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ABSTRACT

This paper presents a complete digital simul-
ation of a three-phase voltage controller fed ind-
uction motor. The modelling of the machine awids
numerical inversion of the inductance matrix even
when the stator currents are interrupted. The
simulation program is developed using a unified
method for the modelling of system including swit-
ching devices as well as prediction of the system
behaviour. Simulation results for both starting-
up and steady-state operation are reported and
proved to yield good agreement when compared with
the relevant experimental results.

LIST OF MAIN SYMBOLS

[i] ¢+ current vector
(L] inductance matrix
[R] resistance matrix

e s e

vl voltage vector

£ : friction coefficient

J : moment of inertia

Ly : rotor-phase inductance

Lg : stator-phase inductance .
Mo : maximum mutual inductance between stator -

rotor phase
mutual inductance between two rotor phases
Mg : nmnutual inductance between two stator phases

=
H

p : differential operator - (d/dt)
2P : number of poles

Ry stator-phase resistance

R2 : rotor-phase resistance
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rotor slip

/2]
-

T electromagnetic torgque of the motor

Ty, : load torque '

] : electrical angle between stator and rotor
] : de/dt

o) : motor speed

Ly : Lg=Mg , M =1.5M5 , My =y2 /73 M

Ly : Ly=My , Mp= M// 3 r Lo = Lg + 2 Mg

Ly : Lg+Mg , M3=y 2 Mg

o} : 1 - (M?/LqLj)

61 : 1 - (M;/L2L3) y 0,=1=(M3/LqL2) , o03=1~(M}/LyLg)

For the three-phase voltage controller :
indices if{ie(1,3)], J{Je(1,6)) and K{Ke(1,3)].

1, INTRODUCTION

When an induction machine is operated with
static converter, it always operates under transient
conditions and generally with unbalanced stator volt-
ages and currents. Whereas many analytical studies
have been done on this subject {1,2], the digital
simulation is probably the most powerful tool.

The digital simulation of static converter -
rotating machine system is a complicated problem
concerning many papers [3-9]. For this purpose,
the method generally used [3] is to consider the
whole system as a network whose topology varies acc-
ording to the state of conduction of the converters.
This method gives a good results for steady-state
investigation, but it is not suitable for machine
transient.

The transient behaviour is generally investig-
ated by solving a set of nonlinear differential
equations, which are convenient to be dealt with in
a separate way. Consequently, it seems interesting
to find a suitable model allowing study of the beh-
aviour of whole system (source, converter, machine
and controllers).

The present paper developes a complete digital
simulation of three~phase voltage controller fed ind~
uction motor. The method of simulation used allows
the user of such simulation to take easily into acc-
ount all parts of the whole system [6,8]. The mod-
el of the three-phase voltage controller has been
eastablished using the connection matrices [4], and
the. model of the machine has been developed such
that to reduce large computation time of the digital
simulation [7,9].
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I eTEM L ANC
2+ SYSTEM-DISCRIPTION AND-ASSUMPTTONS

The system under consideration consists of a
three-phase induction motor fed by a three-phase vol-
tage controller composed of six thyristors, two of
them are connected in antiparallel to the same load
phase as shown in Fig. (1). The stator phases as
well as the source phases are star-connected, 3-wire

or 4-wire.

Fig. (1): Induction motor fed by a three-phase
voltage controller.

2.1 Firing Devices

Each thyristor is triggered by a so-called
"Coincidence pulse generator", 1.e. a pulse is gen-
erated on Thy{(Th; is the thyristor of number J conn-
ected to the source phase number i) when the control
voltage denoted FCR crosses the firing curve TViy
synchronized on the ith source voltage as shown in
Fig. (2).

2,2 Basic Assumptions

The following main assumptions are taken into
consideration:
The space harmonic, saturation and iron losses are
neglected. Also the m.m.f. is sinusoidal distributed.
The thyristor are considered as ideal switches and
the commutation phenomenon between the source phases
are negligable.
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Fig. {2): Principle of pulse generator.

3. MODELLING OF THE SYSTEM

In order to carryout the simulation, the var-
ious devices involved in the system are modelled as
follows:

3.1 Voltage Controller Model

The three phase voltage controller may be rep-
resented by a connection matrix [c). Denoting one
element of the matrix [c] by Cjx where, Cjyy=1 if the
phase "i" of the source is connected to the phase"K"
of the Motor, equal zero otherwise.

This modelling allows a simple computation for volt-
- ages of the motor phases when they are fed by the
voltage controller:

T

Vol = (€17 [V aee aee e e (1)
where, [Vo] and [Vg] are respectively the machine and
the source voltages. Furthermore, the source curren-
ts may be given by:

(1] = [C) [I¢] R ¢}

where, [Ig] and [I.] are the source and motor phase
currents respectively.

3.2 Firing Devices Model (Pulse Generators)

It may be considered that, each pulse gener-
ator has a model depending on the value of the con-
trol voltage (FCR). The generators can be modelled
by a "Firing Function" (FALjjJ)..
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FALiJ = FCRJ - TViJ .ee oee e (3)

The pulse is generated on the thyristor number J(ThJ)
when the control voltage FCRjE the timming voltage

3.3 Machine Model

The general voltage equation of an induction
machine may be written in the following matrical form:

(VI=(LIZE [+ URIAEE(L]) (4] ... ... (4)

To solve this equation by a numerical way, it should
be arranged in a state form as follows:

L= vi-ar S L (5)
Since [L] is a function of 8, then it is time-varying
and thus (L] has to be computed in a repetitive way
{three times in each computation step when using a
fourth order Runge-Kutta method). This 'way has two
main disadvantages: firstly, it is a largely time
consuming and secondly, it may affect the precision
of the computation because (L] may found to be ill
conditionned. :

The usual method used to avoid the matrix
inversion is the park's 0,d,q transformation, which
leads to a constant matrix. However, it is not
always possible to use this method when the machine
is fed by a static converter and especially by a
three-phase voltage controller. This is because the
three~phases are not always supplied (i.e. one-phase
or two-phases are disconnected for a certain time).

In order to solve this problem, a new trans-
formation has been used [8,9] leading to a constant
matrices even when one or two stator phases are

switched off.

Let us denote 1,2 and 3 to the stator phases,
phase 1 being the "dissymetric one" (when one phase
is not supplied, it denoted by "1" and when two ph-
ases are switched off, "1" in this case denoted the
third phase). The rotor phases, are short-circuited,
and it is always possible to use the Park's 0,d,q
transformation, then_,the transformed rotor currents
are then denoted by i4 and iq‘

When the three-phase voltage controller fed
induction mobtor with neutral, for such a systen,
there are four models:
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- All the three phases are connected

to the source. Model (3)
- Two-phases are connected to the source. Model (2)
- One-phase is connected to the source. Model (1)
- All the three phases are disconnected _

from the source. Model (0)

These models are easily deduced from the connection
matrix [c] as given below:

1. Model 3_(three phases_are_supplied)

This model is corresponding to the presence of
three elements equal one in the connection matrix [c].
The conventional d.q. transformation is used with
axis linked to the stator. The transformed voltages
and currents of stator are respectively, denoted by

{(Vq,Vg) and (igr1ig). The current eguations can be
put in the following form:
C.1 7 M i Bl
Yo oL, ° e, O Vo
. 1
a| ~s8 0 oL 0 - Vg
- -7 _ 1 172 2
dat i == M 0 1 0 0
d oLqLp oL,
5 M 1
0 - L
| Yal | obq L, ° oL2 _ LO
- o — -
R 0 0 0 i
1 o
_ 0 R1 0 0 lB ;
0 « . .:. >l.. 'l.()
Mg R2 Lze ld
-M8 0 —Lze 5 lq

The homopolar equation is defined by:
s!

VO=R1 lOfLO a—g lO PR o a e e (7)

The motor torque is given by:

~ -~ ~

T = P.M (id'ie - iq.iu) c o oo ... (8)

- If the stator is star-connected without neutral,
the homopular equation (7) is disapeared and the
motor equation is represented by equations(6).

-~ Db s oi-dnpmsgndpiet P Pin it ghaguauaipeipigrauasugierpy

This model is corresponding to the presence of
two elements equal one in the connection matrix{cl.
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When oné motor phase is dist
transformation on the stator variables are made[4,9]:

g1 g] /5—- 0 0
-1
95 |=tp] | Iy|where(pl=—- |0 1 1 |= D] (9)
Y2 :
93 98 o 1 -1

This transformation leads to the following equations,
which in trun gives the currents in the other phases:

o ; o -
i 1 2
Y 0 0 v
o105 740,04 Y
. 1 -M
d 1g 0 oL 0 oL.o-1<!| Va
~ 1 112
~ M 1
1. 0 0 0
d | o5T,55 3, 1L,
N -M 1
i 0 0o 0
- q_ L 0L1L2 L2 n LL -
B 0 0 o 1 [i 7]
1 Y
0 R 0 0 i
- ! . AL o
0 Mb R, L, i
M29 0 "L29 R2 i

— — - -
The voltage of the disconnected phases may be given
by:

)az ~ ceve e (11)
ta

The motor trogque is given by:

v =(M3,M

1 1

d’ 8 2

~ If the motor has a star-connected stator with its
neutral is disconnected and only one-phase is
opened, the machine currents can be computed
{using the transformation of Egquations 9) from
the following form,

T =P(M.i,.i_, + M 'lq°lY) oo .ee ce. (12)
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- - : W T
g '6_;.7 0 —0L1L2 Vg
£ | i - 0 L o | {10
2
i iq_ | °LTL2 ° "_11; 1L R
R, 0 0 ig
— | Mo R, Lzé ~id cee (13)
0 ~L,8 R, Eq

The voltage of the disconnected phases may be given
by:
vy T - N
3t a .o .o

VY ---M2

In this case, the motor torque is given by:

... (14)

T = P'M'id’ie .o .o N ... (15)

3. Model 1_(Two-phases_are disconnected) :

For this model, only one element equal one is
presence in the connection matrix [c]. Using the
previous transformation (Egs. 9), the currents are
computed by the following equations:

r 9 — _1 M1 = 0
i - — 0 v
1 03Ls 03L2LS 1
a 3 1 1
——— 1 = e O 0
dt d 03L2Ls 03L2 <
¥ ' 1
i 0 0 — 0
q L
L 4 L - 2 R
- :
R1 0 0 i,
- 0 R, L6 ig .o (16)
—M1e —Lze R2 lq
and the voltage of the disconnected phases are given

by:
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— : —1 TtM M 6_1 Tﬁi1—]
Y = 3 2 Jl g
v 0 0 M dt 13 .o (17)
B ;
i
d
The motor torque is given by:
T = =P y2/3 Mo, iq ... (18)

4, Model 0 (Three-phases_are_disconnected):

This model corresponds to a connection matrix
having its elements egual to zero, the electrical
~ equations are reduced to:

. R, ,1 ,
a ig —E;_ 6 ig
dat - R cer el (19)
~ . 5
i -6 -
q Ly q

My ] r

1 Ry
M Ry 3.
v = - Rym7s 2 721
2 L 2 )
2 R, (20)
. 2 °
vy ~= S By

Obviously, the torque of the motor becomes zero
{i.e. T = 0).

Ly, METHOD OF SIMULATION

To simulate the above-mentioned system, the
whole system is divided into two subsystems[6,8]:
"a completed analogical subsystem" which is the whole
set of models of each different parts of the systenm,
and "a finite state automata', whose function is for
choosing the right models at any moment. The anal-
ogical subsystem and the automate are linked by an
"interface”, which associates the logical inputs of
the automata to analogical variable.

The general flow-chart of the simulation is
shown in Fig. (3).
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Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

INITIALIZATION

4

Computation of the analogical
state variables of suitable model

for telto , to + 6tl.

NO

_Events P

YES

Re search of the first event at

t + 8t and updating at this ins-
tant if any,

- Extinction of a load current.
- Firing Pulse.

¥

Computation of 6t and updating of
the state analogical variables fony

telt , 6t].
Y

Computation of the equation of thsg
automata giving the new models
and the connection matrix.

&

9

Choice of the new step of
integration.

NO

of the simulation

Fig.

(3):

STOP

General Flow Chart of the Simulation.
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Step 1, in which all the constants (the analogical

and 1ogical variables) are initialtized—in
the main program.

Step 2, is achieved with independent subroutines,
so that a change in the load or in the cont-
roller should lead to modify only one

subroutine. A fourth order Runge-Kutta
. "method is used to integrate the differential
equation.

.

Steps 3 to 7, are achieved by a single subroutine named
. "GRAD"., This subroutine represents the ch-
aracteristic of the three-phase voltage con-
troller, and helps to choose the suitable
model for the simulation.

5. COMPUTED AND EXPERIMENTAL RESULTS:

T

The following results of the simulation have
been obtained using an XTIBM computer. The starting-
yp and steady~-state behaviour of the three-phase
voltage controller fed induction motor are selected
in order to show the advantages, flexibility and acc-
uracy of the developed simulation. The parameters

of the motor as well as the system conditions are
giver. in the Appendix. The results are based on 2
starting-up period with a load torque of TL=5.5H—S1).

Figs. (4,12) and (5,13) show the computed
voltage and current for one phase of the motor during
starting-up period. Also during this period the
electromagnetic torque of the motor is indicated by
Figs. (6,14). It should be noted that the maximum
value of current and torque for the motor without
neutral are smaller than that of the motor with
neutral. This is due to the presence of the third
harmonic in the later case. Figs. (7,15) illustrate
the speed variation when the motor started from rest.
It can be detected from the Figures that for same run-
up time the motor speed with neutral connected is
higher than that without neutral. This is due to .
the high rate of change of speed and the increase of -~
the developed electromagnetic torgue. .

Figs. [(21A),(22-A), 8,16] show the comput-~
ed and experimental steady-state results of stator
phase voltages. Figs. [(21-B),(22-B), 9, 17] show
the same results for stator phase currents. It can
be noted that the maximum and effective value of
currents of the machine with neutral are higher

e e e e e mie e e e

3
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than that of the machine without neutral. Also it
can be concluded that the computed results are in
aood correlation with the results obtained experimentaly.

Figs. (10,18) show the steady-state developed
torgue. Theaverage developed torgue for machine with-
cut neutral is less than that of machine with neutral.
This is due to the decreased stator currents. Figs.

11.19) show the steady-state speed. The machine
speed without neutral is less than that with neutral.
This is because the voltage is decreased in the case
Gr machine without neutral for the same value of
firing angle. In order to show the accuracy of the
simulation program, the experimental set-up is used
for recording the volt-speed characteristics of the
motor. These results are compared with the simulat-

ion wesults for two firing angies [a=76.2°and a=83.4°]
as shown in Fig. (20). .

5.1 Computed Results:

pen e, e 0 T R A o - o - - .
= -

5.1.1 Machine is Star-Connected With Neutral:

(a) During Starting-up:

i % f \ / % ? Time

10.04} 0.0g9 .12 (Sec .}

SERVEE
y

O
.

241 A A
6] /) /\\ \ /\ /\\ lq
1!" i\ / L P
i R 0 W 0 WY A VY L Y A W Time
SRR A o.cf [/ | 0.12 oec
VAR VRV R Y
- \‘x// \ \ ‘\/ \’
-24
Fig. (5): Current of Stator Phase A.
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N Torque{(N.m.).

24
16
8 Time
_g 0.04 0.08 0.12 (Sec.)
-16 |
-24
|
Fia. (6): Motor Developed Torque.
Speed(r.p.m)
320
240
160
80
o ) ) Time
0.04 0.08 0.12 (Sec.)
Fig. (7): Motor Speed.
(b) During Steady-State:
V (Volt).

WANAAN -
jVWVVV

Fig. (8): Voltage of Stator Phase A.
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I“(Ampere)

2 A A A AV A A V™
;% \3/ \/3.04\/ \/3_ov \73_1‘2 (sec.)

Fig. (9): Current of Stator Phase A.
Torque (N.m.).

N

6 SN ANV
4
2
Time
0 l + } (Sec.)
3 3.04 3.08 3.12
Fig. {(10): Motor Developed Torque.
Speed(r.p.m.)
1480
1460
1440
1420
L Time
0 ; ' ; .
3 3.04 3.08 3712 (Sec.)
Fig. (11): Motor Speed.
5.1.2 Machine Is Star-Connected %Without Neutral:
(a) During Starting-up:
VA(Volt).
320 ﬂ , 1
1 T
BOL “\"\ 0:0 l\ 08 ' ho.lz Time
0 th | L t (Sec.)
l ﬂ VV V w’ l qv
-160
=320 .
Fig. (12): Voltage of Stator Phase A -
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I (Ampere) .

HMMQ

[ T I BN SRS, L - B SIS, . PR UM ycfzx)/\\/ﬁ-m‘mr‘;%dv

P A AT T TN

Time

vy

Fig. (13):

Torgque (N.m.).

12
8
4

Current of Stator

Phase A.

(sec.)

Time
(Sec.)

0
-4
-8
_12

/f\/\u/\/m\v/\/”

Fig.

Speed (r.p.m.)

240
180
120

60

(14):

$

0.08 0.

Motor Developed Torque.

4

12

Time
(Sec.)

Fig.

Va{Volt) .

320

16C

'”\

$—

0.04
(15) =

p-.\‘

4

0.08 0.
Motor Speed.

X \.

Time

0

-160

-320

Fig.

L

(16) :

V}/ é 1 / 10.12 (Sec.)
)

Voltage of Stator Phase A.
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I ).
A(Ampere;

o s

AR

Time
S o}
' 5 \m} 30@&\} \N]Los\ B tsee
T \ W W
-3
-6
!
Fig. (i7): Current of Stator Phase Ai.
Torgue (N.m.)
gl
6 \ AAAAAN
(AR
2 ime
, . { , Time
3 3.04 3.08 3.12 (Sec.
Fig. (18): Motor Developed Torgue.
Speed (r.p.m.)
1470
1440
1410 .
3 Time
&
o t + + (Sec.)
3 3.04 3.08 3.12
Fig. {(19): Motor Speed.
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2201
200t
1800
1601
1401
1201
1001
80
60 r
40 F

Vph(r.m.s.)

Speéd

L 1 A i 1 1 | 1 L 5 1 L 5 L '(r.p.lg?

1350 1370 1390 1410 1430 1450 1470 1490

(a)

Vpp (r.m.s)

2201
2001
1801
i60F
140¢
120F
100+
80 r
60
40

Fig.

Speed
(r.p.m)

\ | 1 | 1 i ] ) L I 1 A ] A i

c71350 1370- 1390 1410 1430 1450 1470 1490
" (b)
(20) : Volt-Speed Characteristics for Induction Motor.
©a. Without neutral. b. With neutral.
—— Carputed results. | 000 Experimental Results.
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P
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5.2 Experimental Results:

o~ s o T~ - —— = e s e Gt = A~ - s -

5.2.1 Machine is Star-Connected With Neutral:

{a)

(b)

10 m.Sec.
Fig. (21): Voltage and Current of Stator Phase A.

(a) Vg (the maximum peak value is 311 V.).
{b) IA (the maximum peak value is 4.7 A.).

5.2.2 Machine is Star-Connected Without Neutral:

(a)
{b)
10 m.Sec."
Fig. (22): Voltage and Current of Stator Phase A.

(a) Va (the maximum peak value is 311 V.).
() Ip (the maximum peak value is 3.6 A.).
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LB CONCLUSTON -

The present paper developes a complete digital

‘simulation of a three-phase voltage controller fed

-induction motor. The new modelling approach of the
motor, yields to avoid the numerical inversion of the
‘inductance and exhibit a large saving in .computation

‘time.

Also the method of simulation leads to modular

‘structure of the program, which make it well suited
-to study dynamic behaviour, starting and steady-state
:0of an induction motor.

The computed results which are obtained from

the simulation for steady-state condition are proved
to yield good agreement when compared with the relev-
ant experimental results. :
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8. APPENDIX:

The test machine having the following

particulars:

squirrel - cage, three - phase, 2-horse - power,
4~-poles, 380/220 volt, 3,6/6.2 ampere, star - delta
connected induction machine.

R,
MO
Mr

i

The measured parameters are:
4,7 ohm , L, = 0.228 H , M

0.212 B , R2 = 4.1 ohm : L

-0.114 B, J

- 0.112 H
0.228 H

5 r

0.009kg.m” and £ = 50 Hz.

The control voltage is adjusted to give a

firing angle of [a=83.4°} for the induction motor
with and without neutral.
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