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Abstract - High inrush currents and unbalanced supply
voltages are two of the major causes for lailure of polyphase
induction machines. While thyristor voltage controllers,
sometimes called static starters, are in widespread use to
limit damaging inrush currents, little attention has been
paid to use of these controllers Lo balance the phase volt-
ages of the machine. This paper addresses technical feasi-
bility of unsymmetric control to limit unbalanced currents.
Substantial reduction in losses are shown to be possible for
two specific types of unbalance.

Introduction

Unbalanced aperation has lang bheen the source of heat-
ing problems and reduced efficiency in ac induction and
synchironous machines. A major cause of an unbalanced
voltage at the point of utilization is typically due to single
rhase: loads on a system which are nob uniformly applied to
all three phases. This is particularly true for rural electric
power systems with long distribution lines but can also
gccur in large urban power systems where heavy single
phase demands, particularly lighting loads, are imposed in
large commercial faclities. A large manufacturing plant
may have a well balanced incoming supply voltage, but
unbalanced conditions can be developed within the plant
from its own single phase power requirements if the loads
arc not uniformly sprecad oamong the three phases. An
unbalanced condition can also be caused by an unsymmetri-
cal transformer winding or transmission impedances, open
wye, open delta, an unbalanced load in the transmission
lines, and many other causes [1-4].

While the phase voltage unbalance may be small, large
negative sequence currents can result due to low negative
sequence impedance. These large currents, in turn, cause
imbalanined heating in the machine which can potentially
lead to {failure. Unbalanced voltage operation will also
create a pulsating torque which produces speed pulsalions,
mechanical vibration and consequently acoustic noise.
Berndt and Schmitz [1] have shown experimentally that an
unbalanced condition should be restricted to less than 5% of
normal voliage if a service factor of 1157% is specified. Ger-
man VDE standards limil the unbalance condition to less
than 2% [5].

The adveni of solid state control equipment as addi-
tiocnal loads on the distribution line, while introducing new
problems such as harmonics, has also introduced new alter-
natives to the problem of correcting phase unbalance since
such equipment iIs generally interposed betweeln the source
of the unbalance and the machine itself. Solid state contirol
of induction machines can be generally relegated to two
catagories, voltage control and valts per hertz control. With
volls per hertz control, the flux is held constapt essentially
constant while the frequency is varied. Using simple voltage
control, the frequency is held constant while the flux is
adjusted by means of series connecled pairs of SCRs.

Yults per hertz controllers, incorporating numerous
types of power converters, are in widespread use In indus-
trial applications where adjustable speed provides benefits
over fixed speed operation. While a small amount of speed
control is aleo poseible, voltage c-ontroll1er-; are geqeraily
considered ineflicient for this purpose [6)]. Howg:ver. m_sLa}-
lation of voltage controilers are also becoming Increasingly
used as static molor starters in which the flux is reduced to

Lmnt the inrush starting current. In addition, voltage con-
troliers are sometimes used as energy savers in which the
flux is reduced in accordance with the connected load [7],
While often not justifiable as the sole economic considera-
tion [B], the energy saver principle may become practical
when used in conjunction with a static starter,

Conventional remedies for phase wunbalance often
involves costly modification of the incoming substation
equipment or reworking of the feeder lines to the various
loads. The problem becomes particularly difficult when the
unbalance is continually varying such as with various indus-
trial loads, for example arc furnaces loads. In such cases
the possibility of using a solid state controller to correct
phase unbalance appears Lo be particularly attractive alter-
native compared to other techniques such as static var
regulators [9]. 1t appears thal a certain amount of phase
unbalance correction is possible by proper modification of
either type of moter controller. However, with volis per
hertz control, the motor is isolated from the poird of the
unbalance by the filtering action of the de link so that the
unbalance problem is less severe. On the other hand, the
voltage controlier is normally in use only during the start-
ing period so that, in this case, the full effect of any unbal-
ance is experienced by the motor. Since installation costs
can often be justified on the basis of static starting, it is
useful Lo consider possibie benefils that might be achieved
by utilization of the series cennected SCRs to correct the
unbalanced supply voltages. The feasibility of such a phase
balancer is the subject of this paper.

Approach to Analysis

The simplest method to deal with the analysis of unbal-
anced conditions is the use of the canceplt of positive and
negative sequence colupoueils. However, the presence of
SCRs prevent ils ready application due to the presence of
non-sinusoidal currents. The analysis of induction machines
with symmetrically triggered thyristor control has been
thoroughly investigated in a previous paper [10] using the
state variable approach to calculate the performance of the
the system in @ d—g axis formulation. In particular, the
three phase and haif cycle symmetry of the problem per-
mits a closed form calculation of the steady state initial
condilion. A closed form solution over only 60° is needed to
complelely define the solution. Unfortunately, the possibil-
ity of an unbalanced power supply as well as unsymmetrical
iriggering does not permil the previously oblained solution
to be readily extended to the problem of phase unbalance.
Securing of the desired solution indeed becormes a lormid-
able task. The required initial condition must now be found
by iteration since the most of the benefils of a symmetrical
operating condition docs not exist. The only symunelrical
property that can now be utilized is half wave symmetry in
which the waveform is repeated for each half period. The
system matrix which represenis each of the possible con-
nections of the machine must be derived saparately.

A simplified circuit diagram of a voltage controller is
given in Fig. 1. The system consists of three pairs of identi-
cal thyristors, connected back to back in series with Lhe
phases of a three phase wye connerted induction machine.
Figure 2 shows a typical line current which serves Lo define
the electrical angles which are used in the analysis. In gen-
eral, statar voltage control is accomplished by adjusting the




hold off angle ¥ 1n which Lhe thyristor is kepl open during a
current reversal in a given phase. With unsymmetrical
firing distinclly different values of ¥ may occur in each
phase. The time between open circuil intervals are
identified hy the conduction angles B. Over a complele hall
cycle three distinct values of 7 and # can be identified asso-
ciated with each of the three phases.
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Fig. 1 Vollage Controller Circuit Configuration
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Fig. 2 Typical Motor Line Current Waveform Identifying
Hold Off and Conduction Angles 7 and §.

It can be noted that there exist five possible states

which can oceur during & enlire period.

1) All three phases connected to the power supply; ias,

ibs, ics are non zero.

2) Phase as disconnected from the supply ; ias = 0.

3) Phase bs disconnected from the supply ; ibs = 0.

4) Phase cs disconnected frem the supply ; ics = 0.

5) All three phases disconnected from the supply.
Of these five states, only the first four need be discussed.
The last state occurs only when the system enters the mode
in which either one or none of the phases are connected to
the power supply [10]. Since operation in this mode results
in very low average torque, this state is not of interest. here.

With proper atlention to the constraints which exist for
each case, the motlor equations which define the open cir-
cuit condition for each of the three phases can be obtained.
The approach utilized in Ref. 10 is used which, in turn, is an
extension of Ref. 11. The system equations for each of the
four circuit states needed to campletely define the operat-
ing condition is summarized in Appendix 1. The overall
solution can now be obtained by proper attention ito the
symmetry avallable {half wave symmetry). it is shown in
Appendix 8 that a solution in state variable form over a hall
cycle leads to the equation

{e’u‘ehﬂheﬁ:‘eh&eﬂaﬂgh[’a + H x{g)=0

The matrices A O, Dy and IY are the systen: state
matrices for the system states 1-4 described above. The
quantity x(y) is the system slale variable vector at the ini-
tial condition «,f = ¢. This equation is used lo calculale
the value of y and the initial value of the stator current,
roior current and source vollages. Since Lthe values of hold
off angles 7., ¥ 7. are assumed known. the values of 8, and

8. are then the remaining unknown quantities since the
third angle fy can be found from the half wave symmetry.
That is

Pa =T 7a—7% e B —Fc

Solutions for By and B; must be iterated to fulfill the zero
crossing current constraint. Fortunately it turns cul that
the zero crossing currents are related almost linearly with
fy and g, so that an iterative solution converges rapidly.

Phase Balancing Strategy

Since the SCR vollage controller of Fig. 1 is essentially
used to adjust the fundamental component of the voltages
at the terminals of the load, the SCR controiler itself can be
viewed as an equivalent variable impedance. Since the SCR
does not absorb or produce energy it can be shown that the
lundamental component of voitage across the SCR is in qua-
drature with the {undamenlal component of current.
Hence, the SCR controller is, in effect, a variable reactor.
Figure 3 illustrates a typical unbalance case in which a
phase voltage ¥, is larger and phase leading with respect to
its desired position. The Lerminal voltage ¥, can be viewed
as being comprised of a positive sequence component ¥}
and a negative sequence component ¥ wherein the positive
sequence component is cflectively the desired value of the
phase vollage. Phase control of the pair of SCRs in series
with this phase serve to reduce the voltage drop across the
load. The load voitage phasor locus follows a line which is
perpendicular to the phase current phasor (assuming that
the current phasor remains unchanged during the adjust-
ment}. The unbalance condition generally be can be

reduced to a certain minimum (denoted as V') before the
negative sequence component again begins to increase {as,
for example, ¥;').

Fig. 3 Phasor Diagram Illustrating Principle of Phase
Balancing.

A pictorial representation of the overall phase balanc-
ing strategy proposed in this paper is shown in Fig. 4. While
the proposed overall strategy can be extended to the case
of a general phase unbalance, it is apparent that a
comprehensive treatment of such a general case is not
feasible in a paper with space constraints. For simplicity,
only two different phase unbalance condilions are con-
sidered and are shown in Fig. 3. These conditions
correspond Lo (a) a single phase unbalance in which phase
as is a different amplitude and retarded in phase relative to
phases bs and cs and (b} a double phase unbalance in which
phases bs and cs are unsymmetric relalive to phase as. In
each case Lhe unsymmetric phasor is assumed Lo be
oriented in a phase lag position compared to its normal
posilion. Hence, the cases studied correspond to practical
single phase or twe phase resistive or inductive unbalanced
loads. Note that in case (b) the voltage phasors ¥, and ¥,
are assumed ta be equal (but different from V,;) and phase
displaced by an equal amount g.
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Fig. 4 Phasor Diagrams Showing Strategy for (a) Single
Phase Unbalance and (b} Double Phase Unbalarnce,

The stralegy to correct a single phase unbalance, Fig.
4(a}, is clearly to retard the firing of the SCRs connected in
series with phases &s and es. II the hold cff angle of the
SCRs in each of these phases are controlled to be equal, Lhe
two phases vollages will be displaced from their normal
position by nearly the same angle. it is apparent that in the
optimization procedure the SCRs in phases &s and ¢s must
be retarded in phase by a hold off angle ¥ approximately
equal o . This observation provides a goed starting point
to begin searching for the most desirable value of . The
final lecalion of the vollage phasors of bs and cs are given
by %' and V",

In case (b) two phases are unbalanced relative to the
third. In this case the unbalance can be corrected by
retarding the third phase to bring this phase into a more
symunetrical relationship with respect to the two unbal-
anced components. The final location of the phase as volt-
age vector is denoted by V' [i should be apparent that if
a substantial improvement in phase balance can be
achieved in these two cases that similar improvements can
be realized in a general unsymmetlrical condition. However,
in this case the control angles of all three phases must be
adjusted independently if a minimum unbalanced condition
is to be realized.

IL should be noted that due to the active load, a phase
retard as shown in Fig. 4(a) or 4(b) does not only affect the
negative sequence component as idealized in Fig. 3 but also
has z smaller but important effect on the positive sequence.
Hence, if the outpul power or torque is to remain
unchanged, the motor is required to operate with a
somewhat grealer slip. Although the negative sequence
losses may be reduced by the phase retard. positive
sequence losses may increase al a lasler rale resulting tn
an overall effliciency loss rather than efficiency gain. This
problem can be avoided by supplying a somewhal greater
than rated voltage to the motor. By proper choice of the
turns ratio and by keeping the SCRe continuously active the
voltage can be maintained as its rated vaiue over the entire
expected range o! phase unbalance. Although this stralegy
increases somewhat the losses under halanced conditions,
for practica) eases the amaunt of eontral angle 7 is anly a
few degrees. Hence, the added losses under balanced con-
ditions are expected to be very small.

Resulls of Optimization Study

Although the hold off angle ¥ can be expecled to vary
somewhat in proportion to the phase angle ¢, the optimum
valuc can only be obtained by means of iteratinn. Figure 5
shows how the negative sequence current varies with the
control angle ¥ for a particular case of double phase unbal-
ance. Note thal approximately a 4 times reduction in nega-
tive sequence current is possitle resulting in a reduction of
negative sequence copper losses by about a factor of 16.
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Fig. 5 Negative Sequence Curreni as a Function of Hold
Off Angle <, for Double Phase Unbalannse,
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Although very large improvements can be made in
reducing Lhe negative sequence component, Lhis reduction
is somewhal offset by Lthe increased harmonic losses. Fig-
ures 8, 7 and B show the negative sequence current, losses
in each phase and tolal losses for the same case of a double
phase unbalance when the magnitude of the two unbalanced
phases vary from 0.92 to 1.08 of rated voltage. The
parameters used for this computation are given in Appendix
3. Specifically, the motor selected was a 220 Volt machine
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Fig. 8 Total Motor Losses as a Function of the Degree of
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and the transiormer secondary vollage was assumed Lo be
240 V. Hence, the minimum unbalance voltage amplitude
that can be corrected without reducing the fundamental
component is 0.892 pu. Note that substantial in negative
sequence current is possible when the per unit unbalance
voltage is less than one, phase retarding will not correct
situativns in whicl the uubalance voltage is greater Lthan
unity. Fortunately such cases arise with unbalanced capaci-
tive loads, an unlikely occurence. Nole also Lhat correction
of unbalance is more attractive for moderate phase unbal-
ances {y=-5°) than when the phase unbalance is zero or
very large (significantly worse than - 10°).

Figures 89, 10 and 11 show corresponding data for the
case of the single phase unbalance. In this case, it should
be noted that a somewhat larger transformer secondary
voltage is required in order to achieve the phase correction
required. While not necessary for the case of g= ¢° or g=
-5°, the transformer secondary voltage was assumed to be
250 V for the plots of ¢ = -10° in Figs. 9-11. The increased
secondary voltage decreases somewhal lhe improvement
that can be achieved for ¢ = -10° since the harmunic losses
increases. In a practical applicalion it appears thal the
transformer turns ratio must be carefully chosen to be con-
sistent with the maxirnum expected phase unbalance.
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Although Figs. 6-11 are sufficient to demonsirate the
leasibility of asymmetric control, it is useful to show typical
resulis in the time domain for a particular unbalance condi-
tion to help visualize the nature of the compensation tech-
nique. Flgure 12 shows a time domain solution for the
motor stator currenis and electromagnetic torque for the
particular case of double unbalance where the per umit
unbalance vollage amplitude is 0.95 and the unbalance
phase shift ¢ = -10°. The supply voltage is asswned tu be
equal to the motor rating. That is one per unit voltage
corresponds to 220 V. When the angle 7 is set equal to zero
(no control} the resulting large unbalance currents and pul-
sating torque due to the interaction of Lhe positive and
negative sequence current components is readily observed.
In Fig. 13 the hold off angle of phase as has been adjusted to
minimize the negative sequence current while the hold off
angles of phases bs and cs have been sel to achieve rated
positive sequence voitage. A significant reduction in
current unbalance and pulsating tcrque is readily apparent.

Figures 14 and 15 show a simiar pair of plots for the
single phase unbalance condillon. o Lhis case the hold off
angles of phases bs and cs are adjusted equally ta 29° while
the hold ofl angle of phase os is set for rated positive
sequence vollage (7, = 0°). Again, a subslantial reduction
in current unbaloncc and pulsating is immediatcly
apparent.

It should be emphasized that in each case the hold off
angles for phases bs and cs were adjusted in equal fashion
while the hold off angle for phase as was varied indepen-
dently. In this manner the dual constrainis of achieving
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rated positive sequence voltage and minimum negative
sequeunce current couid be conveniently obtained. No
attempl was made to adjust all three angles independently
since the added degree of freedom would have made Lhe
oplirnization procedure much more difficull. 1 can be
safely stated that the “wplimum” cbtained by the iteration
procedure merely forms an upper bound for Lhe loss reduc-
tien that can be obtained and even better solutions may be
possible if the three control angles are varied indepen-
dently. A detailed study exploring this possibility could be
the subject of future work.
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Conclusion

This paper has proposed a new technique for dynamic
balancing the phase vollages of an induction motor when
subjected to unbalanced supply. It is shown that by proper
application of components which may already be present in
a system, i.e. isolation transformer and static starter. the
Regative sequence current can reduced by a factor of five or
even rmore. While the technique introduces added harmonic
losses due to the presence of salid state switches, it is
shown than an cverall improvement can be readily cbtained.
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Appendix 1
Systern Equations
Induction Machine Equations

The equations for an three phase, three wire induction
machine expressed in a staticnary d —g axis are:

Le] st /o)X, 0
&
;s c. Te + (p/(db)X,
:r (p/wb)Xm _(mr/ub)xm
& {w;/ wp I X, 7 o)X,
(p/:b)Xm 0 11}7:
0 (p/Ub )Xm %
nt /Y e/ w)X, || (AL1)
N 1;‘
(Z99%, o+ pron|

“y
The superscript s denoles Lhe slationary reference frame.
Since this frame is used throughout this paper, the super-
script s will be dropped here on for simplicity.

The above matrix eguation can be expressed in the
simpler vector matrix [orm:

v=X{E5i+Ri (A1.2)
~b

The slaior voliages mn d—g axis are related to the phase

voltages by the equations:

Vg T Ly (A1.3)
Var = Jlves = vay) (At.g)




Similarly the d—¢ currents are expressed in terms of the
phase currents by

Ty = Tos (A1.5)
s = lies =) (a1.8)

The per unit electromagnetic torque can be expressed in
d—g axis variables as

Te = X (g tar — s Ty ) (AL7)

Supply Voltage Equations for Unbalanced Condition
Since a three wire system 1s assumed the supply voil-
ages are convenlently expressed as line voltages.

en = Epsin{of + ¢,) (A1.8)

€pe = Lpesin(w,t — 120" + gy ) (ALY

Cca = Fegsin{wgf + 120° + ¢, ) (AL.10)
where

€y = By —Epg (a1.11)

e = €y ~ €gg (A1.12)

€ea = Bop — By (A1.13)
and wherein

2y = Egpsin{wgt + ¢,) (A1.14)

ey = Eygsin{w.t — 120° + ¢, ) (41.15)

@cy = Fogsin(uw f + 120° + ¢.) (A1.18)

When the machine consists of a three wire system the
sum of the three motor line L.o nentral voltages must sum to
zero [10]. It can be shown that the motor voltages can then
be expressed in terms of the line source voltages as

I:uu 1 rf. 0 -1 rgub ;
bs| = g7l 10 fley. (A1.17)
s 0 -1 1 jieea

From Eqs. A1.3 and A1 4

14
Vg = -ai(sin%bcosu,t + COS@ g, Sinwg )

1A
+ —-é“—[sin(gom-leo“)cosm,t + cos(pq —120°)siny, ¢ ]

(A1.18}
Vi
Vge = —\}%{sin{wk +120°)cosw, £ + cos{py +120%)sinw, ¢ ]
(41.19)
or in a simpie matrix form:
v=Ce (A1.20)

From this result the matrix € can be derived,

;—{ Vo COSPas + VeaCOS(3cq +12C°)] :l-f Vay Singgy + Ve Sinfipe +1207)

‘}_—3 e COsty, — 1207} }—Svk sin{py —120°)
€= 0 0
D] 0
(A1.21)
where
[sine
e= [Z; = [53“52.5 (Al.22)

The required sine and cosine funclions of Eq. A1.22 can be
readily derived an auxiliary set of diflerenlial equations,

namely

E e, ze, (A1.23)

‘2—922—91 (Al.24)

where Lhe iritial conditions e; = 2 and e, = { are assumed.
In matrix form

ro t
-a%—ez -1 ¢;®© (A1.25}

System Matrix Equation for Full Conduction

The differential equation for t*e rase where three phasc
are connected to Lhe power supply may now be expressed in
matrix notation as

f—-i = XRi + X'Ce (A1.28)
-]

p ._lo1

o, e= l—lO]e (AL.27)

These two matrices can be combirad as ane matrix to form:

[yt 1
. -X'R X°iC};;
B i} _ [i \
HE o] H (A1.28;
g 4] i-10
or, in state variable matrix notaticn-
L.x=ax (A1.29)
UU
The contents of matrices Xard R are:
X, 0 Xp O
N L (A1.30)
“Xn O X, O
0 Xo 0 X
T, 0
Q T,
R= " : . {A1.31)
¥y, )
0 (wo IXm Tr I )XT
(X, 0 (P-T_)Xr Tr
Wy =b

Phace as Dieconnected from the Supply
When phase as is disconnected {rom the power supply
only two phases excite the windings. The current in phase
as equal zero so that 7y, = 0. The resulting open circuit, volt-
age in phase as may be expressed in the d —¢ axes as:

v = LXmiq-r {A1.32)
Wy

gs

Since the bs and ¢s phases remain connected to the indue-
tion machine, the vollage along the ds axis is given by:

Vg = —{Ji 2eg — €pg) (A1.33)

The total matrix equation is essentially the same as the fuﬂ
conduction mode exceptl that the matrices X and C are sim-
ply changed to X, and C,, wherein

fx, 0 0o o

0 X 0 X,

X, = {A1.39)
Xn C X O
0 Xm 0 X




T

f
O ?\.»5:_3 Vbccos(¢b57120(‘) 000

= (A1.35)
= \}W—ancsm(%c—mo") 000
The total matrix expression for this mode becomes:
[x-t -ie ]
2—“] = ):“ . ?‘5 C; H (A1.36)
- e
“ e o 8 d]
or in state variable matrix formr
£ x=8, x (AL.37)
u-

Phase cs Disconnected from the Power Supply

The equaticns in this state are slightly different {rom
the previous derivation when phase @ is disconnected from
the supply. Instead of using vg, and vy, in the main equa-
tion, the stator vollage is denoted by the remaining con-
nected voltage supply. The malrix equation for the indue-
Uon machine is expressed as:

2l +( 2%, 0
e’
rvub 0 _‘2\/.3[7-5 +( 'L)Xs }
v, wp
ab =
8 ('E’%Xm __w_r;\,m
[AT% g
Ly .
( *‘)Xm ('L}‘Xm
Wy Wy
3, D\, Vi .
E-( Wy )/\m ?{ Ly Am
3 .
HEX PP, s
Wy Oy
" A (A1.28)
2 T ar
TF + (wb )Xr (ub )Xr 1*

(29X, 7+ (2ax,
Wh Wy

From the above matrix representation, matrix R., matrix
X, and matrix C, can be derived and may be written as fol-
lows:

2rg 4] 0 0
0 2vir, 0
R = o w {A1.39)
0 -ZX, . --Ix
Wy Wy
£, @,
‘cﬁm 0] ﬁ, Ty
V3
QX: 0 %Xm -i"m
3 Jd 4
0 2vEX, S P,
— N
X=x, 0 Xx o (A1.40}
0 X, 0 X

(Vab COSGan Var Singa,

Van €0y Yoy singg,
G = 0 0 (atan)

0 0

Phase bs Disconnected from the Power Supply

The derivation for this state is very similar to the
derivation for phase ¢s disconnected from the supply. The
stator voitage used in the main cquation is aiso Lhe remain-
ing connected line voltage. The following matrix represents
the main matrix of induction machine , matrix B,, matrix
X,. matrix C, and the system matrix,

glry + (29x, ] 0
Wy
v, 0 ~2v3(ry + (-E3x,]
Vac| _ Wy
0~ w
0 (';L)Xm - Xm
b b ]
Yr 2
ub m (Ub )Xm

[.
b o :z:
o » (A1.42)
(B, Py W
“o @y
X e (Bx,
=] Yu

Frow Lhe above matrix representation, Ry, X, and C,
can be derived and may be written as follows:

2T s} 0 0
0 -2v3r, 0 0
R, = . 3 (AL.43)
0o -IX, n -Zx
Wy [#]
w2y Wy
s 0 T
[
e, o 2x, ——-—x‘f m
0 -2vax, g-x,,, —?—x,ﬂ
%= o x 0 (al.44)
0 X, o X,

(V.q cos{@.q +120°) Veasin(e,, +1207)
Vea COS(@e +120%) Veasin(p., +120°)

0 0

Appendix 2
Initial Condition for Unbalanced Operation

The initial condition for an unbalanced gupply cannot
be found in a closed form as was the case for Lhe balanced
condition. However, the inilial condition can still be found
by utilizing half wave syrmmelry. The derivation of the ini-
tial condition is based on tho assumption thal the first
guess of the hold off angle affects the final value far each
full conduction tnterval {state 1} which should always end at
8 zero crossing of one ol the currents Based on this
assumption, the actual zero eressing point is caleulated and
the result is used as a feedback to iterate the new conduc-
tion angle and tu recalcuale the inilial condition angle. The
Iteration 1s repeated until the firing angles converge to the
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point where the total pericd is close to w radians The
wavelorm of a lypical current in phase as for the extire
period is given iIn Fig. 2.

and choosing the same starting point @, ¢ = ¢, the solztion
during the interval when phase as is disconnected frem the
supply is [9]
¢
x(wgt) = e P x(y) plugt<pty, taz.1)
Hence, when w £ = p+y,;
x(p +7a) = ™™ x(g) (42.2)

The solution during the full conduction interval which
occurs alter phase es is interrupled is

x(ef) = e @ TM) gy <o <oty +6,{42.3)
At ot = g+y+A,.
(7 + By) = 27 hx(3) {a2.4)

The solution during the time phase cs is turned off can be
written,

(o #) = e E TRy 4p) (42.5)
Pty tha Syt <oty thatYc
and, at the instant wgt=¢+yg+8q+7¢,
X(p+ 7 Hhat7) = €7 WG Ve Tha) (a2.0)

The solution can be continued in this manner during the
remainder of one-half cycle. The resulling equations are:

x(9+ 70 Ba t7e +Be) = e xlptra +Ba+c) {az.7})
x(?n."'ﬁu +7: +i8c) = 21'&1(’)'“ +-ﬂd+7€ +ﬁ=) (‘-\28)
xm+g) = * x(n-p,) (42.9)

Combining Eqs. A2.2, A2.4 and A2.6-A2.9 the total soiution
for a half cycle becomes

X(?T+EP) = BﬂuAETuBaeﬂe“e'hﬂkeﬁi‘e"hﬂix(w) (1\210)
and from half wave symmetry:
x(r+y) = —x(p) (az.11)

The two equations can be combined together Lo get the
final expression:

[eﬂ-lenlxeﬂ;l\en&e#al\e nBy 1] (¢} = 0 (A2.12)

This equation is used to calculate the value of ¢ and the ini-
tia]l value of the stator, rotor current and source voitages.
The solution for the initia} phase angle is oblained n the
samme manner as for the balanced condition [9]. The values
of hold off angles 7, 75, 7 are known and the value of
Bo = T—Y4 —76=rc —Bb—fc are then the remaining unxnown
values are @, and B, have to be iterated to fulfill the zero
crossing current constraint Fortunately, the zerc crossing
currents are related almost linearly with 8, and f,. Hence,
the iterations converge rapidly.

Appendix 3
Induclion Motor Data

Nameplate Data Baldor Mfg. Co. | 1 Phase
220 Voll.s 20 Amps
1725 RPM 60 Hz
1.188F. by
Base Quanlities Pp = 5095 W Vg =127.02% |
@y =377 rad/sec | fp = 14683
Z, = 8.55 0 T, =29 AR \Nt-m
Parameler Values | rg = 0.023 pu r.' = 0014 pu
Xy =01045pu _ X,'=0 1045 pu |
X, = 14686 pu | ]




