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Harmeonic Analysis of Three Phase AC Voltage Regulators
Using Thyristor — Diode Switches

N.H. Malik
Electrical Engineering Depariment, College of Engineering, King Saud Universicy
P.0. Box 800, Rivadh-11421, Saudi Arabia

Abstruct. Based upon numerical evaluation of Foutier coeficients, compleie harmanic analysis is carried
out for vartous three phase, AC thyrode voltage regulators. Various quantities of interest are computed
and preseated in the form of normalized surves for bulanced R-1. loads of different power factors. It is
showa that the line controlled circuits offcr the best overall performance and are superior in performance
than the conventionally used thyrisior voltuge controllers.

1. Introduction

Thyristors are now widely uscd for voltage and power control in both DC and AC cir-
cuits [1]. Commonly used methods for voltage control are: (a) Phase angle control,

(b) Integral cycle control, and (c) Pulse width medulation control. In phase angle
control [2,3,4] a pair of inverse parallel connected thyristors or a triac are used. By
delaying the thyristor firing angle, the rms load voltage can be controlled. If one of
the thyristors in each pair is replaced by a diode, voltage control is stitl possible. An
arrangement using such a thyristor - diode combination, is referred to as a thyrode

[3].

‘l'o supply a three phase load, a number of dilferent circuit configurations (Fig.
1) can be used employing the thyrode switches [3]. In general, the performance
characteristics of such three phasc voltage controllers are not well understood. This
is due to the fact that the harmonic analysis of these configurations have previously
been reported for only a few specific conditions [3.5,6]. This paper describes the har-
monic analysis of three phase thyrade controllers feeding balanced R-L loads of dif-
ferent power factors. A generalized computer program has been developed to deter-
mine the comprehensive harmonic characteristics of these voltage controllers and
the results are reported here.
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Fig. 1. Various circeit conflguraiions for thres phase thyrode veltage controllers

2, System Equations

Various three phase configurations shown in Fig. 1 can broadly be classified as:

(i) Branch controlled, Fig. 1{a) and 1{b), and (i) Line controlled, Fig. 1{c) and

1(d}). In branch controlled circuits, each phase operates in a single phase mode, inde-

pendent of the other two phases whereas in the line controlled circuits the conduction

in any one line also depends upon the other two lines. Therefore, for voltage and cur-
rent relationships, one has to cxamine cach configuration.
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Let the three phase supply voltages be balanced und given by:

vy, = V2 Vsin(wt) m
Vo = V2 Vsin {wt — E—;-t—) (2)
vg = V2 Visin{ot + 2—:) 3)

Furthermore, et the load be passive and batanced having a per phasc impedance
of /9. To keep balanced three phase operation, the thyristors in phases (or lines)
A, B and C arc gatcd at a, ¢ + 2n/3, and a — 27/3 radians respectively,

2.1. Phase Controlled Circuits

In the phase controlled circuit of Fig. 1(a} phasc A thyristor (T, ) starts conduc-
tion when firing pulse is applied at wt =a. The conduction continucs till current
becomes zero. Then the conduction starts in the reverse direction through the diode
till D, current again becomes zero at wt = %. Thus the equations for phase A load vol-
tage (V| ,) and phase A current (i, ) are given as follows:

"

Via = Va ]u {4)

V7 ) x

i+ 5V [sin (wt-¢) — sin (@~ ¢) el —mtjcot ¢ (5)
a

‘The diode extinction angle x can be obtained by substituting wt = x andi, = 0

in equation (5) and solving it numerically. The resulting value of » must be in the

range 27 + ¢ < % < 37. In Fig. 1(a), the other two phases will have similar behaviour

with appropriate phase shifts. The neutral current will be the sum of all threc phasc
currents.

For the delta connected circuit of Fig. 1(b), the thyristor and diode conduction
patterns will be similar to those described earlier. Therefore, phase load voltages and
currents of the two circuits will have similar general behaviour. If, as before,  and
are measured with respect to v, , the equations for phase AB load voltage (V| ,5) and
load current {i, ) for the circuit of Fig. 1(h) are given as follows:

n +1/6

v 6}
v a+ /6 ¢

Viap
. ve .
1AB=—ZV[51n(mt+J1:16—¢)—

) (wi—a)cot ¢ u+n/6
sin{la+m/6—¢) e ] (N
a+n/6
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The other two phases will have similar voltages and currents with appropriate phase
shifts. The line current (i, ) will then be equal to

s =lap ~ica (8)
2.2. Line Controlled Circuits

Both of the circuits of Fig. 1(c) and 1(d) are line controlled and as far as line
quantities are concerned, the hehaviour of both circuits is similar. For the current to
flow in any one line, eithcr onc or both of the other two lines must also conduct simul-
tancously. Thus, these circuits exhibit complicated conduction patterns depending
upon values of o and ¢. For the line controlled circuits, o ranges from ¢ to 71/6
radians. When all three lines conduct, the phase A load voltage cquals v, . When only
two lines conduct simultaneously, the phasc A load voltage is one half of either v, g
or v, - depending upon whether lines AB or ACare conducting simultaneously. Dur-
ing one complete cycle of supply voltage, there may be periods when all three or only
two {AB or BC or CA) or none of the lines conduct at a given time. Details of the con-
duction patterns and appropriatc cquations for vollages and currents are given in
reference [3] and will not be repeated here.

3, Method of Solution

In order to computc various quantities of interest, N values of load voltage and
current (line as well as phase) were calculated and stored using the appropriate cqu-
ations for one complete cycle of the supply voltage. From these N values, Fourier
coefficients were caleulated by usiag a Fast Fouricr transform subroutine [2]. It was
found that this procedure gives rcliable and accurate results. Once, the Fourier coef-
ficients are known, it is a simple matter to determine the various paramcters of
interest.

For the circuits of Fig. 1, computations were performed using N = 360, Z (star)
= 1 pu, Z{delta) = 3pu, ¢ = 0, 15, 30, ... Y0° and diffcrent e values to cover the full
control range for each configuration. The above values of Z resulted in the same pu
valugs of linc currents and three phase power for full conduction (i.e. a < ¢). In the
next section, the main results will be presented in the form of normalized curves
showing the variation of desired parameters with & as well as ¢.

4. Results and Discussion

Figure 2 shows variation of the rms load voltage with & and ¢ for branch and line
controlled circuits. When o < ¢, the load voltage is 1 pu. As ais increased, the load
voltage decreases gradually. The line controiled circuits offer a wider range of vol-
tage control from 1 pu 1o 0 pu, irrespective of the value of ¢. However, for the branch
controlled circuits. the range of voltage control is limited and highly dependent upon
the value of ¢.
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Figure 3 shows the variation of rms line current with o and ¢ for various circuit
configurations. For line controlled circuits, full range of current control is available.
For branch controlled circuits, the current control is only partial. Moreover, in such
cases, for highly inductive loads the current increases with a over a certain control
range. This is due to the presence of a large transient component which decays very
slowly with time. Therefore, such configurations have a large value of DC compo-
nent in the phase currents. For the delta connected case, this DC component and
other triplen harmonics do not appear in the line currents. Therefore, the variation
of rms line current with o and ¢ is different for the two branch controlled circuits as
is obvious from Fig. 3.

Figure 4 shows the total rms harmonic content of the line currents for various
configurations. [t is obvious that the branch controlled delta connected circuit have
the lowest overull line current harmonic content. Among the other circuits, the line
controlled circuits have lower harmonic content whereas the branch controlled star
connected configuration has the worst performance, as far as line current harmonics
are concerned. Moreover, this circuit also has very large and undcsirable neutral cur-
rent as is evident from Fig. 5. This ncutral curreat is entirely made up of DC compo-
nent and tripien harmonics.

Although. the branch controlled delta connected circuit has minimal line cur-
rent harmonics. the same is not the case as far as phase current harmonics are con-
cerned. The phase currents contain DC as well as triplen harmonics in addition to the
usual harmonics present in the line currents. Thus, the phase currents harmonics will
be as shown in Fig. 4(a).

Considering all the configurations. the line controlled circuits have the best
overall performance because these offer full range of voltage and power control,
have wider range of firing angles for the control purposes and offer relatively lower
values of line current harmenies. The line current does not contain any IXC or tripien
harmeonics. Tlowever, all the other harmonics arc present. The amplitude of various
harmonics depends upon a, ¢ und the order of the harmonic. Fig. 6 shows variation
of 2nd. 4th und Sth harmonic with e and ¢ for the line controlled circuit of Fig. 1(¢).

A comparison of the line controlled thyrode controllers with linc controlied
thyristor controtlers discussed in references {2,4] shows that the thyrode controller
has a simple control for firing angle {one narrow gate pulse per cycle for the thyrode
circuit compared to two sixty degrees wide gate pulses per cycle for the thyristor cir-
cuit), the control runge of (iring angle is wider (7a/6 radians as compared o 57/6
radians) and results in higher values of distortion and power factors. Its only draw-
back is the existance of some even order non triplen harmonics in the line current.
Therefore, if such harmonics may be tolerated in the line current, a thyrode control-
ler which will also be less expensive compared to thyristor controller should be pre-
ferred.
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Fig. 3. Variation of rms line cur-
rent with o and ¢ for:
(a) Braoch conlrplled cir-
cuit of Fig 1¢a).
(b} Branch contrnlled cir-
cuit of Flg. 1(b).
(c) Line controlled cirenits.
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Fig. 4. Total rms harmonic content of line curvent for:
(a) Branch controlled circuit of Fig. 1(a).
(b} Brausch controbled circuit of Fig. 1{b).
(¢} Line controlled circuits.
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Fig. 5. Rms neutral current for the circuit of Fig. 1(a).

5. Condlusions

Harmonic analysis is presented for three phases AC voltage regulators ermploy-
ing thyristor diode swilches. Of the various configurations considered, it is found that
the branch controlled circuits are unsuitable since these provide limited voltage vari-
ation. These also have DC and other even us well as triplen harmonics in the phase
currents. In the case of three phase four wire arrangement, there is a large and unde-
sirable neutral current which becomes very significant for highly inductive oads at
large values of . Among the various configurations considered, the line centrolled
circuits have the-best overall performance. Such circuits arc also less expensive, sim-
pler and superior in performance when compared with conventional thyristor con-
trollers of similar configuratton.
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