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Abstract—Most of the industrial machines have reactive power
during operation due to which these machines are facing low
power factor. One of the important existing public sector
industries  (where heavy mechanical products are
manufactured) of Pakistan is under study, which has a very low
power factor i.e. in the range of 0.60 to 0.75. This low power
factor not only increase the cost (when there is extra bill and
power factor penalty in the rate clause) but also decrease
electrical capacity of power distribution system. In the public
sector organization, there are five loads in the public sector
industry i.e. machine shop load, heat treatment shop load, non-
ferrous shop load, gal/forge shop load and fabrication shop.

In the proposed thesis, we have utilized capacitor bank in the
existing distribution network .We investigated the shunt
capacitor banks for Power Factor Correction (PFC). After
analysis of the proposed distribution network in
Matlab/Simulink software, it was found that using shunt
capacitor bank in parallel with load, the power factor increased
to 0.95, due to which proposed system and devices efficiency
increased. The power losses decreased tremendously. Voltage
drop has been reduced. Reduction in size of a conductor and
cable reduced cost of the copper. Three different strategies
(Central PFC, Regional PFC, Local PFC) are followed in this
power factor improvement study and each one is then compared
with the previous system.

Keywords— Machines, Capacitor bank, Transformer, bus bar,
distribution parameters, Power Factor Correction (PFC).

l. INTRODUCTION

The power that runs in the power systems is a combination
of active and reactive power. As an example, for the proper
functioning of a motor in a fan, a specific amount of active
power P and reactive power Q are to be supplied to the fan. The
process of rotation of fan requires the magnetization of the
winding and the rotation of the fan. The former is achieved
through the reactive power and the latter is accomplished

through the active power. One of the problems that normally
take place in such scenarios is that the load takes up a lot more
of the reactive power as compared to the normal conditions or
rated values. Majority of the load at the consumer end is
inductive load.

The voltage slumps at the load whenever the demand for the
reactive power increases. This scenario is always catered for by
introducing the capacitive components in the circuit like a
capacitor bank or a FACTSs device. A black out is always on the
cards if the reactive power compensation is not provided
immediately within a fraction of seconds.

Motors are undoubtedly the most commonly and massively
existing and installed inductive load in the industry globally.
Their inductive nature causes the phase between current and
angle to shift such that current lags and voltage leads as shown
in Figure 1.
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Figure 1. Phase shift

Current is said to be in an advanced state and voltage in a
delayed state if it leads, mainly in a capacitive load. On the other
hand voltage is said to be in an advanced state and current in a
delayed state if it is an inductive load. The change in this
difference of the angles of current and voltage result as a
decreased value of the usable power or the real power P, as
compared to the supplied power that is KVA or MVA.
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Representing those powers by vectors, the “power triangle”
may be as shown in figure. 2.

Apparent Power- S
(VA or kVA) Reactive Power - Q

(VAr or kVA/)
® — Phase shift

Active Power-P
(W or kW)

Figure 2. Power triangle

The trigonometric ratio cosine, when applied to the difference
of the angles of current and voltage, denoted by @, gives the
power factor.
P =S *cos ®
Q=S*sin®
If the power factor is low then the following unwanted
phenomena can take place such as:

a) Massive drops in voltages.

b) Massive current flow in the lines.

c) Higher losses by Joule effect in the conductors.

Majority of the countries follow a strict rule that does not
permit power factor to drop short of 0.9 Else, many penalties and
fines are imposed for the violation. The process of power factor
correction, at the clients’ end, involves the reduction in the
apparent power by shrinking the power demand at the substation
when operating at the peak hours where load is at its maximum.
It is at this stage where the vacated capacity of the system is
employed for delivering more power to the load. This inherently
improves the system by increasing its efficiency. The
improvement of power factor also comes with many advantages
such as savings in terms of money because the wire can now be
used of a smaller cross sectional area.

Capacitors are commonly found in distribution circuits. By
freeing up some space for capacity, reducing the end losses and
by making up for the loss of the voltage, the capacitors, as a
result, amplify the performance of a distribution system. Mainly
they are employed for power factor correction, voltage
regulation and reduce the losses. Just like dams store water,
capacitors store reactive power, which is readily supplied to the
reactive load in case of need. Distribution capacitors are
generally pad mounted and pole mounted but mostly the pole
mounted is followed. A switch ON and OFF mechanism is
usually followed to initiate and terminate respectively the
charging process of a capacitor. The capacitors which do not
have such a switch are always ON or OFF.

Capacitors bank provide benefits to the distribution system,
it can devise a condition in which a best location and sizing of
the capacitor is achieved i.e.

1- Power Factor Correction.

2- Increase the voltage of the load bus.

3- Reduce transmission losses (12 R).

4- Improve bus-voltage stabilization /regulation.
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5- Release of system capacity.

6- Reduce the lagging component of the circuit current.

7 - Efficient power utilization.

8- Reduce electricity billing cost based on kVA demand.
Although capacitors provide benefits to distribution systems,

when not properly employed they can create losses and over

voltages. The scenario when a capacitor is completely or nearly

completely charge, the closing of the capacitor results in the

form of generation of transient inrush current. A transient

response gets introduced in the circuit whenever a sudden

change is encountered such as that of switching ON or OFF.

As stated above, Capacitor Bank can be fixed or controllable
nature. Fixed Capacitor Banks are typically only switched on or
off a few times during their useful lifespan, leading to few
transients. In contrast, switched capacitor banks offer a greater
threat of generating transients in distribution circuits since these
banks may switch on and off several times during the day, each
time generating a transient. In this study we are installing fixed
capacitor banks.

The points that need to be taken care of while performing the
installation of capacitor banks are as under:

a) Careful selection of the control mechanism to be
employed in the system.

b) Cautiously determining the location to install the
capacitor bank.

c) Calculation of the bank size (the size of a capacitor
bank in kVAR)

A special type of relay is also used in capacitor bank for the
protection and supervision of capacitor banks. The one shown in
diagram is “ABB” made “REV615”. They are responsible for
monitoring the safety levels and in response perform the
switching operation in the network in real time as quickly as
possible which is shown in Figure 3.

Connection
VAr relay diagram

Network incoming

Phases and

neutral J4R

Voltage lYCurrent

VAr relay

Control
outputs

VAr Relay
Figure 3. VAR relay

The equation below helps calculate the size of the required
capacitor for compensation.

Q [kVAR] = P [kW] x (tan @1 — tan ®2)

Here P refers to the real component of the power at the
installation node. ®1 and ®2 represent the phase shifts of
voltage and current at the installation and the desired one
respectively. In order to characterize the location of installation
of the capacitor bank, there are three schemes that are
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dominantly in use. Which technique to be used depends upon
the location where the load is inductive and the real power that
is to be sent.

A. Centralized correction

In this scheme there is only one capacitor bank which is
installed close to the main incoming switchboard as shown in
figure 4.

L,,__._-—--""'—'rl Main switchboard

Capacitor bank

Figure 4. Centralized Power Factor (P.f) correction

B. Regional correction:

This scheme proposes the installation of capacitor banks in
proximity of the distribution switchboards. These are
responsible for furnishing the required energy to the most
important consumers that cause the degradation of the power
factor as shown in figure 5.

[__',_—-—-"'-l Main switchboard

_—1 [L__— | Local switchboards

Capacitor banks

Figure 5. Regional Power Factor correction

C. Local correction

Suggests that capacitor banks be installed in the
neighborhood of the individual consumers as shown in Figure 6.

ZI Local switchboard

L]

Inductive load _—

Capacitor bank

Figure 6. Local correction
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Il.  LITERATURE OVERVIEW

Power factor is actually cosine of the angle between voltage
and current phase shift. It ranges between 0 and 1. If the load is
purely resistive (ideal), the angle between voltage and current
becomes zero, therefore the cosine of this zero, which is the
power factor, becomes 1 [1,2]. It is an ideal condition. In case,
if the load is not resistive, then it is either capacitive or inductive,
broadly classified as reactive. In such case the angle difference
between the voltage and current is 900, therefore the power
factor, cosine of 900 becomes equal to zero thus rendering the
worst possible value of the power factor. Power factor is leading
in capacitive load and lagging in inductive load. Where the
power factor is leading, it implies that the load is generating the
reactive power. If the power factor is lagging then it means that
VARs are being consumed by the load. [3]. The value of Power
factor cannot be zero or unity and will always be higher than
zero or less than one [4].

When an increase in reactive power happens, the value of the
voltage in the line drops meanwhile increase in the current is
observed. In order to get rid of such a situation, it is inherently
important that power factor be maintained in the range of 0.8 to
a maximum value of 1 at all times. If not, the equipment at the
user end might go out of order causing millions in losses [5].
Harmonics generated in the system distort the voltage and
current waveform and consequently distort the power factor.
The power factor distortion can be obtained by considering the
total harmonic distortion of the voltage and current [6]. The root
mean square of voltage or current harmonics over the
fundamental voltage or current computes the total harmonic
distortion. The extent of disfigurement caused to the power
factor can be found out by finding the ratio of the fundamental
voltage and current to the total values of voltage and current.
[6.7]

A large phase shift and harmonics create low power factor
displacement and distortion. A capacitor is useful to correct the
power factor displacement in linear loads. But when dealing
with the loads that are non-linear, harmonic filter is widely
preferred since power resonance generates mighty values of the
higher order harmonics [8]. While talking about industries,
almost half of the load is of Induction Motors [9]. Mechanical
resistance and magnetization reactance are in direct proportion
in an induction motor. Even a slight change in the values of the
above mentioned two considerations, mechanical resistance and
magnetization reactance, results as a huge variation in the value
of the power factor.[10][12]. In an industry load as well as power
factor is changing at every instant hence requires immediate and
sharp catering for. To solve this problem, reactive power
compensation is required by the user. A capacitors bank is a
substantial solution to generate reactive power [13, 14, 15].

To find out the value of the reactive power needed for the
motor, research works have depicted that the reactive
component of the no load current is always equals to the nine
tenth of the current in the no load case. However, if full load
current is available, the no-load current can be predicted as 30%
of the full-load current. Then, 90% of the full-load current
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provides the required reactive power in VAR [16]. However,
this method is not sufficient to determine the proper size of
capacitor because it only provides an approximation, in
particular at fixed load. Therefore, this empirical technique may
create under- or over-correction at operating time, where under-
correction causes a penalty charge for the user while
overcorrection produces self-excitation, which is harmful for the
induction motor winding [17].

The study found that the power factor correction equation is
a suitable technique to calculate the exact amount of reactive
power required at any loading point in individual or group
induction motors, or even at a point of common coupling. This
method took three factors into consideration which were the
power factor before any device, the power factor to reach and
the power at the input.[18][19]. One method to find the exact
value of capacitor is also carried out in MATLAB/Simulink. It
renders a value of k\VAr which is the required capacitor value
for compensation. [13]. Another methodology comes with the
installation of a device that is called a power analyzer. It is
responsible for the measurement and saving of the parameters

which are power factors, current, voltage and
power.[14][20][21]
The method known as Measured Current and

Manufacturer’s Data (MCMD) has been used for the calculation
of power factor of an induction motor with rated power of 2200
W. It is calculated at many loads. It takes into account a
mathematical equation for the sake of providing an optimal,
feasible and practical solution [14]. In this approach, the
measured current method is used to obtain the load. The results
of the proposed method are compared with the instantaneous
power method and zero crossing method, and show errors of +
0.04 at the full-load condition and -0.18 at the no-load condition
[14]. Kriging and regression are also techniques for estimation
of power factor mostly for the residential houses. In the
regression method, a locally weighted regression technique with
an exponential function has been used. The Kriging method with
a semivariogram model is considered.[24,25]. In case of small
induction motor (mostly under 250 W) A zero crossing method
and instantaneous power method are presented to determine the
power factor from no-load to full-load conditions. Also, using
equivalent circuit parameters in the induction motor can be a
great way to determine the power factor because the total
resistances over impedance obtain the power factor [11][23].
The Kriging method is also applied in this induction motor to
estimate the power factor. For the motor ,mentioned above,
results showed that the zero crossing and instantaneous method
produced errors of 22% and 35%. However, the Kriging method
created an average error of 14% [22]. In this induction motor,
MCMD and Kriging are also applied to estimate the power
factor from no-load to full-load conditions [26]. However, the
Kriging and regression methods were not able to estimate the
power factor from full-load to over-load conditions because both
methods are interpolation techniques and cannot extrapolate
unseen points.
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ANN is an intelligent technique used to estimate the power
factor in distribution systems by analyzing the real parameters
of the power system. In a research made by power distribution
company in Victoria (Australia), the results showed that the
ANN is able to estimate the power factor at unseen points with
an accuracy of 93% [27].

We can have some economic benefits by improving power
factors.

= Benefits due to increase in generation capacity of the
system

= Benefits due to energy conservation or reduction of
energy losses

= Benefits due to increase in the capacity of distribution
substation

= Benefits due to reduction of system voltage drops (or
we can say voltage improvement)

= Benefits due to increase in the capacity of feeder

= Benefits due to increase in the transmission capacity
of the system

The total benefits we can avail due to installation of shunt
capacitor banks can be summarized as shown in Eq. (1).

YAS=AS, +AS, +AS, +AS. +AS, . +AS,..

Where:

A$c = Annual benefits due to increase in generation capacity
$iyr

A$s = Annual benefits due to increase in substation capacity,
$iyr

A$e = Annual benefits because of increasing feeder capacity,
$lyr

A$ace = Annual benefits due to conservation of energy, $/yr
AS$cece = Additional annual revenue due to increase in the
consumption of kWh energy, $/yr

A$t = Annual benefits because of increasing transmission
capacity, $/yr [28]

We can calculate the approximate value of the percent
voltage rise (%VR) along the line can be calculated as given in
equation (2):

x|
%VR = QC% @
10xV,°
By putting the values in the above equation we can easily
calculate the percent voltage rise along the line [28].

Capacitor Bank

A capacitor, also known as “condenser” is an electrical
element with two electrical conductors separated by an insulator
material (dielectric), as shown in Figure 7.
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Figure 7. Simplified scheme of a capacitor

The multipurpose device known as the capacitors that fall
under the requirements of the IEEE standards which are namely
60871 60143, standard 824 are in use for the research purpose
[1]. The primary applications and advantages of capacitors are:

a) Power factor correction and reactive power
compensation requirements which arise due to MV
and LV consumers.

b) The induction effect of transmission lines which are
either overhead or underground.

¢) Achieving voltage regulation in HV transmission
lines. [3]

d) Starting the 1¢ motor (Squirrel Cage-Low Voltage).

The capacitors are amassed either in a series or a parallel
combination. Capacitors are either connected in a delta
formation or a Y formation depending upon the nature of the
distribution network. An MV distribution network is equipped
with a delta formation of capacitors, so does the LV network.

Figure. 8 shows casing of above mentioned capacitors.

When capacitors remain in use for a longer period of time,
then being a charge storage device, they preserve the charge in
them. This turns the capacitors into a two way sword which can
even cause the connected devices to get a sudden and
unexpected charge resulting in them burning out and requiring
an immediate maintenance or often replacement. Sometimes
capacitors come with internally integrated resistors to discharge
the stored charges and causing the other devices to remain safe

[4].
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Figure 8. Schematic diagram of a capacitor bank
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I1l. METHODOLOGY

Simulation is done with Matlab/Simulink of the existing
power system of the case industry and the existing parameters
and other relevant data(current, voltage, power, power factor
etc) are in study. Three different strategies of capacitor bank
installation for the purpose of power factor correction are under
study.

1) Centralized correction(strategy 01)
2) Regional correction (strategy 02)
3) Local correction (strategy 03)

Each sytem involving the above mentioned strategy is then
simulated in Matlab/Simulink. All the relevant output data and
power parameters of these strategies are compared with the data
of the system without capacitor bank. Also the output data and
power parameters of each strategy are also compared among
each other in the end.

Methods used for power factor correction:

Method1:

01 = Cos}(0.XX); Tan 01

02 = Cos™(0.95); Tan 62

So the Required Capacitor kVAR to improve P.F from 0.XX to
0.95

Required Capacitor kVAR = Q (Tan 81 — Tan 62)

Method 2:

Multiplier to improve PF from 0.XX to 0.95 and load rated
power will result the desired Capacitor KVAR to improve power
factor to 0.95

Required Capacitor KVAR = P(w) x Multiplier of 0.XX and
0.95 as shown in Table I.

Where Multiplier = crossing point to existing and desired P.F.

TABLE I. KVAR MULTIPLYING FACTOR OF 0.XX AND 0.95

Multiplying factor for KVAR

cos ° o 0 e © s

LR 040 w oD

0.4 29 1 0 . 1 90
0.4t - 1 » Y e
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Method 3:
Required KVAR = S x (sin (cos (v — 61))

Where S is the induction motor apparent power and 6v — 61
is the angle difference between voltage and current.

B. Existing Distribution Network

The three phase source was being used to provide
11kv/50Hz generation to consumers via transformer and
distribution line. The transformer is being used to step down the
11kv voltage to 440v at the distribution side to provide
consumer’s appliances. In existing factory, large motors have
been used to manufacture products but as we know that the
induction motors power factor were lagging and draws high
current so that reactance factor has been increased.

Here in this public sector organization which is under study,

TABLE II. SIMULATION RESULTS FOR POWER SYSTEM OF THE CASE

INDUSTRY

RMS

Vph VL | IphfiL H Total GEN Q Total Q

SHOPS \
(volts) | (volts) | (Amps) | (VA) (VA [VAR) (VAR]

NFS 232.85| 403.308| 796.36| 556297.278

WITHOUT M/s 230.21) 398.7334| B8176.91| 5647219.35
CAPACITOR BANK |H/T 231.53] 400.0217| 4546.46| 3157925.65
G/F 232.08| 401.9744] 2831.29| 1571257.35
F/B 230.07) 398.4925] 87619 6047351

373831.771
3975642.42,
21254758.92
1303001.11
4372378.37

17380250.63 12279613.59

TABLE IV. SIMULATION RESULTS FOR POWER SYSTEM OF THE CASE

INDUSTRY

there is load of five workshops: Pwith | Pwith unity
' ' SHOPS| P |respectivePF| P sl s o
g Ve r, f
i) Machine shop 4 (Watts) | (Watts)
ii) Heat treatment shop (Watts) (Watts)
iii) Non-Ferrous shop
. 556297.278
iv) Gal/Forge shop NFS 0.74| 411659.9857 144637.2923
V) Fabrication shop WIHOUT  |M/S | O71| d00gsos7ul|seamalsass| weamesasld o
- L CAPACITOR BANK |H 07| 2210547.956|3157925.651|  947377.6954 '
The data of the existing system is given in Table II. CERAUTORBIN |- -
GfF 0.75| 1478443.012| 1971257.35 |  492814.3374
TABLE I1. DATA SHEET OF ALL SHOPS WITHOUT CAPACITOR BANK F/8 069 4172810.189|6047550.999| 187474081
r;”:ch"ze"‘ PF Kw KVAR KVA (V) [iHv)(Line| tHVIPha
ol =) PROPOSED DISTRIBUTION NETWORK
To improve the power factor we are using static capacitor
M‘::g‘:E 0.71 4035 4002 5683 8202 | 516.64 |298.2822 ) p ! p ; 9 N p A
banks in parallel with each load. A capacitor bank is a grouping
_— - s | e | e | sena | i semias of several identical capacitors interconnected in parallel or in
series with one another. These groups of capacitors are typically
. 07 200 | 23423 | 31428 | asse | 28571 |164.9547 used to correct or counteract undesirable characteristics, such as
power factor lag or phase shifts inherent in Alternating Current
NON FERROUS 0.74 405 368.114 547.3 789.95 | 49.7543 | 28.72566 (AC)eIeCtrlcaI power Supplles CapaCItor banks may also be
used in Direct Current (DC) power supplies to increase stored
GAL/FORGE 0.75 1464 1291 | 1952 |2817.47 | 177.455 |102.4534 energy and improve th_e ripple CUI’rEI:lt capacity of the pOWEI’
supply. We have used different strategies of placing capacitor at

IV. SIMULATION AND RESULTS

This existing system is implemented in MATLAB/Simulink.
We have seen that without capacitor bank, there is a large gap
between voltages and current angle so due to which if we take
power factor into account; the cosine angle between voltage and
current is power factor. If the voltage and current cosine angle
difference will be large so power factor will lag. So in the
existing system, the system power factor is lagging nearly 0.7
due to which system draws large current from the source via
three phase transformer. In addition, Power losses have been
increased. The simulations and its results are shown in Table 11l
and Table IV.

International Journal of Engineering Works

the system to check the behavior of power factor and reactive
power.

Strategy 1 (One Capacitor bank with combined Load or
Centralized Correction):
In this type, single capacitor bank is connected to the bus
bars of the main LV distribution board for the installation, and
remains in service during the period of normal load.

For this scenario the value of capacitor bank required is
calculated to achieve power factor of 0.95. The data is shown in
Table V.

TABLE V. EXISTING OVERALL LOAD VALUES AND REQUIRED
CAPACITOR BANK FOR 0.95 PF
OVERALL SHOPS
S/NO | LOAD NO KWA P.F KVA KVAR REQ CAP
1 L_M1 12331 0.72 17126.39 | 11885.27 | 7830.185
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Simulation and Results

We have combined all of the loads and installed one
capacitor bank to analyze the behavior of the proposed
distribution network system, as suggested in strategy 01. It is
implemented in the MATLAB/Simulink. The generating source
is providing 11kv .The three phase transformer steps down the
11kv to 440kv which is useful for the industry induction motors.
The main purpose of providing capacitor bank in case of power
system is to supply reactive power to the system and they are
installed at the receiver end, this is also called as VAR
Compensation. Figure 9 below shows the system designed in
Matlab/Simulink for centralized compensation. The capacitor
banks here used are Static VAR Compensator. The result shown
in table below shows that the power factor has been increased
from 0.7 to 0.95.

Diccrete,
T2=2.443-006 <.
pawergui
Ml A ol
M
; e :
Ttk Distribution hneres\sLﬂ«—l it ol
0t 1k bus bar J l
MACHINE SHOP

U0y peving suop o o FAE SHOP
oy HEAT TREATWENT
HEAT TREATHET e 3 & [0 S0
NONFERROUS ‘
GALIFORGE T JeaLrorce

LOAD
BUS BAR

Figure 9. Strategy 1 (One Capacitor bank with overall Load)

TABLE VI. STRATEGY 1 (ONE CAPACITOR BANK WITH OVERALL LOAD)

RMS

Vph | VL | Iph/IL § Total GEN Q Total Q

SHORS (volts) | (volts) | (Amps) [ [VA) (VA (VAR) (VAR)

STRATEGY1 | Overall| 23134 | 400.6926 | 18736.32 | 13003380.8| 13003380.81 [4060304.36| 4060304.355

TABLE VII.  STRATEGY 1 (ONE CAPACITOR BANK WITH OVERALL LOAD)
P with P with unity
) PLoss Total Loss
SHOPS| P.F |respective P.F P.F
(Watts) Watts)
(Watts) (Watts)
STRATEGY 1 Overall| 0.95 | 12353211.77 | 13003380.81 | 650169.0403 | 650169.0403

Strategy 2 (De-Centralized or Regional Correction):

In this strategy, Capacitor banks are connected to bus bars of
each Regional distribution board of each workshop discussed
lately. In this system a significant part of the system take benefits
from this arrangement, mainly the feeder cables from the main
distribution board to each of the regional distribution boards at
which the power factor compensation is required.

International Journal of Engineering Works

For this scenario the value of capacitor bank required is
calculated to achieve power factor of 0.95. The data is shown in
Table VIII.

TABLE VIII.  EXISTING REGIONAL LOAD AND REQUIRED CAPACITOR BANK
TO ACHIEVE 0.95 PF
PARAMETERS WITH DESIRED POWER FACTORS
Machine/ .
Shop No. P.F Kw KVAR KVA V) |I(HV){Line|(HV)(Phasll Required KVAR
M?E:LNE 095 4035 1326.03 | 4247.37 | 6130.55 | 386.124 | 222.929 2675
FAB SHOP 0.95 4207 1382.55 | 4428.42 | 6391.88 | 402.584 | 232.432 3029
HEAT 0.95 2200 722.989 | 2315.79 | 3342.55 | 210.526 | 121.547 1520
TREATMENT : - . B .
HEN 095 405 133.096 | 426.316 | 615.334 | 38.756 | 22.3758 235
FERROUS ’ . B . . '
GAL/FORGE 0.95 1464 481.117 | 1541.05 | 2224.32 | 140.096 | B0.8843 810

Simulation and Results

In strategy 2, we have isolated all loads (each shop is
isolated) and installed capacitor bank with individual
load(workshop) to analyze the behavior of the proposed
distribution network. We have investigated that the power factor
has been increased smoothly to 0.95. Moreover, the power loss
has been reduced from 5SMW to 0.66 MW. Figure 10 shows the
system designed in Matlab/Simulink for de-centralized or
regional compensation. The capacitor banks here used are Static
VAR Compensator. The design is shown in figure 10 and the
resultant data after simulation is also shown in the Table IX and
Table X.

TABLE IX. STRATEGY 2 (FIVE CAPACITOR BANKS WITH SEPARATE

LoAD)

RMS

Vph v Iph/IL S Total GEN Q Total Q
(volts) | (voits) | (Amps) (va) (VA) (VAR) (VAR)

SHOPS

NFS 23493| 406.9107|  625.9] 441128.061 137631955
M/S 232.44] 402.3978|  6170.8| 4303022.26 1342542.54
SIRATEGY2  [H/T 233.69] 404.763| 3382.33| 2371250.09| 13180429.66 | 739830.029) 4112294.055
G/F 234.2] 405.6463) 2255.59| 1584777.53 434450.591
F/8 232.33] 4024074  6423| 448025172 1397838.54

TABLE X. STRATEGY 2 (FIVE CAPACITOR BANKS WITH SEPARATE
LoaD)
Pwith P with unity
P Loss Total Loss
SHOPS| P.F |respectiveP.F P.F
- 5 (Watts) (Watts)
(Watts) (Watts)
NFS 0.95 415071.658| 441128.061 22056.40305
M/S 0.95| 4087871.143| 4303022.256 215151.1128
STRATEGY 2 HIT 0.95] 2252687.588| 2371250.053 118562.5047| 659021.4332
G/F 0.95| 1505538.657| 1584777.534 79238.8767)
58 0.95| 4256239.134| 4480251.72 224012.586
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individual load in order to analyze the behavior of the proposed
distribution network for strategy 03. We have investigated that
the power factor has increased rapidly to 0.95.

The design is shown in figure 11 and results in Table X1l and
Table XIII.

[stes

Figure 10. Strategy 2 (Regional correction)

Strategy 3 (Capacitor banks with Individual Load or Local
Correction):

| |
‘ frh i L\ rh i L\
= [ErE

[}

In this strategy, Capacitor banks are directly connected to the
terminals of each inductive load(or small group of loads).

As in this public sector organization, there are five shops
(regional loads) i.e. machine shop load, heat treatment shop
load, nonferrous shop load, gal/forge shop load and Fabrication

. R . . Figure 11. Strategy 3 (Capacitor bank for H/T shop Local Correction
shop. Here in this strategy we install the capacitor banks to each g oy 3 (Cap P

load of every shop. Table XI shows the existing system and the TABLE XII.  STRATEGY 3 (CAPACITOR BANKS WITH INDIVIDUAL LOAD)
proposed capacitor banks values, after calculation, for separate
loads of each shop(one shop is mentioned)to achieve the power e
factor of 0.95. Table XII and XIII shows the simulation results aoss| [ v [ s | Towleen [ o | Towla
after capacitror bank installation. {volts) | (volts) | (Amps) [ (vA) (VA) (VAR) | (vag)
NFS 234.8] 406,6855) 626,65 441412.26 140369.099
TABLE XI. EXISTING DATA OF H/T SHOP AND REQUIRED CAPACITOR WS | 23266 4029789 7023] 43012155 1558536.55
BANK FOR 0.95 PF TRAVEGY3 [H/T | 233.68] 400.7456]  3767] 2640817.68| 14901259.53 [839780.022] 466137631
off | 23437 aosser] 2501 17seazny 548645.17
HEAT TRT f/s | 232.78] 403.0868]  7388] 5159335.52 1578756.79
REQ CAP
SNo | Load KW PF KVA | KVAR
KVAR
1 L HT1 200 0.71 |281.6501|198.3667| 132.6 TABLE XIIl.  STRATEGY 3 (CAPACITOR BANKS WITH INDIVIDUAL LOAD)
2 LHT2 | 186 0.72 |258.2333|179.2766| 118.11
3 LHT3 | 224 0.7 320 |228.5257| 154.734 -
4 LHT4 | 3250 0.74 |337.8378|227.2321| 145 P
5 L_HT3 160 0.68 235.2941 | 172.5205 127.04 sHors | pF |respective p.f PE Ploss Total Loss
6 LHT6 | 240 0.72  |333.3333|231.3247| 1524 (watts) (watts) (Watts) (Watts)
7 L_HT7 250 0.56 | 378.7879 | 284.5703| 202.25 NFS 0.045| 218458.8225] 44181226 | 22953.43752
g L_HT8 90 0.68 132.3529 | 97.04278 71.46 M/S 0.948| 4646352.351| 4901215.56 254863.2091
9 LHT9 | 160 0.69 |231.8841167.8393| 115.2 TRATEGY H/T | 0.948] 2503495.161] 2640817.68 |  137322.5154| 750711.1957
10 | LHT10 | 140 0.65 |215.3846 | 163.6781| 1176 6/F 055 1670554.205] 1758478.11 | §7923.9055
11 | LHT1L | 190 0.73 | 260.274 |177.8835| 115.23 F/8 0.952| 4911687.796| 5159335.92 | 247648.1242
12 | LHT12 | 110 0.7 |157.1429|112.224] 76.01

A. Comparison between Existing and Proposed Distribution

Simulation and Results . Netw.ork . .
In Strategy 3, the case is slightly different. We isolated If we summarize all the strategies, we know that in our daily

following loads in each shop and installed capacitor bank with ~ use electrical systems we use lot of devices (actuators) most of
which run by the help of motors. All the rotating devices are
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based upon coil that and their working and proper functioning is
always governed by the Principle of Electromagnetic Induction.
The impedance component of an inductor is always taken as a
positive value whenever solving the circuit and the impedance
component of the capacitive element is taken with a negative
sign. Addition of extra inductive devices or components results
as an enlarged reactive power in the circuit.

Hence the circuit faces a huge drop in the power factor
because the value obtained as a result of the division of real
power P by apparent power S. this in turn causes an increase in
the value of the apparent power because the latter is a complex
sum of P and Q. But the power factor of a system should always
and essentially be high. This is advisable for the reason that it
will end up maintaining the efficiency of the system. The
incorporation of the capacitive element causes a decline in the Q
which in turn makes S to drop also. Concomitantly the power
factor rises. This new value of the power factor is then
maintained at the acceptable value. Hence it can be extracted
from the above few lines that the capacitor bank responsibly
performs the reactive power compensation.

The Table XIV and Table XV clearly show us that without
capacitor, the system efficiency will reduce, draws large current
and lagged the power factor. We investigated that the static
capacitor bank achieved our goal to increase power factor to
0.95 .Furthermore, increasing in power factor nearly unity have
reduced the power losses.

As shown in Table XV , the power losses have been reduced
from 5SMW to .65MW in strategy 1 strategy 2 and 0.75 MW in
strategy 3.Slightly higher value of power loss in strategy 3 is
because of not exact values of capacitor banks (as we are using
standards). A high value of the power factor means that there
will be a very small requirement of the amount of reactive power
compensation. This will mean that a very minute amount of
current will be obtained from the supply. In this case the copper
loss that is the I2R loss will decline. The losses also fade when
the power factor is high owing to the less values of the reactive
devices.

Furthermore, the reactive power has been reduced from
12MVAR to 4MVAR.Power that is used up by the load is
referred to as true, real or active power. Active or real power is
denoted by P, the power that is reflected, because load is
reactive, back into the system is known as reactive power. The
sum of P and Q is the apparent power denoted by the letter S. In
an analogy of a triangle, if theta is the angle between P and Q,
where neither P nor Q is the hypotenuse, S will be the
hypotenuse of the triangle.

The apparent power is also reduced from 17MVA to 13
MVA. When capacitive and inductive components are attached
in a parallel assembly, the resultant current is zero. That is to say
that the amount of current that flows through the inductor flows
in a direction opposite to that of the one flowing through the
capacitor. Hence the cancellation results as zero current. The
reactive devices capacitors and inductors, when placed in a
circuit, generate and consume the reactive power respectively.

International Journal of Engineering Works

The theory of power factor control orbits around this
mechanism. In practical observation and usage, the load always
has active, capacitive and inductive elements. Hence the power
S that flows to the load also carries active and reactive
components to deliver to the loads.

Multiplication of voltage and the conjugate of electric
current render the reactive power Q. A major use of apparent
power is that it can generate a very close estimate of the size of
the electric equipment. A proper and accurate value of the sum
of S component of several loads can only be made if the value
of angle leading or that of angle lagging between voltage and
current is the same or to say that they both have the same power
factors.

TABLE XIV. COMPARISON BETWEEEN EXISTING AND PROPOSED SYSTEM
RMS
o vph Vi Iph/iL s Total GEN Q Total Q
(volts) | (volts) | (Amps) (vA) (VA) (VAR) (VAR)
WITHOUT. NES 232.85| 203.308] 796.36| 556297.278, 3nsnn|
CAPACITOR BANK |M/S 230.21| 398.7354| 8176.91| 5647219.35 3975642.42
H/T 231.53| 401.0217| 4546.46| 3157925.65] 17380250.63 | 2254758.92 12279613.59
G/F 232.08| 4019744 2831.29| 1971257.35 1303001.11)
F/B 230.07| 398.4929 8761.9) 6047551 4372379.37]
STRATEGY 1 Overall | 231.34] 200.6926| 18736.32| 13003380.8] 13003380.81] 4060304.36] 4060304.355
NES | 234.93] 406.9107] _ 625.9| 441125.061) 137631.355{
M/S 232.44| 4025979 6170.8| 4303022.26 1332542.94)
SIRATIGY 2 /T 233,69 404.763] 3382.33| 2371250.09] 13180429.66 | 739830.029] 4112294.055
G/F 234.2| 405.6463| 2255.55| 1584777.53 494450.591)
F/B 232.33| 402.4074 6428| 4480251.72 1397838.54]
NFS 234.8| 406.6855 626.65| 44141226 140369.099|
!\.f-,"ﬂ 217:6§ ~'-q2 8759 7022 4901?13 56 155.3586 SS}
STRATEGY 3 H/T 233.68| 404.7456/ 3767| 2640817.68] 14901259.53 | 839780.022| 4666137.631
G/F | 234.37] 405.3407| _ 2501] 1758478.11 | 548645.17)
F/B 232.78| 403.1868 7388| 5159335.92 1578756.79|
TABLE XV. COMPARISON BETWEEEN EXISTING AND PROPOSED SYSTEM
P with | P with unity
| P Loss Total Loss
P.F |respective P.F P.F
(Watts) (Watts)
(Watts) (Watts)
WITHOUT 0.74] 4116%9.9857] 556297.278 144637.2923

CAPACITORBANK |  0.71] 4009525,741] 5647219.353

0.7| 2210547.956| 3157925.651
0.75| 1478443,012 1971257.35
0.69| 4172810,189] 6047550.999
STRATEGY 1 0.55] 12353211.77] 13003380.81
0.95|  419071.658 441128.061
T0.95] 4087871.143| 4303022.256
2252687.588 2371250.093
0.55] 1505538657 1584777.534

1637693.612
947377.6954| $097263.747
492814.3374
1874740.81
650169.0403] 650169.0403
__22056.40305
215151.1128
118562.5047| 659021.4832
79238.8767

0.95] 4256239.134] 448025172 224012.586
0.948] 418458.8225] 44141226 |  22953.43752
0.948] 4646352.351| 4501215.56 |  254863.2091
STRATEGY 3 0.948] 2503495.161 2650817.68 |  137322.514 750711.1387
0.95|  1670554.205] 1758478.11 §7923.9055
 0.952] 4911687.796] 5159335.92 |  247648.1242

CONCUSLION

Capacitor banks are good devices for improving the network
and are already used in the industries. In this thesis a solution to
the Optimal Capacitor Problem (OCP) applied to a particular
distribution network. The reactive power compensation plays
very important role, especially for the industry. Nowadays, there
are many power electronic devices that are used such as
converters, inverters, UPS systems etc. They all generate
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distortions to the supplying voltage and current waveforms. In
order to avoid poor power quality, it is necessary to apply
reactive power compensating device minimizing reactive power
consumption.

In the proposed thesis, we have utilized capacitor bank in the
existing distribution network where power factor was
tremendously on the lower side .We have investigated using
static shunt capacitor banks for Power Factor Correction (PFC).
A comparative analysis of the strategy 1(Centralized
Correction), Strategy 2(De-Centralized Correction or Regional
Correction) and Strategy 3 (Local Correction) have been carried
out to focus the aforementioned research problem and then each
of one is compared with the previous system. Good and Bad
things of every system is discussed. Any industrialist in Pakistan
can have benefit from this research and can opt a better strategy
after studying this study keeping in view the nature of his
installed industry, power system setup and his economic status.

Furthermore, after analysis of the proposed distribution
network in Matlab/Simulink software, it was found that using
shunt capacitor bank in parallel with load, the power factor
increased to 0.95 due to which proposed system and devices
efficiency increased as current requirement reduced. Active
power (P),Reactive Power (Q), Current and Voltage at LV side
of each shop was simulated and results was displayed in the form
of tables and graphs which clearly shows the increase in the
efficiency in the power system of each shop. The power losses
reduced from 5SMW to the range of 0.65MW. Voltage drop also
reduced. Reduction in size of a conductor and cable reduced the
cost of the whole system. After PFC, system becomes able to
manage more loads with the same capacity.Moreover in future,
the proposed system can be automated the capacitor banks using
switching devices, for betterment of the power system
performance. Instead of static capacitor banks, simulations can
be done for automatic capacitor banks. Also other power factor
improvement devices like synchronous condenser, phase
advancers (individually or in mixed form) can be used and
results can be simulated for these devices respectively.
Simulations can be done for PFC at the HV side of the
transformer and the result can be compiled. PID, Fuzzy Logic
and SMC controllers can be used to get optimal values so that
we can prevent our system from any unpredictable bad event.

REFERENCES

[1] L. Saribulut, “Electrical Power and Energy Systems,” Electrical Power
and EnergySystems, vol. 62, no. 5, pp. 66-71, 2014.

[2] A. Feher, “Definitions and Measurment of Power Factor,” 8th
InternationalSymposium of Hungarian Research on Computational
Intelligence and Informatics,Hungary, 2001.

[3] F. Marafao, “Power Factor Analysis Under Nonsinusoidal Systems and
UnblancedSystems,” Conference on Harmonics and Quality of Power,
vol, no, pp.1-8, Oct 2003.

[4] C. Sankaran, Power Quality, CRC Press, 2002, p. 202M. Abdel Aziz,
“Power Factor and your Electrical Utility Bill in Egypt,” Transactions on
Power Delivery , vol. 18, no. 4, pp. 1567 - 1568, 10 Oct 2003.

[5] L. Cividino, “Power Factor, Harmonic Distortion; Causes, Effects and
Considerations,”14th  International ~ Telecommunications  Energy
Conference, vol, no, pp. 1-7, Oct 1992.

International Journal of Engineering Works

(6]
(71

(8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

E. F. Fuchs, Power Quality in Power Systems and Electrical Machines,
AcademicPress, 2008, p. 664.

A. Zobaa, “Comparing Power Factor and Displacement Factor
Corrections Based onlEEE Std. 18-2002,” 11th International Conference
on Harmonics and Quality of Power, vol, no, pp. 1-5 Sep 2004.

J. Bednarczyk, “Induction Motor Theory,” PDH, 2012, p. 52P. Bimbhra,
Electrical Machinery, Khanna, 1997, p. 420.

S. J. Chapman, Electric Machinery Fundamentals, McGraw Hill, 2012, p.
680.J. Siar, “Power Factor of Motors and Generators,” ABB Company,
2014, p. 68.

Neagle NM, Samson DR. Loss reduction from capacitors installed on
primary feeders. Power Apparatus Syst Part 11l Trans Am InstElectrEng
1956;75:950-9.

Kasztenny B, Schaefer J, Clark E. Fundamentals of adaptive protection of
large capacitor banks. Power Systems Conference: Advanced Metering,
Protection, Control, Communication, and Distributed Resources; 2007
PSC 2007: IEEE; 2007. p. 154-86.

Segura S, Romero R, Rider MJ. Efficient heuristic algorithm used for
optimal capacitor placement in distribution systems. Int J Electr Power
Energy Syst 2010;32:71-8.

Lidula NWA, Rajapakse AD. Microgrids research: a review of
experimental microgrids and test systems. Renewable Sustainable Energy
Rev 2011;15:186-202.

Eltawil MA, Zhao Z. Grid-connected photovoltaic power systems:
technical and potential problems— a review. Renewable Sustainable
Energy Rev 2010;14:112-29.

Taylor CW. Shunt compensation for voltage stability. Power plants and
power systems control 2003.In: A proceedings volume from the fifth
IFAC symposium, Seoul, South Korea; 15-19 September 2003: Gulf
Professional Publishing; 2004. p. 43.

ENERGI. Guidelines to install, operate and maintain ht capacitors & it's
associated
equipment(http://www.energegroup.com/CapacitorManual.pdf)

Singh H, Hao S, Papalexopoulos A. Transmission congestion
management in competitive electricity markets. IEEE Trans Power Syst
1998;13:672-80.

Hemmati R, Hooshmand R-A, Khodabakhshian A. State-of-the-art of
transmission expansion planning: comprehensive review. Renewable
Sustainable Energy Rev 2013;23:312-9.

Rao RS, Narasimham S, Ramalingaraju M. Optimal capacitor placement
in a radial distribution system using plant growth simulation algorithm.
Int J Electr Power Energy Syst 2011;33:1133-9.

Mekhamer SF, Soliman SA, Moustafa MA, El-Hawary ME. Load flow
solution of radial distribution feeders: a new contribution. Int J Electr
Power Energy Syst 2002;24:701-7.

https://www.electricaltechnology.org/2013/11/How-to-Calculate-
Suitable-Capacitor-Size-for-Power-factor-Improvement.html

M. Khodapanah, A. F. Zobaa and M. Abbod, “Monitoring of Power
Factor for Induction Machine Using Estimation Technique,” 50th
International Universities Power Engineering Conference,( UPEC), vol,
no, pp. 1-5, Sep 2015.

M. Khodapanah, A. Zobaa and M. Abbod, “Estimating Power Factor of
Induction Motors at any Loading Conditions using Support Vector
Regression,” Journal of Electrical engineering, pp. 1-8, Submitted Oct
2017.

R. Guntaka, “Regression and Kriging Analysis for Grid Power Factor
Estimation,” Journal of Electrical Systems and Information Technology,
pp. 223-233, 2014.

R. Gunaka, Regression and Kriging Analysis for Grid Power Factor
Estimation, Lamer university, 2013, p. 98.

M. Khodapanah, A. Zobaa and M. Abbod, “Estimating Power Factor of
Induction Motors Using Regression Technique,” International
Conference on Harmonics and Quality of Power (ICHQP), vol, no, pp. 1-
5 Oct 2016.

Z. J. Paracha, “Estimation of Power Factor by the Analysis of Power
Quality Data for Voltage Unbalance Zahir,” Third International
Conference on Electrical Engineering, vol, no, pp. 1-6, Sep 2009.

Vol. 6, Issue 12, PP. 479-489, December 2019

WWW.ijew.io


https://www.electricaltechnology.org/2013/11/How-to-Calculate-Suitable-Capacitor-Size-for-Power-factor-Improvement.html
https://www.electricaltechnology.org/2013/11/How-to-Calculate-Suitable-Capacitor-Size-for-Power-factor-Improvement.html

[28] Neelima, S & Subramanyam, Pisupati & A, Srinivasula. (2010). Capacitor
Placement in a Distribution System for Power Factor Correction: An
Optimization Approach.

Muhammad Bilal has Received his Master’s in Electrical Energy
System Engineering from USPCAS-E UET Peshawar, Pakistan in
2019. He worked as a research scholar at Power system Lab of Arizona
state university U.S.A in 2016. Currently he is working as Assistant
Manager in an R & D Department of a public sector industry. he is
doing a project on Grid connected 5MW Solar project for that industry
with increased efficiency. His major research is in smart Micro-grid
architecture, control and economic dispatch problems.

Abdul Basit has received his PhD from the Department of Wind
Energy of the Technical University of Denmark (DTU) in 2015. His
PhD research on ‘Wind Power Plant System Services’ has developed
and analysed the control strategies which can increase the WPPs
capability to provide system services, such as active power balancing
control, in a modern power system with large scale integration wind
power. He is currently employed as an Assistant professor at the
Pakistan Centre for Advanced Studies in Energy (PCASE-E) of the
University of Engineering & Technology (UET) Peshawar.

Kamil Shaheed has received BS mechanical engineering from
international islamic university. Ms mechanical engineering from
international islamic university. Currently working at heavy
mechanical complex as assistant manager at R&D department.

Shifaat Ur Rehman has received MS degree in Electrical Energy
System Engineering from US Pakistan Center for Advanced Studies in
Energy(USPCAS-E), University of Engineering & Technology
Peshawar. He has availed exchange program to the partner university
of USPCAS-E Arizona State University (ASU), USA in 2016, as a
research scholar. He has good hands on experience in the field of
renewable energies especially PV reliability. He has worked on
“Optimization of Off grid Solar-Gas genrator hybrid power system for
rural areas of Karak, Pakistan .

Niaz Ali has received his Bachelor Degree in Electrical Engineering
from University of Engineering and Technology, UET, Peshawar in
2014. Currently he persuing his Masters from US Pakistan Center for
Advanced Studies in Energy(USPCAS-E), University of Engineering
& Technology Peshawar in the field of Electrical Energy System
Engineering. His major research interests include Solar Photovoltaic
(PV), MPPT Techniques for Solar PV, DC-DC converters, Active
Power Filters (APFs) and Unified Power Conditioners(UPQCs).

International Journal of Engineering Works

Vol. 6, Issue 12, PP. 479-489, December 2019

WWW.ijew.io



