).

Pee =M -U?2 / Re, (2.10.9-1)

Ipetls Rs Xso jX,ra R’r/S

Fig. 2.10.9-1: Equivalent circuit of induction machine with simplified consideration of iron losses

Additional load losses (stray load losses) are proportional to Is2 — ISZO.

With I45/1y =0.3...0.6, often simplification 1212 ~ 12 is used. In that case, stray load

losses may be considered in equivalent circuit as additional "‘equivalent series resistance™
Rad,1 N series with stator resistance per phase. Operation at different speed n and / or different
frequency fs would lead to dependence of Rag,1(fs, n).

Pag1=0.005- Py - (I /1y)? =mg - Ry - 12 (2.10.9-2)

Example 2.10.9-1:
550 kW motor, 6.6 kV, 59 A, 50 Hz:
Total iron losses: Pre = Prg gs + Pre,ys + Por + Ppulsr =1511+3360+1220+688=6779W

Simplified iron resistance consideration:

Ree =M, -U2/ Pe, = 3-(6600/+/3)? /6779 = 64250,

lpe =U /R =38105/6425=0.59 A (1% of rated current, thus very small !)
Stray load losses:

Rag1 = Pag1 /(Mg - 1§) = 2910/(3-59%) = 0.278

In reality, things are little bit more complicated. No load pulsation and surface losses as well
as main part of stray load losses occur in rotor due to movement of rotor. Therefore the eddy
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current flow of these loss components in rotor leads to braking torque. Thus the loss
components must be considered like an eddy current brake, which is acting on shaft in
addition to friction and windage losses. Here, for simplification, these losses are all
considered on stator side without acting as brake. Neglecting this braking effect yields in most
cases only to small errors in relation to rated torque, as Example 2.10.9-2 shows.

Example 2.10.9-2:

550 kW motor, 6.6 kV, 50 Hz, rated speed n = 1490/min:

Rated shaft torque: My = Py /(22ny) =550000/(27 - (1490/60)) = 3525Nm

Braking effect of

- friction and windage losses: M ¢, = Py, /(220 ) = 2714/(27 - (1490/60)) =17.4Nm

- tooth pulsation and surface losses:
M puts+o,r = Pputs+o,r /(220N ) = (688+1220)1/(27 - (1490/ 60)) =12.2Nm

According to equivalent circuit the two linear complex equations must solved:

U, =R+ jXg I+ jXpUs +1°)) (2.10.9-3)
0="E0 4 XL+ X (L + 1) (2.10.9-4)
Note that

- stator voltage may be chosen as real number U, =U,,
- lpe =U /Rpe isconstantand that |+ 1ge =15 (ine =15, @S | is very small.

- instead of Rs we use the equivalent stator resistance Rse = Rs + Riad.
Unknowns are 1, I’ and given parameters are stator voltage, stator frequency, rotor slip and

resistance and reactance parameters of equivalent circuit. Total Blondel’s leakage coefficient

o=1- L le—(l— f(saj(l— Xran Xso + Xro (2.10.9-5)

1+ xsa 1+ XI"O' h Xh Xh
Xh Xh

should be small to ensure big breakdown torque M. Solution of (2.10.9-3, -4) is for

R + jsX;

. =U;- =lg e+ Jlg; 2.10.9-6a
- ) (Rs,eR,r_S'o-'xsx;)"'j(S'Rs,ex;+XSR;) e . >im ( )
==l FQ,J# (2.10.9-6b)
C+ X
S
Pe,in =MsUs(Is re + I re) (2.10.9-7)
P§ = IDe,in - ms(Rs + F\)ad,l)ls2 — Pre = Pe,in - PCu,s - I:)ad,l — Pre (2.10.9-8)
e~ p& (2.10.9-9)
Ws
Peur =5-Fs (2.10.9-10)
Pr.out = Ps =Four =Prraw (2.10.9-11)
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Speed n, shaft torque Ms, efficiency 7 and stator power factor cosgs are given by

n=@Q-s)-f;/p (2.10.9-12)
Pm out

=— 2.10.9-13
s = oo ( )

P
=0t (2.10.9-14)

Pe,in
CoSQ, = __Fein (2.10.9-15)
‘/§U N~ Is,Line

Example 2.10.9-3:
550 kW motor, 6.6 kV, 50 Hz, unskewed rotor:

U,=Ug = 6600/~/3V, fs =50Hz, at 75°C: Rs = 0.74 Q, R1ad = 0.278 Q, Rre = 6425 Q,
Xso = 4.89 Q, Xn = 155.0 Q (saturated value), X, =(3.2-k_(s)+3.18)Q,

R; =(0.3335-kg (s) +0.2334) Q

For 550 kW output power a slip of sy = 0.814% is necessary, yielding:

coefficients kr = 1.0013 and k. = 0.99963 and X, =6.379Q, R; =0.5673Q, o= 0.069.

Rated stator current is Isv = 59.04 A (estimated 59 A), rotor current is I, =51.6A,
I, =23.8A.

Electrical input power Pe,in 574921 W

Stator winding losses Pcu,s 7739 W

Total iron losses Pre 6 779 W

Stray load losses Pag1 (= 0.5% of 574 310 W) | 2 875 W

Air gap power Ps 557 528 W

Rotor cage losses Pcu,r 4538 W

Friction and windage losses Psr+w 2670 W

Mechanical output power Pm,out 550 320 W (= 550 kW)
Efficiency n 95.72 %

cos 574921 852

= 366005904
Pous = MgRg1 =3-0.74-59.04% = 7739W

Peur = MsRi1/2 =3-0.5673-51.6% = 4538W or Py, = sP; =0.00814-557528= 4538W

M, = p& =2 557528 _ 3549Nm
0N 27-50
M = Fn 550320 =35322Nm

27-n  2x-(1487.79/60)

Stator current Is and electromagnetic torque Me are calculated with equivalent circuit Fig.
2.10.9-1 in dependence of speed n with the above given equations

a) with considering current displacement (solid line) and

b) without considering current displacement in rotor bars.
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Reduction of rotor slot stray inductance due to current displacement leads to increased starting
current, whereas increased rotor bar resistance leads to increased starting torque. Below
breakdown slip rotor frequency is too low to produce considerable rotor current displacement
effect, so between no-load and breakdown slip both calculations a) and b) lead to same values

for torque and current (Fig. 2.10.9-2).

Me
Nm
10000
/Me
7500
5000
550kW
2500
0 } t } } } t } } }
1 0,90,8 0,5 0,2 0
44— S8 —_— n
Nsyn

Fig. 2.10.9-2: Calculated stator current and electromagnetic torque versus speed of 550 kW, 4 pole, three phase

cage induction motor, 6.6 kV. 50 Hz:
solid lines: with current displacement (k. < 1, kg > 1) in rotor bars considered,
dashed lines: without considering current displacement (k.= 1, ke = 1) too low torque is calculated.

RS R
o

‘ ;’
Fig. 2.10.9-3: Cage induction generator (left), 990 kW, 690 V , 4 poles,‘50 Hz, water jacket cooling, with gear

1:80 (right) coupled to wind turbine (Source: Winergy, Germany)
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3. Heat transfer and cooling of electrical machines

3.1 Thermal classes, cooling systems, duty types

The losses in copper and iron and the mechanical losses in the bearings cause temperature rise
in winding and insulation, iron stack and bearings. Insulation materials are very sensitive to
over-temperature, as velocity of chemical decomposition of materials increases exponentially
with temperature according to Arrhenius’ law. For transformer oil and solid insulation
materials Montsinger’s rule is valid, that insulation life span L decreases by 50% (taken as
average of a large number of tested specimen) with increase of temperature ¢ by 10 K.

L($+10K)=0.5-L(9) (3.1-1)

Example 3.1-1:
Insulation material for Thermal Class F: L($ =155°C) =100000 hours =

L($ =165°C) = 50000 hours

Thermal classes for different types of insulation materials (organic and inorganic materials
such as epoxy resin, glass fibre, mica foil) are defined, which give the maximum permissible
temperature limit in hot spot of insulation.

Thermal Class B F H 250

Temperature limit 4 (°C) 130 155 180 255

Maximum temperature rise 49 (K) 80 | 105 (Py<5MW) 125 200
100 (Px > 5 MW)

Table 3.1-1: Selected Thermal Classes of insulation systems according to IEC 60034-1

If windings are cooled with air, ambient coolant temperature of < 40°C and height of
operation of machine above sea level of < 1000 m are assumed for admissible maximum
temperature rise 49. In mountainous regions with height above 1000 m air mass density is
decreasing, thus cooling is less efficient, therefore machine power has to be reduced to reduce
losses to ensure that temperature stays below the limit.

Open ventilation Totally enclosed Totally enclosed Hollow conductor
machines — surface machines with heat cooling
cooling exchanger
Coolant air Coolant air or water Coolant air Coolant hydrogen gas,
jacket Heat exchanger: air-air | oil or de-ionized water

or air-water

End shields of machine Increase of machine | Coolant flow is directed | Pump presses coolant

are open for coolant | surface by fins or tubes | through machine and through hollow
flow for air heat exchanger in conductors
Water jacket cooling closed loop
Usually up to 500 kW, | Usually up to 2000 kW | Up to 400 MW ("top Up to biggest machine
at higher power acoustic air" turbo generators) power (2000 MW)
noise is too big
Often shaft mounted fan | Often shaft mounted fan | Shaft mounted fans, External pump

external fans

Table 3.1-2: Different principles of cooling
Type of cooling system influences mainly thermal utilization of electric machine. With more

efficient cooling systems power per mass of electric machine can be raised. With increasing
frame size h of electric machine, the ratio "machine surface/ machine volume", which
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corresponds with "natural cooling surface versus machine losses", decreases according to
A/V =1/h. Thus for bigger machines more sophisticated cooling systems must be used.

No fan Shaft mounted fan External fan with fan drive
unit
Cooling only due to natural Speed dependent air flow for Air flow independent of motor
convection and heat radiation cooling speed
Used for small machines Used for constant speed drives | Used for variable speed drives
(<1 kW), e.g. permanent magnet
machines due to their lower Big machine power possible Big machine power possible
losses

Table 3.1-3: Different possibilities of propelling coolant flow

winding air-gap stack housing  winding

fan —
an end- yoke
shield
T 1 b slot tooth
L
fan—
hood

b)

Fig. 3.1-1: Examples of cooling systems: a) IC 41: Shaft mounted fan, fan hood for guiding air flow with air inlet
opening, totally enclosed slip-ring induction machine, cooling fins on motor housing, b) IC 01: Shaft mounted
fan, open ventilation, cage induction machine, end shields with openings for coolant flow, fan hood for guiding
coolant flow with openings for air outlet, additional small fan blades on cage ring for rotor cooling air flow

Type of cooling of machines is abbreviated by code IC (International Cooling) according to
IEC 60034-6. First number gives kind of coolant flow according to Table 3.1-2, second
number gives information according to Table 3.1-3, how coolant is propelled.

Example 3.1-2:
IC 41: "4": surface cooling, "1": shaft mounted fan
IC 05: "0": Open ventilation, "5": external fan, mounted on machine

For detailed discussion of cooling systems especially for big machines see lectures: "Large
generators and high-power drives / GroB3generatoren und Hochleistungsantriebe".

Temperature rise is determined heating up the machine masses and by exchange of heat with
coolant, thus leading to thermal time constants Tg, ranging between several minutes for
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small machines < 1 kW up to about > 1 hour for big machines. So immediate increase of
machine power and losses will lead to increased motor temperature with considerable time
delay. Therefore short time power overload is possible without surpassing temperature limit.
Steady state operation will lead to constant temperature rise, so in that case no overload is
possible without surpassing temperature limit. Different duty types of electric machines such
as steady state operation (S1) and short time overload (S2) are defined in IEC 60034-2. With
steady state operation a stationary temperature rise is reached, whereas with varying
machine load also temperature is varying.

3.2 Elements for calculation of temperature rise

Natural heat flow is only possible from hot to cold region according to Second fundamental
law of Thermodynamics. Basic principles for heat transfer are

- conduction of heat (Fourier’s law) by some heat conducting material,

- convection of heat by moving coolant, which transports heat energy from hot to cold region
(theory of Blasius, Prandtl et al.),

- heat radiation from hot to cold region, which does not need any medium for heat transfer,
but is electromagnetic radiation, mostly in infrared frequency range (law of Stefan and
Boltzmann).

Combining partial differential equation for conduction and convection leads to heat transfer
partial differential equation, depending on space co-ordinates and time, being solved by

a) numerical methods with Finite Elements or Finite Integration or by

b) equivalent circuits with concentrated heat transfer elements and losses as heat sources. In
that case space co-ordinates are replaced by nodal network, so differential equations depend
only on time.

Calculation of heat flow with equivalent circuit is discussed here further. Method is:

1. Calculation of heat sources (= losses in electric machine)

2. Design of equivalent circuit of heat transfer elements (conduction, convection, radiation)
and heat storage elements (machine masses)

3. By combining 1. and 2., the temperature rise in the nodes of the thermal network may be
calculated either

- for time-varying losses by solution of nodal time-dependent differential equations or

- for stationary solution by simply solving the algebraic equation system without any
influence of time.

a) Heat resistance:

In analogy to electrical networks we may take thermal heat flow, which is thermal power Py,
instead of electric current i, temperature difference 4% instead of electric voltage u (=
difference of electric potential) and get an Ohm’s law for heat flow:

u=R-i = A8 = Ry, Py, (3.2-1)
Note that electric current density J corresponds with heat flow density g = P/A.

al) Conduction of heat:
Conduction of heat by material is described by Fourier’s law. In simple case of heat
conduction along one axis from hot point 2 to cold point 1 (Fig. 3.2-1a) along distance | in a

material with thermal conductivity Ay, and cross section area A the conducted heat is given
by
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P L
Tth _ 5 . —9)/1 — R, = , 3.2-2
A Aih - ($h—&) "= aA (3.2-2)
which allows definition of heat resistance Ry, due to heat conduction.
’191 ’(92 >19 1
I / A

A{%th/{/ in By <Vs
1

| b) Vo

a)
Fig. 3.2-1: Transportation of heat a) by conduction, b) by convection

Material Thermal conductivity 4y, W/(m'K)
Air at 20°/50°/ 100°C, 1 bar 0.024/0.028 / 0.031

Copper 380
Iron 80

- Iron stack in direction of lamination 20 ... 60

- Iron stack perpendicular to lamination 0.5..1.2
Insulation material 0.2
Epoxy resin 0.3

Table 3.2-1: Thermal conductivity for some materials used in electric machines

Example 3.2-1:

550 kW-cage induction machine, 6.6 kV, 60 open stator slots, slot height hg = 69 mm, slot
width bg = 12.5 mm, insulation thickness d = 2.7 mm, stack length: lr. = 380 mm

Slot surface A=(2-hg +bg)-lge =(2-69+12.5)-380 = 57190 mm?

d _ 00027 _ a0
JnA 02:005719 ——

Thermal conductivity resistance from copper to iron: Ry, =

a2) Convection:

Heat Py, is transferred from hot surface A (Fig. 3.2-1b) to moving coolant, whose temperature
is lower by difference 43 =% - &%. Coolant is heated up and — by flowing — transports heat
off e.g. to some external cooler or to surrounding medium. Heat transfer coefficient o
describes the cooling effect of flowing (“convection”) coolant. Cooling effect depends on
kind of coolant (air, hydrogen gas, water, ...), of speed v of coolant and many more parameters
such as pressure of gas.

Pin 1

Ph _ a9 Ry = - 323
A th=_1 ( )

Here only air as coolant will be considered, which is used in most cases of smaller and
medium and even large machines up to 300 MVA.

Coolant & Cooling surface o in W/(m’K), v in m/s
Nearly not moving air (V=0 ... 0.5 m/s) 8
Moved air, bare metallic hot surface a =15v2/3
Moved air, insulated winding o =8y3/4

Table 3.2-2: Typical values for heat transfer coefficient with air as coolant
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Example 3.2-2:

550 kW-cage induction machine, 6.6 kV, open ventilated machine, double-layer winding,

velocity of air flow in winding overhang v =12 m/s = 43 km/h.

Coil height = half slot height ho/2 = 69/2 = 34.5 mm, coil breadth = slot width bg = 12.5 mm,

length of winding overhang |, = 614.8 mm.

- Surface of insulated stator coil in winding overhang:
A=2-(hg/2+bg)-lp=(69+2-12.5)-614.8 =57791mm’

- Moved air, insulated winding: o = 8v3’* =8.12%"* =51.6 Wim’K

:L: ! =0.335K/W
oA 51.6-0.057791 —

Rin

a3) Heat radiation:

Heat radiation does not need any medium to transport heat, as also in vacuum infrared
electromagnetic waves propagate, thus transporting heat energy. Transferred heat Py, from hot
(Ty) to cold (T, < T)) surface A, where T, , T, are absolute temperatures, measured in K from
absolute zero temperature level —273.15 °C, is calculated with heat radiation law of Stefan
and Boltzmann.

P

B, ) 3.24)
Radiation coefficient s depends on surface condition and on material condition. The housing
of electric machines is often painted in black or grey to increase this coefficient, but painting
must also be “grey” or “black” in the infrared frequency range, not only range of visible light.
Typical values are ¢s = 4...510® W/(m’K*). Taking typical temperature difference for electric
machines 4% = 80...100 K and ambient temperature of T, = 300 K (corresponding to about 27
°C) yields a heat transfer, which equals convection heat transfer at =7 W/(m’K). Thus heat
transfer due to radiation contributes only with rather low values, as temperatures are too low
for effective heat radiation.

Example 3.2-3:
Hot heat sink of power electronic device: Radiated losses at ¢s = 510" W/(m*K*)

Temperature difference between heat sink & ambient: 49= 80 K, ambient temperature 20 °C
T,=20+273.15=293.15K
T1=T)+49=293.15+80=373.15K

- Heat flow density: q = FiAh —c (T4 =T, =5-10"-(373.15* = 293.15%) = 600.1 W/m®

How big is an equivalent heat transfer coefficient for convection heat transfer ?

_ A 9 6001 ook
A-A9 A8 80 =

b) Storage of heat energy:

A body with mass m and specific heat capacity C is heated up due to in-flow of thermal power
Pt , yielding temperature rise (or rise of temperature difference)

mc— =R, , mc——=~"R, . 3.2-5
G pm th ( )

In analogy to electric network mc corresponds with electric capacity C.
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mch—lgthh = Cd—uzi . (3.2-6)
dt dt

Heat is stored in the mass like electric charge is stored in electric capacity.

Material Specific heat capacity c Mass density ¥
Ws/(kgK) kg/m’
Air (at constant pressure) 1009 1.226 (at 25 °C)
Copper 388.5 8900
Iron 502 7850
Epoxy resin 1320 ... 1450 1500
Table 3.2-3: Specific heat capacity for some materials used in electric machines
Example 3.2-4:
Stored heat in volume V = 1 dm® of a) air, b) copper, ¢) iron, heated up from 20°C to 100°C:
t t dAg A9
W, = IPth -dt= _[ mc——-dt= jmc-dAS:mc-AS = Wy =y-V-Cc-A49
t=0 t=0 dt A8=0

A9=100-20=80K
a) Air: Wy, =1.226-107-1009-80 =99 J

b) Copper: Wy, =8900- 107 .388.5-80 = 276.6k]
¢) Iron: Wy, =7850-107 -502-80 = 315.3kJ

3.3 Heat-source plot

In Fig.3.3-1 cross-section of induction machine is shown with copper losses in slot conductors
of stator and rotor Pq, Pq;, in winding overhangs Py, Py, and iron losses in stator and rotor

iron stack Pres, Prer -
stator

1/2:Pps | Pqs 1/2+Pps
Cf---d=======1"]

’__r::::;z::::::::_:l

1/2'Pb,r‘ PQ,I‘ 1/2'Pb,r

rotor

Fig. 3.3-1: Cross-section of induction machine with copper losses in slot conductors of stator and rotor Pc,qs
Pcuqr, in winding overhangs Pcyp s, Pcupr and iron losses in stator and rotor iron stack Pre g, Pres

The corresponding heat-source plot considers not only the distributed losses as 8 heat
sources, given by circles (which correspond with current sources in electrical network), but
also the 13 heat resistances between these 8 sources (Fig.3.3-2):

- heat conductance in copper wire of winding R, from slot to winding overhang,

- heat conductance from copper to iron via slot insulation Ry,

- heat conductance from rotor to stator iron via air gap Rs ,
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- heat convection from winding overhang to surrounding air Ry, ,
- heat convection from stator and rotor iron to surrounding air R .

Assuming the temperature difference in the surrounding air to be zero, the calculation of
temperature difference in the 8 nodes is given by Kirchhoff’s laws. Usually calculation of heat
resistances in advance is rather uncertain, so measurement of temperature in those 8 nodes of
a prototype machine under steady state heating (d/dt = 0) with known losses is used to derive
the value of the 13 resistances from measurement. By taking only 5 mesh equations and the 8
node equations with known 8 loss components and resistances on gets 13 linear algebraic
equations for determination of the 13 resistances. With the geometry parameters of the
prototype machine one can determine the values of « and Ay. These values can be used for
other machines with similar cooling system, but different geometry parameters to calculate
temperature distribution in advance.

q Fe,s

RF&S

PF&S

PQS 1/2'Pb§
us E—(ﬁ:—» s
j| Rs 1/2+Py ¢

Qw,r Qw,r

PF&r

RF&r

q Fe,r

Fig. 3.3-2: Heat-source plot of the cross-section of induction machine of Fig. 3.3-1

Example 3.3-1:

Totally enclosed cage induction machine with shaft mounted fan, 11 kW, 4-pole, 50 Hz,
1450/min rated speed, Thermal Class B:

At rated speed and load the following losses are calculated (Fig. 3.3-3a):

- Copper losses in stator slot conductors and winding overhangs: Pqo s+ Pys= Pcys=554 W
- Iron losses in stator: teeth: Pgeqs= 82 W, yoke: Prey =178 W: Pges =260 W

- Ohmic losses in rotor cage ( = slot conductors and rings): Po;+ Pyr= Pcyr= 556 W

- Rotor iron losses are very low due to low rotor frequency of 1.7 Hz: Pge, =0
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Measured temperature differences over ambient (measured with thermo-couples):

- Stator housing surface: 30 K

- Stator end shield, where fan is blowing: 25 K

- Stator iron yoke: 44.5 K

- Stator iron teeth at air gap: 50 K

- Stator copper winding: 67 K

- Rotor iron surface at air gap: 54 K

- Rotor cage bar: 93 K

According to Fig. 3.3-3 the heat flows from rotor cage to stator end shield via air and to stator
iron teeth via air gap. Heat flows from the stator winding via the insulation to the stator teeth
and via yoke to the stator surface. With measured temperatures and calculated losses the
thermal resistances Ry, or their inverse, the thermal heat conductances Gy, = 1/Ry, are derived
from the heat-source plot (Fig. 3.3-3b).

0K
30K housing\\
LT 777 TG4l L
25K
yoke 445K :
82W————§ end shield
tooth 50K [eieesses
air gap 54K
rotor
I 93K S
\ | ]
) _
end shield 25K 262W rotor 93K
4_
— 6@
o 3,85 U
S
A
N
d.
0
l\
air gap
54K
44,5K ET © tooth 50K
Te)
O
— 13— Gy, in W/K stator winding

67K

b)

Fig. 3.3-3: Calculation of heat conductances Gy, from (a) measured temperatures and calculated losses with a (b)
heat-source plot

Simplified thermal network is analysed, considering only copper and iron losses in stator
and thermal resistance between copper and iron due to slot insulation Ry, heat convection
from winding overhang to air Rz and heat convection from iron to air Ry (Fig. 3.3-4).
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Loss sources:
Stator copper losses in winding Pcy
Stator iron losses in stator iron stack Pge

Vair
-

7 Yamb

Heat transfer and cooling

Heat storage:
Copper mass: Mgy
Iron mass: Mge

= ¥

/ amb

(]

Rini

Rih3

DO &

1:’Cui_l ﬂF‘e

Rtn2 P o

N
SRR

3 3

a) Tcu

Ly,

Fig. 3.3-4: Schematic cross section of (a) stator winding in slots and (b) of winding overhang

Heat resistances:

(1) Rin1 between stator iron and ambient cooling air, given by convection: Ry =1/(0Ag),
where Ag is the surface of the stator iron housing (Fig. 3.3-5).

(11) Rinz between slot conductor copper and iron stack, mainly determined by heat
resistance of slot insulation: Ry, =d/(4jsAq) , where Aq is slot surface, Ais is thermal

conductivity of slot insulation and d is thickness of slot insulation.

(ii1))  Rpgbetween winding overhang and surrounding air, given by convection.

P

.

A mot

Vair = o

Fig. 3.3-5: Convective heat transfer at motor surface

P Fe,s

1:)Cu,s

th3

Fig. 3.3-6: Thermal equivalent network for motor cross section of Fig. 3.3-4
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Temperature difference between motor local temperature and ambient temperature of
surrounding air is 49 =9 —9Y,,,. The two unknown temperature differences of copper

A8, and iron AYg, are determined by one mesh equation and one node equation of
Kirchhoff’s laws, yielding the two linear differential equations

A48, | Ay , Ay ~ Ak

- _p 3.3-1
Cu®Cu dt Rth3 Rthz Cu ( )

e oo 949k A%re Aoy — A% _ (3.3-2)
Rt Rt Riha -

We solve these two equations for several special cases:
a) ,,Homogenous-body problem®: If we put Rz = 00, A%, = 0, only the heating of copper
winding is considered, where copper is represented by a single, homogenous body.

dAde, AY:
mCuCCu dt 2 + 2

= P, (3.3-3)

Only first order linear differential equation remains. Solution for initial condition A4¢,(0) = 0:
Ay = PR (1-e719) (3.3-4)
with thermal time constant

T9 = McyCcy Rth2 . (3.3-5)

Example 3.3-2:

11 kW cage induction motor, frame size 160 mm, totally enclosed, 50 Hz, four poles, shaft
mounted fan, motor mass 76 kg, stator winding copper mass 4.4 kg, ambient temperature
30°C, Py s =554W, Ry, =0.12K/W:

- Steady state over-temperature: A5, s = Py sRiny =554-0.12 = 66.5K
- Steady state winding temperature: I, s = Ay s + Fqmp = 66.5K +30°C = 96.5°C
- Thermal time constant: Tg =4.4-388.5-0.12 = 205s = 3.4min

Facit:

Thermal time constant of copper winding is rather short. Heating up total motor mass takes
much longer, which can be estimated by the ratio of motor mass versus copper mass:

Ty mot =76/4.4-3.4=35.7min

Note that this time constant corresponds to electric time constant T =C:-R in electric
capacitive-resistive circuit. Steady state temperature 49, = P Ry, 1s reached after about

three time constants: A9q, (3Tg) = PeyRpa(1-€7)=0.95-49, .

b) ..Two-body problem‘: This corresponds to both equations (3.3-1), (3.3-2) and describes
heating up of both copper winding AND iron stack, so TWO thermal time constants are valid,
a short one for the copper and a long one for the iron.
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c) Steady state temperature rise: This corresponds to d/dt = 0, as no further change of
temperature occurs. One gets this condition e.g. in case a) from (3.3-4) for t — oo or in reality
for t > 3T4. With d/dt = 0 we get from (3.3-1), (3.3-2) two algebraic linear equations

A‘9Cu + AlgCu _AlgFe

- P, (3.3-6)
Rins Rinz :
A9 A3, — A

Fe 4vcy Fe _ Pee (3.3-7)
Rini Rina

For totally enclosed machine with shaft mounted fan external air flow on machine surface is
big, so convection at housing surface is much better than internal convection at winding
overhangs. Thus Rins >> Rin1 , Rinz, which leads to simplified solution of (3.3-6), (3.3-7):

A8ke = (Pee + Poy)Ring (3.3-3)
A9cy = PoyRiny + A9pe (3.3-9)

So copper winding has higher temperature than iron. Insulation temperature is nearly the same
as copper temperature and defines Thermal Class. Neglecting heat flow from winding
overhangs to surrounding air means, that HOT SPOT of temperature distribution occurs in
winding overhangs.

Example 3.3-3:

11 kW cage induction motor, Thermal Class F, frame size 160 mm, totally enclosed, 50 Hz,
four poles, shaft mounted fan, motor mass 76 kg,

Pous =554W, Pee s = 260W, Ry = 0.047K /W, Ry = 0.072K /W

- Steady state temperature rise:
- In stator iron: A8g, s = (Pee s + Poy s)Ring = (260 + 554) - 0.072 = 58.6K

- In stator winding: A9, s = Poy sRingy + A8e s =554-0.047 + 58.6 = 84.6K <105K

The winding temperature rise does not exceed the Thermal Class F limit.

3.4 Thermal utilization

If only copper losses are considered as heat source, and if only convection heat transfer from
machine surface to surrounding air flow is taken into account (A% = 0, Rnz = 0) for
determination of steady state temperature rise, then (3.3-8), (3.3-9) yield:

Aw_gcu = PCU Rthl . (34-1)
Taking copper losses as

Pey = (3.4-2)
K aaAcy
and convection thermal resistance as
Ry = L (3.4-3)
thl aAG 5 .
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we get with current loading A= 2mNI and current density J = for steady state
2pfp a3 Acy
temperature rise in copper:
2p7 (Il +1
Aoy = A3 =P plFe 1) Ay ~ A+ (3.4-4)

a-K As

This is the already noted thermal utilization of Chapter 1, which defines as a rough estimate
stator winding temperature rise.

Example 3.4-1:

For Thermal Class F: (IEC60034-1): ASc, = 105 K at Sy = 40°C for standard induction
machine (totally enclosed, shaft-mounted fan):

Typical values: A =250 A/cm, J =7 A/mm* AJ = 1750 A/em’A/mm®

Influence of machine size (defined by frame size, which may be taken as “characteristic
length” I) leads to ,,scaling effect*: Bigger machines need for IDENTICAL temperature rise a
lower current density and a lower thermal utilization AJ than smaller machines, which is
easily understood by considering copper volume V¢, and cooling surface Ag:

2 3
A8y = PeyRini = TVey _ j2Vew JZI—Z: J21 = const. (3.4-5)
K-aPg As |

3~ /4‘1?& (3.4-6)

Example 3.4-2:
Thermal Class F: (IEC60034-1) A9, = 105 K at Jamp = 40°C: Totally enclosed machine,
shaft-mounted fan: Typical current density: (big machine) 3 ... (small machine) 7 A/mm?

3.5 Simplified calculation of temperature rise

Simplified calculation for winding temperature rise considers machine as ,,Homogenous-
body replica®: Total losses P4 within machine are taken as heat source, convection heat

. . : 1
transfer from machine surface A to coolant flow is taken as heat resistance: Ry, = A and
o

total motor mass with equivalent specific thermal capacity is taken for heat storage.

m-c-%+a-A-A9Cu:Pd (3.5-1)

Initial condition is winding over-temperature at t = 0: A49c,(0) = 4%. We assume at t = 0
switching on of machine, thus losses follow a step function (Fig. 3.5-1). Solution is

Aoy =AY, -(1-e 19y 4+ A9, .e7VTs , (3.5-2)

where

A9, =4 (3.5-3)
a-A
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is steady state temperature rise and

Tg=—rn 3.5-4
8= A (3.5-4)

is homogenous-body thermal time constant.

Facit:
Thermal time constant increases with mass and decreases with increase of cooling
effectiveness. Scaling effect yields with m ~1°, A~1%for thermal time constant T4 ~1, s0

thermal time constant rises with motor size.

Example 3.5-1:
Shaft-mounted fan, rated speed:

Small machines: Ty =10 min (several 100 W), big machines: Ty = 3h (several MW).

Example 3.5-2:

11 kW cage induction motor, frame size 160 mm, totally enclosed, 50 Hz, four poles, shaft
mounted fan, motor mass 76 kg, motor cooling surface (increased surface by cooling fins):
Ac=0.9 m’, velocity of air flow v =9 m/s = 32 km/h

- Bare metallic surface: o =15v%'3 =15.9%"3 = 64.9 W/m*K

- Tg= Mmot * Cre _ 76-302 = 6535 =10.9 min
a-Ag 64.9-0.9 -

Note that machines with shaft mounted fan have shorter thermal time constant Ty, when
rotating, as fan blows, yielding high heat transfer coefficient @, and longer thermal time
constant Tgg; at stand still, as air is not moved any longer, yielding low value of «. Typical
ratios are

T.9,St = (15 20) 'TLg . (35-5)
AV
AV, ——=
/) _— - —
/)= resulting increase
///// of temperature
// heating
Pa(t) A¥(0)1
A
cooling
}Pd O Y
0 t 0 T —>t

Fig. 3.5-1: Losses in switched-on machine Fig. 3.5-2: Temperature rise from 4%, may be understood
as step function as superposition of temperature rise from A9 = 0 due to losses and
temperature decrease from A9, due to cooling effect
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Thus temperature rise from A% may be understood as superposition of temperature rise from
A3 =0 due to losses and temperature decrease from 49, due to cooling effect (Fig. 3.5-2). So,
if losses are zero, one gets as special case from (3.5-2) the cooling of winding from 4%, down
to zero:

Ay =AY, -e e , (3.5-6)

and if 49 = 0, one gets the special case for heating up the winding from zero. This is the
case, when electric machines are tested during the thermal load run in the test bay. Steady
state temperature rise of winding must stay below maximum admissible temperature rise
according to Table 3.1-1. This defines rated power of electric machine for continuous duty S1.

__tSt
tB
p p ] p | \‘ H
»
0 t 0 t 0 — t
ty S
Py P P
0 " 0 " 0 "
A A Ty A
A b
A’l%o,sg ——= Ty
e —
Ty / // AV 53
Ay, &1 B AV, o
A9
i R > N
0 " 0 — : 0 |- "
Tyst Tyst

Fig. 3.5-3: Power and loss function and temperature rise and fall for duty type S1 (left), S2 (middle) and S3
(right).

a) Temperature rise at continuous duty S1:

According to Fig. 3.5-3 the S1 operation leads to temperature rise, which under simplified
considerations follow one dominant thermal time constant Tg. Machine power p(t) and losses
pa(t) follow at these idealized conditions a step function. Steady state machine power and
losses is limited to that value, where temperature rise reaches admissible limit of used
Thermal Class 48, .

b) Temperature rise at short time duty S2:

Machine is operated only during time tg (e.g. 10, 30, 60, 90 min.) and is afterwards cooled
down to ambient temperature. This duty type is used e.g. for crane motors. Time constant for
temperature rise is shorter than time constant for cooling down, if shaft mounted fan is used.
Motor power in S2 may be increased over S1 value to such extent, that Thermal Class
temperature rise limit of S1 duty 43, 5, is reached at time t = t (Fig. 3.5-3). Continuous
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duty is NOT possible with this increased power Ps;, because steady state temperature rise
ASOO, 5o would exceed the admissible limit by the ratio of increased losses Pgs2 /Pqsi.

AS(tg) = A, 5, -(1-e7™0 )< 49, (3.5-7)

Line-operated machines are supplied with constant voltage Us. Output power is therefore
proportional to stator current I, as power factor and efficiency at rated (S1) and overload (S2)
conditions are nearly the same.

P=3.-Uglg-coseps -7~ I (3.5-8)

If consider only copper losses, neglecting iron and friction losses, the total losses P4 are
proportional to |32 :

Py ~ Peuser =3 (Ryle +Ri1P) = 3-(Rg+Ry) - g ~ 12 (3.5-9)

Thus maximum possible overload power Ps, for given operation time tg occurs, if
AY(tg) = A9, ;- It may be estimated from power Ps; with (3.5-7):

| P A9,
Poo _lss2 _ [Fasa _ S2 1 (3.5-10)
Psi st VPast \4%s1 1—ets/Ts

Example 3.5-3:
500 kW cage induction motor, thermal time constant Tg = 40 min. Motor shall be operated in
S2 duty with operation time tg = 30 min.

P> _ ! = ! =41.9=1.38
P \/1 _e /Ty \/1 _ 30740

Motor power may be increased for S2-operation by 38% up to 690 kW.

c) Temperature rise at intermittent periodic duty S3:

Machine is operated periodically during time tg and is switched of during stand still time ts;.
(Fig. 3.5-3). Staring and braking phase with corresponding losses — which usually last only
several seconds - are neglected in that case. Total time of operating period is tg =tg +1g; .

Typical relative time of operation, given in percentage of operation period, is
tg /tg =15%, 25%, 40%, 60% .

Usually time tg and tg; last only several minutes and are therefore significantly shorter than
thermal time constant: tg <<Tg,tg; <<Tg ;. So the linear approximation of the temperature

curve may be used for heating up and cooling down (Fig. 3.5-4). By combination of linear
heating up and cooling down of Fig. 3.5-4, one gets the increase of temperature rise from cold
condition according to Fig. 3.5-5. After several periods ts a stationary temperature cycle is
reached. At maximum admissible power Ps3, corresponding with maximum admissible losses
P4s3, the upper value of temperature rise is a the limit 49,s;. The lower value of
temperature rise at the end of ts; is A% s3 (Fig. 3.5-6). According to Fig. 3.5-4 and Fig. 3.5-6
we get the following relationships, using linear temperature rise and fall:
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A, 51 = A 53 = A8 51 st (3.5-11)
Tg st
t
A8y 51 = A8 53 = (4853 —A36’53)-T—B (3.5-12)
9
A9 A A9 A
T.q AU,
__*_2‘_/_ > AV o
) a () |
/ AV 53
— 3 —A’L?OO’Sl
AV 53 -t 0

tp

Fig. 3.5-4: If time tz and tg, are much shorter than thermal time constant, linear approximation of temperature

curve may be used for heating up (left) and cooling down (right).

A’lyoo,ss

AY

~V

Fig. 3.5-5: Starting cold machine in S3 duty type with time tg and ts, much shorter than thermal time constant.
So linear approximation of temperature curve may be used for heating up and cooling down.

A

00,S1——— K ————

Fig. 3.5-6: Steady state temperature cycle at S3 duty type

By eliminating 43, g5 from (3.5-11), (3.5-12), the ratio A8, 53/ A48, g;is derived. With that

the relationship of admissible losses in S3 duty versus S1 duty is determined.
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Pisy A9 -
4,83 _A%s3 _ . Toly g (3.5-13)

Past 4951 Tost-ls Tyt
So increase of power in S3 duty is calculated with

PS3 — IS,S3 _ Pd,S3 _ A‘goo,S’j = 1+ TS'tSt _ st ) (3.5-14)
Psi s Pa.si A3, s Tast s Tost

Example 3.5-4:

500 kW cage induction motor, shaft mounted fan:

Thermal time constants Tg = 40 min, Tgs; = 80 min. Motor shall be operated in S3 duty with
operation time tg = 2 min, ts; = 3 min.

- tg/tg =2/(2+3)=2/5=40%

E:\/H To-lse  tst :\/1+M—i J71=131

P, Tosti-ts Tost 80-2 80 ==
Motor power may be increased for S3-operation by 31% up to 655 kW.

d) Adiabatic temperature rise:

For short time overload, where considered time interval is much shorter than thermal time
constant, the tangent at t = 0 in Fig. 3.5-2 may be used as approximation for temperature rise.
So for that short time temperature rises linear according to m-c-dA49c, /dt =Py . For that
short time no heat exchange with ambient structure is possible (adiabatic state); only the mass

m is heated up. Heating up of rotor cage due to starting current may be considered as adiabatic
heating, as usually start-up time is much shorter than thermal time constant of rotor cage.

Source: Winergy, Germany Source: ELIN-EBG Motoren GmbH, Austria
a) b)

Fig. 3.5-7: Wound rotor 4 pole, 60 Hz induction machines, used as doubly-fed generator in wind power plants:

a) Mounting of air-air heat exchanger with external fan visible during manufacturing, 1500 kW at 1800/min
b) Completed machine 2 MW, 600 V, 60 Hz, 1800/min +/-30% via rotor slip change
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4. Dynamics of electrical machines
4.1 Motivation: Why do we need dynamic theory of electrical machines?

Controlled drives:

Modern electric machines are controlled such as speed control or torque control. Dynamic
response to quick change of set-point value has to be calculated, so dynamic model of electric
machinery is necessary.

Switching of electrical machines in normal operation:

Each industrial motor — controlled or non-controlled — has to be switched to the grid, so
switching of machines is a transient operation, which needs dynamic model for calculation.
But also sudden change of load, change of supply frequency for AC machines, change of
supply voltage for AC and DC machines happen frequently, which have to be simulated for
prediction of safe operation, needing dynamic machine models.

Failures in electrical machines:

Sudden short circuit of electrical machines, interruption of phase voltages, broken rotor bars
such as in induction machines for electric traction, must be investigated for understanding of
mechanical and electric overload of machines and also for the supplied/supplying grid.

Inverter operation:

Inverter operation is a supply of electrical machines with switched voltage, so each switching
instant is a transient operation mode, which needs dynamic machine model for understanding
non-sinusoidal machine current at inverter operation.

Stability of operation:

DC and AC machines in non-controlled mode tend to run unstable in certain points of
operation such as shunt excited or separately excited DC motors without compensation
winding, series excited DC generators feeding batteries, AC synchronous machines at big
load angle, AC induction machines at big stator resistance or low stator frequency, AC
synchronous reluctance machines at low frequency supply. Investigation of stability leads to
calculation of oscillation of speed, current and torque, and the correlated damping or
amplification of oscillation in case of stable or unstable operation, which needs dynamic
modelling of electrical machinery.

Facit:

For switching of motors, sudden failures, for response of machines to controller operation,
for inverter operation and for investigation of stability dynamic modelling of electric
machines is necessary.

4.2 Methods for calculation of transient machine operation

4.2.1 Differential equations instead of algebraic equations

Dynamics of electric machines means rapid change of speed, torque, voltage and current in
case of DC machines, so e.g. for a coil with resistance R and inductance L instead of constant

DC values U and | we have to consider "arbitrary' time variation u(t) and i(t):

U=R-1 — u)=R-it)+L-dit)/dt (4.2.1-1)
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Instead of algebraic equation the correlated differential equation has to be solved. For AC
machines, instead of sinusoidal time function of u(t) and i(t) with constant amplitude,
frequency and phase shift ¢ , which lead to complex phasor calculation, in the same way
"arbitrary" time variation U(t) and i(t) has to be taken into account:

U=R-1+joL-1 — u()=R-i(t)+L-di(t)/dt (4.2.1-2)
As electric machines are electric-mechanical energy converters, the mechanical equations
have to consider in dynamic not only constant electromagnetic generated force F. or torque
M. and constant load Fs (or M), but time varying forces and torque fe(t), me(t), fy(t), my(t) and
change of speed, called acceleration such as e.g. for linear movement of linear motor
secondary with mass m:

F=F, —m-dvt)/dt=f,(t)- fy(t) (4.2.1-3)

4.2.2 Solving of linear differential equations

Differential equations in dynamic models have only time t as variable. So initial conditions
of e.g. current i(t = 0) = I, must be known for solving the equations.

Example 4.2.2-2:
A coil with time-depending resistance R(t) and inductance L(t) is energized via an electrical
voltage u(t). The coil current i(t) shall be determined. Give the differential equation!

Solution:

Coil flux linkage is time-depending: w(t) = L(t)-i(t). The sum of self-induced voltage and
of resistive voltage drop must be covered by u(t).

dy(t)/dt=d(L(t)-i(t))/dt=1i-(dL/dt)+ L-(di/dt),

u(t) =R()-i(t) +dw(t)/dt = R(t)-i(t) +i(t)-(dL/dt) + L(t)-(di/dt),

U(t) = Req (1) -i(t) + L(t) - (di/dt) Req(t) = R(t) +(dL/dt)

If i;(t) and ix(t) are solutions of linear differential equation, then also i3(t) = i;(t) + ix(t) is a
solution, e.g. for

Req(1)-i(t) + L(t)-di(t)/dt =0 (4.2.2-1)

we get as a proof:
Req (D) -1 (1) + L(t) - dij (1) /dt = 0 and Req(t)-i,(t) + L(t)-di,(t)/dt =0:

Req (1) -i3(t) + L(t) - diy(t) /dt = Req (1) - (i (1) + iy (1)) + L(t) - d iy (1) +i (1)) / dlt =
= Req (1) -1y () + L(t) - di; (t) / dt + Rgg (1) - ip (1) + L(t) - diy (t) /dt =0+ 0 =0

In many cases the differential equation consists of non-zero "right side" such as

Req()-i(t) + L(t)-di(t)/dt = u(t) = 0 (4.2.2-2)
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and is called in-homogenous differential equation. In that cases solution of linear
differential equation may be decomposed into two solutions, the homogenous solution (for
right side is zero, called homogenous differential equation) and a partial solution for in-
homogenous differential equation. As differential equation is linear, also the sum of
homogenous and partial solution is solution, yielding the final solution. For finding solution
functions different approaches are known. One method for solving differential equation
without decomposition into homogenous and in-homogenous part is Laplace transformation,
which is discussed below.

Example 4.2.2-2:

Solving Req (1) -i(t) + L(t) - di(t)/dt = u(t) leads to:

- homogenous differential equation:
Req (D) - 1n (1) + L(t) - dip (t) /dt =0

- particular solution of in-homogenous differential equation:
Req (1) -ip(t)+ L(t)-diy(t)/dt = u(t)

Final solution: i(t) =i, (t)+i,(t)

Proof:

Req (1) -ip (1) + L(t) - dip (1) /dt =0 }+

Req () -1, () + L(t) - diy(t)/dt = u(t)

Req (1) - (in +ip )+ L(t)-d iy +i,)/dt = u(t)

a) Linear differential equation with constant coefficients:

In (4.2.2-1) the coefficients Rey(t) and L(t) varied with time, thus being not constant. A
simpler case is, if coefficients are constant: R.(t) = R, L(t) = L. As long as differential
equations are linear and have constant coefficients, solutions consist of exponential functions
and sine and cosine functions (multiplied with powers of t such as "', t*2, ..., t =1 in case of
multiple zeros of the characteristic polynomial of the differential equation).

Example 4.2.2-3:
DC excitation of separately excited DC machine with DC exciting current l¢ is short circuited:
ug(t) = 0. Decay of ift) due to losses in resistance of field coils Ry has to be calculated:

R -is (t)+Ls -dif (t)/dt =u; =0, initial condition: i;(0)=1;

- Solving the differential equation:
i (t)=C-e®: 0=R;-C-e”+L;-dlC-e®)/dt=R;-C-e®+L; -21-C-e™
R +Lf - A=0=>A=-R¢ /L;
- Initial condition determines constant C:
if(0)=1¢=C-e*’=C
t
Solution: i (t)=1¢ eT , time constant for current decay: T = L¢ /Ry .

Example 4.2.2-4
DC excitation of separately excited DC machine switched to DC supply voltage Uy : uft) = Uy
Increase of ift) due to that voltage has to be calculated: Initial condition: i (0)=0.
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Rf 'if(t)'l"_f dlf(t)/dt:Uf(t):Uf

- Solving homogenous differential equation:
i) =C-e® SR +Lf-A=0=1=—R; /L;

- Particular solution of in-homogenous differential equation: As "right side" is constant,
also particular solution must be constant:
ip()=K—>R; -K+L;-dK/dt=U; — K=U;/Rq

- Initial condition determines constant C:
i1 (0)=i,(0)+iy(0)=C-e"+K=0: C=-K
t

U
Solution: i (t) =i (t) +i,(t) :R—f- l-e T |, time constant: T =L /Ry .
f _——

b) Laplace transformation:

Mainly for linear differential equations with constant coefficients, Laplace transformation
may be used, because this transformation is valid for time functions, which are zero for t < 0.
Solving is done by transforming the differential equation depending on time t into an
algebraic equation depending on the complex variable S=a + j-® . Initial conditions are
included in that algebraic equation. After solution of algebraic equation for variable s the
inverse Laplace transformation delivers solution for time function, depending on t.

Laplace transform of an arbitrary time function f(t), which is zero for t <0, is defined by

F(s)=L{f (0= Ojof(t)'e‘s't -dt . (4.2.2-3)
t=0

Time function f(t) corresponds with Laplace transform F(S):
f(t) o F(s) (4.2.2-4)

Inverse Laplace transformation allows determination of time function f(t) from given
complex Laplace transform:

S=a+ j-©
f=L"{F)= 2; [F(s)-e*t-ds : (4.2.2-5)

s=a—j

For many basic functions the Laplace transform is known (Table 4.2.2-1). General rules for
Laplace transform are summarized in Table 4.2.2-2.
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f(t), t> 0 and zero, t < 0 F©)
K K/s
t /s’
t",n=1,2,3, .. n!
sn+1
el 1
s—b
sin(b - t) b
§2 +b2
cos(b-t) S
§2 +b2
sinh(b - t) b
§2 _bz
cosh(b -t) S
§2 _b2

Table 4.2.2-1: Laplace transforms of some basic functions

Linearity fi(t)+ fo (1) Fi(s)+ F,(s)
k-f(t) k-F(s)
Similarity f(t/b) b-F(b-s)
ft-o %-F(§/c)
Shifting f(t—7) e ST . F(s)
f(t) et F(s+b)
Differentiation df /dt=f’ s-F(s)- f(0)
d2f /dt> = f" s?-F(s)-s- f(0)— f'(0)
d"f/dt"=f™ n=1,2,.. s"F(s)-s" f(0)—s"2£'(0)—
—...— 1 D)
Integration tt 1
[--f@-dt-dt-....ntimes o F®
00 B
Convolution o Fi(s)-F,(s)
HO* 0= [fitt-0)- f,(2)-dr
Limits lim f(t) lim s- F(s)
t—>0+ S—0
lim f(t) lim s- F(5)
t—oowo s—0

Table 4.2.2-2: General rules for Laplace transform
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Example 4.2.2-5
DC excitation of separately excited DC machine switched to DC supply voltage Ur : ug(t) = U
Increase of ift) due to that voltage has to be calculated: Initial condition: i¢(0)=0.

if(t)+Ls-dig()/dt=us(t)=U;
- Laplace transformation:
L(is (©) =1(s)
LR +ig @+ Ly -dig (/dt)=R¢ - 1()+ Ly s 1(9) =i (0)=LU)=Uy /s
- Solution of algebraic equation:

U U U
Ril(e)+Lg-sl(e)=— — 1(5)=—- L S F
S s Ri+sk;y Ry \s 1+¢T

L
with T = R—f Initial condition is already implemented in algebraic equation !
f
- Inverse transformation, using Tables 4.2.2-1 and 4.2.2-2, yields with 1/S<>1 and

1 e—t/T

the solution:
1+sT

(1) =i 0 = 2" [ —eTJ

Ry

4.2.3 Solving of non-linear differential equations

Electric machinery contains a lot of non-linear parameter properties, such as iron saturation,
where inductance depends on exciting current L(i) or where product of two variables occurs
such as in induced voltage Uu;(t) =k-n(t)- @(t). In non-linear equations superposition of

two solutions usually does not yield another solution of that equation.

Example 4.2.3-1:

Solving R-i(t)+d(L(i)-i(t))/dt=0 leadsto R- I(t)+((jj—L % i+L-%=0,hence
R-i(t) + (dL(') i(t)+ L(|)) —_0 R-i(t)+ Leq(l) =0, Leq:Z—Ii'-iJrL.

Two solutions i (t), i, (t) yield

R (t) + Leg (i) - (di; /dt) = 0 and R-i5(t) + Leg (i) - (di, /dt) = 0.

The sum iy =i; +1, is usually no solution, as we get

R-i3(t) + Leg(13) - (diz /dt) = R+, (t) + L(i3) - (di} /dt) + R i, (1) + L(i5) - (di, /dt) # 0, as
R-i;(t)+ L(i3)-(di; /dt) # 0, R-iy(t)+ L(i3)-(di, /dt) = 0!

Solution of non-linear differential equation usually must be done numerically in step-by-step
integration with finite step length, starting from t = 0 with the value for initial condition.
Many different numerical methods are known, the simplest being the integration method of
Euler, the most used the method of Runge-Kutta. These methods imply, that the problem is
written as a set of first order differential equations. Then the first order differentiation may be
regarded as the slope of the function. By taking with finite step length and the slope the next
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value of the function, one gets step by step not an exact new value of the solution, but only an
approximation, which of course is more close to the exact solution, if the step is shorter. On
the other hand calculation time increases. As per each step also some rounding error occurs in
the computer, a too large number of steps due to too small step length might increase the total
calculation error due to rounding effects. Thus usually an optimum step length exists, which
in numerical programs such as MATLAB/Simulink® or DYMOLA/Modelica® may be adjusted
by the user.

Example 4.2.3-2:
Solving R-i(t)+d(L(i)-di(t))/dt =0, w(i)=L(i)-i numerically with Euler’s method:

%_f = —R-i(y(t), (i)~ i)

or with if Leg(i) (see Ex. 4.2.3-1):

di __ RO resp. i' = f(i,t)
dt Leg(i)
with initial condition i(ty) =i
Choosing step length At=h, we get: Aiy = f(iy,t;)-h. So new point of solution at
t, =ty +his: iy =i(ty +h) = iy + 4i,.
For the next point t =t, + h+h =1, + h we get in similar way with A4i; = f(i,t;)-h
I, =i(t; + h) = i} + 4i; and so on.

General rule is i, =i, +h- f(i,,t,) withn=1,2,3, ... to be calculated in recursive
way. Thus the values i, at t, are taken instead of the exact (but unknown) function i(t).

Example 4.2.3-3:

Solving R-i(t) + Leg (i) - di(t) /dt = 0 numerically with Runge-Kutta method:

a = —w or I"=f(i,t)  with initial condition i(ty) =iy
dt Leg(i)

Choosing step length At =h, we getat t; =t, +h:

ky = f(ip,tp)
. h h
ky = f(iyg +—-ki,ty +
» =t 5 Kisto 2)
) h h
Ky = f(ipg+—=-Ky,tg+
3="T( 5 %2l 2)

ky = f(ig +h-Ks,ty +h)
We continue at t, =t; + h with
b ~ij+h-K
and so on.
In comparison to Euler’s method the error of Runge-Kutta method for the SAME step

length h is smaller by the ratio h* /h.

Example 4.2.3-4:
Comparison of Euler and Runge-Kutta method for -R = L = const. (“negative damping”):

di . o
a_l(t), i(0)=1
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For this equation the exact solution is known (i(t) =e'), yielding exponential current rise
(“unstable” operation) and can be compared with numerical solution.

T i(t) (h=4t=0.2) i(t) (h=4t=0.2) i(t) (exact solution)
Euler Runge-Kutta
0 1.0 1.0 1.0
0.2 1.2 1.2214 1.2214027
0.4 1.44 1.49182 1.4918247
0.6 1.728 1.82211 1.8221188
0.8 2.0736 2.22552 2.2255409
1.0 2.48832 2.71825 2.7182818
1.2 2.98598 3.32007 3.3201169

The deviation from exact solution is much smaller with Runge-Kutta in comparison with
Euler’s method.
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5. Dynamics of DC machines
5.1 Dynamic system equations of separately excited DC machine

The separately excited DC machine is the most widely used DC machine for converter
operation, as field and armature current may be controlled independently. This kind of
machine consists of the rotating armature winding and the series connected inter-pole
winding and compensation winding in the stator with total resistance R, (and brush
resistance Ry, which is neglected in the following) and inductance L,. The separately excited
DC field winding in the stator consists of resistance R¢ and field inductance L;. Field winding
current ir magnetizes the d-axis of the DC machine with the main flux per pole @, whereas the
armature current I,, flowing in armature winding, compensation and inter-pole winding,
magnetizes the g-axis. Thus armature and field winding are de-coupled: No mutual
inductance between armature and field wind M, exists: M,s = 0. The magnetic flux of
compensation and inter-pole winding oppose the flux of rotating armature winding, therefore
resulting armature inductance L, is very small. Field winding is made up of many turns Nt to
reduce field current i¢ for given demand of ampere-turns for certain magnetic flux @, yielding

big value Ly ~ N7.

Voltage equation for armature and field winding as well as mechanical equation for torque
and acceleration constitute dynamic system equations of separately excited DC machine
according to Fig. 5.1-1.

uf i
--— a mg
uif
Qm
Ua
Y

Fig. 5.1-1: Schematic diagram of armature and field circuit and of mechanical load of separately excited DC
machine

Induced voltage U; in rotating armature winding is given with machine constant
ky=— —+ , (5.1-1)

comprising total number of conductors in rotating armature z, number of poles 2p and number
of parallel branches in rotating armature winding 2a, by product of rotor angular speed (2,
and flux per pole

Ui) =k, - 2 () - D(i¢) (5.1-2)
and electromagnetic torque is given by product of armature current and flux per pole
me(t) =k, i (- D) (5.13)

Voltage equation for armature winding is determined by external armature voltage U,,
resistive voltage drop, induced voltage (back EMF) and self-induced voltage L, -di, /dt.
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Ug() =Ry -ig()+ Ly - digt(t) +U; (1) (5.1-4)

Acceleration of rotor with angular momentum of inertia J of machine rotor and load is
determined by difference of electromagnetic torque and shaft torque my(t) due to mechanical
load.

42, B ]
3= = M) = my(®) (5.1-5)

Voltage equation for field winding is determined by external excitation voltage U, resistive
voltage drop and self-induced voltage L; -di; /dt.

di¢ ()
dt

Ug()=Ry¢-ig()+ Ly - (5.1-6)

In case of simultaneous change of armature and field current, this set of differential equations
non-linear due to the products in (5.1-2), (5.1-3). Usually the field current and thus the main
flux is kept constant, and only the armature current is changing to adjust torque and speed,
because due to L, << Ly the armature current may be changed much faster than the field

current. Thus the flux is kept constant, and the set of differential equations is linear. Moreover
(5.1-6) is changing to U (t)=U; =Ry - |, so that only two differential equations with two

variables i, and (2, remain:

T R S MURY

5.1-7
day, ( )

J :k2'ia(t)'@_ms(t)

Substituting either i, or €2, leads to one linear differential equation of second order with
constant coefficients:

d?i di _ du
a, L 0a 1 G 1 dug, 1 T (5.1-8)
2
0 0 m
d m_l_L_d m 1 02 = 1 -Lua—L-l-ms—l-d S (5.1-9)
dt? Ty dt Ty T Ty T kz@ Ty J J dt

The homogenous differential equation for both variables i, and (2, is identical, containing the
electrical time constant of armature

T, =Ly /R, (5.1-10)

and mechanical time constant of machine and load, which not only depends on mechanical
parameter J, but also on flux per pole and armature resistance:

J-R
Tp=——a
(k, @)

(5.1-11)

Facit:
Changing of armature current and rotor speed is ruled by armature voltage and is disturbed
by load torque. Both are contained in the "right side” of the system differential equation.
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Linear differential equation for constant flux shows, that transient performance of separately
excited DC machine may be understood rather simple. Thus DC machine may be controlled in
easy way.

5.2 Dynamic response of electrical and mechanical system of separately excited DC
machine

Usually electrical time constant is much shorter than mechanical time constant by 1 : 10. For
electrical transient situation, where armature current changes quickly and rotor speed does
not, only electrical equation has to be considered. On the contrary, when speed changes,
usually the current change is already over, so only mechanical equation has to be considered.

5.2.1 Dynamics of mechanical system

Taking T, << T, leads to T, = 0 and thus

Ao, 1o 11,
at T, T, k@

%-ms . (5.2.1-1)

a) Steady state condition:
In case of stationary operation d/dt = 0 we get from (5.2.1-1)

1 T T

Qm kz—djua—T'ms =Qm0—Tm'ms 5 (521-2)
where
U
o =—2 5.2.1-3
m =i o ( )

is no-load angular speed, which occurs at "no-load" M = 0. Due to d/dt = 0 we also get from
Chapter 5.1 mg =mg =k, - @iy, so instead of (5.2.1-2) one can also note

R, .
.Ia
ky-@

o :QmO—TTm-kz-cD-iaz.Qmo— , (5.2.1-4)

which is the well known steady-state "speed-current characteristic" of separately excited DC
machine with negative slope defined by R, (Fig. 5.2.1-1).

Om
9]

myo

0 >ia
0

Fig. 5.2.1-1: Steady-state "speed-current characteristic" of separately excited DC machine with negative slope
defined by R,
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b) Dynamic operation:
As an example of transient operation the switching on of DC machine at zero speed, rated flux
@ = @) and no-load mg =0 is considered. Armature voltage is switched from zero to rated

value U, = Uy for t > 0 (Fig. 5.2.1.2a).

Ug Q

L m §
Qm
0
Un o
I -t t » t
a O b) 0 Tm

Fig. 5.2.1-2: Dynamic speed response of separately excited DC machine to switching with a) armature voltage
step, leading to b) exponential increase of speed

Solving

d';im +ﬁ-ﬂm :%-kzL@UN (5.2.1-5)
with initial condition £2,,(0) = 0 leads to

Q1) = Q2 - (1—exp(-t/Ty)) (5.2.1-6)
with no-load angular speed at rated voltage 2,0 =Uy /(k,®) (Fig. 5.2.1-2b). Armature

current is given by i, =m, /(k,@) and electromagnetic torque is due to mg =0 given by

Q
=J.2Zmo . —t/T ) 5.2.1-7
pm T, exp(-t/Ty) ( )

Thus armature current

iy = LI;—N-exp(—t/Tm) (5.2.1-8)

a

"jumps" from value zero up to big value Un/R,, as armature time constant T, has been
neglected, and decays with mechanical time constant, as machine is accelerating, as with
increasing speed induced voltage increases, thus limiting the current. The result shows, that
for usual DC machines with low R, it is forbidden to start DC machine directly rated voltage,
as current peak Un/R, would be enormous, destroying the machine immediately.

Example 5.2.1-1:

DC machine: — & =0.025 — ;a:U_N: Y =40-1y !
Uy /Iy R, 0.025

Armature losses are enormous: P, 5 = RaiAa2 = 40? Peu,n =1600- Py, ! Rotor armature

winding is over-heated immediately and damaged severely. So, for starting from the grid, an
additional starting resistor R, in series with armature is necessary to limit armature current
to rated value.

R Uy | 1

Un 1, 5 R=Iv g o Rl ~1= -
R, + R, In R, Ry-ly 0.025

1=39
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So if e.g. R, = 10 mOhm, the starting resistor should be Rg =39-10 =390m =0.3902.

Facit:

Mechanical time constant rules the dynamic speed and current response to armature voltage
steps. For starting machine directly from DC grid (e.g. battery) in most cases a series starting
resistor is necessary to limit starting current peak, which otherwise in the first moment at
stand still n = 0 is limited only by (small) armature resistance.

5.2.2 Starting time constant of electric machines

The elapsed time T; to accelerated uncoupled machine with rated torque My from stand-still to
rated speed Ny, is called “starting time constant”.

t
Iy 4 =My > 2.t)= My jdt: My ¢ (5.2.2-1)
dt Im o Im
Q) Qn(t=Ty)=Qun b)2,(t=0)=0
Initial condition: 2,,(t=0)=0. Att=T;we get Q,(t=T;)=Q2\ -
Ty = 3M Py w27y (5.2.2-2)
My My

Example 5.2.2-1:
Comparison of T, and T; for DC machine, excited separately with rated flux @y :

If motor runs up with rated torque My =Kk,@y I\ to no-load speed 2, = kUTIEI , it takes the
2%N

Im Cmo , which is nearly the same as Tj, as no-load and rated speed are nearly
N

the same. This time MUST not be mixed up with mechanical time constant T,, ! Relationship
between these two different time values is given with per unit resistance I, and flux ¢:

2
Ry =@/ Dy :Tyo=Jpy £2mo =Jm Un Moy :Tm.i.( 3 J

time T;() =

r, = —
Uy Iy My K, @y Iy r, \ @y
4’ ’
Ti0=Tn "= = Tn=Ty-5 (5.2.2-3)
a ¢

Facit:

The mechanical time constant Ty, decreases with the square of flux. With flux weakening and
with increased stator resistance R,, which causes voltage drop, thus reducing internal voltage
Ui, machines gets ““weaker”. Therefore mechanical time constant as response to load step
increases. Starting time constant is independent of flux and resistance variation.

5.2.3 Dynamics of electrical system of DC machine

Taking T, << T, leads to T, = oo, if electrical system only is investigated. From (5.1-8)
simplified equation is derived:
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dig (15 Ya kP On U=l (5.2.3-1)

dt T, T,-Ry  T3-Ry L,

a) Steady state condition:

In case of stationary operation d/dt =0 (5.2.3-1) yields

i, =1, =" _Ya-U (5.2.3-2)
Ra Ra

For example, in case of generator operation it is i, < 0. So stationary solution is the well-
known “voltage-current characteristic” at constant speed for separately excited generator

Ug =Ui+ig Ry =Ui — (i) Ry . (5.2.3-3)

with negative slope defined by R, (Fig. 5.2.3-1).

Ua

uj

0- -—ig
0

Fig. 5.2.3-1: Steady-state "voltage-current characteristic" at constant speed of separately excited DC machine in
generator operation with negative slope defined by R,

b) Dynamic operation:
As an example of transient operation the switching on of DC machine at zero speed (2, =0,

rated flux @ = @y and no-load mg =0 is considered. Armature voltage is switched from zero
to rated value U, = Uy for t > 0 (Fig. 5.2.3-2a).

15 =N

a) 0 b) 0 Ta

Fig. 5.2.3-2: Dynamic current response of separately excited DC machine at stand still to switching with a)
armature voltage step of rated voltage, leading to b) exponential increase of armature current

Solving

By, L= ta k@ _ U (5.2.3-5)
d T, * T,-R, T4-Ry T;-R,

with initial condition i,(0) = 0 leads to

jy(t) = N ~(1—e_”Ta) (5.2.3-6)

Ry
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with steady-state current i,(t — o0) =Uy /R, . As already stated above, this current is (except

for very small machines with rather big armature resistance) much too big, so additional series
resistance is needed for starting. Note that with neglecting T,, the exponential rise of current
“degenerates” to current jumping from zero to Uy /R, , and is only decreasing due to induced

voltage at increased speed (see Section 5.2.1).

Facit:
Armature current and therefore electromagnetic torque react to armature voltage steps with
short armature time constant T,. Therefore separately excited DC machines are dynamic
drives.

5.3 Dynamics of coupled electric-mechanical system of separately excited DC machine

Taking T,, T, into account without any neglecting, the second order differential equation
from Section 5.1 has to be solved. Doing this for motor angular speed

d’Q. 1 d@ 1 1 1 11 1 dme(t
m_,_— . m 4 .sz ._ua(t) _____ ms(t)_ ﬁ

— , (5.3-1)
> T, dt  T,-T, Ty Ty k@ T, J J dt

solution of second order homogeneous differential equation

2
d fim LIS S PR (5.3-2)
a2 T, dt  T,T,

needs two exponential functions as “eigen-functions” (C;, C,: integration constants):
Q) =C,-eMt+C, et . (5.3-3)

Putting (5.3-3) into (5.3-2) yields second order algebraic characteristic equation for A:

PArtoar—l o 5 Ap=— Ly b4 (5.3-4)
T, T, T ’ 2T, 2T, T
. 4T, . |4T,
Note that in case of T, <4T, the square root leads to 1—_|_—=J T——l. As
m m

et X = cosx + J -sin x, the following different solutions may exist for eigen-values 4;, 1,:

a) | T, >4T, | 4, 4, are real values, so transient speed response contains TWO time
constants T, =-1/4,,T, =—1/4,, a short and a long one.

b) | T, =4T, | 4 =4, = A is real value, so transient speed response contains ONE time
constant T =—1/1 (“aperiodic limit”).
¢) | Ty, <4T, | 44, 4, are complex values A, =—0 + j-@y, A, =—6 — j- @y , so transient

speed response oscillates with frequency fy =@y /(27), which is damped

by damping coefficient 0.
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a) 2., (t)=C,-eV'N4+C, et (5.3-5)
2T, 2T,

- f1-2a 1+ f1-2Ta
Tm Tm

The long time constant is determined mainly by mechanical system, as for T, << T, we
get lim T, =T,,. The short time constant is determined mainly by electrical system, as for

long time constant: T; = , short time constant T, = (5.3-6)

Ty >
Ta<<Tmweget lim T, =T,.
Ty —o
b) 2.,(t)=C,-eVT+Cy-t-eVT, T =2T, (5.3-7)

c) ) =A- et -cos(wy -t)+B- e ot -sin(wy -t) A, B: integration constants (5.3-8)

Damping coefficient: 6 = L (5.3-9)
2T,
2
Eigen-frequency: fy = SR AU Ta 97-0-0) 1 (5.3-10)
2T\ T 4 27T, \[ T, Iy 4
Period of oscillation: Ty = fi (5.3-11)

d

For getting a quick estimate, after which time the oscillation has vanished, we ask: After how
many half periods Ny oscillation has been damped down to 5% ?

*

t 3/0 ~a)d

e =005 > t*=3/6 »> Ny=——"-= ~
Td/2 7r/a)d o

@y

S (5.3-12)

NHz

Facit:

In case of high dynamic drives (low inertia), the DC machines oscillates in speed and
armature current after each load step. Oscillation is stable due to damping by losses in
armature resistance. The natural oscillation frequency increases with ““stronger” DC
machine, thus with reduction of armature resistance and increase of flux.

As in coupled drives total inertia is constituted by motor and load inertia, usually T, > 4T,, so
no oscillations occur, but DC machine reacts with two time constants, the shorter being
related to electric system and the longer to mechanical system, but due to interaction of
mechanical and electrical system both time constants are influenced by mechanical AND
electrical parameters.

Example 5.3-1:
Separately excited DC machine: Inertia given by Ty = 1 s, electric parameters are T, = 50 ms,
r,=0.05, @=0.
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- With T; = Tjo: Mechanical time constant: T, =T, -% =1-0.05/1% = 50ms

- As T, =50ms < 4T, =4-50=200ms, the DC machine tends to oscillate with frequency

1 005 1
fq = . —— =2.76Hz and angular frequency wy =2xfy =17.3/s, yieldin
97 27.005 V0.05 4 ST TEqUEney @ = 274 =221 5, YICEms

an oscillation period of Ty =1/ fy =1/2.76 = 362 ms.
- Damping coefficient: 6 = BLENS 10/s
2T, 2-0.05 —

(O8] _ 17.3

- After Ny = i =1.73 half-periods the oscillation is damped down to 5% of initial

10 —
value.

5.4 Linearized model of separately excited DC machine for variable flux

In case of variable flux @(t) both voltage for induced voltage (5.1-2) and electromagnetic
torque (5.1-3) are non-linear. For small transient deviations Au,(t), Aiy(t), 42, 1),
AD(t), Amg(t), Ais(t), Aus (t) from steady state operation U, I, 2, @, Mg, 1,U ¢ the
non-linear equations may be linearized. “Small” means that the per unit deviations from
steady state are small, e.g. less than 10%: |duy(t)/U,|<<1, |diy(t)/14]<<1,

A2, (1) 2| <<1,

AD(t)/ (D| << 1 and so on. Thus we get for induced voltage

A2 (1)

, A2)

Uity =k, - (2, + 42,,0)) - (@ + AD(t)) =k, - 2, - D-(1+ )-(1 ) . (5.4-1)

m
Note, that we can neglect product of small deviations

N A.Qm(t)) 1+ A(D(t)) 14 A0, (1) N AD(t) N A, (1) AD(Y) 14 A0, (1) N AD(t)

1
( 2 @ o @ 2, @ Qs @

2

because of the assumption of SMALL deviations products are VERY SMALL (e.g. one order
of magnitude smaller):

1.21=(1+0.1)-1+0.)=1+0.1+0.1+0.1-0.1=14+ 0.1+ 0.1+ 0.01 1+ 0.1+ 0.1 =1.20,

so error with respect to steady state values is less than 1%. For induced voltage therefore one
derives

with voltage deviation from steady state value caused by speed deviation and by flux
deviation in linear addition. In the same way for electromagnetic torque is derived

Me(t) =Ky - (iy + Aig (1) (@ + ADH)) Ky - I, - D+ Ky - Aig () D+ Ky - I, - ADR) ,  (5.4-3)
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showing that torque deviation from steady state value M. is given in linear addition by speed
and current deviation. With splitting up each variable into its steady state and transient
component U, + Au,, |, + 4i,, and so on, and substituting this in the system equations of

DC machine of Section 5.1, one arrives at

U, +4uy =R, - (1, + 4iy)+ Ly -wwi + Ky AQ - D+ Ky Q2 - AD

d(@2, +42,,) (49
I I A M g Al @4 g - A =M = Am,
or due to dly _ 0, A9 _ 0 one gets

dt dt
. d4i,

U, + AU, =~ Ry - (1, + diy)+ L, - +Uj +Ky - AQ - D+ Ky - 2y - AD

44O (5.4-5)
J- dtmzMe‘f‘kz'Aia'@‘f‘kz‘Ia‘A@—MS_AmS
As the steady state conditions are given by
Us=Ry 1, +U; M. = Mg , (5.4-6)
only LINEAR differential equations of deviations remain:

: dd4i, (t)

Auy (1) = Ry - iy () + Ly - ot + Ky - AQL () D+ K,y - Q2 - AD(Y)

dAO. (¢ (5.4-7)
3.9420® A1) @4k, -1, - AD(E) — Amg ()

dt

This linear differential equation system can be treated e.g. with Laplace transformation, but is
only valid within the limits of deviation from steady state operation of about +/- 10 ... 20 %,
so it is called “small signal theory”. Moreover the constant parameters of differential
equations (5.4-7) depend on the steady state values (2.,,1,,@; at a different point of

operation, e.g. field weakening with half flux and twice speed the parameters change to
20, 15, @/2, thus changing the differential equations.

In case of linear systems NO linearization is necessary, and Laplace transformation may be
used also for “large signal theory”. This is the case for separately excited DC machines with
constant flux operation @ = const., as in that case

U() =U; + AU =Ky - (2 + A42)- @ =Ky - 2y - D + Ky - AQ, - D (5.4-8)

can be exactly decomposed into U; =k, -2, @ and Au;(t) =Kk, 402,(t)-@. The same
holds true for electromagnetic torque

Me(t)=Mg+Am, =Ky (I, + dip)- @ =Ky - 1, - D +ky - Aiy - @ . (5.4-9)
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So LINEAR differential equations of deviations are exact and can be used also for “large
signal theory”:

Auy(t) =R, - iy () + Ly - 34O 40 1)@

Aot (5.4-10)
3 d—tm() — K, - Ay (1) @ — A (1)
Facit:

For constant flux operation separately excited DC machine is linear also for large signals, so
it is an ideal machine to be controlled, e.g. speed controlled or torque controlled.

5.5 Transfer function of separately excited DC machine

Controlled drives have to be operated by the controller to keep the actual values as close as
possible to the set-point values, which may be regarded as the steady state operation.
Deviations between actual and set-point values are usually small due to controller actions, so
“small signal theory” may be used to describe the controlled machine. The response of the
machine to controller actions is determined by the transfer function of the machine, which is
derived from the small signal linear differential equation of the machine.

Assuming that at t = 0 all deviations are zero,

A, (0)=0, Aiy(0)=0, A2, (0)=0, AD(0)=0, AM(0)=0, i (0)=0 (5.5-1)

so machine is operating in steady state conditions, leads to derivation of transfer function of
separately excited DC machine by using Laplace transformation. For simplification, complex
notation of Laplace operator s is noted only as s in further context.

0

Lidi, (1)} = j e 5. iy (t) - dt = Aiy(s) (5.5-2)
0
L{%} =5-Aiy(s)— 4i,(0) =s- Ai,(s) (5.5-3)

Here, constant flux operation is assumed, so results are also valid for large signal theory.
Transforming (5.4-10) with Laplace theory, we get

AUy (S) =Ry - Aiy(S)+5- Ly - Ay (s) + Ky - A2, (S) - @ (5.5.4)
J-5- A0, (5) =Ky - Aiy (S) - @ — AM(S) '
With abbreviation y =1/T, the solution of algebraic equation system (5.5-4) with elimination
of current is

AD (5)=— 7 L. L-kz—@ﬂda(s)—glms(s)} . (5.5-5)
sz+7-s+TL J |s+y Ry

m
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Armature voltage is the leading variable, which acts on DC machine performance, described
by characteristic polynomial (5.3-4), via first order time delay of armature time constant
T, =1/y, whereas shaft torque of load is disturbance variable, which acts directly on DC

machine performance (Fig. 5.5-1).

Ar\r/ls(s)

v B 1 sty v
Aua(s) —> 4 . %) 4’£—V ? Y —>AQm(S)
a

s+vy n sf+ys+ v/Tm

Fig. 5.5-1: Block diagram of DC machine transfer function in Laplace transformed description

The transfer behaviour of the separately excited DC machine is given by the polynomial in
variable S in the denominator

P(S):52+7-S+L=SZ+L-S+ !

T Ta TaTm

, (5.5-6)

which corresponds to the characteristic polynomial of the second order differential equation,
discussed in Section 5.3. The roots of this polynomial §;, S, are the already described eigen-
values A =-0+ j-wg4 =8, A, =—0—j-wg =S, of the second order differential operator
d*>- 1 d-

— -t
a2 T, dt T,T,

, which constitutes the second order differential equation:

P(s)=0=5> 475+ =(s-3))-(5-5,) (5.5-7)

y 1
— E =—0 L/a\/ “ Re ] -t
— 77 ~Jwd 0
Fig. 5.5-2: Position of conjugate complex roots of Fig. 5.5-3: Heaviside unit step function

DC machine transfer function in Laplace complex s-plane

Position of these roots in the complex s-plane (shown in Fig. 5.5-2 for the case of non-
vanishing imaginary part @y > 0) gives the following information:

- If real part of roots lies in the left half plane (Re(s) < 0), then transient response of DC
machine is stable (= damped solution).
- If no imaginary part of roots exist (wy =0), then no oscillations occur. Roots are lying

then on real axis.

- Ifreal part of roots lies in the far left half plane (Re(S) << 0), then time constants are very
short; transient response is damped very quickly. In the opposite situation, when real part
lies near origin in left half plane, time constant is very long and transient response
duration is rather long and weakly damped.

- In case of complex roots these occur in pairs of conjugate complex values, which means
that sine and cosine function will occur in transient response.
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- If imaginary part of root is far off origin, then oscillation frequency is high. On the
contrary, if imaginary part lies in vicinity of origin, then oscillation frequency is very low.

- The tangent of angle o between real axis and straight line between origin and root locus
is the number Ny of half periods, until transient oscillation is damped down to 5% of
initial value.

tanq = %d =Ny (5.5-8)

As example, speed response to mechanical load step, given by step in shaft torque, at
constant armature voltage (U, (t) =U, =const.; 4u,(t) = 0) and no-load operation may be

calculated with Laplace transfer function easily. Assuming shaft torque step
Amg(t) = AM - g(t) (5.5-9)

with Heaviside’s unit step function (Fig. 5.5-3)

0, t<O
e(t)= , (5.5-10)
1, t>0

we get as Laplace transform

L{Aam,(t)} = AM (5.5-11)
and immediately with use of the transfer function the speed response
A_(V)m(s):H—7.l.{ /4 .k2$.0_AMS ___ St . AM; (5.5-12)
82+7/~S+L J [s+y Ry S Sz+}/‘s+L J-s
Tm Tm

By decomposing (5.5-12) into single terms for utilization of Laplace transformation table of
Chapter 4, we get with » =26 and with assumption of conjugate complex roots, which leads

to oscillation $%+7 -5+ /Ty =(S—8)(S=8,)=(S+ 35— jog)S+ 8+ jog) = (s+5)* + w],
we get

S+20
(s+6) +w]

- +
S (s+0)Y+w] 26-04 (s+6)*+w]

125 (1 s+0 i -5"
S 52+a)§

which after inverse Laplace transformation yields for t > 0:

2 o2
%- 1-e 79t -cos(wy -t) +M-e_5't -sin(wy -t) | .
o+ ay 20 - ay
S
. 26 Ty . .
Note, that we can also write FEINp =— = Ty, ! With transformation to cos(wgt —y):
+ @y
TaTh

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and dynamics 5/14 Dynamics of DC machines

2 2
-0° . .
cos(awgt) — a;;— -sin(awyt) = C - cosy cos(wyt) + C - siny cos(wyt) = C - cos(wyt — )
.a)d
C-.cosy =1
a)§+§2 R
2 ¢2
-0 Ty, 2T
C'Sinl//:—a)d - _ 25 - _ m a
20 (oF (on (OF

w = arccos(l/C) = arccos(@wy Ty, )
we finally get the solution for transient speed response to load step in case of oscillations

t

AM ToT.
A, (1) = - STy | 1- ! e 2Ta -cos(wgt —y) (5.5-13)
&g Tm
or as per unit values
t
AQ (t AM¢ 1 T
m® __ M '%' I—L-e 2Ta . cos(wgt —v) (5.5-14)
2mo MN ¢ g T
Example 5.5-1:

Separately excited DC machine with data: T; =1s, T, =50ms, r, =0.05, 4 =1 with step in
shaft torque of AM /My =0.5 leadsto wy =17.3/s, Ty =363ms, T,, = 50ms and

w =arccos(17.3-0.05) =0.526.
The time function of transient speed response with t in units of seconds is (Fig. 5.5-4)

t

AQ . (t : -
ﬁ:—o.&oos- 1- ! e 2:0.05 .¢cos(17.3-t—-0.526) |.
2mo 1 0.865
AQm(t)
Om, A
O , 100 _ =200 . 300  _ 400 _ 500 _  _ t
0 ' ’ j ’ i ' ) ’ ’ ' ' ms
—1%y —2.5%
_2%..
_3%..

Fig. 5.5-4: Transient speed response to load step of 50% rated torque at rated voltage and no-load
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After 1.7 half periods oscillation has nearly vanished. Steady state speed reduction for t — oo

i Pmt>0) 4 .# =—0.025=-2.5%.

moO

5.6 Dynamic simulation of separately excited DC machine

Dynamic simulation of separately excited DC machine (Fig. 5.6-1a) with numerical solver for
several examples will be given in the following. Non-linear dependence of main flux per pole
due to iron saturation is for simplification linearized according to Fig. 5.6-1b with

@(if):kdj'if (56-1)
La Ra ia ‘ kw.lf
= L < o /
oL _
1
u; | ( f)
1§ Ua |
 J |
B uf r 0 | > 1y
a) L b) 0 IfN

Fig. 5.6-1: Separately excited DC machine: a) Armature and field circuit, b) Non-linear dependence of main flux
per pole due to iron saturation is linearized at point of rated field current

For using Runge-Kutta solver, the differential equations of Section 5.1 are written in state
space notation with only first order differentiation occurring, where first order state space
variables g, i, £2,are the unknowns, and leading variables uU,,U; and disturbance variable

m, are to be defined as input along with initial conditions:

i3 (0), i£(0), £211(0),U4(0), U (0),ms(0).

Large signal theory may be used here, as the differential non-linear equations are solved
directly without any restriction.

diy () :“a_(t)_&.ia(t)_k2 -Qm(t)-k—q’-if(t)

dt L, L, L,
do, 1 . . m, (t)

=—-Ky-iy(t) kg -is (1) ———2 5.6-2

w3 a(®) kg 15 (1) ] ( )

dic() ur® Ry
dt L _?"f(t)

Example 5.6-1:
Separately excited DC machine with following motor data, fed from ideal DC voltage:

Uy =460V, Py =142kW, ny = 625/min, | = 320A, 14 =6.5A, Jy; = 7kg - m?
Ry =0.050Q, L, =1.5mH, Ry =250, L; =64H . Load inertia: J; = 8 kg'm
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Total inertia is the sum of motor and load inertia Jy = 15 kg'm”. Note that due to large number
of turns in the field winding only a small field current is necessary, but resistance and self-
inductance of field winding are big in comparison to armature winding.

Calculation of basic quantities:

Py 142000

27-ny  27-(625/60)
- Induced voltage at rated speed and torque: U; =U — Iy - Ry =460 —-320-0.05 = 444V

=2169.6Nm

Rated torque: My =

- Motor constant and flux per pole: k,@y = Ui _ 444 =6.78Vs
O 27-(625/60)
- Motor constant and flux coefficient: K,k = klzpr = % =1.043H
N :
- Time constants:
L . :
T, =2 000 sgme 1 o 8 s T =t 0O 1636
R, 0.05 Ry 25 (k,@N) 6.78
Py 142000

=95.78%

- Motor efficiency: 1= = 5
Uy:-Iy +Rfliy  460-320+25-6.5

- No-load speed at rated armature voltage and main flux:

__Un 40 68/5=647.9/min

27K,y 27-6.78
As field time constant is much longer than armature time constant, dynamic torque control is
done via armature voltage, not via field voltage.

Ny

a) Load step with rated torque at no-load speed, rated armature voltage and flux:
At time t = 0.2 s the machine is loaded at the shaft with rated torque 2169.6 Nm.

(1) Rated inertia:
Jy =15 kg-m? leads to a small mechanical time constant 163 ms. As

T, =16.3ms < 4T, =120ms, damped oscillations occur with natural frequency and damping
coefficient: 6 =1/(2T,)=1/(2-0.03) =16.67/s.

Natural frequency: fy = 2% :rr_a_% =3 10 03 1/000'(1)23 —% =6.69Hz
7-T,\ Ty z-0. .

Period of oscillation is Ty =1/ fq =1/6.69 =149.5ms

After Ny = ade = % = 2.5 half periods the oscillation is reduced down to 5% of initial

value, reaching almost steady state condition.

(i1) Increased inertia:

Now inertia is increased by 10 via a big load inertia: J =150 kg-mQ, leading to a big
mechanical time constant 163 ms. As T, =163ms > 4T, =120ms, no oscillations occur.

Transient current and speed response are damped exponential functions with two time
constants:

2T, __ 230 =123.3ms,

1 [ 4Ta 1_\/1_4'30
T 163
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2T, 2-30

1+ 1—ﬂ 1+\/1_4~30
T 163

Electromagnetic torque and armature current have identical transient response, as main flux is
kept constant. After three long time constants 95% of steady state condition is reached:
At 3T; =3-123.3=370ms we get 0.95-320=304A and 0.95-2169.6 =2061.4Nm. Speed is

reduced from no-load speed 647.9/min down to rated speed 625/min.

=39.6ms

short time constant T, =

b) Armature voltage step at rated motor operation:

Motor is running with rated armature voltage, rated flux, rated speed and rated torque, thus
consuming rated current. At time t = 0.2 s the machine’s armature voltage is increased with
voltage step of 20% rated voltage: AU, =0.2U =0.2-460 =92V . Main flux is kept constant.

After transient response has vanished, motor’s new steady state values are:
- Shaft torque is still rated torque, so electromagnetic torque and armature current remain at
rated value 2169.6 Nm and 320 A.
- Speed is raised according to:
N 12Uy +1yRy _ 1.2-460-0.05-320 12.58/5 = 755/ min
27 - K, Dy 27 -6.78

(1) Rated inertia:
With rated inertia Jy =15kg- m?, transient armature current is a damped oscillation with a

peak of only 1200 A (or 3.7-times rated current) with a duration of only about 50 ms, as a
rather small inertia has to be accelerated. Also speed shows this oscillation, but to much
smaller extent than current (and torque), as inertia is smoothing the speed time function. After

Ny = ade = % = 2.5 half periods or 185 ms the oscillation is reduced down to 5% of

initial value, reaching almost steady state condition (Fig.5.6-5).

(i1) Increased inertia:

With increased inertia J =150 kg - m?we get at 3T} =3-123.3=370ms nearly steady state
speed 0.95- (755 —625) + 625 =748/ min. To accelerate the huge inertia, the armature current
rises to about 1750 A or nearly 5.5-times rated current (Fig. 5.6-4).

¢) Starting of DC motor at constant battery voltage with starting resistors:
Starting the motor from stand still with constant rated armature voltage e.g. form battery

would lead at first moment to armature current peak I, =Uy /R, = 460/0.05 = 9200A, which

is nearly 29-times rated current, leading to exorbitant losses: (9200/ 320)2 =826 -times rated

armature losses. Therefore series armature resistor as starting resistor has to be used to limit
starting current. As starting is rather quick, twice rated current may be permitted to flow,
demanding a starting resistor

R, = Un _ R, = 46060520670 . (5.6-3)
T 21y 2-320 -

If the starting of the machine is done under rated load, armature current will first “jump” with
armature time constant 30 ms up to twice rated current 640 A and then decline to steady state
current 320 A. Starting of motor may be accelerated, if a smaller series resistor Ry is
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0 0,2 0,4 0,6 0,8 1,0 t
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Fig. 5.6-2: Load torque step my(t) of rated torque at t = 0.2s leads to transient rise of electromagnetic torque m.(t)
a) with oscillations (bold line) at Jy= 15 kg'm®, b) at 10Jy = 150 kg'm” (thin line) without oscillations

i} _n
A min—1!

700

n(J=10-JxN)

600 —

500 n(J=JN)

400

300
200 —

100

Fig. 5.6-3: Load torque step of rated torque at t = 0.2s leads to transient rise of armature current i,(t)
a) with oscillations (bold line) at Jy= 15 kg'm?, b) at 10Jy = 150 kg'm’ (thin line) without oscillations
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jﬁ A Ug n
A \Y min !

1600

1200

800 —

400

0 0,2 0,4 0,6 0,8 1,0 ¢t

Fig. 5.6-4: Armature voltage step of 20% rated voltage at t = 0.2s (dashed line) and rated operation leads to
550% transient peak of armature current i,(t) for accelerating inertia 10Jy = 150 kg'm? (bold line) and steady
state rise of speed by 20.8% (thin line)

1200
800 :
o
0 _ T T T | —>
0 0,2 0,4 0,6 0,8 1,0
_ s

Fig. 5.6-5: Armature voltage step of 20% rated voltage at t = 0.2s (dashed line) and rated operation leads to
375% transient peak of armature current i,(t) for accelerating the inertia Jy = 15 kg'm? (bold line). Steady state
rise of speed by 20.8% (dashed line) is independent of inertia and thus the same as in Fig. 5.6-4.
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switched instead of Ry, when armature current is just 2% above rated current. With that
smaller series resistance, being designed in that way, that next current peak again rises up to
640 A, additional boosting of acceleration is achieved. Repeating this again two times, when
current decreases down to 102% rated current, demands two another series resistors Rg3, Rs4,
the latter finally being short circuited to run the motor without any series resistance at rated
conditions.

With series resistor R ; motor would run up with rated torque load only to steady state speed

Uy —(Rg; +Ry)- Iy 460—(0.67+0.05)-320
27 -k Dy, 27-6.78

Mo =5.39/s (5.6-4)

At that speed induced voltage already limits armature current, so for second series resistor,
which allows twice rated current as maximum current peak, we get

_Un 27 k@ o 460-27-5.39-678 o 460-229.6

R 5 a . -0.5=0.3102.
’ 21y 2-320 2-320 —
With that smaller series resistor steady state speed is already higher:
Uy —(Rsr+Ry)- 1 460-(0.31+0.05)-32
Ny =—0 (Rsp+Ra) Iy _ 460-(0.31+0.05)-320 _¢ 5, ¢ , (5.6-5)
’ 27 - Ky Dy 27-6.78
and therefore next series resistor Ry 3 is smaller according to
Uy —27-n, K@ _2r- . _
R, = N — 27 - Ny o - Ky @y _Ra:460 27 -8.09 6.78_0.05:460 344.6_0.520.130'
’ 21y 2-320 2-320 -
Corresponding steady state speed is
Uy —(R3» +Ry)-1 - .
Ny, = N~ (Rsp+Ry) Iy _ 460-(0.13+0.05) 320:9.45/5 ’ (5.6-6)
’ 27 -k, Dy 27 -6.78
yielding value for last series resistor as
Uy—-27-n3, k@ - . -
R, = N — 27 N3 o - Ky Dy —Ra:460 27 -9.45 6.78_0.05:460 402.6_0'520'04!2.
’ 21y 2-320 2-320 -

After reaching with this series resistor 102% rated armature current, this resistor is short
circuited, and motor is running without any series resistor at rated speed and torque.

(1) Rated inertia:
At rated inertia Jy =15 kg-mz, the mechanical time constants are small (Table 5.6-1).

Therefore starting is going on rather fast within 2 s (Fig. 5.6-8). Due to dynamical current rise
with armature time constant T, , ..., the current peak at low series resistor values at third and
fourth stage and after short-circuiting does not reach twice rated current any longer, but stays
below at 400 A ... 580 A. The speed-current-characteristics at these stages therefore deviate
from steady state n(l,) —characteristics (Fig. 5.6-9).

(i1) Increased inertia:

If inertia is increased by factor 10: J =150 kg - m?, the mechanical time constants are bigger
by a factor 10 (Table 5.6-1). Therefore starting is going on rather slowly within 20 s instead of
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2 s (Fig. 5.6-8). Series resistors increase the mechanical time constant significantly according
to Table 5.6-1, for example for first stage, and decrease armature time constant:

_(Rg+Rg1)-J  (0.05+0.67)-150

Ty = =2.35s. (5.6-7)
™ (ko ) 6.78°

poo_ b 00015 o0 (5.6-9)

1T R +Ry,  0.05+0.67
Series resistor | To/ms (i) Rated inertia 15kg -m? | (ii) Increased inertia 150 kg - m*
R =067Q2 | 20 Tt = 235ms Top1 =2.355
Re,=0312 | 42 Tno = 117ms T =1.175
Ry3=0.1302 8.3 T3 =58.7ms T3 =587ms
Rs.4 =0.0402 16.7 T4 =29.3ms T4 =293ms
0 30 Ty =16.3ms T, =163ms

Table 5.6-1: Mechanical time constants for different series resistors and inertia

So with increased inertia and first stage series resistor after about 3T, ; =3-2.35=7.05s 95%
of the steady state speed N, is reached (Fig. 5.6-6), and at about 10 s the second stage

resistor is switched.
After 3Ty, 5, =3-1.17=3.55 95% of the steady state speed N, , is reached at 10 +3.5=13.5s.

At about 15 s the third stage is switched, at which after about 3Ty, 3 =3-0.587=1.8s 95% of
the steady state speed N, is reached at 15 + 1.8 = 16.8 s. At 17 s the fourth stage is
switched, at which after about 3T, 4 =3-0.293=0.9s 95% of the steady state speed N, is

reached at 17 + 0.9 = 17.9 s. At about 18.5 s fourth series resistor is short circuited, and after
about 3T, =3-0.163 =0.5s 95% of the steady state speed ny is reached at 18.5+ 0.5 =19 s.
At 20 s simulation is ended.

Due to these big mechanical time constants the starting of DC motor is quasi-static. The
speed-current characteristic of starting is nearly equal to the steady state speed-current
characteristics:

Uy _(Rs,1+Ra)' la

With series resistor R j: Ny = (5.6-9)
k, @y
Uy -(R.»+R,)-1
With series resistor Rs»: N, = N 5,2 a)la (5.6-10)
k, @y
Uy —Ry- 1,

and so on also for Ry3 , Re4 and finally n=
k @y
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Fig. 5.6-6: Starting of DC machine with rated flux, rated load, rated armature voltage and increased inertia 10Jy
=150 kg'm2 with series resistors 0.67 Ohm, 0.31 Ohm, 0.13 Ohm, 0.04 Ohm, switched one after the other. Series
resistors limit armature current peak to twice rated current 640 A (bold line), whereas speed steps up with

different steady state speed steps Ny o, No.w, N3 00, Na oo, N (thin line).
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Fig. 5.6-7: Speed-current characteristic of starting of DC machine with rated flux, rated load, rated armature
voltage and increased inertia 10Jy = 150 kg'm? with series resistors 0.67 Ohm, 0.31 Ohm, 0.13 Ohm, 0.04 Ohm,
switched one after the other.
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Fig. 5.6-8: Starting of DC machine with rated flux, rated load, rated armature voltage and rated inertia Jy = 15
kg'm’ with series resistors 0.67 Ohm, 0.31 Ohm, 0.13 Ohm, 0.04 Ohm, switched one after the other. Series
resistors limit armature current peak to twice rated current 640 A (bold line), whereas speed steps up with
different steady state speed steps Ny u, N3, N3 0, Na oo, Ny (thin line).
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Fig. 5.6-9: Speed-current characteristic of starting of DC machine with rated flux, rated load, rated armature

voltage and rated inertia Jy = 15 kg'm® with series resistors 0.67 Ohm, 0.31 Ohm, 0.13 Ohm, 0.04 Ohm,
switched one after the other.
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5.7 Converter operated separately excited DC machine

Usually DC machines are operated from DC converters (Fig. 5.7-1), where three phase AC
voltage from the grid is rectified with six pulse voltage-controlled thyristor bridge (B6C).
With switch-on angle « of thyristors the voltage is varied between +Ug (at & = 0°) and —Ugo
(at = 180°) according to

Ug(a) =Uygp -cosa Udozi-uLL-\/E . (5.7-1)
T
L1
~ L2
L3
< S|
S| S|
< S|
Uq.,u
|
a) b)

Fig. 5.7-1: Six pulse voltage-controlled thyristor bridge (B6C): With switch-on angle & of thyristors the voltage
is varied between +Ug (at = 0°) and —Uy, (at o = 180°)

U,<>0,1,>0 B6C: One six-pulse, voltage controlled thyristor bridge,
6 thyristors. Voltage and current ripple: 6f = 300 Hz.
n<>0,M >0, but often only:

One quadrant operation: N >0, M >0

U,<>0,1,<>0 |(B6C)AB6C): Two anti-parallel six-pulse, voltage controlled
thyristor bridges, 12 thyristors

Voltage and current ripple: 6f = 300 Hz

Four quadrants operation: n<>0,M <>0

U 20,1720 B2H: One two-pulse, voltage controlled thyristor-diode bridge, 2
D>0 thyristors, 2 diodes
B Voltage and current ripple: 2f = 100 Hz

Uf<>0,120 B2C: One two-pulse, voltage controlled thyristor bridge, 4 thyristors
D>0 Voltage and current ripple: 2f = 100 Hz

Ui <>0,12>0 B6C: One six-pulse, voltage controlled thyristor bridge, 6 thyristors
D>0 Voltage and current ripple: 6f =300 Hz

Table 5.7-1: Different configurations of controlled rectifier bridges for armature and field circuit of separately
excited DC machines

As armature current may flow only into one direction, given by thyristor cathode to anode,
only positive torque is possible. For positive and negative torque a second, anti-parallel
thyristor bridge is connected to DC machine armature (B6C)A(B6C). For separately excited
field circuit full (or the cheaper half) controlled thyristor bridges are used, being operated
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from one line-to-line voltage in single phase mode as two-pulse field voltage control: B2C or
B2H, but also six-pulse voltage control with less current ripple from three-phase AC voltage
system is in use. Mostly no anti-parallel bridge is used, so no reversal of field current and
main flux is possible.

Armature voltage is used for speed control, so rated armature voltage must be lower than
maximum armature voltage to have a voltage margin for voltage control.

Example 5.7-1:
Three-phase AC 400 V grid, B6C-bridge:

maximum voltage: Uy (a =0)=Ugy,-cos0=Uy, =3-U|_|_ .f=3-4oo-ﬁ=54ov
7 p/a

NE

rated voltage: Uy (a =30°) =U g, -cos30° = 540-7 =460V

voltage margin for voltage control: AUy =540V — 460V =80V
So thyristor bridge is operated between 30° < o <150°.

Example 5.7-2:
Three-phase AC 400 V grid, usual rated and maximum voltages:

Maximum voltage Rated voltage
B6C 540V 460 V 1 quadrant operation
(B6C)A(B6C) 540 V 400 V 4 quadrant operation

Limits of DC machine operation (Fig. 5.7-2) are given by
- armature current limit,

- armature voltage limit,

- commutation limit,

- speed limit Nyx.

A A

P

P 1

N ~ = Rinax ugR

by ®
I n
N Ia ~ i \\
n ~
0 | - 0 1/n -
0 ny np Dmax N 0 Ny ng Nmax N
a) b)

Fig. 5.7-2: Limits of a) armature voltage, armature current, machine power and b) main flux, electromagnetic
torque and reactance voltage of commutation Ug

0<n<ny Voltage controlled DC machine:
Limits: Maximum armature current, maximum flux
Ny <n<ng Flux controlled DC machine (Field weakening):
Limits: Maximum armature current and voltage
Ng <N <Npay Flux controlled DC machine (Field weakening):
Limits: Maximum armature and reactance voltage of commutation

Table 5.7-2: Limits of DC machine operation
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The reactance voltage of commutation Ug, which is induced by reversal of armature current
during current commutation, is increasing with current and speed:

Ug ~n-1 (5.7-2)

Usually commutation voltage shall be limited to 12 V to avoid intensive sparking of brushes
at trailing edge. This limit is reached for rated current 1, = Iy at speed ng. Above that speed

armature current has to be reduced I, ~1/n to keep commutation voltage constant.

Anti-parallel thyristor bridges may be controlled either

a) by switching off on bridge and operating the other on or

b) by operating both bridges with the same rectified DC voltage, but only one bridge carries
the armature current.

UgR Ug ur

UGR

—uwr| L)L -

ug

\J

- T/6

UK: U.GR+ uWR AU

f v

ig

a) b)

Fig. 5.7-3: a) Anti-parallel (B6C)A(B6C) thyristor bridges operating in parallel with the same DC voltage, which
leads to b) parasitic circulating current ix(t), driven by the difference of momentary voltages of both bridges

U (t)

Method b) has the advantage, that at armature current reversal the other bridge takes over
operation very quickly, but has the disadvantage that a parasitic circulating current flows
through both bridges (Fig. 5.7-3).

If first bridge (called GR) is operating with ignition angle agr, leading to DC voltage

Ug,cr =Uqo - cos(agr) , (5.7-3)
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then second anti-parallel bridge (WR) must be operated with oqyg =7 —agR -
Ugwr =Udo - cos(awr) =Uqg - cos(z —agr) = -Ugy - cos(agr) (5.7-4)

According to Fig. 5.7-3 the voltage —Uywr =Uq - cos(aggr) is the same as Uy g, but only

for average values. The momentary voltages Ugg(t), Uyr(t) differ, leading to differential
voltage

Uk (1) = Ugr (1) + Uyr (D) ; (5.7-5)
which has a sinusoidal and for w7 <<1, ® = 22f a more or less triangular shape.

Uk (1) =—-4U -sin(at)/sin(wr/ 2)= 24U -t/ 7 —7/2<t<7/2 (5.7-6)
The circulating parasitic current iy (t) loads both thyristor bridges, but not the DC machine or

the grid. With additional chokes L in the DC circuit this current may be reduced, leading to a
cosines or nearly parabola shaped circulating current ripple i for —7/2<t<7/2.

. 1 ¢ Uk cos(at)—cos(wr/2) AU (er )
i) =— [ug () dt=—X. ~ Al =1 —t 5.7-7
< L_J/z'(() wly sin(wr/2) r-L (2 C77

Thyristor bridge operation feeds the DC machine with DC voltage and a voltage ripple, which
leads to armature current ripple i, of the same period. The armature inductance L, is small,
so smoothing of current is also small. In case of B6-bridges the armature current shows six
parabolic current humps, so armature current consists of DC (average) value and AC
harmonics of 6f,, 12f,, 18f,, ..., which at f; = 50 Hz is 300 Hz, 600 Hz, 900 Hz,...

This AC current ripple i, leads to (Fig. 5.7-4)

- increased armature losses,

- increased sparking at the brushes due to AC current commutation,

- 300 Hz magnetically excited acoustic noise, caused by pulsating armature magnetic field,
- 300 Hz torque ripple.

In the same way a B2H or B2C single phase thyristor bridge for rectifying field voltage leads
to DC field voltage with considerable AC voltage ripple with AC harmonics of 2f;, 4f;, 6f, ...
which at f; =50 Hz is 100 Hz, 200 Hz, 300 Hz, .... (Fig. 5.7-4).

The big field inductance Ly is smoothing the field current very well, so field current is nearly
ideal DC current.

In case of uncompensated DC machines the armature field adds to the main field and leads
at rated current already to increased saturation. Therefore a certain coupling between field and
armature circuit occurs, which can be seen in Fig. 5.7-4 as a 300 Hz-ripple in the field
current, which is caused by the changing saturation of changing armature field, which
modulates Ls with 300 Hz.
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Fig. 5.7-4: Measured armature and field current of a 40 kW separately excited DC motor, fed by B6C armature
thyristor bridge and B2H field thyristor bridge: i,: armature current, Ug: field voltage, ir: field current.

Example 5.7-3:

4-pole separately excited DC motor, frame size 132 mm, open ventilated, external fan,
uncompensated, 40 kW, rated speed 2250/min, maximum speed 5000/min, rated armature
current 120 A, rated armature voltage 400 V, rated field current 3 A.

Motor is operated from B6C-thyristor bridge, field is supplied from B2H-bridge. Measured
time function with oscilloscope of armature current (Fig. 5.7-4) at rated torque and speed
shows average armature current 124 A, but 300 Hz ripple reaches 150 A. Field current has
average value of 3.1 A and small AC current ripple of 300 Hz due to armature field, and very
small 100 Hz ripple due to 100Hz voltage ripple.

Classic DC machine control concept is based on the fact, that electric time constant T, is
usually significantly smaller than mechanical time constant T,,. So cascaded control circuit is
used with inner control loop with PI-controller for armature current, which acts on electric
armature circuit with small time constant. Outer control loop for speed is more slowly due to
bigger mechanical time constant. So speed controller demands for certain torque to adjust
actual speed a certain armature current from inner loop current controller. Current controller
commands thyristor bridge via ignition angle o for certain armature voltage to get the
necessary actual current.

Measured average current must be measured for at least 1/300 Hz = 3.33 ms to equalize the
armature current ripple. So a minimum control time for actual armature current to reach for
first time set point current value is 3.3 ms (Fig. 5.7-5).
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ia ACTUAL VALUE
SETPOINT VALUE
\

Tan

Fig. 5.7-5: Minimum time T,, for actual DC armature current to reach set point current is 3.3 ms in B6C bridge
controlled DC machines, operated from 50 Hz grid

For armature current reversal from +l, to
braking) different possibilities do exist:

a) Anti-parallel thyristor bridges with both bridges operating in parallel
b) As a), but always only one bridge active

c) Armature polarity changer with mechanical switch.

—l, (e.g. from motor operation to regenerative

a) (B6C)A(B6C)

b) (B6C)A(B6C)

¢) Mechanical switch

Both bridges always active

Only one bridge active

Polarity changer

< 0.5 ms

5...10 ms

50 ... 1500 ms

Table 5.7-3: Time for reversal of armature current. The larger numbers correspond with larger drives of several
hundreds of kW up to MW range.

For reversing torque not only armature current, but also reversal of main flux is possible, but
is not used very often, because dynamical performance is poor due to big field time constant
Tr. On the other hand ist is rather cheap, as field current usually is small. For field current
reversal from +l¢to —l¢ different possibilities do exist:

a) Anti-parallel thyristor bridges

b) Field polarity changer with mechanical switch.

a) (B6C)A(B6C) b) Mechanical switch

05...2s 1...2.5s

Table 5.7-4: Time for reversal of field current. The larger numbers correspond with larger drives of several
hundreds of kW up to MW range.

Fig. 5.7-6: DC motors: a) Manufacturing of the rotor of a 200 kW DC machine: Commutator, slots and
insulation prepared for inserting the armature winding, b) Small high-precision DC motors of several Watts with
permanent magnet excitation and multi-stage gears (operated typically at 5 ... 12 V)
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6. Space vector theory
6.1 M.m.f. space vector definition

Here three-phase AC synchronous and asynchronous machines will be treated, where the
three phase currents flow in three different phase windings, which are arranged in stator of
AC machine. We consider here only symmetric three-phase windings, where the winding
arrangement per phase is identical, but the three phases U, V, W are shifted along stator bore
circumference by one third of one pole pair. In Fig. 6.1-1 an example for a single layer,
integer slot winding with q = 2 slots per poles and phase is given. In dynamic situation the
three phase currents are no longer — as in steady state condition - of sine wave time function,
but their values ly(t), lv(t), lw(t) vary arbitrarily.

Steady state condition: Dynamic condition:

fixed frequency, amplitude and phase shift currents change arbitrarily
Iy (t) =1 -cos(£2-1) Iy (©)

ly (t) =T -cos(2-t—27/3) ly (1)

ly (1) =T -cos(£2-t—47/3) lw (1)

In many cases three phase winding is star-connected:
ly®+ 1y O+l () =0 (6.1-1)
Delta-connected winding or star-connected winding with connection of neutral point

Iy () + Iy (£) + Ly (t) £ 0 (6.1-2)

will be treated later.

Example 6.1-1:
+U +U - W -W +V 4V -U -U +W +W -V -V
R AR
Slle| IR %]
V(x)
v=l V(x) |o
b I v,
/ ]
. ’ -
0 ’ \ X
| Tp
| &
TP
0]
Fig. 6.1-1: Three-phase AC star-connected winding with arbitrary phase currents excites a m.m.f. distribution
with a dominant sine wave fundamental (here: q = 2, single layer winding, Iy =1, 1y t) =21, 1y t)=-3I )

Star-connected three phase single layer winding, g = 2 slots per pole and phase, N, = 1 turns
per coil, dynamic situation with arbitrarily current values:
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Iy =1, 1y ) =21, L (t)=-3I

Star-connection condition I (t) + Iy, (1) + Iy (t) =1 +21 =31 =0 is fulfilled.

Slot ampere turns; &,y = NIy () =1-1=1,60, =21,y (1) =-31.

The m.m.f. distribution along stator bore circumference X is calculated with Ampere’s law and
is due to slotting a step-like function V(X), X = X, stator-fixed coordinate, (Fig.6.1-1, V-step

height = slot ampere-turns) with symmetric shape of north and south pole. Position of
maximum m.m.f. value occurs, where coil currents change polarity.

Facit:
Even with arbitrarily chosen current values a symmetric three-phase AC winding generates
an m.m.f. distribution, which contains a dominant sine wave fundamental.

Determination of Fourier fundamental m.m.f. wave with amplitude \71 (ordinal number v=1)
is done by determination of sine and cosine wave coefficient

pr pr
\715 :L j V(XS)-sin[ﬁ XSJ-dxS , \71C =i j V(Xs)-cos[ﬂ *sj-dxs ,  (6.1-3)
fp o p Tp 0 p
leading to
V) (Xs) =V -sin X +V, -cos Lo =V, - cos AT g =V, -cos(y — ) (6.1-4)
p Tp Tp

with the amplitude \71 and the space phase shift & from a chosen origin Xs= 0.

\71 = w/\/ﬂé +\71% , o= arctan(\/ﬂlS /\710) (6.1-5)

Example 6.1-2:
Fundamental of m.m.f. wave of Example 6.1-1: 1, (t) =1, Iy, (t) =21, I, (t) =31, yielding

V, =yV2 +V;2 =5.69-1. Origin x = 0 is chosen at coil axis of phase U, that means in the
centre between +U, +U and —U, -U, leading to angle « according to Fig. 6.1-1.

Facit:

Amplitude of maximum of fundamental m.m.f. \71 and corresponding air gap magnetic flux
density Bg; = ug -\71 /6 (saturation neglected) occurs at position x; = a7, /7 or at an angle
7s =Xs7 /Ty = a, respectively. For further dynamic calculations ONLY fundamental wave

will be considered. As only fundamental wave is considered, also only sine wave distribution
of coil currents is considered (Fig. 6.1-2b). Maximum value of m.m.f. fundamental occurs,
where coil current distribution changes polarity.

Actual position « and amplitude \71 of fundamental m.m.f. wave depends on actual values of

lu(t), Iv(t), Iw(t) and may change rapidly under dynamic conditions with time \71 1), a(t).
This actual position of fundamental wave in cross section plane of electric machine (Fig. 6.1-
2a) will be described here — according to Kovacs — in complex co-ordinate system (Fig. 6.1-
2b) with cos(ys — ) = cos(a — 7¢)
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A X A A i s
V| (Xs) =V, cos S =V, cos(a—ys):Re{/IeJae I7s }: Re&e 173} (6.1-6)
T
p

as complex space phasor ("'space vector') V. =\71 -J%  For machines with higher pole count

2p > 2 the same notation may be used, counting & only as position of maximum of m.m.f. per
pole pair in electric degrees: X; = 0 corresponds with = 0, and X, = 27, with o = 2.

A Im

air gap A Im
rotor @

<

stator

@

Fig. 6.1-2: Left: Cross-section of AC machine with stator and rotor iron stack and air gap in between; right:
actual position « of fundamental of current distribution in coils and of m.m.f. amplitude (here: two-pole
arrangement); y = y stator-fixed circumference angle.

6.2 M.m.f. space vector and phase currents

Interrelationship between phase current values ly(t), ly(t), lw(t) and their corresponding space
vector are derived by considering the m.m.f. distribution of each phase. Fourier fundamental

wave of m.m.f. distribution of one phase has its maximum (amplitude) \71’ ph at phase axis,

which for phase U is X; = 0 of Fig. 6.1-1, being again depicted in Fig. 6.2-1. Phase winding
axis of phase U is chosen as Re-axis of complex co-ordinate system of machine cross-section.

Im
iy(t)
2m
v 3 +U
“ iy(t) m
\ b Re 3
/ U Re =
w U
a) iy(t) b) -U

Fig. 6.2-1: Three-phase winding system: a) windings shifted by space phase angle 27/3, b) coil positions of
phase U with coil axis in between.

Fundamental of phase m.m.f. of phase U is directly proportional to phase current value ly(t):

A X IT A I, (t X TT A .
Vi Os1) =V (1) -0l “5 | <V g 2 cog 55T | Vi iy 0)-coszs (621
p N p
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Using amplitude VAIN,ph for rated current amplitude fN =42 Iy leads to per unit phase

current values iy (t), iy, (t), iy (t), and superposition of the three phase fundamental waves to
resulting m.m.f. wave:

n ] A . 2 A . 4r
V(75:1) =Vin,ph Iy (1) -cos ys + VN, pn - by (1) - cos(ys _T)+V1N,ph “hy (1) - cos(ys _T) (6.2-2)

Axes of V and W phase winding are shifted by 2#/3 and 47/3, respectively. With star
connection we get iy (t) + iy (t) = —iy (t) and from (6.2-2) with

cos(¥ —27[/3):—%-cos73 +73-sinys, cos(¥ —47r/3):—%-cos73 —73-sin75:

V(ys,t) :\ilN,ph ~§{iu (t)-cosys +w-sin7/5] (6.2-3)

This is the resulting m.m.f. fundamental wave and must therefore be identical with space
vector formulation RGM cela g7 }=\71 -(cosa-cosyg +sina-sinys). So the components
of a space vector as real and imaginary part may be directly calculated from phase currents by
V =V, -el% =V, - (cosa + j-sina) with

i ()~ (1) (6.2-4)

ph \/g

\;1 COSx :%'V\IN,ph : iU (t), \;1 -sina :%'V\IN,

By using the abbreviations

2 4r 2
i i— -
aze 3 =_l+j£, a’ 3 =_l_j£ (6.2-5)
2 2 2 2

one may also write:

V() =Vin pn i ©+a-iy () +a2 iy (O] (6.2-6)

Proof:
V(7s,1) =V cos(ys —a) = Revlej(a_“)}: Re&e_”’S }: RGVIN,ph -[iU +a-iy +a iy J e 17s }:

, . 1 .43 . 1 .43) . .
=RC{V1N,ph'|:|U+(—§+17J'|V+(_§_JTJ'|W][COS7S_J'Sln}/s]}:

. R By —iy) . 3. . VT
=VIN,ph '{(lu YWy cosy, +¥'Sm7{|:§vm,ph '['u -c0s g + =0 'Sm?’s}

2 5

6.3 Current, voltage and flux linkage space vector

The fundamental wave m.m.f. amplitude at rated current has been already derived in
"Electrical machines and drives / Elektrische Maschinen und Antriebe":
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A

Vl,N =

V2 3
o == Nk - Iy (6.3-1)

V
IN, TP

3
2
In the following per unit values of current, voltage and torque will be used, so the m.m.f.
space vector is calculated as per unit value of rated amplitude \71, N

v =202y rab e ) . (63-2)

IN

In the same formal way a current space vector may be defined. In order to get space vector
amplitude identical with current amplitude in steady state operation with three phase sine
wave current, it must be multiplied with 2/3:

1) =§- Iy +a-ly®)+a-ly ) (63-3)
Example 6.3-1:

Calculate current space vector for three phase AC sine wave current system:
ly () =T -cos(£2-1), Iy (t) = I -cos(2 -t —27/3), lyy (1) = [ -cos(R2-t—4z/3).

jot | —joet j(2t-27/3) | - j(24-27/3)
: ~ et e e +e
With I, ()= ——— I, (t)=1-
2 2
| i(Qt-47/3) | o-j(@21-47/3)
andly, (t)=1- 5 one gets
2 | . et g-iet j%” L el(@t-27/3) | o~ j(@2t-27/3)
== -— - n
3 2 2
Y Qi(21-4713) | mi(21-47/3) | 5 | [l [emi2 R 2
+e 3 -1- ==. + Jl+e 3 +e 3 ||=
2 3 2 2
Facit:

The current space vector of a three phase AC sine wave system is a rotating vector of constant
amplitude, which is equal to phase current amplitude. Rotating frequency is electric
frequency of phase current.

b)

Fig. 6.3-1: Three phase AC sine wave voltage system (stator winding): a) Time phasor representation in complex
plane, b) Space vector representation in machine cross-section plane, using a complex co-ordinate system
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The per unit current space vector is identical with per unit m.m.f. space vector

1® _2

i=""=2-fu®+aiy+a’ iy Of=v . (6.3-3)

In

Facit:
Physical meaning of per unit current space vector is representation of amplitude and position

of per unit m.m.f. fundamental wave.

The same holds true, if instead of three phase AC current system a three phase AC voltage
system is taken, with voltage space vector definition according to current space vector
definition (Fig. 6.3-1).

U(t) =§- Uy () +a-Uy () +a”-Uy (1) (6.3-4)
Three time phasors One space vector
Time function Uy (1) =U -cos(£2-t) Uy (1) =U -cos(£2-t)

Uy (1) =U -cos(2-t—27/3) | Uy (t)=U -cos(2-t—27/3)
Uy () =U -cos(2-t—47z/3) |Uy (1) =U -cos(2-t—4z/3)

Time and phasor Uy (t) = Re{J g1t } ) :3.[Uu(t)+g.uv ®+a2-Uy (t)]
correspondence 3
@
Uy =RelU-e 3
. 4
foX ol
.~ ( 3 )

Time phasor and space vector U U = U U(t) = U .elet
2
A e
Y4
n A
UW = U € 3

Table 6.3-1: Symmetrical three phase AC sine wave voltage system: Time phasor versus space vector

In unsaturated iron and constant air gap machines according to
Bs(X) =y -V(X)/0 (6.3-5)

magnetic air gap flux density is directly calculated from m.m.f. With constant saturation the
necessary m.m.f. for magnetizing iron path may be considered by a fictive increase of air gap:
Ks -9, ks >1, like influence of slot openings may be considered by Carter’s coefficient:

ke -0, ke >1. Air gap flux density amplitude Bg; = g, -\71 /& leads to main flux linkage
per phase

2 ~
ThN = kW,lN ';'Tple . B§1 = Lh . IN . (63—6)
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Pu® =Ly -1y®) (6.3-7)

and allows formal definition of main flux linkage space vector
2 2
Prt) = 3 Phu () +a- Py (D +a” - Py (1) : (6.3-8)

Example 6.3-2:

AC machine with constant air gap and three phase stator winding, star-connected. Rotor has
no winding, so no torque is produced. Only space fundamental v = 1 is considered. Stator
arbitrary phase currents are represented by space sine wave distributed current layer (= current
distribution in slots), which — at considered time — lead to corresponding m.m.f. space vector
V and therefore stator current space vector | in Re-axis. The m.m.f. space vector, multiplied
by /0, marks magnetic air gap field Bs (Fig. 6.3-2), which is distributed sinusoidal in air

gap. As flux density maximum lies in winding axis of phase U, flux linkage of phase U is
maximum. Therefore main flux linkage space vector ¥ is lying in Re-axis aligned with
current space vector.

\ flux density lines B

Bs(7)=Bgi-siny

|
= -
|

sinusoidal distributed | B
a) current layer b) o1

Fig. 6.3-2: Magnetic field excited by three phase AC stator winding with constant air gap, a) magnetic main flux
linkage vector and sinusoidal current layer, b) sinusoidal distribution of air gap flux density (y= y stator-fixed)

Facit:

Main flux linkage space vector shows position of magnetic space sine wave field in machine
cross section. Amplitude of flux linkage space vector is proportional to air gap flux density
amplitude (6.3-6), its direction gives direction of N- and S-pole of two pole field, the N-pole
being correlated to the arrow symbol of flux linkage space vector.

Relationship between main flux linkage and current space vector is therefore given by
main inductance

, 6-7ple
Fp®=Ly-Lt)  Ly=p (N-ky))" - ——— (6.3-9)
T°-p-o

Proof:
zh(t)% o (1) +a- Py (O +a° -th<t>]= L %[Iu<t>+g- ly (1) +a” - Iy (O)|= Ly - 1(t)
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Facit:
The main flux linkage space vector is proportional to current space vector via the air gap
main inductance Ly,

The per unit main flux linkage space vector is defined like the current space vector so, that

¥o(t 2 ]

y =200 2l O+ 8wy O+ a2y ©) (6.3-10)
LTy 3

Example 6.3-3:

The simple machine of Example 6.3-2 is fed by block-shaped currents, so flux linkage per
phase is block shaped (Fig. 6.3-3). How is the movement of resulting magnetic field?

A I 1 I I
Vsu " " | 6
| | |
| | |
0 —5 -
0 I | T
| | |
"psV A | | |
| | \ g
| | |
| | |
0 e >t
o T
| |
| |
| | |
Yswh | | |
| | |
| | |
| | |
0 T ’l‘ : : >t
0 | | T
I L s
| T T
t1 to t3

Fig. 6.3-3: Block-shaped flux linkage per phase due to block-shaped stator current supply

For the three time instants t;, t, , t3 the main flux linkage space vector is calculated according
to (6.3-8). In Fig. 6.3-4 the flux linkage space vector is at rest for 1/6 of the period T, then
jumping by 60° into next position. In the same way magnetic air gap field is constant for T/6
and jumping by 60° six times per period.

Fig. 6.3-4: Block-shaped flux linkage per phase leads to jumping flux linkage space vector, being in position (1)
for 0 < t<T/6, in position (2) for T/6 < t < T/3, in position (3) for T/3 < t< T/2 and so on.

In cage induction and slip-ring induction machines the rotor bears the Q, bars or the 3 rotor
phase windings, which may be considered as m; rotor phases (Fig. 6.3-5).
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T\ SR
iﬁ U\ sy
(I, iy
Al

Fig. 6.3-5: Slip-ring induction machine with m; = 3 stator phases and m, = 3 rotor phase windings

Re

Rotor phase currents excite rotor m.m.f. with amplitude

5

A m
Vl,N,r =7'Tr'Nr'kw,1,r 'IN,r . (6.3-11)

With a phase current flow, defined by current transformation ratio Uy,

m. -N. -k
=1t g o TR e
u my - Nr 'kw,l,r

(6.3-12)

in the stator winding, the same rotor m.m.f. is excited as by the original rotor current flow in
the rotor winding. So the rotor current space vector is usually defined with transformed
rotor currents, using the only three-phase stator winding data for further calculation.

=2l O +a iy ©+a7 T ) (63-13)
stator AC winding rotor cage winding rotor slip ring
winding
phase count Mg Q; m,
turns per phase N, 1/2 N;
winding factor Kw.1.s 1 K. 1.r
(v=1)

Table 6.3-2: Winding data of cage and slip ring induction machines

6.4 Space vector transformation
The space vector definition (6.3-3) may be formally expressed as transformation from three
phase values (e.g. phase currents) to one phase vector value, which is described by two

parameters, either by amplitude and angle in complex co-ordinate system, or by two
components (real and imaginary part of space vector).

l_(t)=§~ ly®+a-ly®+a’ - hy®]= 1,0+ 140 (6.4-1)

In special case of star-connected winding we hold I (t) + Iy (t) + Iy (t) = 0. According to
(6.2-4) it is
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(1) =§|u (t)—%(|v(t)+ Ly )=y ). 150 =y 1)~y ®)/3 (6.4-2)
or written as space vector transformation (Clarke’s matrix transformation),
2 1 1
Loy |3 73 73|V o ®
- dIlyM |=A) - Iy | . (6.4-3)
p®) |y L1
B B)w® lw (D)
Inverse matrix operation with (A)_1 yields inverse space vector transformation
L 1 0
U
o B [1®) L (1®
v |=|-5 [,ﬂ(t)}w [W)J (6.4-4)
lw (1) L
2 2
4 (1 oj
Note: (A)-(A) = (6.4-5)
0 1
Facit:

Three-phase currents are transformed into one space vector with two space vector
components with perpendicular directions. Thus the space vector theory is also called "two-
axes theory".

Example 6.4-1:
Like in Example (6.3-1) space vector transformation is done for symmetrical three phase AC
sine wave current system, but now with Clarke matrix transformation:

) 2 1 1 [ cos(£2-1)
le®) (leos(2-t)]_|3 3 3 | [ cos(2-t-27/3)
,®) (fsin2-ty) |, 1L 1

ﬁ —ﬁ | cos(2-t—4r/3)

The matrix operation transforms a three phase sine wave system with 120° phase shift into a
two phase sine wave system with IDENTICAL current amplitude, but 90° phase shift. As
apparent power has to be invariant, the induced voltages are 1.5-times bigger in two phase
system:

U2ph 3
SZ3.U3ph'|3ph:3'U3ph'l:2.U2ph'|2ph:2'u2ph'l = —:5. (64-6)

U3ph

This may be understood easily. The magnetic field in air gap must be the same for three phase
and two phase system.

NG

T

NG

HoV3ph _ HoVaph V2
v

o o

j 3 2 .
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So in the fictive two phase system the product of number of turns per winding and winding
factor must be bigger by 3/2

N2phkw,2ph _ i

, (6.4-7)
N 3ph kw,3 ph 2
therefore the induced phase voltage
A 2
Ui =2-N-ky-—7ple-Bs, (6.4-8)
T

is bigger in the two phase system by UALZ oh =(3/2) -Lji’3 oh -

By .
18
Noph'Kw,2ph

- (X
lox

Fig. 6.4-1: Space vector formulation is transformation of 3 phase system U, V, W into fictive two phase system
a, pwith perpendicular winding axes ("'two-axes theory").

Inverse space vector transformation (6.4-4) in complex space vector description is

Iy () = Re{l (1)}
Iy (t) = Re%l2 ~I_(t)} (6.4-9)
ly () =Refa- 1(t)}

Proof:

1o ® = Rell®}=2-(1y )+ Refa)- y 0+ Refg? 1y (0) =2 -(IU (t —%—@j

With Iy )+ 1y (t) + 1y (t) =0 one gets finally ly(t). In the same way one proofs the other

two relationships.
Note that with I(t) =1, (t) + jl (t) inverse transformation (6.4-9) yields directly:

Iy (t) =Re{l ()} =1, ()
Iy (1) = Refa? - 1) = Re{—%— j?)-(la(tﬂ i B(t))}:— 'a2<t> L3150

2

hw (©) =Re{§"_(t)}=Re{[—%+ jg]-(la(m jl g(t))}z— 'az(t) V31,0

2

These are the expressions (6.4-4), thus proving the equivalence of Clarke’s inverse matrix
transformation and the complex inverse space vector transformation.

Example 6.4-2:
Space vector transformation for per unit phase current values iy =0.3, 1, =0.5, iy =—0.8.

The condition due to star connection iy + i, +hy =0.3+0.5-0.8 =0 is satisfied.
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The per unit current space vector i(t) = % 0.3+a-0.5- gz -0.8] is shown graphically in Fig.

6.4-2 as an geometric addition of complex vectors 0.3,a-0.5, — gz -0.8, which may regarded

as the field contributions of each phase U, V, W. The resulting vector sum is reduced by 2/3
to get the space vector. Inverse transformation (6.4-9) means geometrically the projection of
the space vector on the three winding axes of U, V, W, which are given by Re-axis and its
shifted values by 120° and 240°. For V-component, the relative position of I and of V-axis is

the same as of gz -1 and Re-axis, therefore the condition for inverse transformation is

b (0 =Re? i)

Im
i \ Im
3.i/ O a
ly 2 = \\
_ — — A
P i 1 —Re
|
, iy af=a-a
ly WI
_ N <—o—»Re
ly 1y
= 0,2 pu
iy

Fig. 6.4-2: Per unit current space vector transformation for the example i, = 0.3, i, =0.5, iy, =—0.8

Appendix:

Sometimes space vector is defined slightly different as

|_(t)=\E'['u(tHé'|v(t)+§2‘|w(t)]=|a(t)+J‘|ﬂ(t) ;

leading to a symmetrical Clarke’s transformation:

1

\f Ly ly (©)

(' g;j Vo e T hv® [=(As)-| Iy (D)

L4 _ Iy (1) ly (1)
NG

LO) (1
'('ﬂwj‘“\“ '('ﬂmj

—

a~

Iy (®
Ily(@) |=| -
Iw (V)

é“_‘ él‘_‘ N | W
Si-6l- e
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Inverse of transformation matrix is identical with transposed matrix: (Ag )_l = (Ag )T.

Applying this symmetric transformation to symmetric three phase AC sine wave system
(phase shift 120°), the voltage and current amplitudes in the two phase system (phase shift

90°) are larger by v3/2: U, =+3/2-Uspy, lypn =v3/2 - I3, Apparent power is of
course invariant: S =3-Uspy - I3pn =3-v2/3U5 5 -~V2/3l5p0 =2-Uypp - Iopn

6.5 Influence of the zero sequence current system

Zero sequence current system means, that in each of the three phases U, V, W the same,
identical arbitrary current | (t) is flowing. This current is also called common mode current

system. Modern IGBT inverters generate common mode phase voltages U (t), which will
cause under certain circumstances common mode phase currents to flow.

Star connected winding

Delta connected winding

Star connected winding with
neutral point connected

no common mode current

common mode current flows
circulating in delta

connection, but is not visible
in grid connections

common mode current flows
in each line and phase and
with 3-times in neutral point
connection

ly O+ Iy @®)+ 1w (@)=
=3-1,(t)=0

lo(t)=0

Phase currents:
Iy (1) = 1y (1) = ly (1) = o (1)
Line currents:
ILov®O=1ly®O-1ly(®)=0

Phase currents:
Iy (1) =1y () =l () = 1)
Line currents:
lLu =1y =1y()

Neutral current:
Ih®O=lg®O+lyO+Iy®) =
=3-1p(t)

Table 6.5-1: Common mode currents for different three phase AC winding connections

An arbitrary current system I (1), Iy (1), Iy (t) may always be decomposed into a zero

sequence system | (t), 1,(t), Ij(t) and a common-mode free system g (1), lys (1), lys (1) .

1o =+ (1y O+ O+ Ly () (651)
lyus 1) =Ty (O = 1o (1)
lys (t) = Iy (1) = Ty (1) (6.5-2)

lys (1) =1y () — 1o (1)
Note that g (t) + lys (8) + hys () = 0 !

Example 6.5-1:
Star connected winding with neutral point connected: At time instant t the measured per unit

current values are iy =0.3, i, =0.5, iy =—0.2(Note: i(t) = 1(t)/ fN ).
How big is zero sequence current in phases and in neutral clamp?

io(t)zé-(iu +iy +iW):%-(o.3+o.5—o.2)=£

i (t) = 3ig =3-0.2=0.6
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Note that in neutral clamp flows 60% of rated current as neutral current!

The common-mode free current values are:
iys =1y —1p=0.3-0.2=0.1

s =ly —ip=0.5-0.2=0.3

s =hy —ip =—0.2-02=-0.4

Example 6.5-2:
Magnetic air gap field of zero sequence current system, flowing in three phase single layer
winding with q = 2 slots per pole and phase:
As winding current is identical for all three phases: Iy (t) =1\, (t) = Iy (t) = 1y (t), Ampere’s
law yields a m.m.f. distribution V((x;), which shows three pole pairs instead of one along
double pole pitch 27, (Fig. 6.5-1).
+U +U -W -W +V +V -U -U +W +W -V -V

° ° X X ° . X X (] . X

[
| |
| | | N \VO(X) »N
- X
» 2'Tp » ” ”
o —3 | - .

P

Fig. 6.5-1: Zero sequence current system excites m.m.f. distribution V(X,) with three pole pairs instead of one
along double pole pitch 27, (X = X,: stator-fixed coordinate)

Due to different pole count the 3-times pole count will not contribute to torque of
fundamental field wave. This parasitic additional air gap flux density distribution contains
Fourier space harmonics of ordinal numbers v =3,9,15,... , which may cause additional

induced voltage in rotor winding and corresponding rotor currents, leading to additional losses
and pulsating torque. The Maxwell radial pull of these additional space harmonics may cause
magnetically excited acoustic noise.

Facit:
Machines for inverter operation, especially with larger rated power, are usually star-
connected with insulated star point, in order to avoid common mode phase current.

As zero sequence current excites flux waves, which do not contribute to torque generation of
fundamental wave, they should have no effect on space vector formulation, which describes
fundamental wave operation. Space vector theory considers this fact automatically, as space
vector of zero sequence current is zero.

2 .4r
(o +a-1o0+a 1y)=2: Io<t>-(1+a+a2)=§- o)1+’ 3 +e' 3 |=0

Ly = 3

[SSRN N)

Thus the space vector of an arbitrary current system | (t), Iy, (1), lyy (t) is only determined by
the common-mode free components g (t), lyg (1), lys (1) .
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10=2fuoranore o2 flusore o e s (653)
1, (1) =§-(ma>—M)= lus ®) = Iy () 1o (®) (6.5-4)
| (t) = %'('v () =y ()= %'('vs () s () (6.5-5)

For this general case of arbitrary current system | (), I\, (t), I, (1) space vector trans-
formation as Clarke’s matrix transformation is

2 11
I, (D) 3 13 % ly () Iy (O
Lm =0 — ——=|-|vo|=®:| o] (6.5-6)
lo (D) 1 \/15 I/g lw () lw (D)
3 3 3
| 10 1
U (t) 1 \/g Ia (t) . Ia (t)
o |=[-3 5 1 ol=®T o] (6.5-7)
Iy (1) 1 43 | lo (D) lo(t)
2 2

Fig. 6.5-2: Modern low floor street car (left), driven by water-jacket cooled cage induction motors (right) via
gears. Variable speed operation is achieved by inverter feeding of the motors. A very high dynamic torque
variation is achieved by space vector control, which is based on the here presented space vector theory.

The calculation of real instantaneous power P(t) with space vectors must be a formulation,
that gives for arbitrary time functions of voltage Uy (t),Uy (1),Uy () and current

Iy ),y (), ly ) with  the  arbitrary  condition Uy (t)+Uy (t)+Uy (1) =0,
Iy M)+ 1y (t)+ 1y (t) # 0 the correct expression

PO =Uy®)- Iy ®O+Uy - lyO+Uy @O lw (@) . (6.5-8)
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We consider first a three-phase voltage system Uy (t),Uy (t),Uy (t) and current system
Iy @),y (@), (), that does not contain any zero sequence  system:
Uy ) +Uy () +Uy (1)=0, Iy )+ 1y @)+ 1y (t)=0. Then the real instantaneous power is

calculated from the corresponding voltage and current space  vectors

u(t>=§-[uu(t)+g-uv(t)+@2-uw(t)] and l_(t)=§- Iy () +a-ly (®)+a2 -y 1)) as

P(t)=(3/2)- Re{g(t) 1 (t)*} . (6.5-9)

Proof: With a*=(e127/3)" =7127/3 _gJ47/3 _ a2 (a2)" = 1473 _ 3 a* =1 we get:

P(t):(3/2)~Re{i(t)-l(t)*}:%Re{%[UU +a-Uy +a2-Uy ]%-[IU +a-ly +a’- |WT}=
2 2 2

:ERe{[UU +§.-UV +a UW][IU +a 'IV +§-|W]}=

=§RG{JU IU +§2UU IV +§UU IW +§UV IU +UV IV +§2UV IW +§2UW IU +§UW IV +UW IW }:

ZE{UU |U _UU IV +UU2IW +UVIU +UV |V _UV IW +UVV2IU +UW IV +UW IW}:

ZE{UU N _va Iy ‘MWW " _UW<Iu2 - m}:

2 Uy ly Uy Iy Uw lw
=—qUulu + +Uy Iy + +Uw lw + =
=Uy (D) 1y () +Uy (D)1 (£) +Uy (O ly (©) = P(1)

Quod erat demonstrandum (What was to be shown!).

In the general case we take the three-phase system of (6.5-9) and add a zero-sequence system
Uy(t), lo(t). Then the real instantaneous power is given by

Pt)=Uy +Ug)-(ly +19)+ Uy +Uq)-(ly +19)+ Uy +Ug)-(ly + 1) =
=UU IU +UU |0 +U0|U +U0|0 +UV IV +le0 +UOIV +U0|O +UW IW +le0 +UOIW +U0|O =
ZUU IU +UV IV +UW IW + IO(UU +UV +UW)+U0(IU + IV + IW)+3UOIO =

=UU IU +UV IV +UW IW + |0 '0+UO ‘0+3U0|0 =(3/2)Re@(t)l(t)*}+3UO|0
Facit:
The real instantaneous power is calculated in a three-phase system from the voltage and

current space vector according to (6.5-9), adding the zero-sequence power, which in all three
phases is equal as Ugly.

P(t) = (3/2)-Re{i(t) At }+ 3U, o (6.5-10)

Example 6.5-3:
Calculate the I’R-losses in a three-phase symmetric winding system Ry = Ry =Ry =R
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a) without zero-sequence system, b) with zero-sequence system.

Solution:
a) Ohm’s law yields: Uy (t)=R- 1y (1),Uy (t) =R Iy (t),Uy (1) =R - lyy (t) . Hence we get the

space vector equation: U (t)=R-1(t). With z-z*= | ;|2 we derive:

@=(3/2)-Re{i(t)-l_(t)*}= (3/2)-R-Reﬁ(t)-|_(t)*}= (3/2)-R-Re{l(t)|2}= (3/2)-R-[1(®)]* =

[ 2 2
.R._Re(|_)2+1m(|_)2]:%.R.(%.“U _M)J J{E,\E(Iv—lw)J _

2 3 2
2
2 |
=—-R-|Ily+——| +
3 (U 2}

AW

= R-Bl@ +%(2|\% —(-1g)2+21% )}: R-[lﬁ +19 +|V2V]

b) With an additional zero sequence system |y the additional voltage drop in each phase is Uy
= Rly. So the losses are:

P(t)=(3/2)~R~Re{l(t)-|_(t)*}+3-RI0-IO = R-[lﬁ +1g + 1 J+3R|§

Facit:
The absolute value of current space vector is the square root of the sum of the squares of the
phase currents, multiplied with the square-root of 2/3.

L[ =IO 1O =4/2/3)-(1F +1§ +17) (6.5-11)

6.6 Magnetic energy

a) Magnetic energy of a single phase winding:
The magnetic field in electric machines stores magnetic energy. In the basic case of Fig. 6.6-
la a single phase winding current I(t) excites a magnetic flux @(t), which is linked with the

winding as flux linkage #(t). The relationship between exciting current and linked flux is the
B

self inductance: ¥ (t)=L-1(t). The magnetic energy per volume V is Wpaq = .[ HedB,
0

which in case of isotropic materials B = u- H and hence parallel field vectors B, H is given
B B 2

by Wpag :IH -dB = I %-dB :2B—Iu. In case of ideal iron g, — oo the magnetic field with
0 0

the iron is zero: Hg. = 0. Hence only the air gap volume V5 =A-J in Fig. 6.6-1 has to be
considered, given with assumed constant Bs in the air gap the magnetic energy
Wmag =Vs - B§ /(2ug) . In case of saturated iron Hg. > O the total volume of the magnetic

circuit must be considered. If we assume a constant iron permeability yp, and constant field

vectors Bre, Hre, the magnetic energy is Wpyqgq =V5'B§ /(2,uo)+V|:e-B|%e /Quge). If we
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assume the iron cross section area A in Fig. 6.6-la to be constant, hence Bs = Bp., the
magnetic energy stored in the iron versus the air gap is given by the ratio (Vge/tre)/(Vs/ to).

Facit:
Usually the ratio o/ ure (e. g. 1/5000) is much smaller than the ratio Vee/Vs so the amount of
magnetic energy stored in the air gap is much bigger than in the iron.

VY oA
° ¥ Yo
Wmag Wrnag
W
o
W*
\ 0 - > 0 ]
cross—section area A 0 g 0 1o
a) b) 9)

Fig. 6.6-1: a) Magnetic iron-circuit with air gap and single phase excitation winding. Magnetic energy W,,,, and
co-energy W* for b) linear (unsaturated) and c) non-linear (saturated) flux linkage

Introducing in the unsaturated case the flux @ =B-Aand via Ampere’slaw Hs=N-1/0 in

% N do 1 NP 170
Wiag = [H-dB=| —=-=—=— [I.d(N@)=— [1-d¥, we get With Wings = WynssVs
o A Vg Vs
0 0 0 0
the alternative formulation for calculating the magnetic energy:
i 10 w2 13
Whag = | 1'dP =— |P-d¥ =——=L— 6.6-1
mag £ : g T (6.6-1)

The magnetic energy corresponds in the linear case to the upper triangle area in the ¥-I-plot

Fig. 6.6-1b, whereas the lower triangle area is a fictive energy, called co-energy W*, which

for ppe — oo is identical with Wy,,e. It can be shown that also for arbitrary geometries (6.6-1)

is correct. In saturated iron the nonlinecar case ¥(lI) of Fig. 6.6-1c leads to
%0

Wiag = I I(#)-d¥ <W™. As the magnetic energy in the air gap is usually dominating, in
0

the following only the linear case (6.6-1) is considered.

An alternative approach to calculate the magnetic energy is possible from Faraday’s law:

U =L-dl/dt. The magnetic energy is the integral of the reactive power Q(t)=U(t)I(t),

which is needed to build up the stored energy:
t f lo

Winag = jQ(t)-dt: J.U(t)- I(t)-dt= jl_- l-dl=L-13/2 (6.6-2)
0 0 0

b) Magnetic energy of a magnetically coupled circuit:

If two windings (e.g. a single phase stator and rotor winding) are magnetically coupled by the
mutual inductance M, we distinguish the stator and the rotor self inductances L, L;. From
Faraday’'s law Ug=Lg-dlg/dt+M-dl,/dt, U, =L, -dl,/dt+M-dlg/dt we get the
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reactive power in the coupled circuit Q(t) =Ug(t)Ig(t)+U (D)1 (1). Its time integration leads
to magnetic energy:

t t |
Winag :jQ(t)-dt:J'(uslS +Up Ip)dt = [(Lglgdlg + Ll pdl, +Migdl e + M dlg) =

12 |2
=L —+L L +M- Il
2 2

Facit:
The magnetic energy in a coupled circuit is given by the stored energy in the two self-
inductances and by an additional energy, stored in the mutual inductance.

W, =L 2+ |2 sy
mag 2 2

(6.6-3)

If an arbitrary transfer ratio U is used with L, =UM, Ly = Uer, lr =1,/0,U; =0U,, we get
instead of (6.6-3)

W L '2+L"'2 2L Islr (6.6-4)
mag — 5 B h ) . .

With the definition of the stray inductances Lg, = Lg — Ly, Ly, =Ly — L, we change (6.6-4):

Wipag = Ls -5+ LT 4 Ly 280 = oS 0 s*tir) “ls 70
mag = =s Tyt TR Ty T 2 2 2

2 72 1 2
:LSO'I_S+L;'U%+Lhw

Facit:

The magnetic energy in a coupled circuit can be given also as the stored energy in the two
stray-inductances and by an additional energy, stored in the main inductance, due to the
fictive ““magnetizing” current I, = Is + I',.

2 2 1\2
Winag = Lso '2 +L, '2 + Lhw (6.6-5)
¢) Magnetic energy of a magnetically coupled three-phase system:

In a magnetically coupled, symmetrical three phase system with phase windings U, V, W in
the stator and U, V, W in the rotor, the stray inductances of all three stator phases Ls; and of
all three rotor phases L';; are identical. In the same way the main inductances between the
stator and rotor circuits for all three phases U, V, W are of the same magnitude L,. The
magnetic energy in the stator and rotor stray inductances for arbitrary stator and rotor phase
currents gy (1), lsy (1), Igw (t) and 1y (1), 1y (1), I () 1s according to (6.6-5)
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2 2 2 2 2 12
Iy +lsy +1 g + 1y + 1
Wmag,a — LSO' sU sV sW + LI"U ru I;/ rw . (66-6)

With (6.5-11) this magnetic energy may be also written with the stator and rotor current space
vector definition:

L L,
Winag o %{%-\ls(t)\z +%-I'_’r(t)|2}- (6.6-7)

In the same way the magnetic energy stored via the magnetizing current is expressed for the
three phases as

lou +lov +law 3 [Ly 2
Wmag,h =Ly ) :E' 7|lm(t)| .

Facit:

The stored magnetic energy in a symmetrical three-phase electrical machine with a
magnetically coupled stator and rotor three-phase winding system may be calculated via the
stator and rotor current space vector as the stored magnetic energy in the stray and main
inductance.

L L

so '|ls(t)|2 "

o |y L ,
> @) +7“-|Ls(t>+l_r(t>|2} (6.6-8)

3
Wmag :Wmag,o +Wmag,h = 5{ >
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7. Dynamics of induction machines
7.1 Per unit calculation

a) Motivation:

Dynamic induction machine models are widely used in the micro-controller program of
inverters for variable speed drives, consisting of induction machine and inverter. The micro-
controller is used for speed and torque control of the induction machine, using the same
dynamic model of the induction machine for the whole range of small to big induction
machines. Thus motor power may vary between typically 1 kW up to 10 MW or 4 orders of
magnitude (10%). Therefore motor parameters vary also within this range, with big parameters
(resistance, inductance) for small machines. For limited digits for numbers e.g. for resistance,
voltage, current etc. in the controller (16 bit or 32 bit controller) it is unfavourable to calculate
at big power with very small numbers. If per unit numbers are used, not only the parameters,
but also motor voltage, current, speed and torque vary only between typically 0 and 3.0 for all
motors of the whole power range, which allows the same precise controller calculation for
the whole power range.

b) How per unit system works:

Example 7.1-1:

Ohm’s law: U =10V,R=20Q: How big is current | ? (Rated voltage and current:
Uy =5, 1y =5A).

(i) Calculated with physical numbers: 1 =U /R =10V /202 =5A.

Control of physical units: V/Q2=V/(V/A) =A

(if) Calculated with per unit numbers: u=U /Uy =10/5=2,Zy =Uy\ /1y =5/5=10Q.
r=R/Zy=2/1=2 =i=ulr=2/2=1

Note: i =1pu. isequaltoi=1/ly =1 = I=i-Iy=1-5A=5A

Facit:

Per unit values have the physical units 1, so check of results of analytical calculations by
physical units check is no longer possible, which is disadvantageous. On the other hand, the
calculation result gives directly an impression of the degree of loading of electric device.

In Example 7.1-1 the result "current through resistor” | =5A does not tell you, if this is heavy
or small loading of the resistor, whereas the result “per unit current through resistor" i =1p.u.

immediately gives information, that the resistor is loaded with its rated current, which is
thermally OK. Result of current with e.g. 1.5 p.u. tells immediately: "50% overload" or

"125% loss overload" (P, =Rl 2 — 15%= 2.25) , which means steady state temperature

rise up to 225% rated temperature rise, which is unbearable, so only short-time operation is
allowed.

- The values for the per unit calculation for electric machines are taken from machine data
plate such as rated frequency or rated power.

- Inthree phase systems (electric machines, transformers, power lines, cables, ...) rated
impedance Z, has to be calculated with phase values, being defined as ratio of rated

phase voltage Uy o versus rated phase current Iy op.
- The value Z is NOT printed on data plate, but has to be calculated separately from data
plate values.
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- Note that data plate values for voltage and current are ALWAYS line values, namely line-
to-line voltage and line current. Electric machine models are usually based on phase
values in order to be independent from kind of winding connection (Y or D). So, for
per unit voltage, current and impedance calculation rated phase values are taken.

- Symbols for per unit values are small letters (u(t), i(t), ...), so for time varying voltage,
current etc. in physical units capital letters are used here (U(t), I(t), ...).

Example 7.1-2:
Typical data plates of electric machines:

(i) DC machine:

Type G248 ... Motor Company/2003
DC-Motor Nr. 622 085

440V 165 A

65 kW 1000/2350 /min S1
Excitation: 190V  15A

Th.Cl.B IP11

(ii) AC induction machine:

Type MKG-222 M06 F3B-9 ...... Motor
Company/2003

AC-Motor Nr. 691 502

400V Y 84 A

45 kW 1490/3000 /min S1
75 Hz cose =0.88

Th.ClL.F IP 44

(iii) AC synchronous machine:

Type FL 306/6-6 ... Motor Company/2003
AC-Generator Nr. 427 597

400V Y 57.7A

40 KVA 1000/2000 /min S1
50 Hz cosg = 0.85 over-excited
Excitation: 95V, 10.1 A

Th.Cl.B IP11

Example 7.1-3:

Rated impedance of electric machines of Example 7.1-2:

(i) DC machine: Zy =Uy /1y =440/165=2.67Q

(i) AC induction machine: Y connection: Uy ,p =Uy //3 =400/+/3 = 230, In,ph =N
ZN :UN,ph/ IN,ph :230/84:g9

(ii1) AC synchronous machine: Y connection:

Un,ph =Un /3 =400/+/3 =230V, Iy = Iy

Zn =Uy, pn/ In,ph =230/57.7=4.0Q

(iv) AC synchronous machine as (iii), but stator winding in D connection:

Un.ph =Un =400V, Iy o =1y /V/3=57.7//3=333A

Zn =Uy, pn/ In,ph =400/333=12.00
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- Per unit time:
Time t is multiplied with rated angular frequency @y = 2af to get per unit time .

=y -t (7.1-1)

- Per unit electric angular frequency:
Electric angular frequency Q =24, 2, =24f, is divided by rated angular frequency

wy = 27f to get per unit angular frequency wg, @, .
ws = [ oy @, =0 | oy (7.1-2)

- Per unit mechanical angular frequency:
Mechanical angular frequency €2, =2z-n is divided by rated synchronous angular

frequency wy / p =2afy / pto get per unit mechanical angular frequency @y, .
Oy =2 ploy (7.1-3)

- Per unit electric resistance:
Electric resistance R, Ry is divided by rated impedance Z,; to get per unit electric resistance

A

- Per unit inductance:
Inductance L, Ly, L; etc. is divided by rated impedance-frequency ratio Zy /@y to get per

unit inductance I, I,,, Iy . Note that in order to avoid mixing of | of per unit inductance with

symbol of length [, international standardization has chosen symbol x for per unit
inductance (taken from symbol X = @l of reactance).

XS:CON'LS/ZN Xh:a)N'Lh/ZN X;—ZG)N'L;-/ZN (71'5)

- Per unit electric voltage:
Electric phase voltage U (t), U, (t) is divided by PEAK value of rated sinus phase voltage

J2u N, ph 10 get per unit electric phase voltage ug(z), uy (7).

Us =Ug (N2Uy pn) U =UrI(V2Uy on) (7.1-6)

- Per unit electric current:
Electric phase current I4(t), I, (t) is divided by PEAK value of rated sinus phase current

V2l N, ph 10 get per unit electric phase current i (z), ir (7) -

is =15 /(N2ly ) ir =17 121y o) (7.1-7)

- Per unit magnetic flux linkage:
Magnetic flux linkage #/(t) is divided by rated flux linkage ¥\, which is defined from

PEAK value of rated sinus phase voltage and angular frequency, to get per unit magnetic flux
linkage w(z).
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_\/E-UN,ph

N

w=¥I1¥, ¥ (7.1-8)

- Per unit torque:
Torque M(t) is divided NOT by rated torque M of data plate, but by rated apparent

torque Mg, which is defined from rated APPARENT power and synchronous speed of data

plate, thus including power factor and machine efficiency, to get per unit electromagnetic
torque m(z) .

Sy (3/12)-V2Uy V2l g

C()N/p C()N/p

Note:
Rated apparent torque is e.g. for motor operation of induction machine bigger than rated
torque My according to data plate:

SN _ PN /(COS(DN 77N) _ PN ) 1_SN _ M ) 1—SN

Mg =
° oy p nn QN COSey -1y N COSoN - 7N
1-sy
1-5s
Mg=My ——N__ (7.1-10)
COSoN 7N

- Per unit moment of inertia:
Rotor inertia J is calculated from T, (see Chapter 5) as per unit starting time constant z;.

y=oy-Ty Ty =J w;\\'/l—w (7.1-11)
B

c) Voltage equation and mechanical equation in per unit system:

The voltage equation

U =R 1@+ 370 (7.1-12)
is transformed into per unit system:
u) R V2 In.ph d¥(t)
U(CONt) = = . + BN
V2-Uypn Y2-Ugpn Y2:-0ypn V2:Uy ;
o (ont) (7.1-13)
u(e) = r-i() + 20
dr
In the same way the mechanical equation
J % =M (t) — M (t) (7.1-14)
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is transformed:

onlp A2y (®) Me(-Ms® TJ_dwm(f)

wN -J
Y

=me(7)—ms(z) (7.1-15)

Example 7.1-4:
Given data plate of AC induction motor is transformed in per unit data set:

400V Y 345 A

18.5 kW 1465 /min S1

50 Hz cosp=0.84 J=0.054 kgm?

Th.CI.F IP 54

- Rated phase voltage: Uy ,n = % =230 — UN, ph = J2U N, ph = 32V

- Rated phase current: IAN,ph 2. In = J2-345=1488A
- Rated impedance: Zy =Upy on/ Iy, pn =230/34.5=6.6702
- Rated angular frequency: wy =27-50=314/s

- Number of pole pairs: p =2

- Rated motor efficiency:

ProutN _ Py _ 18500 0921
P.inn ~3:Upy -ly-Cospy +/3-400-345.0.84 —
Pv 18500

Q. 27-(1465/60)

- Rated apparent torque:

Mo = Sy _ Pu/(cosgy -77y) _18500/(0.84-0.921)
® T Qynn oy | P 314/2
Note:
Slip: sy =1-1465/1500=0.0233
1-sy 1-0.0233

Mg=My - ———=120.6- —————— =152.3Nm
COS@y 7N 084-0921 —

J2-.230
314
314 1

- Rated starting time: T; = 0.054-7 523" 0.056s, 73 =wyT; =314-0.056=17.58

N =

- Rated torque: My =

=120.6Nm

=152.3Nm

=1.036Vs

- Rated flux linkage: %y =

Time period of stator:

T =Wy T:a)N/fS:314/5022=7Z'

Stator voltage in phase U:

Usy =1-cos(r)

Stator current in phase U:

is,U =1-cos(r —@y)

Motor torque at rated power:

_ My _1206 _ o,

™ =M. 1523
B .
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7.2 Dynamic voltage equations and reference frames of induction machine

Symmetrical machine is assumed, which leads to identical machine parameters per phase,
e.9.. Iyy =ly =lw =r and so on. Flux linkage in the three stator phases U, V, W is

wy (7), wy (7), wiy (7) in per unit formulation, leading to voltage equation per phase:

: dysu(@)| 2 1
Ugy () = Fs -y (7) +ﬁ 5 3
. Wsv \T 2 1
u =T, -i > . Z.a b+ el
s,V (7) s sV (7) | dr o 32 3
. vew (7)) 2 _2 1
Usw (r)=r14 s w (r) + —;Vz\_/ '§'§- 5
d T
Us(r)=rg-ig(r) + ZS( ) (7.2-1)
dr
. d T
Us(7) =I5 iso(7) + WSO( )
T

In (7.2-1) the definitions for per unit stator voltage, current and flux linkage space vectors

U0 = 2+ lisy () + 8-ty () +22 Uy ()

i (0) = 2 (o0 (7) 21y (1) + 2 i () (7.2-2)

w|N

v D=2 @+ avey O+ 2 v ()

and the per unit zero sequence stator voltage, current and flux linkage

Uso (r) = % : (Us,U (r)+ Usyv (r) + Usw (T))
50(0) =515 (@) +iay () +iw () (7.2:9
Voo =3 lrsu )+ vey () +yw ()

have been used. For three phase rotor voltage system the same calculation yields

0@ =i )+ e )

(r) . (7.2-4)
dyro(7)
dr

!

Uro(e) = 17 -ifo(2) +

(r)

For further considerations the zero sequence system is neglected, thus considering only star
connected systems without clamping of neutral. Note that (7.2-4) is valid in the rotor fixed
reference frame; that means that for an observer in the stator winding (= in the stator fixed
reference frame) the movement of the rotor space vectors consists of their movement in rotor
reference frame and — in addition — the movement of the rotor itself (Fig. 7.2-1).
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ImK Ims Rer‘
A A o
e V|,
\\\ \ /// 7_¥ 'ReK
\E) - 6 »Res
\

Fig. 7.2-1: An arbitrary space vector V has the SAME amplitude, but different co-ordinates (polar angles) in
different reference frames.

An arbitrary space vector V has the SAME amplitude, but different angles in different
reference frames. In Fig. 7.2-1 three reference frames are depicted:

- stator reference frame s: a-axis is Res-axis, f-axis is Ims-axis.
- rotor reference frame r: a-axis is Rer-axis (d-axis), f-axis is Img-axis (q-axis).
- arbitrary reference frame K: a-axis is Rek-axis, f-axis is Img-axis.

Rotor reference frame is shifted by rotation angle y(t), measured in "electric degrees"”,

t T
y()=p- [ Cn(t)-dt+y = [0y (x) dz+ x5 = 7(7) , (7.2-5)
0 0

with respect to stator reference frame, whereas reference system K is shifted by angle 6(z)

according the rotational movement of this system. Therefore the SAME space vector is
described by different co-ordinates in the different reference frames.

in stator reference frame s in rotor reference frame r in reference frame K
_\V .pla _\ .pla a-ir _\ .pla a-i6
y(s)_v e y(r)_v el .e \L(K)_V el .e
— P 14 _ a0
Vin =Y e Vi) =V o€

Table 7.2-1: Space vector V has the SAME amplitude, but different co-ordinates (polar angles) in different
reference frames.

For solving stator and rotor voltage equation simultaneously, they have to be considered in the
SAME reference frame, for example in the reference frame K, which is defined by the time
function of polar angle &(z), which we assume here to be given as a certain function.

Transformation of stator voltage equation from stator reference frame to reference frame K is

done according to V) =V e 1°®in Table 7.2-1 with multiplication by -e™1%(),

whereas transformation from rotor reference frame to frame K is done by multiplication with
~i(6(@)—r()

-e :

Note that rule for differentiation of product of two functions has to be obeyed!

-jo(zr (_- z')
d(lgs(f)'e : ()):e—jé(r)‘dgs(f)_'_w (T)_de 1o —

dr dr =S dr - (72-6)
_e-iow L) d(6(r))

—_ 1. _e—j5(T)_—
dr J KS(T) dr
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. o dy , dy
-js . —js s —jo ; —s(K) | &
Ugky =Us € 1% =rg-ig-e7! +d—Ts‘e 1 =1 gy + dr +] a7 Ysk)

’ ’ —jlo- rosr -j(o- dl//, -j(o- rost dﬂ’ K H d o-— ’
Urk)=Ur-€ i@ }/):rr'l_r’e @ 7)+d;z_r'e @ 7):I’r-l_r(K)+ d:,'( )+J. (dz.y)'zr(K)
Stator and rotor equation in arbitrary reference frame K:

dy
: Zs(k)y . do
Usk) =I5 Tk +T+ J 'E'Zs(m
du’ (7.2-7)
’ Y Zl'(K) H d(é‘—]/) ’
Crwy = by = Y Y
Facit:

The stator voltage per phase consists of resistive voltage drop, induced voltage due to change
of flux linkage dys/dz like in transformers (*‘transformer induced voltage™) and induced
voltage due to movement (rotation) of reference frame K relative to stator reference frame
doldz (“'rotational induced voltage'). For rotor phase voltage induction the movement of
reference frame K relative to rotor d(¢J - y)/dz has to be taken into account.

For practical use formulation of stator and rotor voltage in the following three different
reference frames is important (Table 7.2-2).

Reference frame Angular rotation of reference frame

stator reference frame o-f-frame 5(r)=0: wy = 3_5 -0
T

rotor reference frame d-g-frame d
S=yio(0)= =0y
synchronous reference frame a-b-frame £ (1)
wy (1) = .
N

Table 7.2-2: Mainly used reference frames for voltage equations

Stator and rotor equation in stator reference frame s, considering that in induction
machines rotor circuit is short-circuited:

. dy
Ug =TFg-ig+ d_s
¢ (7.2-8)
. :
O=r -1, + - —ony

7.3 Dynamic flux linkage equations

As stator and rotor per unit space current vectors

i (2) = %(is,u (@) + sy () +22 gy (0) (@) =210 (@) +a-ity () +2 ity (2))

3
(7.3-1)
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are transformed into the same reference frame, they may be added as resulting magnetizing
space current vector by vector addition law (Fig. 7.3-1a):

in(@)=i(0)+1(7) : (7.3-2)
This magnetizing space current vector excites with magnetizing inductance

_on Ly

X 7.3-3
=T (7.3-3)

the main flux linkage between stator and rotor winding

Y, (0) =% i (7) . (7.3-4)

\ stator

)
\ /Y

stator—current layer

a) 1 m ¢h b) rotor rotor—current layer

Fig. 7.3-1: Flux linkage in induction machine: a) Vector addition of stator and rotor current space vector yields
magnetizing current space vector, b) Stator and rotor sinusoidal distributed current layer correspond with stator
and rotor space current vector. Resulting main flux density distribution B corresponds with magnetizing space
current vector and main flux linkage space vector.

Further, stator and rotor space current vector excite stator and rotor leakage flux linkage,

v (@) =Xs5-15(7) , ¥’ () = X5 -1 (7) : (7.3-5)
oy - Ly , oy L

X . =— 30 X, =—"_"To 7.3-6

o = o= (7.36)

consisting of

- slot leakage flux,

- leakage flux of winding overhangs and

- flux linkage of air gap flux density space harmonics.

Facit:

By considering self-inductance of space harmonic flux waves the influence of slotting on air
gap flux density distribution, which leads to step-like air gap field curve Bs(x), is included in
dynamic model.
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Vector addition of main and leakage flux linkage space vectors yields stator and rotor flux
linkage space vectors, considered in the same reference frame.

‘/_/S=(Xh+xsa)'is+xh'i_'r=Xs'is+xh'i_’rzxsa'i +Xp i =V, tY, (73-7)
) 3-

Kr:Xh'is+(xh+x;’o-)'i_,r:Xh'is"*_x;"trth'i +X '_ l//h_"l//

Total leakage flux space vector v, is described by Blondel’s total leakage coefficient

w2

o=1-—" (7.3-8)
Xg * Xy

as

‘ga‘=x50.|is|+x;a.|i_'r|za.xs.is . Note: |S|—)OO:‘%O_‘:O'.XS.ES (7.3-9)

Example 7.3-1:

Induction machine, resistances neglected, stator reference frame, |s| >>1:

inductance data: x, =2.5, X;=2.6, X =258,
Machine operated at three-phase symmetrical sinus voltage system (us = 1) with rated
frequency w, =1. Currents at big slip: |s| >>1:i', =—(x, /)iy =-0.97 i, = ii~-i',.
- Leakage inductances:
Xsg =Xs —Xp =2.6-25=0.1, X, =X —X, =258-25=0.08

(o2

- X2 2.5
- Total leakage coefficient: o =1—-—"— =1——= =0.06
Xs - Xy 26-258 —

- At |s| >> Lstator flux linkage is “/_’s‘ =0 Xs[ig|=0.068-2.6-|i;|=0.177-|i;| or

e}

‘ZS‘ - ‘lﬁo_‘ — X 15 = Xjor - 1'y] =[0.1-0.08-(<0.97)|-is| =0.177-i |

- No-load current:
stator voltage space vector: u, =1-e7, stator flux linkage V=X g0

dy  dy di - 1 1

Uc=T i +—Sr——S=x .30 _plt 5 j ——j.—.el" j,=—=0.38,
=% S dr dr * dr -0 : Xs V"o ==
Example 7.3-2:
Induction machine, data from Example 7.3-1:
- Starting current:

stator voltage space vector: u, =1-el°

stator flux linkage v =0 - X5 -y

dy di - :
gsg;szo-.xs.-_ﬂ:ejr N isl:_j. .eJT i81:;:5'66'

dr dr o - Xg 0.068-2.6 —
Facit:

The no-load current space vector is phase shifted to stator voltage space vector by 90° (exact,
if stator resistance is neglected). No-load current ranges at rated voltage typically between
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30% to 50% of nominal current. Starting current at rated voltage ranges between typically 5-
to 8-times nominal current.

7.4 Torgue equation

The Lorentz force of magnetic flux density Bs on each current-carrying conductor with length
dsis

dF = 1_(t)-dS x B . (7.4-1)

With perpendicular direction of conductor axis and air gap field (Fig. 7.4-1) this simplifies to
a tangential force

dF(t) = I (t)- By - ds . (7.4-2)

As flux density along motor axial length of iron stack | is constant, force is

| |
F(t):de(t):|C(t)-55.jds:|c(t)-35-| . (7.4-3)

0 0

A(7)
/ f
%
i
i i

Fig. 7.4-1: Electromagnetic torque generation: Fig. 7.4-2: Only flux-perpendicular component of

tangential forces on current-carrying conductors current space vector produces torque (y = y: stator-fixed)

With a parallel winding branches per phase we get 1(t) =a-1.(t), and with total number of

conductors per machine z we have to consider that we have due to the three phases U, V, W a
sinusoidal current layer distribution 1(Xs) along the stator-fixed machine circumference co-

ordinate xs. Per element dxs we get with bore diameter dsi the torque

M, (X, 1) = '(X;’t) - Zd"?';s By (xs,t)-| % . (7.4-4)
Sl

Total electromagnetic torque is

2pz, 2pz,
I(xs,t) z dg
M, (t) = {dMez (j) Ts-dSiﬂ-Bg(xs,t)-l-%-de (7.4-5)
z-1(xs,t)/a

or with definition of current loading distribution A(Xs,t) = r
it
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2p7, pr
Me(®)= | A(xs,t)-Bg(xs,t)-I-des . (7.4-6)
0

As in space vector theory only sine wave fundamentals v= 1 are considered, namely
Xs7T A Xs7T

Bs(Xs) =Bs-cog —=— | , A(Xs)=A-c0§ —— — g (7.4-7)
Z'p T

with internal phase shift ¢ between resulting air gap flux density wave and current loading
wave (Fig. 7.4-2), (7.4-6) yields

2
(P7p)” | A.B, cosp . (7.4-8)

M, =
T

Air gap flux density amplitude is related to main flux linkage via
~ 2
yjh =N kV\ﬂ._TpIB§ (74'9)
T

and current loading wave amplitude is related to r.m.s. current loading A via

A=2 ky-A (A:M} . (7.4-10)
2p-rp

So, for m = 3 phases torque is with I = V2 -1 instead of (7.4-8) also

M, =% p-1-% -cose, (7.4-11)

or in per unit values

m M oy ! p ) 3
° Mg 3-Upypn-Inpn V2

5 p-1-¥, -cosg; =i-y} - COSQ;

M, . .
Me = p =1 W COS@ =i -y, : (7.4-12)
B

In Fig. 7.4-2 the physical meaning of (7.4-12) is depicted: The main flux, excited by stator
and rotor currents in induction machines, is corresponding with main flux linkage space
vector . It is shifted to e.g. stator current loading fundamental wave, which is

corresponding with stator current space vector i, by angle ¢;. With "right-hand-rule" torque

direction on stator currents is given in anti-clockwise direction, so torque on rotor acts
according to Newton’s "actio est reactio™ in clockwise direction. We define positive torque
on rotor in anti-clockwise direction ( = mathematical positive direction of rotation), so
example shown in Fig. 7.4-2 yields negative torque on rotor.

If perpendicular stator current space vector component ig | is 90° leading to flux linkage
space vector v, then torque on rotor is positive. If i, is 90° lagging, torque on rotor is
negative.
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With rotor space current vector component i’, |, one gets according to (7.4-16): I, | is 90°
leading yields negative rotor torque, i, | is 90° lagging yields positive rotor torque !

Note that only perpendicular component of stator space current vector i, =i-cosg; delivers
torque, whereas flux-parallel component i_ =i-cos¢; only adds to magnetization of main

flux. Complex notation of (7.4-12) is possible with conjugate complex space vector i_* or g*:

Me =iy -y =—IMi -y, j=Imj-y (7.4-13)
Proof:

By taking space vector Y, =Vh in real axis, current space vector is i =i_ + j-i, and its con-
jugate complex value i =i_—j-i,: m, :—Imﬁ*-gh}:—lm{(i:— Ji) wht=i vy In

the same way we get with %; :1//; =L M = Im{j-z;}: Im{(i:+j-il)-x//h}:iL-1//h.

As stator / rotor stray flux is not linked with rotor / stator, it cannot produce any torque,
therefore one can also write:

me = Imiig -y = Imiig -y (7.4-14)
Proof:

According to Im{ Xl S} xh‘lm{is|2}=0we get:

me = Imﬁs '%h}= Imﬁs '(Xhi: + Xhi_’:)}= |m{is (XSUIS + Xyl + Xhi_':)}=

_ |mﬁs '(lgsa +Zh)‘}= Im{js "/—'s*}

Torque can only be produced between STATOR current and ROTOR main flux component or
ROTOR current and STATOR flux main flux component. Hence, although m, = ImﬁS 'Zs*}

contains only stator values, on has to note, that stator flux linkage is constituted by stator and
rotor current (= magnetizing current).

Mg = Imiig -y = I - (i + %0175 )} = 1l - 5,177 | (7.4-15)

At no-load, where rotor current is zero, also torque is zero. If torque is calculated with rotor
variables, then sign of torque equation has to be changed (*"actio est reactio™):

me = ImﬁS -g:}: — Im{ir’r Z’:} (7.4-16)

Proof:

Mg —Im{ 1//} Im{ ( i +xh"*)}—Imﬁs-xhi_’t}:—lmﬁs-xhi_':}*:—lmﬁ:-xhi_'r}:
= mf b i =

As stray flux does not contribute to torque, we get in the same

—Imfig -y f=—Imi, - | (7.4-17)
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Component notation i =i, + j-ig, ¥ =y, + j-y g yields for torque

me = Imﬁs Z:}: Im{<i5a +] 'isﬂ)'('//Sa +] 'l//sﬂ)*}z Vsa 'isﬂ —lsq Vsp
me =i,y f= ity + 5} (e + Wi ) =t g i g

Me =Wsy - isﬂ - isa Vsp = _'//l"a 'il",B + ill‘a 'Wll‘ﬁ' (7-4'18)

i
+
Y

1Z: Vo

= Re

1"l

la
Fig. 7.4-3: Torque generation by flux linkage and current vector components

With Fig. 7.4-3 equation (7.4-18) shows again: Stator current vector f-component is
perpendicular to a-component of flux linkage, thus delivering torque. As it is parallel to S
component of flux linkage, it delivers NO torque with that component. Further, stator current
vector f-component is leading 90° to a-component of flux linkage, thus producing positive
torque on rotor, whereas stator current vector a-component is lagging 90° to flux linkage
vector f-component, thus delivering negative rotor torque.

Finally, with electromagnetic torque the mechanical equation of AC machines is

dop,

dr

T3+

= Me(2) =My (2) = iy -itg +irg Wig M@ (7.4-19)

7.5 Dynamic equations of induction machines in stator reference frame

The complete set of

a) stator and rotor voltage equation — including Faraday’s law for voltage induction - in
complex space vector notation (comprising all three phases !),

b) stator and rotor flux linkage equation (induction machine acts as transformer !),

c) mechanical equation for rotor in per unit notation — in stator reference frame - allows to
calculate dynamic performance or induction machines.

Ug =T -i +d%5
=S S =S dT
dy’

—r! 4 —r _ '
O=ry-i', + & J-on -y
V=X g+ Xy o1, (7.5-1)
y'o=Xy g+ X0

dw . >

[ d‘[m =—Imy, V/r}_ms(f)

Iron losses and variable saturation, leading to variable inductance xn(im), are not included in
this model, but this can be done easily. For many numerical programs equations have to be
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written not in complex notation, but only with real values. In that case set (7.5-1) is
decomposed by

Ug =Uggy +j’usﬂ
ig =lsg + j-igp i =iy + i (7.5-2)
WV =Vsat1Wsp ¥V =Vig+ iV

into 9 equations instead of 5, with 9 unknowns s, , isg, irg. it Wses Wsps Wrar Vip @m -

(7.5-3): (7.5-5):

Usg =I5 -lsy +dyg, /d7 Usq =I5 lsq +dys, [d7

Usg =Ts i +dyspldr Usg =I5 isp +dygp/dr

O0=r i, +dyy, A7 + o -wyp O=r/"ir, +dyy, /dr+on yig

O=r-irp +dyrg/dr -y vy, O:rr'-i;ﬂ+dly;ﬁ/dr—a)m-l//}a

Wsa =Xs *lsq + X *lrg Wsqg =0 " Xs 1 (Xh/X ) Yrg (7.5-3/5)
‘//sﬂ:Xs'sﬂ+Xh'rﬁ Wsp =0 - Xs - 'sﬂ (X )‘//;ﬂ

Via =% lsq + X -ifg Vie =0 X g + (%0 /%) W
‘//;ﬁ:Xh‘isﬂ*‘X;'i;ﬂ V/lr'ﬂzo"xr' 3T (Xh/Xs) Ysp

7 ‘ddirm=('//}ﬁ g —Wre tlip)—Ms 15 o =Wrig lta —Wra "lrp) —Ms

dr

As rotor voltage equation and torque equation are non-linear due to product of two variables,
this system has to be solved numerically. Like in DC machines, the stator voltage ug,, Uss is

the leading variable, and the shaft torque of the load ms the disturbing variable, which must be
given as time functions to solve the equations. With Blondel’s coefficient the four flux linkage
equations can be written also as

Xy, X,
‘//Sa:O"Xs'lm"'X_,"//ra Wsp =0 X+ 'sﬂ"‘ ‘//rﬁ'
' (7.5-4)
’ Y Xh ' Y Xh
Wrg =0 X lrg + == Ysq Wip =0 X g+ —Ysp
Xs Xs
Proof:

— H Xp ro_ : Xh Xh
‘//Sa_O-'XS'ISa"'X_,"//ra_O-'Xs'|3a+ o X 'ra"‘x_"//sa
s

2

Xh : i . -1

V/sa'(l_xX,J:‘/Isa'O_:O-'XS'ISa'i'O_'Xh'Ira = VYsag = X5 lgg T X " lrg
S

This leads to slightly changed set of dynamic equations (7.5-5), which are given as flow chart

for direct input in e.g. simulation program MATLAB/Simulink (Fig. 7.5-1). These equations
can of course also be written in physical units (7.5-6) (Fig. 7.5-2).
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Usa Ysa Xh i - 1 ~i'rq - Yra !
o Xs X, I'r - =
rS C.)m’d/'rﬁ “
S S S Y
isa st x’r -t
X
@Wm
+=—10
>< _i'
: ra
SEL Xp
OXs — | xr
rs Wm'Vra A
- Vg
P e N W e B S B
Usg YsB = - O~ 1rg

Fig. 7.5-1: Flow chart of per unit dynamic set of 8 equations (voltage and flux linkage equations) for induction

machine in stator reference frame. Mechanical equation has to be added. Input is stator voltage and rotor speed,

output is induction machine torque, flux linkages and currents.

Fig. 7.5-2: Flow chart of dynamic set of 8 equations (voltage and flux linkage equations) for induction machine

in stator reference frame in physical units. Mechanical equation has to be added.
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Use (1) = Rs - 15 (1) + d ¥, /dt
Ugp(t) =Ry - lgp(t) +d ¥,/ dt
0=Ry; - 17, (t)+d ¥, [dt+ p- 2, (t) - Fp(t)
0=R;-l15(t)+d ¥, /dt—p- 2 (t)- ¥, (1)
¥, 0)=0c-Ls-lg, M)+ (L, /L) ¥, () (7.5-6)

V) =0-Ls-lgp(t)+(Ln/ L) Pt
Vi@ =0 Lyl () +(Ly / Ls)- Pap ()
Pis) =0 Lp- 1) +(Ly/ Ls)- s ()
de, 3 , , , :
3= =5 P 1 O = Fa ) 10) - M (0

7.6 Solutions of dynamic equations for constant speed

Like with DC machines, the mechanical time constant for changing speed is determined by
75, whereas for electrical current change the much shorter electrical time constants of stator
and rotor have to be considered. So for calculating sudden change of voltage and current one
may assume almost constant speed. In that case the mechanical equation is NOT considered,
only voltage and flux linkage equations (4 complex or 8 real equations) remain to be solved,
which are linear, so Laplace-transformation may be used.

Example 7.6-1:

Switching voltage to an already running motor: This is the case e.g. with Y-D-start-up. A
motor with stator winding D-connected, is line-started with star connected stator winding,
thus reducing starting current and torque to 1/3. After start-up (motor is running with nearly
synchronous speed) stator winding is disconnected from grid, switched into D-connection and
again switched to the grid, now motor being ready for loading. This second switching in D to
the grid with already running motor is treated in this example.

Motor data: ry =0.03, r; =0.04, X, =3, X, =3, o =0.0667

Grid voltage:

Three-phase symmetric voltage system in per unit: us = 1, grid frequency wg =1:
uy () =u-cos(z), Uy () =u-cos(z — 27/ 3), Wy (z) =u-cos(z — 4/ 3)

Voltage space vector is rotating with constant amplitude and grid frequency:

!s(f)=§'(uu (r) +a-uy () +a° ~uW(r)):u~ejT

Laplace transformation yields: U, = L

S— ]
Voltage and flux linkage equation in Laplace-transformation:
i +(S_ j 'a’m)'zr :Zro
(7.6-1)

= =
=XgLg+ XLy

:Xh'is+xlr’|_’r

IS¢ (I;S(

r
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Initial conditions:
At 7 =0no current flow in winding, so flux linkage is zero: V=0 'ﬂ’ro =0, and (7.6-1)

yields by substituting flux linkage two linear equations with stator and rotor current space
vector as unknowns. With Cramer’s rule these equations are solved:

(rg+5 X ) Pg+S-Xy-1', =Ug

(S_j'a)m)'xh 'is"‘(rr""(s_j'wm)'x;)'zr =0

= U-. rr’+(3_ja)m)'x; —
s (s xg) (1 + (S jom) X)) =S XE (- jo)
__u_ I+ (5= jon) X _ 762
5= G.XS.X;.(SzH.(rstxsg_jme+rs-(r;—me’~x;)j
O - Xg * X; O - Xg * Xy
u F+(S— jog) X

) S— ] O"Xs'x;'(s_§a)'(s_§b)

For inverse Laplace transformation
a) the denominator roots s, s,, have to be determined in dependence of speed with

’ ’ / H !
82+S~(rsxr T Xslr jo j+ rs(ry — jomX;)
m

xX! xx, =32+S-(as+ar—ja)m)+as~(c7‘ar—ja)m)=0

We define the stator and rotor short-circuit time constant, as o - X, is the inductance of
equivalent circuit at short-circuit (Slip =1):

_ T == (7.6-33)

’Z'S = — ’Z'r = _I' (7.6'3b)

as X, is the inductance of equivalent circuit at open secondary (Slip = 0).

b) the solution (7.6-2) has to be separated into
io= A_ P - B . (7.6-4)
S—J] S-S5 S—5

Second task is easily achieved with Heavisides rule:
- Z(s) } - Z(8) s
Lt = ' % (7.6-5)
{(5_31)'(3_52)‘---'(3_Sn) .le [1Gi—s0)

k=l..n A k=i

So we get:
u-(rF +(J— jom) - Xr)

I=1:s,=]: G,XS.X;-(j—§a)'(J‘_§b)

(>
I
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u-(ry +(Sa — jom) - Xr)
O Xg X '(§a - j)'(§a _§b)
u-(rf +(Sp — i®om) - X¢)
& X5 X (8~ 1) (s ~5a)
Inverse Laplace transformation of (7.6-4) yields:
i(r)=A-el"+B.e%"+C.e®7  withthe

I=2:s,=5,:B=

1=3:83=5,:C=

homogeneous part of solution: is ,(r) =B-e** " +C-e® and the
particular solution: ig ()= A-el”.
Whereas the homogeneous part of solution is decaying with time constants

1 1
7 Re(s,)’ " Re(s,) (769

which depend on 7, 7, thus representing the transient response of current, the particular

solution does not vanish. It represents the steady-state solution, thus the current vector in
steady-state operation.

Discussion of steady state solution:
U- (7 + (= jom) %) je

isn(r)= — .

>P U'Xs‘xr'(J_ga)’(J_gb)

With

1w, =1--2m _glip (7.6-7)
syn

and

OXs Xy '(j_§a)'(j_§b)=0)(sx'r (J2 +j'(as Ty - jwm)"'as '(o-'ar - jwm))z
=11} —Slip-o- XX} + j-(Slip- rgx; +Xx,ry)

steady state (particular) solution is

u-(r; +j-Slip-x;) it

. - ’ . (7.6-8)
rgry —Slip-o - XX, + j-(Slip-rgx) +xs17)

i p(7) =

This is exactly the steady state solution of stator current of equivalent circuit of induction
machine, when being fed by sinusoidal voltage:

Is Rs Xs, jXF,a Ry /s
——1 —ill .
Us Xn I
Im

o

Fig. 7.6-1: Equivalent circuit per phase of induction machine (s: Slip) without considering iron and friction
losses
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R/ +j-Slip- X/
(RyR',—Slip-& - X X} ) + j(Slip-RyX | + X R!)

A

Is:us

(7.6-9)

Facit:

Switching on of induction machine to sinusoidal line voltage: After the decay of the transient
current the steady state solution of the space vector calculation yields the machine
performance, which is described by the steady state equivalent circuit. The stator current
space vector rotates around the origin on circle orbit with constant amplitude, given by (7.6-
9), with the rotation frequency equal to the grid frequency.

Discussion of transient solution:
For simplification damping is neglected: ry =0, ry = 0: Determination of roots s, s, :

s?+s-(—jog)=0 — s,=jom 5 =0

- u I+ (S— jom) X __u (s—jom) X _
s oxox(s-sa)(s-sy) s—0 oo (s o) (s-0)
_ u _Ju f1o 1
o-X-S(s—j) o-% \s s—j
corresponding with A=-C = L B =0, yielding with inverse transformation
J-o-Xs
is(7) = — -(1—6”) (7.6-10)

o - Xg

Facit:

In transient mode flux changes quickly, inducing the rotor winding. Due to rotor current flow
with phase opposite to stator current flow main flux is cancelled, only stray flux remains. So
totally effective inductance is total stray inductance o -X. Stator and rotor current are
rather big, as they are only limited by stray inductance. Stator current space vector rotates on
circle orbit with constant big amplitude given by short circuit condition. Centre of circle is
shifted from origin by current amplitude.

Im

locus of stator space vector

ig(7)

ug(r7=0)

7=0

Fig. 7.6-2: Stator current space vector, when running motor is switched to sinusoidal voltage system during Y -D-
start-up

Time function of U phase current is (Fig. 7.6-3b)

i (7) = Refi (7)1 = Re{;")‘:s -(l—e“)}: af‘XS Rel (- (cose+ sino))j= 2 —sine

Phase voltage at switching on z= 0 in phase U is maximum: uy (z) =u-cos(r) = uy (0) =u
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iy A iy A

AWANE
BAVAR

> T=wyt
T N

= T=wpt

a) b)

Fig. 7.6-3: Phase current in phase U after switching sinus voltage to running machine, damping neglected:
a) Switching on at zero crossing of U phase voltage, b) Switching on at maximum U phase voltage

If switching on is a quarter of grid period later ( = shifting of time by z—x/2), voltage and
current space vectors are

u () =u-el71D _ _j.y.el® ()= f-eit) (7.6-11)
T - X

resulting in zero U phase voltage at 7 =0
uy(r)=u-cos(z—rz/2)=u-sint — uy(r=0)=0

and U phase current (Fig. 7.6-3a)

iu (7) = Refis (1)} = Re{ . -(1—ei-f)} _

(L-cosz).
x. (1-cosz)

-Re{l—cosz — jsinz}=
O - X O - X

Facit:

Switching on of a winding at phase voltage zero yields maximum transient current, which —
with neglected damping — is twice pulsating amplitude (200%), occurring at 7 = 7. Offset is
a DC component, which is equal to AC amplitude (worst case current peak). Switching on at
maximum phase voltage does not yield any DC current component, only an AC component, so
the current peak is 100%, occurringat z=7x/2.

Switching on at zero voltage Switching on at maximum voltage
Current: DC component = AC component Current: no DC component
Peak current 200% Peak current 100%
Peak occurs at half period after switching on Peak occurs at quarter period after switching on
Is peak = 2Us /(0 - X5) = 2-1/(0.0667-3) =10 Is, peak =Us /(0 - X5) =1/(0.0667-3) =5
worst case best case

Table 7.6-1: Transient current peak at switching on of inductive circuit

Note:

- Results of Table 7.6-1 are valid for any pure inductive circuit, e.g. hence also valid for
switching on of transformer winding, synchronous machine winding etc.

- Transient current amplitude is the same as "short-circuit current” (Slip = 1) of equivalent
circuit Fig. 7.6-1 with neglected resistance Ry =0, Ry =0, which is seen by (7.6-9):

A . ~ i- ! U o - )
I(Slip=1) =U, I Xy — = =S - ‘ls(SI|p=1)‘= Ys
—0- X Xp o X o- X
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- Worst case current peak reaches 10-times rated current peak, e.g. with In = 100 A we get
i peak s =10+ +/2-100=1414A

Discussion of complete solution:
Motor rotates at synchronous speed @,, =1. Denominator roots s_, s,, are determined by

s?+s-(ag+a, — jog )+as-(o-a, —ja)m)=32+_p-s+9=0
Tse =1lag =0 - X5 /1, =0.0667-3/0.03=6.67, 7., =1/, =0 - X /1, =0.0667-3/0.04=5.0
p=035-j,9=0.002—-j0.15

2
Sap = —%i ‘/_pT_g =—0.175+ j0.5+./—0.22137— j-0.25 =—0.175+ j0.5+(~0.0265+ j0.471)
s, =—0.2015+ j0.971= _ L joon s, =—0.1485+ j0.0288= _ 1 | joo2ss
4.96 6.73

Transient current space vector decays with two time constants due to coupled stator and
rotor circuit, which are more or less stator and rotor short-circuit time constants.

T T
ign(r)=B-e 4% .el097  C.¢ 6730100297 (7.6-12)
Ty =— 1 =496~7,, =50,7, =— ! =6.73~ 7., =6.67 (7.6-13)
* Res,) 7 " Resy) 7 |

Amplitude B corresponds to rotor DC current component, decaying with roughly rotor short
circuit time constant, delivering due to rotor rotation an eigen-frequency of transient current
oscillation of vy , =0.971, which is nearly synchronous speed. Amplitude C corresponds to

stator DC current component, decaying with roughly stator short circuit time constant,
decaying with a very small frequency @ ,, =0.029.
For worst case switching in phase U (at zero voltage) u (7) =—]j -u-eJ? and us(0)=-j-u

complete solution of current space vector is calculated for 5 periods of grid voltage
0 <7 <10z with motor running

(i) with synchronous speed o, =1, Slip=0 (Fig. 7.6-4),
(it) with rated speed @, =0.96, Slip=0.04(Fig. 7.6-5).
In case (ii) time constants remain nearly unchanged, only dominant eigen-frequency
@y p, =0.03 increases a little bit. Main difference between (i) and (ii) is steady state solution:

At (i) steady state current space vector amplitude is no-load current
is(r >0)=ASlip=0)-e)7 =iy -el”  with |ig|=u/r? +x¢ =1/1/0.03* +3° =0.33,
whereas in case (ii) steady state current amplitude is rated current: |isN | = |A(rated slip)| =1.

() (ii)
oy, =1 Slip=0 oy =0.96, Slip=0.04
s, =-0.202+ j0.971 s, =-0.149+ j0.029 s, =—0.202+ j0.93, s, =-0.149+ j0.03
Steady state current = no-load current = 0.33 steady state current = rated current = 1
Fig. 7.6-4 Fig. 7.6-5

Table 7.6-2: Solution for "inrush" current of induction machine, being switched to grid when already running (i)
at synchronous speed, (ii) at rated speed
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A Im

Fig. 7.6-4: Solution for "inrush" current space vector of induction machine, being switched to sinusoidal grid
when already running at synchronous speed. Worst-case for phase U, where switching occurs at zero voltage,
yielding maximum current peak

A Im

I
]
—~
=
~—

Fig. 7.6-5: Solution for "inrush" current space vector of induction machine, being switched to sinusoidal grid
when already running at rated speed. Worst-case for phase U, where switching occurs at zero voltage, yielding
maximum current peak
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Facit:

- Projection of current space vector on Re-Axis yields phase current U, projection on axis
120° yields phase current V and on 240°-axis yields phase current W. Due to position of
voltage space vector at 7= 0 in negative Im-axis projection on Re-axis yields voltage zero in
phase U, thus maximum transient current in that phase.

- If voltage space vector at z = 0 has different position, maximum of transient current peak
will occur in one of the other phases, but cannot be avoided.

- Influence of damping resistance decreases current peak slightly due to decay of DC link
component with rotor short-circuit electric time constant. Projection i, (7) = Re{is(r)} in

Figs. 7.6-4, 7.6-5 delivers for worst-case current peak in phase U igy peax = 6.3, which is
significantly smaller than for non-damped case.

no damping r; =0, r, =0 with damping ry =0.03, r; =0.04

Current peak gy peax = 2Us /(o - X5) =10 current peak igy peak = 6.3

T

An estimation of damping of the stator DC current component C.e 496 .¢i00297|_c 53

yields a 53% reduction of shift of the circle centre in Fig. 7.6-2.

Facit:

Induction machines react to sudden change in voltage with more or less stator and rotor
short-circuit time constant. Voltage switching (switching on, but also sudden short-circuit)
leads to DC current component, which is largest when switching occurs at zero voltage. The
roots s,, s, are the two poles of transfer function of electric circuit in complex s-plane,

containing stator and rotor time constant and related eigen-frequency.
Compare: In DC machine only one electric time constant due to armature circuit was given.

Electric transfer function (= stator current vector response to stator voltage vector) for
initial condition_iso = O:

T4 (5) = ug(5) — - G Jom): X (7.6-14)
o X X -(5—54)-(s—5p)

Stator and rotor current change with two time constants

having two natural oscillation frequencies

wg,a =IM(S), @y p = IM(sp) : (7.6-16)

Time constants and oscillation frequencies depend not only on resistances and inductances,
but also on rotor speed, which is quite different to DC machines.

(i) Zero speed operation (stand still): o, =0
Roots s,, s, of denominator of induction machine transfer function:
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52+S'(0(S +ay — jog)+as (oo —ja)m)=52+s~(ocS +ay )+ o-ago =0

o Ostor \iy doasay | astap 14]1- 2o0asa,
ab 2 - 2 |~ 2 - 2
(a5 +ay) (a5 +ay)

As o~0.1issmall,oncantake v1—-x =1—-x/2, x<<1!

oa.a
S =—(ag +a,)+ S~ —(as + )
as +a,
5 ~— oasa,
as +a;

So we get a short and a long electric time constant at speed zero, the short one being
determined by short-circuit time constants, the long one by open-circuit time constants:

: 1 1 1
short time constant: |7; = —— = = - (7.6-17)
Sa g, +1/7., s T
o-Xg O-X%
: 1 Xs X
long time constant: |7, = —— =73 +7, = =+ —- (7.6-18)
Sb s It

(if) Synchronous speed operation: @,, =1
52 +S-(0¢s +o, - j)+as (o-a,-j)=0
As o, as, ar ~ 0.1 are smaller than @, =1, on can take

s b:_as+ar—ja)m. 14 1_4as.(aar—ja)m) z_as+ar—jwm. 1+ (1_ j4as]
B 2 (as +a, — ja’m)2 2 O

As a5~ 0.1 is small, one can take V1-x =1—x/2, x<<1 |

Sab ~_ s T — )On -(li(l— 120‘5)]

2 o
Sa =0 + J[a)m +MJ ~—ay + jon (7.6-19)
O
S, = —org — J-M ~ —a (7.6-20)
W

So we get as electric time constants more or less the short-circuit time constants!

1 1

R — =Ty, T3 " — =Tsq| |41~ Oy, @ ~0 (7.6-21)
ay A

Example 7.6-2:

Sudden short circuit of induction motor after no-load operation

An induction motor is operating at no load, rated voltage, at the grid and is short-circuited in
all three phases between grid fuses and motor terminals. Grid fuses blow, disconnecting short-
circuited machine from grid. Magnetic energy of main flux is dissipated in stator and rotor
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ohmic losses by the big short circuit current flow. The decay of short-circuit current happens
due to @, =1 with electric short-circuit time constant (7.6-19) rather quickly, so speed does

not change significantly, and assumption of constant speed is justified.

Motor data 4 pole motor, 50 Hz operation
Rated power 110.8 kW
Rated voltage 380VY Us=1
Rated current 212 A is=1
Rated speed 1470/min
Rated torque 720 Nm Mg = 888.3 Nm
J 2.8 kgm? r; =1555
Rs 25 mQ 0.024 p.u.
R/ 20 mQ 0.019 p.u.
L 9.71 mH 2.95 p.u.
L. 9.55 mH 2.90 p.u.
Ly, 9.17 mH 2.78 p.u.
o 0.094
Initial condition: Motor runs at no load at rated voltage: rotor current is zero:
it . d!S . u-el?
7<0: Uug=u-e’ =rg-ig+xs— = i(r)=—
dr s+ - X
L o o s N _
At 7=0:is =ig(0) _—rs vy W o = Xslso, W' o = Xpigg short circuit occurs:
uUs(r)=0,7>0
rs'is+s'(xs'i:s+xh.Er)=g5+Zso=V_/50
rr,'Er"‘(s_j'a)m)'(xh'is"'xlr'ir :Zro
(rS +S'Xs)'Is +S- X, 'Er = XS!sO
(S_ J 'a’m)' Xh 'Is +(rr’ +(S_ J 'a)m)' X;)'Er = Xnlgg
- Iy — JopX +S-0- X . D E
ls = ’ Iso = +
O-'Xr'(s_§a)'(5_§b) S—S3 S—5
- (g + Joy - X)X . 1 1
I_r = ’ ’ !SO = E ’ B
X% (5 =5,)-(s—5p) S-S, S—%

If — JOpXr +S5 -0 X If — JOpXr +8, -0 X (s + Joo - Xs) - Xy i

D= g, E= ‘g, F =

T oxbams) YT oxe(s-sa) YT ooxXe(sa-sy) P
Inverse Laplace transformation yields: i (7) = D-e%" + E-e" with (7.6-19), (7.6-20):
is(T) =D .e—rlrm . ejwmr +E. e—r/rw 1 i_'r(T) -F. (e—rlrro_ _eja)mr _e—rlrsg) (7.6-22)

Facit:
The short circuit current comprises an oscillating AC component with oscillation frequency is
rotating frequency and a DC component.
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- AC component decays with rotor short-circuit time constant, DC component decays with
stator short circuit time constant.
- Current amplitude in worst case is about twice steady state short circuit current amplitude

(according to equivalent circuit, Slip = 1).

Worst-case (maximum) and best case (minimum) phase short circuit current:

Non-damped current space vector amplitude is with r,=r/ =0: Q:ﬂ-iso,
O
E-ti E=® i s —jo., s, =0:
=" 5 50 - O'-X;. 2s0 2a m: 2b .
i() =igo -[1+( —ij ' e"“’me (7.6-23)
(o2 o
i (0) = igg - fe1on 1) (7.6-24)
X

" Ar

Like in Example 7.6-1, maximum current occurs with voltage at zero crossing, when short
circuit happens (DC plus AC component), whereas at maximum voltage short circuit DC
component is zero, yielding minimum current peak.

Short circuit happens at phase voltage zero phase voltage maximum
Voltage space vector r <0 ug =j-u-el” Ug —u-el?
Current space vector 7 <0 is:(U/XS)'ejT isz_j.(u/xs).ejr
Current space vector =0 isg=(U/Xs) igg=—J-(U/Xs)
voltage in phase U at 7 =0 uy (0)=Re(j-u-el®) =0 Uy (0)=Re(u-el% =u
current in phase U at 7 =0 igy (0)=(/x)=0.34 gy (0)=0
maximum short circuit phase | . u (2 j . u 1
sy =—-|—-1/=6.87 Iy =|—-|1-—[=3.27
current (peak) s,U X \o s,U X, ( G]
occurring at T=1 t=nxl2

Table 7.6-3: Solution for non-damped short-circuit current of induction machine, being short-circuited after
running at no-load, synchronous speed.

Often simplified current formula is used, taking the amplitudes from non-damped calculation,
combining them with the time constants from (7.6-22):

: : 7o 1 -tlt jonT : Xh : -rlt jom,T -7lt
ig=ig- +1-=|e7 e glomT = D (67T Tre e )T g7 ey
o o o X

75 =11.55, 7, =14.35: After two grid periods 2-27 =126 AC and DC short circuit

current component have decayed to 37%. Short circuit torque is calculated from
1

0, )
me(r):—lm{xh-i_'r-is};—a.hxl Q% -e e Tse ) sin(@pg )
r

(7.6-25)

Facit:
The negative torque is braking the rotor. It is oscillating with rotational frequency. Average
value is in (7.6-25) zero, as non-damped current amplitudes were taken. With exact values
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(7.6-22) average torque is non-zero, being the equivalent of dissipated losses of short circuit
stator and rotor current in resistances. Torque is generated by all three phase currents, so
there is no influence of switching instant (voltage zero or maximum) on torque function.

Decay of short circuit torque goes with short circuit time constant

1 O - X
= = 7.6-26
ST T T e

Tse Tro

Numerical solution of dynamic equations is given for torque and speed in Fig. 7.6-6. Torque

oscillates with 50 Hz, and decays with Ty, = o-Ls _0094-0.00971_ 20.2ms . Peak non-

Rs+R;  0.025+0.02
2 2
damped torque is me:X_h_iszoz 278 1
X 0.094-2.9 2957
occurring at rz=sx/2or 5 ms after short circuit, and damped peak torque is

2895.e7°/292 = 2260Nm . Numerical calculation yields 2700 Nm, and shows a slight
reduction in speed due to braking.

=3.25, M, =, - Mg = 2895Nm,

Me A n
Nm min_l
2000
n nsyn =1500/min
1000 -
0 -
Me
—1000 -
| ~20ms=50Hz
—-2000 A
] Mmax=2,7kNm=3,7MN
—-3000 : . . —>
0 0,05 0,1 0,15 02 t

S
Fig. 7.6-6: Calculated short circuit torque and speed of induction motor, being short circuited at t = 0.05ms

7.7 Solutions of dynamic equations for induction machines with varying speed

Solutions of dynamic equations of induction machine for varying speed are only possible
numerically, as equation set is non-linear.
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Example 7.7-1:
No-load start-up of induction motors and afterwards loading with rated torque is investigated.
Example is calculated for a big and a small induction machine 1 and 2.

Induction machine 1 (big) Induction machine 2 (small)
Rated power 110.8 kw 1.18 kW
Rated voltage 380VY 380VY
Rated current 212 A 26 A
Efficiency 934 % 85.5%
Power factor 0.85 0.81
Rated slip 2% 8 %
Rated speed 1470/min 1380/min
Rated torque 720 Nm 8.2 Nm
R 25 mQ 0.024 p.u. 9.5Q 0.113 p.u.
Ry 20 mQ 0.019 p.u. 6.2Q 0.073 p.u.
L 9.71 mH 2.95 p.u. 668 mH 2.49 p.u.
L, 9.55 mH 2.90 p.u. 662 mH 2.46 p.u.
Ly, 9.17 mH 2.78 p.u. 633 mH 2.36 p.u.
o 0.094 0.094
J 2.8 kgm? r; =1555 0.00349 kgm? r; =158
T, with My 611 ms 67 ms
Starting date I1 = 760A
cosg = 0.156
M; =205 Nm

Table 7.7-1: Data of big and small four pole induction machine for start-up calculation at 50 Hz grid

As rotor inertia is given by J ~d&l ~1° and motor power P ~d3I ~ 1%, the scaling ratio of
rotor inertia with increasing power is Ji/J, = (P1/P2)5/4, delivering in our case
3,13, =(110/1.1)%* =316. Real ratio is even bigger with J; / J, = 2.8/0.00349=802.

Facit:

The 100 times stronger motor 1 needs due to its about factor 1000 bigger inertia about 10
times longer to start up.

In Fig. 7.7-1 numerically calculated electromagnetic torque during start-up (with load shaft
torque Ms = 0 = no-load start up) of motor 1 is shown versus time. Att = 1.8 s the motor is
loaded with rated torque Ms = M.

a) Oscillating starting torque:
Due to switching on of stator voltage DC current component occurs in stator and rotor
winding, which decays with electric time constant (7.6-18) X /rs +x; /r; (formula exactly

only for zero speed). The 50 Hz AC stator current reacts with the DC flux of rotor DC current
in a pulsating 50 Hz-torque. The same does the rotor 50 Hz AC current with the stator DC
flux. This 50 Hz-pulsating starting torque (5 periods per 0.1 s) is superimposed on average
starting torque My, yielding total torque peak of 1300 Nm. This oscillating torque loads in
coupled drive systems the mechanical coupling heavily and might be dangerous, especially
for big machines.
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Fig. 7.7-1: Calculated electromagnetic torque of induction machine 1 at no-load starting, being loaded at 1.8 s
with rated torque
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Fig. 7.7-2: Calculated dynamic torque-speed characteristic of induction machine 1 at no-load starting, being

loaded at 1.8 s with rated torque. In dashed line static torque-speed characteristic from equivalent circuit diagram
is given for comparison.
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b) Dynamic break down torque:

Dynamic break down torque Mp,dn = 1000 Nm occurs at 1.2 s and stays well below static
break-down torque of motor 1 Mpstat = 1360 Nm due to the dynamic starting (Fig. 7.7-2). The
main flux W, =X -1, is changing with big electric time constant due to slow build up of

magnetizing current. For speed zero this time constant is (7.6-18) X /r; + X, /r;, which is
T=Ly/Ry+L; /R, =0.3885 +0.478s = 0.866s. We take as first guess this value also for
increasing speed. So, when reaching break down torque at time 1.2 s, still full main flux is not

available, being smaller by 1—e /T =1—e71?/98” —0.75. Thus dynamic break down torque
is reduced by 25%; numerical calculation yields 1000/1360 = 0.74.

c) Eigen-frequency of induction machine at synchronous / rated speed:

When the motor reaches synchronous speed, torque decays to zero, but with a damped
oscillation of low frequency about 7 Hz. After loading the machine, torque rises to rated
torque 720 Nm, again with a damped oscillation of nearly the same natural frequency 7 Hz.

Facit:

Induction machine shows low natural oscillation frequency like in synchronous machines
(*"synchronous machine effect in asynchronous machines'). Reason for this is that the rotor
current does not vanish immediately in the short circuited rotor winding at synchronous
speed, but with rotor short circuit time constant. Thus the rotor flux may be regarded as
"frozen" for a short time and acts therefore like the electrically excited rotor DC flux in
synchronous machines: The rotor flux exerts a force on stator like an elastic connection
between stator and rotor, yielding with the rotor mass a natural oscillation system. When
loading the machine suddenly. Again the rotor flux can only change with rotor time constant,
leading again to natural oscillation.

The 50 Hz oscillation of starting torque and the natural torque oscillation at synchronous
speed leads oscillations in speed (Fig. 7.7-3). According to mechanical equation

A

J-dQ, /dt=M,cosat — 2,(t)= Merinwt (7.7-1)

speed ripple decreases with increasing inertia and frequency, so speed ripple at low natural
frequency (with lower torque amplitude) is even bigger than speed ripple at starting with
about ten times higher frequency 50 Hz and bigger torque amplitude. Increase of inertia
increases run up time in almost linear way. As steady state starting torque (200 Nm) is only
30% rated torque, the real run up time is longer than T;. Whereas speed ripple at starting
remains a 50 Hz ripple also with varying inertia, the natural frequency fgm at synchronous

speed decreases with ~1/ JJ . This is again understood with mechanical equation: Speed
oscillation A40m(t) is superimposed e.g. at synchronous speed:

O (1) = 2qn + A2, (1) (7.7-2)

Magnetic braking force of "frozen™ rotor flux on stator current increases, if angle difference
A8 between rotor flux axis and stator space current vector increases: Me(A49) = -csA49. As A9
is counted in electric degrees, speed oscillation is given by angle oscillation

da9g

Y - AQ 7.7-3
= p- 4, (1.79)
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Mechanical equation yields therefore a second order linear differential equation with constant
coefficients

de, dQ, . dAQ,

J “M.(9) =—Cq-48 = J - ——Cq- A
dt o(#) =—Cy dt dt 4
d249
J " +p-Cy-A9=0 (7.7-4)

with solution AS(t) ~ sin(wy nt), A2y (t) ~ cos(wy mt) and natural oscillation frequency

_ W4m _i p-|C3|

fqm= = 1.7-5
am= or " 2x J ( )
J=05-Jy J=J\ J=2-Jy

real run up time 0.7s 13s 2.4s

Ty 0.3s 0.6s 1.2s

fam 9.9 Hz 7.0 Hz 4.9 Hz

Table 7.7-2: Influence of motor inertia on start up of induction machine

d) Detailed view on decrease of 50 Hz oscillating torque component:
By increasing inertia further to J =10-Jy, start up time, but also time of decay of 50 Hz

oscillation of starting torque increases (Fig. 7.7-4). In that case start up is so slowly, that
during electric transient of switching on the voltage on stator winding the rotor speed changes
only minor. So one can take time constant of (7.6-18) for @, =0. After
T, =L /R +L; /Ry =0.388s +0.478s = 0.866s oscillating torque should have decreased to

1/e = 0.37, which fits quite well to Fig. 7.7-4. At lower inertia (quick start up) influence of
rising o, on time constant is visible, decreasing time constant T, and decay of oscillating

torque.

J = JN J =1OJN
Time of decay of 50 Hz 05s 2.35
oscillating torque
Fig. 7.7-1 Fig. 7.7-4

Table 7.7-3: Influence of motor inertia on time of decay of 50 Hz oscillating torque

The 50 Hz oscillating torque consists of DC and AC current component (see Section 7.6). The
AC component delivers steady state starting torque Mi. The DC current component is

(damping neglected) equal to AC current component: Ipc = fAC. As starting torque is
proportional to real part of AC starting current M; ~ fAC COS@y, One may estimate peak
torque due to DC current component by M; pc ~ Ipc ~ M;/cos¢e, and thus total torque
peak at starting

1
My, peak & M1 '(1+ COSq)J

(7.7-8)
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Fig. 7.7-3: Calculated rotational speed of induction machine 1 at no-load starting with a) 0.5Jn, b) Jn, €) 2Jn
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Fig. 7.7-4: Calculated electromagnetic torque of induction machine 1 at no-load starting with ten times increased
inertia
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Fig. 7.7-5: Calculated rotational speed of induction machine 1 at no-load starting with rated inertia
a) without additional rotor resistance, b) with 10-times rotor resistance in addition via slip rings in rotor circuit
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Fig. 7.7-6: Calculated electromagnetic torque of induction machine 2 at no-load starting, being loaded at 0.35 s

with nearly rated torque 7.3 Nm
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Fig. 7.7-7: Calculated dynamic torque-speed characteristic of induction machine 2 at no-load starting, being

loaded at 0.35 s with nearly rated torque 7.3 Nm. In dashed line static torque-speed characteristic from
equivalent circuit diagram is given for comparison.
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Fig. 7.7-8: Calculated rotational speed of induction machine 2 at no-load starting with Jy
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In Fig. 7.7-4 peak torque is 1400 Nm, according to M peax = 205-(1+ 5 1156

j =1500Nm,

which fits quite well.

e) Slip ring induction machine: Influence of additional rotor resistance:
If an additional rotor resistance of R, =10R,is added per phase, then break down torque is

shifted from slip s, =0.08 to a 11-times higher slip:

R, R +10R,

- s, =11s, =11-0.08 = 0.88.
Sb Sb
Motor now starts nearly with break down torque as starting torque, hence reducing start up
time significantly. As break down torque is 1360/720 = 1.89, real run up time is even smaller
than T, (Fig. 7.7-5).

f) Starting performance of small induction motor:

As stated above, the smaller motor 2 will accelerate much faster than motor 1. The DC current
component due to switching on voltage is still decaying, while rotor has already gained nearly
synchronous speed. So one cannot separate clearly different stages of 50 Hz oscillating torque
and of breakdown torque (Fig. 7.7-6). Natural oscillation at no-load and rated point of
operation is visible (Fig. 7.7-6 and 7.7-7), whereas shape of dynamic and static torque-speed
characteristic differ considerably. But as their average values are nearly the same, the real
start up time and rated starting time T; = 67 ms are about the same.

g) Pfaff-Jordan parameter for dynamic break down torque determination:

By solving the dynamic equations for starting of the induction machines with the
simplifications rs = 0 and neglecting the transient dc current component, G. Pfaff and H.
Jordan derived a dimensionless parameter P,

2 2 '
p(w__J [ﬂt_] gy Reos oty (7.7-9)
Us  Xp Us I-h 3p

which allows — by use of Fig. 7.7-9 — the determination of dynamic breakdown torque from
static break down torque.

Example 7.7-2:

Data of induction machine 1 (Example 7.7-1): break down slip sp = 8%.

Line start at 50 Hz, rated voltage: Calculation of P in per unit and physical units,
alternatively:

2 2
s Xs -TJ-r;-sb=(1-@) 1155,5-0.019-0.08 = 0.266
Us X 1 278

P

=0.2696

o_[24s L Z.J'R;-Sb-ZﬂfN _[ 2750 .0.00971j2. g.0:02:0.08- 2750
Us Ly 3p? 380/+/3 0.00917 3.92

The curve in Fig. 7.7-9 yields My 4,/ My, g4t =0.71, whereas the numerical solution Fig.
7.7-2 yields 0.74, showing sufficient coincidence.
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Fig. 7.7-9: Calculated ratio of dynamic versus static break down torque according to Pfaff and Jordan in
dependence of parameter P

Understanding the Pfaff-Jordan-parameter P:

(1) AtRs =0 we get U, / s = ¥,

(2) At no-load we get: ¥ -L,,/Ls =¥,

(3) Compared to the mechanical time constant of the DC-machine

J-R J-R J-R . -R;
T = a _ a a2 , the expression T, :‘]—Rr2 may be regarded as

; _(kz@)z _(ﬁi@)Z (p-¥) (P#h)
27 a

the mechanical time constant of the induction machine.
(4) With s, =Ry /(o- wL;) (for Rs = 0) we get for wgy = wsthe inverse of the rotor short-

circuit time constant 1/T, . = wg\ - S, = Ry /(oL ) of the induction machine.

(5) Hence the Pfaff-Jordan-parameter P is the ratio of the mechanical time constant versus the
rotor time constant: P =T, /(3T,,)-

Facit:

The start-up time is — like in DC machines — round-about 3Tn. If the Pfaff-Jordan-parameter
P is big, the duration of the transient current rising in the rotor, described by 3T,s at the
beginning of the start-up, is much shorter than the start-up time. Hence during most of the
time of start-up the rotor current has already reached its steady state value, which depends on
slip s according to the OSSANNA circle. So the starting torque, created by stator flux and
rotor current, is nearly the steady state value, especially when the break-down slip is reached.
The transient current rise has only a small influence on the start-up torque. In case of small P
the transient rise time is a big part of the starting time. The rotor current has not reached its
steady state value, when the rotor passes the break-down slip. Hence the transient break-
down torque is smaller than the steady state break-down torque.

7.8 Linearized transfer function of induction machines in synchronous reference frame

a) Motivation:
For constant speed operation complex linear transfer function of electrical machine
performance was defined in Laplace s-plane with two poles (roots) Sa, Sb
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1 ) 1 ]
Sa=——+]Joga Sp=——+]Jagp (7.8-1)

Ta Th
in denominator, describing current output according to voltage input. If transfer function was
written not for complex current space vector, but for its two components in o-f
decomposition, then transfer function contains only real numbers. The denominator comprises
4 roots, but each two are conjugate complex:

1 ) 1 )

S1=———+ )04 a:s S4=—""— 10y (7.8-2)
Ta Ta
1 ] 1 )

S)=——+]a4p, Ss=———]Jagp (7.8-3)
Th Th

When also mechanical equation shall be considered, speed varies and differential equations
are non-linear. Therefore transfer function can only be derived for small deviations from
chosen point of operation (equilibrium point), thus linearizing the equations in that point.
Transfer function is then only valid for small amplitudes, typically 10% of considered
equilibrium point. With that transfer function small signal stability investigation of each
equilibrium point of the uncontrolled induction machine is possible. Due to torque equation
differential equations have to be written in components, so small signal transfer function of
the electro-mechanical machine performance contains only real numbers, comprising 5
poles (roots) in denominator, four similar to (7.8-2), (7.8-3), which are conjugate complex,
and on fifth real root.

b) Why use of “synchronous reference frame "?

Dynamic system equations are considered in synchronous reference frame, because in
stationary conditions at sinus grid operation all space vectors do not move in this reference
frame. Decomposition of space vector in real and imaginary part in synchronous reference
frame is

Us(syn) (7) =Ug 4 (7) + ] - Ug p(7) : (7.8-4)

Thus we have three reference frames in parallel use (Table 7.8-1).

Stator reference frame Rotor reference frame Synchronous reference frame

Does not rotate Rotates with @y, =dy/dz | Rotates with @y, =do/dz

Use in induction machines | Use in synchronous machines | Use in induction machines for
small signal theory

U(s)(7) = Uy (2) + jug(7) Uery (1) =Uqg (2) + jug(7) U(syny (7) = Ua (7) + jup (7)

2 _ =Jy(z) _ —j-o(7)
Ugs) =§(Uu +a-Uy +a’ty) Uy (7) =Us)(z)-e77 Usyn) (7) =U(s) (7) - €

Table 7.8-1: Reference frames in use for space vectors of three-phase AC machines

Example 7.8-1:

Calculate voltage space vector for three phase AC sine wave voltage system

Uy (7) =u-cos(ws7), Wy (7) =u-cos(wst —27/3), by, (r) =u-cos(wsz —47/3) in
- stator reference frame

- synchronous reference frame:

According to Example 6.3-1 we get in stator reference frame:
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2 i .. .
ug(7) =3 Uy +2a-Uy +a’uy [=u-elost =U-(Cos(ws7) + jSin(@s7)) = U, + JUsg

Transformation into synchronous reference frame yields with angle 6 = wg, - 7 — &, between

stator and synchronous reference frame, where Jymarks the position of synchronous
reference frame at = = 0(and is chosen zero !):

Ug(eyry (7) =Us(0) - €710 =u-eJ@sm . e719s741% —y . e1% =y (cos(dy) + jsin(dp)) = sy + jugy
Imi 4 Img
E(K) ﬂ)
0 T = Re 0 = Reg

Fig. 7.8-1: Stator voltage space vector of three phase sinus voltage system is rotating in stator reference frame
with angular frequency s (left), but does NOT move in synchronous reference frame (right) , K =syn. ref. frame

c) Steady state operation at sinusoidal three-phase voltage system:

In equilibrium points

- no change of quantities with time occurs: dy /dz =0,

- electromagnetic torque me and shaft torque of load ms are equal, yielding constant speed
dw,, /dzr =0. Therefore only voltage and flux linkage equations must be considered for

equilibrium points, which is done here in synchronous reference frame. With

Q0 Q0
461 dr = gy = —20 = P9 s _ ) and dy fdr = o,

onIp oy G\

. Ks(syn) . d§
Usisyn) = Tsbsoym + g~ 1 g7 Veym = Slstoym © 195 ¥y
dy'
_ it Zr(yn) d(5 d@é-y) _ ,

0= el r(syn) T dr dr Zr(syn) i’ r(syn) T I ( a)m)'ﬂr(syn)
Yissyn = Xs ’is(syn) + X 'Er(syn) (7.8-5)

Zr(syn) =%n- 's(syn) + X r(syn)

da)m _

NI Im{>s(syn) l/ls(syn)} Ms(7) =0 = me(7) =my(7)

dr

For simplification the subscript (syn) is omitted further, using the abbreviation slip

stn _-Qm _ g — Wy

Slip=

(7.8-6)

syn Ws

gs = IFsis + J * Wg '(Xs 'is +Xh 'Er):(rs + jwsxs)‘is + jwsxh 'i_’r
0=t/ 'y + j-Slip- @5 - (X -ig + X, -1'¢) = - Slip- @y, -ig + (1 + - Slip- @, x) -,
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Solution of these linear two equations with unknown currents for given stator voltage is given
with use of Blondels stray coefficient o

. Iy + j-Slip-wgX; (7.8-7)
78 (r = Slip- o - wgXs - X} )+ - (1] - wgXg + Slip-rg - 0 X)) '

This solution for current space vector for three-phase sinusoidal voltage time function is (of
course) identical with the well known solution of sinusoidal stator phase current (7.6-9) from
equivalent circuit diagram (Fig. 7.6-1), which defines the circle diagram i (Slip) for locus

of space vector for varying slip. It may be taken as particular solution of differential equation
system (7.8-5) like (7.6-8).

Note that (7.6-8) was valid in stator reference frame, so current space vector was rotating,
whereas here in synchronous reference frame steady state current space vector is a fixed
complex vector, which is NOT changing with time. This we have like in DC machines for the
equilibrium points fixed values for

- voltage,

- current,

- Speed,

which in DC machines are real numbers — related to DC values in equilibrium points - and
here in AC induction machines are complex numbers — related to sinusoidal AC values with
constant frequency and amplitude.

d) Small signal theory in equilibrium points:

Voltage, flux linkage and mechanical equation in a-b-components in synchronous reference
frame constitute 9 differential equations. By substituting stator and rotor current (4 current
components), only 5 equations are left.

i 1 l-0
. pp = wo— .
Yo=Xslg+ Xy Ly B o X s o Xp L
: SRR = (7.8-8)
v'o=Xylg H X0, S 1 , 1l-o
I r I—I’_ r.wr_ .(//S
o X o-Xn —

So stator and rotor voltage equations (7.8-5) with (7.8-8) contain as unknowns only flux
linkages and rotor speed, whereas leading input is stator voltage and stator frequency and
disturbing input is load torque:

oo dy . r, 1-0
Ug=| S+ o |yt Sy

o X dr  x, o T
N l-o ry : dy’

O=—-TL-"— .y +|—"+jlws—0y) |'v +—L 7.8-9
X o Y, ((TX; [(cX m)j v, dz ( )

dw v 1- ’ 1- r*

Considering small deviations

a) of amplitude for fluxes, voltages, currents in a equilibrium point — which is given by
equivalent circuit (7.8-7) as complex numbers, corresponding to sinusoidal AC values with
constant amplitude and

b) of speed, load torque and frequency from constant equilibrium values
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— we linearize equation set (7.8-9).

Linearization of unknowns: Linearization of known input:

Zs(z—) :ZSO +AZS(T) QS(T) =Ugg +Ags (T)

K’r (r) = Zro + AVL’r (7) 5 (7) = gy + Awg (7) (7.8-10)
Oy (7) = O + Aoy, (7) M (7) = Mgg + A (7)

Starting investigation from steady state equilibrium, the initial conditions for deviations are
zero: Ay 0) = Azr (0) = Aoy, (0) = Au4(0) = Awg (0) = Amg (0) =0

For example, linearization of stator voltage equation is with dzso /dz=0:

_|_Ts ; d(Zso +Azs) s 1-o ' '
QSO+AQS_(G-XS +J(w50+Aa)s)j'(Zso+A‘/_/s)+ dz _E’ > '(Zro—i—AKr)
. _— _— (o . s 1-o )

(i) equilibrium point: u, _[a-xs + Ja)SOJ.KSO _Z.T.Zro (7.8-11)
.. e r. . . . ddy . r, 1-o ,
(ii) deviations: Aug = J.SXS Ay + jogdy + jAogy  + Aoy + a4 : _i'T'AZr

As long as small deviation are less than 10% to 20% of equilibrium value, neglecting
multiplication of two small deviations will lead to an error below 4%, e.g.:

Ao - Ays 0.2-0.2 =0.04, leading to deviations:
Ws0 *¥s0
d4
r ) . V. 1, 1-o
Aug =—— Ay _+ jogdy_+ Awg+—=>—=-—— Ay’ : 7.8-12a
Ug - ZS Jogo [Ks JZSO s dr X, ©O Zr ( )

This linear differential equation is Laplace-transformed to get an algebraic equation:

Al = (o-rsx + jwg + SJAQS + jzsoAcDS —;—S-I_—G-Az/?’ (7.8-12b)
“As

In the same way rotor voltage equation for small deviations is derived and Laplace-
transformed, taking wgy — wme = @yq as rotor frequency:

A r' 1-0 r/ )
equilibrium: 0=——"-= "y 4| —"+jw.o |- ¥ 2813
q X o Y0 (O__X,r J roJ Y o ( )
. Kl-o ry . ;. ' Azr
O:—K—a AZS+J'X; Ay’ +jody’ + (Ao —Aop)y’ + i = Laplace =
O:—r—rll_—a y.+ 'y +jog+S Ay’ + iy Adg— jy'  Ad (7.8-14)
X, O Vs X! Joorg Y, T yA0s = 1Y APm :

Linearization of torque equation demands decomposition of complex space vectors in a-b-
components:

AZS (7) = Ay sa(7) + jJAp g (7)

Ay’ (7) = Ay (2) + At (7) A () = AUigy (7) + JAUgy (7) (7.8-15)
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do, 1-oc

r (Wep - W)a —Wsa - Win)— Mg = Linearization and Laplace-transformation =
T O Xp

(]

dAa)m - l1-o (

J dr  o-x ‘//SOb'A‘//;a+4“//sb"//;Oa_‘//sOa'Al//;b_A‘//sa"//;Ob)_Ams (7.8-16)
" Ah

_ l1-o0 -, , _ — ' - .
$:7y - Ay = o X (‘//SOb “AWra +Wroa AVso —W¥s0a - A¥rb —¥rob 'A‘//sa)_Ams (7.8-17)
" Ah

In the same way stator and rotor voltage equation for small deviations (7.8-12), (7.8-14) are
decomposed into a-b-components, leading to a final linear algebraic set of five equations with
five unknowns: Aay,, Ayg,, AWqy, AWra, AWy, » With leading variables Aog, AUg, , AUg, and

disturbing variable Am,, written as matrix equation.

(N)- ()= )| (7.8-18)

Meaning: 5 x 5 system matrix (N), 5-dimensional vector of unknowns (%), 5-dimensional
vector (U) of "right side", containing guiding and disturbing variables. The induction
machine "'system response" speed is got by solving the equation system with Cramer’s rule:
Replacing the 5" column of matrix (N) with vector (U) leads to the new matrix (Z), leading to

. DEUZ) _ T (A, AUy, A, Am)

= = 7.8-19
™ Det(N) P (S) ( )
sy s — oy _K(-0) 0 0
O Xg O - Xp
o S+ s 0 _M 0
O - Xg O - Xp
rl- r,
(N)= _E-o) 0 S+—— ~ g ¥rob (7.8-20)
O - Xp O X
rl-o r’ ,
0 _fi=o) @ro S+——  ~Vrpa
O - Xpy o X;
l-ocwrn _1-0¥rwa _1-0¥sp 1-0 ¥y S
O"Xh 73 O"Xh 7 O"Xh 7, O"Xh 7
AV, Aljsa T ¥sob 'Aa:)s
Mg, Adgy, ,_Ws(jl;Aa’s
() =| Ay U)=| Vrob j’i (7.8-21)
A7, ~V¥roa 4D
) Vl’b B Ams
(S 75

Det(N) leads to a polynomial expression in s of fifth order, the so-called characteristic
polynomial with 5 roots as the five poles of the transfer function (7.8-19).

d) Transfer function for typically small motor resistance and frequencies > 0.5-fn:
Choosing voltage space vector as real: uUgy =Ugp,, Usg, =0 and investigating transfer

function for small deviations
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a) from no-load equilibriumo.q =0,i',g =0
b) at not too small stator frequencies oy, >0.5...0.6.
So we can neglect at no-load ry << wgXs, getting from (7.8-11) with ry = 0:

. . u . . u
— — — _ sOa — — sOa
Uso = JOso¥ o = Xslso = Ws0a = 0, Wsop =— o Isoa =0, Isop = — Do
sO s0”s
' . 0 W = X
Yoo~ *nlso = V¥roa=YW¥rob=— Usoa
s0”s

With simplifying assumption
(1) ry=r/ and
(2) X =X;
we get identical stator and rotor short-circuit time constants:
1 = rs = 1 = rr = i (7.8'22)

’
Ts¢ O X Trg O X T4

(3) With not too small stator frequencies ry << mgpXs and
(4) usually small resistance ry << X, Iy << X;
for calculating deviations from equilibrium we get for denominator of (7.8-19)

2 2
Det(N):P5(s):(s+i)- [s+ij +a)§o : (S+ij +a)§m (7.8-23)
o o 22—0’ ‘
with mechanical system natural frequency
11 uo Y 1
@d,m =4 — ( SOJ - 5 ) (7.8-24a)
Ty O- XS (O] (2‘[6)
3p? 1-0 (Uy) 1
Q= 220 | =0 = . (7.8-24b)
’ J oLy |92 (21,)

Facit:
The five roots of induction machine electro-mechanical transfer function comprise two pairs
of conjugate complex poles and one real pole (Fig. 7.8-2).

S;=-01+Jwgy  S4=-01— jog,
55 =65 (7.8-25)
S, =—0) + joy S5 =—0, — jayg ,

For our simplifying assumptions the root values are:

soso L 5oL
T, ° 2, (7.8-26)
W41 = Ws0 4,2 = W4,m

Inverse Laplace transformation of speed deviation due to a small step e.g. of us. yields
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Aoy = 5 5 =
1 1 2 1 2
(S+—)||s+— | +w5p ||| S+=— + g m
‘o fo % (7.8-27)
S R - R - -0 R,
[ 1 J 2 [ 1 J 2 S+ — S
S+— | vy |S+-—| +oim 7,
Ty 27,
T T T

Aa)m,h(r)= Awmy-€ to -COS(a)Soz'+(pl)+Aa)m,2-e to -Cos(a)d,mr+(p2)+Aa)m,3-e to

AIm

@ @—plane
XN 108

\\ X
®,  @xf>s oo

>
—02  T0l%e——TZ"1 o2
Ok [
Fig. 7.8-2: The five roots of induction machine electro-mechanical transfer function comprise two pairs of

conjugate complex poles and one real pole. The tan« gives the numbers of half-periods, until natural oscillations
have decayed down to 5% of initial value.

» Re

—_—
—
-

Facit:

Disturbances from equilibrium decay with short circuit time constant, thus being stable, if
equilibrium is nearly no-load, resistances are small, and stator frequency is not too low.
Disturbances oscillate with stator frequency, but also with mechanical system natural
frequency. A DC link component occurs, which decays with short circuit time constant.

Calculation of Awy, 1, Aoy, 5, Awy, 3 determines, which of the effects is dominating. Solution
of Det(Z) is shown in block diagram Fig. 7.8-3.

r ]
ms(s) > | |
- 2
wso(s) _"_: Ugp* s+10m :
on(9) o[22 o 1 1 s, ;
Usal(s) Ws0 (s+a) 0Xs (s+ag)?+wd, Ty (s+ag/2)R +w3 > Om(s)
ﬁsb(s)—bl— Uy ag= 1/74 |

- - - _ ]

Fig. 7.8-3: Block diagram of induction machine for speed response to small deviations in stator voltage and
frequency and load torque from no-load equilibrium (assumptions: small and equal stator and rotor resistance,
equal stator and rotor inductance, not too low stator frequency)
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Comparing with numerical results of section 7.7 we understand:
- Switching on voltage on machine terminals leads to DC component in current and flux
(pole s5), which in interaction with steady state current and flux component results in

torque and speed oscillation with stator frequency (poles s;, s,).

- As rotor flux does not change immediately with stator voltage change, but follows with
short circuit time constant, it acts at the first moment of voltage change like "frozen" rotor
flux, leading to "*synchronous™ machine phenomenon, causing low frequency change
with @y  (poles s,, sg).

So with (7.8-24) a simple equation for calculating (7.7-.5) is derived!

Example 7.8-2:
30 kW 4-pole cage induction machine: 400 V' Y, 50 Hz, 60.2 A, J = 0.42 kgm?, T;=0.25s,
Ls = 36.5 mH, per unit values: r; =r, =0.03, X; = x; =3.0, 0 =0.0667, 7; =75

o-X 0.0667-3
I, 0.03

TSO' = TrO' -

=6.67 Ty, =T, =5, /@y = 6.67/(2250) = 2L.2ms

2
1 1-0.0667 (1 1
Odm=+—=————=|-| —————5=0238 fy,="Fy @gm=50-0238=11.9Hz
d,m \/ (j (2-6.67)2 d,m N “%d,m ==

75 0.0667-3 \1
or directly
Q4m 1 [3-22  1-0.0667 230 )2 1
fom= =— : : - —11.9Hz
! 27 2z 0.42 0.0667-0.0365 \ 2750)  (2.0.0212)2

e) Transfer function for arbitrary motor resistance and frequencies:

Numerical solution of (7.8-18) shows, that for typical machine parameters and feeding values
the characteristic polynomial Det(N) comprises also for general case of arbitrary values for
resistance and frequency 2 pairs of conjugate complex roots and one real root. Position of the
most sensitive conjugate complex pole pair s,s=-0, % joy, in complex s-plane is

calculated numerically and given in following examples.

Example 7.8-3:
8-pole, three phase cage induction motor, 22 kW, 400 V, Y, 50 Hz, 720/min, efficiency 93%,
power factor 0.87, ry =0.03, r; =0.04, X = X, =3.0, 0 =0.0667, 75 =75.

Machine is operated at no-load from an inverter with variable stator frequency w@gy. Only
inverter fundamental voltage harmonic ugyis considered. Voltage amplitude is changed
Uso ~ wsoto keep rotor flux linkage wypat constant rated value. Numerically calculated
07 (wsp), @g 2 (wsp) is given in Fig. 7.8-4. For rated load values are nearly the same. The

other pole values increase with decreasing frequency wso from 2.0 down to 0.05:
3 increasing from 0.2 to 0.34, ¢;increasing from 0.15 to 0.2, ratio g ; / wgq increasing from

1.0 to 2.5. Comparison with simple equations of (7.8-26) show:

5=dy= oo 008 4
o-X 0.0667-3
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I, 0.03 007

5: = =
272.0-% 2-00667-3 ——

(6]

2
1 1-0.0667 (1 2
a)dll/a)so =];,a)d’2 :COd’m =\/7—5m(i} —0.075° =0.238

01+ ~0,095

o ~0,22
5o 0,2 wd,2 S
0 05__ 02 Us0 ~ WsO

" loa

I 06 Ws0
0 T T T T T L— T -
0,1 0,2 0,3 0,4 05 0,7 1,0 2,0

Fig. 7.8-4: Variation of damping &, and natural angular frequency w2 With varying feeding stator frequency and
constant rotor flux linkage at rated value, no-load machine operation

Facit:

Simplified equations (7.8-26) are only valid down to stator frequency 60% of rated frequency.
At low stator frequencies the damping coefficient gets very small, so induction machines
reacts to any change in load torque or disturbance in stator voltage and frequency with long
duration of natural oscillation. Natural oscillation frequency decreases with decreasing
stator frequency down to below 10% rated frequency. Therefore stability of induction
machine, operated by voltage-controlled inverter at low speed, is weak. A speed control is
necessary for increased performance of transient response to load steps.

Example 7.8-4:
Motor data from Example 7.8-3:

~022 A
20,095 |wd.2 wd,2

5o | 01702

005101

0 I T T I T T /I >
0,03 01 02 03 055FTO 20 I's

Fig. 7.8-5: Variation of damping &, and natural angular frequency @y With varying stator resistance at rated
stator frequency and constant rotor flux linkage at rated value, no-load machine operation

Machine is operated at no-load from grid with constant stator frequency o, =1. Stator

resistance rs varies, being much increased e.g. by long motor cable between motor and
feeding grid terminals. Stator voltage amplitude is increased to compensate stator resistive
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voltage drop, so that rotor flux linkage wis kept at constant rated value. Numerically
calculated & (rs), wy 2(rs) is given in Fig. 7.8-5.

Facit:
Between resistance values 0.35<r; <1.8 damping is negative, so motor operation gets

unstable. Machine tends to oscillate heavily, thus assumption of small deviations from
equilibrium is no longer valid. One has to solve numerically the non-linear set of dynamic
equations to get reliable results (see Example 7.8-5). At rated load the damping is also weak,
but is still positive, so operation stays stable.

f) Numerical solution of non-linear set of dynamic equations ("large signal theory™):

In order to see what happens when machine is operated in unstable conditions, one must
return to "large signal theory", as big speed oscillations cannot be treated any longer with
small signal theory. This is demonstrated with a numerical example.

Example 7.8-5:

Motor data from Example 7.8-3:

Machine is starting with no load, supplied from grid with constant stator voltage and
frequency ugy =1 oy =1

a) directly

b) with 13-fold increased stator resistance r; =13-0.03=0.39and by 1/3 reduced rotor

inertia: 7; =75/3=25.

-4 wom
wm 1 i Me

L2
0,5
L1 Me
0 \VAl T T
0 \/ \/ V 107 20 30m
i — T
a)
“Wm
1_
Wm
0
0 20m 40T 607
b) —» T

Fig. 7.8-6: Numerically calculated torque and speed during line starting of induction machine a) directly from
grid, b) with 13-times additional stator resistance and 0.33 reduced inertia

Facit:
Due to the big voltage drop at stator resistance the torque is reduced to 25%, thus increasing
start up time. By reducing inertia to 1/3, increase of start up time is only 50% (30 instead of
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207). Torque and speed oscillations due to DC link current component with f,, ~ fy decay
in case b) with about 9 grid periods, but amplitude of oscillations with fy, =11.8Hz

increase with time due to unstable machine operation at synchronous speed. This amplitude is
only limited by non-linear effects in machine.

7.9 Inverter-fed induction machines with field-oriented control

a) Commonly used inverter systems:

grid U motor grid Iq motor
Ro— dr—1 -y Ro{ ~ /| mme—{ _ }oU
S o— _ TC l % —o V S o— _ L % —oV
T o— —o W T o— B —o W
dc—-link dc—link
a) rectifier inverter b) rectifier inverter

Fig. 7.9-1: Variable speed operation of induction machine with (a) voltage source inverter, (b) current source
inverter

Voltage source inverter Current source inverter
DC link capacitor C DC link inductor (choke) L
Uq: DC link voltage l¢: DC link current
motor winding is fed by controlled AC voltage of | motor winding is fed by controlled AC current of
variable frequency variable frequency
motor-side inverter operates independently from motor winding is part of motor-side inverter
motor, works also without motor commutation, inverter does not work with
disconnected motor
parallel operation of several motors possible each motor needs a separate inverter

Due to controlled stator voltage motor break down | Due to controlled stator current motor break down

. I . I .

slipis s, =—"—=0.1...0.2. Motor can slip s, =— =0.005... 0.02is very small. Motor
o Xy r

operate without control within slip range 0 ... sp is operating in unstable slip range > s,. Motor

control is needed for stable performance.

Stator voltage is pulse width modulated voltage | Stator voltage nearly sinusoidal due to induction

pattern by machine flux, which is excited by impressed
stator currents

Stator current is smoothened by motor stray Stator current consists of 120° blocks (six step
inductance to sinusoidal shape with ripple due to current mode).

voltage switching

Grid side usually diode rectifier, which does not | Grid side is converter controlled thyristor bridge
allow power flow to grid, so for electric braking for variable rectified voltage Uy for adjusting
chopped DC link brake resistor is needed. With positive Ig > 0. At Ug< 0, > 90° regenerative

grid side PWM converter regenerative braking brake power flow U414 <0 to grid is possible.
with power flow to grid.

With modern IGBTS this inverter type is used in | Used for big induction and synchronous motors in
the whole power range 0.1 kW ... 3 MW, low MW-range (1 ... 100 MW), thyristor technology.
voltage <1k V, and <10 MW, < 6 kV. Bigger World-wide biggest motor: 100 MW in NASA

power rating with IGCTs or GTOs up to 30 ... 50 centre /Langley/USA for driving super wind

MW with medium voltage e.g. 6300 V. channel for rocket experiments.

Table 7.9-1: Comparison of voltage and current source inverter
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Variable speed operation of induction machines is done by inverter operation with variable
stator frequency and variable stator voltage amplitude. Today mainly DC link voltage source
inverters (Fig. 7.9-1a) are used, to generate from e.g. 50 Hz three-phase voltage system of
constant amplitude a new motor-side three-phase voltage system of variable frequency and
amplitude. A grid-side rectifier and a smoothening DC link capacitor generate a DC voltage
Ud, which by pulse width modulated chopping (PWM) — done by motor-side inverter — feeds
the motor windings, thus generating motor currents of desired frequency and amplitude. For
big power also current source inverters are available, where in DC link a DC current lq is
generated by the rectified line voltage and a big DC link choke L, which is fed to the motor
winding via motor-side inverter (Fig. 7.9-1b).

b) Comparison of DC and AC machine control concepts:

Fig. 7.9-2: Induction machine: a) Main flux excitation by stator and rotor current space vector ( = magnetizing
current), b) torque generation in induction machine by main flux and perpendicular current component is1 , C)
The load-dependent flux component is mainly a stray flux due to opposing fields, d) The magnetizing flux
occurs already at no-load and corresponds to the big main inductance.

With fast switching PWM voltage source inverter dynamic current / torque control is possible.
Switching frequency ranges between typically 16 kHz (small inverters in kW-range) down to
typically 600 Hz for MW-range. Speed control for induction machine requires torque control
to cope with changes of load torque. Electromagnetic torque depends on machine main flux,
excited by stator and rotor current (= magnetizing current), and stator current (Fig. 7.9-2). To
change torque, main flux or perpendicular current component is. have to be changed.

Change of flux linkage AND of stator current is possible by changing voltage amplitude and

d
frequency Uy =rgig + % By changing stator flux both main and stray flux are changed at
T
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the same time v, =X g+ Xy -1 = Vo TV, Long open circuit time constant for changing
main flux is x /r, yields rather low dynamic performance of torque control.

Improved dynamic control is possible by changing only perpendicular current space vector

component. Only parallel component i,_ contributes to main flux magnetization, so

perpendicular component i, excites only stray flux linkage, which changes with much
shorter short-circuit time constant o - X, / ry . Therefore Blaschke and Hasse proposed at the

same time a field-oriented control algorithm: From voltage and current measurement
together with known machine parameters current and flux linkage space vector are
determined. Current space vector is "oriented” at flux linkage space vector position, e.g. it is
decomposed into parallel and perpendicular component. With dynamic space vector equations
it is calculated, how stator voltage space vector has to be changed, so that only ig, is

changed, whereas i _ is kept constant in order to keep y, constant.

Facit:

With field oriented control — done by micro-controlled inverter operation - it is possible to
operate the robust cage induction machine with at least the same dynamic speed and torque
performance as silicon-controlled separately excited DC machines. As DC machines are
mechanically sensitive due to the commutator, the wound rotor armature and the brush
contact, they cannot reach such high speeds as induction machines. Moreover the brush wear
requires maintenance. The commutator increases rotor inertia, so the lower cage rotor inertia
allows higher dynamic performance. Losses in inter-pole and (in bigger DC machines)
compensations windings as well as in brush contact yield lower DC machine efficiency, so
induction machines show lower losses and therefore increased torque/mass ratio. For all
these reasons modern variable speed drives are inverter-fed induction machine drives.

Type of machine DC machine Cage induction machine
Control Armature voltage control Field oriented control
Guiding variable Armature voltage Stator voltage
Fixed main flux Separately excited main flux @ Main flux linkage yn
Magnetizing current Field current is Magnetizing current im
Flux time constant Field time constant L#/R¢ Open-circuit time constant
Xs /T
Torque changed by Armature current ia Flux-perpendicular current
space vector component i,
Time constant for torque Armature time constant La/Ra | Short-circuit time constant
change o-X /g

Table 7.9-2: Comparison of speed control of DC and AC induction machine

c) Space vector formulation of field orientation with rotor flux linkage:

Often the rotor flux linkage v/, is used for the field orientation of the stator current space
vector is in the “rotor flux reference frame” (K), rotating with ax + @m = @s, which at steady
state is the synchronous reference frame (syn), where space vectors us, is, s, i'r, ¥ at
sinusoidal operation with stator frequency s are constant, non-rotating complex numbers.

The torque equation (7.4-15) me =Im(xy -ig-i,) resp. m =(xy/x;)-IM(ig ") is due to
. L . a0 Ay L .
Isk) ¥ riky =lses) @ (‘/Lr(s) e %) =iy 2 independent of the reference

frame. Transforming the measured is from stator into “rotor flux reference frame” with a- and
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b-components  igqn =ig) e, 5= Ia)S (7)-dz+3y, dgeyny =lsa+i-lsp, Issyn) I8

decomposed into rotor-flux-parallel and rotor-flux—perpendicular components ig_, i .
Skipping in the following the subscript (syn) and putting v’ = o+ j-wrp =y, into the

real axis (a), we get ig , =ig_, igp =I5, and ‘K’t =y, . With i; =i;_+ j-ig, thetorque is

Me = (0 /X0 )- 1M((i o+ i) W1) = (X0 1 X4) s Wiha = O /X)) s Wh (7.9-2)

So we have to show that is}, =is, may be changed very fast to get a dynamic change of

torque. The determination of the rotor flux linkage space vector from (7.9-2) via e. g. the
measured is, measured rotor speed wm and known machine parameters yields with the
elimination of i’, the 1* order ordinary differential equation (7.9-3).

;! dzr 1 ! ’ H ’ ! !
Ozrrl_r"'d—r"'l'(a)s_a)m)'ﬂrv VLrZXh'!s"‘Xr"_r:'//r (7-9'2)
dy, reo. Lo Xy . Xy . .

dl//r +[_rf+]'(a)s_a’m)]wr: : yh'!s:r—,h'(IS,a"'J"S.b) (7.9-3)
T | X Xy Xr

With the rotor open-circuit time constant 7, = x; /r; and field-oriented decomposition of the
stator current space vector in (7.9-3) we get (7-9-4) with the definition og — o, =Slip- o;.

dyy 1, Xy . . Xy - . . Xy .
%"‘_'V/r :_h'ls,:’ (@5 — o) vy :_h'|s,J_ or Slip-os -y :_h'ls,J_ (7.9-4)
T T, T, T, T,

Facit:

The rotor flux linkage is changed rather slowly by the flux-parallel component of stator
current space vector ig 5 =is_ via the long rotor open-circuit time constant (low dynamic

performance), so it is kept constant. The flux-perpendicular component iy, =ig, directly
affects the slip and therefore the steady state torque m, = f (Slip), which for slip values up to
twice rated slip holds m, ~ Slip. According to (7.9-1) a fast change of is , =i, is needed for
a dynamic change of torque at constant rotor flux linkage.

A dynamic change of the stator current by the stator voltage is calculated with the stator
voltage equation in (syn)-reference frame (7.8-5), which, with l'i’r =y, and combined with

stator flux linkage equation (7.5-4) y =0 -Xs-is +(Xy /X¢) -y, yields

Py X dwe L X (7.9-5)

1 : : . .
j—xs‘i‘st'U'Xs)'!s:gs"*'x_h'(z_i_ywm]"//;’ : (7.9-6)
r
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With the stator and rotor short-circuit time constants
Toe =0 X V=075 , T,p =0 X Iff =017, (7.9-7)

and decomposition of (7.9-6) into field-oriented components, the stator voltage equation is

dig _ - Ug — !

+( i Gj'is——ws-isf = 4 (-o) 2 (7.9-8)
dr Tse  Tro ’ ’ O Xs Tro * Xn

di - u

st [ L 1o g g i =2t (o) Oy (7.9-9)
dr Tse  Tro ’ T O X o Xp

T . = ~ ~ = . (7'9-10)

At constant rotor flux operation dy/ /dz =0, (7.9-4) yields is _ =y /X, and (7.9-9) gives

di i u ! u !
sLysdt_sl g g).2mVr,pio_=—L _@-slip-1-0))- 2V
dr 7, 0O-X o Xp Lo Xy " O Xy
Facit:

The flux-perpendicular component of the voltage space vector ug ; changes at constant rotor
flux linkage = const. the flux-perpendicular current space vector component is ; via the
“50% short-circuit time constant” 7. fast, thus changing the torque m, = (X, /x;)-is, -y,
fast.

For further details on the “field oriented control” see the lecture "*Control of drives™.

Note that for stationary operation d./dz = 0 at a given voltage us the steady state torque-slip-

relationship is derived, as given in the lecture “Electrical machines and Drives”. This is
proven with '/L’r =y, for the simplification rs = 0, getting Kloss function (7.9-16) for me.

From (7.9-2) follows then

., dyl . , R - - ,
O=rl, + l//r+J'(ws_a)m)"//r:>O=rr'(|ra+J"rb)+.|'s“p'a)s'l//r )
dr —
:fo—’ Slipwg
ira =0, i =-Slip-ag -y, /1r; . (7.9-11)

The rotor flux linkage (7.9-2) yields
Wr =X (isa+ J-lsp) + X ity = W =Xy -lsq, iy =—(Xn / X¢) -igp (7.9-12)

The stator voltage equation (7.8-5) and the stator flux linkage Y =Xs ig + X -1’ yield
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. v. . . ) ) .. ., .
!s:ri!_s"" d_s+J'a)s"/_/szj'ws"/_/s:J'a)s'(xs'(lsa"'J"sb)+xh'J"rb):usa"‘J'usb ’

which gives with (7.9-12) for the real and imaginary component Usa, Usp Via

Usg =~ * Xg *Igy = @ - Xy “iy == Xs "I — @ - Xpy - (=X [ Xp) -gp) = =0 -0 X gy

U =—@s -0 Xs Mgy, Ugy =@ - X *lgy - (7.9-13)
From (7.9-11) iy, =—Slip- @ -y, /17 and (7.9-12) wy =X, -isq, irp =—(Xn I X;) - ig, We get

igpy = (Slip- g - Xp 117)-igq , (7.9-14)
and for the given voltage us with (7.9-13) and (7.9-14) in dependence of isa

uZ =uZ, +uf = x2-(c®-(Slip-x. I)? +1)-i2, . (7.9-15)

The torque m, = Im(X;, i -it)z IM(Xp, - (s + J-1gp) - (J - 1rp) ™)) =—Xp - isq - Ip 1S With (7.9-12)
and (7.9-14)

Mg ==X *Isa Irp :(Xr21/X’r)’isa g =(Xﬁ/X'r)-(S|ip-a)s 'X’r/rr’)'is?a :(XI‘ZI 'S"p'a)s/rr’)'isza '

and with (7.9-15)

. uZ-x¢-Slip- g /1 _(1-o)ui > oex

e: - 1] ’ - !
a,52.xg.(az-(Sllp-a)s~xr/rr)2+1) Za.a)sz-xs ((Slip'a)s)2+( Iy ’)2)
G.

r

With the rotor angular frequency @, =Slip-@s and the corresponding “breakdown” value
wy, =1y /(o-x;) finally Kloss function is derived in dependence of @, = Slip- @ .

_(-o)ui 2

m , (7.9-16)
° 20‘-6052-XS @y | P
Wy O
. . 1-0)-u?
with the stationary breakdown torque my, g4t = % :
' O -0 X

d) Determination of rotor flux linkage for field oriented control:

In order to perform field-oriented control, the actual rotor flux linkage must be known to
decompose the stator current space vector into both flux-oriented components. The rotor flux
linkage can be determined either

(1) from stator current and voltage measurement or

(it) from stator current and rotor speed measurement.
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(i) Rotor flux linkage space vector determination from stator current and voltage:
In star-connected stator windings we always have iy +i, +iy =0. By measuring two line-

to-line voltages uy,, , lyy With voltage dividers and two phase currents iy, i, with shunts or
DC current clamps (Fig. 7.9-3a) one gets the stator voltage space vector from

u

2 2 )
Us =§' Uy +a-Uy +a -Uy

2
0=§-(UW va-uy +a2-uy ) (7.9-17)

'(Uuw +§'va)

W N

2
Us =§'(Uu —Uy +a-(Uy _UW))=

and the current space vector from

i =§-(iu +a-iy +a° -iw)zg-(iu (1-a%)+iy -(g—gz)) (7.9-18)

From the stator voltage equation and flux linkage equation in stator reference frame the rotor
flux linkage space vector is derived.

Ug =l +d%S /dt

! -
] ; X . dy : dig) x
v =Xslg+ Xyl =y :_t]'l//’ +0 Xy D=t =Ug I ig -0 X = |
= . Lo —oox dz dr ) X
Y, =Xnls + X Ly
r
(7.9-19)

Facit:

With known machine parameters rg, Xs, X,, X, (from measurement or calculation) the rotor
flux linkage space vector is evaluated by direct integration of stator voltage and current space
vector and its derivative. In inverter fed drive the stator voltage varies with stator frequency
and speed ug ~ @ ~ N, so at high speed the voltage is big and can be measured with high

accuracy. At very low speed the voltage is very low. Measurement errors such as offset or
noise will be integrated to big values, so at low speed method (i) is NOT useful.

' n

b iy ly

Fig. 7.9-3: Determination of rotor flux linkage space vector a) from stator voltage and current measurement,
b) from stator current and rotor speed measurement

(ii) Rotor flux linkage space vector determination from stator current and speed:
This method is very useful also at low speed, but needs an additional rotor speed sensor n
(Fig. 7.9-3b). Mechanical per unit angular speed is calculated from measured rotor speed n by
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_2z-n

_ (7.9-20)
oy p

[

The measured stator current space vector is transformed into rotor reference frame by
is(r) =ls(s) -e~1®m™The rotor flux linkage space vector is determined in the rotor reference

frame with the rotor voltage equation, substituting the rotor current with the rotor flux linkage
equation:

O=r@ivm +dy’,  /d7 dy’

, R0 T e 1 V=i (7.9-21)
‘ﬂr(r) = Xn Ls(ry T Xr "L dr r fr
Facit:

The rotor flux linkage is derived by integrating the stator current space vector via the rotor
open-circuit time constant z, = x; /r;. Due to this PT1-performance no integration error will
occur, so the rotor flux linkage may be determined at any arbitrary speed, e.g. also at n = 0.
Machine parameters r;/, X, X, must be known. Disadvantage of method (ii) is, that in cage

induction machines it is difficult to determine on-line the rotor resistance, which may change
between 20°C and e. g. 150°C by 50 %. Usually the stator winding temperature is measured
and the rotor cage temperature is estimated from this value via a simple thermal model of the
machine (see Chapter 3).

Fig. 7.9-4: Inverter-operated cage induction motor (left) with flange mounting. The inverter is situated within the
enlarged motor terminal box on top of the motor (right: cross section of motor and inverter), Breuer, Germany.

Fig. 7.9-5: Two different types of inverter-fed induction motors as wheel-hub drives (a) Daimler-Chrysler,
Stuttgart, b) Oswald, Miltenberg) for fuel-cell powered electric busses.
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7.10 Appendix: Space vector power balance in the induction machine

The real instantaneous electrical power in physical units and in per unit values, fed into the
induction machine, is given as the sum of stator and rotor power.

Po(t) = (3/2)-RelU () 1) +U ()1, () (7.10-1)

. SRl niunr

3 ~73
E-\/EUN,F,h\/ElN,IDh E-\/EUN,ph@N,ph

Pe = Re@S iy +gr{j} (7.10-2)

! Hi

Putting the stator reference frame equations Y, =Xso g+ Xp iy, ¥ . = Xh A+ Xpg 1y,

H dl'/_/s ' 1ot dl/L'r H ’ H H H
s =Tls 1t 47 U e=ri- + i j-on -y’ into (7.10-2), the input power —in p.u. -
is split up into 1?R-losses pcus and pcur, change of magnetic energy Wmag and mechanical

power.

H dZS o o d(ﬂr H ' He
Pe(7) =Re (rs'!s"'?)'!s"'(rr"_r"" dr _J'a)m"/Lr)'l_r =

u

R 2 R 2 3 d!S Lx dl_’r K3 x d!m . .
:Re{rs|l_s| +rr’||_'r| +XSO‘!SE+XI,’O'I_I’?+(X|W!S+Xer)¥_J'a)m.yLr.I_r -

| "
So -S ro-=-—r
dr dr

d(isiy) o A6 07 | dlnin) }

.12 . 2 Lx dl * d|’ Lx d| . x
:rs||.s| +rr’||_’r| +Re{x >+ Xro | ;r"”xh!md;;n_ywm’ﬂr’l_r =

= + + Req X O - -1
pCu,s pCu,r {SO‘ 2.dr ro 2.dr h 2.dr J m Zr Ir

02

With the help of the relation Re{;*(r) : d;(r)/dr}z (1/2)- d|;(r)|2 /dz we get:
i

Lo L, ox L x .2 .2
Re{xsad(!s!s) , d@iy) d(!m!m)} dli| dji’, dlim|” _

+ X =Xgg ——— + X; + X
2-dr "7 2.dr h 2-dr 9 2.dr "7 2.dr h2-dr

2 12 2
:i X M_,_X' |£f| +Xh|!m| =dWmag(T)

dr | %9 2 ) 2 dr

Proof: With z(7) = x(7) + jy(r) we get:
(1/2)-d|;(r)|2/dr: @/2)-d(x*> +y?)/dr=x-dx/dr+y-dy/dr=x-X+y-y=

= Re{x- X+ y-y—j-y->‘<+j-y-x}:Re{(x—jy)(>‘<+jy)}:Re&*-dg/dr}

So the power balance is

pe(T) = pCu,s + pCu,r +dWmag /dz - Re{j "@m 'Zr [:}: (7 10 3)

= Pcu,s T Pcu,r +dWmag ldz + Im{a)m 'Zr 'i_,r}: Pcu,s T Pcur + dWmag ldz + Pm
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Hence the electromagnetic torque is given as
Me (2) = Py / @y = |m{.£'r -i_'j}:—lmi’r VL:} , (7.10-4)

which coincides with the expression of (7.4-16).

Facit:

The power balance shows that the electrical input power (motor operation) is consumed for
one part as losses in the stator and rotor circuit, for a second part to change the magnetic
energy and finally one part to be transformed into mechanical power. Hence the
electromagnetic torque may be derived either directly from the Lorentz forces, as shown in
section 7.4 or directly from the power balance, as shown in (7.10-4).
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8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of synchronous
machines

a) Steady state operation:

Synchronous machines consist of a rotor with a constant rotor flux, excited either

- by a field winding with a DC current Is (Fig. 8.1-1a) or

- by permanent magnets (Fig. 8.1-2a).

The electrically excited synchronous machine usually gets the field current I¢ via a plus and
minus slip ring from an external DC voltage source such as a controlled B6C rectifier bridge
(Fig. 8.1-1b) to adjust the rotor flux to the desired value. In permanent magnet synchronous
machines no rotor flux adjustment is possible. The stator of synchronous machines consists of
three phase stator AC winding like in the induction machine, where a three phase current
system excites a synchronously rotating magnetic stator field:

2r - fg

£ .

n = (8.1-1)

If the stator currents are supplied from the grid voltage, the stator field drags the rotor
synchronously with mechanical speed equal to synchronous speed

0, =0

yn v (8.1-2)

so machine is operating as a motor. If the rotor is driven by a turbine with that speed, the
change of stator flux linkage due to the moving rotor flux will induce a “synchronous
generated voltage” Up (r.m.s. phase value) in stator winding, that causes stator currents to
flow to the grid (generator mode).

stator slots

A\

air gap “-shaft

Fig. 8.1-1: Electrically excited synchronous machine: a) Axial cross section of salient 12 pole synchronous
machine. The slotted stator bears the three phase stator winding with winding coils placed in the slots like in
induction machines, b) DC excitation of electrically excited synchronous machine via slip rings from a DC
voltage source such as a silicon controlled rectifier

Synchronous machines are built with different kinds of rotors either as

- cylindrical rotor synchronous machines with constant air gap (Fig. 8.1-3a, Fig. 8.1-2a)
or as

- salient pole synchronous machines with varying air gap (Fig. 8.1-3b, Fig. 8.1-1a) with
smallest air gap in the rotor pole axis (direct axis, d-axis) and with biggest air gap in the
centre of inter-pole gap (quadrature axis, g-axis).
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rotor iron magnet bandage

a) housing stator iron b)

Fig. 8.1-2: Permanent magnet (PM) excited synchronous machine: a) Axial cross section of 6 pole synchronous
machine with cylindrical rotor and surface mounted rotor rare earth high energy magnets, b) Application of
inverter fed PM machine as adjustable speed drive for driving robots

a) b)

Fig. 8.1-3: Different kinds of synchronous machine rotor constructions: a) Cylindrical rotor synchronous
machine with constant air gap, b) Salient pole rotor synchronous machine with non-constant air gap

stable M
e
Me ¢ A M p0
Mpo motor
motor ) o
r0,5 reluctance torque
05 synchronous
! torque
generator 0 9
- - ﬁ\/‘n’ i Tl'
l I - “z z
9
=TT —TT/2 0 7T/2 ™ salient pole
machine
torque
a) b) generator

Fig. 8.1-4: Steady state Mc(9) characteristic for neglected stator losses (Rs = 0), constant r.m.s. phase value Us
and constant frequency fs, constant rotor flux: a) cylindrical rotor synchronous machine, b) salient pole
synchronous machine
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In motor mode rotor is lagging behind the stator field, so a load angle 9 exists between stator
field north pole axis and rotor north pole axis. In generator mode the rotor pole axis is leading
and the stator field is lagging, so load angle has inverse sign. So delivered electromagnetic
steady state torque Me is correlated to load angle, being positive (driving) in motor mode and
negative (braking) in generator mode. Please note, that international standardization has
defined load angle ¢ positive for generator and negative for motor mode. The correlation of
steady state torque and load angle Me(9) is non-linear. If the machine is operated from three
phase sinusoidal grid voltage with constant r.m.s. phase value Us and constant frequency fs,
the Me(9) characteristic for neglected stator losses (Rs = 0) and constant rotor flux is given by
Fig. 8.1-4.

In cylindrical rotor synchronous machines torque rises up to steady state pull out torque Mpo
at load angle £90° and then falls out of synchronism (“steady state stability limit”), whereas
in salient pole synchronous machines this happens already at a load angle |3|<90°. The

reason for these different characteristics, depending on rotor structure, are understood with
Fig. 8.1-5. In cylindrical rotor machines due to constant air gap the stator self inductance per
phase Ls (called synchronous inductance Lq) is given like in induction machines, which also
have constant air gap. It consists of main (magnetizing) inductance due to stator air gap field
Ln and of stator stray inductance Lss due to stator leakage flux @xs in slots, winding overhangs
and due to stator winding harmonics.

Lo =L+ Lso ®813)

In salient pole machines the stator field for a given stator current three phase system with
phase r.m.s. value Is is BIGGER, if stator field is positioned in d-axis of rotor, because in that
case air gap is smaller (Fig. 8.1-5a), than if stator field is positioned in rotor g-axis (Fig. 8.1-
5b). So magnetizing inductance in d-axis Lng is bigger than in g-axis Lngq, leading to different
synchronous inductances for d- and g-axis.

Lg > Ly (8.1-4)

So even if rotor field excitation current I is put to zero, causing rotor flux to vanish, the rotor
tends to move its rotor d-axis into stator field axis due to the tangential magnetic pull of the
stator magnetic field, which is lower in g-axis than in d-axis. The corresponding so-called
reluctance torque is biggest at load angle 45° and is superimposed on the synchronous
torque related to L4, causing a shift of steady state pull out torque to smaller values than 90°.

Me(%) characteristic for neglected stator losses (Rs = 0):
- cylindrical rotor synchronous machine:

3-p-Us-Uy,
(27 - fs)2 Ly

sing (8.1-5)

e

- salient pole synchronous machine:

. U, -U 2
M= 3P { s p-sin3+U—s-£i—LiJ-sin(29)} (8.1-6)

(27 - fs)z Ly 2 Lq d
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d q d q

N

N

®

NS i NG
a) b)

Fig. 8.1-5: Flux linkage in salient pole synchronous machine: a) Stator magnetic field excited in parallel with
rotor d-axis, b ) Stator magnetic field excited in parallel with rotor g-axis

b) Dynamic operation:

Many synchronous machines are operating as generators, as they are capable of being both
inductive or capacitive, which is achieved by either low or big field current lt. Any
disturbance in the grid such as

- sudden short circuits,

- voltage dips or oscillations due to switching,

- load steps on turbine or grid side etc.

causes the synchronous machines to operate in the dynamic state. The load angle is then
varying very fast, thus the rotor runs for short time not synchronously with stator field. In the
same way as explained with induction machines, the tangential magnetic pull of air gap flux
on the rotor will cause in case of load steps the rotor speed to oscillate with natural frequency

Ogm 1 p‘|C9|
f = = [— , 81'6
d.m 27 27 J ( )

dM, . . . . .
where cg = is the “stiffness” of the “torsional spring”, formed by the tangential

magnetic pull (see: Lectures “Elektrische Maschinen und Antriebe™). So the natural frequency
depends on the load angle and therefore on the load (Fig. 8.1-6).

o SN ETYT T=1/a
0%\ \:\\?-\‘:__. ;Te,zl/fe’
Te’

Fig. 8.1-6: Natural oscillations of load angle and rotor speed of synchronous machine after load step
In steady state operation rotor does not experience any change of flux linkage, as it rotates

synchronously with stator field. In the dynamic state with mechanical speed different to
synchronous speed of stator field rotor flux linkage is changing. With an additional squirrel
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cage rotor in the rotor (damper cage, damper winding) (Fig. 8.1-5), due to the speed
oscillations voltage is induced in that cage by air gap flux with oscillation frequency. The
cage currents generate with the air gap field a braking torque, which causes quick decay
(damping) of the rotor speed oscillations. Mechanical kinetic energy of speed oscillation is
transformed and into ohmic loss energy in damper cage and dissipated into heat.

But also in rotor excitation winding voltage is induced, if rotor flux linkage changes due to
speed oscillations or due to sudden change of stator flux e.g. at stator sudden short circuit. As
rotor field winding consists of many turns N¢ =2p-N¢ .. to get low excitation current I

for the needed rotor ampere-turns V¢ = N¢ el ¢ to excite the needed rotor air gap field, the

induced rotor voltage in field winding may be high at sudden change of flux and might
destroy the feeding excitation converter. So fuses or protecting varistors (= voltage limiters)
are necessary on rotor side. Due to that additional voltage induced in the field winding an
additional current will flow in the field winding, which increases the rotor excitation for a
short time period, until it decays with rotor time constant. This additional current increases the
pull out torque, so (opposite to induction machine) dynamic pull out torque is bigger than
steady state pull out torque in synchronous machines:

M p.ayn > M 0 . (8.1-7)

p.dyn
Thus transient stability limit is higher than steady state stability limit.

At sudden short circuit e.g. in the grid near the terminals of the synchronous machine the
short circuit stator current increases tremendously, reaching much higher peak values than in
induction machines, typically 12 to 15 times rated current. Reason for this is that not only the
damper cage acts as short circuited secondary winding, which reduces the stator synchronous
inductance Lq to short-circuit inductance Lg, but also the field winding acts as additional

secondary short circuit winding in parallel due to the small internal resistance of the DC
voltage source, which feeds the field winding.

Permanent magnet machines are mostly operated as motors from inverters in field oriented
control. Therefore they do not need a damper winding, as the load angle is measured by e.g.
an incremental optical encoder and is controlled by the firing angle of the inverter silicon
switches, so any oscillation of load angle is immediately cancelled by shifting stator field via
the feeding inverter. Hence, without damper and field winding, the dynamic performance of
PM synchronous machines is much simpler than for electrically excited synchronous
machines. Linear transfer function of this kind of machine is needed for designing the speed
and torque controller, which is implemented in the micro-processor of the feeding inverter.

We conclude, that dynamic incidents occurring with electric machines such as

- switch-on or switch-off,

- rapid change of motor speed or torque,

- sudden short circuits, switching errors or similar operating errors

lead to significantly higher electric and mechanical load than at steady-state operation. All
these effects may be calculated with the synchronous machine dynamic equations, which are
now introduced.

8.2 Dynamic Flux Linkages of Synchronous Machines

At steady-state operation, the stator field rotates as fast as the rotor and the flux linkage of the
stator field with the damper- and the field winding does not change. Therefore, no voltage is
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induced in the damper and the field winding. At a dynamic load such as a sudden short-circuit
the stator current changes very fast, and so does the amplitude of the stator field. The flux
linkage of the damper and the field winding will change, so that a voltage is induced in both
windings.

Facit:
At dynamic incidents, the stator and the damper, as well as the damper and the field winding
are magnetically coupled via the air gap field like in transformers (Fig. 8.1-5).

Theoretically, the stator current can always be decomposed into a d- and a g-component. The
d-component isq¢ excites a stator field with the main path of the flux along the d-axis (Fig. 8.1-
5a). This main flux @un couples stator, field and damper winding, which can be represented as
a three winding transformer. The g-component isq excites a stator field with the main flux
path along the g-axis (Fig. 8.1-5b). This main flux &g couples only the stator and the damper
winding to give a two winding transformer. As Fig. 8.1-5b shows, this main flux passes
BETWEEN the pole shoes and the pole gap and is therefore NOT linked with the field
winding. The magnetic equivalent circuit (Fig. 8.2-1a) shows that the mutual inductance of
the d-axis equivalent three winding transformer is Lan, Whereas Lqn is the mutual inductance of
the equivalent two winding transformer of the g-axis. The leakage flux — drawn schematically
in Fig. 8.1-5 — of the field winding @&, the damper winding in d- and g-axis @bs and &qs and
of the stator winding @ss give the leakage inductances Lfs, Los, Los and Lss, respectively the
leakage reactances Xfs = aslfs, Xos = @xsLps, Xgo = aslos and Xse = axlsc.

The damper bars are shorted via the damper rings. The field winding is fed by a dc-voltage
source of the excitation system, that has a small internal resistance. Neglecting this resistance,
the dc voltage source behaves like a short circuit for the induced alternating voltage so that
the field winding can be considered as shorted for dynamic incidences. Therefore, the
secondary windings in Fig. 8.2-1 are shorted. If the winding resistances Rs, Rt, Ro and Rg are
also neglected, the following magnetically equivalent reactances are obtained (see Fig. 8.1-2)
for the stator winding during dynamic operation:

“Sub-transient reactance of the d-axis” X ]:

L. L
Xi=oli=ao(L, + oo ) (82-1)
LonLto + Lanbos + Lisloo
“Sub-transient reactance of the g-axis” Xg:
14 n L h
xq=m4ﬂ=w4gg+—ﬂiﬁlo . (8.2-2)

th + LQG

Example 8.2-1:
Salient pole machine data:
XdlZn = Xd = 1 p.u., Xo/Zn = Xq = 0.6 p.U., Xso = Xic = Xpo= Xgo= 0.1 Zn:

0.9-0.1-0.1

X" [Zxn =X} =0.1+ —0.15p.u.
d7eN T 09.01109.01+01.01 ==P
05-0.1
X' Zy =X =01+ =0.18p.u.
a’=N =% 05101 ="
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Rs X Rs Xsa Xto Xpo
—{ 11—l
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Fig. 8.2-1: Magnetic coupling in direct and quadrature axis of a synchronous machine:
a) Direct axis: Three winding transformer, synchronous reactance, transient and sub-transient reactance,
b) Quadrature axis: Two winding transformer, synchronous reactance and sub-transient reactance

Facit:
During the dynamic operation of a synchronous machine, the sub-transient reactances of the
direct and the quadrature axis Xg and Xg are in effect. They are much smaller than the

synchronous reactances Xq and Xq. Xg and Xg have almost the same magnitude, even if Xq
and Xq are not equal as in the case of a salient-pole machine.

The resistances Rs, Ry, Ro and Rq cause the decay of the transient currents, which result from
the induced transient voltages in the damper, field and stator winding. As the damper winding
inductance is smaller, compared with the one of the field winding, the dynamic currents in the
damper winding decay faster than the one in the field winding. A typical time constant of the
damper winding is 20 ... 50 ms, and of the field winding 0.5 ... 2 s. Therefore, a 3" state exists
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in the d-axis, where the damper winding is already at zero current, whereas considerable
dynamic current still flows in the field winding in addition to the DC field current. The
equivalent reactance of the stator winding is (Fig. 8.2-1) the “transient reactance of the
direct axis” X, that is only slightly bigger than the sub-transient reactance.

LanL o
Xl =w. Ll =w.(Le . +—— ) 8.2-.3
d s'—d s( So th+|-fa) ( )

After the decay of all dynamic currents, the transformer coupling of stator and rotor winding
disappears, and the stator reactances are Xq and Xq again. Fig. 8.2-2 shows a summary of the
electromagnetic flux linkage at steady state and at transient and sub-transient operation for
direct and quadrature axis. The magnetic field of the dynamic currents in the damper and the
field windings counteracts the stator field. The stator field is quenched outside of the rotor,
especially at sub-transient state.

FVs(1)(t) }Vg(1)(t)

Fig. 8.2-2: Flux linkage at sinusoidal distributed stator winding m.m.f. V) for different time instants:
Direct axis: a) synchronous operation, b) transient operation, c) sub-transient operation
Quadrature axis: d) synchronous operation, €) transient operation, identical with (d)!),

f) sub-transient operation, x = x;: rotor-fixed coordinate in d-g-reference frame.
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8.3 Set of dynamic equations for synchronous machines

The p. u. dynamic equations of electrically excited synchronous machines with damper cage
are derived from induction machines equations (Chapter 7). In steady state condition of
sinusoidal stator three-phase currents the stator fundamental field rotates synchronously with
the rotor (g = @,,), so no AC voltage is induced on the rotor side. Thus steady state values
on rotor side are the DC values Uy, Ir. The field winding rotor flux is in the d-axis, but not in

the g-axis (Fig. 8.1-5a). Hence the dynamic equations are formulated in the d-g-rotor
reference frame with real axis as d-axis and imaginary axis as g-axis (Fig. 8.3-1).

Fig. 8.3-1: Decomposition of space vector in Fig. 8.3-2: Damper cage in 2-pole salient
rotor reference frame in d- and g-component synchronous machine (Note: Usually salient pole

machines are built with at least 4 poles !)

In case of the above noted steady state condition the stator voltage and current space vectors
DO NOT MOVE in the d-g-rotor reference frame:

Us(ry =Us(s) e i7(@) =Ug() elomt _ L glost gmiemr _ | (8.3-1)

In dynamic state with arbitrary time dependence of stator voltage and current, stator space
vectors are moving in rotor reference frame. Stator equation in rotor reference frame and rotor
voltage equation for rotor damper winding are taken from induction machine stator and rotor
voltage equation (Chapter 7), skipping the subscript (r) in the following.

dZs,(r)

o : Ol it W
Usy =Ts sy * 4, T @m Yy =0 by T

dr

(8.3-2)

Decomposition of stator space vectors in d- and g-components (8.3-3) and of the damper
current space vector (8.3-4) shall consider, that in the g-axis no field winding exists and that
in d-axis the main inductance is bigger than in g-axis: Xdn > Xgh.

gs=ud+j~uq, iszid+j'iqa l/_/szl//d"'j"//q (8.3-3)

i’ =ip+-ig - (8.3-4)

In salient pole machines the damper bars are missing in the inter-pole gap (Fig. 8.3-2)), so the
transferred damper cage resistance 1y =y - U, -1 is different for d- and g-axis: o > 1p .

Kws *No  Kys©N . . mg . mg ..
ws'¥s _Fws s oy :UID:UIQZ_S'UU =0y (8.3-5)
kKor N, 1-(1/2) m, Q,

Uy =Uyp =Uyq =
In the same way damper stray flux linkage is bigger in the g-axis: Xo, > Xp, -
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We assume that the field winding in d-axis is linked to stator and damper winding via the
same d-axis main flux @qn (Fig. 8.1-5a). So the voltage equation for field winding has to be
added. The transferred field winding resistance r{ =0y - Uy - r¢ , the p. u. transferred field

current and field voltage i} =215 /igy pn, U =v2-U§ /Uy g With 15 =1¢ /0,
Ut =0y -Us and the p. u. transferred field flux linkage w% = wy¥§ /UANyph,
Vs =\/§-qu -¥; are calculated with the transformation ratios Uy = NgKys /(N ¢ Ky J2),

Uy =mg - Uy , comprising the field winding number of turns Nt and the field winding factor

kwt. As the dash notation ~ for damper and field winding values refer to different
transformation ratios, they will be skipped in the following (Fig. 8.3-3).

d

d E
/‘!‘\ T's

qr;;ﬁ:ﬂ? Tn:\?_ qr_D gt:
N—— i
<T==-

Fig. 8.3-3: Simplified sketch of linked windings in electrically excited synchronous machines

Us =T -i +dﬂ_a) . Us =T -1 +dﬂ+a) .
d =Tsldg . m - ¥q a='s e T m “¥d
. d . d
Ug =rg-i +O|Wf
f frif dr

In Fig. 8.1-5 the d-axis main flux @un is linked to stator winding, damper winding and field
winding, whereas the g-axis main flux @y is linked ONLY to stator and damper winding. The
total flux linkage s in stator winding has to consider in addition stator stray flux @x.
Reacting to a changing stator flux in the d-axis, the damper bar currents (Fig. 8.1-5) flow per
pole in two opposite directions in order to generate an opposing flux. For the same reason as a
reaction to a changing stator flux in the g-axis, the damper bar currents flow per pole in the
SAME direction. The total damper cage flux linkage has to consider damper cage stray flux,
which for d- and g-axis is different in salient pole machines as noted above: @ps, @gs. Field
winding flux linkage contains in addition to main flux the stray flux @, which crosses the
gap between adjacent poles, yielding finally flux linkage equations:

W4 =Xglg + Xgnip + Xgnlf Wq = Xqlq + Xgnlg

Wp = Xghlg + Xpip + Xgnif wq = Xgnlg + Xglo

Wt =Xdhlg + Xgnip + Xs it ©37)
Xq = Xgh + Xso Xq = Xgh + Xso

Xp = Xgh + Xpo XQ = Xgh T XQo

Xt = Xdgh + X¢s
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The electromagnetic torque is calculated like in induction machines:

*

me = Im{is 'Zs}: iqWa —lg ¥q . (8.3-8)

The complete set of dynamic equations for electrically excited synchronous machines
with damper cage and rotor saliency in rotor reference frame is comprising 11 equations
with 11 unknowns: iy, ig, ip,iq. it, ¥4, Vg VD, W, V1, @y, Which are determined by the

values of uy,uy, Us, mg . Note that in generator case shaft torque is negative, as it is driving

0
the machine.
d
@) =510+ D ).y o 0@ = ig@+ A (o)
0=t -ip () + 2¥0 ) 0= 1y -ig(r) + X1
T
dy ¢ (7)

Ug =rg g (7) +
wq(7) = (Xdh + Xs5) " 1g (7) + Xgnlp (7) + Xanis (7)  wq(7) = (Xgh + Xso) -1 (7) + Xgqn - i (7)
wp(7) = Xgnlg (7) + (Xgh + Xpe) Ip () + Xgnis (7) W (7) = Xgnlq (7) + (Xqn + Xgo) i (7)

w1 () = Xgnlg (7) + Xgnlp (7) + (Xgn + X¢5) - 15 (7)

Ty - dom(e) _ Iq(7) w4 (7) =14 (2) - vq () — s (7) 83-9)
dr

If in addition influence of a stator zero sequence voltage system has to be considered,
additional stator voltage equation is

Usg =5 -lsp + d:j//_so (8.3-10)
T

with the zero sequence stator voltage, current and flux linkage:

Uso(7) = (Uy (D) +Uy (D) + Uy ()13 isg=(iy +iy +iw I3 wso=(wy +wa +wn )/3.

Note that the linkage of zero sequence flux with rotor winding and its effects there have to be
considered by separate flux linkage and rotor voltage equations similar to (8.3-9), which will
not be discussed here further.

For permanent magnet machines the equations are much simpler due to the lack of rotor
windings. Instead of rotor field current ir the rotor permanent magnet flux linkage y4 has to be
introduced in d-axis, leading to only 5 equations instead of 11 with 5 unknowns
ig, lq» Wd» Wq» @, Which are determined by the values of ug, Ug, wp, ms.

d
b =1 i@+ D o 0y @ =1 @)+ '”“T(T)mm(r)-wd(r)
V/d(r)zxd'id(r)""'//p '//q(f)zxq'iq(z-)
£y 20 iy 0y (-1 () vy - e () 6:3-11)
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Example 8.3-1:

Steady state operation of synchronous machine as under-excited motor:

In steady state operation (d./dz =0) the dynamic equations simplify in rotor reference frame
to pure algebraic equations, showing that steady state solutions (= synchronous operation) are

DC values, which may be regarded as the d- and g-phasor amplitudes of d-g-phasor
diagrams.

Ug =Ts-ig —on - ¥q Ug =Tslqg +Om ¥y
0=I’D~iD 0=I’QIQ
Us =Ty 'if

iDZiQZO, if:Uf/rf

Wa = Xglg + Xgnl¢ Wq = Xqlq
Ud =rs~id—a)m-xqiq Uq =I’S-iq+a)m-xdid +C()m'thif
Facit:

The steady state back emfis u, =@y, - Xgui , Which is directed in g-axis.

q

Isiqg

@mXqlq WmXdig

Up= WmXdhif

—— d,Re > ——> d
ig i

Fig. 8.3-4: Phasor diagram of (a) synchronous under-excited motor and (b) corresponding diagram of steady
state d- and g-components of stator voltage and current: motor: 9 < 0, under-excited: ¢ > 0.

8.4 Park transformation

Like the Clarke transformation of stator phase values (currents, voltages, flux linkages) from
three phase system U, V, W into stator reference frame system «, £, 0, the transformation

into rotor reference frame system d, g, 0 (Fig. 8.4-1) is called Park transformation. It is also
written as matrix equation. Transformation of space vector in stator reference frame

2
Ugis) = 3 (Uu +a-Uy + QZ 'Uw) (8.4-1)
into rotor reference frame is
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] _i 2 2 _i
Ug +J-Ug =UgR) =Usg(s) - € J725'(Uu +a-Uy +a 'UW)'e 17 =

.2 A
J

m oo
:% u, +e 3 -uy +e° 3 -uy -e‘W:%- e 7.uy +e

27 A7
'(COS}/‘UU +C05(?—]/)'UV +CO{?—]/J'ij—
_j2. siny -uy +sin oz _ j-u +5sin ).
13 7 Uy 3 7 |*Uy 3 V| Uy

and zero sequence voltage is

wI| N

1
Uso=§'(uu + Uy +UW)

Reg —mmm—
U—-winding axis

Fig. 8.4-1: Voltage space vector u has the same amplitude, but different angle to stator and rotor reference frame
real axis and therefore different components in those two different frames. Transformation matrix from phase
values uy, Uy, Uw into stator reference frame components uq, Ug, Ug is called Clarke transformation, and into rotor
reference frame values ug, Uq, Uo is called Park transformation.

Park’s transformation is given by combining both equations to get transformation matrix (T) :

g~cos;/ g~cos(;/—2—7[) g-cos(y—4—”)
Ug 3 3 3 3 3 Uy Uy
Ug |= —g-sin —g-sin( —2—”) —Z-sin( —4—7T) : =(T)- (8.4-2)
q 3 /4 3 4 3 3 4 3 Uy Uy -
W) | 1 1 1 tw U
3 3 3
uy cosy —-siny 1| (uy Ug
2 i 2r 1
Uy |= cos(y—?) —sm(;/—?) 1-jug |=(T)"| uq (8.4-3)
u u
cos(y—%[) —sin(y—%z) 1 0 0

With inverse transformation matrix (T)™ one gets directly to each component ug, Ug, Uo the
phase values uy, uv, uw. Around 1928/29 with this transformation the dynamic calculation of
electric machines began, because by that time electric grids, fed by synchronous generators,
were already big enough to cause severe stability problems after load switching, causing the
generators to perform speed and load angle oscillations, as described above.
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8.5 Equivalent circuits for magnetic coupling in synchronous machines

Before a mathematical solution of the dynamic equations is done, the physical meaning of
the flux linkages in electrically excited synchronous machines with damper winding is
discussed according to the remarks in 8.2. At sudden change of e.g. stator current the stator
field changes and therefore the main flux, which also at synchronous rotation of rotor will
lead to change of main flux linkage in rotor winding. This changing flux linkage in rotor,
decomposed into d- and g-components wgp, yqn, induces voltages dygn/dz, dyg,/dz in

rotor field winding and in damper cage, giving rise to a dynamic current flow i¢,ip, ig.
These currents excite in their turn fluxes, being linked to the stator winding, contributing to
the resulting main flux linkage like the magnetizing current in induction machine, and excite
additional stray fluxes. For the d-axis we get for the resulting flux linkage of stator winding,
damper and field winding

wg = (Xgh *+ Xso) *1g + Xgnip + Xgni ¢

Wb = Xdhld + (Xgh + Xpo) - ip + Xghit : (8.5-1)

Wi = Xgnlg + Xgnip + (Xgh + X¢s) -1t

Fig. 8.5-1: Equivalent circuit for flux linkage in electrically excited synchronous machine: a) Three-winding
transformer in d-axis, b) Two-winding transformer in g-axis

The corresponding equivalent circuit is a three-winding transformer (Fig. 8.5-1a). The
bigger the Blondel stray coefficients 0 £ & < 1 of each winding pair “stator-damper”,
“stator-field”, “damper-field”, the weaker the coupling between those windings, with total
coupling at o =0 and no coupling at o = 1.

X2 X2 X2

ogp=1-—d gy =1-—"I_ 5o =1-"dh (8.5-2)
X4 Xp Xg Xy Xt Xp

X4 =Xdh + Xsor XD = Xdh + XDo»  Xf = Xgh + Xto ) (8.5-3)

In g-axis no field winding is arranged, so stator and damper winding act only as a two-
winding transformer (Fig. 8.5-1b) with the coupling

2

Xgh

99Q -1-— Xg =Xgh T Xso»  XQ = Xgh + XQo (8.5-4)
Xg%Q

Wq =Xq lq+Xgh "D, Wq =Xgn"lq + Xg “Ig . (8.5-5)

It will be shown by solving the dynamic equations, that the time constant of damper winding
for decay of dynamic damper current is much shorter (factor 10) than time constant of field
winding for the decay of dynamic field current. This is due to the fact, that the field winding

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and dynamics 8/15 Dynamics of synchronous machines

consists of many turns per pole Nfpoe, leading to a big field winding inductance
X¢ ~L¢ ~ N%m,e and therefore to a big time constant Ty =L /R¢, 7y =X¢/r;. Thus

after ca. 200 ... 500 ms the damper currents vanish, leaving in d-axis only a coupling between
stator and field winding, hence a two-winding transformer between stator and field winding,
whereas in g-axis no transformer coupling between stator and rotor exist any longer. After
about 1 ... 2 seconds also the transient field winding current has vanished, leaving only the
DC field current flow in rotor field winding. No transformer coupling in d-axis is active any
longer. So the time span after a sudden change of electric quantities is separated into 3 time
intervals (Table 8.5-1). The flux plots corresponding to these time sections are shown in Fig.
8.2-2 for sinusoidal distributed air gap m.m.f. of stator winding, being the space fundamental
of the step-like m.m.f. distribution due to stator coils in slots, for direct and quadrature axis,
assuming that the m.m.f. amplitude has changed rapidly e.g. due to some disturbance in stator
winding. The six pictures correspond to the following dynamic states (Table 8.5-2).

Sub-transient time section 0 .... ~ 0.5 s | Dynamic current flow in stator, damper and field winding

Transient time section 0.5s ...~ 2's Dynamic current flow in stator and field winding

Steady state >2...35s Steady state current flow in stator and field winding

Table 8.5-1: Duration of dynamic response to sudden changes in electrically excited synchronous machine with
damper cage

Steady state Transient Sub-transient
Direct axis Fig. 8.2-2a Fig. 8.2-2b Fig. 8.2-2c
Quadrature axis Fig. 8.2-2d Fig. 8.2-2e Fig. 8.2-2f

Table 8.5-2: Flux plots for steady, transient and sub-transient state of operation of electrically excited
synchronous machine with damper winding

A

i R Us = P —= =
7 2
ul L U AU u ____1_1_ EZ/R

Fig. 8.5-2: Transient current response of a) R-L-circuit to b) voltage step follows c) system time constant T

Ai Ai
Aul iL V
0| ~t

a) b)

Fig. 8.5-3: For transient current response of R-L-circuit Fig. 8.5-2 short time after disturbance (t << T) it is
sufficient to take a) only inductance L into account, b) getting current change immediately after disturbance

The resulting inductance of stator winding for these different states of operation are derived
from the equivalent circuits Fig. 8.5-1. For the calculation of the change of dynamic current
IMMEDIATELY after the disturbance only these inductances are needed, as can be seen in
Fig. 8.5-2 for a simple R-L-circuit. If e.g. a step in voltage AU at t = 0 is applied at this
circuit, the current i will change from steady state value U;/R, t<0 to new steady state

value U, /R, t>0 with time constant T =L/R:
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. U AU .
|(t)=31+?~(1—e “T) (8.5-6)
.U AU

Ai) =i(t) -—=2 ~—— .t 8.5-7
i(t)=i(t) R~ L (8.5-7)

Facit:
If one is only interested in the dynamic change of current Ai(t) for very short time t << T

after disturbance, it is sufficient to know only the resulting inductance for dynamic condition!

Steady state Transient Sub-transient

Direct axis Synchronous Transient inductance Sub-transient
inductance L, Xq Ly, X4 inductance Lg, Xj

Quadrature axis Synchronous Synchronous Sub-transient
inductance Lq, Xq inductance Lq, Xq inductance Lg, Xq

Table 8.5-3: Equivalent stator inductance per phase for steady, transient and sub-transient state of operation of
electrically excited synchronous machine with damper winding

So, for the dynamic d- and g-axis transformer flux linkages the following equivalent
inductances are derived (Fig. 8.5-4, Table 8.5-3). Values belonging to the transient time
interval are marked with dash “, values for the sub-transient time interval with double dash .

Xqo XQo

— . —
X
. do XDO‘ ., X
X4~ Xq™ gqh
X4h X d
fo
a) o b) o

Fig. 8.5-4: Equivalent circuit for sub-transient inductance (per unit) for a) d- and b) g-axis

Xdo Xfo
X,d -
Xdh

o

Fig. 8.5-5: Equivalent circuit for p.u. d-axis transient inductance. For g-axis the transient and synchronous
inductances are identical.

Sub-transient inductance of d-axis:

L. Ls L XqpXs - X
Lé' _ LsO- " dh*~foc Do Xa _ ng n dh*fo Do (85-8)
LanL s + Lanlpe + Liclpo XdhXto + XdhXDo T XioXDo

Sub-transient inductance of g-axis:

—LqL:ZLQL;’ . +—XX:“+XQX;’“ (8.5-9)
o q o

L(’]’ =L, +
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Transient inductance of d-axis:
LynL XghX
Ly =L, +—onto X = X dhto (8.5-10)
Lgn + Lo Xdh + Xto
Transient inductance of g-axis:
L(’] =Ly X<’4 = Xq (8.5-11)

For permanent magnet machines no field winding and often no damper winding exist. The
sub-transient and transient inductances are identical with the synchronous inductance:
Xq =Xg =X§, Xq = Xq =Xg- For PM machines with surface mounted magnets and cylindrical

rotor no inter-pole gaps exist, so d- and g-axis values are identical: Xy = X,. Note that the

relative permeability of ferrite and rare earth magnets such as NdFeB or Sm2Coasy7 is typically
1.05, so the magnetic “reluctance” of permanent magnets in stator air gap field is nearly the
same as the air gap. Thus magnet height hm has to be added to mechanical air gap ¢ as well as
thickness dg of glass fibre or carbon fibre bandage, which is fixing the rotor surface-mounted
permanent magnets, to get equivalent magnetic air gap:

O =0+hy +dg >0 (8.5-12)
As main inductance Ln is proportional to inverse of equivalent air gap, it is rather small in
permanent magnet machines with surface mounted rotor magnets, yielding a resulting
synchronous reactance of only typically x4 ~0.3...0.4.

Synchronous reactance of direct | x, = X4 /2, |0.8 ... 1.2: Salient pole synchronous machines
axis N with high pole count (e.g. hydro generators with 6
d =®NE | or more poles)
1.2 ... 2.5: 2- and 4-pole cylindrical rotor
synchronous machines with high utilization (e.g.
steam turbine generators)
synchronous reactance of Xq = Xq /Zy | (0.5...0.6)xy : Salient pole synchronous
quadrature axis X =L machines with high pole count (e.g. hydro
4= "N | generators): Influence of inter-pole gap
(0.8...0.9)x4 : 2- and 4-pole cylindrical rotor
synchronous machines (e.g. steam turbine
generators): Influence of rotor slots
Transient reactance of direct axis Xy =XylZy 102-0.25...0.35-0.4
Xg =oyly
Transient reactance of xa =Xq = Identical with synchronous reactance due to
quadrature axis missing field winding in g-axis
Sub-transient reactance of direct | x!, = Xj/Z, |0.1-0.12 ... 0.2-0.3: according to (8.4-8) only
axis X" = » | slightly bigger than stator stray reactance Xos
d =oylyg
Sub-transient reactance of Xq=Xq!/Zy |usually xg > Xg, as field winding is missing in g-
guadrature axis . .
Xa = wy LS axis, but same order of magnitude 0.1 ... 0.3

Table 8.5-4: Typical magnitudes of per unit inductances resp. reactances for steady state and dynamic state for
electrical excited synchronous machines with damper winding
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Example 8.5-1:
Electrically excited salient pole synchronous machine with damper cage:

Xgh =1.2, Xqh = 0.6, X5, =0.15, X5 =0.2, Xp, =0.1, Xg,, =0.1

Xl = X, + XdhXfo XDor 0154+ 12-0.2-0.1 021
XdhXts + XdhXpe + Xfe XDo 1.2-02+1.2-0.1+0.2-01 —
Xt =Xy + Q0 _g 15, 0001404
Xgh + XQo 06+01 —
X) = Xgp p e g5, 12:02 4
Xdh + Xfo 12+02 —
Xq = Xq = Xgh + Xs¢ =0.6+0.15=0.75

Xg = Xgh + X6 =1.2+0.15=1.35

8.6 Dynamic performance of synchronous machines at constant speed operation

The non-linear dynamic equations of synchronous machines turn to be linear, if constant

speed is assumed. Like in induction machines, electrical time constants of stator and rotor

windings are much shorter than mechanical time constant, so for considering only electrical

dynamics such as

- sudden short circuits,

- electric load steps with only change of reactive power such as connecting/disconnecting
open-end cable or transmission lines (which may be regarded as capacities),

- switching during inverter operation at constant speed may be assumed.

The linear equations may be Laplace transformed. The mechanical equation is not needed, as

speed is constant. Neglecting zero sequence system, we get from Chapter 8.3 with

L{dy/dr}=s-7 —yy:

Ug +Wao =T -ig +5- Vg — O - ¥,

ljq"";VqO:rs'ivq"'s'lpq"'a)m"r’7d

Wpo="Tp ip+S-¥p (8.6-1)
Up +ygo="s i +S 7

The flux linkage equations are the same in time and in Laplace space, and may be written as
matrix.

W Xda  Xdh Xdn | [ ld
Wp |=|Xdh Xp  Xan|'|Ip
v Xgh Xah  X¢ ) (U (8.6-2)

Vo) (X Xan) (i
Vo) (Xan %o ) g
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Mainly the unknowns stator flux linkage and current components ivd,E,n/?d,zﬁq in
dependence of the stator and field voltages Uy, Uy, Uy are of interest. Please note, that also the
initial conditions w0, W40, Wpos Waos Woinfluence the resulting stator current and flux

linkage. Instead of the initial flux linkages the initial values of the current components
id0s Iq0s Ipos 1o 110 May be used, which are given according to (8.6-2):

Ydo Xd  Xdh  Xdn | [ ldo
Ypo |[=| Xdh Xp  Xdn || DO
¥io Xdh  Xdh  Xf Ito (8.6-3)

¥Yq0 _ Xg  Xgh . Iq0
¥Qqo Xgh %o ) (oo
By eliminating from the 10 unknowns the 6 unknowns damper and field currents and flux
Imkages YD ¥Q o, |Q W+, i¢,only 4 instead of 10 equations remain with the 4 unknowns

i, g q Wd, ¥q- Therefore the two already discussed stator voltage equations and two stator

flux linkage equations remain, which contain the new abbreviations, called reactance
operators

Xg (8), Xq(8), Xp (8), X (8), X ()|

Ug +Wdo =151y +S- Vg — o - ¥q
Uy +Wqo =T lqg+S - Wq+On ¥y

Va =90 = %y (s) (nd —?}x (s)- [r—f—'%]—xD(s)-iTo (86-4)

f
_ Vg0 - go o
(//q—Tq:)(q(s).(k‘_q?J_xQ(s).%

These reactance operators X (S), Xy(S), Xp(S), Xq(8), X¢ (s) contain the Laplace variable s,

thus considering the damping influence of the damper and field winding in the dynamic state.
The interested reader may follow their derivation from (8.6-1), (8.6-2) in the “Appendix
8.11”, resulting in

2
X (S)—S 'Xa'O'fD'Tf "l'D+S'Xd'(O_df"l'f+O'dD'Z'D)+Xd (865)
d = , 6-
SZ'UfD'Tf'TD-I-S'(Z'f +Z'D)+l
X
5.9 41
Iy
Xp () = “Xdgh (8.6-6)
S0 TfTp +S-(rf +z'D)+1
X
s--Po 11
'p
Xt (S)= > 'th, (86'7)

SO0 Tf"Tp +S-(rf +Z'D)+1
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1
S+———
(o) T
Xg(8) = xg - —— (8.6-8)
S+
Q
L
T
XQ(8) = —Xqn - (8.6-9)
S+—
Q

Note that the reactance operators Xy (S), X,(s) contain the already defined sub-transient

" "

inductance of d- and g-axis X, X;. Further the reactance operators depend on the open-
circuit time constants of damper and field winding

XD X X

D =— ) TQ T

= 8.6-10
o o Iy ( )

and on Blondel’s stray coefficients (8.5-2), (8.5-4). These stray coefficients lead to short
circuit time constants. For example, in the case of g-axis the short circuit time constant of
the damper winding is (Fig. 8.6-1):

Oq0 * X
Too = % . (8.6-11)
Q

qh xqo

Fig. 8.6-1: Time constant of damper winding in g-axis: “1”: open circuit time coinstant, “2”: short circuit time
constant

Facit:

An open circuit time constant considers only resistance and inductance of the winding itself. A
short circuit time constant considers the damping influence of a second magnetically linked
winding, whose induced current causes a decrease of the total flux linkage. Therefore short-
circuit time constant is always shorter than open circuit time constant.

The reactance operator of d-axis winding (8.6-5) may also be written as

2 Ogf7f *Odp’D X 1 X 1 1

S“+s- Sy = A (s+—)-(s+—)
X (5) = X - OiTiTp Xd OmTiTp Xg Xt T4 7q
Ty t7T 1 S+ayq1) (S+a

245, 17D (s+aq1)-(s+aqy)

Omm7f’D OmTfID
with the solutions of the quadratic equations of numerator and denominator

O4iTf T OdD’D X 1 X 1 1
s?+5s- - =0 = g =5 =
OmpTtTp X OmpTiTp X4 7y 7q
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Tf+TD 1
s2+s- + =0 = S =—ay, Sp =2

OmTtTp OmTflD

As often the initial conditions are steady state conditions,
- the damper currents before a dynamic disturbance are zero: ipg =0, igy =0.

u u [
- The field voltage is pure DC: u¢ () =u¢q. In that case is =210 _ 10 "and therefore
rs S-I¢ S

I
Hence the reactance operators Xp(S), Xo(8), X (s) are NOT needed according to (8.6-4) for

calculating deviations from synchronous steady state operation, only X (s), X,(s) remain of

interest. Their inverse is needed for calculating stator flux linkage and current. In this
inversion of the expressions (8.6-5), (8.6-8) new abbreviations appear:
- the transient inductance x; of stator winding in d-axis,

- the transient time constant z; in d-axis,
- the sub-transient time constants zg, 7, in d- and g-axis.

It is interesting to see that the exact value of the transient inductance is NOT given by (8.6-
10), but by the more complicated expression (derivation see Appendix 8.11)

Uy g 0

1 1 (1 1) s (1 1} s
VRN 1 Tl v 1
Xg(s) Xg \Xg Xg) gt \(X§ X)) g, %
7d d
(8.6-12)
1 1 1 1 S
=—+ —”——-
X)) X (X %) g4
g
1 1
Xy = Xj - fd Td . (8.6-13)
agy+agy —— |1+ =
74 Xq
+ + 2 1
T T T T
41,2 = TP = P - (8.6-14)
2-01p Tt Tp 2-01p Tt Tp O Tt Tp
1 1 Xg-( + ) Xg - ( + )2
‘\OHf T (o TaY4 ‘\Ouys T oqnT
11 d” df 71 +94p?p) d” g7t *Odp?p) | : X4 (8.6-15)
g T4 X4'2:0p Tt Tp X4 20Tt Tp X4 O Tt Tp

The sub-transient time constant of g-axis z; is simply the short circuit time constant of

damper winding in g-axis:
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On0 * X
) =70, =22 . (8.6-16)
Q

In spite of these rather complicated expressions the evaluation of these values for synchronous
machines in reality is much simpler, as the d-axis open circuit time constant of damper is
much shorter than of field winding, as already noted in Section 8.5. With 7y << 7; the

solution of (8.6-14) is

2
Tf+TD T [ Tf+TD ] B 1 _

Ag12 = =
2-01pp T Tp 2-01ppTfTp O Tf Tp
Ty +7p 17 1_4afD Tt Tp | _ 1 17 ho 4o - Tp
201 Tf " Tp (r; +7p)> 2-01pTp Ty

With V1—x =1-x/2 for x<<1 we get finally

Aoy - T 206 ' T
U N P R S P P | I W
© 2-01p-Tp T¢ 2-01p-7p ¢ ¢ O Tp

The results are called
- open circuit time constant of damper winding in d-axis

T4o =0 ' Tp (8.6-17)
- open circuit time constant of field winding (which is just field winding time constant)
T4o =T . (8.6-18)

In the same way we get from (8.6-15)

~

1 1 _Xq-(ogr7s +04p?p) 11\/1_ 4Xq -0 Tt Tp

e T " 2
g 74 X4:2:0gp Tt Tp Xq - (04t T +04pTp)

Xy O Al o - T Xy O 2XY o T
~"ddf _111_df2DDz”ddf '111_411‘200:
X4 "2:0p Tp Xd - OdsTt X4-2:0pTp Xd - OdsTt
1 _ Xd - Odf
- , B
Odf " Tf X4 O Tp

The results are called
- short circuit time constant of damper winding in d-axis or sub-transient time constant
of d-axis

"

" Xd ‘O Tp

’Z‘d =
Xd - Odf

(8.6-19)

- short circuit time constant of field winding or transient time constant of d-axis
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Tg =O0gf " T : (8.6-20)

With those values and 7p <<z the expression for the transient inductance (8.6-13) is

simplified, leading to the already known equivalent circuit Fig. 8.5-5.

1 1 Xg-ogt 1
Y, "
C T4 74 o Xd 'O Tp  Odi "Ti N
Xd—Xd' " ~Xd' ~
1 Xd 1 1 1 Xd
agy+agy—— | 1+— —+ - 11+
7q Xd Ty Ompip Ogf T Xq (8.6-17)
Xd - Odf
X§ O Tp XdhX
14 O
sz'—l =Xg0df =Xsg ¥ T —
Xdh t Xfo
07D
Facit:

Due to the fact, that damper open circuit time constant is much shorter than that of the field
winding 7p << 7, the transient inductance x; may be easily calculated from equivalent

circuit Fig. 8.5-5, where the dynamic current in the damper winding has already completely
vanished, and only flux linkage of stator and field winding have to be considered.

Summarizing the results, we conclude that transfer function for change of flux linkage —
starting from synchronous steady state conditions ipg =0, igo =0, U (7) =U¢o - depends in

electrically excited synchronous machines with damper cage on two rotor time constants in
d-axis zg, zg and one rotor time constant in g-axis z; .

!
Td Td (8.6-18)
1 (1 1} s
=+ = ——
Xq(8)  Xg |\ Xg Xq S+ -
g
Tq =0y Ty
Xy -Ooqm T Oan - X
Z'a': d fD "D Ta:To—: gQ " ™Q
Xq " Oyt rQ
Facit:

With Laplace transformation rule, that z — oo corresponds with s —0and vice versa, one
concludes:
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For short time after disturbance z — 0 (= s — o) the resultant stator inductance is the sub-
transient inductance Xy (s — %) = Xg, X4(s —> ) =Xg, thus proving mathematically the

equivalent circuits Fig. 8.5-4.
For long time after disturbance z — o (= s — 0)the synchronous machine returns to steady

state conditions, as the resultant stator inductance is then X4 (s — 0) = X4, X4(s —0) = X;.

So time constant of stator winding z immediately after disturbance is given by stator
resistance rs and resultant stator inductance xg, which in d-axis is xjand in g-axis is xg. As

stator field rotates in sub-transient state not synchronously with rotor, it is positioned
alternatively in d- and g-axis position of rotor axes. Therefore resultant stator sub-transient
inductance x; may be regarded as parallel connection of d- and g-axis sub-transient

inductance:

4

, X4+ Xq
Xg=2-—- : (8.6-19)
Xq + Xq
leading to stator armature time constant
2XI! . XII
rp=—0 4 (8.6-20)

- (Xé +Xa)'rs

Note that for a sub-transient symmetrically machine xg = xg we get X = Xg = Xg .

For permanent magnet machines without damper cage the dynamic performance is simpler.
The sub-transient and transient stator inductances are equal to the synchronous inductance, so
no rotor time constants exist. It is Xj =Xy =Xy , X=Xy, SO we get instead of (8.6-18):

2X4 - Xq

Xd(S)ZXd’Xq(S)ZXq and Ta=m.
d q/ " 's

Ug +Wqo =Ts-lg +5-Wq —0m ¥q

Uy +Wqo =Ts lqg+S-¥q+on vy

v, _ ~ _ (8.6-21)
‘//d_T:Xd'Id Wq =Xq lq
Yo =Xd "ldo +¥p Wqo0 = Xq "lgo

8.7 Time constants of electrically excited synchronous machines with damper cage

By taking the results of the dynamic equations (Section 8.6), one may derive simplified
equivalent circuits in order to understand the dynamic performance of synchronous machine
more easily, which are ruled by the corresponding time constants.

Two different states for rotor flux linkage have to be distinguished:

a) open circuit of stator winding (= no current flow in stator winding: is = 0);

b) the stator winding is connected to a feeding voltage source (grid or inverter). In that case a
dynamic stator current may flow in case of disturbance (“short-circuit of stator
winding”).
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For dynamic stator currents with their arbitrary time function the feeding stator voltage source
(inverter or grid) with its fixed frequencies has NOT the same time function. So the voltage of
the stator voltage source is not limiting the dynamic stator current. Only its inner resistance
will be a limiting factor. As it is small, it will be neglected here. So neglecting grid (or
inverter) resistance and inductance and — for simplicity — also stator winding resistance rs, in
case b) only stator stray inductance xss will limit along with main flux linkage the dynamic
stator current. Thus in case b) the stator winding for the determination of the dynamic stator
current may be regarded as ,,short-circuited*.

a) Field and damper time constant at stator open circuit:

At disturbance in synchronous machine rotor at stator open circuit (such as quick change of
damper current) equivalent circuit Fig. 8.7-1 b (,,state“ 1) has to be used. Flux linkage
between field and damper winding is considered, as well as damper resistance. As field
winding resistance is much bigger, it leads to a longer time constant is therefore neglected.
The resulting open circuit time constant of damper winding in d-axis is T§g, 749 is called

"sub-transient open circuit time constant of direct axis")
Lps + Lan - (Lts/L¢) , _ Xpo +Xdh - (X¢o [ X¢)

_ _ 8.7-1
RS 4o . (8.7-1)

"
Tdo =

After the dynamic damper currents have vanished, only field winding flux linkage remains. In
that case the longer open circuit field winding time constant Tjq, 74o (Fig. 8.7-1a, ,,state” 1),
called "transient open-circuit time constant of d-axis* is simply the time constant of the
field winding without any coupling to other windings.

_ Lt _Lantls X

Tig = =——=T; Tgo=—>=7¢ - (8.7-2)
do Rf Rf do Iy
XSU XSO’
Xfa Xfc XDO’
1\2 Xdh 1 ﬁe Xdh
R¢ Rp

1:Tgo 2 Tgq 1:Tgo 2 Tgq

a) b)

Fig. 8.7-1: Equivalent circuit for determination of (1) open-circuit- and (2) short-circuit time constant of d-
axis (1: open circuit of stator winding, 2: stator winding connected to stator voltage source = stator winding
,,short-circuited*)

a) time constant of field winding = transient open circuit and short circuit time constant

b) time constant of damper winding of direct axis = sub-transient open circuit and short circuit time constant

b) Field and damper time constant at stator short circuit:

If the same dynamic change of state on rotor side is considered with operating stator winding,
the due to the flux linkage a dynamic stator current is induced, leading to an increased flux
damping. Hence much smaller rotor time constants occur. For the damper current the
equivalent circuit Fig. 8.7-1b, ,,state” 2, is used, leading to a short circuit time constant of the
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damper winding in d-axis Tj, z; , called already "sub-transient short circuit time constant
of direct axis":

L LanL o Lso - XdhXtoXso
Do Do
T Lank o + LanLse + Lislso , XdhXfo + XdnXso + XioXser
_ o = . (8.7-3)
Rp 'p

After decay of the damper bar currents, only the transient flux linkage between field and
stator winding exists (Fig. 8.7-1a (,,state* 2)), leading to a short circuit time constant of the
field winding Ty, 7 , called already "transient short-circuit time constant of direct axis".

2

Leo +Lyn - (Leo /Lg) Ld'(l_Ldli]) L
fo + Lan - d fLg £ Ly -, . Xy
o R So — L .R_:L_d.TdO, Td :—dde . (8.7'4)
f d f d Xq

T4 =

As a proof for the validity of these equivalent circuits we compare the time constants of
Section 8.6, derived from the dynamic equations, with the formulas of this Section, and find
identity. Although some of the expressions in the right and left row look quite different, they
are mathematically identical expressions, thus proving the validity of the equivalent circuits
Fig. 8.7-1 for calculating the time constants.

From dynamic equations of Section 8.6 From equivalent circuit of Section 8.7
’ ’ !
Tdo 4o = T Tdo = X¢ [Ty =7¢
7do 740 =0 " Tp »_ Xpo * Xdh (Xt ! X¢)
Tdo =
'p
!/ ! !
T, Tq =Oqs ° T X
d d df “¢f Té :_d'T(’jO
Xq
4
74 o X4 "0 Tp S XdhXfoXso
d — Do
Xd " Odf s XdhXfo T XdhXse T XfoXsor
d o

Table 8.7-1: Transient and sub-transient open circuit and short circuit time constants of d-axis

Proof:
2 2
X X X
o =0 mTD :(1_x d; J-XD/I’D =(XD—%]/I’D :(xDa+xdh—(xf —xfa)%J/rD =
- f Xp f f
Xdh
=| Xpoy + Xfo Irp
Xt
, Xy ., OdfXq OdtXd X¢  Xg
Td =7 "Tdo = do = ——=0df — =0df "T1,
= X4 d Xg Tt s
2
1 _%dh
2
L Xd "0 ™D _ XiXp Xp 1 » XtXp =Xdh 1
= =X —— P S=x ==,
= Xd - Odf 1- Xgh Xd b X¢Xg —Xgh o
Xt Xq
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1 1 1
+ +
=X+ 1 Xte  Xpo  Xdh XDo i —|x n 1 1
A7) 1 11 11 x_rp |21 1 1
+ + c + +
Xtc  Xpe  Xdh ) Xfe Xso  Xdh Xte  Xso  Xdh
XdhXfo Xso 1
= (XDG + ) —
XdhXto T XdhXse + X6 Xse 1D
Transient open circuit time constant of d-axis Tgo=L¢/Rs =T¢ |2..7..10s
Transient short circuit time constant of d-axis Ty =(Ly/Ly) T4, |0.6-0.8..1-25
Sub-transient open circuit time constant of d-axis Tdo Tdo~1.1-T§
Sub-transient short circuit time constant of d-axis | T 002 .. 0.1 ..
05s
Sub-transient short circuit time constant of g-axis Ty =T¢ 002 .. 0.1 ..
05s
Armature time constant T, ~ Ly /R 0.1..0.4-05s
Acceleration time constant T; 3..8-10s

Table 8.7-2: Magnitudes of time constants of electrically excited synchronous machines with damper cage (range
of values for small ... big machines)

8.8 Sudden short circuit of electrically excited synchronous machine with damper cage

A prominent solution of dynamic equations for constant speed is sudden short circuit of all
three stator phases.

8.8.1 Sudden Short Circuit at Neglected Resistances

The short circuit current of a synchronous generator, previously running at no-load, following
a sudden shortening of all three stator terminals, without consideration of electrical damping
by the resistances is calculated in this section (“three phase sudden short circuit”). At open
stator terminals, the induced phase voltage (e.g. phase U) of a turbine driven synchronous
generator at no-load is at constant speed:

Ug (t) = U sin(@gt + @) = Ugp (1) (8.8.1-1)

If a sudden short circuit of all three terminals occurs, due to the dynamic currents induced in
the rotor windings, the sub-transient inductance Lg = Xj/ws is effective in the stator

windings. For a simplified calculation of the short circuit current is(t), the machine is assumed
to be symmetrical at sub-transient state (Lgq = Lg) and the stator resistance Rs is neglected,

Fig. 8.8.1-1.
According to Fig. 8.8.1-1, with the initial condition i (0) =0, is(t) is given by:

u,(t) =0 =u, (t)+ L7 -di, /dt (8.8.1-2)
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Lg" ig(t)
40/

“S“)l iuso (t)

Fig. 8.8.1-1: Simplified equivalent circuit of a synchronous machine, that is symmetrical at sub-transient
operation, for calculation of the current following a sudden short circuit of all stator terminals

~

t
iy () = — = [Ugo (t)dt = ——(cos(eyt + ) —COSpp) (8.8.1-3)
Ld 0 [0 L

s

a) Short Circuit at Zero-Crossing of the Voltage:
If the sudden short circuit occurs at zero-crossing of the voltage of phase U, hence at t =0
where ¢, =0, the short circuit current of phase U is (see Fig. 8.8.1-2a):

A

i (1) = UL” (cos(@yt)—1) (8.8.1-4)

W5y

The current rises from 0 (at t = 0) to twice the value of the ac-amplitude I]Z (at t=7/wy).

Hence, a dc-current with the same amplitude fk is superimposed to the sub-transient short

circuit ac-component ﬂ’( to give the total current.

I =20 =2421) = 2‘@ = Z‘E”U (8.8.1-5)
AN X4

b) Short Circuit at Maximum Voltage:
The case with minimum short-circuit current is the sudden short circuit at the time of
maximum voltage (t =0, ¢, = #/2). Equation (8.8.1-3) gives:

~

i (1) =~ sin(gt) = —i{ sin(@gt) . (8.8.1-6)
gLy

No dc-current exists in that case and the amplitude of the short circuit current is only half of
the value of (8.8.1-5).

Example 8.8.1-1:
Parameters: x3 =0.15p.u., U, /Uy =1, f; =50Hz
T 2J2uyiuy 2421

= = =18.85p.u.
In XqlZy 015 —

Facit:

If the short circuit occurs at zero-crossing of the voltage, the amplitude of the short circuit
current in the corresponding phase is very large, because the sub-transient reactance is small
and an additional DC-current together with the amplitude of the AC-component occurs.
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ugq (t) ugg (t)
T T ™
0 U
/
t t
0 T T 0 T
2 2
713(t‘) ~ 713(1[')
N = =YV
wNLq i
iU
DC component —5 wnLg”
i t V t
0 T T 0 T T
2 2
a) b)

Fig. 8.8.1-2: Undamped current following a sudden short circuit; short circuit occurring at a) zero-crossing of the
voltage, b) at maximum voltage.

8.8.2 Sudden Short Circuit with Consideration of Resistances

In the case of a “real” machine the stator resistance Rs must be considered. The dc-current of
the stator short circuit current decays with the stator time constant T, =Lg /R and only the

ac-component remains after about t =3T,. Likewise, the damper currents and the transient

current in the field winding decay. Therefore, the synchronous reactance Xq is after the decay
of the transient current again the resulting reactance of the stator winding. Then the steady-
state short-circuit current I, =U /X, flows in the stator winding. For the calculation of the

time function of the damped sudden short-circuit current, the dynamic equations of the
synchronous machines have to be solved. We assume that synchronous machine was
- operating with rated speed @,, =1, driven by turbine, as generator

- with open circuit stator winding (is = 0: igg =i =0)
- insteady state operation d./dz=0,ipg =igo =0,
- the field winding being excited with DC current usg=rs -i¢q ,

- so that at the open stator terminals the no-load voltage is rated voltage: uso = Uo.
- when suddenly short circuit happens.

Initial conditions: Steady state operation (see Example 8.3-1):
Ufg =Tt "Tf0, Wdo = Xanlfo» Wqo = Xgigo =0

q

Up

0
Y40

Fig. 8.8.2-1: Steady state no-load voltage in rotor reference frame
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Ugo =15 1go — @m * Xglqo =0 Ugo =15 " Igo + @m - Xgldo + @m * Xdnlf0 = @m - Xdnlso = Uo

At a sudden short circuit at z=0stator voltage is zero: uy =uy =0. With the dynamic
equations in Laplace transformation we get:

Ug +Wao=TIs Iy +S Wy —@n Wq=>Wqao=Vslg +S W4 — ¥4

Uy +¥Wqo=Ts"lqg+S Wq+@n Wy =0=rs-ig+S-yq +yy

- =
7 _%:Xd(s)'id
l/jq:Xq(S)'K]
(fs +5-%4(8)) iy +Wao —%q(8) - iq = Wao
(fs +5-%4(8)) - ig + X4 () -1y = —wqo/5=—Ug/s
+5-Xg(s)  —Xq(s) ig) (O
X (S) f+5 % (s) ) iq _(—uolsj
Solution:
Po U XS Uy hrsexg(S)
‘7 s pet' ' s Det (8.8.2-1)
Det = (1, +5-X4(S)) - (15 +5- %4 (5)) + X4 (8) X4 (S)

For inverse Laplace transformation we simplify due to = —0:

8 8 _ I I 8

X4(s) Xg(s>) Xj'

r
r—>0: =3

Xq(8)  Xq(s—>) Xxq

and due to r; <<1 we put:

rp <<1: Det = xq ()X (S)| (S +8) - (5 +5) +1| = Xq (8)Xq ()| (-5 +S)(-5 +5) +1| =
-— Xq (S) Xq(S) X4 Xq
2
2 ro (X5 +x~
= X4 (s)xq(s) 32+(r—f’+r—f’)s+ :s —+1|= Xy (S)Xq(S) S"‘W +1
Xq  Xgq Xd Xq 2Xg Xq

Note that for xg = x; the last symbol ~ is replaced by the identity symbol = !

Facit:
The denominator of current transfer function Det contains the already discussed armature

2
2X!! . X!/ 1
time constant |z, 4" Det ~ Xq (S)Xq(S) [s + —j +1

Ta

_(XS+XS)-FS .

d=——"" = —
S

1Y s 1Y
Xq (8)Xq(S) [s+] +1 X4 (S) (s+] +1
T

a Ta
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Ug I, +S-Xq(S) _ Up S

1Y s 1Y
Xq (8)Xq(S) (s+j +1 Xq(S) [s+] +1
T

a Ta

q=

Using the inverse expression for reactance operators yields for inverse Laplace transformation
for the d-axis

N fd(r)=i+(i—i)e_”’3 +[%—i,]-e—f”3

Xg \Xg  Xg

and for the g-axis

1 1 1 1 1 1 1 1 /7l
= H o —— | —=>f@="+ e 1.
$:Xq(8) s:Xq (X Xq) g4 1 Xg \Xg Xq

With the Laplace inverse of

o
2
(s+1J +1
Ta

S s+1/7 _
r 2 —=g4(r)=¢ 77 . cost

1) 1)
[5+J +1 [S+J +1
Ta ro<<l Ta

one has now products of functions for inverse transformation according to

= gq(r)=e"% .sinc

f(5)-9(s)= f()*9(e)=[ F(z—-&)-9(&)-d¢ .
0

These products have the following structure:
1*e™%" .sinz,1*e ** .cosz, e /" *e " .sinr, e #* *e™* .cosr , where a=1/7, ~r, and
p=lrzy~rpor f=1/75 ~rs, s0weassume ¢, << 1. The solutions of the integrals are

T
e FT*e 7 sing :Ie‘ﬂ(f“f)e‘“@sin E-dE=
0

e
e _ e _ _
=——~ -l Ncosr+(B-a) e D sinr ~e P7_e %" cosr
1+ (S —a)? [ L'ﬂ«l

and
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T
e /7 *e " .cosr = .[e‘/’j(f‘éz)e‘o‘éz -€0s&-d& =
0

e /T

e [e(ﬂ‘“)fsinr+ (B-a)-ePDsinc—(B —a)Lﬁ«l ~e % sing

So we conclude for ¢, f << 1:

T
e P *e™ sing = Ie*ﬂ(’*@e*"“f -siné-dé~e ™ —e™ cosr
0

T
e PTxe9 .cosr = je"”’("‘f)e‘“g .c0s&-dE~ e “ sing
0

p=0: 1*e™* .sinr =je‘“5 -siné-dé~1-e"% cosr
0

T
p=0: 1*e™* .cosr = je*"‘f -€os&-dé~e ™ sing

0
So finally solution of sudden short circuit d- and g-axis stator current is (for small
resistances):

. 1 - 1 1 it
ig(r)=-uq - —(1—e 7/, COST)+ — - -(e Tty _ g7/t c057)+
Xd Xd Xd
1 1 i
+( — — = J-(e T _ g/t 'COST)
Xg Xg

. 1 1 1 /7 1 1 /g 1 _
ig (T)Z—UO- ) Tl = ——= e tlry ~- e 7/7, .COST
Xd  \Xd Xd Xd  Xd Xd

The stator phase current in phase U is given as real part of current space vector in stator
reference frame, so stator space vector in rotor reference frame iggy =iy + j-iy has to be

transformed into stator reference frame by i = iS(R)eV with y = o+ yg =7+ )p:

i () = Refis } = Re{(ig + j -iq)(cosy + j-siny)|=iy -coS(z + o) —iq -Sin(z + 7o)
With

COST - COS(z + 7o) = = - (COSyg +COS27 + 1)), sinz-sin(z + ) =

N

-(cosyy —cos2z +7p))

N

we get

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and dynamics 8/33 Dynamics of synchronous machines

iU(r):—uo-[iJr[i,—i]-e‘”’ﬁ+(%—i,)e‘m5]cos(r+7o)+
Xq Xg  Xd Xd  Xd

+Uo- : iﬂ+i" "30570+1 i,,—i,, .€0s(27 + yp) |-~/
2\ X3 Xq 2\ Xg  Xq

Discussion of time function of short circuit current:
- First part []- cos(z + ) is AC short circuit current with frequency wy, =1, starting with

big amplitude uy/xjat =0, which decays after three time constants 3zj to the
intermediate amplitude uy/xy and after three time constants 3z down to the steady state
short circuit current uy /Xy .

- Second part []-cosygis DC short circuit current, which decays with armature time
constant z, and depends on the phase angle y,, when sudden short circuit occurs.

- Third part []-cos(2z+y,) is AC short circuit current with double frequency, which
occurs only, if xg # xg and usually is of minor interest, as it is small.

(8.8.2-2)

B, Im d

70
= o, Re
U

Fig. 8.8.2-2: Steady state no-load voltage in stator reference frame

Influence of phase angle y,, when sudden short circuit occurs, is very important: The

no-load voltage phasor Uggy =Ug + j-Uq = j-Ug in stator reference frame

Us(s) =Us(r)-€"

leads to stator voltage in phase U (Fig. 8.8.2-2) as

U (7) = Rely gy €7 | = Rej - tg - €1+70) | = g sin(z + 7). (8.8.2-3)

- Worst case: At y, =0 the short circuit occurs in phase U at 7 =0, when voltage is zero.
This leads to addition of DC and AC component, which for xg =x; have the same

amplitude, so the peak short circuit current is twice the AC amplitude (Fig. 8.8.2-3).

~ _2Up

l, = 8.8.2-4
LT ( )

- Best case: At yy=x/2 the short circuit occurs in phase U at 7 =0, when voltage is
maximum. In that case DC component is zero due to cosy, =0. This leads only to an AC
component (Fig. 8.8.2-4)
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iy~ . (8.7-5)
Xd

Example 8.8.2-1:

Short circuit of 24-pole synchronous generator after no-load at rated voltage ug =1and rated

speed, yielding stator frequency fn = 50 Hz:
Machine data: Sy =300 MVA, Un =24 kV, In=T7217 A, x4 =1, x5 =0.3, X =Xg =0.15

Time constants: T, =0.03s, Ty =0.35,T{ =0.05s = 7,=942 74 =94.2, 74 =157

ig(t) 12t
i1=10,8-V2'1
ISN'\/E| 10 U sN
8
° ikoo Ug
44 X—=1
Vel Xd

—
—
—
=
—
—
—_—
e
—
—
——
—
—
—
—
—
—
—

-2

— 4+

Fig. 8.8.2-3: Sudden short circuit current in phase U in worst case (phase voltage is zero at short circuit: % = 0).

The steady state short circuit is for 7 —>oo: iy = IAS,U I(N21y) =uy/ x4 =1/1=1p.u., which is

24 _ 21 433 pueto
Xy 0.15

the decay of AC and DC current amplitude only 10.8 is reached, which is

10.8-4/2-7217=110.3KA (1)

iy(t)

ISN'\/§ 8+

7217 A r.m.s. The peak current is with neglecting damping i, ~

1y,=6.3V2 Ioy

o] MMMN\MI\!\!\M!\A TV TT—
o JUUUUUWUVVVUUUUW uv\g/yTvvv ot

Fig. 8.8.2-4: Sudden short circuit current in phase U in best case (phase voltage is maximum at short circuit: y» =
72).

. . S 1 .
Peak current is with neglected damping Iy = u—f? “01s 6.7 , whereas due to damping only
Xy .

6.3-times rated current is reached: 6.3-+/2-7217=64.3 kA
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Example 8.8.2-2:

Short circuit of synchronous generator (see Example 8.8.2-1), but with 3-times increased
armature time constant and by 2/3 reduced transient and sub-transient time constant:

Time constants: T, =0.1s,T; =0.25,T{ =0.03s = 7, =314,7) =628,74 =94

12+

o 1

iy=11,8 V2 Igy

MN\MMM/\[\/\N\f\f\/\/\/\l\f\l\!\!\ﬂ/\l\l\l\ﬂ /\

Y

[
Z Y

Fig. 8.8.2-5: Sudden short circuit current in phase U in worst case (phase voltage is zero at short circuit: y = 0)
with armature time constant about 3-times sub-transient time constant

As armature time constant is about 3-times sub-transient time constant, DC current
component decays slower than AC component, leading to about five current periods without
current zero crossing. AC power switch between generator terminals and location of short
circuit cannot extinguish the arc within the switch chamber, as long as no current zero
crossing occurs (time span A). So short circuit current can be switched off at the earliest after
six periods or 6-20=120ms, leading to high mechanical stress during that within the
machine due to the big forces between conductors. The peak current is with 11.8 higher than
in previous example due to the slower decay of DC short circuit current.

In permanent magnet machines the short circuit current is much smaller, as xq =Xy =xg. It

is in worst case at maximum twice steady state short circuit current and decays for
Xg = Xq With time constant z, = x4 /1.

8.8.3 Descriptive Explanation of the Behaviour at Sudden Short Circuit

The occurrence of this large stator current following a sudden short circuit due to
a) the DC current component and due to
b) the small sub-transient inductance Lj <L, can be understood from the flux linkages. The

“sudden short circuit at zero-crossing of the voltage” is used as example for a descriptive
explanation, first for the occurrence of the DC stator current component (Fig. 8.8.1-2a).
Fig. 8.8.3-1a shows a two-pole salient-pole synchronous generator without damper winding at
no-load. The rotor is driven at speed (X, by a turbine and is excited by permanent magnets.
The shown stator coil is at zero current (no load). The voltage uso(t) with the amplitude
according to (8.8.3-1) is induced in this coil due to the change of stator flux linkage ys.

U=w/ (e9. o,=wy ratedfrequency) (8.8.3-1)
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At the time t = 0, the flux linkage s of this stator coil is at maximum: y =y, therefore, the
induced voltage is zero. Then, the short circuit of this stator coil, representing the stator

A

winding, occurs. Due to (8.8.3-2), the value of [/ = const. = ¥ | has to remain constant.

A

R ~0: ug =dy /dt=0 = w,=const.=¥, (8.8.3-2)

Fig. 8.8.3-1: Flux distribution of a synchronous generator at no-load without damper winding. Rotor with
permanent magnet excitation: a) at the time of the short circuit, b) half a revolution of the rotor later, c)
qualitative corresponding stator current graph for cases a, b and d, e. Note that in case d, e the current amplitude
in A is much higher than in case a, b due to L] <L d), €) As a, b, but with electrically excited rotor winding,

yielding L <Ly, and in case with additional damper L] <L

Half a revolution of the rotor later (.t =), the two flux lines of the exciting rotor PM field

(which had caused the stator flux linkage v = ‘f’s att =0, now causing —sffs) are linked with

opposite sign with the stator coil (Fig. 8.8.3-1b). Therefore, the maximum current is has to
flow in the coil in a way to excite in addition four flux lines with original polarity

(corresponding to 25‘75), so that the overall stator flux linkage remains constant:

29, —¥, =¥, =const. With the synchronous inductance of the considered stator coil Ly
therefore the short circuit current is:

29, U

Ldls=2¥/s j— iAS: L _a)L
d s'—d

=ii(ot=71) . (8.8.3-3)

Facit:

The current amplitude (8.8.3-3, Fig. 8.8.3-1c) is derived with a DC component similar to (8.8.1-5), but
for Lq due to the PM excitation. A full revolution later, the initial state is obtained again, and the value
of the current has to be zero, so that the flux linkage of the stator coil remains constant (Fig. 8.8.3-1c).

In case of an electrically excited rotor (Fig. 8.8.3-1d), fed e.g. via two slip rings from a DC
voltage source Us to drive the field current I+ via U; =R¢ - 15, we have to note that the
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internal impedance of such voltage sources (e.g. grid voltage with rectifier) is usually very
small. Hence also the rotor winding may be regarded as nearly short-circuited, if a change of
the rotor winding flux linkage ys occurs, causing a transient field current ifac.

Ut =Rg -(if ac + 1) +dy /dt =0=Ryi; ac +dy¢ /dt~dyy /dt = y; =const. = 7;
So the transient rotor field current iy =i; oc +1; flows in that way to keep the rotor flux

linkage (nearly) constant: y; =const.= Sf’f . So after half a revolution of the rotor (ot =7,
Fig. 8.8.1-3e), the two flux lines of the exciting rotor PM field (causing the stator flux linkage
w, =¥, att=0and now —¥,) are “frozen” and opposite to Fig. 8.8.3-1d. Therefore is and is

have opposite sign, so their excited stator and rotor magnet fields must close the B-field lines
via the air gap, causing a strong reduction of the corresponding winding inductances. The
stator inductance drops from Lq to L <Ly, and in case with additional damper to Lg <Ly.

The maximum current is has to flow in the coil in a way to keep w = const. = ¥ So it has to

excite Lji;=2%, so that the overall stator flux linkage remains constant:

2¥, — ¥ =¥, = const. With the small sub-transient inductance L of the considered stator
coil therefore the short circuit current is:

~

g 2% A
) Ly wslg

5
>

o—
Il
N
%)

= is (a)st = 7[) , (883-4)

which is now much bigger as in the case with rotor permanent magnet excitation, because in
addition to the DC current component also the small sub-transient inductance occurs. Also the
rotor transient field current is much bigger than the DC field current i; > | to magnetize the

rotor field along the long air-gap path.
Facit:
The current amplitude (8.8.3-4) with its DC component (Fig. 8.8.3-1c) is derived in accordance with

(8.8.1-5). A full revolution later, the initial state is obtained again, and the value of the current has to
be zero, so that the flux linkage of the stator coil and rotor winding remains constant (Fig. 8.8.3-1c).

8.9 Sudden short circuit torque and measurement of dynamic machine parameters

Neglecting the damping of short circuit current, the initial value of sudden short circuit torque
immediately after the short circuit is derived. For z — 0 we get from the reactance operators
for s — o0 with iy =0, 50 =0 and Xy (s — o) = Xg, X4(S = ) = Xq

7 V/S = Xq(s)- ('d_?) = wa(r) =wqo+Xg ig(7) (8.9-1a)
;pq—@_x (s)- (u —?J = (t) = W0 + X -ig () (8.9-1h)

With y40 = Ug, ¥go =0. The short circuit current components for neglected damping are

iy (r) =——0 .[1— cosr] iq(r) = ——2 .sinz . (8.9-2)
Xq Xq
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So time function of non-damped d- and g-flux linkage is
wq(r)=uy +X§ - (—U—S) [t - cosz]=uq - cost
Xd

Ug, . .
wq(t)=Xq - (-—2)-sinz =—up -sin¢
X
q

leading to non-damped electromagnetic short circuit torque

. . u .Uy .
Me (7) =iq(2) - vq (1) =g (r) - wq(7) =——=-[L—cosz]-ug -sint ——2 -sinz -y - cost
X X

d q
2 2
ug . ug | 1 1 i
Mg (7)= ——2-sinz+—>| ———-|-sin(27) (8.9-3)
X4 2 X4 q
Facit:
For sub-transient symmetric machines xj =Xg the dynamic short circuit pulsates with

frequency @, =1 with a big amplitude ué/xg. Average value is zero. With considering
damping the torque decays with armature time constant z,. The average value of the torque

in that case is larger than zero, as the mechanical input power via the torque is converted into
the losses in stator, damper and field winding. Thus the speed will decrease a little bit due the
braking electromagnetic torque. In any case the ratio peak torque/average torque is very big.
The big peak torque might lead to breaking of the machine shaft.

Note that the short circuit torque does not depend on the angle j, as it is constituted from all
three phase currents.

1, |

To—lsk
1,2 s
E([sk_lsk)
Ta | TN
™.
12, _UsN ™~
*=Xa 1,0
T & (Tak—Taw)
. d
]sk=IJXSdN ﬁ“-—-___-—-\\
Ilsk =
0 |

Fig. 8.9-1: Envelope of a symmetrical AC three phase short circuit current for determination of the transient,
sub-transient and synchronous reactance and the transient and sub-transient time constant
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Example 8.9-1:
Synchronous generator sudden short circuit, data of Example 8.8.2-1:
Peak short circuit torque is uZ/x}j =1/0.15=6.67.

SN 300

With Mg = = =11.46 MNm, the peak torque is 6.67-11.46=76.43MNm.
oyl p 27-50/12 —

From the measured envelope Fig. 8.9-1 of the symmetrical AC short circuit current time
function (Fig. 8.8.2-4) the time constants Tj,T{ and the reactance Xy, Xg,Xq are

determined.
lsu =Usn- i+ i,_i e a4 i—i, e t/Td
’ S Xe \Xg Xy Xg  Xg

8.10 Transient stability of electrically excited synchronous machines

After increasing load step it is interesting to notice, that even if this load step would result in a
load torque bigger than static pull-out torque Ms > Mpo, the synchronous machine will not pull
out of synchronism, but for the short time of about 3 transient short circuit time constants 3T

will stay in synchronism. It is reacting with a dynamical pull-out torque, which is bigger
than the synchronous pull-out torque: Mp.dayn > Mpo. This helps stabilizing the machine, until
the field current control will react to increase rotor flux to increase Mpo. As this increase of
pull-out torque is only active during transient time scale, speed of the machine does not
change much and may be considered here constant.

To understand this phenomenon, we start with the steady state solution of the dynamic
equations in rotor reference frame at z <0 prior to the load step:

Ugo = fslao —WsWqo = Isigo _a’sxqiqo (8.10-1)
Ugo = rsqu + sy = rsqu + @sXglgo + @sXgnlto (8.10-2)
Wdo = Xdldo + Xdnito (8.10-3)

where the p.u. synchronous back EMF is
Upo = @sXghlfo - (8.10-5)

After a sudden load step the damper bar currents decay within sub-transient time scale 3z .
During transient time 3z <7 <3zy the transient field current in the field winding flows in

addition to the DC field current. For the transient field current flow the field exciter voltage
source acts like a short circuit due to its low internal resistance (e.g. a battery or a silicon
controlled rectifier).

0=ry -ig (o) + 211

(8.10-6)

Neglecting field winding resistance rr, we get dy;/dz=0=y; =const.. Flux linkage
equation of field winding yields

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and dynamics 8/40 Dynamics of synchronous machines

W = Xgnlg + X¢l§ = const. (8.10-7)

Thus the total dynamic field current is is a superposition of DC field current if and transient
field current, which is determined so that the field winding flux linkage y# stays constant.

it = (W —Xanlg)/ Xy (8.10-8)

As the stator flux linkage of rotor flux prior to load step is Xynifqg, the flux linkage
W =Xgnlgo + Xtito 1S Kept constant during transient operation, if rr is neglected.

Thus the flux linkage of d-axis during transient state is
Wa = Xaig + Xanit = Xalg = (/X1 ) -Tg + Ckan/ X1 ) -¥¢ = Xgig + (Xan/X¢)-w¢ ,  (8.10-9)

which is determined by the transient inductance xg .

A4

P \Xdls
Xq'1

=S

=

L—Jp J'Xd'lsd\
Kqlsq A\
o /b
% -7
Isq -7
S“_= / - »d
|
| I
‘ ls _'_Sq

Fig. 8.10-1: Cylindrical rotor synchronous machine: Phasor diagram per phase in physical units in rotor
reference frame during transient state: Xé = Xq = X4, Xy < X, stator resistance neglected (Rs = 0): Phasor

diagram for over-excited generator operation

Comparing stator d-axis flux linkage (8.10-3) before load step and (8.10-9) after load step,
one concludes:
a) Instead of x4 now the transient inductance Xy is acting.

b) Instead of Xynifg, Which is the stator flux linkage due to rotor flux and determines
synchronous back EMF up, the smaller value (X4,/X¢)-w¢ has to be taken. That means:
Instead of synchronous back EMF up the smaller transient back EMF uj, has to be taken.

, X
up, = Xifha)swf (8.10-10)

In quadrature axis due to Xy = X, stationary and transient conditions are identical. Thus for
cylindrical rotor synchronous machine one can calculate phasor diagrams in rotor reference
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frame in transient state in the same way as in synchronous state, if one takes instead of up the
transient back EMF uj, and instead of synchronous reactance xq the transient reactance x .

From the phasor diagram for the cylindrical rotor synchronous machine Fig. 8.10-1 the
electric machine power Pegyn and its maximum value, the transient pull-out power, is derived
(in physical units):

Ug =—Xglg =—Xglg, Ug =Xglg +U}, (8.10-11)
with
L_JS=Ud+qu, I_5=IO|+jIq . (8.10-12)

In dependence of load angle 9 this may be expressed:
Ug =Ug-sing, Uy =Ug-cosd, Ig=Uqy-Up)/ X4, Iqg=-Uy/Xy4 (8.10-13)
The electrical power during transient state as a function of load angle is therefore

Pogyn =M -RefU - I *}=mg -Re{Uq + jUq) - (Ig — ilg)j=ms-Uglg +Ugly)  (8.10-14)

u,u )
d

Us p 1 ).
Pe,dyn =—Ms - ™ sing—— X (8.10-16)

(8.10-15)

il

Fig. 8.10-2: Cylindrical rotor synchronous machine: Electrical power during transient state: X! =X, =X,
X} <X, stator resistance neglected Rs = 0 : Synchronous machine in generator mode

Facit:

During transient state the electric power Peayn(9) in Fig. 8.10-2 is determined by Us and U"p
and NOT by Up ! The similarity of Peayn(:%) with synchronous electric power Pe(:9) of salient
pole synchronous machine is due to the fact, that in transient state also cylindrical rotor
synchronous machine shows saliency, that means difference between direct and quadrature
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axis reactance, according to Xq =Xy # Xqy. The hereby caused , dynamic reluctance*

torque ~sin2$ has due to X'g < Xq¢ - that means, direct axis reactance SMALLER than
quadrature axis reactance - an opposite sign as the ,,synchronous reluctance torque* of
salient pole synchronous machines. Therefore the load angle, where maximum power
(dynamic pull-out power) exists, is bigger than 90° instead of smaller than 90°, as it is the
case in salient pole machines under synchronous operation. The transient (or dynamic) pull-
out load angle S,ayn is larger than 90°.

Example 8.10-1:
Over-excited synchronous generator with cylindrical rotor:
Data: ug =1, ig =1, Yy =45°, X4 =1, x4 =0.3, rs = 0. Phasor diagram for synchronous

rated operation prior to load step is shown in Fig. 8.10-3 a).

J
Up

a) b)

Fig. 8.10-3: Phasor diagram of cylindrical rotor synchronous generator: a) steady state synchronous rated
operation, b) transient operation after load step: X = X, = X;, X < X;, (Rs=0)

a) Pull-out power in synchronous operation:

From Fig. 8.10-3a we get:

- Uy =Ug/sin(dy)=1.41 p.u., load angle at pull-out: 9, =90°

- Synchronous pull-out power is negative due to generator operation:
Pe,po /(MU Ty) =-Usu, /x4 =-1.41 p.u.

b) Dynamic pull-out power:

From phasor diagram Fig. 8.10-3b we get:

- Transient back EMF:
Uy =UL /Uy =UgCosdy +isXg cos(z —8y) =0.71+0.3-0.71=0.92 p.u.

- Dynamic pull-out load angle S4yn is derived as the angle at maximum transient power,
which is dynamic pull-out power. So derivation d./d.$ of pe,dyn

Pe,dyn = e,dyn/(msUN In)=—A-sing+B-sin(29)

2
with abbreviations A=usu’, / xg =3.07, B:%[Xi,—xi]:l.ﬂ yields dynamic pull-out
d Xd
load angle of 117°.
dp, gy /09 = 0 _A LAY, o5 o0°
Pe,dyn 4=0= COs(lgp,dyn) = 8_B x 8_B + E = '9p,dyn =117°>90

- Transient (or dynamic) pull-out power:
Pe,p.dyn = Pe, p.dyn/(MsUn Iy ) = —A-sinG 4y + B-siN(29, 4yn) =-3.68 p.u.
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Facit:

During transient state the pull-out power of the investigated electrically excited synchronous
machine is 2.6-times larger than at steady state operation: 2.60 = 3.68/1.41. Thus transient
stability limit is 2.6-times higher than synchronous stability limit and it occurs at much larger
load angle.

M p,dyn >M p,0 ‘9p,dyn > lgplo

Practical use of this increased dynamic stability limit is, that at sudden increase of load (e.g.
electrical load on generator mode) cylindrical rotor synchronous machine will not be pull out
of synchronism, even if load surpasses synchronous stability limit Mpo and pull-out load angle
90°. As long as transient field current flows in the field winding (typically for three transient
time constants, e.g. 1 ... 3 s), the significantly higher dynamic stability limit Mpayn at > 90° is
valid. In that short time span the field current controller may react and can increase the DC
field current Is by increasing the field voltage Us in order to increase synchronous stability
limit sufficiently Myo. If this is not possible, after the decay of the transient field current the
pull-out torque returns to the stationary stability limit Myo. Hence the synchronous machine
will be over-loaded and will be pulled out of synchronism.

Note, that a slow increase of load will not lead to induction of transient field current in field
winding, so NO increase of stability limit will occur. In that case synchronous stability limit
Moo will be the valid limit for synchronous operation.

For salient pole synchronous machine the same increase of dynamic stability limit over
synchronous limit is observed and a similar equation of dynamic pull-out power and torque
may be derived, which is not given here. For rough estimation it is sufficient to take
cylindrical rotor dynamic stability limit also for salient pole rotor machines.

8.11 Appendix: Derivation of reactance operators

For g-axis the calculation is shorter, as only two windings (stator, damper) are coupled, so this
is shown here completely, whereas for d-axis it is only shown abbreviated. Rotor side voltage
and flux linkage equations shall be eliminated, being substituted by resulting stator flux
linkage in for of reactance operators:

g-axis voltage and flux linkage equations in Laplace domain:

Va|_( % Yan) (o (8.11-2)
Vo) (Xan % ) (g
From (8.11-1) we get with 1o = Xqniq + Xl the damper current g :

¥ - ¥ ¥ = - l//O_S'X h‘l
‘//Qo=rQ'|Q+5'l//Q=rQ~IQ+S~(thIq+XQ|Q) = ig = Q @ 9
o + S+ Xg

(8.11-3)

Thus we get for resulting stator flux linkage in g-axis

o +5-Xg _rQ+s-xQ g o +5-Xg
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The expression Xxq(S) is called reactance operator of g-axis stator winding:

2 2 "
S-Xgh _ Xq(Tlg +5-Xg) =S Xgn _ %q'q +5-0qq " XgXq _ Xgfg +5-XgXg
o +5-Xg o +5-Xg o +S-Xg o +5-Xg

We introduce with Blondel’s coefficient oyq =1- xgh I(XyXq) the sub-transient reactance of
g-axis (Fig. 8.11-1b):

" 2 XQh : XQO‘
Xq =0qq " Xq = Xq — Xgh/ Xg =Xgh + Xs¢ = Xgn - (Xg —Xqs) /¥ =Xso + ———  (8.11-9)

th + XQO‘

qu.

XQo 1
~— . 2
Q *qo
xXq~>  ah Q-
X X
3 o b) o ah 90

Fig. 8.11-1: Influence of damper cage in g-axis: a) reduction of stator inductance in sub-transient state, leading to
sub-transient inductance for g-axis, b) Time constant of damper cage in g-axis (1) at open-circuit of stator
winding, (2) at short-circuit of stator winding

Note that g-axis reactance operator contains open-circuit and short-circuit time constant
7g, 7o Of g-axis damper winding:

14

Xq " rQ 1
, —Ig+S-XgXg S+ S+—
Xqlo + S XgX o lof T
Xg(s) = —13— 42 - 0 = quQ Ky =X (8.11-6)
rQ+S'XQ I’Q+S-XQ S-}-& S+ -—
*XQ fQ
Introducing the initial flux linkage conditions
l//QO = thiqo + XQIQO '//qo = Xqiqo + thiQO (811'7)

in stator flux linkage equation (8.1014), by adding —wo/s , which fits for further Laplace
calculations, yields

_ VYqo - g0 ) Xgh-¥qo W0 iq0
Wq_Tq:Xq(S).[Iq_q?jJrqurs?( - 2 +Xq(s)'q?
Q Q

io To-X i
Q o ._ o, ()
S Ig+SXg S

With the abbreviation “reactance operator of q-axis damper winding”

o 1
foXgh X 1
Xg(8) = =g = Xan (8.11-8)
Q Q &4_5 —+S
XQ TQ
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one gets finally a very simple expression of stator g-axis flux linkage with included damping
effect of g-axis damper winding in sub-transient operation in Laplace domain:

74 —@: xq(s,)-(rq —"*?OJ—'QTO-XQ(s) (8.11-9)

Facit:
The damping effect of g-axis damper cage is considered by the g-axis reactance operators of
stator and damper winding X (s), Xo(S) -

Note:
As in synchronous steady state operations damper current is zero: igy =0, for dynamic
deviations from synchronous operations only xq(s) must be considered:
- Yq0 - go
Yq _qu Xq(s)'(lq _q?)

For Laplace transformation back into time domain the inverse 1/xq(s) is needed, which is
derived with (8.11-6) and 7, - Xq = 7q - OqoXq = 7Q - Xq S

S+ S+ S+
1 1% 1 1 % 1 7
X(8) Xq g, b X X g 1 oxg g b
Too Too Too
11
TaX To. X
:i+(i”_i]. S TN Tecka
Yoo Ko Xq) g4 = 54
700 700
0
1 :i{iﬂ_ij 51 (8.11-10)
X(8) X \Xq X ) g4 T
TQO‘

For deriving reactance operator in d-axis, we start with d-axis rotor voltage and flux linkage
equations in Laplace domain:

¥po="p Ip+S¥p

g "D (8.11-11)
Us tyso =T -1g £S5

Wy Xg  Xgn  Xan | [ g

Wp |=|Xh Xp Xdn||iD (8.11-12)
7z Xgh Xdan Xt ) (¢

Substituting w ¢, wp in (8.11-11) leads to
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Wpo="p Ip+S-(Xgn g +Xgn -1t +Xp -p)
¥p
Up +Wgo=T¢ 1f +S-(Xgn g + X¢ 1 +Xgp -ip)

(8.11-13a)

Ve

Solving that linear equation system by Cramer’s rule — using determinant Det of equation
system - in dependence of stator current

(rf +S-Xf  S-Xgh j_(i}}(ﬁf +t//fo—S-th-i}j (8.11-13Db)

S‘Xgh Ip+S-Xp) \ip Wpo — S Xdn " Ig

leads to the solutions i (iy,Us,% 1 0.%po)» o, Us ¥ 0:¥Do) :

221+ o
It =8 Xgh - (fp +S-Xp) +5 th]"d +(Us +w10) (o +S'XD)_S'th"//DO}

" Det
F_ 1
D Det
Det:(rf+s-xf)-(rD+s-xD)—52x§h:rf-rD-(1+s-(rf+rD)+sz-afD-1f-rD)

2.2 |+ o
'{[—S'th'(rf+3'xf)+5 th]"d—(uf+V/fo)'S'th—(ff+5'Xf)'l//Do}

The open-circuit time constants of d-axis damper winding 7 = Xp /rp and of field winding
7¢ = X¢ /1y are introduced in Det, which may be written as

Det=r; -1y - A with  A=1+s-(zy +7p)+5% -0 75 - Tp . (8.11-14)

Stator flux linkage equation can now be expressed only by stator current, using these
solutions:

Wa =Xq -ig + Xan - 1¢ (g, Us .0 £0,¥Do) + Xan - ip (g, U . ¥ 0. ¥ Do) (8.11-15)

By the way, in (8.11-15) also the initial conditions of field and damper flux linkage are
substituted by the corresponding initial conditions of field and damper current according to

W0 =Xdhldo+X¢ ‘1o + Xdh " Ipo> ¥Do = Xdh *lgo + Xgn "o+ Xp *ipg . (8.11-16)

Like in g-axis, the initial condition —yyo/s is added to 4. After about one page of
calculation one ends up instead of (8.11-15) with the equation

f

2 —% =Xq4(s) '(Kio _id?oj+ X (5)'[?—]‘—”?@— XD(S)'iDTO . (8.11-17)

where as abbreviations the reactance operators of d-axis stator winding, of field winding
and of d-axis damper winding are used, which are given by

1
Xd (S)=Z'|:Xd +S'Xd '((Tdf 'Tf +GdD'TD)+SZ 'Xg 'GfD 'Tf 'Z-D:I (811'18)
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For Laplace transformation back into time domain the inverse 1/xq(s) is needed, which is
derived with (8.11-18) as

2
1 1+s-(r¢ +7p)+S° -0 T - Tp 1
Xy (S Xy Xy 2 X
a(s) —+s-—-(0ogf -Tf +O4p Tp) +S O Tf-Tp U
Xq Xq
1 T¢+7T
+5. 1D 142
_ opTfTD opTtTD 1
X 1 Xy Odgi "Tf +O4pD"7T X
73'74_8'%_ daf "°f dD D+82 d
X4 OdTtTp X4 OpTiTp

The quadratic equations in numerator and denominator have the already in Section 8.6
discussed solutions

2
T +7T T +7
51’2 = —adl’z =— f D + f D — 1 (811-21)
2-0mp Tt Tp 2:0pTfTp) Op Tt Tp
1 -1 X4( + ) X4 ( + ) i
— — Oqs T o4p? OqfT o4p7T
P d ”df t t9a’p) , || X ”df f TOdp7D) | : Xg (8.11-22)
74 74 X4 20 pTfTp X4 20T Tp X4 " OpTTp
So if we decompose into single terms
1 :(s+adll)(s+a1d2).%=i+[i'_iJ s1 {%_LJ s,1  (811-23)
Xi(®) s+ )s+—) X X \Xd Xa) gy~ \Xg X ) g, %
74 74 74 74

where we define the abbreviation xj as an inductance, which is related to transient time
constant zy and is therefore called transient inductance, we see, that (8.11-23) defines this
transient inductance. By comparing the single terms in (8.11-23), one ends for x; with the
expression (8.11-24), already noted in Section 8.6.

Xy =X} - fd *d (8.11-24)
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a)

Fig. 8.11-2: Gearless direct drive for elevators with permanent magnet synchronous motors, powered by IGBT-
inverter supply and speed control: a) Three stores elevator with cabin, counter-mass and on top an axial-flux
disc-like PM synchronous motor, b) Integration of rope drum and PM synchronous motor with emergency brake
(left and right)

b)

Fig. 8.11-3: a) Permanent magnet synchronous motors with hollow shaft, low speed, high torque for gearless
drive, b) Printing machine with seven printing stations for different colours. Each station contains a printing
cylinder, which is driven gearless by an inverter-fed PM synchronous motor. Movement of all cylinders has to be
synchronized to ensure exact printing position for the different colours.

TU Darmstadt Institute of Electrical Energy Conversion



CAD and dynamics of electrical machines A1/1 Induction machine design

Appendix Al: Analytical design of a cage induction machine

Main dimensions and basic electromagnetic quantities of induction machines

Main dimensions of induction machines:

inner and outer diameter of stator and rotor iron stack dsi , dsa, Ay, Ora
air gap between stator and rotor iron stack, and pole pitch 0, Ty
length of iron stack, number and length of cooling ducts and Ire, Zi, Ik, L = lge + Zxlx

total stack length

Electric and magnetic quantities:

Stator and rotor current loading (r.m.s.) A, A

Flux density in air gap, stator and rotor teeth and yoke (peak Bs, Bas, Bar, Bys, Byr
values)

Main flux (in air gap) and stray flux (components in slots, @by, Dy

winding overhangs, influence of skewing and deviation of air
gap flux from sinusoidal distribution)

Table Al-1: Main dimensions and basic electromagnetic quantities

Fig. A1-1: Main dimensions and basic electromagnetic quantities of induction machine

Given values for a three-phase induction machine to be designed with cage rotor:

Motor operation, Px = 500 kW, 6 kV, 50 Hz, 4 pole.

- Estimated values from graphs of text book (Figs. 2.2-9, 2.2-10):
N =94.4 %, cosepn = 0.868

Py

TIN - COS PN

- Motor output power: 500 kW, apparent power: Sy = =610kVA

- Motor current: Iy = Sn 610 =59 A,

V3-Uy 3-6

- Synchronous speed: ng, = fs/ p=1500/min

- Pole pitch 360 mm, stack length: 380 mm, air gap: 1.4 mm, shaft diameter: 200 mm,
- Current loading: 500 A/cm, current density: 5.5 A/mm?,
- Stator bore diameter: dg; =2p7, /7 =458 mm.
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- Internal apparent power: (os = 0.08/2=0.04): S5 =S /(1+05)=610/1.04 =587kVA

- Electromagnetic utilization: C = S5 /(d3 - I - Ngyn) = 4.9 kVA'min/m’

72_2

V2
in the range indicated in Fig.2.2-4 of the text book: 0.89 ... 0.99 T.
- Thermal utilization: A-J = 2750 (A/cm)(A/mm?)

- Flux density (ky; = 0.91 estimated): C = Kwi-A-Bs; = Bs;=0.927T. This value is

Stator winding design:
- Chosen number of slots: =35, Qs =2p-m-q=4-3-5=060, leads to 15 slots per pole

- Slot pitch: 75 =dgj7z/Qg =24.0 mm
- Coil pitching is possible in steps of one slot pitch: W/z, = 14/15, 13/15 etc., chosen pitch
W/z, = 12/15 leads to Kpg; =0.951, ks _5 =0, K5 7 =0.588. The influence of 5™ space

harmonic is completely eliminated.
- Distribution factor: Kgs; =0.957, stator winding factor: ki, ; =0.957-0.951=0.910

- With chosen air gap flux density 0.9 T main flux per pole of fundamental v=1 is

@, :%-Tp Aee By :%-0.36 10.38-0.9 = 78.4 mWh.

- Choice of number of turns per phase Ns:
Uy /v3  6000/+/3
l+o,  1.04
Uy =274 - Nekysy - @, = Ng =210.17
N¢ =Ng-a/(2pq) =210.17-1/(2-2-5) =10.5, so integer value N =10 fora =1 is chosen.
- Final values:
N, =10, Ng =200,a=1, for U, =3330V: B ,_; =0.946 T
Current per phase 59 A, voltage per phase 3460 V, current density limit 5.5 A/mm?, Ns = 200,
Ne =10, 7gs =24.0 mm,a=1,a; = 1.
- Conductor cross section: Ay =1 /(Jg-a-3;)=59/(5.5-1-1)=10.73 mm’
- Chosen slot breadth: bgg =12.5mm (= 0.52-7¢)
- Chosen conductor dimensions (Table 2.4-2 of the text book): by =7.1mm, h_=1.8mm,
A =12.42 mm?®> 10.73 mm?
- Inter-turn voltage: Ug/Ng=3460/200=17.3 V < 80 V: Table 2.3-3 of text book:

Conductor insulation thickness di. = 0.4 mm (both sides)
- Additional inter-turn insulation d; = 0.3 mm

Estimated induced voltage per phase: U, = =3330V

- Checking of eddy currents at 20°C: k¢, =57 10° S/m, f=50Hz, n,.=1,

-7 6
fp, . [Ho@oK e b, =0.0018.\/4ﬂ 107-27-50-57-10° 1-7.1 _ 00 s
2-bg 2-12.5 =

- Checking of current density and thermal utilization:
Js=ls/(a-a - Ap)=59/(1-1-12.42) = 4.75A/mm’ < 5.5 A/mm’
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Ao 2mN I _2-3-200-59 499 AJem
2pz, 4-36
A-J =492-4.75 = 2337 (A/em)(A/mm?): fits to limits given in Chapter 1 for open ventilated

machine with 80 K temperature rise.

Slot height design: mm
Number of insulated turns per coil | N, -(h_ +d;.)+(N;.-1)-d; =
one above the other = 10 =10(18+04)+903=247 24.7
Main insulation 2-d=2-22=44 4.4
Insulated coil side 24.7+4.4=29.1 29.1
Two coils per slot 2-29.0=58.0 58.2
Inter-layer insulation Z=4.0 4.0
Slot lining (thickness 0.15 mm) 3-dg =3-0.15=0.45 0.45
Wedge Nwedge = 4.5 4.5
Top and bottom lining 2-d,=2-04=0.8 0.8
Vertical play 1.05
Slot height ho 69.0
Slot width design: mm
Number of adjacent insulated Nye - (b +dio) =
turns Nye = 1 —1-(7.1+0.4)=7.5 75
Main insulation 2-d=2-22=44 4.4
Slot lining (thickness 0.15 mm) 2-dy =2-0.15=0.30 0.3
Play 0.3
Slot width bo 12.5
Table A1-2: Stator slot design sq
S h
_1...3....]__ 4 | N
4
hp %
N h’l h Qr / h 1= h bar
hqs h
bq
h'y
a) bq b)

Fig. A1-2: a) Two coils (two-layer winding) in one slot for 6 kV, 500 kW induction machine, b) Cross section of
deep rotor bar in slot

TU Darmstadt Institute of Electrical Energy Conversion



CAD and dynamics of electrical machines A1/4 Induction machine design

- Electromagnetic utilization:
2 2
C =2 Kys- ABg=2—-0.91-49200-0.946 = 295585 VAs/m’ = 4.93 kVA'min/m’

D B

Rotor cage design

Choice of rotor slot number Q, must be done with respect to stator slot number Qs (details
see: Lectures "Motor development for electric drive systems").

2p = 4, Qs = 60, unskewed rotor: Q; = (0.8 ... 1.2)Qs = 48 ... 72, taking only even numbers.
With r* = 4 the range 56 ... 64 is excluded. The numbers 48, 72 are excluded (common

divider 2, 3, 4, 6, 12). Excluding in similar way other slot numbers with common dividers, we
get as choice (46), 50, 54, 66, 70, (74).

For skewed rotor only slot numbers (46), 50, 54 remain, e.g. Q.= 50 is chosen.

_ 2kysMgNg  2-0.91-3-200

-l =1./0, =1 -cosp. =59-0.87=51.33A, (
r r /Y s Ds | Q 30

=21.84

I, =0,-1, =21.84-51.33=1121A
- Deep bar rotor to increase starting torque: ratio hey/Dey > 8
Choice: hey = 40 mm, be, = 5 mm, cross section: Acyr = 200 mm? (Fig. 2.4-1¢)
- Rotor bar current density: J, =1, / A, =1121/200 = 5.6 A/mm’
- Semi-closed rotor slot dimensions (see above Fig. A1-2):
h; = hcy =40 mm, b; = be, = 5 mm (plus 0.1 mm play each)
hs = 3.4 mm, Sq; = 2.5 mm
hor=40.1 + 3.4 =43.5 mm, bg, = 5.1 mm
- Rotor ring current Igjng =1, /(2-sin(pz/Q;)) =1121/(2-sin(27 /50)) = 4472 A

- Ring current density: J; = Jgjpg =5.6 A/mm’,
- Necessary ring cross section: Agjng = lring / Jring = 4472/5.6 =800 A/mm® (Fig. 2.5-9)

- Ring height is usually at least bar height: hring > hcy
Choice: hging = hey = 40 mm, brine = 800/40 = 20 mm

Design of main flux path of magnetic circuit

stator

Fig. A1-3: Cross section of an 8-pole induction machine with sections of magnetic circuit of main flux
Kre = 95% ... 97 % (stacking coefficient)
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Qy/Q: = 60/50, Bs = 0.858 T, stator bore diameter: ds; = 458 mm, air gap 6 = 1.4 mm, high
voltage winding: slot width bgs = Sqs = 12.5 mm, Sqr = 2.5 mm, iron stack of stator and rotor
consist of 9 sections with |; = 42 mm and 8 radial ducts with width Iy, = 10 mm.

Air gap magnetization

o/ mm | So/mm | so/8 4 ke
stator 24.0 12.5 8.93 5.72 1.50
rotor 28.8 2.5 1.79 0.47 1.023

Table A1-3: Air-gap influence

Carter’s coefficient: kg =Kgg -ker =1.5-1.023 =1.54
Equivalent air gap: d, =k¢ -0 =1.54-1.4=2.156 mm
b+l ~1.166

I+l —C()-(5/2)
Total axial length: L=9-1; +8-I, =9-42+8-10 =458 mm
Iron stack length: |g =91, =9-42 =378 mm
Equivalent iron length: |, = L/ke =458/1.166 = 392 mm

_Bs 0.858

Vs Oe =—7~0.002156=1472A
Ho 47 -10" -

h =1 /(5/2)=10/(1.4/2)=14.28, £(h) =10.58, ki =

Magnetization of teeth

Bs=0.858 T, kge = 0.95, |, = 392 mm, lg. = 378 mm,

dsi = 458 mm, Qy/Q; = 60/50, air gap o= 1.4 mm, g = 24.0 mm, 7o = 28.8 mm, iron sheet
type III (see Table 2.7-2 in the text book)

ho, bg (mm) | lg=hq (mm) | b3 (mm) | By,,3/T| Hg,3/A/cm Va/ A

stator | 69.0, 12.5 69.0 13.9 1.615 46.5 321

rotor | 43.5,5.1 43.5 19.9 1.35 8.5 37

Check of flux density at narrowest tooth width:

bd,i (mm) Ba 1/3 /T

stator 11.5 1.95<24

rotor 14.2 1.89<24

Saturation calculation for operation at 10% elevated voltage of 6.6 kV at no-load s = 0
(ARNOLD’s method)

Uy =Uy /(3 -(1+04)) = 6600/(+/3 -1.05) = 3629 V

B, - Uy, _ 3629 _
’ V2rfg - Ngkysy 2/ )7 ple 27-50-200-0.91-(2/ 7)-0.36-0.392

BS,V:I =10T

Bsay =(2/7) By, =(2/7)-1.0=0.6366 T

Assumption (1% iteration):

Bg/Bs,av =141 => Vds+dr/V6 =0.3

Bs =1.41By 5 =1.41-0.6366 = 0.897 T

1.0T
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Bs - 7o - |
Bls1/3 = ——— 2 —1.69T, Hjg,/3 = 74 Alem, Vgs = 74-6.9 =511A
kFe'bds,l/S 'IFe
Bs - 7o, -l
Biri/3 = ———° —141T, Hj 3 = 12.1A/m, Vg =12.1-435=526 A
kFe 'bdr,1/3 'IFe
Vs =5-5e =L977-0.002156=1539A
Ho 410 —

Vistar/Vs = (511+57)/1539 = 0.37

Assumption (2nd iteration): average of old and new value: Vgsa/Vs = (0.37 + 0.3)/2 = 0.335

Vis+a/Vs | Bs/Bsav | Bs | Basiss | Barass | Hasasz | Haris | Vas | Var | Vs | Vas+ad Vs

T T T A/cm | A/lem | A A A

0.3 1.41 0.897 | 1.69 1.42 74 13 511 | 57 |1539] 0.37

0.335 140 | 0.891 | 1.68 1.41 70 12.1 | 483 |52.6 |1529| 0.35

Table A1-4: Iterative determination of flat top Bs for given air gap flux

After 2™ iteration: (0.35-0.335)/0.335 = 4.5% < 5% = iteration is ended, taking as final values
Ba =0.891 T and Vds+dr/V8 =(0.35.

Magnetization of yokes at 6.6 kV

dg =458 mm, 6= 1.4 mm, lgs = 69 mm,
lgr = 43.5 mm, hys = 77 mm, shaft diameter d;; = 200 mm, C; = 30 mm
Bs=0.891 T, Bsy-1 = 1.0 T, By 5, =0.6366 T.

- Stator maximum yoke flux density:

@5 -(1+04)/2 (2/7)Bs-1ple-(+05)/2
hys 'IFe 'kFe hys 'IFe 'kFe

(2/7)-1.0-0.36-0.392-1.05/2

= =1.70T
0.077-0.378-0.95

dgg = dgj +2lgs + 2Ny =458 +2-69+2-77 = 750 mm
hye =[dg —206 - 214 —dy;]/2=[458-2-1.4-2-43.5-200]/2 = 84.1mm

- Without flux penetration in shaft:
hyre =hy —(2/3)-¢, =84.1-2/3-30 = 64.1mm

- With flux penetration in shaft at Sy = 0.015, fy = 50 Hz, g = 1000 ,
Kreshaft =35-10° S/m
1 1

Bys

dg = = =8.2mm
VE-S- o lipe - KEe  7.0.015-50-1000-47-1077 -5-10°
hyre =hy —(2/3)-Cy +dg =64.1+8.2=723mm
- Rotor maximum yoke flux density:
B ®s/2 _Q/7)Bsu7p 1e/2 (2/7)-1.0-0.36-0.392/2 BT
" hyrelre ke hyre - Ire - Kre 0.0723-0.378-0.95
- Yoke radii and lengths :

Fys = (dgi +hys)/ 2+l = (458+77)/2+69 =336.5mm, |y =y - 7/(2p) = 264.2mm
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Fyr =(dsi —hyre) /2=l —6 =(458-72.3)/2-43.5-1.4 =148.25mm
lyr =Ty -7 /(2p)=116.4 mm

- Yoke m.m.f.: According to Table 2.7.4-1 of text book: ﬁys =20.4 A/cm, ﬁyr =23.9 A/cm,
Vys = ﬁyslys =20.4-26.4=539A, V, = ﬁyrlyr =23.9-11.64=278 A

Magnetizing reactance at 6.6 kV:
Bs=0.891 T, Bs,-1 = 1.0 T, Bs 5, =0.6366 T.
-mm.f.: Vg =1529 A, Vgsrar = 483 +52.6 =535.6 A, Vs =534 A, V, =278 A
Vi, =1529+ 483 +52.6 + 534+ 278 = 2877 A
- unsaturated and saturated magnetizing reactances Xp, ,, and Xy :
2-3 0.392-0.36

Xt =27-50-47-1077 -(200-0.91)% - = =~ 226020
’ 2.2 0.002156

Vi) = By 8o/ tlg =1716A, X, = Yol x, 1716, 260.2=15520

Vi 2877
- magnetizing current:

Vim _ BT 0344, 1, /1y =23.4/59=0.

x/_m V2

3
Nk —
0 wsl

Stray inductances

Stray inductance of stator winding :
W/z,=12/15, W =127¢::

Slot:

Klz%-ﬂ7 3 W1

+—=10.8875 Ky==-—+—=0.85,bp=12.5 mm
tp 16 4 7, 4

=N;-(h. +dic)+ (N, -1-d; —dj; =24.7-0.4 =243 mm
h"'=Z+2-d+2-(d;/2)=4+2-22+2-(0.4/2)=8.8mm
hy =dic /2+d+2-dg +d; +Nyegge =0.4/2+2.2+2-0.15+0.4+4.5=7.6 mm
Ags = K- -hl h +K, —= y —==0.8875-2- 24.3 + 8.8 +0.85-— 7.6 =1.843

Xso0 = 0sLsoq = 27f; -ﬂoNgﬁﬁQde =2750-47-1077 -2007 ~%-1.843-0.392=2.=28§2
S

Winding overhang:

h .
lps = W L s +2-1, + Al = 12-24 +Z. @+2 57+50=614.8mm
(stw 2 2 (25447 2
2 242

=0.203

Tp 360
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Xsop = 0Ly = 27 -yONSzEﬂbSIbS = 2750471077 -200° %-0.203-0.6148 =1.97Q
p

Harmonic reactance:
00s(0s =5,5=3)=0.411/100
X500 = @slsoo = 00s - X =(0.411/100)-155.2=0.64 Q

Resulting stator stray reactance:
Xso = Xsoq + Xsop + Xso0 =2.28+1.97+0.64=4.89Q

Stray inductance of unskewed rotor cage:
_h1 =40 mm, bg;=5.1 mm, hy = 3.4 mm, S = 2.5 mm

Slot:

Ao = e 2 A0y 3 b1k 4136
ot sor 350 25

a) Start slip s =1 and 20°C: f, =1-50=50Hz:
E=hyJm fruy Koy = 0.0407-50-47-1077 -57-10° = 4.24

_ 3 sinh(2-4.24) —sin(2-4.24) 0353 Jor = 2.28
2-4.24 cosh(2-4.24)—cos(2-4.24) —
b) Rated slip s = 1.5%: f, =0.015-50=0.75Hz: £=0.519, kp = 0.998, A, =3.96

ki

ly = Nskus _ 200:091_ 56,y M 3643 o184
Nekgr  05-1 Q 50
a) At stand still:

Xt =lylyoslssg = Uy Uy 27f5 15 Agele =364-21.84-2750-47-107" -2.28-0.392 =2.80Q
b) At rated slip:
Xroq =4.870

Ring stray field (= rotor winding overhang):
Aor =0.12, |y, = Tp = 360 mm

X! oo = 0gLyop = 27f -yONgzﬂbrlbr =2750-47-1077 - 2002 -%-0.12-0.36 =0.68Q
5 0.68

Harmonic reactance:

Oor = ! 2—1= ! 2—1=O.528/100
sin(p-7/Q,) (sin(2-7r/50)j
p-7/Q, 2.7/50

X0 = @sLioo = Oor - Xp =0.528/100-155.2 = 0.82 Q)

Resulting rotor stray reactance:
a) At stand still (locked rotor): Xy, = Xs0 + Xpp + Xio0 =2.80+0.68 +0.82=4.30Q

b) At rated slip: Xie =637Q
c) For arbitrary slip: Xio =3.20-k +3.18Q
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Alternatively: Stray inductance of skewed rotor:
Rotor skew by = 7os = 24 mm, by /7, = 7gs/ 7or = Qr / Qs =50/60

Cosskr = 1 ~1=0.896/100

sin(27/50)\ ( sin[(27/50)-(50/60)])
( 27/50 j ( (272/50)-(50/60) j

Xto0 = OsLyoso = 0or - X, =(0.896/100) -155.2=1.39 Q

Effect of skew: Increase of harmonic stray inductance by 1.39 - 0.82 = 0.57Q

Saturation of leakage inductance at s = 1 (locked rotor):

A cage induction machine with 10 % increased power of 550 kW instead of 500 kW (due to
elevated operating voltage 6.6 kV instead of 6 kV), Ix =59 A, I, = 5Iy = 295 A, slot data
from above:

K, =0.85, kygs =0.957, ks =0.91, Ngs =2-10=20,a=1, 7gs = 24mm, 7o, =28.8mm

K, +Kyskgs - Qs /Q; 0.85+0.91-0.957-60/50
2

=20-(x/2-295/1)- =7906 A

O =Ngs(lis /) :

_ Ho - Oq ~ 471077 -7906
265 -(2,/6 ((zgs + 7)) +0.5) 2:0.0014-(2,/1.4/(24+28.8)) + 0.5

By 15 429415

Z- 392 32
Xso0.sat = Xso0 /Kzz =0.64/1.8=0.36 Q roosat = X100 /Ky =0.82/1.8=0.46 Q

Stator open slot remains unchanged, as there are no tooth tip horns, which might saturate.
Stray inductance of rotor slot (bgr = 5.1 mm, hsy = 3.4 mm, Sqr = 2.5 mm) decreases:
bbridge = er - SQI’ =51-25=2.6mm

By ):4.29T

1.8

SQ.sat = SQ * Ppridge -(1 _kij =25+26- (1 —ij =3.66 mm

7

Ats=1and 20°C: k; =0.353:
dor =k e 2 40 553, 3 s i o —2270
3bgr Sor.sat 3°5.1 3.66
Xso = Xsoq T Xsop + Xso0 =2.28+1.97+0.36=4.61Q
Xto = Xroq T Xiop T Xro0 =2.27+0.68+0.46=3.41Q
Due to the zig-zag stray flux saturation the stray inductance of the 550 kW, high voltage cage
induction motor is reduced by 13 % from X_ =X, + X;,=4.89+430=9.19Q to

Xy =4.61+3.41=8.02Q.

Masses and losses

Stator winding data:
Pcu(75°C)/ p(20°C) = (14 (75-20)/255) =1.22

R oL Ng2(Ltly) 1 1200-2-(0.458 +0.6148) _
ok ag-Ag 57-100/122 1.1-12.42-107°

0.7

A

Q
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Mcy,s =7cuMsNg -2(L+1y)-a-ajAp =
= 8900~3-200-2~(0.458+O.6148)~1~1~12.42~10_6 =142.3kg
Rotor cage:

Bar:
a) At stand still (locked rotor) s=1.0: f, =1-50 =50Hz:

E=t\JT Ty 1ty Ky =0.04y7-50- 471077 -(57/1.22)-10° =3.84
_sinh(2-3.84) +sin(2-3.84)

kr =3.84 844
cosh(2-3.84) —cos(2-3.84)
Ry = 1 _. (0.392-3.844 + (0.4658—0.392)) —168.32 40
57/1.22-10 200-10

b) Rated slip s = 0.015: f, =0.015-50 = 0.75 Hz: & = 0.47, kg =1.0043, Ry, = 49.2 40

Ring:
dring = dsi =20 — hging =458 —2-1.4—40 = 415.2 mm
ARRing = ARing /(K - Qy + Aging) = 0.4152 - 7 /(57/1.22)-10° - 50-800-10~%) = 0.70 12

. 1 1
AR%: = ARy ~0.70- = 223,0
Ring = =R Gin2(7p/ Q) 2sin2(z-2/50)

Uy =364, U, =21.84

Total cage resistance:
a) At stand still:

Rr = Roar + ARRing = 168.32 +22.3 =190.6 .2,
R/ =iy iy R, =364-21.84-0.0001906 =1.515
b) At rated slip: -
Ry = Roar + ARging =49.2+22.3 =71.5 .0

Ry =Gy U, Ry =364-21.84-0.0000715 = 0.568 ©
¢) At arbitrary slip: R; =0.3335-kg +0.2334Q

Cage mass:
Mey,r = 8900 -160-200-107%.0.458 +2-800-107° -0.4152-7Z'J=£kg

Friction and windage losses

at synchronous speed n = 1500/min'
Piow=10-d3 - L-7%2-n?=10.0.458%.0.458 - 7% - (1500/ 60)> = 2714 W

Iron losses
For lower iron losses, an iron sheet type IV (vio= 1.7 W/kg) with electrical conductivity

k =4-10° S/m, instead of iron sheet type III (vip = 2.3 W/kg), is used: dyj = 458 mm, 6= 1.4
mm, lgs = 69 mm, lg: = 43.5 mm, hys =77 mm, shaft diameter d;; = 200 mm, hy, = 84.1 mm

Flux densities:
Bys =1.70T, B r =1.73T, Bdsl/3 =1.68 T, Bdr1/3 = 1.41T, kva= 1.8, kyy = 1.5
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Masses:

Ags =bgs - gs =12.5-69 =862.5 mm’

Mg = 7800 - {[(0.458 +2-0.069)% — 0.4582]- (7/4)-60-862.5-107° } 0.378-0.95=175kg
Agr =bgr -y +5gr -hy =5.1-40.1+2.5-3.4 = 213mm’, d,, = dg — 25 = 0.4552mm

mg, = 7800 - {[0.45522 —(0.4552-2- 0.0435)2]- % ~50-213- 10‘6} .0.378-0.95 =127.8kg
My = 7800 [0.752 —(0.75-2- 0.077)2]- (r/4)-0.378-0.95 = 456 kg

m,, =7800- [(0.2 +2-0.0841)% - 0.22J- (r/4)-0.378-0.95=210.2kg

Iron losses:

2
f =50 Hz: k; =1: stator teeth Pg g =1.8-(%) 1.7-1-175=1511W

170
stator yoke: Prg ys = IS(WJ 1.7-1-456 =3360 W

Additional no-load losses:

a) Surface losses
Sgs = bos = 12.5 mm, 6= 1.4 mm, B5; = 0.891 T, up, =14004, (assumed)

Qr =50, 7, =28.8mm, g =2.5mm, I, =378mm, 75 = 24mm, keg =1.5, Qg = 60, Ky, = 0.08
- Pulsation frequency: fo =Qg-n=60-1500/60=1500 Hz

2/8.93
J1+(2/8.93)?
- Flux density amplitude: éQs =f-KesBs =0.391-1.5-0.891=0.52T
- Rotor surface: Ar = Q; - (7gr —Sgr) * Ipe =50-(0.0288 —0.0025) - 0.378 = 0.497 m’
- Rotor surface losses:

h:sQS/5=12.5/1.4=8.93,ﬂ:l-(l— )=0.391

2
(0.024/2)? .(2.0_391_1.50.89? 3 6
- 2 ~15001-5.\/ 7~ -4-10

Por = 0.497 - -0.08=1220W

4 1400 - 471077

b) Tooth pulsation losses
iron sheet type IV: pg = 0.4 W/kg: Sqs = bos = 12.5 mm, 6= 1.4 mm, By, ;3 =1.41T,

mgr =127.8kg, Q, =50, ks =1.5, Qs = 60,kyq =1.8, f=0.391

Pulsation frequency: fq =Qg-n=60-1500/60 =1500 Hz

Bari/3-B-Kes sin(r-Qq/Q) 141-0.391-1.5 sin(z-60/50)
2 2Q/Q 2 m(60/50)

2 2
Ppulsr =1.8- % .04- ﬂ -127.8 = 688 W
’ 1.0 50 -

ABdr,l/S = —0091T
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c¢) Check of eddy currents in stator conductors at 50 Hz:
Motor data from Example 2.4-3: f; = 50 Hz, 20°C: kg, =57-10°S/m, b, =7.1mm,
h. =1.8 mm, two layer winding n=2N.=20,n,.=1, b /bQ =7.1/12.5

E=hy 7ty Ts Kk (Npe by /BQ) = 0.0018 /747107 -50-57-10° - (1-7.1/12.5) = 0.144
0(0.144) =1.0000382, 1 (0.144) = 0.0001433

2
k, =1.0000382 + 20" -1

-0.0001433 =1.019

Increase of AC resistance is only 1.9% compared to DC resistance and therefore negligible.

Additional losses at load (stray load losses) at increased load 550 kW motor:
Acc. to IEC 60034-2: Pad’l =0.005-P, =0.005-582.6 = ka

Total active masses

Stator winding (without winding insulation) 142.3 kg
Rotor cage 67.5 kg
Winding mass: 209.8 kg
Stator teeth 175.0 kg
Stator yoke 456.0 kg
Stator iron mass: 631.0 kg
Rotor teeth 127.8 kg
Rotor yoke 210.2 kg
Rotor iron mass: 338.0 kg
Total active mass: 1178.8 kg

Table A1-5: Calculated active mass for the high voltage cage induction machine, open ventilated, Thermal Class
B, 50 Hz, four poles

Machine performance

At increased motor power 550 kW and elevated voltage 6.6 kV, 50 Hz, unskewed rotor, at
75°C winding temperature:

Total iron losses: Pre = Prg 45 + Pre ys + Por + Ppuis,r =1511+3360+1220 + 688 = 6779 W

Simplified iron resistance consideration:

Ree = Mg -UZ/ Peg = 3-(6600/+/3)? /6779 = 6425 Q,

lre =U /R =3810.5/6425 = 0.59 A (1% of rated current, thus very small !)
Stray load losses:

Rag.1 = Pag 1 /(Mg - 15) =2910/(3-59%) = 0.278 Q

rated speed n = 1490/min:
Rated shaft torque: My = Py /(27ny) = 550000 /(27 - (1490/60)) = 3525 Nm

Braking effect of
- friction and windage losses: M ¢,y = Psrow /(270 ) = 2714 /(27 - (1490/60)) =17.4 Nm

- tooth pulsation and surface losses:
M puis+o.r = Pputs+o,r /(27 ) = (688 +1220)1/(27 - (1490/60)) =12.2Nm
Us=Ug= 6600/\/5\/, fs =50Hz, at 75°C: Ry =0.74 Q, R 20 = 0.278 Q, Rpe = 6425 Q,
Xso =4.89 Q, X, = 155.2 Q (saturated value), X;, =(3.2-k_ (S)+3.18)Q,
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Ry =(0.3335-kg(s)+0.2334) Q
For 550 kW output power a slip of sy = 0.814% is necessary, yielding:
coefficients kg = 1.0013 and ki, = 0.99963 and X, =6.379Q,R; =0.5673Q, o= 0.069.

Rated stator current is Isv = 59.04 A (estimated 59 A), rotor current is Iy =51.6A,
I, =23.8A.

Electrical input power P n 574921 W

Stator winding losses Pcy s 7739 W

Total iron losses Pr. 6779 W

Stray load losses Pag1 (=0.5% of 574 310 W) |2 875 W

Air gap power P; 557 528 W

Rotor cage losses Pcy;r 4538 W

Friction and windage losses Py 2670 W

Mechanical output power Py, oyt 550 320 W (=550 kW)
Efficiency 7 95.72 %

Table A1-6: Losses

cosg. = 514921
ST \3-6600-59.04

Pour =MgRi 11> =3-0.5673-51.6" =4538 W or Pg,, =SPs =0.00814-557528 = 4538 W

=0.852, Py =MgRslg =3-0.74-59.04% = 7739 W

Me = p&: 2. 255528 =3549Nm, Ms = Pm = 550320 =3532.2Nm
o, 27250 270 27-(1487.79/60)
Me
Nm A
10000
Me
7500 —
5000 —
550kW
2500 —
0 t t t t t t t t t
1 090,8 0,5 0,2 0
- s —
Nsyn

Fig. A1-4: Calculated stator current and electromagnetic torque versus speed of 550 kW, 4 pole, three phase cage
induction motor, 6.6 kV. 50 Hz:

solid lines: with current displacement (k;, < 1, kg > 1) in rotor bars considered,
dashed lines: without considering current displacement (k. = 1, kg = 1) too low torque is calculated
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Comparison of no-load and locked rotor characteristic between analytical calculation

and computation results by the SPEED program

9000
8000
>
~. 7000
b&’}
o 6000
8o
o}
= 5000
Q
&
)
& 4000
iy
© 3000
w
g 2000
3
1000
0 i i i i ; ; ; ; >
0 10 20 30 40 50 60 70 80 90
Phase current Z, / A
—@—Analytical calculation —@-SPEED
Fig. A1-5: Calculated no-load characteristic of 550 kW, 4 pole, three phase cage induction motor, 50 Hz
600 , E |
500 4 Analytical calculation with considering of | ________________ -
saturation of leakage inductances T T———
< : : | : 1 : : : : 1 |
~ 400 4 Analytical calculation without consideringof : &~ -~ 0 |
~ saturation of leakage inductances
g ; ; s s 5
£ 300 - — e s G
= | | | | -
3]
3 . '
E 200 e T Calculation results with SPEED program
[aB | | i i
I R (5 s s
0 | | | T | T T T »|
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Line-to-line voltage U / V

Fig. A1-6: Calculated locked-rotor characteristic of 550 kW, 4 pole, three phase cage induction motor, 50 Hz
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Fig. Al-7: Calculated stator current (red line) and electromagnetic troque (blue line) versus speed for an
induction machine with 550 kW, 4 pole, 50 Hz, Uy = 6600 V, dashed lines: Results of analytical calculations
without considering of saturation of leakage inductances, solid lines: Calculation results with SPEED program

500 12000
450 = // : 10800
Ean Y P — . ‘/‘
400 - 7 / 9600
:'i 350 SS— : .3 ){ 8400 £
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: — \ 3
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o 150 \ 3600
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50 1200
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Speed n / min!
Current (Analytical) — - Current (Analytical, kzz) Torque {Analytical) — - Torque {Analytical, kzz)

Fig. A1-8: Calculated stator current (red line) and electromagnetic troque (blue line) versus speed for an
induction machine with 550 kW, 4 pole, 50 Hz, Uy = 6600 V, solid lines: Results of analytical calculations
without considering of saturation of leakage inductances, dashed lines: Results of analytical calculations with
considering of saturation of leakage inductances
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Appendix A2: Computer Aided Design of the Induction Machine with Program SPEED

PC-IMD

Version 441

081112

© University of Glasgow ™

This guide is to facilitate the design of the asynchronous machine with the program PC-IMD. The
design of the machine model from the lecture script “Energy Converters - CAD and System
Dynamics” is presented. The input data, needed by the program, are bold printed indicated in the
appropriate places (variable = value). In the program PC-IMD there are two important editors,
where data have to be specified for the machine calculation. One of them is the template editor,
where part of the geometric dimensions of the machine, calculation methods and further boundary
conditions are chosen. The other one is the outline editor, where detailed geometric dimensions of
stator, rotor and shaft are specified and also visualized with different view options. In the following
the values that have to be specified in the template editor are printed as (TE: variable=value),
while the values that have to be specified in the outline editor are printed as (OE: variable=value).
Fig. 0 shows where to select the different editors.

T PC-IMD 4.1 (Distributor) - *c\program files (x86)\SPEED 2008\PC-IMD'nonamelIM1 (S

File [EE] Analysis  Tools Options Window Help
Ty I Outline editor Ctri+1 II
Template editor Ctrl+3 B
Winding Editor Ctrl+W
Materials Ctrl+M
External data files
Therrmal Editor Ctrl+T
I/O Units Ctrl+U
Titles
User wire tables
Custom Editor k
Administration
Tagged parameters k

Fig. A2-0: Screenshot PC-IMD menu bar — editor selection
Machine design:

Given data:
Asynchronous motor with squirrel-cage rotor (C-rotor)  (TE: Barl = Type2)

Rated power: Py = 500 kW (TE: PowrSh. =500 000.0)
Rated voltage: U = 6kV (TE: Vs = 6000.0)

Rated frequency: N = 50Hz (TE: Freq =50.0)

Number of poles: 2p = 4 (TE: Poles = 4)
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As the frequency and the power at shaft is given we choose the calculation method
(TE: CalcMode=f/PowerSh) and (TE: TorqCalc = LR + Brk + NL) in the template editor.

Aim is to design a machine with efficiency and a power factor as high as possible. By the design
some conditions are to be kept:

- Overload capability: 3 > My/My >1.6
- Starting current: 4<i/IN<6
- Starting torque: 0,7<M/Mx<1.6 (i.e. starting torque should not be too small, however

not unnecessarily high)
- Winding temperature rise: ISO-KI. B
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1. Calculation of main design geometry data

1.1. Electromagnetic and thermal utilization

A time-dependent temperature rise calculation is not carried out (TE: TempCalc = fixed). The
ambient temperature is 20 °C (TE: Ambient = 20.0), stator and rotor temperature according to
ISO-KI. B 75 °C (TE: WdgTemp = 75.0; TE: RoTemp = 75.0). At the beginning of the design
several parameters have to be estimated, respectively initial values for these parameters must be
chosen, which could change during the design process. For simplification, given curves of
optimised machines will be used during the design. From Fig. 2.1-3 to Fig. 2.1-10 (see [1]) the
following initial values are extracted:

Table A2-1: Initial values of the design

Notation Value To insert as
Number of poles 2p=4 TE: Poles =4
Efficiency m = 0,94

Power factor cos on = 0,868

Pole pitch =36 cm

Equivalent iron stack length |/.=38 cm

Current loading As=485 Alcm

Air gap flux density Bsay=0,56T..0,63T

Current density Jo=5,5A/mm’

Air gap width 0=0,14 cm OE: Gap =1.4 mm
Inner rotor diameter and di=20 cm

shaft radius o = dzn' OE: RadSh = 100 mm

From the initial values (Table A2-1) we find:
- Apparent power:

P, 500-10°

= = 610kVA
My -cos@y  0.944-0.868

Sy =

- Motor current:
I N 610-10°
YoBU, A3-6-10°

ny, = f./ p=1500/min

=59A

- Synchronous speed:

- Stator bore diameter:
d;, =2pr,/m=458mm.

Stator inner radius: r; =d_ /2 =229 mm.
Rotor outer radius: r, =d;/2—-0 =227.6 mm (OE: Rad1= 227.6 mm)

- Internal apparent power for the stator stray coefficient oy = 0.08/2 = 0.04 :

S, =8/(1+0,)=610-10"/1.04 = 587kVA
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587-10°

= - = 4.89 kVA'min/m’
0.4587-0.38-1500

- Electromagnetic utilization: C = S, /(d; - Iy, - n,)

With the stator stray coefficient o;= 0,04 and winding factor kys= 0,91 estimated as initial values,
the air gap flux density results:

L V2.C 42:4.89:10°-60 _
2o ‘ ' ky,-A-m* w*-0.91-500-100

0.954T.

and the average:

B. =

J,av

B;=—:0954=06T
T

2 2
T
Machines of this power class are equipped in axial direction with round cooling ducts. The
lamination stack is divided into individual packages. According to [1] we will assume that both iron
stacks, stator and rotor, consist of 9 sections with /; = 42 mm and 8 radial ducts (switch OE to axial
view OE: NSDuct = 8 and OE: NRDuct = 8) with width /x = 10 mm (OE: WSDuct = 10 mm and
OE: WRDuct = 10 mm). The iron stacks length results:

l. =9-1,=9-42 =378 mm.
The total axial length will be extended in this case by the width of the cooling ducts:
L=9-1+8-1, =9-42+8-10 =458 mm (OE: Lstk = 458 mm)

The length of the winding extension at each end of iron stack must be determined and inserted into
the program. In dependence of the voltage (Table 2.8.3-2 [1]) the following value will be
considered: /,=5.7 cm (TE: Ext=57.0).

1.2. Design of the stator winding
The stator slot pitch tps changes with the number of coils per pole and phase ¢ which is to be
chosen. As ¢ has an effect on the harmonic content of the winding it cannot be selected arbitrarily.
The influence of ¢ should be clarified within a table. The stator slot pitch consists of the tooth width
bgs and the slot width bgs. The tooth width may not be smaller than a minimum value for which the
tooth flux density Bgs becomes inadmissibly high. The minimum tooth width by min is determined by
linear calculation, without field flattening and for an iron fill factor of kg = 0,95 (OE: Stf = 0.95).
T
B; 4 5 Z'Qs(l + O'S)

Bys, min =

’ B k

ds, max Fe

The maximum tooth flux density is assumed to 2.4 T (higher value because it is calculated without

flattening). Thus the maximal permissible slot width can be indicated and the distribution and
pitching factors can be calculated (see Table 2) with expressions:
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[ vr
) )
m _
kg, =———<; k,, =sin e SR P Y I AL
. [ v J 2 2
g sin
2m.q

Table A2-2: Choice of number of coils per pole and phase and short-pitching of the stator winding

To insert as
Number of slots per pole and phase (: 3 4 B 6 TE: CPP =5
Number of stator slots Q=2 p m; Q: 36 48 60 72 TE: Slots = 60
Slot pitch o= 7,/ (M5 @) in cm: 4,00 3,00 2,40 2,00
Tooth width bggmi, in cm: 1.17 1,31 1,04 0,87
Slot width bgs =7-Dgsmin in cm: 2.26 1,17 1,36 1,13
Ratio bos/mos: 0,56 0,56 0,56 0,56
Pole pitch in slots 7;: 9 12 15 18
Distribution factor kg, : 0,9598| 0,9577| 0,9567| 0,9561
Distribution factor ks : 0,2176| 0,2053| 0,2000{ 0,1972
Distribution factor kg7 : -0,1774(-0,1576| -0,1494| -0,1453
Coil pitching with 1 Slot (s=1): 8 11 14 17
Pitching factor k; : 0,9848| 0,9914| 0,9945| 0,9962
Winding factor Ky : 0,9452| 0,9495| 0,9514| 0,9525
Pitching factor ks : 0,6428| 0,7934| 0,8660| 0,9063
Winding factor Kys : 0,1398| 0,1629| 0,1732| 0,1787
Pitching factor K : -0,3420(-0,6088| -0,7431(-0,8192
Winding factor K7 : 0,0607| 0,0959| 0,1111| 0,1190
Coil pitching with 2 Slots (s = 2): 7 10 13 16
Pitching factor k; : 0,9397| 0,9659| 0,9781| 0,9848
Winding factor Ky : 0,9019| 0,9250{ 0,9358| 0,9416
Pitching factor ks : -0,1736| 0,2588| 0,5000( 0,6428
Winding factor Kys : -0,0378| 0,0531| 0,1000( 0,1267
Pitching factor K7 : 0,7660( 0,2588(-0,1045|-0,3420
Winding factor K7 : -0,1359(-0,0408| 0,0156( 0,0497
Coil pitching with 3 Slots (s = 3): 6 9 12 15 TE: Throw =12
Pitching factor k; : 0,8660( 0,9239| 0,9511| 0,9659
Winding factor K : 0,8312| 0,8848( 0,9099( 0,9236
Pitching factor ks : -0,8660(-0,3827( 0,0000( 0,2588
Winding factor Kys : -0,1884(-0,0786| 0,0000{ 0,0510
Pitching factor K : 0,8660| 0,9239| 0,5878| 0,2588
Winding factor K 7: -0,1536|-0,1456(-0,0878( -0,0376

With the choice of g, we are trying to reduce the fifth harmonic wave amplitude of mmf. at an as
small as possible value. From Table A2-2, it becomes evident that both ¢ =4 and g =5 provide
reasonable results and fulfil the conditions (see [1]): bos/7os = 0.5 ... 0.6 and 1 cm < by, < 2 cm.
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Here ¢ =5 is selected with a short-pitching of s =3. The winding diagram created by SPEED is

presented in Fig. A2-1 for the chosen case: ¢ = 5 and s = %
T

Fig. A2-1: Winding diagram created by SPEED (WdgType = Lap)

1.3. Choice of number of turns

The considered winding 1is a three-phase, double-layer winding in y-connection
(TE : Connex = 3-PhWye; TE: WdgType = Lap ; TE: CoilForm = None).

The number of turns per phase is calculated as:

~ U, ~ 3330
©o2nf ok, @, 21-50-0.91-83.12-107

=~ 198 turns /phase

where the estimated induced voltage per phase is:

_ Uy /A3 6000/+/3
l+o, 1.04

=3330V

U,
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and the main flux per pole of fundamental v= 1 is for the air gap flux density B, =0.954T:

@, =2 0By, = 2.0.36-0.38-0.954 = 83.12mWb.
T T

By a roughly assumption we have considered, for a preliminary estimation, the stator iron length
equal to the equivalent iron length: /.. =/, =380 mm.

The number of turns per coil is:

N,=N,-al(2pq)=198-1/(2-2-5)=9.9, so the integer value N =10 (TE: TC=10) for a = 1
(TE: Ppaths = 1) is chosen.

The values for the number of turns per phase, flux, flux density and current loading are to be
determined thereby again.

Table A2-3: Corrected values

Number of turns per phase N, =2pgN, =200
Flux density B;=0,946T
Air gap flux @, =82.4mWb
2m. N I
Current loading A=—"—"=491A/cm
2pz,

The thermal utilization is A4-J =491-5.5=2700.5(A/cm)- (A - mm?), which is a permissible value
for a 500 kW induction machine (see [1]).

Attention:

Since the terminal voltage is an effective constant value, the air gap flux density depends on the number of
turns per phase. If the air gap flux density is selected too small, the machine is poorly used and a larger
number of turns per phase will be necessary in order to come to the given voltage. Possibly the necessary
place is not available in the slot for this number of turns. If the flux density is selected too big, the iron will
be strongly saturated and the magnetisation demand becomes too high!

1.4. Slot dimensions

The designed winding is a high-voltage winding. The slot flanks are parallel. The coils are inserted
into the slot and then the conductor width must correspond to the slot opening. Because profile
copper is used, rectangular conductors are specified in the winding parameters (TE: Wire_1=Rect).
As can be seen from Table A2-2, for g = 5, the maximal permissible slot width is bg;= 1.36 cm and
the minimal calculate permissible slot is bps= 1.04 cm. The slot width is fixed here to bps= 1,25 cm
and from this, further conductor dimensions and slot dimensions (Table A2-4 and Table A2-6) are
determined according to the text script [1]. The initial value for the outer radius of the stator is with
50 mm much smaller than the already chosen radius of the rotor. In order to have a better overview
of the change of the stator slots we set the outer radius of the stator arbitrarily to 400 mm
(OE: Rad3 = 400). The final value of the stator outer radius will be later calculated.

Table A2-4: Conductor and slot width dimensions

Slot geometry Parallel flanks OE: S-Slots = PliSlot
Slot width by,: 12.5 mm OE: SWid =12.5
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Conductor insulation d;.: 0.40 mm

Slot-lining: 0.15 mm One-side TE: Liner = 0.15
Main insulation: 2.2 mm One-side

Tolerance (slot play) b, 0.3 mm

Insulation width by: 4.7 mm 2times slot-lining + 2times main ins.

Conductor width b, 7.1 mm by = bos - bis - brol TE: wa 1=7.1

Conductor cross section is checked: Ay =1 /(J,-a-a,)=59/(5.5-1-1)=10.73 mm* and for
b, =7.1mm and for the smallest admissible area of the conductor 4, =12.42 mm® (see Table A2-
5) the conductor height 4, =1.8 mm is chosen.

Table A2-5: Selection of available profile copper wire: dimensions without enamel coating and cross section (edges of
wire rounded by 0.5 mm .... 1.0 mm radius)

by Conductor height /4.
(mm) (mm)

1.8 2 2.24 25 2.8 3.15 3.55 4 4.5 5

5 8.637 9.637 10.84 11.95 13.45 15.20 17.22 - - -

5.6 9.717 10.84 12.18 13.45 15.13 17.09 19.33 21.54 - -

6.3 10.98 12.24 13.75 15.20 17.09 1930 | 21.82 | 2434 | 2749 -

7.1 12.42 13.84 15.54 17.20 19.33 21.82 | 2466 | 2754 | 31.09 | 34.64

8 14.04 15.64 17.56 19.45 21.85 24.65 27.85 31.14 35.14 39.14

9 15.84 17.64 19.80 | 21.95 24.65 27.80 31.40 35.14 39.64 | 44.14

10 17.64 19.64 | 22.04 | 2445 | 2745 30.95 34.95 39.14 | 44.14 | 49.14

11.2 19.80 | 22.04 | 2473 | 2745 30.81 34.73 39.21 43.94 | 49.54 | 55.14

12.5 22.14 | 24.64 | 27.64 | 30.70 | 34.45 38.83 | 43.83 | 49.14 | 5539 | 61.64

14 24.84 27.64 31.00 34.45 38.65 43.55 49.15 55.14 62.14 69.14

16 - 31.64 35.48 39.45 44.25 49.85 56.25 63.14 71.14 79.14

The wire insulation thickness is set to 0.15 mm (TE: InsThk1 = 0.150).

Table A2-6: Conductor and slot height dimensions

Cond. height Ay : 1,80 mm TE: wb 1=1.80
Inter-turn insulation: 0.3 mm

Conductor insulation d: 0.4 mm

Coated coil: 24.7 mm N.-(hy +di.) + (Ne-1)-inter-turn ins.

Main insulation 4.4 mm

Insulated coil upper layer: 29.1 mm

Two coils per slot 58.2 mm

Inter-layer insulation: 4,0 mm

Slot-lining (3 times): 0,45 mm

Wedge: 4,5 mm

Top and Bottom lining: 0.8 mm

Vertical play: 1.05 mm

Slot height % ¢,: 69,0 mm TE: SD S =69.0
Stator tang depth /s 0 mm TE: TGD S=0.001%

(*Speed Software cannot handle hys = 0, therefore a small value is inserted)
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The magnetic circuit computation assumes parallel-sided stator teeth. Simplified calculation takes
Hy on 1/3 of tooth length at the narrower side to calculate the mmf. Then:

Tours =(dy +(2/3)-1,)-m/Q, = (458+(2/3)-69)-n/60 =26.38 mm
Bagis = Tos —bgy =26.38—12.5=13.9mm

1.5. Determination of the rotor winding parameters of the squirrel-cage rotor

Choice of rotor slot number O, must be done with respect to stator number Qs (see Lectures: “Motor
development for electric drive systems”). We get as choice the slot numbers from Table A2-7.

Table A2-7: Choice of rotor slot number Q,

According to the script for Os = 60 stator slots

and number of pole pairs p=2

the following rotor slot numbers O,

Are permitted for unskewed rotor bars: 50, 54, 66, 70 TE: Skew =0
Selected number of rotor slots: O, = 50 rotor slots TE: R Bars =50

Rotor cage is designed according to rotor bar current:

I'=11]ii, ~I -cosp, =59-0.868 =5121A, ii, = kagst _2:091:3-200 _,, g4

50

T

I =ii,-1'=21.84-51.33=1118 A
The rotor bar current density results:

J =1/A4, =1118/200=>5.6 A/mm

Deep bar rotor to increase starting torque should respect the ratio scy/bcy > 8. Then: hc, = 40 mm
and b, = 5 mm with the cross section: 4c, = 200 mm? .

The necessary ring cross section:

Aing = Iing ! I ring =4462/5.6 =798 A/mm’
Where:
- Rotor ring current: [y, =1, /(2-sin(pn/Q,))=1121/(2-sin(27/50)) = 4462 A
- Ring current density: Jy,, =J, =5.6 A/mm’,
Table A2-8: Rotor cage dimensions
Conductor dimensions:
Winding factor ky,: 1 by cage windings
Choice of bar height and bar width:
Bar height A¢y: 40 mm OE: BarDpth =40
Bar width b¢y: 5 mm OE: BarWdth =5
Set-back A4, 3.5 mm acc. To text script [1] OE: SetBack = 3.5 mm
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Rotor slot opening so; 2.5 mm OE: SO R=2.5 mm
Ring height and axial width:
Ring height /ging 40 mm Ring height is usually at
least bar height: /ring > hcu
Additional radial ring height: Omm A, = hring- hcu OE: ERLedgel =0
OE: ERLedge2 =0
Ring width bring: 20 mm OE: Erthkl =20

OE: Erthk2 =20

The set-backs in the rotor are not filled with copper, therefore (TE: SBFull = false).
As copper is used as rotor bars, the cage- and end-ring density is set to the one of copper which is
8900 kg/m? (TE: CgDensity = 8900 kg/m*) (TE: ERDensity = 8900 kg/m?).

1.6. Yoke radii
The permissible flux density By < 1,711.8 T determines the thickness of the stator and rotor back.
For stator:

. * _3.
s:qja‘ (I+0)/2 _824-10"-(1+0.04)/2 0
4 ZFe 'kl-‘e 'Bys 0.378-0.95-1.8

value which can be increased according to motor performances. Let’s accept: iy = 77 mm.
Recalculate value of stator maximum flux density:

&, -(1+0,)/2
BT R,

ys

B =154 T

e MFe
The stator outer diameter results:
d,=d,+2l, + 2hyS =458+2-69+2-77 =750 mm (OE: Rad3= 375 mm)

Without flux penetration in shaft, the rotor height back is:

h,=ld,-25-21,—d,]/2=[458-2-1.4-2-43.5-200]/2 = 84.1 mm

yr
For axial cooling four ducts with a diameter of ¢, = 30 mm it results: (OE: NumHoles = 4)
hy. =h,—(2/3)-c,=84.1-2/3-30 =64.1 mm (OE: HoleDia=30 mm)

The radius for the circle, on which the axial cooling ducts lie (pitch circle), is is set to 286.5 mm
(OE: PCDia = 286.5 mm).

Rotor maximum yoke flux density is:

B - D, /2 :(2/n)-B§,V:1-rp-le/2
g h 'ZFe 'kFe h 'lFe 'kFe

yr,e yr,e

=185T

In the reality this value will be much smaller due to the shaft presence (see [1]) and a round cooling
duct with ¢; =30 mm may be accepted.

Now all values for the calculation of the machine with the PC-IMD program are available!
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In Fig. A2-2 the geometry of the induction machine is given, as it has been generated by SPEED,
with details of the stator and rotor slots.

Fig. A2-2: Geometry of 500kW induction machine

1.7 Setting of calculation methods

Before performing the calculation several calculation method settings for simulation have to be set.

Table A2-9: Calculation method settings

Method of calculating Xgig SPEED TE: Diffl.eak = SPEED
End-winding leakage reactance calculation method: | R. Richter TE: EndLeak = RICHTER
Method of calculating deep-bar factors Classical TE: DeepBar = Classical

) TE: qC_R=1
Component of (rotor side) Carter factor (for semi-closed slots)
Method for calculating iron losses SPEED TE: WFeCalc: SPEED

2. Numerical computation of machine performances

For a better understanding, all the values, which are necessary for the input into the program, are
again presented in Fig. A2-3 to A2-5.

The calculated values for power factor (P.F.), torque (TorqSh), current densities (Jrms,
Jrotor) etc., are located in design sheets. Beside the specification of a desired power (the program
calculates then the associated slip) it is also possible to perform calculations for a given slip value.
For this the parameter CalcMode (Figurel, Control Parameters) must be changed of f/PowerSh on
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f/slip and the appropriate slip (Slip) to be entered. Thus starting current / rated current ratios can be
determined. The ratio pull-out torque / rated torque (TBrkpu) can be directly read! Are all values
within the demanded range, the recalculation of the design with the values supplied by the program
is to be performed.

4G P | (Distr | Bl 012\Speed2008\TEST Labl ModelIM: = |o X__l‘

File Data Template Analysis Results Tools Options Window Help

e Il

(47 Template Editor

Configuration and dimensions

Connex 3-Ph Wye Poles “" Slots 60 MConfig Int
Rad3 375.0000 Radl 227.6000 R _Bars 50 Lstk 458.0000
Control

Vs 6000.0000 CalcMode f/PowerSh TorqCalc LR+Brk+NL DoPart false
Freq 50.0000 Slip 0.0089 rpm 1486.6722 rpmS 1500.0000

PowrSh.. 5.0000E+05 TorgSh.. 0.0000 rpmNL 1500.0000

Windings

WdgType Lap TC 10 PPaths 1

Rotor

PC1 100.0000 PCEndR 100.0000 Skew 0.0000 Barl Type2
Losses

Wf0 0.0000 RPMO 1500.0000 NWFT 1.0000

Temperatures

TempCalc Fixed Ambient 20.0000

T_wdg 75.0000 T rtr 75.0000
I‘ " Main ,-(W\nd\ng ,-(F\otor p(LOSSES J{Thermal ,-{Tesl data J{S\mulation J{Settings f:

Fig. A2-3: Template Editor: Main specifications

File Data Template Analysis Results Tools Options Window Help

=g dL

(45 Template Editor

Winding Parameters

Poles 4 Slots 60 CoilForm None
Connex 3-Ph Wye WdgType Lap Throw 12 CPP 5.0000
TC 10 NSH_1 1 PPaths 1 Ext 57.0000
Wire_1 Rect wa_l 7.1000 wb_1 1.8000 InsThk_1 0.1500
Wire_2 None WDia_2 0.3500 wb_2 0.3500 InsThk 2 0.0000
Liner 0.1500 EndFill 0.5000 XET 1.0000 NSH_2 1
PC 100.0000 TCC 0.3930 WireDens 8900.0000

Slot wedges
TopStick false TwjWid 1.5000 Twijleg 3.5000 TwjThk 0.0000
PhsWid 1.5000 Phsleg 3.5000 PhsThk 0.0000

Magnetic wedges
SWedge NonMag muWedge 1.0000

" Main }\W\nd\ng ,-(F\otor p(LOSSES J{Thermal ,-{Tesl data J{Simulation J{Settings !
— —

Fig. A2-4: Template Editor: Winding settings
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SEE ]

File Data Template Analysis Results Tools Options Window Help

vEed A,

V45 Template Editor

Rotor Parameters

Barl Type2 R_Bars 50 MConfig Int

muPlug 1.0000 SBFull false DblCage false

Lstk 458.0000 ROH [ 0.0000 PETA 1.0000

Skew 0.0000 SkewUnits SSlots Ecc 0.0000 ShDens 7800.0000
Cage 1

PC1 100.0000 PCEndR 100.0000 PCN 50.0000 PC2 50.0000
TCC1 0.3750 TCCEndR 0.3750 TCCN 0.3750 TCC2 0.3750
CgDens 8900.0000 ERDens 8900.0000 Shrink 0.0000

Rotor Fins

NRFins1 0 RFinL1 0.0000 RFinThkl 0.0000

NRFins2 0 RFinlL2 0.0000 RFinThk2 0.0000

I ' Main | Winding ) Rator / Losses / Themal /4 Test data / Simulation /{ Settings /

Fig. A2-5: Template editor: Rotor settings

File Data Template Analysis Results Tools Options Window Help

e Il

(47 Template Editar

Windage and Friction Loss Parameters

0.0000 T 1500.0000 NWFT 1.0000 W _brg

Stray Load Loss Parameters

SLLCalc ANSIC50 SL%PSh 0.7000 DistPSLL 0.5000

XWrth 1.0000 XWsth 1.0000 XWrtso 1.0000

Core Loss Parameters

WFeCalc SPEED XFe 1.0000

spWFe 8.1000 WIron.. 5.5000

XWFeY 1.0000 XWFeT 1.0000

Can Loss Parameters

CanStyle None SCanThk 0.1000 SCanSec 10 Spc_Can 2.5000
SCanOH1 0.0000 SCanOH2 0.0000 SCanTF 0.0000
RCanThk 0.0000 RCanSec 10 Rpc_Can 2.5000
RCanOH1 0.0000 RCanQH2 0.0000 RCanTF 0.0000

' Main | Winding /i Rator  Losses / Themal / Test data /| Simulation / Settings /

—_————

Fig. A2-6: Template editor: Loss calculation settings
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% pc1MD 41 (Distributer) - DALehrveranstaltungen'Energy Converters - CAD and system dynamics\W52011_2012\3peed2008\TEST_Labl_ModelIM EE

File Data Template Analysis Results Tools Options Window Help

el i

= 8 x

ﬂ_ﬂ emplate | Eell] P
Basic Thermal Parameters

TempCalc Fixed Ambient 20.0000 ThTol 0.0000

DegCW 3.0000 ThR_ws 0.0000 HTC 10.0000 HTTC 0.0000
T wdg 75.0000 T rtr 75.0000 T aux 25.0000

Fixed Temperatures for Specific Operating Points
T_wdg_S 20.0000 T_wdg_B 20.0000 T_wdg_NL 20.0000
T rtr S 20.0000 T rtr B 20.0000 T rtr NL 20.0000

Specific Heats (required for Thermal Capacitance)

cp_Cu 0.3831 cp_SFe 0.4500 cp_RFe 0.4500 cp_Bars 0.8960
cp_Frame 0.8960 cp_Shaft 0.4500

Additional Thermal Capacitances

AddC_Cu 0.0000 AddC.Y 0.0000 AddC_R 0.0000 AddC Cg 0.0000
AddC_F 0.0000 AddC G 0.0000 AddC H 0.0000 AddC B 0.0000
AddC_T 0.0000

Frame Dimensions

FrLgthM Actual FrLgth 750.0000 FrThk CapThk 5.0000
N_Fins 0.0000 LFin 0.0000 FinThk 0.0000 FrDens 2700.0000

LMain hwlinding 4 Rotor 4 Losses i Thermal 4 Test data A Simulation 4 Settings

Fig. A2-7: Template editor: Thermal calculation settings
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File Data Template Analysis Results Tools Options Window Help

el i

EQcct Rcloc GapFlux IncHx 1 uXloX2 1.0000
MagCalc Classical IncShaft No shaft XmTol 1.0000 kXm.. 1.5000
DiffLeak SPEED DiffSat false NHDiff 1000 Alzz Normal
LkSat None XkX2slot 1.0000 XkX1slot 1.0000 Xkzz 1.0000

NLkSat 1 NegnR N6 NRSO 0.0000
EndlLeak Richter EndWType 1Ly2T kEndCoil 1.0000 XXlend 1.0000
DeepBar Classical XKr_DB 1.0000 XKx_DB 1.0000 XX2end 1.0000
InterBar Off IBRes 0.0745 RvtTap false
NonLin true Xm.. 50.0000 Rc.. 10000.0000 RvtWSCan false

Breakdown Calculation
sBrkType Search TbrkTol
Magnetic Circuit Adjustment Factors
qC_S 0.0000 qC_R 1.0000 XkC 1.0000 Stf 0.9500
XPCslot 1.0000 XPRslot 1.0000 INLX1 true XStf R 1.0000
XBst 1.0000 XBsy 1.0000
XLst 1.0000 XLys 1.0000
Equivalent Circuit Adjustment Factors
XXm 1.0000 XXL1 1.0000 XXL2 1.0000 XErb 1.0000
XXskew 1.0000 XXL1s 1.0000 XXL2s 1.0000 XErbs 1.0000
XR1 1.0000 XXL1b 1.0000 XXL2b 1.0000 XErbb 1.0000

0.0000 dslip

Brazen fudge factors
XTh5 1.0000 XTh?7 1.0000 XThi1l 1.0000 XThi13 1.0000
XThmm 1.0000 XThmn 1.0000 XThpm 1.0000 XThpn 1.0000
XTLR 1.0000 XTBrk 1.0000

I‘ Main 4Winding 4 Raotor 4 Losses 4 Thermal } Test data 4 Simulation ) Settings

Fig. A2-8 % Temp_late editor: Calculation method settin_gs
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Make sure that the correct material curves are loaded:

[l PC-IMD 2.5 for Windows - CAD-example.im1 (=53]
File BEEEN Analvsis Fesults  Tools  Ophions  Window  Help

iR Cutline editar Chr+1
i Template editor  Chrl+3

winding Editar  Chrl+wy I
Makerials Chrl+1

I/ Uniks Chrl+U

Titles

Custom Editor »

X cancel

&% Shaft steel-Luft

? Help
Select

Collapse &l

LBk

Legend
D Ok

Database ID:\Speed—.&C\STAHL.SDl Browse, .,

X &
z o
(=] [}
o o
1] =)
o

Materal | wN 230-50

After all settings were made, start the calculation by clicking on Steady State analysis:

EEX

E_:':D PC-IMD 2.5 for Windows - CAD-example.im1
8 Resulks Tools Options  Wwindow  Help

File Data By

0

Sk Skate analysis

Torque)Speed characteristic
Line-start calculation Chrl+D I
——— Mo Load calculation

Mo Load {ranging Ys)

Thermal analysis Chrl+T
Eigen Walue analysis
Ranging {Batch Design) CkrH+B

Finally see the calculation results in the Design sheet:

(i PC-IMD 2.5 for Windows - CAD-example.im1
window  Help

Tools

File Data Analvsis Dpkions

e

Custom Design sheek
Thermal Design sheek I
Cuskarmn Cukpuk 4

Phasor Diagram Chrl+a
Torquefspesd-araphs
Torgue/apesd summary:
Line-stark graphs

Mo Load graphs

Thermal Flok

Eigen Yalue plot
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PC-IMD 4.1 (4.1.1.26) 26-Sep-2011 15:55:15
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PC-IMD Design sheet

1 Dimensions :

Slots 60
StatorOD 750.0000 mm
StatorlID 458.0000 mm
STATOR. .

Rad3 375.0000 mm
S-slot PlISIot

SD S 69.0000 mm
STOH 0-.0000 mm
NSDuct 8
SWedge NonMag
ROTOR. .

Radl 227 .6000 mm
Barl Type2

Skew 0.0000 SSlots
ARslot 208.7557 mm~2
muPlug 1.0000
Rotor slot dimensions..
BarDpth 40.0000 mm
SetBack 3.5000 mm
Dbar 411.6966 mm
Rotor end-rings and fins..
ERTypel Type C
ERType2 Type C
ERLedgel 0-.0000 mm
ERLedge2 0.0000 mm
ERAreal 800.0697 mm~"2
NRDuct 8

ROH 0.0000 mm
Shaft. .

RadSh 100.0000 mm
AxXExSh1l 0.0000 mm

Stacking factors..
Stf 0.9500

2 Winding Data :

General

Connex 3-Ph Wye
PC 100.0000
SFill 0.2960
MaxSFg 0.2960
ACL 69006.2284
PCSlot 1.8401
EndFill 0.5000
Ax1md 54 .0000
Stator winding.- .
WdgType Lap
Throw 12
Tph 200.0000
MLT 2186.8835
TU Darmstadt

%Cu

mmN2

mDeg

mm

Poles
RotorOD
RotorlID

R1lg
ASlot
Swid
SBWid
WSDuct
muWedge

RadO
R_Bars
LB
Abar
SBFull

BarWdth

ERthk1l
ERthk?2
ERArea?2
WRDuct
LFeR

RadSh2
AXExXSh2

TCC
SFillHBL
MaxSFn
LCL
XPCslot
LaxPack
Ax2md

T _wdg
CPP
PPaths
XET

455.2000
200.0000

229.0000
863.5539
12.5000
12.5000
10.0000
1.0000

0.0000
50
458.0000
200.0000
false

5.0000

20.0000
20.0000
800.0697
10.0000
359.1000

4.8000
0.0000

0.3930
0.4716
0.4716
150.6686
1.0000
712.0051
114.0000

75.0000
5.0000
1
1.0000

Lstk
mm Gap
mm MConfig
mm
mm~2 ASlotLL
mm TGD_S
mm SYoke
mm LFeS
mm RadSh
DblCage
mm BarkExt
mm~2 Shrink
RYoke
mm SO R
mm ERID1
mm ERID2
mmA2 EROD
mm
mm
mm RadSh3
mm AXExXSh3
%/°C WireDens
ACu
ASlotLL
mm Liner
mm LAYERS
mDeg Ax3md
°C RLL_Amb
TC
Tphl
Ext

458.0000
1.4000
Int

839.0786
1.0000E-03
77.0000
359.1000

100.0000
false
0.0000
0.0000
84.0966

2.5000

368.1931
368.1931
448.2001

3.6000
0.0000

8900.0000
255.6000
839.0786

0.1500

2.0000
174.0000

1.1800
10
181.9708
57.0000

Computer-aided induction machine design

mm
mm

mm~2
mm
mm
mm

mm

mm

mm

mm

mm
mm
mm

mm
mm

kg/m3
mm~N2
mm~2
mm

mDeg

ohm

mm
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Wire_1 Rect

wa_1 7.1000 mm

wb_1 1.8000 mm

NSH_1 1 EWG 40.3386

BWDia_1 4_.0339 mm EWDia 4_.0339 mm

BWArea_1 12.7800 mm"™2 ACond 12.7800 mm"™2

InsThk 1 0.1500 mm

HBWDia_1 4.4482 mm

Winding factors..

kw1 0.9099 kw3 -0.3804 kwb 0.0000

kw7 -0.0878 kw9 0.2351 kw1l -0.1041

kw13 -0.0601 kw15 0.0000 kw17 0.0601

kw19 0.1041 kw21 -0.2351 kw23 0.0878

ksl 1.0000 kr_RS 7947.2112 zSlot 20

Rotor cage

CgDens 8900.0000 kg/m3 ERDens 8900.0000 kg/m= SBFull false

PC1 100.0000 %Cu TCC1 0.3750 %/°C  RhoBar 2.0796E-08 ohm-m
PCEndR 100.0000 %Cu TCCEndR 0.3750 %/°C  RhoEndR 2.0796E-08 ohm-m
Kringl 0.9619 Kring2 0.9619

PRSlIot 4.1267 XPRslot 1.0000

3 Control Data - - - —————— -

CalcMode f/PowerSh

Freq 50.0000 Hz PowrSh.. 5.0000E+05 W
rpms 1500.0000 rpm rpm 1486.6834 rpm Slip 0.0089 p.u.
Vs 6000.0000 V Drive AC_Volts

4 Magnetic design I —-——————————— -

SSteel WWN 230-50
RSteel WWN 230-50

ShSteel Luft
MagCalc Classical XBst 1.0000 XBrt 1.0000
XBsy 1.0000 XBry 1.0000 XBsh 1.0000
IncShaft No shaft
PPitch 359.7124 mm Ag 0.0000 mmn2 Lge 2.7881 mm
qC_S 0.0000 qC_R 1.0000 XkC 1.0000
kC s 1.5018 kC r 1.0372 kC 1.9915
kC_sd 1.1307 kC_rd 1.1307
muPlug 1.0000 PCplug 1.4000
Bstpk 2.0330 T ATst 733.9806 A MMFst 0.4328 p.u.
Brtpk 1.3280 T Atrt 35.2505 A MMFrt 0.0208 p-.u.
Bsypk 1.4496 T ATsy 95.8747 A MMFsy 0.0565 p.u.
Brypk 1.3273 T ATry 28.1934 A MMFry 0.0166 p-.u.
Bshpk 0.0000 T ATsh 0.0000 A MMFsh 0.0000 p-.u.
BglL 0.7643 T ATgap 1695.8217 A kXm 1.5268
Bgm 0.4866 T Bgpk 0.7643 T PhilL 80.1649 mWb
5 Equivalent circuit parameters . ——————————
R1 0.7175 ohm X1 6.6658 ohm Xlunsat 6.6658 ohm
R2 0.5418 ohm X2 6.4149 ohm X2unsat 6.4149 ohm
Rc 9207 .5856 ohm XmO 234.8003 ohm Xm 158.3289 ohm
Rbar 0.3791 ohm REndRing 0.1627 ohm Erb 0.0000 V
R_rotor 6.8174E-05 ohm X_rotor 8.0719E-04 ohm XErb 1.0000
EQcct SPEED RcLoc GapFlux
DeepBar  Classical K r 1.0016 K_x 0.9996
XKr_DB 1.0000 XKx_DB 1.0000
EndLeak Richter CoilFill 1.0000 kEndCoill 1.0000
XX1end 1.0000 XX2end 1.0000
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DifflLeak SPEED NHDiFf 1000 DiffSat false

LkSat None kXL1 1.0000 kXL2 1.0000

kzz 1.0000 kX1lslot 1.0000 kX2slot 1.0000

Xkzz 1.0000 XkX1slot 1.0000 XkX2slot 1.0000

XXm 1.0000 XXL1 1.0000 XXL2 1.0000

Unsaturated reactance components..

Xlslot 1.8672 ohm Xlend 4.5180 ohm X1diff 0.2806 ohm

X2slot 4.8918 ohm X2end 1.2782 ohm X2diff 0.2448 ohm

L-circuit parameters..

alpha TL 1.0405 uXlox2 1.0000 X10X2 1.0391

XL_L 13.8811 ohm Rc_L 9968.8143 ohm

R2_L 0.5866 ohm Xm_L 164.7438 ohm

6 Performance I —-—————————

OpMode Motoring

vVt 6000.0000 V rpm 1486.6834 rpm Slip 0.0089 p-.u.

Pshaft 4.9997E+05 W PElec 5.2140E+05 W Tshaft 3211.4200 Nm

PshaftHP  670.4711 h.p. P.F. 0.8552 Effcy 95.8893 %
WTotal 21435.0875 W EFff_X_PF 82.0084 %

Currents..

Iphl 58.6643 A rms IL1 58.6643 A rms 12 52.8085 A

Imc 20.4703 A IMag 20.4673 A Ic 0.3519 A

Equivalent circuit voltages..

El 3240.5650 V VR1 42.0943 V VX1 391.0422 V

ER2 3194.1983 V VR2 28.6113 V VX2 338.7613 V

Losses and related parameters..

WCuS 7408.3039 W WCuUR 4532.7666 W Wlron 3421.5033 W

SLLCalc ANSIC50 WSLL 6072.5137 W Ww 0.0000 W

Jrms 4.5903 A/mm~2

JBarl 5.7658 A/mm~2 J_ER 5.7499 A/mm~2 JRotor 5.7329 A/mm"™2

Other performance parameters..

PGap 5.1058E+05 W EMTorque 3250.4251 Nm

Locked-rotor. .

TLR 3219.1352 Nm TLRpu 1.0024 sLR 1.0000 p.u.

ILR 343.5242 A ILRpu 5.8558 PFLR 0.2002

PLR 7.1454E+05 W

pTwWwdg 3.6533 C/sec pTBar 9.5613 C/sec

C Cu 57.1755 kJ/C C_cage 52.8862 kJ/C

T wdg_S 20.0000 °C T rtr_S 20.0000 °C

XXL1s 1.0000 XXL2s 1.0000 XErbs 1.0000

Breakdown. .

TBrk 7958.7126 Nm TBrkpu 2.4783 sBrk 0.0363 p-.u.

I1Brk 187.9838 A 1Brkpu 3.2044 PFBrk 0.6809

rpmBrk 1445 .6086 rpm PBrk 1.3302E+06 W

T wdg B 20.0000 °C T rtr B 20.0000 °C sBrkType Search

XXL1b 1.0000 XXL2b 1.0000 XErbb 1.0000

No-load. .

INL 22.0592 A NLTorque 0.0000 Nm NLPF 0.0193

INLpu 0.3760 TNLpu 0.0000 NLrpm 1500.0000 rpm

T _wdg_NL 20.0000 °C T rtr_NL 20.0000 °C rpmNL 1500.0000 rpm

PNL 4418.0537 W XLL_NL 314.0145 ohm INLX1 true

Test data..

Wrated 0.0000 W Irated 0.0000 A
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V_Test
s_Test

7 Core losses,

WFeOS
WFeS
Wst
Wsy
WstWkg
WFeR
Wrt
Wry
WrtWkg
WFeCalc

8 Thermal data :

TempCalc

Ambient
T _wdg

9 Miscellaneous parameters :

Wt_Cu
WtFeS
WtFesy
wt_Al
WtShaft
RotJ
C_cage
WtFrame
Ecc
FrThk
FrLgthM
TRV
WFO

CanStyle
NumHoles

RTC_OC

6000.0000
0.0000

3.5086
3414.1815
1702.4924
1711.6891

6.0128

7.3218

2.7773

4.5445

0.0190

SPEED

Fixed
20.0000
75.0000

149.
717 .
518.
59.
183.
13.

2443
0246
2904
0248
7832
9842
52.8862
54.0323
0.0000
10.0000
Actual
43086.1054
0.0000
None

4

2.0256

End of Design sheet

\ I_Test
Tl _Test

W/kg  WFeOR
w WFeSe
W Wste
W Wsye
W/kg  WsyWkg
w WFeRe
W Wrte
W Wrye
W/kg  WryWkg
XFe
HeatFlux
°C
°C T rtr
kg Wt_Fe
kg WtFeR
kg WtFest
kg WtAI_RB
kg
kg-m2 JL
kJ/C C_main
kg WtCap
UMP
mm LFrame
FrLgth
Nm/m3 T/Wt
w RPMO
PCDia
sec RTC_SC

A2.20

0.0000
20.0000

Harmonic losses, and Stray Load

3.5086
884 .0935
457.9210
426.1726

3.3026

0.0209

0.0079

0.0130

0.0190

1.0000

7.7389

75.0000

1092.8759
375.8514
198.7318

40.7620

0.0000
57.1755
2.8416
2.0010E-13
750.0000
750.0000
2.4681
1500.0000

286.5000
0.1083

A
°C

Losses

W/kg
W
W
W
W/kg

P_Test
T2 _Test

0.0000
20.0000

Computer-aided induction machine design

W
°C

WFeOSh
WFeSh
Wsth
Wsyh

WFeRh
Wrth
Wryh

Bd_slot

CapThk

P/Wt
NWFT

HoleDia

3.6719
2530.0879
1244 .5715
1285.5165

7.3009

2.7694

4 _.5315

0.5951

1301.1450

84.4109
18.2628

0.0000

5.0000

384.2541
1.0000

30.0000

mm

W/kg

3. Program SPEED — Exercise example

1) The number of turns per coil will be decreased from 10 to 9. Decreasing the number of turns per
coil allows increasing the cross-section of cupper (%4, from 1.8 mm to 2 mm). Calculate the new
motor impedances, the starting current and the starting torque! Do the motor impedances
change? How do starting torque and current vary in comparison to the initial data?

2) How do the air-gap induction, the primary current at rated slip and the electric loading change?

References:
[1] A.Binder,
[2] A.Binder,
[3] A.Binder,
[4] A.Binder,
[5] A.Binder,

TU Darmstadt

Energy Converters: CAD and System Dynamics, Text book — TU Darmstadt, 2016

CAD and System Dynamics of Electrical Machines, Text book — TU Darmstadt, 2006 + 2008
Motor Development for Electric Drive Systems, Text book — TU Darmstadt, 2016

CAD and System Dynamics of Electrical Machines, Tutorial for Exercises — TU Darmstadt, 2016
Energy Converters: CAD and System Dynamics, Tutorial for Exercise — TU Darmstadt, 2009
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A2.22

Abbreviations in the Program SPEED module PC-IMD

Computer-aided induction machine design

| Unit

Symbol Denotation
BarDpth 4, mm Rotorbar depth Leiterhdhe des Rotorstabes
BarWdth b, mm Rotorbar width Leiterbreite des Rotorstabes
ERLedge mm Additional endring length Zusétzliche radiale Endringldnge
Erthk mm Endring thickness Endringdicke (1=linker, 2=rechter)
Gap ) mm Airgap length Luftspaltweite
Lstk / mm Rotor and Stator stack length Blechpaketldange
Poles 2 - Number of Poles Polzahl
RadSh mm Shaft radius Radius der Welle
“g R-Bars O, - Number of rotor bars or slots Rotornutzahl
-E SD-S hg mm Stator slot depth Statornuttiefe
g SetBack mm Set-Back Rotorstreusteghdhe
a Skew kg - Rotor skew Schragung des Rotors um x — Nuten
Slots Os - Number of stator slots Statornutzahl
SO-R mm Rotor slot opening Nutoffnung Rotor
SO-S mm Stator slot opening Nutoéffnung Stator
S-slot - Shape of Stator slot bottom Statornutform
Stf ke - Stacking factor Stapelfaktor
TGD-R mm Rotor tang depth Streusteghdhe Rotor
TGD-S mm Stator tang depth Streusteghdhe Stator
TW-S bys mm Stator tooth width Statorzahnbreite
Connex - Winding connection Anschlussart
Coils/P q - Number of coils per pole Nuten je Pol und Strang
Ext mm Winding extension at each end Gerader Leiter aulerhalb Eisen
LAYERS - Number of layers Anzahl der Spulenlagen pro Nut
o Liner mm Thickness of stator slot-liner Dicke der Nutauskleidung
fg NSH b - No. of strands in hand Anzahl der parallelen Teilleiter
’§ PPaths a - No. of parallel paths Anzahl der parallelen Zweige
TC N, - Turns per coil Spulenwindungszahl
Throw y - Throw Spulenweite
WdgTemp 9 °C Winding temperature Wicklungstemperatur
WdgType - Type of winding Wicklungsart
Wire mm Wire size or gauge Leiterdurchmesser
Freq f Hz Fundamental line frequency Speisefrequenz
= rpm n min Actual shaft speed Drehzahl
g rpmS g min Synchronous speed Synchrondrehzahl
©  Islip s - Slip Schlupf
Vs U v RMS AC line voltage Spannung
TU Darmstadt Institute of Electrical Energy Conversion
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BglL Bs: T Peak fundamental flux-density Maximalwert Luftspaltflussdichte
Bgm Bsay T Mean airgap flux-density Mittlere Luftspalt Flussdichte
o Bstpk By T Peak Stator tooth flux-density Statorzahn Flussdichte
.é Brtpk By T Peak rotor tooth flux-density Rotorzahn Flussdichte
g Bsypk By T Peak stator yoke flux-density Statorriicken Flussdichte
Brypk By, T Peak rotor yoke flux-density Rotorriicken Flussdichte
Bshpk By T Peak shaft flux-density Rotorwelle Flussdichte
KC s kes - Carter coefficient for stator slot CARTER-Faktor
R1 R Q Primary resistance/phase Statorwiderstand
< R2 R, Q Secondary resistance/phase Rotorwiderstand
i‘é X1 Xos Q Primary stray reactance Statorstreureaktanz
3 (X2 Xor Q Secondary stray reactance Rotorstreureaktanz
- Xm Xnges Q Saturated magnetising reactance =~ Hauptreaktanz (geséttigt)
Xm0 KXoung Q Unsaturated magnetising Hauptreaktanz (ungeséttigt)
Effcy n % Efficiency Wirkungsgrad
IL1 I A RMS line current Statorstrom
12 1 A Rotor current Rotorstrom
Imag Iy A Magnetising current Magnetisierungsstrom
Jrms J A/mm®  RMS current-density main wind.  Statorstromdichte
2 Jbarl J A/mm?  RMS current-density rotor cage Rotorstabstromdichte
g P.F. cos @ - Power factor Leistungsfaktor cos@
% Pelec P, Mean electrical power Elektrische Leistung
~ PowerSh P, Shaft power Mech. Leistung
TbrkR my - Ratio Breakdown/rated Torque Verhiltnis Kipp-/Nennmoment
WcuR Pey W Rotor copper losses Kupferverluste Rotor
WcuS Peys W Stator copper losses Kupferverluste Stator
Wiron P, W Iron (Core) loss Eisenverluste
Wwit Py W Windage and friction loss Ventilations- & Reibungsverluste
- WFeS Preg % Stator Iron (Core) loss Eisenverluste Stator
E WFeR P, w Rotor Iron (Core) loss Eisenverluste Rotor
g WstWkg W/kg Specific stator teeth core losses Spezifische Stator-Zahn Eisenverluste
© WsyWkg Wikg Specific stator yoke core losses Spezifische Stator-Joch Eisenverluste
RPMO ny min™ Shaft speed at no load Leerlaufdrehzahl
% Wt Al my; kg Weight of rotor cage Gewicht Rotorkifig
5 Wt Cu my kg Weight of copper in stator wind. ~ Wicklungsgewicht Stator
E’ Wt Fe m kg Weight of iron stator / rotor lams ~ Gesamteisengewicht Stator/Rotor
E Wt Tot m kg Total active weight Gesamtgewicht (Al+Cu+Fe)
W0 Pr w Windage and friction loss Ventilations- & Reibungsverluste
_ Ambient 9, °C Ambient Umgebungstemperatur
g RoTemp & °C Rotor cage temperature Rotortemperatur
é TempCalc Temperature calculating method  Temperatur-Berechnungsmethode
WdgTemp Gy °C Stator winding temperature Wicklungstemperatur Stator
Radl mm Rotor surface Radius AulBenradius des Léufers
Rad3 mm Stator outer radius Auflenradius Stator
R-Cace - Rotor-cage Nutform des Rotors
TU Darmstadt Institute of Electrical Energy Conversion
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