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Abstract— This paper presents the optimal location and sizing 

of capacitors to reduce the total power losses as well as its 

investment cost for a unbalanced electrical system of a building. 

The capacitors location and sizing will be randomly chosen 

repetitively, via Stochasitic optimization method using 

MATLAB® and SIMULINK® software. The optimal capacitors 

location and sizing will be picked via analysis and comparisons 

between the results. The result shows improvement in power losses 

with minimal investment cost whilst providing optimal sizing and 

location of capacitors to be installed in a building.  

 
Index Terms— Stochastic optimization, unbalanced electrical 

system of a building, capacitor, power losses, minimum investment 

cost, energy efficiency. 

 

I. INTRODUCTION 

N recent years, energy demand has rose steadily with the 

steady economic growth in the world, despite the fact that the 

main energy resources such as oil and gas are running low [1]. 

Hence, in the last decade, both the government and private 

sectors all over the world are trying to cut the dependency on 

fossil fuels, by optimising existing technologies to minimise the 

energy consumption, as well as venturing into renewable 

technologies [2]. Although only lately Malaysia is seen to be 

aggressively promoting renewable energy as a source of energy, 

it has already realized the need to diversify energy resources 

since the 1970s, during the world oil crisis, when it reveals the 

vulnerability of energy supply and demonstrated the world's 

overdependence on oil as a fuel [3]. This means that to sustain 

this increasing energy demand, while cutting the dependency 

on the fossil fuels, Malaysia needs to shift its energy generation  

to alternative energy resources or energy efficiency 

enhancement technologies [4,5]. 

Capacitor installation indeed improves the voltage profiles 

and total power losses through cables or distribution line and 
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proves to be a common method chosen among engineers to 

reduce power losses due to its low cost of investment, 

abundance availibility in the market as well as simple 

installation requirement [6]. When dealing with the distribution 

system containing several feeders and different loads, deciding 

the best locations and sizes of capacitors are becoming a 

complex optimization problem. The electric power supply 

delivers from the sources to the end users may cause a 

substantial energy loss. In conjunction to this agenda, 

implementation of current technology that is the capacitor 

optimal placement and sizing can be considered as a cost-

effective approach towards reducing energy losses, hence 

improving the energy efficiency of an existing building [6].   

However, the existing method of installation for bulk 

capacitor in a building system can be futher improvise by 

installing several capacitors with smaller sizes at varied riser’s 

location. In addition, this method can minimize the amount of 

capital investment needed to install capacitors without 

compromising the effectiveness of power losses reduction 

provide by the smaller capacitors installed at the selected risers. 

Hence, the issue of finding the optimal capacitors placement 

and sizing at risers can be solved by implementing the finest 

settings of capacitors performed by utilizing the proposed 

technique of optimal placement and sizing of capacitors via 

Stochastic Optimization approach. The main problem regarding 

capacitors placement and sizing is to minimize the total cost of 

energy losses per year embodied with the amount investment 

cost of capacitors whilst maintaining the power factor, voltage 

magnitude as well as total harmonic distortion within specified 

limit prescribed by the utility of Tenaga Nasional Berhad 

(TNB) and Energy Commission of Malaysia.  

II. PROBLEM FORMULATION 

The main purpose of installing capacitor banks in an 

electrical building system is to reduce the total power loss in a 
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system. The formulation of total cost of power losses utilized in 

this study as the constraint for the Stochastic optimization (SO) 

method is given in equation (1). 

The objective function of the present work is to determine the 

optimal tap setting of the voltage regulator.  

The problem may be stated as,  

 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠_𝑐𝑜𝑠𝑡 = 𝐾𝑒𝑛 ∑ 𝑃𝑙𝑜𝑠𝑠𝑒𝑠𝑚

𝑛

𝑚=1

 
(1)  

 

where, m and n is the feeder number and total number of feeder, 

respectively, and Ken is the cost of energy. 

In the market, the size of the capacitors is given in fixed size. 

In this study, a complete size of capacitors are designed based 

on the combination of several capacitors with the smallest size 

of 𝑄0
𝐶 . 

 
TABLE I 

DISCRETE CAPACITOR SIZES AVAILABLE IN THE MARKET SPECIFIED  

FOR THE SSAAS UNBALANCED ELECTRICAL DISTRIBUTION SYSTEM 

Capacitor sizes (kVar) 

10 20 30 40 50 60 70 80 90 100 

110 120 130 140 150 160 170 180 190 200 

210 220 230 240 250 260 270 280 290 300 

 

Capacitor installation cost is chosen proportional to the size 

of capacitor. The size of the capacitors to be installed at the 

selected destination is limited to the maximum size of reactive 

power load. 

𝑄𝑚𝑎𝑥
𝐶 = 𝐿 × 𝑄0

𝐶  (1) 

 

where, 𝑄0
𝐶  is the smallest capacitor size shown in Table 1, and 

𝐿 is the multiple factor of the smallest size of capacitor to be 

installed. It is to be noted that the cost of capacitor may be 

varied on the market and is assumed to be at RM 60 per kVar 

based on average price for simplicity purposes. 

III. METHODOLOGY 

A. Optimal Capacitor Placement and Sizing (OCPS) using 

Stochastic Optimization (SO) 

Stochastic optimization (SO) method working process is 

basically involved repetitive generation of random variables 

representing the electrical parameters indispensible for 

corroborating the formulation of objective function 

interdependencies to the system constraints. Initial selection of 

randomized parameters that falls under a specific range of 

constraints is performed as an incipient procedure to assist the 

futher optimization technique towards expediting the search of 

optimal location and sizing for capacitor. Without utilizing the 

proposed initialization procedure, this will cause an enormous 

number of capacitor sizing and location to be included in the 

proposed optimization technique. 

The proposed SO methodology of randomly selected 

location for capacitors is implemented based on the repetitive 

process of randomly selected locations at risers for each 

transformer in a building distribution system. Once the process 

of SO is halted, comparison between the whole samples of 

randomly locations and sizing of capacitor is performed. 

a) Perform a load flow solution for the original three-phase 

unbalanced electrical system of a building using 

SIMULINK® software in order to obtain the base case 

value of total active power losses, Ptotal_loss, using equation 

Error! Reference source not found.).  

𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 = ∑ 𝑃𝑙𝑜𝑠𝑠𝑚

𝑛

𝑚=1

 (3) 

where, m and n is the transformer number and total number 

of transformer, respectively. 

The arrangement of 𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠  of available risers will be in 

a matrix form of (n×3) for each transformer as illustrated 

in equation (2). 

𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠  𝑟,∅

= [

𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 1,𝑎 𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 1,𝑏 𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 1,𝑐
𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 2,𝑎 𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 2,𝑏 𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 2,𝑐

⋮
𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 𝑟,𝑎

⋮
𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 𝑟,𝑏

⋮
𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 𝑟,𝑐

] 
(2) 

 

where, 𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠  𝑟,∅ is the total real power loss at every 

phase, ∅, of a riser r. 

b) Generate a matrix consisting of '1' and '0' as illustrated in 

equation (3) to represent the existences of phase current at 

a riser indicating whether the riser operation is available or 

not-available. Equation (4) is a numerical example for the 

𝑅𝑟,∅ with the value of ‘1’ that signifies it is suitable to 

install the capacitors since there is a current flowing 

through the phase of a riser which is connected with a load 

and vice-versa. Row of the matrix will indicate the riser 

number, while the column will indicate the phases of a 

distribution system in a building. In addition, equation (4) 

can also be used to identify whether a particular riser is a 

three-phase riser or non-three-phase riser. The matrix is 

constructed for every transformer. 

𝑅𝑟,∅ = {
1, 𝑖𝑓 𝐼𝑅𝑟,∅  > 0

0, 𝑖𝑓  𝐼𝑅𝑟,∅ = 0
 (3) 

where, 𝐼𝑅𝑥,∅ represent the line current flowing through 

every phase, ∅, of a riser, x. 

𝑅𝑟,∅ = [

1 1 1
0 1 0
⋮
𝑅𝑟,𝑎

⋮
𝑅𝑟,𝑏

⋮
𝑅𝑟,𝑐

] (4) 

where, ∅ is phase a, b or c, and r is the riser number, 

respectively. 

c) Generate randomly a set of capacitors location at some of 

the available risers in a building distribution system using 

MATLAB® software. The randomly capacitors placement 

is selected among phases of risers which having the value 

of ‘1’ specified by 𝑅𝑟,∅  given in equation (3). This 

indicates that it is suitable to install the capacitors since 

there is a current flowing through the particular phases of 

risers which are connected with the load and vice-versa. 

As a result, the matric 𝐶𝐴𝑃𝑟,∅ given in equation (5) is 

attained consisting with the value of either ‘1’ or ‘0’ at the 

phase of a riser having 𝑅𝑟,∅=1, to indicate selected and 

non-selected location for capacitors, respectively. 
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However, selecting capacitors placement should also refer 

to the configuration of each riser whether it is a three-

phase riser or non-three-phase riser. If any of the selected 

location is a three phase riser, then all of the columns in a 

row (row represents a three-phase riser) of 𝐶𝐴𝑃𝑟,∅ will 

equal to ‘1’ or ‘0’. 

𝐶𝐴𝑃𝑟,∅

= {

[1 1 1] 𝑜𝑟 [0 0 0], 𝑖𝑓 𝑅𝑟,∅ = [1 1 1]

1 𝑜𝑟 0         , 𝑖𝑓  𝑅𝑟,∅ = 1

0                 , 𝑖𝑓 𝑅𝑟,∅ = 0

 
(5) 

where, ∅ represent phase a,b or c and 𝑟 represent riser 

number. 

d) Use equation (9) to install a capacitor parallel with the load 

having less than 0.85 lagging power factor connected to a 

riser. By assuming that the capacitor did not draw any real 

power where Pnew is equal to Pbase. The desired power 

factor is 0.85 p.f. yielding to the angle of θ0.85p.f. = cos-

1(0.85). Hence, a difference between the angles at base case 

condition (θbase) and 0.85 p.f. (θ0.85p.f.) will divulges to an 

angle sustained by the capacitor, θcap, as given in equation 

(6). 

..85.0 fpbasecap  −=
 

(6) 











−= − .)).85.0(tan(cos 1 fp

P

Q
PQ

base

base
newcap

 (9)  

  

e) Calculate the total active power loss, 𝑃𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑠𝑠 by using 

equation Error! Reference source not found.) which will 

then used to calculate the total cost of power losses, 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠_𝑐𝑜𝑠𝑡  by using equation (1). 

f) Repeat step (b) to (e) until the maximum iteration, hmax and 

save the best set of capacitors’ location with respect to the 

minimum cost of total power loss. 

g) Halt the repetitive process in the SO method during which 

the maximum iteration, hmax is reached. Record as well as 

analyze the obtained results and determine the best solution 

for capacitors placement and sizing with respect to the 

minimum cost of total power losses. 

 
 

Figure 1: Flowchart of Stochastic Optimization 

 

 

  

Start 

Perform a three-phase unbalanced 
load flow solution to obtain the 

base case value.

Detection of available loads. 

h=1

Generate randomly a set of 
capacitor at every incoming 

transformer using equation (7) 
and installed capacitor to the 

tested system. 

Run load flow to obtain: 

• (i) Total Ploss

h=hmax

Save current best objective 
value

End
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B. Optimal Capacitor Placement and Sizing (OCPS) using 

Particle Swarm Optimization (PSO) 

Particles swarm optimization (PSO) can be considered as an 

evolution from the ramification of one of the swarm population-

based optimization algorithms. In the PSO technique, generally 

every particle will scatter around the search space area to 

determine the optimal solution. The particles will move toward 

the next position in searching for the optimal solution based on 

its individual best and global best memories. In electrical 

building system, power losses have been a major problem due 

to harmonic distortion, unbalanced distortion and fundamental 

harmonic resides in the system. Hence, the search for optimal 

capacitors placement and sizing is trivial to improved energy 

efficiency through power losses reduction at the downstream 

causes by the harmonic distortion as mention above. The 

procedure of PSO algorithm implemented in this study to obtain 

the optimal value of objective function for capacitors placement 

and sizing is discussed as follows. 

a) Specify the parameters of an unbalanced electrical systems 

of a building and PSO technique particularly for the task of 

capacitors placement and sizing as tabulated in Table I and 

Table II, respectively. These are all the parameters required 

by the PSO technique implemented in the MATLAB® 

software. The value for each parameter is specified 

depending on the case study and sensitivity analysis 

performed to obtain the best solution. 
 

TABLE II 
PARAMETERS OF AN UNBALANCED ELECTRICAL SYSTEM FOR A LARGE-SCALE 

BUILDING 

Parameter Value 

Total riser number, 𝑛𝑏 29 

System phases, ϕ  3 

Price or tariff of energy, Ken  RM 0.365/kWh 
Price of capacitor/kVar, Kcap  RM 60.00/kVar 

 

TABLE III 
CONSTANT PARAMETERS SPECIFIED FOR PARTICLE SWARM OPTIMIZATION 

TECHNIQUE 

Parameter Value 

Total number of particles, Np 4 
Maximum iteration, Kmax 100 

Learning rate for individual ability, c1 2 

Social influence, c1 2 
Random number, r1 random, ϵ[0,1] 

Random number, r2 random, ϵ[0,1] 

Minimum weight, 𝒲𝑚𝑖𝑛 0.4 

Maximum weight, 𝒲𝑚𝑎𝑥 0.9 

Velocity constant factor, 𝛿 1 

Minimum particle position, 𝜒𝑚𝑖𝑛 0 

Maximum particle position, 𝜒𝑚𝑎𝑥 1 

 

b) Perform a base-case load flow solution for the unbalanced-

electrical system of a large-scale building without the 

implementation of capacitors using the SIMULINK® 

software. The unbalanced load flow solution is performed 

considering the implication of harmonics injected to the 

system. Hence, the base case condition of total real power 

losses, 𝑃𝑇𝐿, can be calculated using equations (3) and (4), 

respectively in the MATLAB® software.  

c) Use equation (5) to determine 𝑅𝑟,𝜙
𝑐𝑎𝑝

 comprising with the 

matrix form of ‘1’ and ‘0’. This procedural step is 

performed in the MATLAB® software. In the matrix form 

of 𝑅𝑟,𝜙
𝑐𝑎𝑝

, ‘1’ indicates that it is suitable to install the 

capacitor since there is a current flowing through the phase 

of a riser connected with a load and vice-versa for the value 

‘0’ availabled in the 𝑅𝑟,𝜙
𝑐𝑎𝑝

. 

d) Specify k=1 as an initial iteration process of PSO 

technique. This procedural steps (d) until (g) is the PSO 

technique performed in the MATLAB® software. 

e) Initialize the position, 𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝, and of velocity, 

𝑣
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝, using equations (10)Error! Reference 

source not found. and (11)Error! Reference source not 

found., respectively at every np
th particle. In every np

th 

particle of position, x is randomly generated between the 

minimum value of ‘0’ and maximum value of ‘1’ at random 

location or phase of a riser delineated as ‘1’ by the 𝑅𝑟,𝜙
𝑐𝑎𝑝

. 

However, zero variables are stipulated in the velocity, ν, at 

every np
th particle merely during the initial iteration of 

optimization process (k=1).  

𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑉𝑅
=

[
 
 
 
 𝑥𝑟=1,𝜙=𝐴
𝑛𝑝 (𝑘) 𝑥

𝑟=1,𝜙=𝐵

𝑛𝑝 (𝑘) 𝑥
𝑟=1,𝜙=𝐶

𝑛𝑝 (𝑘)

𝑥
𝑟=2,𝜙=𝐴

𝑛𝑝 (𝑘) 𝑥
𝑟=2,𝜙=𝐵

𝑛𝑝 (𝑘) 𝑥
𝑟=2,𝜙=𝐶

𝑛𝑝 (𝑘)

⋮ ⋮ ⋮

𝑥
𝑟,𝜙=𝐴

𝑛𝑝 (𝑘)     𝑥
𝑟,𝜙=𝐵

𝑛𝑝 (𝑘)      𝑥
𝑟,𝜙=𝐶

𝑛𝑝 (𝑘) ]
 
 
 
 

             (10) 

 

𝑣
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑉𝑅
=

[
 
 
 
 𝑣𝑟=1,𝜙=𝐴
𝑛𝑝 (𝑘) 𝑣

𝑟=1,𝜙=𝐵

𝑛𝑝 (𝑘) 𝑣
𝑟=1,𝜙=𝐶

𝑛𝑝 (𝑘)

𝑣
𝑟=2,𝜙=𝐴

𝑛𝑝 (𝑘) 𝑣
𝑟=2,𝜙=𝐵

𝑛𝑝 (𝑘) 𝑣
𝑟=2,𝜙=𝐶

𝑛𝑝 (𝑘)

⋮ ⋮ ⋮

𝑣
𝑟,𝜙=𝐴

𝑛𝑝 (𝑘)     𝑣
𝑟,𝜙=𝐵

𝑛𝑝 (𝑘)      𝑣
𝑟,𝜙=𝐶

𝑛𝑝 (𝑘) ]
 
 
 
 

              (11) 

where, 

𝑛𝑝: 1, 2, …, Np 

 

f) Use equations (12) and (3.23) to update and control the 

particles of velocity, v, using the constriction factor, 

respectively. 

𝑣
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑉𝑅
= 𝜒 [𝑣

𝑟,𝜙

𝑛𝑝 (𝑘 − 1)|
𝑅𝑟,𝜙
𝑉𝑅
+ 𝑐1𝑟1 (𝑝𝑏𝑒𝑠𝑡(𝑘 −

1) − 𝑥
𝑟,𝜙

𝑛𝑝 (𝑘 − 1)|
𝑅𝑟,𝜙
𝑉𝑅
) + 𝑐2𝑟2 (𝑔𝑏𝑒𝑠𝑡 − 𝑥𝑟,𝜙

𝑛𝑝 (𝑘 −

1)|
𝑅𝑟,𝜙
𝑉𝑅
)]                                                                      (12) 

where,       

 𝜒 =
2𝐾

|2−𝜑−√𝜑(𝜑−4)|
                                                       (13) 

where, 

K : random variable generated between ‘0’ and ‘1’. 
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𝜑 = (𝑐1𝑟1 + 𝑐2𝑟2) ∩ 𝜑 ≥ 4                                         (14) 

𝑣
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑉𝑅

=

{
 
 
 

 
 
 𝑣

𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑉𝑅

, 𝑖𝑓 𝑚𝑖𝑛 {𝑣
𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
} ≤ 𝑣

𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑉𝑅
≤ 𝑚𝑎𝑥 {𝑣

𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
}

𝑚𝑎𝑥 {𝑣
𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
} , 𝑖𝑓 𝑣

𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑉𝑅
> 𝑚𝑎𝑥 {𝑣

𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
}

𝑚𝑖𝑛 {𝑣
𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
} , 𝑖𝑓 𝑣

𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑉𝑅
≤ 𝑚𝑖𝑛 {𝑣

𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
}

 

(16) 

where, 

𝑚𝑎𝑥 {𝑣
𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
} = 𝛿 |𝑚𝑎𝑥 {𝑥

𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
} − 𝑚𝑖𝑛 {𝑥

𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
}|                

    (3.24) 

 𝑚𝑖𝑛 {𝑣
𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
} = 𝛿 |𝑚𝑖𝑛 {𝑥

𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
} −𝑚𝑎𝑥 {𝑥

𝑟,𝜙

𝑛𝑝 |
𝑅𝑟,𝜙
𝑉𝑅
}|                 

               (17) 

 

g) Use equation (19) to control the update the particles 

position, 𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝, associated with the new velocity, 

𝑣
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝, as defined in equation (18).  

h) Use equation (18) to determine the capacitor sizing at 

chosen locations, 𝑄𝑟,𝜙
𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝, referring to the particles of 

position, 𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝, and velocity, 𝑣

𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝. This 

step is performed by the MATLAB® software to determine 

the information of 𝑄𝑟,𝜙
𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 and is then transferred into 

the capacitors located at the 𝑅𝑟,𝜙
𝑐𝑎𝑝

 designed in the 

SIMULINK® software. The capacitor size initially 

calculated in a decimal value shall be replaced with the 

nearest discrete value of capacitor size available in the 

market. 

 

𝑄𝑟,𝜙
𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 = (𝑚𝑎𝑥 {𝑄𝑖𝑛𝑑(𝑘)|𝑅𝑟,𝜙

𝑐𝑎𝑝} − 𝑚𝑖𝑛 {𝑄𝑖𝑛𝑑|𝑅𝑟,𝜙
𝑐𝑎𝑝}) ∙

𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝 +𝑚𝑖𝑛 {𝑄𝑖𝑛𝑑|𝑅𝑟,𝜙

𝑐𝑎𝑝}                                          (18) 

 

𝑄𝑟,𝜙
𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 =

{
  
 

  
 𝑄𝑟,𝜙

𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 , 𝑖𝑓 𝑄𝑟,𝜙

𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 ≤ 𝑚𝑎𝑥 {𝑄𝑖𝑛𝑑|𝑅𝑟,𝜙

𝑐𝑎𝑝}

𝑚𝑎𝑥 {𝑄𝑖𝑛𝑑|𝑅𝑟,𝜙
𝑐𝑎𝑝} , 𝑖𝑓 𝑄𝑟,𝜙

𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 > 𝑚𝑎𝑥 {𝑄𝑖𝑛𝑑|𝑅𝑟,𝜙

𝑐𝑎𝑝}

0 , 𝑖𝑓 𝑄𝑟,𝜙
𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 < 𝑚𝑖𝑛 {𝑄𝑖𝑛𝑑|𝑅𝑟,𝜙

𝑐𝑎𝑝}

               

(19) 

 

Equation (19) is used to ensure that the market selection of 

discrete capacitor sizing, 𝑄𝑟,𝜙
𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝, does not exceed the 

amount of inductive load reactive power, 𝑚𝑎𝑥 {𝑄𝑖𝑛𝑑|𝑅𝑟,𝜙
𝑐𝑎𝑝},  

in order to avoid from a leading power factor that will 

infringe the security constraint of an unbalanced electrical 

system of a large-scale building.  

i) Run the load flow solution of an unbalanced electrical 

system in a large-scale building subject to the installation 

of capacitors, 𝑄𝑟,𝜙
𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝, obtained from steps (h). 

j) Calculate the objective function, 𝑂𝐹𝑛𝑝(𝑘), using equations 

(20)Error! Reference source not found. at the current 

iteration k. This procedural step is performed in 

MATLAB® software for identifying the best candidate 

(particles) of either pbest or gbest representing the best 

solution of 𝑚𝑎𝑥{𝑂𝐹𝑛𝑝(𝑘)} during the current iteration k.  

Maximum objective function, 

𝑚𝑎𝑥{𝑂𝐹𝑛𝑝(𝑘)} = ((𝐾𝑒𝑛 × 𝑃𝑇𝑆
𝑛𝑝(𝑘)) + (𝐾𝑒𝑛 × (𝑃𝑇𝐿 −

𝑃𝑇𝐿
𝑛𝑝(𝑘)))) × 𝑇𝑝 − ∑ 𝐾𝑐𝑎𝑝𝑟 × �̅�𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝𝑟=1                           

(20)                

where, 

�̅�𝑟,𝜙
𝑛𝑝 (𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 : the average value of kVAr sizing for 

installed capacitors, Q, at riser, r, in particle, np, during 

iteration k.                                

k) Use equation (21) to select the particle of position, 

𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝 , and particle of capacitor size, 𝑄𝑟,𝜙

𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 , 

imminent at a particular np
th particle while having the 

maximum objective function, max {𝑂𝐹𝑛𝑝(𝑘)}, during the 

current iteration k. Hence, the  𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝 and 

𝑄𝑟,𝜙
𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 are selected  without violating the system 

constraints of voltage magnitude limit, total harmonic 

distortion limit of voltage magnitude (THDV), real power 

loss limit and power factor (p.f.) limit. 

(𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝) ∩ (𝑄𝑟,𝜙

𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝  )  ∈   𝑚𝑎𝑥{𝑂𝐹

𝑛𝑝(𝑘)} 

(21) 

l) Use equations (22) and (23) to determine the pbest and 

gbest represented by the particle of position, 𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝, 

at the current iteration k, respectively. The 𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝 is 

selected during step (k). It is worthwhile to note that each 

particle of position, 𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝 , has its own objective 

function value, 𝑂𝐹𝑛𝑝(𝑘).  

𝑝𝑏𝑒𝑠𝑡(𝑘) = [(𝑥
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝)  ∈   𝑚𝑎𝑥{𝑂𝐹

𝑛𝑝(𝑘)}] (22) 

 

𝑔𝑏𝑒𝑠𝑡(𝑘) = [𝑝𝑏𝑒𝑠𝑡(𝑘 ∪ 𝑘 − 1) ∈ ∀𝑚𝑎𝑥{𝑂𝐹𝑛𝑝(𝑘 ∪ 𝑘 − 1)}]  
(23) 
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m) Repeat steps (f)-(m) for the next iteration k to update the 

𝑣
𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝 , 𝑥

𝑟,𝜙

𝑛𝑝 (𝑘)|
𝑅𝑟,𝜙
𝑐𝑎𝑝 , 𝑄𝑟,𝜙

𝑛𝑝
(𝑘)|

𝑅𝑟,𝜙
𝑐𝑎𝑝 , 𝑂𝐹𝑛𝑝(𝑘), 

pbest(k) and gbest(k) until culminates at the maximum 

iteration of k.   

IV. RESULTS AND DISCUSSIONS 

In this case study, an unbalanced electrical system of a 

building was considered as a test system for the analysis of 

optimal capacitors placement and sizing determined by using 

the proposed SO method and PSO. It is worthwhile to mention 

that unbalanced three-phase electrical system of a building is 

completely different from the conventional unbalanced 

distribution system, especially in terms of electrical 

configuration of both system. The unbalanced distribution 

system mainly refers to the final stage in the delivery of electric 

power to consumers, whereas the electrical system of a building 

refers to the electrical system in the building itself. The 

electrical system of a building is operating in a nominal 

secondary voltage magnitude of 433 V where the voltage is 

stepped down by the five incoming transformers that fed from 

the utility substation operating at 11 kV. Each secondary side of 

incoming transformer is connected to the main switchboard 

(MSB) and from the MSB there are several risers wherein each 

riser is specifically connected to a respective load as shown in 

Table IV. There are several risers depending on the type of 

connected load described as below. 

a) Motors/ Air Handling Units/ Split Unit Air-

Conditioners (M). 

b) Lighting and Power (N). 

c) Emergency (E). 

d) Fire alarm/ Sprinkler (P). 

e) Lift (L). 

f) Cooling Tower / Condenser / main A/C switchboard. 

g) Others (O). 
 

TABLE IV 
TYPES OF LOAD OR RISER CONNECTED TO EVERY INCOMING 

Transformer Types of Load or Riser 

T1 M1 M2 N5 N2 M3 N1 - 

T2 O E O N3 N4 - - 

T3 M4 M5 
MAIN 

A/C 
E N6 O O 

T4 M6 M10 N8 M7 N7 - - 

T5 M8 M9 M11 A/C O O - 

 

Extension and modification of the existing three-phase 

electrical system of a building such as the addition of split air 

conditioning units and extension of office space will also 

contribute to an intricate unbalanced loading condition of the 

system. The nominal or rated voltage magnitude of 415 V 

should be operated in the electrical system of the building. 

However, it is contradictory with the existing voltage 

magnitude of 433 V pragmatically measured at all of the 

secondary side of the incoming transformer. As a result, a large 

voltage magnitude will cause to a higher energy consumption 

and vice-versa. The variation of voltage magnitude at the 

secondary side of incoming transformer as well as all the risers 

must obey the standard tolerance imposed by the Energy 

Commission, Malaysia. The latest tolerance is -6% to +10% for 

the nominal voltage magnitude of 400 V and this is different 

compared to the previous tolerance of -10% to +6% for the 

nominal voltage of 415 V [7]. 

Table V elucidate the results extracted from the base case 

condition of an unbalanced load flow solution performed on the 

electrical system of a building during the peak loading 

condition. It is observed that the system draws a real and 

reactive power as much as 2950.01 kW and 1696.27 kVar for 

the consumption with the total real and reactive power losses of 

4.86 kW and 2.47 kVar, respectively. In terms of percentage, the 

total real and reactive power losses incurred is not significant 

that is about 0.0476% and 0.0658% from the total real and 

reactive power drawn into the system, respectively. By 

assuming that the system operates at constant loading condition 

for 6 hours per day, 22 days in a month and 12 months in a year, 

the total cost of energy losses is RM 2,812.25 per year. The cost 

is calculated based on tariff (C1) given by the Tenaga Nasional 

Berhad (TNB) which is RM 0.365 per kWh. Based on Table V, 

the maximum and minimum operating voltage magnitudes are 

259.79 Vp-n and 254.78 Vp-n, respectively. By referring to a new 

regulation prescribed by the Suruhanjaya Tenaga (ST), a new 

tolerance for the nominal voltage magnitude of 400 Vp-p or 222 

Vp-n is within the range of 209 Vp-n (-6%) and 254 Vp-n (+10%). 

Thus, it is obvious that the maximum operating voltage 

magnitude of 259.79Vp-n during the base condition does exceed 

the upper tolerance by 5 Vp-n. The power factor during base case 

condition is 0.844 p.f. which is lower than the minimum power 

factor of 0.85 p.f. This implies that the lower power factor is 

compelling the base system condition to draw excessive 

reactive power from grid. The total harmonic distortion of 

voltage magnitude (THDv) of 0.27% is obtained from the base 

case load flow solution which is slightly below the limit of 5%. 

Hence, it signifies that there is a small distortion of voltage 

magnitude signal causing to a small increase of temperature in 

the cables and electrical equipment. 
 

TABLE V 
RESULTS FOR THE BASE CASE UNBALANCED LOAD FLOW SOLUTION 

OF AN ELECTRICAL SYSTEM OF A BUILDING  

Table 3:  

System parameters 
Measured 

information 

Total  cost of energy losses (RM/year) 2,812.25 

Total real power consumption  (kW) 2950.01 

Total reactive power consumption (kVar) 1696.27 

Total real power loss  (kW) 4.86 

Total reactive power loss (kVar) 2.47 

Total current flow through incoming feeder (kA) 5.219 

Maximum voltage  magnitude (Vp-n) 253.44 

Minimum voltages  magnitude (Vp-n) 250.12 

Power factor (p.f.) 0.84 

Maximum THDv (%) 3% 

Table VI show the results of energy efficiency extracted from 

the unbalanced load flow solution of electrical system of a 

building subject to the capacitors placement and sizing 

optimization performed by the SO method as well as PSO. The 
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base case condition and hmax=100 repetitive processes in the SO 

method were performed on the unbalanced electrical system of 

a building during peak loading. It is observed that best solution 

for capacitors placement and sizing using the SO method have 

shown the system draws a real and reactive powers of 2955.67 

kW and 1571.79 kVar for the consumption with the total real 

and reactive power losses of 4.07 kW and 1.85 kVar, 

respectively. This implies that the power consumption is 

increased by 0.19% or 5.66 kW compared to the base case 

condition. Whereas for PSO, the system draws a real and 

reactive powers of 2736.45 kW and 1287.14 kVar for the 

consumption with the total real and reactive power losses of 

6.22 kW and 1.31 kVar, respectively. The value of power 

consumption increases mainly due to the slight increase in value 

of voltages throughout the incoming of a buliding as a result of 

capacitors installation. This problem signifies the needs to find 

another solution to maintain or reduce the incoming power to 

nullify the cost of energy consumption. However, by comparing 

SO and PSO, the real power losses obtained from PSO method 

signifies the unnesecary increase interms of real power losses 

compared to SO at only 4.07 kW. Other than that, the optimal 

placement and sizing of capacitors using SO method provides a 

significant reduction of 16% and 25% for the total real and 

reactive power losses incurred in the system, respectively. 

Furthermore, it is worth to mention the total cost of energy 

losses yield from SO method is reduced to RM 2353.19 per 

year, compared to results obtained using PSO at higher amount 

of total cost of energy losses at RM 3,596.20 per year.  This 

result indicates that the saving of RM 459.06 per year is 

obtained from the proposed SO approach as compared to the 

energy losses at base case condition with the total cost of RM 

2,812.25 per year. Based on Table VI, the maximum and 

minimum operating voltage magnitudes are 253.44 Vp-n and 

250.47 Vp-n, respectively during the OCPS using SO method, 

and 253.73 Vp-n and 250.98 Vp-n, respectively during the OCPS 

using PSO method, thus both techniques comply with the 

tolerance prescribed by the Energy Commission of Malaysia. 

The power factor of 0.86 p.f. obtained corresponding to the 

implementation of the SO method is a slightly improved that is 

above the minimum power factor of 0.85 p.f. and is complying 

with the standard imposed by the utility of Tenaga Nasional 

Berhad (TNB) compared to the 0.90 p.f. obtained from PSO 

method. The total harmonic distortion of voltage magnitude 

(THDv) of 3% is improved obtained from both techniques and 

is below the THDv standard limit of 5%. In a nut shell, OCPS 

using SO technique trumps PSO as the objective is achieved 

with less total cost of energy losses at RM 2,353.19 per year 

compared to PSO technique with a total cost of energy losses at 

RM 3,596.20 per year. 

Error! Reference source not found.VII depicts the highest 

capacitor size of 10 kVar is located at several  optimal locations 

of load mainly consisting with the motors, air handling units 

and split air-conditioner units in the building. It is noteworthy 

to notify that there is no capacitor implemented at the Incoming 

Transformer 2 (T2) due to the fact that the base case power 

factor is already reached to the minimum requirement of 0.85 

p.f. specified by the TNB. The compendium of results signify 

that the mere implementation of capacitors location and sizing 

is not sufficient to significantly improve the energy efficiency 

for all electrical parameters of the unbalanced system of a 

building. Hence, the need to provide another solution to 

significantly improve the energy efficiency mainly on the 

energy consumption is still need to be addressed. 

 
TABLE VI 

RESULTS COMPARISON BETWEEN BASE CASE, OCPS WITH STOCHASTIC 

OPTIMIZATION AND PARTICLE SWARM OPTIMIZATION. 

System parameters Base case 

Optimal 

Solution using 

SO method 

PSO 

Total cost (RM) RM 2,812.25 RM 6,903.25 RM 28,196.20 

Total cost of energy 

losses (RM/year) 
RM 2,812.25 RM 2,353.19 RM 3,596.20 

Total cost of 

capacitors (RM) 
- RM 4,550.06 RM 24,600.00 

Total real power 

consumption (kW) 
2950.01 2955.67 2736.45 

Total reactive power 

consumption (kVar) 
1696.27 1571.79 1287.14 

Total real power loss  

(kW) 
4.86 4.07 6.22 

Total reactive power 

loss (kVar) 
2.47 1.85 1.31 

Total capacitors size 

(kVar) 
- 70 410 

Maximum voltage  

magnitude (Vp-n) 
253.44 253.44 253.73 

Minimum voltages  

magnitude (Vp-n) 
250.12 250.47 250.98 

Average power factor 

(p.f.) 
0.84 0.86 0.90 

Maximum THDv (%) 3% 3% 3% 

 

TABLE VII 
OPTIMAL LOCATION AND SIZING OF CAPACITORS FOR THE UNBALANCED 

ELECTRICAL SYSTEM OF A BUILDING USING STOCHASTIC OPTIMIZATION.  

T1 

Risers 

Name 
M1 M2 N5 N2 M3 N1 - 

Cap size 

(kVar) 
- 10 - - - - - 

T2 

Risers 

Name 
O E O N3 N4 - - 

Cap size 

(kVar) 
- - - - - - - 

T3 

Risers 

Name 
M4 M5 

MAIN 

A/C 
E N6 O O 

Cap size 

(kVar) 
10 - 10 - - - - 

T4 

Risers 

Name 
M6 M10 N8 M7 N7 - - 

Cap size 

(kVar) 
- 10 10 10 - - - 

T5 

Risers 

Name 
M8 M9 M11 A/C O O - 

Cap size 

(kVar) 
- - 10 - - - - 

Total Capacitor Size (kVar) 70 
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V. CONCLUSION  

 

This paper has presented the Stochastic Algorithm 

Technique that is used to solve the problem of optimal 

capacitors placement and sizing on a building. The results have 

shown that the optimal capacitors placement and sizing 

improves the energy effiency performance of the unbalanced 

electrical system of a building in terms total real power losses 

with minimum cost of installation compared to Particle Swarm 

Optimization Technique whilst satisfying all of the system 

constrainst such as the limitations of THDv, voltage magnitude 

and power factor. 
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