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THREE-PHASE EQUIVALENT CIRCUITS FOR NETWORK SIMULATION OF INDUCTION MACHINES

M.J. Hoeijmakers, P.J. van Duijsen

Delft University of Technology, The Netheriand

Abstract. For the i igation of rk sum:huon programs may be skilful tools. On the othcr hand,
induction machines are mostly descnbed by dlﬂ' ial eq The bination of a and an inducti
machine may also be i igated in a rk lati Hi , in this case the rotor postion angle
,dependency of the mutual inductances between stator and mlor Mllh.l in a lot of computation time. In this paper,
three-phase equivalent circuits for inducti hines (with ible star ion point) are derived in which
the rotor angle dependency is eln'nlmled

Starting from a g 1 d ion of an inducti hine, the rotor angle dependency is eliminated by trans-

forming (rouung) the rotor vnnables from the rotor to the stator reference system. Next, the circuit is simplified by
referring the rotor quantities to the stator. At the end, this circuit is simplified for the case the star connection point

is not used.
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INTRODUCTION

For the mvemgmon of the behaviour of power electronic convert-
ers, rk ion prog like Splce may be skilful tools.
On the other hand, the d. of i i hines is mostly
given by differential equations, which may be solved by simulation
packages like ACSL and MatrixX. These differential equations are
lly derived by using a f ion from three to two phases
and next a transformation in order to climinate the dependency of
the mutual inductances on the rotor position angle.
For the simulation of the bination of a and an induc-
tion machine, the two different kinds of descriptions have to be
combined, which may be done in a network simulation program
(Arkadan et al (1)). However, in this way the rotor angle dependen-
cy results in a lot of computation time (sine and cosine functions).
This problem may be avoided by using equivalent circuits for induc-
tion machines in which the rotor angle dependency is eliminated
(Ronkowski et al (2)).
However, some of the derived equivalent circuits in this paper have
the possibility that the star connection point may be used (the homo-
polar component of the stator currents does not have to be zero),
which is in contrast with (2). This may be required when a conver-
ter topology is used in which the star connection point is used. Such
a topology may be useful for handling fault conditions (Lipo (3)).
The knowledge of the star pomt voltage may also be important for
the i igation of the voltag il in the machine for insu-
lation problems in case of fault conditions or in case of a current
source invertor with an as ic dc link (; hing coil in only
one pole of the link).
Besides, in this paper, the finally given circuits have no nodes with
more than two inductances. This results into a better numerical
behaviour than the circuits given by (2), in which nodes with more
than two ind occur. Furth the finally derived equi-
valent circuit (for a squirrel cage rotor) in this paper has less nodes
than the circuit presented in (2).
The equivalent circuits will be derived starting from a general de-
scription of an induction machine with three phases on the stator
and three phases on the rotor. The first step is eliminating the rotor
angle dependency in the matrix of mutual inductances between sta-
tor and rotor by transforming (rotating) the rotor variables from the
rotor to the stator reference system. Next, the derived circuit is
simplified by referring the rotor quantities to the stator. At the end,
this circuit is simplified for the case the star connection point is not
used.
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THE BASIC EQUATIONS

For the basic description of the induction machine figure 1 will be
used.

Figure 1 A sch ic repr ion of the inducti hi

The stator and the rotor voltage equations are represented by using
the vector notation:

a9, 5 99, 05
‘7.vabc - Rli;abc * + ; ‘Irﬂbc Rr rabe * + m

in which R, and R, are the stator and the rotor resistance, respec-
tively, and in which the vectors are given by

Ysa isa Vsa
‘7.mbc = fh| 5 ‘:abc =l ; W:abc =W
ulc '.u‘ vl(‘
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The fluxes are expressed by

vMbt' = (leﬂk+ledbt)’;db¢‘ + Mabc';nbc (3a)
m. r Ls oabe* Lomas T (3b)

vnbc - abe *save ¥ \Eroabe ¥ Lrmabe) 'rabe

in which the matrixes for the main flux L, o, L., and M,
are:

2 1 1
TL‘"" “aphsm '-S-L‘m
1 2 1
Lepane = 'TL.!M TL"'I “rlism (4a)
1 1 2
-'S'L:m ] T":m
2 1 1
TLnn Totbrm Toartrm
1 2 1
Lo = _TL"" 3'er _TL"” {4b)
1 1 2
_]'er “alrm Tl'rm J
;Moo.(e) ;ﬂcos(m;ﬂ:) ;.Moos(e—;n)
2 2 2. 2 2
M- Tﬂco:(e-?n:) Moos(®) o Mos(®+m) (o)
;_Hcos(9+;.1t) ;Jﬂoos((-)-;.n) ;.ﬂcos(ﬂ)
and the matrixes for the leakage flux L, and L . are:
LIU+MIG MJ L] MJU
I Myg Lig*Mys My (5a)
| Msa Mg LigtMy4 )
L’ U‘.M' T M)‘ (3 M' o
L=} Mo LiogtMyqg My, (5b)
| Mo Mg Lg*M)

The matrix elements have been defined in such a way that expres-
sions found further on will have an easy form. The main induct-
ances are supposed to have an ideal coupling, such that

2
[)f5-)- (5%
may be used.
The electromagnetic torque follows from:
aw! aM
m = T: = Do _d'éﬂi L abe o

For the three-phase description, the matrix
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may be useful. Since

dMabc

-
the torque may also be expressed as

- CaM g ®

M= = o CrM aselane (10)

ROTATION OF ROTOR VARIABLES TO THE STATOR
REFERENCE SYSTEM

In order to eliminate the rotor angle dependency in the matrix M,
({4c)), the vectors with rotor variables are transformed according to

"] /
"ﬂ ufﬂ
A . !
s = iy = Cabelase + Bgpe ™ tpp | = € abeBrape
4 /
re “re

Ve
Wi‘abc = "/rb = Cdbtvrnbc

‘J,C

an

where

I &
Care = | g*2036-31) o Jcon®) Fr@slm]| a2
1.2 *2 1.2 2 1.2
,3.+.5.pos(e ,3.1:) 3.+?co-(e .!1:) ,3.+.3.cos(0)
The matrix C,y has the feature:
CapcCope = CopcCase = 1 a3)

It should be noted that this transformation is only significant for in-
duction machines with squirre! cage rotors and not for machines
with slip rings and that the stator quantities remain the same.
Substitution of (11) with (12) into the rotor voltage equation (1b)
and into the flux expressions (3) (with (4) and (5)) results in

T
dc d
) abe be
u:abc - Rr'rabc * CUb(Tw{'abp + —‘;:—- (14a)
Buate = Locabe *Lamase) abe + M aocCone B 14b
sabe ‘saabe * “smabc) 'sabe abel abe Yrave (14b)

T o T J
q{rabc = CopcM gy Trape + cabc("rcabc*l'rmabc)cabc‘rm (14c)

Some of the coefficients in these equations may be simplified. Using
(8) and (12), the coefficient in the second term in the right part of
(14a) becomes



act
c ’b‘_(!:_ -,,Cp (153)
where
d
o2 (1sb)

Using (4c) and (12), the coefficient in the se-
cond term in the right part of (14b) may be de-
fined as

Moy = Myl
20 _1g _1
i e s
o A

Observing this it may be luded

that the rotor angle dependency has been elimi-
nated. Furthermore, the coefficient in the se-
cond temn in the right part of (14c) may be
simplified by using (4b), (5b) and (12):

T
cabc("raabt ’ernbc)cgbc = Logase * Lymase

Hence, the equations (14) become

a9]
a:abc = Rr’rlabc * %Clc‘#m —3;.2

- !
wubc - .roabc"l‘.nnabt) babe * M abe *rabe

Vate ® CancM e by (me*l'rmbc)  abe
The torque expression has become

m= - I;‘:bccku abelrave

=" :nbcCR(Mabcc br)(cabc rabe

- '.labccRMabc rabe
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Figure 2 The equivalent circuit for the case in which the rotor variables are
transformed to the stator reference system

(15d)

(16a)

(16b)

(16c)

a”n

The vector notation will be left now and, for reasons of symmetry,
only one phase will be considered. The voltage equations may now

be given by:
d
u’ﬂ - R:i.!a + ;;i
o e Rl d‘/m "/m v,
ra r'ra T
where
. Ly,
Vg = Lyo*L,p)is, + Mm'T {ga*isp*ise)
, M.
+ foa - _!_(lf.ﬁ'bﬂ")

‘dn =M iy ~ -‘;-(im"..rb"'im)

+ 'er)‘m ( T}‘ "r’b‘"‘r,c)

(18a)

(18b)

(18¢)

(18d)

From these equations figure 2 may be derived. It should be noted
that the transformers in this figure are ideally coupled.
The torque expression may now be written as

mw Sl il + i AL + il )} as

B of the fi
directly be used in a Tk

the rotor points in figure 2 can not

PRI

REFERRING ROTOR QUANTITIES TO THE STATOR

The circuit in figure 2 may be simplified by referring the rotor
quantities to the stator. This will be done for squirrel cage rotors, in
which the homopolar component of the rotor currents is zero:
deil il ap

+ -
fra Y b * iy

20
The rotor variables will be transformed according to
1

i
—fa ¢
Cabc

. I

‘Ra ™ URa ™ C Urg
'

= Cac¥a

where

@n

o - M
Ll s

It should be noted that rotor quantities referred to the stator have the
subscript (capital) R. Substitution of (21) with (20) and (22) into the
voltage and flux equations (18) gives:

@2)

. dy,
Uy, = Ryiy, + 1'_'. (23a)
R dy; VYoV,
g, = C'I,,:‘_R,lm + _d;': + (om%ﬁ (23b)
. Low, . . . " ond
Yoo -(L,,,+L,,,):,¢+(Mn‘T)(‘u*',oﬂ,,) + CapMig,  (243)
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H oy 0 M, .o T
VR = Cabcﬁ fsa = CabcT('m".vbﬂlt) Yas Ve
(24b) o Ra ot, Re 73
+ O WstLynding Oyoa [ J—YY — Ot g
After introducing o, Yo Yoo
i 3
Ist -
Ls = L:c + l"lm (258) bu°—>—|. —a —% O hd be
Yea ¥ao
2 B [
g=1- M 25b) ise N _,\;’ ‘.
EJm*zJa;Erm"'z;oj Ca - — N R
2
M (1-a)L.
Ry =|l——| R (25¢) o)L,
[ IM+ rg ’
these equations become:
: dw“ﬂ
Usq = Ryigg + - (26a) _(1-o)L,
3
_ —_— e - - - = _°UR
. Vg, Vro~YRe Lam— (1-0)L,
Ura = Riigg + —g ¢ O (26b) My _ om (3 e
Viq = ol’xiu * (l-o)l‘:(iw’ika) 0
L @7a) Figure 3 The equivalent circuit after referring the rotor quantities to the stator and
+ | My, -_§: Eyatisptise) omitting the homopolar rotor current component
Ypa = (1-O)M (i, +ip,) Hence, the points ag, by, cg, and Oy in figure 3 may be connected
@m) gether for the equivalent circuit of a squirrel cage hine. When
_ (-o), Gogtingtin) a slipring machine is used, the rotor star point may only be used for
k) sa”ab™s as indicated by the dashed line. However, the stator

Using these equations figure 3 may be derived. star point 0, may still be connected to the converter.

The torque expression becomes:

YV, Yo VYra VoW NOT USING THE STATOR STAR POINT
m= - imT =g g (28)
Since the rotor windings of a squirrel cage rotor are short circuited, When the stator star point is not used, which is so in most cases, the
the rotor phase voltages are equal: homopolar component of the stator currents equals zero:
Upg ™ Upp ™ URe @9 lgqg *igp * iy =0 Gn
Using (20), this results in: In this case the voltage equations (26) are still valid. The flux
expression become
Upg = Uy = g =0 (30) pression (27)
ag bs Cs
isu isb is|:
Rg
T o olg

(1-o)L, %HR., Re § e iw'ac
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+wm V3 “ " Vs +wm V3

Ogo — — —

Figure 4 The equivalent circuit for the case the stafor star point is not connected
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Figure 5 The resuit of replacing the series
and the same resistor
VYo = OL,i, + (1-O), (i, +ip,) (322)
Yra = (1-0), (i, +ig,) (32b)
The resulting equi circuit is rep d in figure 4.

Although the stator star point is not used, this circuit may still be
used to determine the floating star point voltage as indicated by the
dashed line in figure 4.

A POSSIBLE EXTRA SIMPLIFICATION

When the rk simul kage uses the MNA method (Ho
and Ruehli (4)) to define the network equations, it may be useful to
eleminate nodes in the circuit. In the circuit of figure 4 this is done
by replacing the series connection of a voltage source and a resistor
by the parallel connection of a current source and the same resistor.
This is illustrated in figure 5. It should be noted that this simplifi-
cation method may also be used for other circuits (figures 2 and 3).

An example
[ 0T T 1
=
o 7/ N
_|s00 v by \\
- O
cs \ /
/
~
e €
L)

Figure 6 The induction machine fed by a voltage source
inverter

The model shown in figure 5 connected to a voltage source inverter
as displayed in figure 6 was simulated. In this simulation the stator
point voltage is observed but not connected to the inverter circuit.
Block modulation is applied to the induction machine, while the
rotor lar speed is The p used in this example
are R,=0 23Q, L,=76.7mH, o=0. 073 @, =100rad/s and RR—O 230.
Figure 7 displays the start of the while the i ma-
chine is rotating at rated speed. The upper window shows the volt-

of a voltage source and a resistor by the parallel connection of a current source

age U Uy, the middle window shows the current i,, and the ob-
served voltage u, . on the stator point 0, is displayed in the lower
window. A fault condition is invoked by changing the value of oL,
for phase a to 6l/2 (intemal short circuit), which results in a stator
star point voltage as displayed in figure 8.

CONCLUSION

The equivalent circuits for an inducti hi d in this
paper may be -pphed for network analysis where the combination of
a converter and i hine has to be studied. Some of the
derived equivalent circuits have the possibility that the star connec-
tion point may be used.
The derived circuits are p d by lumped circuit el and
th: circuit for the squlrrel cage rotor is very small and simple to
! d to circuits known from literature. In this circuit
the stator star pomt may not be used, but its voltage can be ob-
served in the circuit, which makes the circuit suitable to investigate
fault conditions.
Because of the small of and b non-linear
components have been avoided (they have been eliminated by the
transformation of the rotor variables to the stator reference system)
the model can easily be applied in network analysis programs.
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Figure 7 Some simulation results for the circuit shown in figure 6
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Figure 8 Simulation of a fault in phase a in the circuit shown in figure 6




