2. Reluctance machines

Source: Omekanda, A,
ICEM, 1992
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2. Reluctance machines

2.1 Switched reluctance drive

Source: Omekanda, A,
ICEM, 1992
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(D

" Maxwell stress tensor

|

D
o\

- Total magnetic force on a (magnetized) body
Is calculated by integrating the 9 components
of Maxwell’s stress tensor via surface A, which
encloses the body outside in free space (i)
Closed

surface A

7a

Body , . . .
- Maxwell’s stress tensor in 2 dimensions & n

(B2-B2 BB,
F (U g ey J | 240 Ho
the  Onp B, B: B§ - ng
Ao 2 1 )

(l
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Maxwell stress for force calculation

By -B _ - |E=§r)d/&

O = 21 = Pn
0 —
5 B -P=Pn+ Py A
_BnBt _ B x4 B
T = _ pt / n |
Ho f
_ Bt A ?
tanoa =—
n
Py 2 2B, B, | |
— =tan2a = = / s >
n —tana  Pn "™t B pt
tana t
Source: Reichert, K., VDE-Kurs El. Maschinen, 2009
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Maxwell stress does not allow calculating local forces

- Local value p-A has usually no physical meaning.
- In periodic structures the force per period can be
determined.

- Usually the magnetic force density iIs distributed with In the
ferromagnetic body according to the field and the permeability
distribution. It does NOT correspond to the (equivalent) local surface
forces, calculated from the MAXWELL stress.

- Only in ferromagnetic parts with constant permeability the magnetic
force density is localized in the body surface, but is usually not equal
with the MAXWELL stress components.

- Only in case of infinite iron permeability the magnetic force density,
localized in the iron surface, is identical with the MAXWELL stress
components.

If _ § I—j . d,& - Force integration must cover complete body.
A

tr, —> 00 dF(X,y)/dA= (X, y)

="y UNIVERSITAT 2/5
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€, Example: LORENTZ force

|

D

—

S A - LORENTZ force per current I FC =1 Bo -|,:e €,
N, conductors under pole width b, total force:

F=2N.,F, = F=2N,I By I,

S - Current loading: a = N¢l/b

loading «

Force F

— F=2-a-By-(b-lg,)

v BO v
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977 Magnetic field in the air gap
& Ampere’s law: Closed loop C H5

|

D

X
O = Ia(«f) dé=$H -ds = [(He, —H,)dé =- jH dé = H (&) = -a(&)
c 0
Bg = poH 5(&) € = —ppa($) €. Mgaﬂe_tic
B, =-Bo € Resulting flux Force -
density B
B=B:+B,

Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische
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|

Magnetic pull via Maxwell stress €,
BZ - B? 8
- Vertical stress component: ¢ =—71 ¢ eé‘
n 2:“0
) o 2 _Rg2 2 R2
Fy=¢T-dA, = [ L—d&lg— | —Z—-d& Ig, =0
Ho 2 o
A Aupper BAIOVéer
B, (—u~cx
- Horizontal stress component: 7p¢ = s =( o) (1o )=Bo°0!
B, B e Ho
Fo=¢7-dA; = | ) S| ) . délg, =F
A Al Ho A Ho
Pper ower

d,&g B Magnetic
pull =
Force F

ﬁZZ(Boa)blFe§§

[
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977 Example: Reluctance force

|

ef - Inside iron: H., = 0, no current layer = flux lines end
A Fe
perpendicular on iron surface = tangential flux density
b component ZERO: 7,z =Tz, =0 : :
B, Bé B,
- Vertical stress component: Oy, =
‘ 2uy 24
~ e I
—¢T-dA =| |[B2-dé- [B2-d&|-—F-=0
Reluctance §) g j 7 ds j 7 de 2 11y
force F A Aupper Aower
Bf-B; B
Uy —> O - Hotizontal stress component: oz = 20 2,Uo
H-.=0
Fe IFe .
\ : §3T dA; =| [BZ-dyp+ [BE.dp|F==F
.‘ [ | Lateral e A 21y
4| di placement 4 - )
s Reluctance |F = ng'dﬂ'|Fe/(2ﬂo)
° force F Avigh

gﬁ‘lﬁf';m; TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische ﬂ:
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Basic function of switched reluctance machine

Two pole, four phase switched

) T2 reluctance machine (cross section):
a)
Uqg Phase "4” is energized by H-bridge
AD1 7AD2 inverter, fed from DC link U,
v T1

b)

Tangential magnetic pull of flux lines
drags next rotor teeth into aligned
position with energized stator teeth, thus
creating a torque

T1, T2: Transistors
D1, D2: free-wheeling
diodes

c)
Next phase to be energized is no.1 to
keep direction of rotation !

One leg of a H-bridge
inverter = each phase
is operated

INDEPENDENTLY ! Source: Hopper, E,
Elektrotechnik, 1992

Q‘Liﬁ';f’ﬂ TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische i
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Torque production in switched reluctance machine
Current i = 10A =\

rotor

__________
S

Source: Hopper, E, :
Elektrotechnik, 1992 Source: Omekanda, A,

Numerical field calculation: Flux lines with energized phase “1” - ICEM, 1992
Data: Outer stator diameter: 320 mm, air gap: 1 mm, iron stack length: 320 mm, shaft
diameter: 70 mm, coil turns per tooth: 10, current per turn: 100 ADC
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H-Bridge inverter

\

o-.
Voltage DC link Phase 1 H-Bridge Phase n H-Bridge

Source: Schencke, T.: Drehmomentglattung von geschalteten Reluktanzmotoren durch eine angepasste
Blechschnittgestaltung, limenau, Technische Universitat, Dissertation, 1997
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SR machine motor operation

- Torque is generated by magnetic pull, which is ~ B2 Unipolar current (=
block shaped current of one polarity) sufficient.

- Reluctance structure: The flux lines try to pass through the iron teeth with
their high permeability and avoid the slot region.

Rotor moves stepwise without position sensor =
cheap drive.

- "Switched” reluctance motor principle: With position sensor the rotor
movement is completely controllable. No pull-out at overload is possible, as
long as the inverter is able to impress current. Speed can be measured by
using the rotor position sensor as speed sensor (speed control).

Direction of rotation: phases "17, "2”, "3", "4”, "1”, ... clockwise
"4” 737,727,717, 74" ... counter-clockwise

Q‘Lif';f’ﬁ TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische %
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SR generator operation

Motor mode:
- By switching one phase after the other, the rotor keeps turning
="switched” reluctance motors.

- As rotor movement causes flux change in the stator coils, there
a voltage is induced (back EMF).

Generator mode:

- If the rotor is driven mechanically and the stator coils are
energized when rotor moves from aligned to unaligned position,
then the magnetic pull is braking the rotor.

- Back EMF gives - along with the stator current - generated
electric power, which is fed to the inverter.

§&'§{A TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische ﬁa
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Design features of SR machines

Cross section of a totally enclosed,
air cooled 4-pole SR machine:

7.5 kW, 1500/min,

motor current (rms): 12 A,

_stator outer/inner diameter:
stator coil

210/ 120.9 mm, air gap: 0.45 mm

Y XN
-U -U
s o - Very small air gap for big difference of
o’ inductance of d- and g-axis
- Number of stator and rotor teeth NOT
equal
2 p-m - Usually number of rotor slots smaller

Q _ Q _9 - Stator tooth width slightly smaller than
r— S P rotor tooth width

3 phases:. 6/4 teeth per pole pair 4 phases: 8/6 teeth per pole pair

§A‘=—: 7 -
& ") UNIVERSITAT 2/15
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One - & Two-phase SR motors are not self starting

Stator and rotor teeth numbers, two phase machine: per pole pair (2p = 2):

m=2: Q,=2p-m=2-2=4 Q,=Q,-2p=4-2=2

Self starting is only assured, if some special asymmetry is put into the
machine e.g. asymmetric rotor teeth, additional permanent magnet in on
stator tooth etc.

Symmetric rotor cannot start from aligned position
Phase 2 exerts magnetic pull on asymmetric rotor to self-start in ccw direction

giq'if’ﬂ TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬁ=
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Flux linkage per phase in SR machines

Stator coil A
® ] Te Big difference Ly >> L, wanted !
Ko | Rotor tooth VS airgap magnetisation
Stator B T )/‘ A=D1 Stator peak
tooth 2 Fe 0 Fe - flux linkage
H5 - d
o Y k> 1: T ===
: Air ga s~ I =
N;i 0 Jap saturation factor F
. . 7
 _¥ _Nc-ABs _ N2 b, /
cT T T i = Ho- 5K, 1 / alculated
measured
- Inductance is biggest in aligned position
(d-position: Ly = 2pL 4/a) = small air gap J.
- Unaligned position (q-position: L, = 2pL_./a): o5+ a
Rotor slot opposes stator tooth = big air gap =
small inductance. Stator peak
Facit: current
Inductance depends on stator current (= iron 0 0 i 20 30 o
saturation) and rotor position . fs/A

2117
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Example: Numerically calculated flux linkage per phase
In Intermediate positions between d- and g-position

400
(mVs) —— computed .
e e e e emeasured
300 4 Stator flux
linkage .
\I} Source: Omekanda, A,
ICEM, 1992
200
100 -
Stator peak
0 ; current
| | |
0 50 100 200

Q.=8,Q,=6,2p=2,m=4

o

300

(A)

+26,20 deg. d-—position
+16,25 deg.

Mech. angle
between d- & g-
+11,25 deg. position:
360° 360° o
+ 6,25 deg 2Q - 2.6 =30
,

— 3,75 deg. q—position

47, TECHNISCHE
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Changing of stator inductance during rotor movement

L | L LSS |
L7) AN AN
A Y U 7
7ﬁ|f/A %510
V/ -/ 7Y/ /, # S S S
= L
Z
A '//‘/// .
RN

I
\ Og L4 a=min(ag,ap) e.g as, if ag<ay
|~y ~y
I — — — —
Lq | I :a lag—apl oig Iagr |
< = - 4

- In order to get big torque the difference between d-axis and g-axis flux
linkage (inductance) must be very big, which holds true for all kinds of
reluctance machines.

- Sign of current polarity does not influence sign of torgue, so uni-polar
current feeding is sufficient.
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Voltage equation per phase of a SR machine

Rotor position angle y (mech. degrees): , _d7
Determines speed and inductance ! Tt

Flux linkage depends on rotor position angle yand current i/ (saturation):

w(y,1)=L(y1)-I
. . d . d dy d di
Voltage equation per phase: u= Ri+—2=R-i+—2 =L+ W| F—
dt dy|_, dt di|_ dt
d dL(y,1
Induced voltage due to rotor motion ("Back EMF”): U; =d—"; m=1" é); ) -
I=C
d di
Inductive voltage drop: _W > —
di|,_. dt
Special case: Saturation neglected: w(y.,i)=L(y)-I
“Back EMF”: u; =1 -M-Qm Inductive voltage drop: d—w g L.ﬂ
dy di |,_ dt dt
g&&f’{ﬂ TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬁ=
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Power balance per phase of a SR machine
174
Magnetic energy per phase: ~ W,y = ji -dy

Special case: No iron saturation: w(y,1) = L(y)-I
L(y)-i°
2

Wmag:Ti-dw=ji'L(7)'di:
0 0 dWopy _ d L(p)-i* _i* dL(y) Ay, L() ,

Change of magnetic energy per phase:

dt dt 2 2 dy at 2 dt
_ . dy : dl : dL
Voltage equation per phase: U=R-1+——=R:-1+L- -
dt ddt dd
| L
Power equation per phase: Pe=U-1=R- i +i-L—+i%— m
AWpay At dy
General power balance per phase: Pe = Pcy + di + Ps
: : ““: ” 1 2 dL
Mechanical air gap power (“internal power”): ps = E 4, fm
Y

§‘§‘”Zi TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische ﬁa
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Torque equation of SR machine

Special case: No iron saturation: w(y,1) = L(y)-I

Electromagnetic torque (. mech. degrees): |[M, = ps /€2, :%iz ._dla(y)
Y

2 dy

One electrical period of the stator current corresponds to a rotation of the rotor
by one rotor slot pitch. Hence:

Q, .o dL
Electromagnetic torque (. el. degrees): M ==L.j?.

y(mech.) = y(ele.)/Q,

«&7 TECHNISCHE
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SR machine operation at ideal conditions (1)
A }4(’)’) A
1 | L 1 Me | uj M

i(t)=1

0 X 0 X mech. degrees
- Ideally constant current per phase (=ideal inverter)

- Ideally linear rising inductance per phase (= a) no 2D fringing flux, b) no saturation)

— |deally constant torque, ideally constant back EMF
1. L 1 Ly —L ~ ~ —

M, =229 _Lj2 Zd 7 T -
2 dy 2 a ' e

v L/ TECHNISCHE  Pprof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬁ‘
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SR machine operation at ideal conditions (2)

Me | yj
- Linear variation of phase inductance with rotor position assumed ! &
B
L = L : stator phase inductance M —iiz . dLS i I"z . Ld - Lq 1
2 dy 2 a ; .

5 - - 0
If no saturation occurs, torque rises with the square of current.

Note: Generator mode: yin mech. degrees

Current flow, when rotor moves from aligned to unaligned position:
negative (braking) torque y 1 2. o| I 1 L, — Lg

e 4 <4 L()
2 d)/ 2 a A
i | L i 4%
Back EMF: / |
|
A A L Lq A A ‘ |
U, =1 Q. >0, P;=Ul/2>0 motor
o NN
U; = I -Qm<0, P5:Ui|/2<0 generator |
0 I -y
a 0 - o -
§“‘1;f':‘”':i TECHNISCHE  Prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬁ=
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+a +b +c -a -b -c +a m; =3
o q b @%b O b g e b - p Stator p=1

== Current angle in SR

- Qs/Qr=6/4
o | Rotor
r

as ,ar: mech. degree m aC h I n eS

Three phase 6/4-SR machine:
Unipolar current impression is done
for $y = = 120" el. for each phase,
yielding a theoretically smooth
torque.

A current impression of 180° at this
ideal linear change of inductance will
only increase resistive losses, but not
torque.

st

0 >
ia b el.:360° = %—“: mech. degree
io r
0 . i 4
ia‘ 120
ig tems Institut fur Elektrische ﬁ“
Energiewandlung « FB 1 S
2" - ergiewandlung 8

180°



Example: Numerically calculated inductance and torque per phase

) 180°/Q, = 180°/6 = 30° ‘
- T 12 1 \ MeT computed oa+ measured
Source: Omekanda, A, 801 [ = 190A
(mH) ICEM, 1992 (Nm) )
60 -
8- Big saturation— |
No saturation._40-
computed \
47 x xxxxx measured
* — — — linear model o 0
T = ) 360°/Q, = 360°/6 = 60°
0 I‘ T T T T T 0 2 T T o)
-10 0 10 20 30 40 50 60 -4 1 6 11 16 21 26
——» Y (degrees) yin mech. degrees ——» Y (degrees)

Inductance per phase Torque per phase

- Real inductance does not rise
exactly linear with rotor
position
Q.=8,Q,=6,2p=2,m=4

~ 1, -Real torque is not ideally constant,
: (@l although current is ideally constant.

i Saturation deviates torque further.

kg
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Real change of inductance with moving rotor

- 2 A
M, (y) = (1/2)-i%-dL/dy m.
1=const.
A
L real _ Lq
\~7
)
/
7/
/ 1deal
//
> ~ 0 in el. degrees
A : real | | .ﬁw_18o Al . J

© o~ a | e Real: Non-linear change of inductance:

[ \{ | /'-T'_—\/C 0 g

[ /] N Torque ripple occurs !

I ideal \ |l |

/ ~ o .
¥ | Yw=120° o f current angle is increased from
; \ | 120°el. to 180°el., the torque ripple is
__” ‘*-—_i >y reduced and average torque is raised.
7 1Q, 9y in el. degrees

£iliitg
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Saturation in SR machines

Vo Unsaturated Vo Saturated
Vo Vo
Wmag Wmag
W*
W*
0 ; = ] 0 il |
0 lo 0 10
4 l i2
Magnetic energy: unsaturated Wmag = Ii .d W = Lji di = LE
0 0

: : * _ I
Magnetic co-energy: W > =1/ - | _Wmag

In saturated machine magnetic co-energy is bigger than magnetic energy !
Electromagnetic torque is proportional to co-energy, so high saturation is aimed !

«&7 TECHNISCHE
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., lorque equation with consideration of iron saturation

yin mech. degrees

. If rotor moves by increment angle dy (at
Source: Omekanda, A, . R .
Wy ICEM, 1992 /’é constant current) form g to d axis, flux

dy A /7;/2/ linkage increases by d.
1

Wl =Yy iO _Wmag 1
W, =, -l _Wmag,z
dW™ =W, —W, =
= —w) g — (vaag,z _Wmag,l)

> |
I I I I I

Increase of magnetic energy and co-energy leads to energy balance per phase:
AW ™ =dy +ig — AW,

u:R-i0+C:j—l/t/ — dW, =U-iy-dt =R-i2 -dt+iy-dy =R-i2 -dt + dW, .. +dA_

dA, =M, -dy=M,-Q dt = dw*=dA, =

o -

i s
7 . 5
Energiewandlung « FB 18 >
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Magnetic energy and co-energy in linear material

v oA AWe) .
VoA Lo L If rotor moves by increment
AW% X\X\ angle Ay (at constant current)
Vi——————- | T | form g to d axis, flux linkage
7 | .
Increases by Awy.
Wmag 1 : wmag -_// : /A
| |
| 7 AW
w* Al | yin mech. degrees
| 4 |
0 +— i 0 —
0 1 0 1g

Increase of magnetic energy and co-energy leads to energy balance per phase:
Wmag,2 :Wmag,l T dWmag :Wmag p+lg-dy —dW>

u:R-i0+dd—l/t/ = dW, =u-ig-dt=R-i-dt+iy-dy =R-ij - dt +dWp5q + dA,

dA, =M, -dy=M,-Q dt = dw*=dA, =

Prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬁ=
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Example: Torque calculation for linear iron

Average torque per phase for rotor movement from g- to d-axis at phase current /:

(/72 \
a) Torque calculation from co-energy:
Vip-——— | . dW* * Ly 2 Lq.o
| Me(7,i) = AWg g =—-i* =11
Wnag | dy 2
| Ay g =71Qy
| y. mech. degrees
W* || ]
* L
| My = [te a2 S
0 ; ilo = 1 A}/ 2 2 T

b) Torque calculation change of inductance:

Ly — L
Meziiz.d_LzliZ. d_
2 dy 2 7 1Q,

Facit: For linear iron methods a) and b) deliver identical results. For saturated iron
method a) must be used.

1
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High utilization of SR machine needs high saturation

Torque calculation is done from map of yAl,7)-curves, evaluating for given
current the change of co-energy with change of rotor angle y.

SR machines shall be operated highly saturated in order to limit inverter rating
by limiting switched magnetic energy.

VA Aw* Torque is proportional to
/ _ change of co-energy between
/ Va=Ydt d- and g-position AW™

a) Unsaturated case i < /g,

| |
| |

_ I |

Wmax | | Torque is proportional /2

| ~0 o
, /Wq | b) Saturated case i > i,
| |

0 —t= ~—— | Torque tends to be

0 isat Imax proportional nearly i

géif’{,‘ TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische %
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Torgue-current characteristic

Aw*
\ | / : i"//d =Y d,sat Winax =Vd,sat “lsat / 2

| |

. : : Ayqd = 71 Qy

Wmax | :
~ WP

: V™0 | It - AW =W ax - (1 g5 )

0 —— / .

0 lsat imax
| <lsa - M = AWq*—>d [ Ayqd =Wmax (/i) -Q /7

| 21550 - AWq g =Winax + ¥4 sat (I

- isat) :Wmax

T 2vaax '(i/isat -1)

:Wmax ' (2i / isat

1215 : Mg = A\Nq—)d /A?/q—>d

-1)-Q, /7
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Torque-current curve of switched reluctance machine

A
Me

%,,A

Ut

~1

% ' —_b) Saturated case i > |

| <l i Mg =Wpa '(i/isat)2 Q7

1 2155 Mg =Wy - (2115 —1)-Q, /7

a) Unsaturated case i <,

Torque is proportional /2

sat
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Measured torque-current curve of a 1.2 kW SRD

4-pole, 3-phase SRD: Rated data: 1.2 kW, 1500 ... 6000/min, total mass 32 kg,
rotor inertia 3.9 g-m?, stator/rotor teeth: 12/8, Company SICME/Italy
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Real shape of unipolar current

. T T - T . 5
ol ¥ o ol ¥ ol
L A generator motor L ‘ generator motor At IOW Sp.eed:
. Hysteresis control of
: v\ w current allows
P e o [ | » generation of block
Low speed 2n 7 0 2n 7 shaped unipolar
Qr ngh Speed r current.
1 A W 1 A Son VW yin mech. degrees
= Voff
+———————- I+ ————— ——
At high speed: Time is
“on  off % T too short for hysteresis
, Or control. Only "voltage
UA Source: Schencke, T, UA ) . .
1997, limenau on/off” is possible.
UgT————— 77 Ug T ———— Thus distorted current
generates increased
“on  off' > on”  off [ 5 torque ripple.
Qr
-g+--—————————— -Ug+-—————————
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Real shape of uni-polar current

L At low speed: Hysteresis control
of current allows generating
rather Dblock shaped unipolar

| current.

: At high speed: Time is too short

| for hysteresis control. Only

| “voltage on/off” is possible. Thus

n low n high t distorted current generates

Increased torque ripple.

N
(S

Real SR machines show considerable torgue ripple: at low speed due to non-
linear variation of inductance, at high speed: increased ripple due to
distorted current.
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Measured uni-polar current signal at n, = 1500/min

4-pole, 3-phase SRD: Rated data: 1.2 kW, 1500 ... 6000/min, total mass 32 kg,
rotor inertia 3.9 g-m?, stator/rotor teeth: 12/8, Company SICME/Italy

Curtents are nearly

block-shaped

Current angle nearly

180°el

Phase U
r.m.s. current at
180°el:

Phase V

lims = J [i(ty*dt =

f f f f f f f f f f f Phase W
S r—07ﬂ
ChT 500V ChZ 500V & M1 00ms Chi 71 9%

1 9V 15 Jun 1999
= =0.71-12 =8.5A

12:31:00

n=1500min" [ =8A
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Measured uni-polar current signal at n. ., = 5800/min

4-pole, 3-phase SRD: Rated data: 1.2 kW, 1500 ... 6000/min, total mass 32 kg,
rotor inertia 3.9 g-m?, stator/rotor teeth: 12/8, Company SICME/Italy

Tek IIIJIIJI(SHSF 38 Acqgs
T.

max

Al =2A=0,15 """ 3 Current wave-form

...... : . deV|ateSStr0ng|y

N N~ N N phase U from the ideal
=y T block shape
1:32msec - 1,25msec: 1,32msec j j j
Phase V
Phase W

1 9‘«' 15 Jun 1999
13:56:52

n=5800min! | _~=7A

T
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SR Drive operation —torque-speed characteristic

a) Current limit: Inverter current limit usually 200% rated motor current to allow
short time overload

b) Voltage limit: DC link block voltage is maximum inverter voltage: R, = 0:

- dl - -~ ~  ~dL [
UZUdZR'I‘H—'E"‘Ui = Uy :Ui:"@'-@m Blockcurrent:%zo
~ Ud 1 Ud 1 2
I — . ~ . M =~ 1 Ud

dis/dy 2 (Lg—-Ly)la 0 ezz.(Ld—Lq)/a(Qm]

Possible current flow rises with inverse of decreasing speed, until it reaches the
Inverter current limit at speed:

1 U a in mech. degrees
n, =—- — :

9727 T (Lg —Lg) /@)

At the voltage limit the maximum possible torque of SR drives decreases
with the square of rising speed.
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Torque-speed characteristic of SR machine
I A Me Me A

Current distortion

0

0 nN ng Nrax
a) for ideal block-shaped current, b) considering real current shape

which is distorted with rising speed
Inverter current control:
At low speed: Block current by hysteresis control with constant current angle
Increased speed: Current impulse duration T, has to decrease
At high speed: Only voltage "switch on/off” possible so, that average torque

decreases with 1/n (constant power operation).

Voltage limit: No adjusting of current angle possible: torque decreases with 1/n? .
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Maximum SR torque & power, depending on speed

P A M
M=const. P=const.
| : |
| |
| |
P/ | 1 |
| | ~ I | voltage
| | | limit
| | |
| | o1
| | | >
O ! | ! > 1]
: that P=const.
— | >
Ug chopped | Ugq Block
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Measured maximum SR torque & r.m.s. current over speed

4-pole, 3-phase SRD: Rated data: 1.2 kW, 1500 ... 6000/min, total mass 32 kg,
rotor inertia 3.9 g-m?, stator/rotor teeth: 12/8, Company SICME/Italy

‘7‘}6«\ ———M, =P, /(2zn) =1200/(2725) = 7.65Nm

M/Nm /A

1,8
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Stator frequency per phase over speed

4-pole, 3-phase SRD: Rated data: 1.2 kW, 1500 ... 6000/min, stator/rotor teeth: 12/8
Company SICME/Italy f —n Q
S r

| |
f,, =n-Q, =(1500/60) 8 =200Hz

600 -

fs / Hz
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Magnetically excited acoustic noise
Pulsating radial magnetic pull with frequency: fp,s =n-Q,-m

Pull causes radial vibrations of stator yoke and housing = acoustic sound.

If frequency coincides with eigen-frequency of stator yoke: resonance ! As stator
yoke is very thin, motor "rings like a bell”.

L
@) A

80

Measured sound
pressure level:
7.5 kW, 2p =4,

2 ny = 1500/min
12/8 SR machine,
Operation at
1: rated current
2: no-load current.
Exciting frequency varies

50 i i : I I : : : : i ! f } — Up tO 12 kHZ I

200 1000 2000 2800

Y

min

70

60

Ny = 1500/min

L1l
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Comparison of inverter fed induction and SR motor

Same rated power & speed, identical cooling = totally enclosed, fan on shaft
Data: 7.5 kW, base/top speed 1500/min / 3000/min, Th.ClL. F m=3,2p =4
Thermal load run: 1500/min, 54 Nm and U, = 540 V: Result:

Switched Reluctance Machine
9440 W/ 8480 W
13.3A/ 275 A

200 Hz
110 K
200 W/ 165 W
595 W/ 0 W

Induction Machine
9950 W/ 8480 W
17.45 A/ 30 A

52 Hz (U1 = 225.5V)

101 K

265 W/ 55 W

650 W/ 350 W
150 W

8.23 A/mm’
305 A/cm

85.2 %
97.0%
82.6 %
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Input / Output power Pj,/ Pout

Phase current | (rms)/ | (peak)
Stator frequency f,
Armature temperature rise
Iron losses / friction&windage losses
Stator copper losses/cage losses
Additional losses
5.25 A/mm’
513 A/lcm
89.8 %
96.6 %
86.7 %

Stator current density Jg
Current loading A = 2mN;l/(di7)
Motor efficiency 7mot

Inverter efficiency

il

Drive efficiency n
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Comparison of measured motor efficiency at 54 Nm

12/8 SR machine (SRD) / inverter-fed standard induction machine (IM)
Four-pole, 3-phase: at 54 Nm, 100 K armature temperature rise

7] mot ‘
%
90 + ~— SRD
M
80 1
70 T
60 T
ny = 1500/min | 7.5 kW
50 +
| : ]
0

. ——
500 1000 1500 / 1
n min

Q)
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Applications of SR drives

Example:

Starter-generator for military aircraft jet (US Air Force, manufacturer GE)

- Rated power 250 kW, rated speed 13 500/min, rated torque 177 Nm,
rated current 750 A, DC link voltage 270 V

- Maximum speed 22200/min, over-speed 26000/min, overall system
efficiency: 90%

- Three phase four pole 12/8 SR machine !

Reliability: Two independent three phase systems: each 125 kW power.
In case of failure motor is "fail-silent” = no current = no force = no induced
voltage, so risk of fire due to short circuit is minimized.

Small motor size: Motor is intensively cooled by oil and high speed. Motor
mass is only 70 kg, yielding "power weight” of P/im = 3.6 kW/kg.

Low speed range 0 ... 13500/min: SR machine starts compressor of air craft
engine with constant torque 177 Nm.
High speed range 13500 ... 26000/min: SR machine is generator at 250 kW.
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Torgue-speed curve of aircraft starter generator

Machine Torque

— 177 N-m .
[N-m] (131 ft-Ib) ! \ Rt Overload
150 '
Rated OS: over-speed
100 | N, L0ad | 6000/min
—-g— Starting & «—fGeneratir{g—b»-
50 . ; "
Flight Idle a\ | Rated Speed | 22200/min
OS
. Ground ldle | \J I/ ,

0 10000 20000 30000 Source:

General Electric,

Ny = 13500/min Machine Speed [rpm] Cincinnatti, USA
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Torque-current curve of aircraft starter generator

Speed, [rpm]

|

140 | calc. )
-~--B- -~ O
120 IS Y -
A 93800 !
a 100 © 8900 7 aturated
& @——5900 | -/Section
g & 3000 Unsaturated
o 60 __— section
S 40
20 Source:
General Electric,
O Cincinnatti, USA
0 200 400 600 800

Current, [A]
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Surface cooled switched reluctance machine

Three phases

Four poles
Q,=12,Q, =8
Cooling fins on
housing

Resolver for position
encoding

Rated speed:
1500/min

Maximum speed:
6000/min

Source:
SICME, Italy
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Stator and rotor of switched reluctance machine

T

H
i

ERAANA

.;__"_Ql
Three phases, four poles, Q, =12, Q, =8 Source:
SICME, Italy

Rated speed: 1500/min, maximum speed: 6000/min
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Resolver for switched reluctance machine

Source:

SICME, Italy
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2. Reluctance machines

2.2 Synchronous reluctance machines

i Stack length |
et

@105 mm

. Q e Source: M. Kamper,
Source: Siemens AG. - T £203 mm )
Germany WCRR Conf, 1997

") UNIVERSITAT /54

s TECHNISCHE  Prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬁ
Energiewandlung « FB 18 oy

LI



2. Reluctance machines

2.2.1 Line-starting synchronous reluctance machines

Source: Siemens AG.
Germany
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4-pole rotors of synchronous reluctance machines

a) 2.2 kW, shaft height 112 mm  b) 550 W, shaft height 80 mm

a ) Source: A. Schmidt, TU b ) Source: Siemens AG.

Wien, 1988 Germany
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Basic function of synchronous reluctance machine

@ . © Me is braking Stator three phase winding

operated at AC voltage system
to generate rotating stator field
with stator frequency f.

Rotor has variable air-gap:

small (d-axis): inductance L,

big (g-axis): inductance L,

Air gap field tries to align rotor
by tangential magnetic pull =
reluctance torque.

Rotor rotates synchronously
with stator field: n = f/p.

AN A

q
M.=0 motor M. is ariving P Ull-out: at load angle 45°
e g
Mo >0

Prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬁ=
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Air gap flux linkage in d- and g-axis

g =bnaLg V2 Fng=Llnglq 2 N h=¥hg + ¥
v " AR =0: Ls=lg+]lg=lq+1q
No Us = JXglg + 1Xqlq = 1Xglg = Xl
ﬁturation Power balance:
¥q Pe:m'Us'Is'COS@:m'(Us,Re'Is,Re"'Us,Im'Is,lm):
- ! = m-(=Xglglg +Xglglg )= 2nM,
VA Torque equation: P-m
/ M,=— X4 —X,4) I4l
/ ¥y e o, ( d q) d'q

With saturati S '
o SATTEen Big difference between d- and g-axis

¥q Inductance Is needed : typically L /L, ~ 5.
1y ”magnetizing™ current:’main” flux d-axis
> | torque-delivering current
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Synchronous reluctance motor / generator (Rg = 0)

Load angle

Phase angle

Machine is always
inductive consumer !

| !| Motor !| Generator !
| Load angle g I’ I’ I
| g-current !| >0 !| <0 !

Electric power
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Operation at constant stator voltage amplitude
For R, = 0: With Ugcos 3= 13Xy ,-Ugsing=1,X, we get:

Torgue, depending on voltage: pmUZ (1 1)
M. =— P— — -SiN(2.9)
(O 2 Xq Xd
M e Mpo: synchronous pull-out torque
motor A generator (motor)
stable _
@ P stable
7
+ My, +
45° 790° 132° 180°
= A
tabl _ - “ unstable
stable
@
driving braking (driving)
g&&f’{a TECHNISCHE  Prof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬂ=
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Current root locus at constant voltage (R, = 0)

Red
Y=—45° !
motor | LWI
| +8 s
Us A | ' £ d
|
|
ls |
v |
2V :M B=90° q—position
0 ¢ >
¥=0° \ﬁ=0° d—position ¥=90°(-90°) —Im

M,~U. cosp=-U,-

U

2

S-[ 1 — 1 j-sin&2
Xy Xy

Circle diagram of reluctance
machine (,reluctance circle®)

Minimum current at no-load (d-
current) I, = U/ X,

At +/-45° load angle: Maximum
torque

Increase of current beyond 45°,
but UNSTABLE operation.

Maximum current at load angle
90°: [s max = U/ X, Periodicity
with 90°.

Current always lagging =
machine is always inductive
consumer !

l
Q“\‘“. 37
ﬁ._@w’ 7

S } ..
= ") UNIVERSITAT
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Phasor diagram including stator resistive voltage drop

- Phasor diagram for Iy @ o = Lanlg 2
synchronous reluctance machine v Yha ¥ =L,1.v2
for motor operation.

- Flux linkage phasors may be
taken as direction of air gap flux
components.

Influence of stator
resistance especially for

these rather small \Rsls

machines considerable ! T
JAsols

Xe =X+t X X=X+ X,

S
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Torque over load angle for R, >0

A Me - Torque curve shifted
motor by angle a
- Motor pull out torque
Mpo,mat reduced

£=90°

—90°

I
¢ » generator
I
I
I
I
I
I
I
I
I
|
I

- Generator pull out
torque increased

Rs(Xg + Xg)
XqXq—RS

>

20 = arctan >0

0
Example: 2.2 kW, 380 V, 50 Hz, 2p = 4.
- Rated impedance: Z,, = U/l = 24.4 Q
. _ o
Mpo,gen - Warm stator phase resistance: R./Z = 5%
Xyl Zy=165%, X [Z = 33%
Thus we get: 2a = 10.3°
&7 TECHNISCHE  Pprof. A. Binder : Motor Development for Electrical Drive Systems  |nstitut fiir Elektrische ﬂ‘
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Current root locus at constant voltage (R, > 0)

Rl Example:
—45° - Shaft height 112 mm
Mp0O,mot
X P, - pole count 2p = 4
motor \ - Rated voltage and current:
U. A \ U,=380V,Y, l,=9A, 50 Hz
I \ [)i=90° (q—position)
T _p2 _
? 29 < é\/ﬁ’ Us. e | g0 1-e=RJ /(X4 Xy)=0.995
v=07} _ == _ i___ V=
O — ;""‘{:—_ - \ >
3:()/° \ d— position :‘ ! —Im
- Ul 1) 1 'Usg1 11
Rs>0 R (Xq+Xd) I+e | |\ 2\Xq Xd) 1+e - Rated impedance:
2 _ _
o R \ Z,= Uyl =244 O
XdXq \ - warm stator phase resistance:
RJZ, = 5%
generator Xy Zy=165%, X [Zy=33%
450 MpOgen Thus we get: 2 = 10.3°
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Influence of saliency at current control
No saturation:

Inverter current control: If current phasor is shifted by angle £ from d-axis

with constant amplitude: current locus is circle, BUT flux linkage locus
Y (p)is ELLIPSE. Y4

q4 ¥d 94
s Lyl :
L 8 ¥q 1 B >R
»d > | »>d
0 ld 0 Is 0 Lals
VA ,

With saturation (mainly in d-axis): / ¥q

Flux linkage locus (/) Is no longer an ELLIPSE,

but has to be calculated step-by-step with numerical ¥q
field analysis.

> |
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Increased saturation due to “cross-coupling”
between d- and g-axis magnetic field
Example: g =45° ;= I,

g-field component

Flux increase: INCREASED saturation

d-field component

Increased saturation stronger than
decreased saturation, which leads to a
resultant flux reduction (FLUX LOSS). It
must be calculated by intermediate rotor
positions between d- and g-axis.

Flux decrease: DECREASED
saturation

Influence of d-field on g-field and vice
versa is called “magnetic coupling” of d-
and g-axis!
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4-pole machine: Numerically calculated flux lines

d-axis Example: Rated voltage and current: U, =380V, Y, /| =9A, 50 Hz
_ 2.2 kW, 1500/min, frame size 112 mm, pole count 2p =4

Rotor in g-position Rotor half between g- and d-position  Rotor in d-position
Current angle: g = 90° p =45° g =0°
q q 4 q
I I o
p =90° . p=45" | 4 KA

%7 TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische
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Numerically calculated flux linkage characteristics

1,6

T Example: Rated voltage and current: U =380V, Y, [, =9A, 50 Hz
1.4 - 2.2 kW, 1500/min, frame size 112 mm, pole count 2p =4
1,2 -

J

4,0

Numerically calculated flux linkage characteristics at different current angle g
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Locus of air gap flux density amplitude

’Bq Example: Rated voltage and current: Uy, =380 V, Y, | = 9 A, 50 Hz - Different stator current:
2.2 kW, 1500/min, frame size 112 mm, pole count 2p =4 50%, 90%, 330% of rated
0,8 B B=675° current
T 45° - Different current angles
0,6 - Curves (a): flux linkage
22 5° characteristic with
“magnetic coupling
0,4- - Curves (b): No magnetic
«— coupling between d- and
05 g-axis considered
| Facit: Method b) yields
wrong results except for
0 | > d- and g-axis.
1,0 T 1.2
Bqg
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718000

Measured and calculated torque, power and current

Uy=380V | W 4,0 motor generator
/‘ 6000 0'8 - 3’5
d =380V
) 4000 T "~ 30 U =380
T 12000 0.6 Tz 5
Q ]
generator A .
= | motor _ 02000 0.4 22.0
—-20+ | 1S
- ——=—0 cos g 1—-4000 —210
—40f + B, [W] 02— L |
40 e {-6000 L 0.5 \
- « M [Nm] ’ ——-en i1 —x 1 /Iy
—60 - _0,6 il 1 1 1 1 1 1 1 |,| 1 1 } 1 1 1 1 :' —8000 0 L 0 1 [, 1 1 1 1 1 1 1

—60°I—40°—20° 0° 20° 40° 60° 80° -60°—-40°-20° 0° 20° 40° 60° 80°

¥

Four pole synchronous reluctance machine:

Example: Rated voltage and current:
Uy=380V,Y, [ =9A, 50 Hz, 2.2 kW,

: : ) 1500/min, frame size 112 mm,
(2) Calculated: with consideration of  5e count 2p = 4

“magnetic coupling” of d- and g-axis

(1) Measured values: points

Torque, electrical power, power factor, current, efficiency
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Current root locus of saturated machine

1,57 motor -— calculated x x measured
T 1,0 A 8=60" ] q— position
~ ol B=90"
< 0,91 Is 1
O ¥ 30 ; I
A =0 + =S
w O B . 4
—0,5-
generator Example: Rated voltage and current:
Uy=380V,Y, [ =9A, 50 Hz, 2.2 kW,
0 1, 5 0 3:5 IO 1500/min, frame size 112 mm,

pole count 2p = 4

s Im/IN

Comparison of measured (points) and calculated locus of stator
phasor current; four pole synchronous reluctance machine

‘g
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Calculation of saturated reluctance machines

- Saturation and two-dimensional flux density distribution has to
be taken into account for reliable calculation results

- Numerical field calculation is needed for calculating reluctance
machines.

- Due to magnetic “cross coupling of d- and g-axis” by common
flux path in the stator yoke, which adds to total saturation, it is
necessary to calculate the total flux linkage for each current
phasor.

- Considering d- and q-flux independently (= neglecting
‘magnetic coupling”) is yielding too big flux for positions
between d- and qg-axis.
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Comparison of power-to-weight ratio of motors

Steady state torgue per volume by 30% to 50% lower for synchronous
reluctance machines, when compared with induction machines.

| 380V Y,50Hz || Induction motor || Reluctance motor |
Output power P, / Rated current INl 4 kW /8.7 A | 22kW/9.3A
Power factor cosg I 0.83 I

o Efficiencyy L s ]
Rotational speed ny I 1447 /min :I 1500 /min
P./S =cosgn 0.7 o 036
4-pole machines, identical stator and cooling mi%rr‘g'nzt"”g

shaft height 112 mm, 36 stator slots
totally enclosed, fan cooled (TEFC), 380 V'Y, 9 A, 50 Hz

For increased power output special rotor design (expensive) IS necessary !
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Product of rated efficiency and power factor g

Comparison of 4-pole machines:

Line-operated synchronous reluctance machine vs. induction motor

AE=7COSyp

1,04 (p.u.) Lower performance with reluctance machine due
to lower cos ¢
0,81 induction motor
0,6- P
0,41 _/reluctance motor
0,2
shaft height
0 N | T T T T I L
0 71 80 90 100 112 132 (mm)

Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische
274

Energiewandlung « FB 18

4111

ﬁ‘a
L)

o

x, \’
<l



Special segmented sheet rotor design for increased ratio X /X,

small segment A big segment B

>
@

broad copper
bar (good damping)

joints

dabadad

.
R XYY
"

copper cage
(line start)

M LR XXIXTTTIRN Py,
- - ELEEEE R AN

non-magnetic iron
back

Source: Lawrenson, P;
Gupta, S, IEE, 1967

- X¢X, can be increased up to 10 !

- Rotor construction is very expensive, so it is not used in industry !

I,
ST
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Segmented reluctance rotor for increased X,/X,

non-magnetic flux barrier - Design gives big ratio
segmented \ X4/X, of about 10 !
flux guiding iron \ |

- But:

a) Expensive rotor design

%/, b) ,Slotting” due to axially
/ o laminated rotor gives rise
| — to air gap flux density
= ripple, which causes

Source: Taegen, F;
1990, Archiv f. N
Elektrotechnik

magnetically excited

N\ 7~ noise.
_ \I{ L] \\ Copper cage

1 '-./.,..\-“ s
Joint pieces ' ﬁﬂ@ ) ® Facit:

This rotor design is not
used in industry.

\

Ring of copper cage

4111y
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Starting cage for synchronous reluctance machines

Die-cast aluminum cage for asynchronous starting

Source: A. Schmidt, TU Source: Siemens AG.

Wien, 1988 Germany
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Asynchronous starting and synchronization (pull-in)

- Minimum slip (below critical
slip s.,) necessary for pull-in

- Asynchronous torque at thi
slip lower than synchr
pull-out torque

- Critical slip depends on rotor
cage data and rotor inertia !

Source: Siemens AG.
Germany

Scr

170

i ———
T —
—
4

/

synchronization

\

pull—out

0
S'

I |
0 M/My
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Asynchronous starting of reluctance machines

(a) Calculated and measured (dots) stator

0.45 and additional stator current /,,
A [e] ooo
04l <l (b) Asynchronous reluctance torque M, and
» 00( o /-—-—""—— . .
\\ / Is pulsating torque amplitude M,
o 0,35
- Y/
n 03 1 4 p—— >
m(e:gs(ilr. ° 0.1Nm Ogy_ gpoo o |0 MP
0,25 30 5
o n°°0 le.
02— o o° T . mggsﬁlr. °
° . A, o"} ibi
(o] /"" o A |
0,15 ~ Za P (= 1 % :
N/ s =T |1 \Ma
|
0.1 \/ = 0 | \ | >
| |_—
0,05 -1 &i/// —
V 5 ° Source:
0 > - Bausch,
0 250 500 750 1000 1/min 1500 0 250 500 750 1000 1/min 1500 P e o
a) n —— b) n > ETZ-A

st
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Asynchronous reluctance torque M_ and
pulsating torque M,

- Rotor reluctance modulates stator air gap field, resulting

1 1
Bs(7,1) = uoVs (7, ) [ 6(y,t) = 1oV COS(y — aost) - L o cos(2y —2(1- S)wst)}
0 1

- stator fundamental with average air gap: Bg1 = (£oVs / 0¢) COS(y — agt)
- additional field with different frequency: Bg 3 = (£oVs /201) cos(y — (11— 2s)wst)

Additional field induces in the stator windings a voltage system U; with frequency

fa = (1-2s) fq
which causes an additional (small) stator current I;.

a) Constant part of asynchronous reluctance torque: Ma - |s|3

b) Pulsating torque amplitude: Mp ~ I¢l3, |52, IB? with frequency ‘fs — f3‘ = 25f,

&
St =

i 5
7 . 5
Energiewandlung « FB 18 >
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GOERGES phenomenon of reluctance machines

At half synchronous speed N = Ngypy /2 < s=05
f; is zero, so in that point I; = 0.

Asynchronous reluctance torque M, vanishes
Pulsating torque has a minimum, now depending only on |
(Goerges-phenomenon)

a) The current i(t) = f3 -sin((1—2s)w.t)changes sign at s = 0.5, therefore the
real power flow of this current is also changing direction,
(1) being motor at n < ng,./2
(2) generator at n > ny,, /2.
(b) Therefore the asynchronous reluctance torque is a
(1) driving (positive) torque for n < ny /2 and
(2) a braking (negative) torque forn > n., /2.

syn
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1,2
1,0
n/nsyn
0,6
0,4

0,2

Calculated asynchronous starting

ASM N

N | ————
A TTINT
/) Mes
i
//J Source:
Bunzel, E.;
ﬂu Elektrie, 1987
>
100 200 300 400 500 600 ms
t—»
SRM
I \rl W\ V\V/\ /\ a
[N S DN o~
100 26@ 30 400 500 600 ms
t —»

Comparison of

-induction machines

(ASM),

- Synchronous
reluctance machine

(SRM)

- Permanent magnet
synchronous machines
with rotor cage (PSM)

- Pulsating torque with
decreasing frequency

£, — £, = 2sf,

clearly visible.
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Synchronization after asynchronous start-up

- At synchronous speed the slip is zero: The asynchronous torque of the cage is
Zero.

- The speed of stator fundamental field wave and of the rotor with its variable
reluctance is identical, so the field modulation effect vanishes. Hence the
asynchronous reluctance torque is zero.

- The frequency of the stator current system I, is: f, = (1—2s) f, = f,

- Hence current /, and /5 unite as the total stator current / at synchronous speed.

- The pulsating torque becomes the constant reluctance torque:

f—fo|=2sf, =0 My~ 1,15 1;~U=M

e

- At s << 1 the frequency 2sf; corresponds with a very slowly increasing load
angle 4(t): M, -sin(2-(2z -sf, -t +9)) = M_ -sin(29)

2
M =P MmUY 111 Fhineg
C()S 2 Xq Xd
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2. Reluctance machines

2.2.2 Inverter-operated synchronous reluctance
machines

i Stack length |

|=133ITL1'I1

@105 mm

WCRR Conf, 1997

Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische
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Synchronous reluctance machines for group drives

- Application: Fabrication of textile fibers

- Group drive: One big converter feeds ca. 100 synchronous reluctance machines
In parallel

- All motors rotate synchronously without any speed control
- Feed forward U/f-converter operation with fixed voltage and frequency

- If one drive fails, it is stopped, while the others keep operating. After fault-clearing
the stopped drive starts asynchronously via its starting cage at the group
converter with fixed stator voltage and frequency.
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spinning pumps
PM synchronous motors
frequency £

Application of synchronous reluctance

extruder with main drive
(DC motor or PM synchronous motor)

. : Source:
machines as group drive D Siemens AG

- Fabrication of textile e ﬁ\

fibers coolingiibes > 2 & TR éﬂ‘éﬁ?@ \\
- One big thread, coming = i ' ?'i;\%:iyrgz\‘
from extruder, is IBERERY R M=
separated into ca. 100 itz
parallel thin threads avivage rollers

induction motors i

- Parallel and line-fed

SYNCHRONOUS up- T
winding of threads is done py; synchronous

by cheap reluctance motors with %f)

motors or PM frequencies /2, /3 (Cg e

synchronous motors inverter-fed induction o ":‘:‘“C“ s } @;}} . (F¥ C)
motors for moving NRNVEARAYS o/

- Motors must start toxfile:Abres. ARG,

Separately, hence frequency fs outer-rotor PM synchronous

motors, frequency fs
asynchronous start up
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Variable speed synchronous reluctance drives
without starting cage

- Special rotor design for big ratio Xd/Xq = ca. 8 ... 10 allows motor utilization
similar to cage induction machines

- These motors are operated as variable speed drives with IGBT voltage source
inverters and rotor position control. So no group drive operation possible.

- Motors have nearly no rotor losses, so efficiency is higher than with comparable
Inverter-operated cage induction machines

- Synchronous motor operation without speed control possible
- Due to the big ratio X /X, the power factor is increased up to 0.7 ... 0.8

- Field-oriented control (/;, /,) is possible, so high dynamic performance is
iInherently given.
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Flux barrier rotor design for increased ratio X /X, without cage

' Stack length | ' Stack length

[=133mm

i=175n:1m

Only for inverter

operation ! i
4 .
| | E
b | =
1E 2
E Ae
A\
| l
" 203 mm - pine
] Source: M. Kamper,
- X¢#X, can be increased from about 5t0 8 ... 10 WCRR Conf, 1997

- Power factor increased up to 0.7 ... 0.8, thus nearly reaching the value of
induction machines. An efficiency of 0.85 ... 0.9 is possible.
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Comparison of losses for a 4-pole sync. reluctance machine
with a cage induction machine

Cage induction Synchronous
machine st reluctance machine

—1— Rotor core
\

—Rotor cage

—— Alir friction
— Bearing frictio

L Stator.core

| Stator |

winding
4_p0|e !ammated r_eluctance Loss reduction 10 ... 30%
rotor with flux barriers for 15 kW, 1500/min
Source: Lendenmann H, 4-pole cage induction motor 4-pole synchronous reluctance
ABB review 2011 motor

- Comparison at: 15 kW, 1500/min, 50 Hz: Due to the missing rotor IR losses the
nominal efficiency of the synchronous reluctance machine is higher than for the
cage induction machine, as the total losses a reduced by 10% ... 30%.
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Comparison of mass and output power of 4-pole

synchronous reluctance machine to cage induction machine

__________ o SOHOALORAORTIABycen e boee bbb B Frame | G39€ Syn. Output
: . ABB review 2011 : : : : : size induction Rel. power
R TR W WK (. S WU W S S S B machine machine | |
140 : e - .
% ~ o W N ..... New IEC Stan(jard for uiimiocne 3,3 kW 43 KW | +30-
@®© : increased efficiency 100
‘g’ Fo] R T SRR S T O S SO e s v n=83% |NnN=90%| 45%
= < s .f .
: B s e PR S o ... Introduction
é é - 5 Of SRM 160 22 kKW 29 KW | +32%
TOBL) i bty oY ap—. )
& S O PS 3 7 kVV %5
R ST e ———— %;/5 ................................................. 280 90 kW 110 kW | +22%
Z s e
8 .% B0 e Al ..
é § 0 ; L L Comparlson of output power
o 1900 1950 2000 -

Jahr

Motor mass reduction of induction machines due to
increased motor utilization

Further mass reduction due to replacement by
inverter-fed synchronous reluctance machines

(SRM)
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Increase of nominal power due to

reduced losses within a given frame

size of 20% ... 30% with SRM

Efficiency increase with SRM
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Comparison of nominal efficiency of inverter-fed 4-pole sync.
reluctance machine to cage induction machines

Nominal efficiency at 1500/min in (%) n

98

96

94

52

90

88

86

(00]
RES

Syn. Rel. motor

- Induction motor
4

1 10 100 1000

S"“j\‘;‘g“"gﬁj’v’g“‘vﬁ’g’jﬁ” " Rated power at 1500/min in (kW)
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