
 

  

Abstract— The developed hierarchical framework for 

voltage control in distribution system with high penetration of 

wind generation presented in this paper does not only consider 

how voltage/VAr control (VVC) devices are coordinated, but it 

also provides an equitable dispatch by managing energy 

storage systems and demand response options in a 

chronological timescale. In contrast to current methods in the 

literature, which typically optimize the size and sitting of wind 

generating for negligible grid impacts, the incumbent paper 

adopts a plug-and-play approach for wind integration, where 

system operators dispatch existing VVC devices and non-

generation resources to handle the system in its current 

situation and maintain the voltage profile. The latter modelling 

approach conforms to the latest modus operandi of the dense 

connection of wind generation to achieve the net zero vision. In 

order to reduce voltage variations and energy losses, the issue 

is framed as a significant nonlinear optimization problem. A 

Hybrid Particle Swarm Optimization/Gravitational Search 

Algorithm (PSOGSA) is used to determine the optimal size and 

location of the energy storage and optimal customer's 

electricity consumption scheduling to protect the system 

voltage profile from wind energy's erratic qualities The 

efficiency of the developed technique is verified using a quasi-

static time series analysis conducted during a 24-hour 

simulation period on an IEEE 123 node test feeder using 

MATLAB com Open Distribution System Simulator 

(OpenDSS) software. Case studies have confirmed the potency 

of the developed multilevel approach for the close coordination 

of VVC devices, and non-generation resources, such as demand 

response and energy storage to lower the losses and maintain a 

system-wide voltage profile. 

 
Index Terms—Day-Ahead Pricing, Demand Response, 

energy Storage, On-load Tap Changer, Voltage Regulation, 

Wind Generation. 

I. INTRODUCTION 

HE  tendency to move to a dense wind generations 

(WGs) integrated on the distribution system, have 

unequivocal benefits in terms of sustainable energy 

development [1], [2]. The variable and fluctuating nature of 

WGs can eventually sprawl to undermine network’s 

reliability [3]. The limited dispatchability of wind 
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generation dispersed in large proportions, could cause grid 

voltage rise or voltage dip during low WGs [4]. It can also 

disrupted operation of voltage control devices [5]. At the 

distribution substation, an on-load tap changing transformer 

(OLTC) is generally used to control the secondary bus 

voltage of the main transformer [6].  

Shunt capacitors are usually used in feeder system to 

provide reactive power compensation, so as to keep the 

voltage profile within the permissible limits [7]. 

Conventional voltage regulator devices may not be 

sufficient to solve voltage variation challenges. This is 

especially true in distribution system with a high R/X ratio, 

where the massive injection of active power from wind 

energy can exacerbate the issue. 

Energy storage (ES) is a deployable asset that has 

multifaceted benefits including variety of applications to 

deal with the variability of WGs at a large scale [8]. In 

particular, ES can address issues concerning voltage support 

and load following [9], [10]. Demand response (DR) is the 

modification of end-user consumer consumption habits in 

response to changes in energy prices over time or incentive 

payments made by the utility provider [11]. Load 

curtailments through DR can also provide further leverage 

on feeder circuit voltage profile [12]. Both of ES and DR are 

indispensable non-generation supporting technologies in 

distribution network [13].  

Scheduling of the OLTC and shunt capacitors can also 

maintain acceptable distortion levels, when taking 

harmonics into consideration [14]. The use of the OLTC to 

mitigate the voltage increase brought on by the connection 

of numerous wind generations to the medium-voltage 

(MV)/low-voltage (LV) distribution system was addressed 

in [15]. The centralized coordination between the 

conventional voltage/VAr control (VVC) devices was 

carried out for optimal voltage regulation in a distribution 

system with PV generation [16], [17] using genetic 

algorithms (GAs) [18].  

The proper size and strategic sitting of the ES can provide 

grid operational support to facilitate the coordinated 

operation of components in the system [19]. The 

coordinated control strategy for distribution network was 

reviewed in [20], [21] and carried out in [22]. To solve the 

ideal location and capacity for ES units, a hybrid 

multiobjective particle swarm optimization method was 

taken into consideration [23]. Demand response was applied 

to keep distribution feeder voltages within specified ranges 

[12], [13]. Although the OLTC and the DR were 

coordinated, the problem was not constructed as an 

optimization problem. The combined effect of the network 

reconfiguration, DR, and optimum size and location of WGs 

were studied using particle swarm optimization (PSO) with 
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constriction factor [24].  

The paper proposes a mathematical programming 

framework to reduce voltage stochastic variable and energy 

losses subject to system operating conditions and equipment 

limits, for the next-day operation schedule. The 

collaborative non-generation resources of ES assets and DR 

options, to provide other levels of voltage regulation. 

Contrary to snapshot analysis, which does not account for 

the progression of time, quasi-static time series simulation is 

considered to analyze the interaction between WGs, VVC 

devices, ES and DR chronologically. Particle swarm 

optimization with gravitational search algorithm (PSOGSA), 

which is used for ES and DR, is used to solve the resulting 

mixed-integer mathematical programming problem. over a 

multiperiod time simulation of 24 hours while VAr control 

devices are not optimized but operated as explained in 

section iv.  

 

II. PROPOSED VOLTAGE CONTROL FRAMEWORK 

The conventional objective of distribution [25] system 

VVC is to find out the optimal dispatch of the VVC devices 

for the next 24 hours. More specifically, the OLTC tap 

positions including feeder SVRs, and on/off status of shunt 

capacitors at each hour need to be determined, such that 

feeder node voltage variations can be restrained, and total 

network losses are minimized. Thus, the distribution 

system's active power losses and feeder node voltage 

deviation can be used to formulate the objective function.: 
24 24

2

, ,

1 1 1 1
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v i t i l Li t

i t i t
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The entire power losses, including energy storage, are 

calculated as follows (Dopazo et al., 1967): 
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The subscript t indicates a particular time or hour of the 

day. Power flow equality constraints, which are among the 

restrictions, include: 
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min, , max,t i t tV V V i N               (5) 

where (5) is for voltage upper and lower limits. 

A. Voltage/var Control (VVC) Devices 

The OLTC mechanisms usually affect the secondary bus 

voltage of the substation’s main transformer as well as the 

local step voltage regulators (SVRs) connected to primary 

feeders [26], [27]. the OLTCs' maximum permitted 

switching operations are: 
24

1

1

t t TAP

t

TAP TAP K−

=

−                (6) 

min, max,t t tTAP TAP TAP                (7) 

     
, , ,s R Rabc t abc t abc t

V n V=              (8) 

1R t TAPn TAP V=                   (9) 

where ∆VTAP the tap change step. Maximum switching 

operations of shunt capacitors, as well as capacitor limits 

are: 

( )
24

, , 1

1

; 1,2,....,c t c t c

t

C C K c nc−

=

  =       (10) 

2

( , ) ( , ) ,c i t c i tQ B V c i= =               (11) 

,min , ,maxc c i cQ Q Q =               (12) 

The above equations implicitly account for the OLTC 

bandwidth and time delay as well as the capacitor control. 

The OLTC moves first with a time delay of 15 seconds, 

while the time delay between the OLTC and SVR is 30 

seconds. The criterion is set, in the subsequent case studies, 

such that the shunt capacitor is to switch ‘on’ when the 

reactive power flow in the line is 50% of the capacitance 

magnitude. It is directed at downstream loads and switches 

‘off’ when reverse reactive power flow is 75% the size of 

the capacitor. 

B. Energy Storage 

Grid-level energy storage provides a flexible and rapid 

response resource that can counterpoise the WGs 

intermittency and smooth their energy output over time. 

The exact loss formula is used to represent the total real 

power loss as in WGs. Technical constraints of the ES, 

which were included subtly in (2) and (3), can be expressed 

in more detail in the context of net active power injection as 

follows: 

, , ,,  ,
i t i t m ti t WG D ESP P P P i m, m M M N= −  =    (13) 

Computational Procedure for Optimal Sizing and Sitting of 

Energy Storage 

An optimal capacity and location of ES can 
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facilitate power quality management, peak energy 

demand fulfilment, reduce distribution network expansion 

costs, increase the advantages of WG integration and DERs 

[28]. 

Since the Wind turbines used in this study is of unity 

power factor, the ES also is of unity power factor (i.e. θ = 1, 

'k' = zero). More so, it is not economically worthwhile for 

ES to inject reactive power; a capacitor is a better option. 

For the least amount of energy loss, the ideal size of ES at 

each bus i is given by (14) [29], [30].       

( ), ,

1,

1 N

ESi t Di t ij j ij j

j j iii

P P P Q 
 = 

 
= − − 

 
      (14) 

At the nth load level, the energy loss of the distribution 

grid before compensation can be expressed as: 

, ,Loss n n Loss nE T P=                 (15) 

The energy loss after compensation is expressed as: 

, ,

C

Loss n n Loss nE T P=                (16) 

where Tn is the time duration at the nth load level, 
,Loss nP  is 

the power loss at the nth load level before compensation and 

,

C

Loss nP is the power loss at the nth load level after 

compensation. 

 
Figure 1. Flow chart of energy storage sizing and siting computational 

procedure. 

 

The application of analytical techniques to compute 

optimal placements assists to decrease the solution space.  

The optimal placement is found after one power flow run. 

The flow chart of the computational procedure is depicted in 

Figure 1 and is elucidated below: 

(i) Run the base case power flow and find energy loss 

using (15). 

(ii) Find the optimal ES location as follows: 

Compute the optimal size of ES at each node using (14), 

unavailability of the maximum number of ES; new iteration 

loss is higher than the former iteration loss; the former 

iteration loss is maintained. 

 

C. Demand Response 

Energy storage is a technology that has historically been 

employed for arbitrage, where surplus low-cost energy was 

held during off-peak hours, such as the evenings and 

weekends, and then released back into the grid during more 

expensive peak times. However, ES is not a cost-

competitive option at large-scale integration levels of 

renewable energy [31]. Therefore, non-storage options, 

which can provide for lower cost mitigation, can be 

effective.  

Demand response (DR) is a potentially cost-effective 

alternative approach that can manage the variability nature 

of wind energy.  With the expected proliferation of smart 

metering infrastructure (AMI) in retail households, real 

Time Pricing (RTP) can offer substantial cost savings for 

utilities, as well as maintain the efficiency of electricity 

markets [11]. 

Presumably, customers are equipped with smart meters 

that enable them to respond to a proper price signal and 

communicate through a ubiquitous bidirectional 

communication infrastructure with load-serving entities 

(LSEs). Therefore, customers can receive real-time prices 

from the real-time spot energy market or hourly price 

information for the next day from the day-ahead energy 

market. 

The aggregators submit bids specifying the amount of 

curtailment and the duration of the day-ahead energy 

market. If the bids are accepted, a non-compliance penalty is 

imposed [32]. 

The load demand (PD) can be categorized into elastic and 

inelastic loads, given as: 

, ,,
   1, 2,...,

r t r tD U E j
r t

P P P r R j D= +  =      (17) 

Elastic loads (PE) can be further divided into controllable 

and time-shiftable loads. Thermostatically regulated loads 

such as heating, air-conditioning (HVAC) and ventilation 

loads are controllable loads (PC). While time-shiftable loads 

(PS), which include electric cars, washing machines, etc., are 

loads that can be moved to a different time. Lighting loads 

are examples of inelastic loads (PU), which are loads that 

cannot be moved or regulated. Thus; 
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r t

P P P r R j D= +  =      (18) 

Suppose a customer r switches a set of Ar equipment. For 

each equipment rAa  , at time t, the power taken is shown 

by the symbol tra
P

, .
ra

P represents the total energy consumed 

by appliance a of customer r for the whole day. 
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Start

Set load level n peak

Enter the number of ES

Run base case and

calculate losses using (15)

Compute the ES optimal

location using (14)

Find the ES optimal size with 

the minimum loss at the 

optimal location using (16)

Update load data to

locate next ES

One of the 

constraints is 
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No

Yes

Stop
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0  , ,  

a ttS rP t t T a A


=               (22) 

Equation (19) describes available controllable load at time 

t, whereas (20) expresses the net load shifted to time t. 

Equation (21) caps the total shifted load from time t to time 

t to be less than or equal to the actual loading of all 

appliances at time t. Equation (22) makes sure that the 

operating time of the relocated load is not moved to an 

earlier time. 

D. The decision taken by end-use customers, through their 

aggregators, is purely based on economic aspects to 

maximize their social welfare.  Hence; 

, ,

, ,

24 24
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24
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ˆ  t t T                     (24) 

Constraint (23) should provide the right incentive to 

participate in the DR plan. Its aim is to make sure the 

payments of elastic customers is less than non-elastic ones. 

Equation (24) ensures that the DAP is less than the flat 

price, albeit this may not be always the case in practice.  

Demand response strategies are intrinsically economic 

tools that enable customer participation in wholesale energy 

markets, through equity pricing, to increase system 

reliability and improve market liquidity. The novelty refers 

to in (23) is that it simply integrates economic facets of the 

DR seamlessly into a comprehensive near-traditional 

technical framework for voltage control. 

To ascertain that DR works properly to minimize system 

losses, we have  

, ,

with DR without DR

Li t Li tP P               (25) 

Equations (1) to (25) provide a comprehensive 

mathematical programming description for the voltage 

control problem, encompassing the model of ES and DR 

choices required to reduce the impact of renewable energy's 

fluctuating voltage profile and system losses. 

III. OVERALL METHODOLOGY 

The switching operation of shunt capacitors, an integer 

problem, brings extra difficulties to a nonlinear optimization 

problem. Stochastic meta-heuristics such as particle swarm 

optimization (PSO) is a good numerical method to search 

for an approximate global optimal solution for these kinds of 

problems. Moreover, PSO can handle mixed-integer 

nonlinear optimization problems efficiently [33]. 

This paper employs a hybrid PSOGSA, a combination of 

PSO and a gravitational search algorithm (GSA), to solve 

the resulting voltage control issue. The heterogeneous 

combination (using one after the other) of the functionality 

of  

PSO and GSA extend the strengths of both techniques in 

exploration and exploitation. The hybrid PSOGSA method 

is outlined in  [17]. 

The fitness function used in this paper is given as: 

24 24
2

, ,

1 1 1 1

Fitness

N N
ref

v i t i l Li t

i t i t

w V V w P
= = = =

=

 
− − + 

 
 

     (26) 

IV. CASE STUDIES 

IEEE 123 bus-modified test feeder of a real 115 kV/4.16 

kV, 50-Hz distribution system is utilized to evaluate the 

proposed multi-layer voltage control scheme. The overall 

load is adjusted to 16 MW, and the energy users are split 

between businesses and homes. The modified IEEE 123 test 

feeder consists of an overhead line with multiple feeder 

regulators in series along the three-phase primary line. It 

also consists of a normally open switch and a normally 

closed switch. The 

 
Figure. 3. IEEE 123 bus modified test feeder. 

 

normally closed switch is always in a closed position except 

for the maintenance of the line at which it is connected. The 

normally open switch is incorporated to connect the wind 

energy when necessary [34]. The test feeder is depicted in 

Figure 3, consists of four SVRs and an OLTC transformer. 

Weighting factors are scalar coefficients that are 

multiplied by each variable are as follows: 

1
1

K

kk
W

=
=                   (27) 

Therefore, wv + wl = 1. 

The weighting factors are designated as wv = 0.55 and wl 

= 0.45 for voltage deviations and energy losses respectively, 

following various simulations. 

(a). Coordination of VVC Devices, ES, and DR for voltage 

regulation 

The updated 16 MW peak demand network includes a 

30% (4.8 MW) wind production. The appropriate system 

real energy losses and voltage profile are produced using the 

optimal configurations of the VVC devices, including the 

ES/DR, shunt capacitors (SCs) and the load tap changers 

(LTCs), and was achieved in OpenDSS with the COM 

interface in MATLAB. The stated objectives of the study 

are accomplished by synchronizing the ES and DR with 

LTCs for effective operation. The results of a 24-hour quasi-

static time series simulation of the system are shown in 

Figure 4. It has been noted that the LTCs were unable to 

keep the voltage within permitted ranges. The voltage 
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pattern remains less of the voltage limitations for several 

hours during the day after turning on the SCs. capacitors 

significantly improve reactive power flow, reducing line 

current and voltage drop. Losses are decreased and the 

voltage profile is improved when more and more capacitor 

banks are used.  

Considering that the maximum charging and discharging 

rates are each six hours, the battery storage is split into two 

portions. To prevent the battery from being entirely 

exhausted before it is recharged, the setting for the charging 

trigger is 100%, while the setting for the discharging trigger 

is 90%. Figure 5 shows the charging, discharging, and idle 

hours for each segment. The ES and VVC devices are 

coordinated together. The ES's dispatch function adds extra 

power to the feeder. It is clear from Figure 4 that the ES 

integration has rendered an improvement in the voltage 

profile as well as a decrease in energy loss. The voltage was 

completely restored to be within the statutory limits ( 5%). 

The ES is turned off to level the feeder's peak valley, and 

the DR is implemented through the DAP at the four zones. 

DR is now coordinated alone with the VVC devices. The 

result is shown in Figure 4. It appears the DR has a more 

robust impact on the system voltage as compared. DR has 

not only improved the overall system voltage but also 

managed to flatten the voltage profile in general.  The 

energy losses at the eleventh hour of the day are detailed in 

row 7 and 8 in Table 1, along with the corresponding 

percentage loss reduction. The updated 16 MW peak 

demand network which includes a 30% (4.8 MW) wind 

energy was replaced with solar energy of the same capacity 

in order to compare the effectiveness of the control devices. 

The appropriate system real energy losses and voltage 

profile are produced using the optimal configurations of the 

same control devices. The energy losses at the eleventh hour 

of the day with the solar energy are depicted in the last two 

rows in Table 1, along with the corresponding percentage 

loss reduction. The insignificant differences shows the 

effectiveness of the control devices. 

The implementation of ES and DR appears to reduce the 

loss of energy and increase the percentage of loss reduction. 

Voltage is raised as a result of the reduction in energy loss. 

When the ES is distributed and the DR is put into place, 

peak load demand is reduced, and controllable load is 

adjusted to changing wind generation. 

Figure 6 illustrates the tap operation of the LTC at various 

times of the day. Without any additional controls, the LTC 

tap only moves once. However, even moving to the highest 

position of 16, it was unable to raise the voltage to the 

required level. When the SCs are turned "on," the tap 

position changes with 5 operations from 8 to 10. The tap 

now operates four times with a tap position ranging from 

one to three due to the integration of the ES. To maintain the 

voltage within the allowable voltage limits, the tap position 

advances three times when the DR is applied, from a 

position between -1 and 2. This demonstrates that using the 

ES or the DR as contrasted to just VVC devices relieves the 

load on the LTCs. 

The voltage is brought back to the permissible limits by 

coordinating the VVC devices with either ES or DR even 

though the LTC tap moves three times in a 24-hour period 

with the smallest tap position. In this test example, the 

results have repeatedly shown that the system losses are 

decreased  and the system's ability to maintain the system 

voltages is improved due to the coordination of the VVC 

devices with ES and DR.  

 

 
Figure 4 Introduction of control devices at various levels. 

TABLE 1  

VOLTAGE PROFILE LTCS AND LOSSES WITH AND WITHOUT ES AND DR  
 LTCs SCs ES DR 

Minimum Voltage (pu) 0.9314 0.9406 0.9519 0.9733 

Maximum Voltage (pu) 0.9769 0.9919 0.9760 0.9772 

No. of Tap 1 5 4 3 

Voltage Deviation 0.0455 0.0513 0.0241 0.0039 

Tap position 16 8 to 10 1 to 3 -1 to 2 

Losses (kW) with Wind 1780.59 1310.40 1170.40 928.01 

Loss Reduction (%) with 

wind 

- 26.41 34.27 47.88 

Losses (kW) with solar 1780.47 1310.43 1170.44 928.38 

Loss Reduction (%) with 

solar 

- 26.40 34.26 47.86 

   

 
Figure 5. Energy storage dispatch curve. 

 

Fig. 6. Regulator tap position at various levels. 

 

Distribution of ESs successfully aids in the integration of 

variable wind energy sources, lowers energy losses, and 
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enhances the voltage profile. The application of DR 

highlights its ability to address the voltage depression issue 

in a distribution grid when other control devices' 

coordination was insufficient raise the voltage. Additionally, 

it gives the system more flexibility to protect against 

variations in wind energy. 

(b). Demand response option for load leveling 

Load leveling or shifting load from the peak hour to the off-

peak hour, is beneficial for reducing fluctuations in energy 

demand during the day, which can eventually lead to the 

deferral of capacity upgrades. The application of the demand 

response (DR) for a heavy integration level of wind energy 

in the feeder for one week is investigated in this scenario. At 

a 16 MW peak load, the feeder load stays constant. 

However, the feeder now comprises a weekly power usage 

curve. Chronological 1-week (168-hour) simulation of the 

system is done, and results are displayed in Fig. 7 and Fig. 

8. Application of the DR turned out to be inapt to recover 

the voltage within acceptable bounds on the third day due to 

substantial drop in wind production; as a result of low wind 

speed. Therefore, ES is called in to supply more power to 

the feeder to prop the voltage to be higher than the 

permissible lower bound of 0.95 pu. The load MW, wind 

power and net load power encompassing demand response 

and energy storage are depicted in Fig. 8. It is apparent, 

from Fig. 8, that the use of the DR and the ES have flattened 

the net residual load profile and shaved fluctuations to 

almost a constant value of 8 MW. Results in Fig. 8, assert 

the viability of the DR in addressing the load leveling 

strategy in the operation timescale. On the other hand, this 

case study demonstrates that the created framework is not 

only useful and efficient for controlling voltage over a 24-

hour period, but also for controlling voltage over longer 

time periods that account for a sudden decrease in wind 

generation. 

The base case losses of the system are 1.031 MW. However, 

system losses drop, with the wind penetration considered, to 

0.786 MW and 0.598 MW when the DR is applied 

respectively. This indicates that the distribution system 

losses have experienced a reduction of 24% with the 

integration of wind generation only. It increases to a 

staggeringly 42%, when the DR is applied along with local 

wind generation. The impact of load leveling on loss 

reduction and voltage profile improvement on distribution 

system is less acknowledged in the literature [35]. 

In this case, DR was engaged first since it is a cheaper 

option. Furthermore, as the DR could not restore the system 

voltage per sec independently. Therefore, ES is tapped when 

needed only at the third day since it is a pricy option after 

all. This is a viable modus operandi to minimize operation 

costs that has a paramount importance in utility practices. 

Such an issue is subtly included in this paper, assumingly 

through the locations and sizes of the ES procured by the 

DNO.  This test case also shows that at times, DR may not 

be the silver bullet that can solve all distribution network 

problems. ES still can be instrumental to maintain a near-

constant load profile. 

This, once again, underlines the adequacy of the 

developed multilevel framework to handle wide scope of 

operating conditions and test scenarios. It also highlights 

that Es and DR are not competing technologies, but rather 

they work in tandem with variable wind generation to 

maintain smart, reliable and efficient operation of the grid. 

 

 
 
Fig. 7. Voltage profile of the application of DR and ES to load leveling for 

one month. 

 

 

 
Fig. 8. Net load demand for one week. 

 

 Conclusion 

High penetration of wind energies has created a number 

of collateral impacts on the distribution system. Voltage rise 

comes at the forefront of these impacts. This study has 

demonstrated a multilevel sequential optimization 

framework that consists of voltage/VAr control (VVC) 

devices, coupled with the ES and DR, at different stages if 

necessary. The prime objective is to mitigate voltage 

variations, reduce system losses, and offset the intermittency 

resulting from wind energy units connected to the 

distribution system. The unique DR modeling devised 

herein seamlessly integrate economic aspects of the DR into 

an extensive technical framework for voltage control. 

Applying the developed multilevel approach to the IEEE 

123 bus test feeder over many test cases and operating 

scenarios, has highlighted its competency in providing 

equitable dispatch, by complementing the use of several 

control alternatives, and ameliorating the overall system 

performance. The framework also has the capability to do 

energy scheduling for a single day or multiple days ahead. 

Unlike snapshot analysis, which does not account for the 

worth of time, a main attribute of variable generation, the 
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multiperiod time series simulation approach, adopted in this 

paper, is capable of analyzing the interaction between wind 

energy, VVC devices, ES and DR and capturing the time-

dependency nature between them in an hourly operation 

timescale. 
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