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Introduction
Learning outcomes

Understanding of design rules for electrical machines
- scaling laws (typical for power engineering)
i.e. AC and DC motors and generators

Knowledge of design of AC machinery, here: cage induction machine
- Magnetic circuit and winding topology
- Calculation of resistances and inductances
- Losses and efficiency

Knowledge of basics in cooling systems and temperature calculation
- applications in electrical motors and generators

Understanding of dynamics of DC and AC machinery
- system dynamics of variable speed drives & space vector theory

- transients in generator systems & power stability

Calculation examples for self-training
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. Basic design rules for electrical machines
. Design of Induction Machines

. Heat transfer and cooling of electrical machines
. Dynamics of electrical machines
. Dynamics of DC machines

. Space vector theory

. Dynamics of induction machines
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. Dynamics of synchronous machines

Source:
SPEED program
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Introduction

7 TECHNISCHE
Organization

UNIVERSITAT
DARMSTADT

- Moodle:
Down-load of slides, text book & Collection of exercises

- CityCopies, Holzstral3e 5:
Paper copies of

slides, text book & Collection of exercises
- Introduction of two computer programs:

- SPEED program: Induction machine design

- Matlab/SIMULINK for dynamic calculations

Source:
SPEED program

- Excursion offered
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Examination

7 TECHNISCHE
i UNIVERSITAT
DARMSTADT

- Examination: In written form
Details see - Moodle
or
- Institute EW Homepage

a) Three calculation examples

b) Theoretical questions

Source:
SPEED program
- Homework:

Dynamics examples — add-on points, if positive examination result
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Introduction

Examination

f 5 TECHNISCHE
UNIVERSITAT
DARMSTADT

Written examination
Winter term: 2 partial exams
Summer term: 1 exam

Calculation examples & List of theory questions
see “Collection of Exercises”
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Introduction
Symbols

7\ TECHNISCHE
UNIVERSITAT
DARMSTADT

* Used symbols: see ,,Text book*

» Greek alphabet:

Aa Alpha B[ Beta 'y Gamma 46
Ee¢ Epsilon ~Z¢ Zeta Hn Eta e 9
I Jota Kx Kappa AA Lambda Mu
Nv Ny (nue) =Z¢  Xi Oo Omikron 17
Pp Rho 2o Sigma Tt Tau You
D @ Phi Xy Chi Yy Psi Qw

Delta
Theta

My (mue)
Pi
Ypsilon

Omega
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. Basic design rules for electrical machines

. Design of Induction Machines

. Heat transfer and cooling of electrical machines
. Dynamics of electrical machines
. Dynamics of DC machines

. Space vector theory

. Dynamics of induction machines
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. Dynamics of synchronous machines

Source:
SPEED program
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N R
Source: Winergy, Germany
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Energy Converters — CAD and System Dynamicsi *

1. Basic design rules for rotating machines
1.1 Torque generation and internal power
1.2 Electromagnetic utilization

1.3 Thermal utilization

1.4 Overload capability of AC machines
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1. Basic design rules for electrical machines

5, TECHNISCHE
Cross section of a cage induction machine

UNIVERSITAT
DARMSTADT

Stator

yoke

stator

"\Air-gap between
stator and rotor
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1. Basic design rules for electrical machines
Air gap field, excited by slot conductors

7 5 TECHNISCHE
=\ UNIVERSITAT
7= DARMSTADT

S ////-. Current loading A introduced to replace
_-;.'1-_':; / Q ? the slot geometry
Stator | ® / | A= O s

‘ //u//

/is V//L//

Airgap o -

Rotor /////J///?/// //////’///?/// Source:
- H. Kleinrath, Studientext
Assumptlon Ure > 0 H =0 1975, Wiesbaden
Ampere’s law: @ = {H 5= [Hee-d5+ [Hy-d5= [Hy-d8
Cre Cs Cs
Case 1: Tangential air gap field along path 1: &, = IH(S dS=Hg -Sg > Hs =65 /5q
Cs1
Case 2: Radial air gap field along path 2: @ = [H 05 =Hy,-25 = Hy, = 64 /(20)

The same air gap field is obtained at gy, — Cs2

a) for the real slot geometry and
b) for the current loading model.
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1. Basic design rules for electrical machines

7\ TECHNISCHE

: : . UNIVERSITAT
Resulting air gap field at the slot DARMSTADT
Rotor Resulting air gap field
’Nl Ll ll L LA LLL L IOV T IV IO Ll L LLLLLL L L L L
-Bal[ITI] J-\\iili]]+Ba |6 +Bs H// +Ba | / [U
777 /\///// -~ eees e rTTITI7 ' 7
S min= A By —Bs 7 ¥ Dg T DB
l—»x 1 f_// A o
Statory ) / ] %} 1/
f  o g /E//;, : 7 Do {’
- Only stator self field - No stator self field Superposition of:
of slot conductor of slot conductor - Stator self field
- 1oOq . of slot conductor
xR 25 o3 _ IUOQQ
5720
- No external rotor field - Only external rotor field and external rotor field
Bs =0 Bs >0 Bs >0
Source: H. Kleinrath, Studientext 1975, Note: For simple superposition we have
Wiesbaden to assume u.(X,y) = const.
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1. Basic design rules for electrical machines

Magnetic force F, on a slot conductor

5 TECHNISCHE
UNIVERSITAT
DARMSTADT

VIO INI IOV TIIIIN

I§ +Byg ?
_ LA
R &
l_”( i
O~=0 A
Q{: : .4

+Bs Bg —Bs

External rotor field is at the slot
conductor location very small:

Bc,r << B5r

Source:

PP DITIOININII

T

Bléfff(y), =N

Gy

NN

LORENTZ-force F, on the slot
conductor is very small:

FC :I.@Q.BC,I’

Magnetic pull force F,, due to
MAXWELL stress f, on
magnetized iron dominates!

H. Kleinrath, Studientext FM = J. fn 'dAFe fn ~ Br% /(Z,UO)

1975, Wiesbaden

Are

| 2 2
F, =— .[(B%2.. —B2.)-d
M 2/10 ')[( right Ieft) y

Bs + B

/Brri"g_‘ht(y) Resulting magnetic force F:

Fe = L:c T EM
I
ca.10% ca. 90 %

F, =1-Oq By,

Mathematical proof:
Williams-Mamak: IEE Trans. C,
1961, Monograph no. 456U

Fav = Furignt = P et
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1. Basic design rules for electrical machines
Simplified model for conductor force F,

7\ TECHNISCHE
UNIVERSITAT

DARMSTADT

’///Z/////////////// VDI DIVIIIIIIIVA /
Bs |11 16 Bs—Bsx ' Bs +Bs

' T . 7 v —> X
F. T T 6 l
@Q Bleft(y) FM /Brig_ht(y) y Source:
LORENTZ-force F, on a R s Wioaponte
SURFACE conductor yields o v
R xC,

the same force as the exact cnoTe Q
model of a slot conductor: '

Fezl'@Q'Bé,r Fe:Fc+FM Fezl'@Q'Bé,r

The same force is obtained
a) for the real slot geometry and

b) for the surface conductor model, leading again to a current loading model A(X,).

gogpogppaddd | soting
Slotting replaced by | e AR

. . Q S
“discrete” current loading

0 7, coordinate
eg.m=3,9g=2,W/g,=1 SQ

)6 600 XX e ® © ¢ Current loadin
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575 TECHNISCHE

1. Basic design rules for electrical machines

. . . UNIVERSITAT
m.m.f. V(x,) & current loading A(X,) iIn AC machines DARMSTADT
Distributed three-phase winding excites a distributed stator field:
U W Vv U W Y Fundamental of m.m.f. distribution V(x,) is a sine wave:
’5(/5/5/5 QRRBRRBRR | Vi-sin(xaz/z,—at) V(X)=Hs(x) -6
/8 i o xg
L
v

Current Ioadlng is derivative of m.m.f.: V(X;) = jA(XS) dxg

OPo0e8QRRS 00 AEL(XS’t)_—(Vl -sin( xg7 / 7, — k)

/\

Vl(Xs) * @/2 V(}Q

s~ s /
JO/ ® > Vs = XsTT Z;'p Al(xs,t):;'—p.cos(xsﬂ-/z-p_(d)
ONAREY A_F\?l-ﬂlfp £ m N-Ky 1|7l
M: T p
g=2,m=3,

Fundamental current loading A;(X,) is a continuous function,

full-pitched coils at time t =0 , : ,
not any longer “discrete” like single conductors!
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1. Basic design rules for electrical machines

7\ TECHNISCHE

Fundamental m.m.f. V,(X,), air-gap field Bg;(X,) UNIVERSITAT
& current loading A;(X,)
4 Vilx) Stator winding:
t=0: / A Fundamental m.m.f. distribution V(x,) as sine wave:
Vi - Va(%t) =Vh - sin(x /7, — )
-7, 0 T, X
A By,(x) Stator fundamental air-gap field distribution B 4(xs)
‘ as sine wave at pp, —oo:
/Végl - Bs(x,1) = iV (%, 1)/ 6 = Bs1sin(xem /7, — at)
-7 0 7, ;(s
Current loading is derivative of m.m.f.:
A(Xs,t) = dVy (xg,t)/ dt = A -cos(xgr 7, — at)
: 5 » Fundamental current loading A,(x;) is a
i i continuous function,
B IORO L not any longer “discrete” like single conductors!
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1. Basic design rules for electrical machines
LORENTZ force

7 5 TECHNISCHE
=\ UNIVERSITAT
7= DARMSTADT

Stator field and rotor current

S. stator ,
r. rotor OR
/\ rotor field and stator current: e.g.:
~— dF dF(Xs,t) =dz-ig(Xs,t) - Bs (X5, 1) - I
. \
A / 7 Number of conductors per element dx.:
L Iy ‘ // dXS
2 e dz=2z-
Vs~ dXS Zpr

With current loading Aq:

As(Xs’t) _ Lg -iS(XS,t)

z: total number of conductors 2pr

2prp
Total tangential force: [F(t) =1, - _[As(xs’t)' Bd,r(xs’t)'dxs
0

(acting on stator)
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1. Basic design rules for electrical machines
Self-field does not produce resulting

tangential force

S 7 TECHNISCHE
16 UNIVERSITAT
r— DARMSTADT

2p7y
F(t) = Ie' IAS(Xs’t)'B§,s(Xs’t)'dXs =0
ZSLP 2pzy

F(O) =1 JAS(X’t)'Bﬁ,r(th)’dXZIe' JAS(Xs’t)'(Bé,s(Xs’t)+Bé,r(xs’t))'dxs
0 0

2pzy
Tangential force on stator: |F(t) =1, J‘AS(XS,’[) -Bs(Xs,t) - dXg
0

Tangential force on rotor: “Actio est reactio” (Newton’s 3" law):

2pzy
FO) =—le- [ A(X,t) Bs(Xs,t)-dx,
0

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 1./ 20
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1. Basic design rules for electrical machines
Fundamental sine wave magnetic air gap travelling
field in AC machines

$ 7\ TECHNISCHE
UNIVERSITAT
DARMSTADT

Bs(x,t)
[}
R -
J/ \ Magnetic flux per pole:
/ \ A~
/ \ B(Sl . 2 A
/ N\ @h - _'Tple ' B51
/ / > X T
! O \ 2 S
_T Tpy Tp
2 2 '\
\
Resulting air gap field

fundamental:

Bs(Xs,t) =By -cos(xem /7, —a)

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 1. /21
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1. Basic design rules for electrical machines

Torque generation in AC machines
by fundamental fields (1)

e 7 TECHNISCHE
; UNIVERSITAT
DARMSTADT

Zpr

F(t):|e jAS(XS’t).B5(XS’t)'dXS Me(t):F(t)dS|/2 I5i =
0

Generally the tangential force depends on time due to slotting and phase bands
+U, -W, +V, -U, +W, -V. Therefore we have a torque ripple AM(t):

Me(t) = M o, + AM,(0)

Considering only fundamental fields we get a CONSTANT torque:

Me() = Moo, AM,(t) =0

Zpr

T Fi=le [A(%0) By (D) dx,
0

Me,AC — Fl'dsi /2

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 1./ 22
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1. Basic design rules for electrical machines
Torque generation in AC machines

by fundamental fields (2)

575 TECHNISCHE
67 UNIVERSITAT
)r— DARMSTADT

_ 2pzy
e Torque on stator: Mg ac =d—;"-|e- '[As,l(xs’t)’ Bs1(Xs,t)-dXs 75 =X -7Z/Tp
d,7z=2p7
27 a 2 p
Me ac = I A C08(7s — at — 5) - By COS(y5 — at) -l - p- (”j -dys
—cot+27zp 2 s_a)tzf
Meac= | Aygcos(é—gs)-Bs cosé I p- [ j -dg
. wf r ) ek _ _ C052§=(1+cos(2§))/2
Me’AC:AﬂBal-Ie-p-[—pj . [[cos&-cosgs +sin &-sin g |- cos & - d&
a —at cos&sin & =sin(28)/2

‘Me,AC =1, '(pr)2 ‘ Asl 'éa,l'cos% /77‘

e Torque on rotor: “Actio est reactio” (Newton’s 3rd law):
2 N A
—l.-(p7,)"- Ay -BsyCosg; /7
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1. Basic design rules for electrical machines
Torque generation in AC machines
by fundamental fields (3)

575 TECHNISCHE
UNIVERSITAT
DARMSTADT

Example:
Phase shift between stator current loading and air-gap field: ¢5 = 315°

% Mgac =l (p7,)* A, By, -C08315°/ 7
1 1

Me,AC = Ie '(pr)2 ' Asl 'éé,l'—'_
2 T

Positive torque on the stator = in counter-clockwise direction

Ps = Ps —27
Note: Due to Ay COS(y -k — @s) = Ay COS(ys — ak — (@5 — 27)) = Ay COS(7s — ek — @)

we also get: @y =—45° M. =1.-(p7,)*: A, 'é5,1'COS(—45O)/7Z'

A A 1 1
M :I . T 2 . oB D et ——
e ,AC e (p p) Asl 0,1 /2 T
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Example: Torqgue generation
In an induction machine

.
1. Basic design rules for electrical machines 7,

f 5 TECHNISCHE

UNIVERSITAT
DARMSTADT

BS,l,s ~
Example: _ _ _
2 poles, motor operation Main flux @, ~ B;, ~ |, and internal voltage U, ~ j &

I
Ups

=S

As(ﬁ / \ stator

' Bs1~ @~ 1y
Ps
stator—-current layer

Internal phase angle between internal
rotor—current layer

voltage and stator current: @, = @5 —7
Torque on rotor: My e ==l -(pz,)? - A, By, cosp; [ m=1,-(pr,)* A, B, -cosg [

rotor

(—cosgp; =cos )
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1. Basic design rules for electrical machines
Internal phase shift ¢ in an induction machine

7\ TECHNISCHE
UNIVERSITAT
DARMSTADT

Example: 0 < ¢ < m/2: M pc > 0 On rotor = motor operation

°—>—: -
.]XSO'lS U / uh Xn 1.
- Phase shift ¢ between I, and U, ! it 3—» Im
sis °

Internal power:

1=
(02}

P5 = 27msynMe,AC = 27[1:_; Ie '(pfp)z ) A51 'é5l'COS(Di I =

Uh:272-1:s'kwsl|\|s@h/\/E @h_g'r | 'éél
T

< A2 m
AS].:T—?SNSkWSlIS P5:mSUhIS.COS¢I
p

Phase shift ¢, between I, and U,!

>'/ » h
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1. Basic design rules for electrical machines
Synchronous machine: Internal phase shift ¢

Example:
Cylindrical rotor, 2p = 2, generator operation,

over-excited, m = 3,0, =5
Main flux &, ~ By,
Bs1~ I, Un~ 1 &, Bey~ I

d-axis
i

rotor pole axis

rotor pole axis

Source:
Siemens AG
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1. Basic design rules for electrical machines

7\ TECHNISCHE
Phasor diagram of a synchronous machine

UNIVERSITAT
DARMSTADT

Example: -n/2 > ¢, > -n: Mg pc < 0 ON rotor = generator operation

Xn Xso Rs Ig
- <
Up U Us
<> \ 428/3 SUlS
Internal power: o
P5 = 2ﬂnsynMe AC — 27Z-L'Ie '(pfp)z ) A51 'ém'COS(Pi |7
| p
U, =24 -k N.@, /42 o,=2 1.8,
T

P,=mU,l.-cose

Phase shift @ between I, and U,
Phase shift ¢, between I, and U

Fe]
Field axis
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1. Basic design rules for electrical machines

<7\ TECHNISCHE
G UNIVERSITAT

Torque generation in DC machines DARMSTADT
It Rl

| %m'e Bas Ay

X :

: — X X
BBEE, T T
Lamb el T 1 =

I |
Tp S I L —
A yA
@ =, [Bss(X) X =l 7y Bss  Ax)= =~ ;:const.
Si

Tangential force on rotor:
2p7y

F=lg- [A(X1)Bss(Xs,t)-dg M =F-dg/2
0

dg P A
Me :2p'%'|e'AY'IBB,S(Xs)'dXs =p-dsi- A @ [Mepc :Ie'z(pfp)z'Ar'aeBé,s/”
0
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1. Basic design rules for electrical machines

175 TECHNISCHE
. . G
Internal power Pgin DC machines

UNIVERSITAT
DARMSTADT
2 A
Ps=2m-Mgpc =2m-lg-2(p7y)"- A - Bs s/ @ dsj -7 =2p-7,
7.0 . -1
U =—".n-@ O=a,-l,-7,-B ; lg=2a-1
= et ATyl
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1. Basic design rules for electrical machines TECHNISCHE
Summary: Torque generation DARMSTADT

2prp
F=1.- IA(Xs;t)' Bs (Xs,t) - dX
0

M, =F-dg /2

AC machines: Current loading A, and air gap flux density By
are sinusoidal distributed, phase shift ¢ between I, and U,;:

Rotor torque: Mg pc =1, -(pZ'p)2 - Ay -|§51~COS(0i I

DC machines:

Current loading A, and air gap flux density B; constant along «, ~ 0.7 of pole pitch z;:

Rotor torque: My pe =1 -2([)2'p)2 A a,Bs
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1. Basic design rules for electrical machines
Specific air gap thrust =

7 5 TECHNISCHE
UNIVERSITAT
DARMSTADT

Specific air gap thrust: Force per surface: ‘Z’ =F /(dsi '”'Ie)‘

surface: Area=dg-7-l,=2p 7,1,

F=M/(dg/2)=M-7l(pzy)  7=Mgr/(2p°ryle)

AC machines:

le-(prp)° 5 e
Tac = ﬂp Ay Bsycosg - l(2p°zple)  |rpe = Ay -Bg-cOSgr /2

DC machines:

l,-2(prp)° : 3
’DC = - T p 'Ar'aeBcS,s'”/(ZpZT%Ie) Tpc :Af'aeB&S
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1. Basic design rules for electrical machines

7\ TECHNISCHE
Effective current loading

UNIVERSITAT
DARMSTADT

AC machines: Tpc = Asl'éé'l'cosﬁ /2 DC machines: |Tpc = A - B

TaC = AS ’le’éé‘l'COSﬂ /\/E

Vg7 Z- | z-1,1/(2a
Tp d-7  2p-7,
J2 m
AS].:VSl.ﬂ'/Tp:7'?S'NS.kW31.IS.7Z./Tp:\/E.kwl.AS
DC: Current loading is
2.m.-N. | constant along the air gap
A = 25 — — A A o circumference!
. r
p-7, :
A I, Armature current
AC: ,Fictive” effective | = 1/2a): Colil ¢
current loading is constant pxg ©C o/(2a): Coil curren

circumference! ;

I
| [

along the air gap 0 P
|
I
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1. Basic design rules for electrical machines
Specific air gap thrust

Electromagnetic torque M, is determined by air gap flux density B ;and current loading A
( = ampere-turns per unit length) and corresponds with internal power P ; (air gap power).

- Air gap flux density peak value AC: I§5,1 =1.0T, DC: I_3>5,S =1.0T,
- Typical maximum current loading for air cooling with open ventilation:
A =700 A/cm (DC-machines), Ay corresponding amplitude for AC-machines
a) DC-machines: ¢, =0.7: 7pc = A -aelé&sz 70000 -0.7-1.0 = 49000 N/m® = 0.5 bar
b) AC-machines: ke, = 0.95, Ay =+/2-k,,- A =940 Alcm,
maximum thrust at cosg, = 1: 7, = A, -B;;-cosg; /2 =94000-1-1/2 = 47000 = 0.5 bar

In reality: cosg, ~ 0.9, so thrust for AC lower than for DC machines.
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Summary:
Torque generation and internal power

- Radial and tangential magnetic forces on magnetized iron and on conductors
- Without any rotor eccentricity the sum of radial forces on stator and rotor
sum up to zero
- Tangential forces lead to torque
- Equivalent current loading represents slot conductor arrangement
- Fundamental waves for torque in AC machines
- Internal phase angle ¢ between
resulting field wave (~ U,) and current loading (~ I,)
- DC machines have bigger torque M,
at the same peak current loading A and field B
- Specific air gap thrust r as tangent force per area in the range of 0.5 ... 1 bar
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1. Basic design rules for rotating machines
1.1 Torque generation and internal power
1.2 Electromagnetic utilization

1.3 Thermal utilization

1.4 Overload capability of AC machines
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1. Basic design rules for electrical machines
Air gap torque M,, air gap power P,
Internal apparent power S;

$ 7\ TECHNISCHE
UNIVERSITAT
DARMSTADT

Air gap torque: M,

Air gap power (internal power):

AC machines: Ps =Mg-2mgy, =M -27-(15/p)

DC machines: Py =My -27-n n: Rotor speed !

Internal apparent power:

AC machines: 55 =3-Uy;, - | U, (= U,), I Internal stator phase voltage &
_ stator phase current (r.m.s. values!)
DC machines: Pg=U;-1;

DC: 55 _ P5 U,, I,: Induced armature voltage &
armature current
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1. Basic design rules for electrical machines
Internal apparent power Sy

TECHNISCHE

2\ UNIVERSITAT

DARMSTADT

Internal apparent power S; : Induced voltage x current: 55 =M ’Uh . Is

AC machines: Induced phase voltage rm.s: Uy =~/27- T, - N -kye1 - @

2 X m.N._.
With dﬁhz;rpl-B& , .m.s. current loading AS=2 mzspils s and dg=2pr,/7
p
we get:
~ =m27- f Kk _d2p s ”Zk 3
Ss=MUplg =mgv27- fs-Ng-Kygy @p - I = sie'?'ﬁ ws1Bs1As

DC machines: |Ss5=Ps=U; 1,

D
Induced armature voltage: U; = —p-n-th
a

z-1,1/(2a)

With @, =, 7.l Bss  and current loading A, = >
Pz,

we get:

2 2 35
‘85:P5:dsi'|e'n'77 Q- A Bs g
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1. Basic design rules for electrical machines
Electromagnetic utilization C as S;

per volume & speed

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

Rotor volume: V, zdszi -I,:e -7r/4zd82i .Ie

Electromagnetic utilization (Esson’s number) C:

AC machines:

S i A 2
Cac =5 ——="7=Kust " A -Bsy ‘CAC:ﬂ- ’TAc‘atCOSﬂzl
ds.i’le'nsyn \/E
DC machines:
co__ P _ 2 3 2
pc =5 =7 QA -Bsg ‘CDC=7Z' °TDC‘
dg-le-n
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1. Basic design rules for electrical machines
Electromagnetic utilization (Esson’s number) C

The internal apparent power S; per stator bore volume dé (714)-1
(usually neglecting 7/4) and per speed ng, Is called

electromagnetic utilization or Esson’s number C (,,figure of merit®).
It increases with current loading A and air gap flux density Bs.

AC: S ) DC:
5 72- o P 2 )
CACZdZ I :\/i.kWS]..AS.Bé‘l CDC:—dZ I5 =T .ae.Ar.Bé"S
si'e'nsyn Selg-n
A = 2-mS Ny -l (r.m.s. current loading) A = z-1,/(2a)
Zprp 2p7,

My ~Ss/n=C-d I, ~ L

Machine volume (roughly): V =~ L3

Torque determines size of machine, NOT power !
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Mounting of air-air heat exchanger
on slip ring induction wind generator

-]
1. Basic design rules for electrical machines P

TECHNISCHE
UNIVERSITAT

DARMSTADT
Doubly-fed four-pole ':\)l(f(;ﬁgnhe;t
induction wind g
generator
P, = 1500 kW

ny = 1800/min

Axial air inlet fan

Generator terminal

box
- Internal “open”

ventilation
L
- Closed air-circuit to
reduce air acoustic noise
Source:
Winergy

Germany
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1. Basic design rules for electrical machines
Scaling of power and figure of merit

Example:

AC induction machines: 1500/min 72 A

four poles, winding temperature rise 80 K, Cac :T.kWSl.AS By
air-cooled, open ventilated, for larger rated power 2

rated apparent power Sy kVA 100 1000 10000
current loading A Alcm 300 550 1000
air gap flux density Bs1 T 1.0 1.05 1.1
Esson’s number C kVA'min/m3 3.3 6.4 12.2
Result:

At given rotational speed: Bigger power Sy, = bigger torque My, = bigger machine size L =
bigger rotor diameter = higher rotor surface speed = better air cooling!

With a better cooling higher current loadings A are possible,
so electromagnetic utilization C increases with rated power S,,.
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1. Basic design rules for electrical machines

<7\ TECHNISCHE

_ ) UNIVERSITAT
Figure of merit C DARMSTADT
Example: AC induction machine:
Four poles, winding temperature rise 80 K, air-cooled, open ventilated
rated apparent power Sy 10 000 kVA )
current loading A, 1000 A/cm ,
air gap flux density Bs 1 1.1T
Esson’s number C 12.2 kVA'-min/m? |
7° 3 7° 5 3 3
C=— Kye1-A Bs; 2—-0.95-10"-1.1~ 732000 VAs/m" =12.2 kVA - min/m
\/E wsl As ol \/E

C = 732000 VAs/m® = 732000 N/m?
C =732000 N/m? = 7% - 75

ac =Clx° =74176 N/m? =0.74 bar atcosg; =1
Atcosep, =0.9: 7,c=0.74-0.9=0.67 bar
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Summary:
Electromagnetic utilization

- Internal apparent power = apparent air gap power S;

- Apparent air gap power per rotor volume and speed = electromagnetic utilization
- ESSON’s utilization C = ,figure of merit®

- Utilization C ~ 10 x Specific air gap thrust 7
- Utilization C increases with current loading A and air-gap flux density B
- Better cooling = higher current loading A = higher utilization C resp. 7
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1. Basic design rules for rotating machines
1.1 Torque generation and internal power
1.2 Electromagnetic utilization

1.3 Thermal utilization

1.4 Overload capability of AC machines
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1. Basic design rules for electrical machines

5, TECHNISCHE
Armature copper losses P,

UNIVERSITAT
DARMSTADT
. .. N -2(lg +1
- AC machines: m, phase winding: P, =M - RglZ =m, - — Upe o). 12
K-ay - A
P, = (Ire +|b)'dsi7[. s/, 2mg - Ng -l _ (Ipe +1) - dgiz A
- K A, dgr K > By
: —
(c: “conductor”, A,: conductor cross-section) I 7 |
b
A
Current density per conductor: J =1./A.  (I,=1,/a,) B
2 2 1, ) e
- DC machines: z armature conductors: P, =R, -1;=2-R.-15=2-R,-| &
2a
P o dretly 2 (petly)-dgz 1o z-1c _ (Igetly)-dg7 |
- K- A ‘ K

» General result for AC and DC machines:
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1. Basic design rules for electrical machines ), TEcHNiscie
Thermal utilization Jg A DARMSTADT

Heat transfer coefficient o, W/(m?K): P, = a - A, - A9

Steady state temperature rise: AY, = ol = L Jo - A
ac A7 (I +1ly) ok
Stator resistive losses P,
‘A'-gs ~Js- As‘

Result:

1) Temperature rise 44 in armature winding for
given machine torque M is determined by
product of current density J and current loading A.

Cooling surface A, 2) It may be reduced by
a) superior cooling (increased «.) or
Ak ~ dsi”' (IFe + Ib) dg; b) decreased losses (increased x).
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1. Basic design rules for electrical machines ), TECHNISCHE
Thermal scaling effect J(L) DARMSTADT
Increasing motor size: Increasing surface of conductors d.z- |,

Example:

Surface d.r -1, for round conductor wire (wire diameter d; & length 1),

Heat transfer coefficient at conductor surface: «

Losses per conductor: (conductor volume: V, = A.l. ~ L®) Ac )

R P 2
I:)CU,C :RCICZ :I—C° |§ = ACIC .JZ Cuc _ "Cuc _ J

= = :>PCU,C~L3.J2
KA K¢ Ve Acle K¢

Temperature rise in conductor:
Poue _ (dex/4)-Ig g2 G
o, -dor-l,  x.-a-d.-l; 4-a; K,

A9 = J%2 = A9~L-J% (d.~L)
Result:

Admissible current density J for SAME temperature rise 4% and cooling «,
lower for bigger machines:IJ ~1/\/[|
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1. Basic design rules for electrical machines
Totally enclosed doubly-fed
Induction wind generator

TECHNISCHE
UNIVERSITAT
DARMSTADT

Surface air-cooled
‘ 7 with iron-cast
o\ 8\ cooling fin housing

600 kW at 1155/min

Source:
Winergy

Fan hood Cooling fins Feet Power terminal box Slip ring Germany
Shaft mounted fan inside terminal box
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1. Basic design rules for electrical machines
Example: AC machines thermal utilization

Totally enclosed, surface cooled, for smaller rated power

a) winding temperature rise 4% = 105 K:

rated power Py KW 5 650
current loading A, Alcm 280 430
current density Jq A/mm? 7.6 5.0
thermal utilization Asd Alcm-A/mm? 2100 2150

S*TS

b) winding temperature rise 4.9 = 80 K:

rated power Py KW 4 570
current loading A, Alcm 240 380
current density . A/mm? 6.6 4.4
thermal utilization AjJ,  AlcmA/mm? 1580 1670

Lower admissible winding temperature A4 rise means lower thermal utilization !
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1. Basic design rules for electrical machines
Example: Thermal utilization at Class B and F

Example:
Thermal utilization at Class F (105K) and Class B (80K),

totally enclosed, surface cooled
Rough estimate of power scaling with lower admissible winding temperature:
ASz 80 (A-J)g 1580 _0.76

- -0.76 == 0.
A% 105 (A-3)p 2100

A~1g,d~1 = A ~\/E=A:>%=\/O.76 ~0.87

Py,B _(B5A)B < Ag _ 240 =0.86~0.8 > M:ﬂ:o,s
Pve (BsSAr A 280 Pve 9

Lower admissible winding temperature rise 4.9 means lower rated power Py !
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1. Basic design rules for electrical machines
Example: AC machines thermal utilization

7\ TECHNISCHE
67 UNIVERSITAT
r— DARMSTADT

Air-cooled open ventilated, four-pole induction machines,
temperature rise 49 =80 K (at 4,,,, = 40 °C), rated speed =~ 1450/min.

Rated apparent power S,/ kVA 100 1000 10000
Bs /T 1.0 1.0 1.0

A,/ Alcm 300 550 1000
C / kVA'min/m3 3.3 6.1 11.1
machine volume ~ L3/ p.u. 1.0 5.4 29.7
machine size L/ p.u. 1.0 1.75 3.1
1/4L 1.0 0.75 0.55
J ~1/L IAImm? 6.8 5.1 3.7

A -J; [ (Alcm) - (A/mm?) 2040 2850 3700
Result:

Thermal utilization A - J rises with increased rated power S,.
Increased current density J for big machines needs improved cooling «.
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Summary:
Thermal utilization

- 1 2-R losses per cooling surface ~ thermal utilization A - J
- Reduced current density J at bigger machine size L for same cooling system
- Thermal scaling laws

- Increased thermal utilization A-J leads to increased ESSON’s number C ~A-B
- Thermal Class (B, F, H, ...) of insulation system determines thermal utilization
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1. Basic design rules for rotating machines
1.1 Torque generation and internal power
1.2 Electromagnetic utilization

1.3 Thermal utilization

1.4 Overload capability of AC machines
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575 TECHNISCHE

1. Basic design rules for electrical machines

. ) UNIVERSITAT
Rated stator impedance x, of AC machines DARMSTADT
K= 25 Zy =M or x =2t Xs = Xp + Xe % %,
ZN ISN ZN
2 2mg 7ple o
Xy =27 -ty - (NgKyst)” > 5 (1=, — oo and no slotting influence)
TP
2m Tple 2mNelgy 7p
27 - g (N Gk )2 Tple s'NsTsN |
_Knley  Xnlov _ T atp s _2ugkys  2P7p O
Uy Uy 2 B B
N h J2rf N sKust 7olBs1 7 51
T T
P P
ke s NS
h =~ ~ ~
4 Bs1 Bs1

1 1 1 By &

xxd xh Asrp
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1. Basic design rules for electrical machines
Per-unit pull-out power P /Sy, P,/Sy

7\ TECHNISCHE
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Svynchronous (cylindrical rotor) machines:

P 3U Uy -Sin(90°)/ X U
Ry =0,Xg = Xg, $=290° P2 =77 B Xy _
SN U Ty Un Xy X4

Induction machines:

a)SN.Mb ON 5 P .USZN l-o
Pb ~ Pﬁo __F =+ P OsN 2O-XS :+USN . l-o 1-o

SN Sy Ul Uy Ty _IsN 20 Xy 20 Xg
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1. Basic design rules for electrical machines

5, TECHNISCHE
Overload capability of AC machines

UNIVERSITAT
DARMSTADT
Synchronous machines: Pull out torque Induction machines: Breakdown torque
R, = 0 stable N Rs >0
— = Mb,mot
motor 1 \ /
--- ISO
+0,5 ' >
0 -0,5 —S
generator
| a i Generator M(s]
—7 —1 /2 0 /R m
L _2 Motor
-—3
Poo _Up 1 By o R, 1-0 _
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Summary:
Overload capability of AC machines

- Overload capability = Maximum vs. rated torque M
- DC machine :
Maximum torque simply limited by maximum armature current |, ... =ca. 2 -1y =

= M. = Ca. 1.8 - M (due to increased iron saturation of armature reaction)
- Voltage-fed AC machines:

Maximum torque given by

a) Induction machine (IM): Breakdown torque M,
or

b) Synchronous machine (SM): Pull-out torque M,

Note:

a) IM: Small stray reactance X_= o -X//2

b) SM: Small synchronous reactance X,
lead to increased maximum torque

My,

max
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