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The presence of PV systems increases rapidly in distribution systems
to improve reliability and quality of supply. This will influence
the performance of under load tap changing (ULTC) transformer and related
reactive power devices. Therefore, many researchers are working on this
area. This paper main objective is to reduce switching operations of reactive
power devices (ULTC and Shunt capacitors) together with system power
loss. Distribution system load and solar system power will predict one day
in advance and grey wolf optimizer (GWO) algorithm proposed to solve
the objective function. Reactive power of solar system is coordinated
together with ULTC and shunt capacitors (SCs) with the aid of forecasted
load. Distribution system losses and switching operations of ULTC and SCs
converted into objective function in terms of cost. The proposed method
is applied on practical 10KV system and the results are compared with

conventional and particle swarm optimization (PSO) methods considering
grid conditions.
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1. INTRODUCTION

In general, most of the distribution systems are radial in nature and therefore stressed with voltage
profile and losses [1]. The problems associated with conventional radial distribution systems are overcome
with the presence of distributed generation (DG). Among DGs, solar power generation is the most powerful
distri-buted generation [2]. The presence of DGs affecting performance of voltage controlled devices,
in terms of increasing switching operations (SOs) and there by life of the devices [3]. In [4], it is reported that
the switching operations of voltage controlled devices (VCDs) are increased more than three times due
to the presence of DGs. In [5], it is reported that SOs increased more than two times with SCADA system.
In [6], DGs and VCDs are coordinated using dynamic programming method. In [7], combined voltage
control method used to control DGs and VCDs. In all these methods, the reactive power availability of DG
not considered at the time of reactive power scheduling of VCDs.

In [8], voltage and reactive power coordinated with syn-chronous generator considered as a DG.
Real power of DG was coordinated in an autonomous system by applying optimal power flow approach [9].
TRSQP method was proposed for DG coordi-nation with reactive power devices [10].
In [11], Asynchronous and synchronous generators were coordinated with reactive power devices. Adaptive
programming method was proposed for coordi-nation of DG and reactive power devices [12].
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In [13], dynamic programming method was proposed and in [14], PSO method was proposed for DG and
reactive power devices coordination. In [15-18], many methods proposed like TRSQP, Adaptive voltage
controlled, dynamic programming and improved search harmony for reactive power coordination among
VCDs and DG. In [18], PSO method proposed for dispatchable DG reactive power coordination with VCDs.
In [19], GWO method proposed for DFIG reactive power coordination with ULTC and SCs. These methods
proposed for improving the life of VCDs by decreasing the switching operations as well as power loss
of the system.

The methods proposed by many authors focused mainly on dispatchable DGs and importance given
for non-dispatchable DGs especially for PV type of DG was very small. In this paper, PV system power
is coordinated with reactive power control devices by using GWO algorithm to reduce the switching
operations of reactive power control devices and power loss of the system.

2. MODELING OF PV SYSTEM

In distribution system planning and operation, it is very important to model PV system power
on hourly basis. PV system power mainly depends on radiation, temperature and properties of materials used
for the construction [20]. The power generated by PV system can be estimated by using a simple equation
in terms of standard test conditions (STC) and normal operating cell temperature (NOCT).
Mattei et al proposed (1) for solar module efficiency calculation [21].
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Where 5_is the solar module efficiency at STC, Gis solar irradiance, 1 _is Temperature at STC,
T, IS solar cell temperature, g . is power temperature coefficient of solar cell, 5 is efficiency of solar cell,
T,.,1S ambient temperature, ¢ is irradiation coefficientand T is the temperature at NOCT.

The power from solar module is important; therefore, (1) modified as power equation
as follows:
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Where p_is the power of solar module and P_ is the nominal solar module power at STC.
Using (3), the power of solar module estimated on hourly basis.

3. PROBLEM FORMATION
Single line diagram of solar connected grid system shown in Figure 1.

Where:

Eoy : Grid Voltage E,, : Sending end Voltage

Eey : PV system Voltage I : Tap position

Qe : Reactive power injected by Capacitors at sending end

Qqc : Reactive power injected by Capacitors at receiving end

Psp : Grid real power Qer : Grid reactive power

PaL : Transmission line real power Qe : Transmission line reactive power
Pay : PV system real power Qwy : PV system reactive power
Ps : Load real power Qu : Load reactive power

R - Transmission line resistance X - Transmission line reactance
o : Sending end voltage angle.
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Figure 1. Single line diagram of PV system connected to grid

Distribution system power loss for every hour is calculated using the following formula:

[Eq, xcos(8) + JEg, xsin(8) - Epy ||

o _ R )
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The overall objective function consists of two terms, first one is power converted to cost function
and second one is switching loss converted to cost function. Objective function of power loss written
as power loss multiplied with cost of power loss, represented in (5).

24
‘]1 = ZCP x PLr:Jss (5)
h=1
Objective function of switching loss due to ULTC and shunt capacitors represented in (6).

24 [Cx|r" ="+ C, x|Kie — K&

J, = (6)
; +Cyx|Kfe —Ki|
The overall objective function can be written as:
J=min(J,+J,) @
Where:
h: Number of hours Cp : Power loss cost function
C, :Cost function of tap variations C, : Cost function of source capacitors variations

C, : Cost function of feeder capacitors variations K:C : Number of source capacitors connected at h
K;‘gl : Number of source capacitors connected at h-1 KEC : Number of feeder capacitors connected at h

K{c': Number of source capacitors connected at h-1

Equations (8) to (14) are the constraints for objective function. Power constraints:

Pov = Ple = Ploss (8)
QPV _QLP = QLoss (9)
Qi <Qpy < QY (10)

Voltage, ULTC and shunt capacitors constraints:

PV system reactive power coordination with ULTC and shunt capacitors using (Mogaligunta.Sankaraiah)
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E™ <E<E™ (11)
rm<r<r™ (12)
K <Ko <K& (13)
KM < Ko < K™ (14)

4. GWO ALGORITHM

The multi objective function formulated and indicated in equa-tion (7) requires qualitative algorithm
for generating the best result among different combinations. Too many algorithms are available like
evolutionary based, Sl based and physics based. Among evo-lutionary Genetic algorithm is most powerful
and best algorithm proposed in 1992 [22-23]. The remaining some of the important algorithms under this
group are differential evolution, evolutionary programming and strategy [24-25]. Some of the important
physics based algorithms are GLSA [26], BBBC [27], GSA [28], and ACROA [29], in the SI group
the important algorithms are terminate algorithm (TA) [30], Bee collecting pollen algorithm (BCPA) [31],
Monkey search algorithm (MS) [32] and Wasp swarm algorithm (WSA) [33].

The algorithms listed above inspired by exploration and hunting behaviors, there is no algorithm
which apes both the behaviors in leadership hierarchy, therefore this paper proposes GWO algorithm [34]
for solving multi objective function, which ape hunting, exploration in a leadership hierarchical.
This algorithm follows three major steps, first step involves look, pursue and move towards the quarry.
Second step involves chase, surround and hassle the quarry. Third step involves hitting the quarry this
section, it is explained the results of research and at the same time is given the comprehensive discussion.

4.1. Proposed method implementation
Implementation of GWO algorithm is as follows:
Step 1: Set all initial conditions.
The values of cost weighting factors c,, c,, ¢, and c, , number of searching agents, maximum

iterations, number of parameters to be tuned and their minimum and maximum limits, initial values
for alpha, beta and delta, forecasted load.

Step 2: Calculate power loss in the system for first hour
Run Backward/Forward algorithm with initial values and calculate power loss and voltages at all
the buses in the system.

Step 3: Calculate Objective function value of each search agent
With obtained power loss in step 2, with initial values of parameters and their cost weighting factors
calculate objective function value of each search agent.

Step 4: Update voltages
Run Backward/Forward algorithm with updated search agents and update all buses voltages.

Step 5: Fitness function calculation
Calculate the fitness function value using (2).

Step 6: Update alpha, beta and delta
If fitness value is less than alpha score then update alpha with alpha score is equal to fitness, if fitness
is greater than alpha score but less than beta score update beta with beta score is equal to fitness,
if fitness is greater than alpha score and beta score but less than delta score then update delta with
delta score is equal to fitness value.

Step 7: Update positions of search agents including omega
Generate two random numbers T, , I',, and then evaluate matrix g and F, using the following (15-16),

update the distance of each search agent with the help of equations 17-20.

B =2ar,-a (15)
F, =2r, (16)
D, = F,P, —Best,, a7
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D, = FP, — Best, (18)
D, = F,P, — Best,, (19)
D, = F,P, — Best,, (20)

Where P indicates present position, D indicates distance and Best indicates present best position.
Step 8: Update parameters to be tuned
Based on the positions of search agents update the parameters which are to be determined.
Step 9: Update voltages
Run Backward/Forward algorithm with updated search agents and update all buses voltages.
Stepl10: Repeat steps 2 to 9 for remaining hours
In this paper the total time is spatter into 24 hours, therefore, repeat the same procedure using steps 2
to 9.
Stepl1: Stopping criteria
If iterations are completed, then stop and display best results in every hour.

5. TEST SYSTEM AND RESULT

Figure 2 represents 10kv test system with 16 buses. Figures 3 to 5 illustrates forecasted load over
24 hours on each bus. Figure 6 indicates forecasted solar power using (3) for 24 hours. Load variations of all
the nodes and output power of solar system is predetermined one day in advance. The effectiveness
of the proposed method tested on 10kv practical system by placing solar system at different locations
randomly. Depending upon the location of solar system, results listed in three cases.

In first case solar system placed at bus 5 on feeder 1, in second case solar sys-tem placed at bus 8
on feeder 2 and in third case at bus 14 on feeder 3. Figures 6 to 13 indicates switching operations of reactive
power control devices with solar system located at bus 5 on feeder 1. In Figure 6, ULTC changing
tap position by 4 times in conventional method where reactive power of solar system is not considered.
In Figure 7, ULTC tap variations are reduced to 2 times with PSO method and 1 time with GWO method
where the reactive power of solar system is coordinated. Similarly, switching operations of shunt capacitors
at source are 10, 0 and O; feeder 1 capacitors are 5, 7 and 0; feeder 2 capacitors are 4, 4 and 3 with
conventional, PSO and GWO methods respectively. Table 1, Table 2 and Table 3 indicates system power
loss and switching operations of ULTC and shunt capacitors with solar system located at 5 (case 1),
at 8 (case 2) and at 14 (case 3) respectively. Equations 21 and 22 used for the calculation of power loss,
switching operational cost (SOC) and total cost in tables 1 to 3.
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Figure 2. Feeder 1 loads variations (active power) Figure 3. Feeder 2 loads variations (active power)
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Figure 4. Feeder 3 loads variations (active power)
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Figure 6. ULTC scheduled operation for 24 hours with

conventional and PSO methods
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24 hours with conventional and PSO methods

Figure 5. Feeder 2 loads variations (active power)
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Figure 7. ULTC scheduled operation for 24 hours
with PSO and GWO methods
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Figure 9. Source Capacitors scheduled operation for
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Figure 10. Feeder 1 Capacitors scheduled operation
for 24 hours with conventional and PSO methods
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for 24 hours with conventional and PSO methods

Table 1. 10kv practical system results for Case 1
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Figure 11. Feeder 1 Capacitors scheduled operation
for 24 hours with PSO and GWO methods
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Figure 13. Feeder 2 Capacitors scheduled operation
for 24 hours with PSO and GWO methods

Table 2. 10kv practical system results for Case 2

DG at Bus 5 on Feeder 1

DG at Bus 5 on Feeder 2

Control Methods CON PSO GWO
Power loss (MWh) 12.89 12.14 11.41
Number of uLTe 4 2 L
Switching FSlCC 150 3 2
operations F2C 3 4 1
of RPCDs
F3C 2 1 7
Power loss ($) 1031.84 971.464 913.384
SSVF (%) 23.37 14.75 11.07
SOC (3) 1320 640 440
Total Cost ($) 2351.84 161146  1353.38

Control Methods CON PSO GWO
Power loss (MWh) 12.92 12.17 11.03
Number of uLTe 6 0 1
Switching SC 10 10 0
operations Egg g i g
of RPCDs
F3C 2 3 1
Power loss ($) 1033.60 973.840  882.760
SSVF (%) 23.36 14.72 11.63
SOC ($) 1480 1200 520
Total Cost ($) 2513.60 2173.84  1402.76

PV system reactive power coordination with ULTC and shunt capacitors using (Mogaligunta.Sankaraiah)
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Table 4 illustrates reduction of power loss, SOC, SSVF, total cost and SON using proposed method
as compared with conventional (CON) and particle swarm optimization (PSO) methods. In all the cases
proposed method reducing the objectives effectively as compared with CON and PSO.

Table 3. 10kv practical system results for Case3 Table 4. 10kv practical system results comparision
DG at Bus 5 on Feeder 3 DG
Control Methods CON PSO  GWO Location Bus5 Bus8 Bus 14
Power loss (MWh) 13.02 12.03 11.58 GWO
Number ~ ULTC 4 2 1 Compared CON PSO CON PSO CON PSO
of scC 10 1 5 with
Switching F1C 6 11 1 Power
operations 20 3 p 3 loss (o) 1148 597 1459 935 1101 3717
of RPCDs  F3C 2 1 4 SOC (%) 66.67 3125 6486 567 4852 18.60
Power loss ($) 104168  962.768 926.976 SSVF (%) 5259 2491 5023 209 5215 23.00
SSVF (%) 23.39 14.53 11.19 Total
S0C () 1360 360 200 Cost() 4245 1601 4419 354 3225 1074
Total Cost ($) 240168  1822.76  1626.97 SON (%) 58.33 2857 53.84 5200 4400 2631

Powerloss($) =80* Powerloss(MWh) :

_ ((B0XULTC)+(60x SC)+ (1)
S0CE) = [(40>< (FIC + F2C + F3C))
Total cost($) = Powerloss($) + SOC ($) (22)

6. CONCLUSION

This paper proposes a new method, in which reactive power of solar system is coordinated
effectively along with ULTC and shunt capacitors. The following conclusions derived based on the results:
Proposed method reduces power loss by 14.59% (maximum) and 11.01% (minimum) compared with
conventional method, 9.35% (maximum) and 3.717% (minimum) compared with PSO method. SOC reduced
by 66.67% (maximum) and 48.52% (minimum) compared with conventional method, 31.25% (maximum)
and 18.6% (minimum) compared with PSO method. SSVF reduced by 52.59% (maximum) and 50.23%
(minimum) compared with conventional method, 24.91% (maximum) and 20.9% (minimum) compared with
PSO method. Total cost reduced by 44.19% (maximum) and 32.25% (minimum) compared with
conventional method, 35.4% (maximum) and 10.74% (minimum) compared with PSO method. SON reduced
by 58.33% (maximum) and 44.0% (minimum) compared with conventional method, 52% (maximum)
and 26.31% (minimum) compared with PSO method. The proposed method effectively reduced the objective
functions irrespective of solar system location.
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