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ABSTRACT

A digital simulation of an induction machine is descri-
bed. The simulation is suitiable for analyzing the operation
for either a motor or generator with different speeds. The
induction generator load is represented in the simulation by
symmetrical or unsymmetrical R, L circuits. The computer
program described in this paper calculates both the transient
and steady-state performance of the machine from its equiva-
lent circuit parameters. The effect of the magnitude and dir-
ection of the generator shaft speed on its stability is dis-
cussed. The method of simulation is relatively easy to program
and. can be golved with & personal digital computer. The exa-
mple given was applied to study and illustrates the perfor-
mance of the induction generator under different operating
conditions.

1. INTRODUCTION:

-y A e —

The dynamic and steady-state behavior of the induction
machines has an important effect on the overall performance
of the system of which it is a part. Although induction
machines are generally operated as a motor under balanced
conditions, various unbalanced or unsymmetirical conditions
can occur, especially if the machine operates as an induct-
ion generator.

Numerous simulations (2, 4, 5, 6, 7) resolve the three
phase stator current into two axes, namely the direct and
quadrature; they then resolve the rotating-rotor currents
along these two stationary axes. The zero-sequence compon-

ents are added(2) to obtain & complete transformation of the
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(1)

machine. Another transformsation that transforms the
stator currents into zero-sequence and non-zero-sequence
currents uses two stator currents as stationary axes and
the rotor currents along these axes. In the three-wire
system the third stator and rotor currents can be direct'y
calculated by taking the negative summation of the two com-

puted currents.

To use the digital computer to study the performance of
three-phase induction generators under different operating
conditiong, a scheme of simulation is used. The method,
first described by Robertson & Heblar(l)
stator currents, which reduces the number of differential

, uses only two

equations representing the simulation. This transformation
eliminates the time-varying elements and reduces the compu-
ter time needed to solve the simulation problem. The mach-
ine considered here is a three-wire wound rotor, which can
be supplied through its rotor circuit while the lcad is con-
nected to the stator terminals. The shaft will be driven

at a congtant speed; therefore the total input power is the
sum of shaft torque and the input power to the rotor. This
power will vary according to the load comnnected to the gene-
rator. Balanced snd unbalanced loads are considered, and
the performence of the generator at each operating condition
may be obtained by using this computer program. The load is
assumed to be three-wire system, which is usually the condi-
tion in any ship distribution system where these generators
are used.

The machine congidered is symmetriceal, which is an
idealized assumption. There are some important factors that
affect tne performance of the actuel machine such as, (a) a
nonlinear magnetic circuit. (b} a harmonic component of the
mmf wave due to the distributed winding, and (c) the effect
of slotting on the magnetic flux distribution. These factors



are not considered in this work and it will be a primary
targets for future research.

This work is part of a complete investigation concern-
ing a new type of generator. This new machine is somewhere
between an induction machine and a synchronous machine. It
operates over a wide range of speeds, while suppling power
at a constant frequency and is called a Variable-Speed Cons-
tant Frequency (VSCF) machine.

In its modelling, & VSCF machine is much like an induc-
tion machine, especially those with wound rotors. Part of
the input power needed to overcome the changes in speed and
to keep the output frequency constant is supplied to the
rotor by a special type of converter with variable output
frequency in a closed-loop control circuit. To minimize the
power fed to the rotor, due to transformer action, a new
construction is to be found taking into account the signi-
ficiant effect of the air gap length. 4s a first step in
this direction, the induction machine considered in this
paper is used as a VSCF machine to predict its behavior under
these conditions.

2., BASIC EQUATIONS:

2.1. Voltage and ,Current Equations:

To obtain equations that completely describe a three-
phase induction machine the following assumptions have been
applied:

a) The stator and rotor windings are assumed to be symmetrical
and perfectly distributed to produce a sinusoidal mmf wave
in spsace,

b) The stator and rotor are assumed to be smooth
cylindrical surfaces. The effect of slot and teeth on
the permeance of the gir gap is ignored.
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¢} The magnetic circuit is assumed to be linear, i.e.,
neglecting magnetic saturation.

d) The rotor coils are arranged so that, for any fixed time,
the rotor mmf has the same number of poles as the stator
mmf wave.

The voltage equation of an induction machine can be
written in the matrix form as:

B S ] [~ S 5 st 10 s 7]
Yias| _ | Rias Pl PL) 23 1123
r rs r r r (1
Y123 PLy23 Rl23 ¥ Phiay 1123
where
V,1i are the voltage and current for a particular
winding on either stator or rotor.
p the operator d/4t.
M maximum mutual inductance between stator and

roter coil.

n number of pole pairs.

KS,Kr coefficients of mutual coupling between two
stator or rotor coils respectively. The values
of these factors are independent of a and
slightly less than 0.5 because of leakage flux.

ol mechanical radians.

Solving these equations is difficult because of the non-
linearity of the differential equations.

The equations can be simplified by & transformation of
axes to obtain equations which are linear for different speeds.
The proper change of variable eliminates the variation of
mutual inductances witn Egi displacement angle o . The power

v

invariant transformation wnich uses Tensor analysis, 1s

employed.
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If the voltage equation is
[v) = (R](4] + = o)

and if the circuit configuraticn is changed so that the same
equation is described by

[v] = (R ](0] + 3] (3)

where the currents [i] and [i']are related by the connection

matrix [¢] , then [13 = [c]. (1" ana [v']=[c], [V].

The relation between [R] and [Rﬁland [L] and [L‘]are
given by

[v] = [RI[1] + 5 [14]

(el lv] = [ely « {[R]+le]-(2°]) + [L)e[c] L L [1]e[e]-[* ]y

ac T dc
(1= [elp L [R)e] + g [Llele] | ooe [e)af]o[o] 4= “)
From equation (3) and (4)
(&) = [c) o { [R]e[e] + &= [L]-[c] } (5)

and

[©] = el +[u)-[c] ®)
Therefore, if the connection matrix [CJ is known, then

variables in any iwo reference frames can be related in a
straightforward manner, '

To obtain the connection matrix the current for both
stator and rotor ere first separated into zero and nonzero
components. For a tnree-wire system the zero sequence com-

- W N - my . e
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i =i +i =1 . (7

Therefore
is s s s 8 s (%)
= i = - +
5 + ib + ic 0 or i (ia ic)
and for the rotor circuit
r r r r r v (91
11+12+13=0 or 12=—(il+13) )

The second step is to transform the rotor current quan-
titieg to three stationary reference axes, as shown in Fig.Z2,
The new transformed values of rotor currents should produce
the same mmf as the actual currents. Transforming the curr-
ent into and perpendicular to Ra axes,

T r r
iC r T r
1 Cos (na) + 12005 (na+2n/3) + i3Cos (na-2n/3) = ia + ibCos (20/3) + i _Cos (2n/3)

{10)
and
r r r
i1 Cos (no+u/2) + 12 Cos (na+7n/6) + 13 Cos (na~-n/6)
(11}
r r r
= ia Cos {(w/2) + lb Cos (7n/6) + ic Cos (n/6)
T T r (12)
From symmetry i+ iy, ¥4 07 0

From equations (9), (10), (11) and (12) the relation
between the fransformed and actual rotor current is given by

Cos{na+n/6) - Sin(na) F-ir if
a
2/73 . = (13)
Sir{na) Cos(na-n/6) iz i;
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The rotor voltage can be transformed from [Vr] into KV r“]
by the same metnod. Finally, the connection matrix for both
primary and secondary currents referred to ag a stationary

axis is given by

B | [ s

1 g 0] 0 i

- - 1

-1 -1 0 0 s N
la 12

s

0 1 0 0 . ib ] i

0 0 2/¥3 Cos (natn/6) -2/Y3 sin(na) i: ii

0 0 -2//3[Cos(na+n/6) + Sin(na)] 2//3[Sin(na)-Cos(na—ﬂ/6)] iz 1;

0 0 2/¥3 Sin(na) 2/¥3 Cos (na—w/6) | i;

With equations (5) and (6), the connection matrix can be
used to transform the voltage, resistance, and inductance.

(15}

- . T
— i y v
¢¢ = 2//F cos (nekn/6) u: - (2/¥/3) {Cos (na+n/6) + Sin nal} v, t 2/¥3 8in (na) V,

r

T
6V
- 2T stataa) V- + QD) [stntaa)=Cos(ra-n/63] V, * 2//3 Gostran /O,

(14)
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The transformed time-varying resistance matrix and the
constant inductance matrix are given by

2R° i 0 0
RS R°® 0 0
(%] - . : SN ik
0 -%3/2 Mna 2R R -3 3/2L na
33/ 2Mna” 0 R +3/3/2L na” 2R"
. —
s 5
3L 3/2L 3M 3/2M
pn pn
) 5
3/2L 3L 3/2M 3M
[1°] = pn P (17)
r r
3t 1/ 2M 3Lpn 3f2Lpn
r T
3/2M IM 3/2L on 3Lpn
where
2o 3 +kHL® oana LT = 273 QLT
pn pn

Because [L‘] has become
equation (2) in terms of the

[(v] = [ ]-[2°] + [1°] p[1°]

From equation (18), for
analysis, the transformation

time independant, the voltage
transformed varieble is given by

(18)

constant speed or steady state-
used changes the voltage equat-

ions into ordinary first-order differential equations, which
are easy to solve with digital computer.
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2.2. Torgue Equation:

The power supplied tc the machine is given by

Papur = [0 = 1] =[] (IR ) s [20] 4 [10] 5 [19)] (19)
The [L] matrix does not contribute anything to the tor-

que after the transformation to a time-inarying matrix. There-

fore only the first term of equation (19) contributes to the

machine torque. Terms involving the product of any two curr-

ents and a resistance represent the copper losses of the mach-

ine which is transformed into dissipated heat and does not

produce any torque. Thus from (19} substituting from equat-

ion (16}, the mechanical output power is given by

W3 Man s T s 1 (29)
Pm B 2 (1a ic - ic ia)
Therefore
P33 s r s t (
Torque = —— = Mn (1 1 -1 1) 21)
. 5 a ¢ c a

3., Induction Machine As a Generator Under Different Load
Conditions:

This part presents and illustrates the performance cha-
racteristics of an induction machine when it operates as a
generator, The generator has a three phase voltage applied
to the wound rotor terminals, The stator terminels are con-
nected to a three phase load as shown in Fig. 3. For a wide
variety of symmetrical and unsymmetrical load the equations
thnat describe the behavior of the induction generator are
illustrated as follows.

In this case the stator can be presented as short cir-

cuited with an additional load impedence in series with the
stator circuit,
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5 L 5 L s L
z = + =
Howevers, the stator windings have equal internal impe-
dences for the three phases.

Therefore

L

s
y+ p(L+1L ) =R

12,3 1’2,3+pL (23)

s
+
(R +R 1,2,3

L
1,2,3

while the stator voltages become

Vs 5 s
' Vz = V3 =0 (24)

The mutual coefficients K° and X* are assumed 0.5.

Following‘the same steps as in (2-2) by transforming
the rotor supplied voltéges and currents into a stationary
axils and uging the same agsumption as before, the time
varying resistance matrix and time-inverying inductance
metrix may be obtained as

T ]
0 0
R, + R, R,
0
R, R, + Ry 0
(R} = (25)
—_ T
0 ~3/3/2 Mna' 28" R ~3/3/2 Lygoe’
r — o, T
l__ 3¥3/2 Mna® 0 R + 3 3/2 Lo 2R
—

and
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[ . s s
2 L I M 3/2 M
32y * Lon) 32 Lo
® s + LS ) 3/2 M 3N
3/2 Lpn2 3;‘2(Lpnz 03
[ I:] - (26)
r r
M 3/2 M 3Lpn 3/2 Lpn
r T
/2 M IM 3/2 Lpn 3Lpn
where
s 8 s d Lf(+k5) = 3/2 L
(L1 2.3 + K°L7) = 3/2 LPn 1,2,3 an pn

From equation (4)

or

[e] =£{c)7H({v) -[=]l2]) 1)

where [ U‘]'l {s the inverse of the matrix [ L].
Solving equaetion (27) with the digital computer, the
currents in both stator and rotor windings are obtained.

The stator voltage across the load terminals may be given by
(28
(v =[&9-[17 +[ 17 |
Also the torgue, which should be supplied to the gener-

ator shaft from the prime mover, can be calculated from equ~
ation (21) as input of useful torque.
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Y3 8 T s T
T ——'2_ M_['l (la ic - ic La) (29)

The input power to the generator consists of the elec-
tric power supplied to the rotor terminal and the mechanical
power that drives the rotor shaft. Each component es percen-
tage of the total input power, depends on the construction of
the machine, especially the air gap length (due io the trans-
former action).

4, Computer Simulation:

In & computer simulation it is essential to observe the
important system variables and desirable to obtain this requ-
irement in a minimum amount of computer time., A complete
simulation of the induction machines with balanced or unbala-
nced load can be implemented from equations (27), (28), and
(29), which include the machine and the load parameters. The
parameters presented in the {R']and LL'] matrix vary with the
type of loads and the rotor speeds.

To solve equation (27), an integration method is used
with the digital computer. This method should be chosen
carefully, compromising between accuracy of results, compu-
ter time, and stability of the method. Runge-Kutta, and
Milne's predictor-corrector give more accurate results, but
they require a large computing time for the execution of each
integration sfep. A computer progrem with s fixed integra-
tion step has been developed that gaves good accuracy with
& short computer time when compared with the more accurate
methods.

The results were plotted for dynamic and steady state
conditions, For example, the stator output current and the
torque, which should supply the shafti to obtain that current,
are presented.

The machine considered in this work haes a wound rotor and
three-wire symmetrical systems with the following parameters:
RS = 0.2 ohm, R' = 0.253 ohm, L = 0.0825 H, M = 0.08l H, the
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number of pole pairs (n) = 2, and the output voltages of the
stator windings are assumed to have constant frequency

== o
(WS Wt a Y.

Figure 4 shows the stator current and the shaft torque
when the stator is shorted and the rotor speed ( g°)= -185;
Figure 5 shows the game current and torque at a different
rotor speed @ © = 125. Comparing the two curves shows that
the effect of the shaft speed on the output current incre-
ases by more than three times and that the machine takes
more time to become stable than in the case of Pigure 4,

Figure 6 shows the condition of the generator at an
unbalanced resisgstive load with rotor shaft speed ZA°= -185.
Figure T shows the balanced resistance and unbalanced induc-
tive loads with rotor shaft speed &.© = 125 and the rotor
frequency W, =127. This figure shows the unstability in
both output stator currenit and input torque which is mainly
due to the harmonic generated in this case. Similar results
presented in Figure 8, is obtained for an unbalanced resis-
tive load, whereas Figure 9 shows the effect of unbalanced
resistive loed with balanced inductive load.

5. CONCLUSIONS:

A technique for the simulation of an induction machine
has been described when it operates as an induction generator.
The technique obtains the characteristic performance of the
generator under different operating conditions. For balanced
load the stability and the transient period depends on the
mechanical power supplied to the rotor in the form of speed
and mechanical torque. Urbalanced load distorts the behav-
ior and performance of the machine rapidly, depending on the
degree of imbalance. One reason for this distortion is the
appearance of harmonics. Under this condition the stability

1Ta gffected. whiech e aone of the imnortant unealved nrohlems
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i ' ' tudy t- inductlion
Tne simulation model can be used to study tae d

: TR
motor performance witn an unbalanced power supply. By modzizZ

: .
" ] - I
yirg tne model 1t can account for trne space narmonics O- wOe

‘ ' £ incuct-
amf in tne study of its effect on tne performance ol 1IK

ion machines.
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1g.(4). The generator output
urrent and laput torque at:

rotor frequency v = 377

rotor speed a = -185

RY = LT = 0.0

'1g.(5) The generator output
urrent and imput torque at

rotor frequency wr =377

rotor speed a = 125

L
RL =L =20

'1g.(6) The output current and
mput torgque at:

rotor freg. Wr = 377

rotor speed a = ~185
R" = 0, 50, 0 ohm

LL = (.0

'12.(7) the output current and
mput
‘'orque at

rotor freq. wr = 127

rotor speed a = 125

RL = 2,2,2 ehm

LL = 0.0, N.5. 0.2 Hen.
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, therefor input frequency wr = 127, upbalmnced resistance load RL =0,0,

The stator current and input torque at the same rotor speed and input fre-

speed a = 125

quency as in Fig.(8) but the load is RL = 8.0, 10, 10 ohm and LL = 0,03, 0.03, 0.03

Fig.(8) The generator output stator current and imput shaft torque at

2.0, 50 ohm, aund LL = 0.0
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