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Abstract. An AC voltage regulator of the chopper-type presents an attractive alternative for AC voltage
cantrol. This is antributed toits extended range of cantrol coupled with independence of the switching ang-
les with respect to-load phase angle. Moreover, using microprocessors to determine firing instances makes
it possible to change regulator’s ON and OFF periods at will with appreciable ease. This adds a new merit
for this type of controllers since it would be possible to alter the magnitudes of harmonics present in load
voltage ur even eimimating selected orders.

In this paper the values of switching angles yielding minimum harmonic content in load current are
determincd. Profiles of these angles at diffcrent valucs of load phasc anglc arc presented for eases of out-
pul load vollage with three, five and seven pulses per hal cycle. Optimal values of switching angles are
evaluated using an algorithm based on optimization technique of the direct search method. Validity of the
results obtained is corfirmed by comparing it with reicvant values obtained by dircet manipulation for the
possible combinatioas of switching angtes. Experimental results obtained from a microprocessor-control-
led AC chopper confirming the theoretical analysis are presented.

The approach presented is gencral and can be well extended for harmonic minimization with any
number of polses per half cycle and specific values of load phase angle.

Introduction

Solid-statc switches have fast response, compactness, lossfree control and Jow power
demands for their control circuitries. Therefore, developments aimed at increasing
their switching power capabilities, made it possible to realize numerous applications
with improved performance.
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In general, solid-state devices are used either in supply or load conditioning.
Supply conditioning involves changing its frequency (Inverters/Cyclo-converters),
altering its nature (Converters/lnvesters) or controlling its level (Choppers/Voltage
regulators). Regarding load conditioning, solid-state devices are utilized in changing
load active and or reactive power requirements (FCTCR, for example) [1-3]. -

On the other hand, utilization of solid-state devices involves generation of har-
monics due to switching action, These harmonics are responsible for increased sys-
tem loss, low power factor and associated interference problems with other nearby
telecommunication lines. Therefore. a reasonable amount of rescarch work has been
devoted to overcome the effects of these harmonics through either harmonic elimi-
nation or minimization whenever the application allows.

The AC voltage controller presents an attractive method for slepping down a
given AC voltage fevel in an efficient and simple way. Conventional types of solid-
state voltage repulators operate with phase angle control strategy with a capability to
contrul a lurge amount of AC power with low level control power, However, it suf-
fers from the drawback associated with low order harmonics produced in load vol-
tage and current. Moreover, the switching instant is dependent on load phase angle,
thus presenting difficulties in control under varying load conditions [4-5]. These
drawbacks could be overcome by using a chopper-type AC voltage regulator,

In this type, the series switch along with the free-whecling one can control the
amount of power delivered to the load by simply varying the ON/OFT time ratio.
Moreover, using self-commutated devices such as GTOs [6-8] and transistors [9-10]
as the controlled switches along with a microprocessor as a controller makces it possi-
ble to achieve different control strategies. The simplest control strategy is the mark
to space ratio control [3-6,7-9]. PWM techniques have been proposed in [7]. Har-
muni¢ elimination technique gives an improvement in performance as a result of
eliminating some selected harmonics in the output voltage {8].

However, regulator performance can be further improved if switching angles are
50 adjusted to minimize the distortion in the load current. The present paper shows
that there exists an optimal combination of switching angles which yields this mini-
mal condition. Morcover, protilcs of these optimal switching angles arc presented
and relevant values of HF of load current showed improvement when compared to
that of the time ratio control and harmonic elimination strategies. Experimental
results are given for a practical system confirming the theorctical analysis.



Harmonic Minimization in a Chopper-type AC 2m

Chopper Type AC Voltage Regunlator

The chopper type AC voltage regulator is schematically shown in Fig. 1. Control
of output load voltage is achieved by using series and parallel bidirectional controlled
switches SW1 and SW2. SW1 allows power flow from mains te load whilst SW2 is
uscd for free-wheeling. GT()'s are used as switches to relieve the system from the
burden of building commutation circuits.
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Fig. 1. Chopper-type a.c. voltage controller.

Firing signals are generated using a microprocessor, which generates supply syn-
chronized pulses with predetermined timings according to ON and (JFF periods.

The system described is practically realized and ity associated performance
characteristics under different modes of control strategies were reported in Refs,
[6-8].

Analysis

A typical output load voltage waveform is shown in Fig. 2, for the case of three
pulscs per half cycle. Triggering is adjusted to ensure quarter wave symmetry so that
only sine components of odd order exist in the output voltage. As a result no phase
shift exist between the fundamental component of the load voltage and the supply
voltage.

Vi

flgh.
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Fig. 2. Load voltuge wovefarm of the u.c. chopper.

- l ol




202 A.L. Mohamadein and K.E. Ad'dowessh

The normalized value of the fundamental component of load voltage is then

given by:
o Nt 5
__2{ _1) ( sin 2oy a] a
2

where, N is the number of pulses per half cycle
Oy =m/2

Consequently, normalized amplitudes of harmonic voltages will be then given
by:

E( Wy [sm(n—l)m Si"(n“)“i] (2)

n+1

where.n=3,5.7

One salient {eaturc of this type of AC voltage conlrol is that the total harmonic
content in its output load voltage waveform is independent of firing angles and is
mainly determined by the value of the fundamental component. This cun be casily
visualizede by determining the effective value of load voltage which is given by:

(3)

and since:
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Hencee:

2

- VY. _V,
L= —{l-v
g, - 2( ) ()

The previous equation indicates that harmonic content is function of V|, with a
maximum valuc at V| = 0.5 p.u. 1t follows then. that changing the values of firing
angles will be of no value as far as load voltage total harmonic minimization is con-
cerned. On the other hand, switching angles do affect the value of harmonic content
in load current since varicus combinations of thesc angles will yield different
amplitudes for different harmonics, maintaining the same fundamental, which are
not cqually suppresscd.

Anmnalytically, harmonic content in load current can be determined using super-
position as follows:

(4) Assumc the load to be passive inductive one with an impedance of 1.0 p.u. and
phase angle ¢, with respect to the fundamental frequency; 1.e.

ZLl =L0./p_ =cosd +j sing, p.u. (5)

(1) The impedance of such a load for the nth harmonic will be then given by;

Z =~Jcms2 4;,,+nzsin2 ¢L/tan_l(n.tan ¢L) p-u. (0)

{¢} Consequently, the amplitude of harmonic current of order “n” will be then given
by:

I, =V /Z, p.u. 0

{d) The performance criterion U is the square of the rms value of the distortion com-
ponent in the output current as the additional losses on the copper windings are prop-
ortional ta this value. Also, mimmization of that value gives near optimum results for
all other types of harmonic losses such as iron losses, stray load losses, peak current,
torque ripple ¢te. [11-12].

U=1i =1* -1

= 2h (R)

n=b ..
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where,

Tand T, are the rms values of the oulput current and the nrh componcent in the
oulput current respeetively,

Variation of Harmonic Content in Lvad Current Versus
Values of Firing Angles

The influence of changing switching instants on the value of harmonic content
in load current can be well demonstrated by evaluating all possible combinations of
switching angles producing a certain value of fundamental component, then deter-
mining the associated values of *U". It is evident that evaluating all possible combi-
nations with a large number of switchings per half cycle will involve quite a large
number of manipulations. Therefore, a case of three pulses per half cycle with a wave
form schematically shown in Fig. 2. was considered. The manipulations start by
assigning a value for o, (starting value = (), then a, is chosen such that a, > «;, and
«, is evaluated in such a way to yield a certain value of fundamental component.
Evaluation of u, is achieved by solving the following equation:

sin(2a, )- 20, = m(K =1)+2(0, -, ) +sin(2a, ) - sin(2ex, )
where, § = ¥y

The previous equation is solved vsing Newton-Raphson method maintaining o, <,
< /2. Having determined the values of firing angles, harmonic content in load cur-
rcot is then monitored by calculating U™, Accuracy of the results ohtained is
ensured by considering a large number of harmonics in computations (500 were
taken). The procedure is repeated for new value of @, and ultimately terminated
when ¢, = /2. The whole procedure is repeated again for a new value of a, till calcu-
lations ended when «, reaches its limit corresponding to a, = o, for all values of a,,
which corresponds to an output voltage waveform with a single pulsc per half cycle.
Scanning the values of “U” obtained, the combination of firing angles corresponding
to minimum “U™ can be then allocated.

Sample output results relating “U” ta o, and u, is shown in Fig, 3. foraload hav-
ing a phase angle ¢ = 60° and K = 0.5 p.u. It is clear that there exists a single value
for a, and @, yielding minimum “U”, The same outcome can be easily viewed by
ohserving the contours of equal values of *U™ for different values of ¢, and a,, under
the same coditions. scc Fig. 4. The areas enclosed by the contours decrease as the
values of U™ is decreased, ultimately reaching a point representing conditioin of
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Minimum U, K = 5, PHL = 60

Fig. 3. Variation of U(%) versus «, and o, for K = 0.5 3 pulses/half cycle and ¢, = 60°.
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Fig. 4. Profile of “U" versus a, and o, for K = 0.5 and ¢; «= 60°. (3 pulses’hafl cycle case).
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optimality. For the casc considered in Figs. 3and 4, optimum valucs of switching ang-
lesare o) = 39.6 and o, = 60° for , = 60" und K = 0.5.

It is then obvious that evaluating a single combination of firing angles invalves
a great deal of manipulations. Moreover, with increased number of switchings, the
problem may become very difficult and time consuming. However, direct cvaluation
of optimal switching angles can he achieved with well known optimization
technigues. Consequently, the problem ought to be reformulated in a form accept-
able for such an approach.

Evaluation of Firing Angles for Minimum Value of Harmonic Content in
Load Current

The problem of evaluating optimum firing instances can be formulated as fol-
lows:

Find Min “U~

where:
500
U(ul.ag.m,...q),_): le(n)
=35, .
subject to:
3 g0y, X/ 2
K:Z[e_ S'HZGJ o (9}
n 2 2,050,

And satisfying the following incquality constraints;
0<d, <ty <ty ———~—~ <mf2

Constraints are placed into the performance criterion via a penalty parameter which
incur a positive penalty for infeasible points und no penalty for feasible points. A
suitable penalty Tunction is defined by;

N+l

ﬁ(a)=4(k—vl)2+42(max([(xi —OL.l+lu ]))2 {10)

i=0
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where
o, =0
OtNII =J'E,f2

A program that minimizes the surn of the squares of a number of functions using the
Levenberg — Marquard algorithm [13-14] was employed. Functions are:

F o =[FFFogna] (1
Fp. =1y, p=1:250
F25|=2(K_V!)

F, =2max[(ui—ui+,) 0] p=252:252+ N +1

The problem is stated as

252+N+1

minimize 3 Fy (12)

Gradients of the functions are given by

F ‘
a_!;z(-1)1-2-[cos(n—l)oti —cos(n+l)(xi]/1 cos8’ +(n sin92)
Ja T

p=1:250
a;:il :(_l)iﬂ.f_[.[]—COS(Zui)]
éi".:Zmax[(ui "C'-m) Olf(ai "ai*‘] (13)

Pelvd

1

p=252‘.252+N+1

It has been found that speed of execution of program enhanced if started with a very
small value of V|. Then V| incremented by a very small valug such as 1 x 107, with
the result of previous iteration is used as an initial guess. Validity of the results
obtained from such an algorithm was ascertained by comparing optimal values with
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corresponding values obtained by manipulations detailed in the previous section.
Correlation between results is obscrved to be excellent. Forexample, at ¢, = 60°and
K = 0.5 for three pulses/half cycle case, o, = 38.5° compared to 39.6° and a, = 61°
compared to 60° as being determining by the direct manipulation method.

Results and Discussion

One of the simple strategies for determining the firing instances in such a teg-
ulator is the time ratio control (TRC) [6). In such a case, a time ratio is assumed and
given by:

1
Time Ratio TR=—N <0
tON + tOH«'

The advantages offered by such a methed of control are:

(1) Firing instances can be determined by calculations and hence a look-up table in
programming the microprocessor can be dispensed with,

(i} For number of pulses per half cycle greater than 3, fundamental component in
load voltage changes almost linearly with TR.

{iii) For0 < TR < 1. the fundamental component in load voltage can be controlled
from zcro up to full supply voltage.

In spitc of the simplicity encountered in programming the microprocessor to
achieve such a mode of control, harmonic content in load current is no longer
optimized. Based on (he optimization algorithm developed, profiles showing vari-
ation of uptimum combinations of firing angles at different values of V, with an out-
put load voltage having three pulses per half cycle were evaluated. Figure 5 shows
profiles for different load phasc angles, namely for ¢ = 15° 307, 45°, 60° and 9P
respectively. It is clear that profiles for ¢, = 45°, 60° and 9 are almost identical.
Figure 6 shows a comparison between the output current harmonic factors (HF) of
the following strategics:

v TRC

& harmonic ¢limination (HARELM) with the 3rd and the Sth harmonics
eliminated.

¢ optimal

when connected to a load with ¢y = 15°.
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Fig. 5. Optimal firing angles profiles for minimum load cerrent harmonic content, {3 polses/half cycle
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Fig. 6. HF of output current (3 pulses/half cycle and ¢, = 15°).
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In the case of the optimal strategy the HF is improved as compared with that of TRC
and harmonic elimination strategies. Although, the switching angles for aptimal
strategy for ¢ = 15° are not identical to that of of other values of ¢; ., HF in the casc
of optimal strategy is less than that of harmonic elimination and TRC strategies and
near to that for ¢ = 15” and almost equal to it for V, > (.4, Therefore, it is possible
to use switching angles of one angle for all loads. The shown profiles can bc stored
in a look-up table in the microprocessor memory and intcrmediate vafues can be esti-
mated by interpolation with insignificant error since the profiles are continuous.

The approach was then extended to cover the five and seven pulses per half cycle
cases. Relevant optimal firing strategies for same vatues of ¢ _are shown in Fig, 7.
Corresponding harmonic contents in load voltage subject to these firing strategics
are shown in Fig. 8 It is evident that optimal firing angles resulted in appreciable
reduction i lower order harmonics. Such a reduction, however, is associaled with
consequent increase in the amplitudes of higher order harmonics, This is anticipated,
since harmonic content in load voltage is constant and dependent on the value of
"V, us has been previously outlined, As far as load current is concerned, higher
order harmonics will be suppressed by virtue of load inductance and thus a condition
of minimum harmonic content is rcalized. Morcover, harmonics under this optimal
tiring are dominated by the 13th order while time ratio control, the dominant har-
maonic is the 11th [6]. On the ohter hand, the 11th harmonic in the latter case reaches
a maximum value of 0.4 p.u. at K = (1.5 compared to a maximum value of 0.3 p.u.
for the 13th harmonic in the former. Such a redistribution of load voltage harmonics
under optimal firing stratcgics is the main reason for minimization of load current
harmonics. Again the influence of such a choice of switching angles can be observed
through the reduction encountered in the low order harmonics.

Comparison between HFs for TRC, harmonic elimination with the 3rd, 5th, 7th
and 9th harmonics eliminated and optimal for ¢, = %0°and ¢, = 15° when connected
to aload with ¢, = 15%is shown in Fig. 9. HF in the case of optimal for ¢ = 90%gquals
to that for ¢ = 15° for V| > 0.45 and with a value near to it for other valucs. Again,
the deviation of switching angles for 15° from other angles is not significant.

In confirmation of the validity of angles profiles obtained theoretically, the out-
put 1oad voltage and load current waveforms and spectrum are shown in Fig. 10 for
K=046¢_ =30andN=5

On the other hand, it can be observed that switching angles profiles for a given
number of pulses are not very sensitive 1o load phase angle variations. 'The profiles
are cluse to cach other and even coincident for values of ¢, = 30. Moreover, with
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Fig. 7. Optisnal firing angles profiles for minimun: load current harmonic content,
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Fig. 10. Experimental and simulated resulls for K = 0.4, o, =W and N =5,
(8} Experimental load voltage. (b) Simulated load vollage, (c} Experimental load current, (d} Simu-
luted load current, (¢} Spectrum and load voltage. (f} Spectrum of load current.
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increased number of pulses per haif cycle, the profiles for different number of pulses
per half cycle, the profiles for different values of ¢y (in the practical runge of load
phasc angle) will be so close to each other thut a singlc profile could be used with var-
ying load parameters. Such a behavior is quite useful since it makes AC voltage con-
trol with variable load impedance very simple and straight lorward regarding micro-
Prucessor programming,

Conclusions

In this paper, it has been shown that there exists a certuin combination of firing
angles in a chopper-type AC voltage regulutor which yiclds minimum values of load
current harmonic content, for a given value of fundamental component. Such a con-
dition was realized by cvaluating harmonic content for all pussible combinations and
minimum value was allocated. This oplimum condition was then determined using a
least squares optimization method whereupon, resulis obtained showed good corre-
lation with those evaluated by the first approach.

Profiles of switching angles for various values of load phase angle are then given
for three, five and seven pulses per half cycle. Proof of minimality was given by com-
paring HFs of output current as being produced by optimal, harmonic elimination
and TRC strategies. Optimum profiles are found to be insensitive to load phase angle
variations thus adding a merit to using this model of control. Profiles given are gen-
eral and ar¢ considered useful for users of such a type of regulators.

Experimental results obtained by a microprocessor based AC Chopper wete
observed to be in a good agreement with relevant theorctical ones.
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