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Abstract- Utilizing capacitor banks is very conventional in distribution network in order for local compensation of
reactive power. This will be more important considering uncertainties including wind generation and loads uncertainty.
Harmonics and non-linear loads are other challenges in power system which complicates the capacitor placement
problem. Thus, uncertainty and network harmonics have been considered in this paper, simultaneously. Capacitor
placement has been proposed as a probabilistic harmonic problem with different objectives and technical constraints in
the capacitor placement problem. Minimizing power and energy loss and capacitor prices are considered as objectives.
Particle Swarm Optimization (PSO) and Differential Evolution (DE) algorithms have been used to solve the
optimization problem. Loads are subjected to uncertainty with normal probabilistic distribution function (PDF). Auto
Regressive and Moving Average (ARMA) time series and two point estimate method have also been utilized to simulate
the wind speed and to perform the probabilistic load flow, respectively. Finally, the proposed method has been
implemented on standard distorted test cases in different scenarios. Monte Carlo Simulation (MCS) has also been used
to verify the probabilistic harmonic power flow. Simulation results demonstrate the efficiency of the proposed method.
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1. INTRODUCTION
1.1 Problem description and literature review
Flowing reactive current in the network causes
decreasing transmission capability and increasing
losses. Therefore, capacitor banks are installed in the
distribution network in order to decrease losses and
harmonics harmful effects and to improve voltage
quality [1]. There is a great attention to decrease the
harmonics with increasing non-linear loads. As result,
capacitor placement, as a way to decrease harmonics,
has attracted researchers’ concentrations [2]. A joint
optimization algorithm has been suggested in Ref. [3]
for replacement of conductor and placement of
capacitors in order to reduce the power and energy loss
in the network. Differential evolution and pattern
search (DE-PS) have been used as meta-heuristic
optimization tools to solve optimal capacitor placement
problem in Ref. [4]. To tackle and reduce the search
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space process and computational CPU time, the
potential buses candidate for capacitor allocations have
been pre-identified. In Ref. [5] a dynamic model
considering multi-period capacitor allocation problem
of primary radial distribution system is proposed in
order to maintain the voltage profile. An evolutionary
method has been suggested in Ref. [6] for optimal
capacitor placement in large test systems. Authors in
Refs. [7,8] and [9] have investigated the methods to
reduce voltage and current harmonics. Optimization
methods are used in order to determine optimal size and
location of the capacitors in the distribution network. In
Ref. [10] a mixed integer programming (MIP) method
has been proposed to solve capacitor placement problem
which has considered voltage and power constraints
simultaneously and the problem has been divided to
main and sub problem. MIP has also been used in Refs.
[11,12] optimal capacitor placement in distribution
transformers in order to decrease the power loss. The
capacitors have been installed in low voltage side of
transformers. Some papers have indicated candidate
buses for placement before solving main problem [13].
Authors in Ref. [14] have investigated the capacitor
placement and reconfiguration problem, simultaneously.
In Ref. [15] a hybrid optimization algorithm has been
suggested for the optimal placement of shunt capacitor
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banks in radial distribution networks in the presence of
different voltage-dependent load models. Utilizing
evolutionary methods have been increased in recent
years in order to capacitor placement. Application of
Genetic Algorithm (GA) has shown in Ref. [16]. In
Refs. [17], [18] and [19] Immune System Algorithm
(ISA), Differential Evolution (DE) and Cuckoo Search
Algorithm (CSA) have been suggested, respectively. In
Refs. [20] and [21] fuzzy methods have also been used.
Each of the mentioned papers has considered different
objective. For example, Ref. [1] has considered loss and
cost as objectives and Ref. [22] has solved the problem
in multi objective framework. Increasing energy
requirement and decreasing fossil fuel lead mankind to
utilize the renewable energies [23]. Due to the economic
and environmental effects, wind power has penetrated in
the power system. Installing wind turbines have been
increased in distribution networks in recent years. Wind
power has probabilistic nature which increases
complexity of the related problems. Also, considering
load uncertainties in the problem causes changing
optimum solution.

1.2. Paper contribution
The main contribution of this paper is to determine the

optimal size of capacitors, considering wind turbines
and load wuncertainties in a distorted distribution
network. The sources of uncertainties are parametric
and dynamic uncertainty of wind speeds are eliminated
using multi-generation levels for wind turbine.
Probabilistic Harmonic Power Flow (PHPF) is used in
order to perform power flow in probabilistic and
harmonic environment. Point estimate method is
utilized to give the capability of probability to the
harmonic power flow. This method has been used in
different papers and its capability has been
demonstrated in Refs. [24,25]. PSO and DE have also
been utilized in order to solve the problem as an
optimization tool. Simulations are conducted on 18 and
30 buses standard distorted test case. Peak load level
and three load levels are considered during optimization
process. Finally, a comparison is done with MCS and
the capability of PHPF is verified. It should be noted
that MCS is only used to verify the PHPF results and it
hasn’t been used in the optimization process. Main
contributions of the paper are listed briefly, as follows:

eConsidering the wind speed probability in the
capacitor placement problem with multi-generation
levels for the wind turbines generation.

eConsidering the nonlinear loads and wind turbines
harmonic and using the capacitors set to decrease the
Total Harmonic Distortion (THD).

eConsidering the uncertainty and nonlinearity of the
loads, simultaneously.

eUsing a probabilistic harmonic power flow in the
capacitor placement problem to perform load flow in
the uncertainty and harmonic environments.

1.3. Paper organization
The paper is organized as follows: problem formulation

is proposed in the next section then, wind power
modeling is presented, following it, power flow method
is described and then, particle swarm optimization
algorithm is described. After that, numerical result is
proposed and finally, conclusion is given.

2. WIND POWER OUTPUT MODELING

2.1. Wind speed modeling
The hourly mean and standard deviation of the wind

speeds from a 10-year database (from 1% January 2000
to 31%t December 2010) for the Mandan location were
obtained from Environment North Dakota. The average
and standard deviation of the wind speed are 9.98 m/s
and 4.84, respectively. These data have been used to
make Auto-Regressive and Moving Average (ARMA)
time series model [26,27]. The ARMA time series is
expressed mathematically as follows:

m n
Zy = & +Zl//izt—l +Zﬂ Eij 1)
i1 i

Where z; is the time series value at time t,
wi(i=123..m) and 6;(j=123..n)are auto

regressive and moving respectively. ¢;is normal white
noise. Simulated wind speed at hour t (WSt) is
calculated as below:

WS, = + 0y - 74 (2
Where u;and o are historical mean and standard
deviation of wind speed at hour t.

2.2. Wind power output
Relation of wind turbine output power and speed is

expressed by Eqg. (3) [28]. There are three main
parameters in it, Vi, Vcin and Veou. It is visible that when
the speed reaches to V., turbine starts to generate
power and when speed reaches to V, output power will
fix on P, The turbine will also stop the power
generation if the speed gets to Veout. Vein, Veour and Vy are
3.5, 25 and 10.5 mfs, respectively. Mathematical
equations are as follows:
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0 0<WS, <V,
A+BxWS, +CxWS? V, WS, <V,

e, V, WS, <V )
0 VCOUt SWSI

where P, and WS, are wind power output and wind

speed at hour t, respectively. Coefficients A, B and C are
constant values and they are obtained by Vi, V.in and
Veout. Their equations are available in Ref. [29].

2.3. Power output modeling
Simulations are done for 8760 hours, therefore there are

8760 speeds. Different speeds are concluded to different
power outputs. For the sake of simplicity, power output
is approximated with a piecewise curve with specific
steps. Increasing in steps number leads to more
computational time and more accuracy. So, a tradeoff
should be created between accuracy and computational
time. Each step is described by its value and probability.
The probability of ith step (pg) is calculated as

follows:
N;
~3760 4)
where N is the number of simulated wind speed in ith
step. Fig. 1 shows a sample approximating with six
steps. Vertical axis is the produced power by the wind
turbine and horizontal axis is the time duration.
Continuous line shows the real output of the wind
turbine and dash line depicts its approximation. Each
step probability of the dash line is determined by

Eq. (4).

3. PROBLEM FORMULATION

Psi

Optimal capacitor placement problem has various
variables and parameters such as capacitor sizes.
Moreover, there are constraints like voltage magnitude
and maximum allowable harmonic value. Objectives
and constraints are as follows:

Table 1 also illustrates each step production with related
probabilities.

Poud (puy

Approximatad power output
Heal powear output

0— ——— . - e —
0 2000 4000 G000 £0O00
Numbor of hours

Fig. 1. A sample wind generation approximating with six steps

3. PROBLEM FORMULATION
Optimal capacitor placement problem has various

variables and parameters such as capacitor sizes.
Moreover, there are constraints like voltage magnitude
and maximum allowable harmonic value. Objectives
and constraints are as follows:

Table 1. Production and related probabilities for sample
approximating with six steps

Wind power generation states (pu) Probability
0 0.08071
0.300 0.04715
0.475 0.10719
0.650 0.15616
0.825 0.19452
1 0.41427

3.1. Objective function
Different objectives are considered in the capacitor

placement problem. In this paper, objective is
minimizing the expected value of the power and energy
loss and capacitor prices. It is shown mathematically as
follows:

ns nc L T
E Cost = Y k,EPiss + ) ks -EQJ + Y ) K, -t ERY (5)
i-1 =1

1=1t=1
where ECost is expected value of the total cost, EP,LSS
is the expected value of loss in section i, ns is number of
the sections, EQ/ and ER! ., are expected values of the
capacitor prices and losses in load level I, respectively.
nc, Ko . Kk, ke and T are also number of the

capacitors, saving per megawatt for loss reduction, cost
per unit of fixed capacitance, cost per megawatt-hour
and duration of load level I, respectively.

When generation uncertainties are considered, Eq. (5)
is changed as follows:

G nb ] nc ]
ECost = " pg () kpERbss + Y ko -EQS
g=L il =
L T
|
* 2D Ke )

1=1 t=1

(6)

Where, py is the probability of generation level g, G is
total number of generation levels.

3.2. Constraints
The expected value of voltage magnitude mustn’t

violate its upper and lower bounds. It is described
mathematically as follows [2]:

Vmin S EVi SVmax (7)



A. Najafi et al.: Capacitor Placement in Distorted Distribution Network Subject to Wind and Load Uncertainty 156

where, EV; is expected value of the bus voltage i, Vi,
and V. are upper and lower bounds of the voltage

and considered to be 0.95 and 1.05, respectively.

The maximum expected value of allowable harmonic
in the system (ETHD) is another constraint which is
considered in the paper. A standard amount is
considered for maximum system Total Harmonic

Distortion (THD™®). This constraint is as follows:
ETHD<THD™* (®)

4. POWER FLOW

4.1. Harmonic power flow
Harmonic Power Flow (HPF) is used to analyze the

systems with non-linear loads. HPF has differences with
classic power flow. Active and reactive power equations
are only considered in base frequency in classic power
flow while, harmonic power flow requires more
equations to analyze the system in different frequencies.
Multiple methods have been suggested to perform
harmonic power flow. For example, [30,31] have
described Newton-Raphson method. In this paper, HPF
has been conducted with DigSilent software which uses
Newton-Raphson method [32].

4.2. Probabilistic harmonic power flow
Deterministic harmonic load flow was described in

previous section, briefly. But, power system has
probabilistic nature and its inputs vary in their intervals.
Thus, it can’t be used deterministic methods to evaluate
the probabilistic problems. Probabilistic harmonic
power flow is used for the problems with probabilistic
inputs.

In Refs. [33,34] the methods have been suggested to
perform probabilistic harmonic power flow. They have
used point estimate method to run probabilistic
harmonic power flow. This method is very simple and it
has accuracy and speed. Ref. [24] has utilized the point
estimate method to solve the optimal power flow
problem considering uncertainties. Efficiency of these
references is also verified by comparing with MCS.
Point estimate method is described as follows.

It is assumed that harmonic power flow equations are as
follows:

X =G(py Povoe P Pr) ©

where, X is state variable vector (base frequency and
harmonic frequencies voltage), G is harmonic power
flow equations and p; is Ith probabilistic input.

It is assumed that each of the probabilistic inputs has
apparent average and standard deviation in point
estimate method. First, one of the probabilistic inputs is

selected and then, two estimates are calculated by Eq.
(10).

Pk =H, +61x0,, , k=12 (10)
where, 4, and O, are average and standard

deviation of input p;, respectively. In Eg. (10), standard
location ¢y is calculated by Eq. (11).

G = Aa/2+ (1P m (2 5/2P (11)

where, m is number of probabilistic inputs and 1,13 is

coefficient of skewness and it is described as follows:

ha= E[(Fh = Hp, H/Ggl (12)
By calculating two estimates P;; and P, for input

pi and placing in Eq. (13), two estimates ( X,Yl , lez)

are made as follows:

Xi(|lk)=G(ﬂpl,ﬂp2'---:p|,k:---,ﬂpm) , k=12 (13
Two points are estimated for each state up to this

step. Therefore, if there were m probabilistic inputs,
then, 2m estimate would be available.

jth moment of X; is calculated by Eq. (14).

E(x/)= > o lxi (LK) a9

2
1=1 k=1
where @, is weighting factor for X;(l,k) and it is
shown as Eq. (15).

1 xSz«
@ k _m( 1) —§|

Finally, average and standard deviation of ith state
variable is proposed by Egs. (16) and (17).

Hx, = E(Xi) (16)

oy, =JE(XZ)-[E(X,)F (1))

It is noticeable that if coefficient of skewness is zero,
Egs. (11) and (15) will be constant values for all of the
probabilistic inputs which are related to number of
probabilistic inputs.

Figure 2 shows the probabilistic harmonic power flow
flowchart.

. k=12 (15)

5. OPTIMIZATION ALGORITHMS

5.1. Particle swarm optimization
Each particle in PSO is a candidate solution in

multidimensional space of the problem. Candidate
solutions have two main parts, current position (P;) and

current velocity (V;), which are expressed by [35]:
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1=0 |

=~
1
o

k=k+1 |

)’

Performing probabilistic harmonic load flow |

All estimates have been considered?

All uncertainties have been
considered?

Calculating expected value and variance of outputs

Fig. 2. Flowchart of implementing probabilistic harmonic power
flow

P =(p,p?,... o) (18)
V, =(vi1,vi2,...,vi”5) '

where, ns is the dimension of the problem and i is the
iteration index. The new position of each particle is
created by its current position and new velocity. New
velocity is produced by four factors, the current velocity
and position, the particle’s best position (PBest), and the
best position among all of particles in all iterations
(GBest). Therefore, new velocity is obtained as follows:

Vi1 =WV +1 -(PBest —R) +r2-(GBest—R) (19)

where, o is the particle inertia coefficient, ri and r; are
random numbers between 0 and 1, respectively. The
new position of the particle is obtained by:

Pi+l = F)i+1 +Vi+l' (20)

The process is continued until convergence criteria
are met.

5.2. Differential evolution algorithm
DE includes three main operators, namely, mutation,

crossover, and selection. Also, it has three control
parameter, namely, population size (np), scaling
coefficient (F), and crossover probability (CR) [36]. In
an n-dimensional search space, the structure of member

k is represented as vector Xy = (X1, X207 X )

where the dimension represents the number of

components. In the first stage of the DE optimization
process, initial population contains np members should
be created randomly. After the population is initialized,
the operators of mutation, crossover and selection create
the population of the next generation. At the generation
t, the process for creation of a mutant solution (Y, ) for
each parent ( X, ) in the population can be expressed as
follows:

Yk(t) = er(t)+ F '(Xrl(t)_XrZ(t))v k=12 NP (21)
where vector indices rl, r2, and r3 are randomly
chosen, which rl, r2, and r3 ¢ {l...np} and
rl#r2=r3=#k.X,;, X,,, and Xzare selected
members for each parent vector. F is a user-defined
constant known as the °‘scaling factor’, which is a
positive and real number. The usual choice for F is a
number between 0 and 1. At the generation t, the
crossover operator creates a new solution (child) (Z,)

using each parent ( X, ) and its related mutant vectors (
Y\ ) as follows:

if rand <CR
Vi (1) . :

or j=jrand, for j=1,..,n (22)
Xq()  otherwise

z4(t) =

where, CR is ‘crossover probability’ which is selected
within the range [0, 1]. rand is a uniformly distributed
random number within the range (0,1) generated a new
for each component j. Here, jrand €[4, 2,...,n] and

ensures that the trial vector gets at least one parameter
from the mutant vector. The selection operator
compares the fitness of the parent and the corresponding
child and the fitter of the two solutions is then allowed
to advance into the next generation. The selection
process can be expressed as:

X, (t+) ={Zk(t) FIT(X, (1) FIT(Z, (t))

X (®) otherwise (23)

where, FIT(.) is the fitness function.

5.3. Optimizing process
Each solution contains the capacitors set in DE or PSO

algorithm. DPL environment of DigSilent software is
used in order to optimize the problem and penalizing
method is utilized to satisfy the inequality constraints.
Two inequality constraints are the allowable values of
the voltage and THD. To handle these constraints a
penalty term is used such a way infeasible solutions are
penalized as follows:

Penalty = PF -|A— K| (24)

where, A is voltage or THD and A is their bounds and
PF is a constant positive number.
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Then, objective function f is updated as follows:
f = f + Penalty (25)

Figure 3 shows the flowchart of optimization process.

6. NUMERICAL RESULTS

Simulations are conducted on a computer Ci5, 4GByte
RAM by DigSilent software on two test cases. Number
of iterations and population are 60 and populations are
50 for 18 bus test case and 70 and 40 for 30-bus test
case to perform PSO and DE algorithms. . Simulations
are done in four scenarios. In the first scenario, wind
generation has uncertainty and turbines don’t produce
harmonic and loads are deterministic.

The second scenario is similar to first scenario with a
difference in which, wind turbines produce harmonic.
Load uncertainties have also been considered in the
third scenario. For the fourth scenario more harmonic
sources are considered. It should be noted that the first,
second and third scenarios are conducted on 18- bus test
case with one load level and the fourth scenario is
conducted on the 30-bus test case with three load levels.
Finally, a sensitivity analysis has been done on the wind
turbines generation levels to investigate its accuracy in
18-bus test system.

6.1. Test systems

e 18-bus test case

This case is a standard harmonic test case. (See
Figure 4) [37]. Capacitors cost is selected from [38].
This case is a distorted case and its initial THD is
8.48%, which is upper than the standard value. Total
initial loss, minimum and maximum voltages are 280
kw, 0.947 and 0.999 pu, respectively. The capacitors
places are fixed which are visible in the figure. Three
wind turbines are added to test case in buses 8, 9 and 24.
Maximum active capacity of turbines is 1000 Kw and
maximum reactive capacity is 250 KVar. Wind turbines
generations are approximated with six steps for
modeling uncertainties same as Table 1. Bus 6 has a
non-linear load which causes harmonic in the network.

e 30-bus test case
A test case with 30 buses is selected in order to more
investigate the PHPF with three levels of loads (see
Figure 5). The test case data including line data,
branches data, initial capacitors set and harmonics data
are available in Ref. [39]. Seven capacitors are in bus 1,
14, 16, 20, 24 and 26. Total initial loss with and without
initial capacitors set are 440 and 530 kw, respectively
and the amount of THD is 11.54% with initial
capacitors set. Three wind turbines are also considered
in bus 22, 28 and 30 without considering the harmonics.

[ Start )

\T/

Generating initial solutions of capacitors set

v

Performing probabilistic harmonic load flow

v

Extracting expected values of loss, THD and voltage

v
Penalizing infeasible solutions and evaluating the
cost

v

Determining the best solution

v

—> Creating new solutions from capacitors set

v

Performing probabilistic harmonic load flow

v

Extracting expected values of loss, THD and voltage

v
Penalizing infeasible solutions and evaluating the
cost

v

Determining the best solutions

—
-
- —

_— s convergence criteria satisfied? —_

No —~ -

Introducing the best solution as output

/#‘\
C Finish )
Fig. 3. Flowchart of optimizing process

6.2. The first scenario
Generation uncertainties are considered in this scenario

and loads are deterministic. Simulation results
including: Expected amount of network loss, cost and
optimal set of capacitors have been listed in Tables 2-4
for DE and PSO algorithms. Using wind generation as a
distributed generation system has decreased the network
loss. Results demonstrate feasibility of the solution. It is
because expected value of the maximum and minimum
voltage and the maximum allowable THD are in range
while the loss and cost are decreased. Also, DE and
PSO closest results are verified each other results.
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Table 2. Simulation results by PSO in the first scenario

Expected Expected
Index Value Index Value
Injected reactive
0,
THD (%) 4.96 power (MVar) 10.2
Maximum voltage Energy losses
1.010 1564.07
(pu) (Mwh)
Minimum voltage 0.972 Capacitor cost 2128
(pu) ($/year)
Power losses
0.17962 Total cost ($/year 102066.3
(MW) ($/year)

6.3. The second scenario
This scenario is same as previous scenario but wind

turbine harmonic has also been considered. Harmonics
in different frequencies are available in Ref. [40] and

Table 5.

1
-l

159

Main contribution of this scenario is achieving to the
best solution by thwarting wind harmonics with the
capacitors. It means, optimal solution is only found by
changing the capacitors reactive power generation.
Simulation results have been listed in Tables 5-7 which
demonstrate the efficiency of proposed method in both
DE and PSO algorithms. Results in Table 8 are similar
to previous scenario while generated reactive powers
are different from previous scenario. Actually, similar
results are found by frustrating wind turbines harmonics
by changing capacitor set generations.

50 51

Swing bus

1 Substation

1
-l

-
I
7 6 5 4
T'T —2
Sixpurltse ; :‘_ 22
converter 21
| —H]
25
— 23
_I_ i—T I
— 24

—+

Fig. 4. 18 buses distorted test case

VFD

28 6-pulse 3

6-pulse 1

Substation
Swing bus 1 J— J— |3
2 7 : 8
16
22
30 17
: 31 18
6-pulse 2 D2 ZS ASD 1
6-pulse 2

Fig. 5. 30 buses distorted test case
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Table 3. Simulation results by DE in the first scenario
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Table 8. Optimal capacitors set in the second scenario

Expected Expected
Index Value Index Value
Injected reactive
0,
THD (%) 4.963779 power (MVar) 10.05
Maximum voltage Energy losses
1.01467 1569.8
(pu) (MWh)
Minimum voltage 0976893 Capacitor cost 2040.75
(pu) ($/year)
Power losses
0.17927 Total cost ($/year 102043.2
(MW) (lyear)

Table 4. Optimal capacitor set in the first scenario

Reactive power Q: Qs Q. Qs Qs
Size (MVar) | PSO 0.15 0.3 3.15 3.15 0.3
DE 0.3 0 3 2.1 1.35

Reactive power Qo Qu Qu Qzs Qso
Size (MVar) | PSO 1.2 0.6 0 0.45 0.9
DE 0.45 0.15 0 1.65 1.05

Table 5. Percent of harmonics in different orders

Order Magnitude (%) Order Magnitude (%)
5 4 29 0.6
7 4 31 0.6
11 2 35 0.3
13 2 37 0.3
17 15 41 0.3
19 15 43 0.3
23 0.6 47 0.3
25 0.6 49 0.3

Table 6. Simulation results by PSO in the second scenario

Expected Expected
Index Value Index Value
Injected reactive
0,
THD (%) 4.961145 power (MVar) 10.2
Maximum voltage Energy losses
1.017602 1571.73
(pu) (MWh)
Minimum voltage 0981334 Capacitor cost 2011.95
(pu) ($/year)
Power losses (MW)| 0.17933 | Total cost ($/year) 102118

Reactive power Q2 Qs Q4 Qs Qr
Size PSO 0.9 1.2 3.15 24 0.15
DE 1.05 0 2.85 15 0.3
Reactive power Qo Qau Q2 Q2 Qso
Size PSO 1.2 0.6 0.3 0.3 0
DE 0.3 0.15 0.75 0.75 2.1

6.4. The third scenario
Generation and load uncertainties are considered in this

scenario. Wind turbines also generate harmonic. Loads
are modeled by normal distribution function. Loads
average is equal with their available amount by
considering 10 % standard deviation. PHPF is used to
perform power flow in this scenario and the results
including expected values and standard deviations (Std)
are available in Table 9 and 10 for PSO and DE
algorithms, respectively. The results of two algorithms
are very close which shows the truthiness of two
algorithms result. It is obvious that expected values of
the constraints are in their bounds. Table 11 also shows
the best combination of the capacitors resulted by PSO
algorithm. MCS is implemented in order to validate the
results of PHPF. For this aim, after finishing the
optimization process, the best obtained solution by PSO
algorithm is placed in the network and then MCS
harmonic load flow is run. Results are demonstrated in
Figs. (6) to (9), graphically. The results of two methods
are closed which verify efficiency of PHPF. MCS
demonstrates that, the outputs have a model similar to
the normal probability distribution function like the
inputs with a nuance difference with the normal PDF.

6.5. The fourth scenario: 30-bus test case
A larger test case is considered in order to illustrate the

efficiency of the proposed model. The loads have three
levels including 500 hour in peak load, 5000 hour in
medium load and 3260 hours in off-peak load. The wind
generations levels, the peak load loss and the energy
loss coefficients and the capacitors cost are same as
previous scenarios.

Table 9. Simulation results by PSO in the third scenario

Table 7. Simulation results

by DE in the second scenario

Index Expected Value Std
THD (%) 4.936379 0.341166
Maximum voltage (pu) 1.0151 0.004455
Minimum voltage (pu) 0.976446 0.009239
Power losses (MW) 0.181095 0.017924

Expected Expected
Index Value Index Value
Injected reactive
0,
THD (%) 4.999271 power (MVar) 9.75
Maximum voltage Energy losses
1.013579 1560
(pu) (Mwh)
Minimum voltage 0.974682 Capacitor cost 2131.05
(pu) ($lyear)
Power losses
MW) 0.178082 | Total cost ($/year) 101500.9

Index Expected Value
Injected reactive power (MVar) 9.9
Energy losses (MWh) 1586.5
Capacitor cost ($/year) 2038.20
Total cost ($/year) 103001.2
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Simulations are conducted with PSO and DE
algorithms in four states including; PSO algorithm with
deterministic load, DE algorithm with deterministic
loads, PSO algorithm with uncertain loads and PSO
algorithm with uncertain loads.

Table 10. Simulation results by DE in the third scenario

Expected Expected
Index Value Std Index Value
Injected reactive
0,
THD (%) 4.923804 |0.355956 power (MVar) 11.25
Maximum Energy losses
voltage (pu) 1.017423 |0.004738 (MWh) 1567.6
Minimum | 980671 {0.000211| CAPACHOTCOSt | 5)3 95
voltage (pu) ($/year)
Power losses Total cost
0.178955 [0.016745 102090.8
(MW) ($/year)

Table 11. Optimal capacitors set in the third scenario

Reactive power Q2 Qs Qs Qs Qs
PSO 1.65 0.6 2.55 2.25 0.9
Size (MVar)
DE 0.45 1.2 2.55 3.3 0.45
Reactive power Qx Qa Q2 Q2 Qso
PSO 1.05 0.3 0.15 0.45 0
Size (MVar)
DE 0.45 0.15 0.45 1.2 1.05
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The results containing the capacitors optimal values,
deterministic and the expected values of the outputs are
summarized in table 12 to 16. Comparing the total cost
of the deterministic state with uncertain state declares
the increasing in the cost by considering the uncertainty.
Furthermore, comparing the DE and PSO algorithm
shows the close cost. The THD has been decreased to
feasible bound from 11.54%.

Table 12. Simulation results in the 30-bus test case by PSO with
deterministic loads

index Value index Value

Injected reactive

0,
THD (%) 4.99 power (MVar)

6

Maximum voltage

(ou) 1.05 Energy losses (MWh) 209.77

Minimum voltage Capacitor cost

(ou) 0.991 ($lyear) 1190.85
Power losses
(MW) 0.421 Total cost ($/year) 62199.56

Optimal capacitors set for the four aforementioned
states are summarized in Table 17. The uncertainty
causes a change in capacitors set. Also, DE and PSO
cost even though have nuanced difference, but their
optimal capacitors set have very difference. Figure 10
depicts the convergence diagram in the four mentioned
states.
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Table 13. Simulation results in the 30-bus test case by DE with
deterministic loads

index Value index Value
Injected reactive
0,
THD (%) 4,90 power (MVar) 6

Maximum voltage 1.05 Energy losses (MWh) 213

(pu)
Minimum voltage 0.9899 Capacitor cost 1282.05
(pu) ($/year)
Power losses
0.421 Total cost ($/year 62452.08
(MW) ($/year)

Table 14. Simulation results in the 30-bus test case by PSO with
uncertain loads

. Expected . Expected
index Value Std index Value
Injected reactive
0,
THD (%) 4.87 1.41 oower (MVa) 5.4
Maximum Energy losses
voltage (pu) 1.05 2E-08 (MWh) 222.83
Minimum 0.992 0.01 Capacitor cost 1060.65
voltage (pu) ($/year)
Power losses Total cost
MW) 0.444 0.0336 (Slyear) 65482.09

Table 15. Simulation results in the 30-bus test case by DE with
uncertain loads

Table 16. Optimal capacitors set in the 30-bus test case

Reactive power size
p Ql-l Ql-Z Q14 QlG QZO Q24 Q26

(MVar)
Deterministic| e | 35 | 903 | 03 (03|12 | 015|045
loads
pso| 12 |075|225| 18| 0 | 0 | ©
|pbe|18| 0 |045]09]24| 0 | 0
Uncertain
loads
pso| 0o |135]015|33|06| 0 | ©

Situation of harmonics and loads are same as first
scenario. As mentioned in section 2-3, wind turbine
generations are approximated by different steps.
Number of steps affects on accuracy and computational
time of the capacitor placement problem. More steps
cause more accuracy and more execution time.
Therefore, a trade off must be selected between
accuracy and time. In this regard, a sensitivity analysis
has been done and the results are available in Table 17.
Figure 11 also depicts the convergence process. It is
obvious that total cost of 6, 8 and 10 generation levels
are very close. So, six generation levels will be
appropriate for simulation process.

ndex | P Ty T e | e
aue _ _ aue Table 17. Sensitivity analysis on number of wind turbine
THD %) | 4753669 | 122 |'Mected lr\;ift've 5.55 generation levels
_ power ( I an) Number of Expected values
Maximum Energy losses .
1.05 5.3E-05 e 233.03 generation | | oss | THD | Maximum | Minimum | Total cost
voltage (pu) (MWh) level (MW) | (%) |voltage (pu)|voltage (pu)| ($/year)
Minimum 099882 |0.00973 Capacitor cost 1023.15 getp getp Y
voltage (pu) ' : ($/year) : 4 0.1847 | 4.98 1.014 0.977 105545
Povz:m)sses 0451 | 0031 T(Cﬁ);t/alet;cr))st 66794.62 6 0179 | 4.96 | 1010 0972 | 102066
Y 8 01767 | 499 | 1013 | 0975 | 101162
s 10 0.1752 | 4.96 1.020 0.983 100189
2x10
Deterministic loads-PSO
== Deterministic loads-DE )
— Uncertain loads-PSO == =4 generation levels
& ===Uncertain loads-DE —6 generation levels
pos ; 8 generation lovels
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Fig. 10. Convergence diagram of the 30-bus test case

6.6. Sensitivity analysis
Sensitivity analysis has been conducted on the

generation levels of wind turbines in order to more
comprehension of wind uncertainty behavior.

Iteration
Fig. 11. Convergence diagram of different wind generation levels
in 30-bus test case

7. CONCLUSION
Capacitor placement in a probabilistic and harmonic
environment is proposed in this paper. Simulations are
conducted in different scenarios and generation and load
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uncertainties are considered in them. Efficiency of the
proposed method is also shown in the presence of the
non-linear loads and harmonics with two algorithms.
Influence of the generation uncertainties and wind
turbine harmonic are investigated in the first and second
scenarios. It is demonstrated that the proposed method
could only reach to the best solution by changing the
combination of capacitors generation in the presence of
wind turbine harmonics. Load uncertainties are also
considered in the third and the fourth scenarios. The
fourth scenario shows the difference of the deterministic
and uncertain space. Indeed, uncertainty increases the
total cost comparing with the deterministic loads.
Efficiency of PHPF is demonstrated using Monte Carlo
Simulation. It can be said that PHPF is a capable power
flow method and it can be used in the other harmonic
and probabilistic problems. Finally, a sensitivity
analysis is conducted on the wind turbine generation
levels. Their sensitivity is demonstrated by simulation
of the different number of generation levels and then,
six steps generation levels is considered for simulation
process.
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