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Maintenance of the proper power facior & a very impurtant matter for the indusery and for dhe econemy of any cowrary.
A soudy of the power factor values for a number of industrial plants in Botrwana shows that they operate at pawer-
Jactors lower than the sptimal values. [f a plant power foctor is different from o5 optimal value. this will couse
cousiderable loses in rerms of inveseness for larger power generation and supply equipment and in terms of heat
dissipation frem the supply lines and other equipment. To improve the power factor and keep it ot an optimal value,
there are 0 bos of pr i ac wvll ax corrective actions that conld be implemented  The power factor
of a plant changes. depending on the number of dlectrical unis operating at o tme. Afier a full analysis of the pewer
Sactor issue and i3 optimal case, an w centrol & designed that may maintain the power factor of a plane within
values close to optimal. Similar antomatc power factor control system can be introduced for all industrial plames with
unyansfoctory power factor throughous the country that can improve considerably the efficiency of power wilizarion
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1 INTRODUCTION

The utilizanon of clectric encrgy is more ceonomic
when the phlasce shift ¢ between the current and the
voliage is smaller. However. motors, transformers and
ather electromagnetic devices are peculiar in that they
cause a significant and vanable phasc shift » and
therefore the power facter cosw 1s very low. The
effects of the low power factor operating plants may be
any one or all of the following: overloaded supply
cables, transformers and generators: increased losses in
terms of heat dissipation, reduced load voltage level,
resulting in sluggish motor operation, diminished
tlumination; and increased power costs, where a
power-factor clause is enforced as a part of the rate
structure [1,2]

It is well known that underloaded induction maotors and
transformers operate at lower power factors. Frequently
a motor or a transformer 1s selected to handle the
largest load, but usually operates at less than full load
Even if a motor or a transformer is fully loaded. its
power factor is about cos@ = 0.8, which in general is
lower than an optimal targeted valuc. Since any low
power factor puts a particular strain on  power
gencration and transmission line, there is a standard
requirement that customers must maintain a minimum
power factor of cos @ = 0.9 [3]. Although the best case
would be to keep a maximum value of cos@=1. in
different countrics the standard for optimal targeted
power factor way vary withm the limits from
cos@=09 10 cos@ =095 This depends on the
consideration if a country imports or produces
cqupment for comecting the power factor. Countries
that impon all the necessary corrective equipment have
a targeted oplimal power factor cos¢ = 09. while
countries that produce all components of such

cquipment target cos @ = 095, Any further increment
bevond an optimal power factor causes unrcasonable
cquipment capital costs as seen from Figure | The
purpose of this paper 1s to show the design of a control
system that maintains a targeted optimal power factor.

At Figure 1 1s shown a typical graphical relationship
between costs of corrective equipment, a loss due to
poor power factor and the actual value of the power
factor [1.3]. At onc particular power factor the graph
lines cross. This point gives the most cconomical level
of power facior correction. As already discussed. this
point may vary from cos p =09 locosgp =095 and

for this panicular case it is cos g = 09
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Figure 1. Typical Most Economical Power Factor
Correction [1,3]



The thice well-known mcthods for improving the

wer factor are: the preventive measures for full
Joading of motors and (ransformers; connecting shunt
capecitors 10 10ads and implementing synchronous
motors in the case of very large loads [4]. The most
eoffcctive and commonly used method is that of parallel

powe-factor correction, where shunt  connected
capaciior banks arc  implemented for proper
compensation of the inductive load.

The power factor of a plant vanes, depending on the
loading and number of units comnected at a time.
Usually, there arc three methods for conncction of
capacitor banks for power factor correction: individual
(for individual loads), group (for a group of identical
load) and central (for all the loads of a plant) In the
central power factor correction, a joint bank of
capacitors compensates the reactive power of inductive
loads, cach with varying power and with varying
opcrating times, Since power factor varics in time
during operation, the central power-factor correction is
preferable. A study of a number of industrial plants in
Botswana shows that (hey operate at quite low power-
factors. For example, a case study at the Botswana
Water Utilities Corporation shows that the average
poner factor 18 cose =06. Similar low power-
factors are observed at other planis in the Botswana
[5] Since in this country, all the required power factor
corrective cquipment is imporied and therefore is more
costly, the targeted opumal power factor is
cos e = 0.915)

To mainiain any targeted optimal plant power factor,
the authors designed and simulated an electronic
control system, implementing a central power factor
correction approach. It automatically switches on or off
the capacitive reactive power required to compensate
the respective inductive reactive power. The clectronic
control system tracks continuously the load current and
the voliage and automatically determines the phase
dilicrence between them. Therefore it closely follows
the value of the load power factor [6]. Accerdingly, the
conirol  system  swiiches on  just the  necessary
capaciiance to maintain power factor clese te the
tarpeted optimal value cos@ =09 Ttis estimated that
the investment in the automatic contrel system will
vicld rcasonable long-term savings. Such control
syvsiems can be implemented in all industrial plants,
operating with unsatisfactory power factors

2 DEMONSTRATING THE EFFECT OF A
TYPICAL POWER FACTOR CORRECTION

To demonstrate the cffect of power-factor correction, a
tpical case of a motor operating under-lcaded is
suceested. After testing, the following results were

taken: Supply voltage: I/ = 240V Operating frequency:
f = 50Hz, Motor current /; < 84; Mator power: P =
1.2kW. To improve the power factor, a parallc
capacitor is connected [3,6]. The equivalent circuit for
the motor including the parallel corrective capacitor is
shown in Figure 2.
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Figure 2. Principle of Power Factor Correction

The apparent power of the motor is:
S oIV - 84x2401 = 1920V4 = 1.92kVA (1)

In this casc the active power of the motor is:

P = Vicosg = 1.2k (2)
The power factor of the motor is determined as:
250
L IRV s o

cos P = =
1 8 1.92kV4

The phase angle between the motor current and the
voltage is:

@ - cusq:l" - 51320 4)
The motor reactive Powcer is:
¢ = Vising = L5var (3)

When a capacitor C = 514 is connccted in parallel to
the motor, the current /¢ flowing in the capacitor has
the effect of reducing the phase angle between the
supply voliage and the supply current from ¢, = 51.32°
10 ¢ ~ 25.84° and the power facior becomes cosgy ~
0.9. Also as a result, the supply current /; = 84 is
reduced to [, = 5.5564, as seen from the phasor
diagram in Figure 3, From the phasor diagram the
current /¢ can be determined as:
P(tang, - tang, )
% - % = 2,#(_‘,/ (6)

Then the required capacitance is be determined as:
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Figure 3. Current Phasor Diagram

Depending on the value of the capacitne reactive
power Qe the inductive reactive power Q, taken from
the mains supply is thus wholly or partly compensated
and reduced from O, to Q.. as seen from Figure 4.
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Figure 4. Power Phaser Diagram

The test 1s performed for different power [actors and
the results are placed in Table 1. Theorctically the best
power factor correction occurs at the maximum valuc
cosgs = 1.0, Inthis case the suggested targeled optimal
power factor 1 cosg, = 0.9, since its corrective eflect is
very close to the best case, but the capacitance required
is reduced from 834 'to 5147 (mere than 6G0%), as scen
from Table |, The power- factor correction described
for a single motor can be applied i a similar way 1o 3
whole industrial plant or for an entire region of 2
country

FACTOR CORRECTION

In mstaliations with many loads of uncqual power and
with varying operating tunes. individual power-factor
correction 1s usually too expensive. Also. 1n such cases,
group power factor correction ¢an only be realized
cerian circumstances of predictable performance of the
load  As a result, centrul power [actor correction is
mostly preferable. A joint bank of capacitors for all the
londs is sol up at a central pomnt that 1s located at the
low-voltage mam distribution board The capacitor’s
(leading) reactive power. required for operation at
specific tme  and  in cach  individual  case s
automatically switched on or off in steps by 2 control
mechanism [S.6]. The plant's power factor can thus be
kept approximately constant and independent of the
fluctuating reactive power.

A specific circun! aragram of a central power fuctor
correction. designed by the authors. 1s shown in Figure
5. The mam switch connects the plant load to the
supply line. The power fuctor of the phinl varics.
depending on the number of load units connected at a
time. A sensor unit consisting of a voltage transformer
and a current transformer continuously tracks the load
current and the voltage A feedback control svsien
determines their phase difference and atomatically
switches on just the required number ol capacitors
from the capacitor bank to mamntain power factor close
to a targeted optimal value The optimal valuc for
Botswana 1s cos g = 0.9 since this countny imponts all

the corrective equipment and any larger value, cannol
be justified. because of unreasonable capital costs By
keeping the power factor at ats optimal targeted value,
the supply line current 18 mamtained a1 a required
designed value. while only the load current via the
main switch changes according to the number ol load
units that are connected at 4 ime. The reactive power is
now exchanged mainly between the load umis and the
cupicitor bank, rather than between the load and the
source.  Since the control  system provides o full
dutomatic maintenance of the desired power factor. no
manual operation is required
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Figure 5. Circuit Diagram of 2 Central Power Factor Correction
4 PRINCIPLE OF FIVE-STEP capacitors are used. For example, if the required
SWITCHING CONTROL capacitive reactive power is 100 kvar, a subdivision

Wil central power factor correction. the reactive
power and the number of switching steps selecied
depend on the operating conditions [5,6,13], The
direct static thyristor switching of capacitor banks is
considered as a very costly method, because of the
much larger number of cquipment imvolved, It is
suggesiod that the five-step combination is providing
the mest favorable and less caostly solution for the
central power factor correction. For example, if the
necessary capacitive (leading) reactive power is 50
kvar o subdivision of kyvar in the ratio respectively of
I 2245 applicd. Only three capacitors can be used.
providing 10, 20 and 20kvar accordingly, [f
connected i a five-step combination, a  gradual
mcrement of the capacitive reactive power is
aclieved, as show in Figure €. In this way, the
feaciive power supplied, 1s a close match to the one
fequired for obtaiming an optimal power factor
correction. In case of targer plants, with considerable
vananon of load operating times and requirement for
more accurate power factor correction, larger number

of kvar in the ratio of 1,1:2:2:2:2 can be applied Six
capacitors provide 10, 10, 20, 20, 20 and 20kvar
accordingly The five-sicp combination shown in
Figure 6 1s applied repeatedly as follows:
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Figure 6, Five-Step Combination of Capacitive
Reactive Power Control



In case of larger plants, with considerable variation of
lead operating times and requirement for more
accuralc power faclor correction, larger number
capacilors are used. For example. if the required
capacitive reactive power is 100 kvar, a subdivision
of kvar in the ratio of 1:1:2:2:2-2 can be applicd. Six
capacitors provide 10, 10, 20, 20. 2¢ and 20kvar
accordingly, The five-stcp combination shown in
Figure 3 is applied repeatedly as follows:

Step 1 Ix10 = 10kvar
Step2  1x20 = 20kvar
Step 3 1= 10+ [ 220 = 30kvar
Siecpd 2x20 = 40kvar
Step 5 I<104 120+ 1220 = 50kvar
Step6  2x10+ 1204 1x20 = 60kvar
Step 7 Ix10+ 2620+ [x20 = Tkvar
Step8  2¢104 2%20 4 %20 = 80kyar
Step9  1x104 2x20 4 2x20 = 90kyar
Stepl0  2<10+ 2x20 + 2% 20 =100kvar

Using this approach, additional reactive power
increment may be achieved if required. Also, any
other reactive power values can be used. but for cach
set of | to 5 steps, always the subdivision of kvar in
the ratio of 1:2:2 is applicable,

5 THE CONTROL SYSTEM DESIGN

The block shown in Figure 5. labeled as ~Control
System” is represented in detail as a full clectronic
arcuit in Figure 7. The control system circait s
entirely designed by the authors and is unique in ils
way of automatic tracking of the actual power factor
valuc, comparing it with 1 reference targeted optimal
value and accordingly implementing the fivesstep
conirol methed of correction. The purposc of the
control system is to monitor the phase difference
between the voltage and the load current of the plant
S0 45 to achicve the corresponding combination of
capacilive  reactive  power  connection or
disconnection. The operation of the real system was
simulated with the aid of the sofiwarc package
“Electronics Workbench™ |7]

Two ac sources (Voliage Transformer and Current
transformer) arc used (0 simulate the voltages
obtained at the secondary windings of the voltage and
the current transformers, connected to the main
supply line respectively. The operational amplifiers
OA1l and OA2 operate as Zero Comparators [8.9)
When the input voltages at OAl or OA2 become
larger than OV, their cutputs switch 10 logic high
level Since the supply line voltage has a sine
waveform. the two output signals obtained at the

output terminals 1-1' and 2-2' of the Zero comparators
have squarc waveforms. Their phase difference 1s equal
to the phase difference between the line voltage and the
plant load current. The circuits C1. RS, D1. D3 and C2,
R6. D2. D6 convert the square waveforms signals into
posilive pulses that can be observed at the terminals 3-3°
and 4" respectively. These pulses control a Latch
Circuil. operted by QI and Q2 [10.11,12). At cach
period of the line voltage. i produces a positive squarc
waveform pulse at terminals 5-5', The width of this pulse
represents exactly the phasc difference between the line
voltage and the plant load current The circuit R13, R14.
C6 converts this pulsc inlo a ramp voltage. which change
within the phase difference considered and can be
observed at termunals 6-6',

The ramp voltage is next applicd 1o an Angle Dertector.
which consists of five amplifiers' OA3. OAJ. OAS. OA6
and OA7 operating as  different voltage level
comparators. A voltage divider. consisting of R20, R21,
R22. R23. R24. R25, provides five diffcrent reference
voltages: 0.6V. 1.2V, 1.8V. 2.4V and 3V respectvely
Each one of them is applied 10 the corresponding
comparator. These voltages are compared at each peniod
of operation with the linear ramp voltage that is applied
simultancously to all comparators [11.12 |- Depending on
the phase difference between the line voltage and the
load current. the ramp voltage may reach different levels.
If the phase diffcrence is 10°, the cutput of comparator
OA3 switches 1o logic high level. but the output voltages
of all other comparators are zero. If the phase difference
becomes 20°. OA3 and OA4 switch 1o logic high level,
while all the others have zero outputs, Only when the
phase difference becomies 50°. or more. then all the
comparators have logic high level The Zener diodes D5,
D6. D7. D8 and DY limit the output voltages of the angle
detecting comparators 10 3 5V, which corresponds to @
digital logic high level of 1. This voltage level is made
suitable for application lo the digital clectronic circuit
clement that is the Prionty Encoder. The set of capacitors
C7. C8. C9. C10 and C11 operme as sample-and-hold
circuits at the outputs of the angle detection comparalors
They keep the achieved final comparator output vollage
for a tme larger than the peniod of the line voltage,
Every next line voltage ¢ycle restores and confirms the
real comparator output. depending on the load pawer
factor. Hence. an input to the Prionty Encoder keeps iis
magnitude if there is no change in the power factor. It
may drop frem logic level 1 to logic level D only if there
15 & change in the power factor and hencee in the longer-
term logic level candition of the comparator output
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Figure 7. Cantrol System for Automatic Control and Maintenance of a Targeted Optimal Power Factor

The Angle Detector unit can be used for a direct
switching of five power-factor correcting capacitors,
but this would cause much larger investments for the
As alrcady
described. a proper five-siep switching combination

powcr-factor  comrecting  system.

of Corrective reactive power can use only three

capacitors instead of five. It will be less costly, but

five-step
combination for the required capacitive reactive

equally  effective. To achieve the

power connection, a Priority Encoder 1s employed. For
better flexibility the control system is designed to operate
for a phase difference between voltage and current from
10° to 50°, approximately corresponding 10 power factor
from 0.95 to 0.6 respectively [13]

The truth table, for the operation of the Priority Encoder
[14,15] is shown in Table 2, The five output conditions,
uscful for the five-stcp control of the power factor



correction system arc highlighted in the table. Only
some of the combinations of the Priority Encoder can
be uscful for the five-step switching of reactive
power, as seen from Table 2, [13,14,15]. These are
the combinations B,C,D,G and H They correspond
10 the successive five steps of corrective reactive
power switching, described in Figure 6,

If the phasc difference is less than 10°, combination
B causes no active output of the Priority Encoder, All
corrective capacitors are switched off. When the
phase difference is larger than 10°, but less than 20°,
the comparator OA3 activates combination B, the
Priority Encoder output AO becomes logic kevel | and
siep onc of the five-step switching is performed. A
10kvar capacitive reactive power is switched in
paraliel to the load.

When phase differcnce is larger than 20°, but less
than 30°. combinaton C is activated Ouipuis of
comparators OA3 and OA4 are logic level 1. The
Encoder output Al becomes logical level | and a
20kvar is switched on, thus increasing the required
leading reactive power accordingly,

A phase difference between 30° and 40° activales
combination . Now the outputs of OA3, OAd and
OAS are logical level 1, both AD and Al are logical
level 1 and (10 +20) kvar are switched on The total
connected capacitive reactive power becomes 30kvar.
Combinations A. E and F arc not in usc. For proper
operdtion of the Prority Encoder input pin 3 is
connected 1o pin 4 and pin §, also pin 7 is grounded.
[13.14]. From Table 2 and Figure 3 it can be seen

that the comparator OA6 feeds simultancously the
Enceder inputs 3 and 4 and 5

Funher, for a phase difference between 407 and 50°,
combination G is actnvated. The outputs of OA3, OA4,
OAS and OA6 are logical level 1. The Priority Encoder
outputs Al and A2 become logical level 1 and this
switches on corrective reactive power (20 +20) kvar
making i1 1otally 40kvar.

Finally, for a phase difference larger than 30°,
combination H activates. All angle detecting
comparators: OA3, OA4. OAS. OAG6 and OA7 have high
logical level 1. The Encoder outputs A0, Al and A2
become logical level 1. Then. a capacitive reactive power
of (10+20 +20) kvar. or to1ally SOkvar is switched on 1n
parallel to the inductive load.

It is evident that the switching combinations of the five-
step control, shown in Figure 6. match exactly the
highlighted five-step switching combinations of the
Priority  Encoder ouputs. described in Table 2. The
oulput terminals ED. EI and GS are not used in this
control system and are left open. If necessary, they could
provide system condition indication [13.14].

A three cannel Amplifier Section is applied for a proper
buffering between the Prnomty Encoder and the
Corrective Switching unit. Svmbolically, the Comrective
Switching unit 1s represented by a number of relays, but
practically thynistor switches can achieve the switching
clectronically.

Table 2. Encoder in a five-step switching of reactive power

[nput ] Input Signals Output Signals
Conb. [ 74 6 ‘ 54 | 3 |0 2 I 0 A2 Al Al
Conn , | Switching | Sw iching | Switching
10 From | From ‘ From | From | From | From | From ON ON ON
ground | OA7 | OAG | OA6 | OAG | OAS | OAd | DAZ | 20kvar 20kvar 10kvar
A X X X | X X X X 0 0 0 (
B X X X X X X | o 1 0 0 i
C X X X X X 0 1 1
D X X X X 0 1 1 1 =
= X X X 0 | 1 1 1 0 1
F X X ¢ | 1 T 1 1 I 0 I
G X 0 11 1 1 1 1 ;i
H 0 1 i O 1 1 1

* Input pins 3, 4 and S are connected together. 7 is grounded, as highlighled in the table



O CONCLUSIONS

‘The described desipn for automitic control of an
optimal power factor has been tested under normual
laboritors  conditions.  The  parameters o the
wnlited model are a scaled down equivalent of the
~ctuil system parameters. The power factar 1s tracked
centimuously by actually  momitoring  the  phase
diterence between thie load current and the supply
line voltage This is achieved by the Zero Comparator
yptand the Latch Circait The suggested five-step
combination for capacitance switching and hence
coproctive power swilching involves considerable
il onestment savings. 1t 1s operated through the
applicd lozic solution, achicved by the Angle
Detecton unit and the Prionty Encoder. The cost of
the tosgned control system is around 300 Pula but its
Jong-tonm implementation in praciice can  save
hundreds of thousanags Pula  Further considerable
<vines are achieved by nsing less capacitor banks,
applyving the five-step control.

The designed control system can be casily and
dircetly applied for larger industrial plants. There
prelt be o considerable vanaton of load operaung
umes and also a probable requirement for more
procise power factor correction. In such cases the
[ive-step combination can be applied repeatediy as
already deseribed. For o two by five-step
cormbination, ten comparators in the Angle Detector
umt and two Priority Encoders are cmployed. If the
purnber of the capacitors were increased. the savings
would be even larger duc to the snggested five-sicp
comibination of switching

The implementation of the designed  muomatic
control system for mamtaining an optimal power
[ctor definitely requires some imitial investments
[fut once implemented, the system will dehiver very
<hortly considerable long-<term savings.
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