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ABSTRACT
This paper presents a simplified model for digital simulation of a branch-controlled delta connected three-phase
induction motor. The effect of changing the delay angle on motor torque/speed characteristic is investigated.
Comparison is made between transient and steady state behaviours both when using branch-controlled delta-

connection and when using line-controlled star-connection. Harmonic analysis for steady state torque, phase and
line current are carried out.

LIST OF PRINCIPAL SYMBOLS

Rg, R, Stator and rotor phase resistance respectively controlled three-phase star-connected induction motor is

(P.U). shown in Figure (1-a). If both ends of the motor stator
L, L, M Apparent three phase stator, rotor and mutual windings are available there is possible advantage to be
inductance respectively (P.U.). gained in considering the connection of Figure (1-b),
ST Suffixes indicating stator and rotor quantities. which forms a branch-controlled delta-connected induction
q,p,0 Suffixes indicating quadrature axis, direct axis motor [5].
and zero sequence quantities respectively.
Vis Voltage difference between terminals R and S
(P.U.).
VRSoc Open circuit e.m.f. between R and S (P.U.).
ér Rotor angular velocity (P.U.).
T, T, T4 Electrical, load and drag torques respectively
(P.U.).
Tx Thyristor x.
TxF Logical trigger signal for Tx.
TxC Logical conduct signal for Tx.
VxF Logical forward bias signal for Tx.
I Logical direction indicator for current i.
H Logical magnitude indicator for i.
A A bar under a variable indicates the use of

matrix notation.

H A bar above logical variable indicates the logic
inverse "NOT (H)".

1. INTRODUCTION
(b)

SCR voltage controllers are increasingly used to control
the speed of three-phase induction motors, especially in
low power applications with variable load torques such as
fans, blowers, and centrifugal pumps [1-5]. A typical line-

Figure 1. SCR voltage controller induction motor
(a) line-controlled star-connected motor
(b) branch-controlled delta-connected motor.
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It has been shown [5] that the three-phase branch-
controlled delta-connecticn results in a superior
performance to that of line-controlled star-connection with
both resistive and R-L loads, and there is a possibility to
get the same superiority with motor loads.

Several authors have presented analyses models to
predict the behaviour of line-controlled star-connected
induction motor [6-8]. In previous work, the author
presented a simplified technique for digital simulation of
line-controlled star-connected induction motor [9]. This
technique utilises the two phase time-invariant
representation of an induction machine with respect to
orthogonal stationary axes. In this paper a simplified
model for digital simulation of branch-controlled delta-
connected induction motor is presented based on the same
previous technique. The model has been programmed
using Pascal language. Comparison is made between the
simulated results of branch-controlled delta-connected
motor and line-controlled star-connected motor. The
effects of changing the thyristor delay angle on the motor
speed, efficiency and power factor in both cases are
investigated. Harmonic analysis for steady state torque,
phase current and line current are carried out.

2.1 Analysis of Delta-Connected induction Motor

The scudy of the transient performance of three-phase
induction motors and their behaviour with non-sinusoidal
supplies is facilitated by transformation of machine
variables to a stationary reference frame (d-qg-0). This
transformation eliminates the rotor angle dependent terms

from the machine differential equations. The resultant
equations describing the behaviour of the induction

machine may be expressed as [10]:

¥ =Ri+Lpi (1)
where

V=V Vas Vos Vgr Varl'
and for cage rotor

T
V=[Vgs Vas Vos 0 0]

B 84

i = [y g g igr dar ]

L,=Lls M

And the relationship between stator (d-G-0) terms a
the real stator phase variables is given by:

Vgs Ve igs e
Ver| = C |Vas| @, {isr|=Clias @
V’I‘R vos "I'R ics

where

1 O
C=|-1/2 312 1
-1/2 312 1

Equation (1) can be rewritten as:

pi =L 'V-L'Ri

where
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-L,/D 0 0 M/D 0
o -L/D 0 0 M /D
0 0 1/L,, 0 0
M/D 0 0 -L/D 0
0 M/D 0 0 -Ly/D |
D=M-L|L,
The equation of motion is given by:
IpB, + Ty + Ty =T,
ie.pB, = (T, -T - T, /J (5)

where T, = M (igg 1 g - lgg Igr)  P-U.

Equations (4) and (5) completely define the dynamic
model for any transient analysis. These equations can be
rearranged in state space format:

X = (X V), (6)
where
X = [iqs 45 los iqr iy ér]T, where

X =lge Xp=lgg X3 =log Xg=lgp X5 =1y, and X = 6,

Equations (6) are non-linear equations and numerical
integration techniques are required to predict the system
performance. For each integration step, stator phase
voltages (Vgs, Vgr» and Vpg) can be determined
according to the state of the thyristors.

2.2 Analysis of branch-controller

The conduction state of each thyristor, at any instant,
can be determined as follows:

i- If the thyristor is forward biased and its gate is
excited it will conduct.

i If the thyristor is already in conducting state and its
current is in the forward direction and greater than
its holding value, it continues to conduct.

ii- Otherwise it will turn-off.
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In Boolean terms:

TIC - TIF VIF + TIC IR HR (1)
T2( - T2F VIF -+ T2C IR HR (1b)
T3C = T4F V3F + T3C IS . HS (1)
T4C = TAF V3F + T4C. IS . HS (7.d)
TSC = TSF NOERENTC R (T.¢)
T6C = T6F | MSE = T6C 1T HT 7.9

From Figure (1-b), it can be seen that:

i- VIF is true if Vg is greater than Vg
1i- V3F is true if Vg is greater than Vgp o
iii- VSF is true if V4 is greater than Vg o

According to the thyristors conducting states, the stator
phase voltages (Vgs, Vgt and V) can be determined as
follows:

- If T1 or T2 is conducting then Vgg is equal to
V aps Otherwise it is equal to the open circuit e.m.f.
V’M.

1i- If T3 or T4 is conducting then Vgr is equal to
Vpe» otherwise it is equal to the open circuit e.m.f.
VsToc:

iii-  If T5 or T6 is conducting then Vg is equal to
Vca, otherwise it is equal to the open circuit e.m.f.

VTRN-
2.3 Calculation of open circuit e.m.f.’s

To calculate the e.m.f. that appears across any phasc
when it is opened, as a function of system state variables,
one of the following three cases may be considered:

case 1- All three phases are open circuited simultaneously
In this case ig =ig=ip=0, which means that iqs=ids= is=0,
Le. X, =X,=%3=0, and px; =px,=pxy=0.

Substitution into equations (6) and (2) gives

Visoe = Mxs¥g - (RM/L))x, (8a)
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VsToc = (RM/2L) (x4 + Y3 x5)-VaMxg(xs-y/3x,)  (8.b)
ViRoe = (RM/2L) (x4 + y3x5)-YaMxg(xs-y/3x,)  (8.c)

case 2- Two phase are open circuited simultaneously
1) With phase ST and TR opened,

s = ip = 0 and Vgg = V,p

Substitution into equation (3) gives

iqs =2i, andig =0, ie.

Xy =2x3 andx, = 0, and consequently

PX; = 2 pxy and px, = 0

Substitution into equation (6) and (2) gives

Vstoc = Vap - (V312) (V4 + 3 Vg (9.a)
Viroe = Vag + (/3/2) (Vg - V3 Vo) (9.b)
where

Vgs = - M (x4 + (M/L) X)) X6 - (R, M/L)) x
Vqs o (Los Rerxl Fi LoerMx4 3 LoerMxSxé * ZRsDx‘.!
2Dvap) / (LosL, - 2D).

ii) With phases RS and TR opened, VRsoc and Vrgpoo
are found to be,

Visoe = Ve + ((3/2) (Vg + 3 Vg (10.a)

VIRoe = Vac + V3 Vg (10.b)

where

Vas = {Losl Roxy + (Log3D/2L,) (M2x;%6R Mx, + L Mxsxg)
+ RDx3-(y/3D/2L,) (R, Mxs + L, Mxgxs + Mx;x)
+ DVpc}/(LogLy-2D).

Vas = (M/L){V3 (Mxyrg-R x + L xox)-R xs-Loxgng
- M} +/3V,.

;

iii) WithphasesRSamdSTopened,Vmand

where

are found to be,

Vp&x = VCA - (ﬁ/Z)(V“ : ﬁvq;)

Vstoc = Vca - V3 Vg

Vg = {LosLRox; + (Log-3D/2L, ) (M x,
- RMx, + LMxsxg) - R,Dx,
+ V3D /2L (R Mxs + L Mxgxg + Mxyxg) +
/ (LL,-2D).

Vas = (M/L)V3(Mixgx + Rox, + Lxsx)R oLy

- Mxjx V3V,

case 3- One phase only is open circuited
1) With phase RS circuited

lR = 0, Vsr = VBC’ and VTR = VCA’
Substitution into equation (3) gives
iqs= = o LE Xy = Xy

and consequently px; =-pX,.
Substituting into equations (6) and (2) gives

Vesor = { (Lo (RyLyx;-RMx, + MAyxs + L Mgy
- RiDxg + M(L-M) V,5} / (2L, L,-D). (1
ii)  With phase ST open circuited Vgr,. is found (ol
Vstoc = {(BLos/2)(RMxg-RoLpx;-Myx-L Mgy,
+ V3R Mz /3R Lox, + 3 M;x)-3Rg Dx,
- M(L;-M) Vgc}/(2L,L,-D).
i) xﬂphmmmﬁwwvmkfowu

VTRoe = {(Loy/DRMxR.Lx;-MxyxL Mg

V3R Mz + V3R Lx-/BMAxg- /3L Mxx)
3RDxy-M(L-M)Vea} /(Lo D). (14
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[aud input data ]
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=
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3. COMPUTER SIMULATION PROGRAM

i
Figure (2) shows a simplified flow-chart for the ] a=0°*
computer simulation program of branch-controlled delta Lo .
connected induction motor. The program 1s written n ] 5- - ol 1
pascal and uses fourth order Runge-Kutta integration 22.0: 60° T~ .
algorithm with nominal fixed step. Additional iterations £ Ll ! ~3 L
were used to determine accurately the instant at which 013 E 80° S~ \\
thyristors were fried and extinguished.The thyristors are '-'2'- T Seeo .\\\\
triggered with a delay angle measured from the instant of a mete 0°_ _ ey Tal \\
voltage-zero of the respective phases. Both program input 1.0 4 100° " lpat :\\\ N
date and output results are in per unit values. The nput - i "'. “““ Al ‘:
data are the machine parameters, supply voltage, supply 3 as S iE A0-_ L _:“s: ’
frequency thyristors delay angle, and the integration step g 539' >~
The output results comprises the motor speed, torque. ]
voltages, phase currents, and line currents Q.0 0-. 02 0% o A 0
Speed In p.u.

4. RESULTS AND DISCUSSION
(a) Branch controlled delta-connected motor.

The motor parameters used for the computer simulation

program are the same as those quoted in [6] w1z 3.0 3
1/3 hp, 220 v, S0Hz, 4 pole, wound-rotor machine L
The motor parameters in per unit using rated voltage as 1 a=g°
base voltage and 375 watts as base power are. b 3
R, = 0.0566 pu. R, = 0.1252 p.u. i 20 4
L, = 1.0318 pu. L, = 1.0318 p.u. £ :
3}
M = 0969 pu. J, = 3.0 p.u ¥
2 g
It is assumed that | p.u. peak supply voltage (line to line) = 1.0 i
is applied to the motor. g !
Figure (3-a) Shows the torque/speed characteristics for - B
the motor with branch-controlled delta-connection at 0.5-:
different values of delay angle "a” The corresponding g 3
characteristics for line-controlled star-connected induction 0.0 3 ‘
motor were obtained using the simulation program Q. 1.0

presented by the author in [9]. Speed In p.u.
Figure (3-b) shows these characteristics for the above (b) Line-controlled star-connected motor.

motor with the same applied phase voltage as in the

branch-controlled case. The characteristics shown n Figure 3. Torque/speed characteristics.

Figure (3-b) are identical to those given in [6].

For a fan load with a torque equation: The variation of motor speed, efficiency, and iy
power factor with the thyristor delay angle "a" for
T, = 02+18 (speed)® p.u branch-controlled and line-controlled motor is shown
B 88 Alexandria Engineering Journal, Vol. 30, No. 4, October 1991
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figire (4), (5) and (6) respectively. From these curves it

un be seen that:

i) The speed rate of change, with respect to thyristor
delay angle, of the branch-controlled motor is less than
that of the line-controlled motor, i.e. the motor in the
first case is less sensitive to the variation of "a" and
therefore easier to be controlled.

i) The efficiency and the input power factor of the
branch controlled motor is higher than that of the line-
controlled motor for the same delay angle. However,
to run the load at a certain speed the delay angle for
branch-controller "ap" must be greater than that for
line-controller "a; ", which lead to a reduction of both
efficiency and input power factor for branch-controlled
motors.

lﬂi

line —controlled

“ & 8 1\

Delay Angle
Figure 4. Variation of motor speed with delay
angle "a".

For example to run the fan load at a speed of 0.6.p.u.,
the delay angles for branch-controller and line-controller
mist be  @5=952° and a; =763 Figure (4). The
cworresponding values of motor efficiencies are 0.47 and
048 respectively (Figure (5)), while the power factors are
(.72 and 0.74 respectively (Figure (6)).

To compare the transient performance of the branch-
wntrolled motor and the line-controlled motor, the motor
is assumed to be running at a speed of 0.775 p.u.(zero
delay angle). At a time of 10 p.u. the delay angle is
changed instantaneously to achieve a steady-state speed of
06 pu., ie. @g=952° and @; =763°. The simulated
motor torque, speed and phase current patterns are shown
in Figure (7) for the branch-controlled delta-connected
motor and in Figure (8) for the line-controlled star-
connected motor.

L0
[§

i ontrolled
k"‘: 1i{ae —congrollied
st
Se ]

S
oz
s :
0 ®
Delay Angle
Figure S Vanation of motor efficiency with delay
angle a
140 3 Branch-contrall
3 Elae—contrell:
0.8 2
3
goo
g ;
3
Ee
Q. -
02
E
o 3 !
[ 2 & ® s 1% i il

Delay Angle

Figure 6. Variation of input power factor with
delay angle "a”

Comparison between transient responses for both cases
(Figure (7) and (8)) shows that:

)
ii)

iii)

The pulsating torque in the branch-controlled motor
is less than that in the line-controlled motor

The branch-controlled motor is more damped than
the line-controlled motor.

The phase-current in the branch-controlled motor is
higher than that in the line-controlled motor.

By applying fourier analysis to the simulated waveforms of
Figure (7 and 8), the amplitude of harmonic components
for the torque, phase current and line current after
reaching steady-state conditions were calculated.
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Figure 7. Simulated results for branch-controlled motor Figure 8. Simulated results for line-controlled motor
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Table 1. Amplitude of harmonic components in p.u.

Harmonics No. Torque Phase Current | Line Current
Branch | Line | Branch | Line | Branc | Lin
h [
0 0.848 0.848 (0.0 0.0 0.0 0.0
1 0.0 0.0 1.844 183 (3182 1.836
3 0.0 0.0 0.96 0.0 00 0.0
) 0.0 0.0 0.088 0401 (0161 0.401
6 0.061 0.14 |00 0.0 0.0 0.0
7 0.0 0.0 0.141 0.177 |0.240 0.177
9 0.0 0.0 0.049 0.0 0.0 0.0
12 0.010 0.004 (0.0 0.0 0.0 0.0

The results are summarized in Table(1) and they show

(hat:

) The phase current in the branch-controlled motor
has a substantial third-harmonic component (zero-
sequence harmonic), which does not appear in the
line current. This third-harmonic stator current does
not produce a rotating mmf wave, and consequently
does not produce an electric torque However.
heating effects are subsequently increased

i) The fifth and the seventh harmonic components in
the phase current of the branch-controlled motor are
less than that of the line-controlled motor, which
compensate the additional stator copper losses due to
the third harmonic current, and therefore the
efficiency is approximately the same in both cases.

i) The dominant sixth harmonic component of the
torque in the branch-controlled motor is about 58%
less than that in the line-controlled motor This result
was expected since the sixth harmonic torque is
developed from the interaction between the
magnetizing current and both fifth and seventh

I harmonic phase currents.

5. CONCLUSIONS

An efficient method of predicting the performance of
branch-controlled delta-connected induction motor has
been presented.

A comparison between a branch-controlled delta-
connected induction motor and a line-controlled star-
connected  induction motor has been made. This
comparison shows that the branch-controlled motor has a
superior performance to that of the line-controlled motor.
It has been shown that the branch-controlled motor is
easier to be controlled, since it has a lower rate of change
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of speed with respect to thyristors delay angle. It is also

more damped and has less pulsating torque. Although the

phase current of the branch controlled motor has a

substantial third harmonic component, its efficiency is

slightly decreased since its fifth and seventh harmonic
components are greatly reduced.
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