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Abstract—Rapid deployment of renewable energy sources (RES) 
and concerns regarding their impacts on power systems provide 
new opportunities for utilizing more electrical energy storage 
system (EESS) in power systems. Peak-shaving in high 
Photovoltaic (PV) penetration conditions and providing 
ancillary service in high load conditions are among the 
applications of EESS in distribution systems. In this paper, a 
new method is developed based on the voltage sensitivity 
analysis of the network in order to calculate the EESS capacity 
required for prevention of voltage rise and voltage drop in 
distribution grids with residential PVs and Electric Vehicles 
(EVs). The effect of EV home charging on EESS capacity in high 
PV penetration is also addressed. The results indicate that 
increasing the EV penetration in the network can decrease the 
EESS capacity need. This decrease is highest in situations with 
low PV penetration. 

Index Terms-- Energy storage, smart grid, photovoltaic, electric 
vehicle. 

I. INTRODUCTION 

Photovoltaics (PV) are amongst the most rapid growth 
renewable energy technologies worldwide. The annual growth 
rate of these systems has been more than 44% in the last 
decade and the installed capacity of them has increased from 
1000 MW in 2000 to 18.2 GW at the end of 2010 [1]. Trends 
show that in the future, the majority of new PV installations 
will be grid-connected residential PVs [2]-[3] whose capacity 
is normally less than 10 kW and are connected to low voltage 
(LV) distribution systems [4].  

The distribution systems were traditionally designed to 
operate in radial configuration and the power flow direction 
was considered as mono-directional from the upstream 
network toward the loads. By increasing the PV penetration in 
residential areas, concerns regarding the reverse power flow 
are growing. One of the main problems with reverse power 
flow is the voltage rise at the point of common coupling 
(PCC) and neighbor buses [5]-[10]. The severity of this impact 
varies according to the PV size and location, and also the 
network configuration to which PV is connected [2], [4], [11]. 
On the other hand, with the increasing adoption of EVs, the 
distribution systems are involved in transportation and the 

existing grids need to satisfy these new growing loads which 
mean new challenges for DNOs [12]-[14]. In fact, in a well-
designed distribution system, the voltage drop is limited to a 
special amount in the full load condition according to related 
standards. However, in many cases, the EV loads are not 
considered in distribution system design and the voltage drop 
may occur at some weak points in high load conditions. It may 
be concluded that by aggregation of EV and PV in the 
network, both the voltage drop and the voltage rise issues can 
be solved. However, the voltage drop usually happens at the 
time when there is low or no PV generation; therefore, both 
voltage rise and drop may happen in residential areas with 
high PV and EV penetration. 

In recent years, electrical energy storage systems (EESS) 
have been heeded by both researchers and system operators as 
an effective solution for overcoming the challenges associated 
with PV technologies [15]. EESS can be used to prevent 
overvoltage, smooth the fluctuation of the PV output, or trade 
power under time-of-use electricity pricing in the PV 
applications [16]. In addition, by using EESS in the network, 
the voltage drop problem caused by EV home charging can be 
solved by transferring the stored energy during high PV 
generation and low load periods to the low or no PV and high 
load consumption periods. 

In this paper, a method is developed based on the voltage 
sensitivity analysis of the network in order to calculate the 
EESS capacity which is required to prevent the voltage rise 
and drop in distribution grids. The method is capable of 
evaluating the effects of EV home charging on storage 
capacity needed in LV grids with high residential PV 
prevention. Different scenarios for both PV and EV 
penetration are simulated. The structure of the paper is as 
follows: the voltage quality issues caused by high PV and EV 
penetration are described in section II, the energy storage 
application for voltage control in smart grid is explained in 
section III, the proposed method is illustrated in section IV, 
and simulation results are shown in the last section.   

II. VOLTAGE QUALITY ISSUES CAUSED BY HIGH PV AND 

EV PENETRATION 

Voltage rise at the point of common coupling (PCC) is a 
well-known issue associated with active power feed-in by PV 
units. To emphasize, consider the thevenin equivalent of a 
typical PV system connected to an LV grid as shown in Fig.1.  
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Figure 1.  Thevenin equivalent of a typical PV system connected to the grid 

In this figure, the Zth and Uth are the thevenin impedance 
and the thevenin voltage, respectively, IPV is feed-in current of 
PV, Is is the storage current, IEV is the EV charging current, 
and IL models the local consumption, all in per-unit. The local 
voltage, UPCC, is determined by Uth, the local generation and 
also the local consumption. To simplify, suppose that Uth is 
fixed at 1 p.u. with a power angle of 0˚. The net feed-in 
current can be calculated by: 

 nf
nf PV L EV S

PCC

S
I I I I I

U


 

      
 

  (1) 

where Snf is the net apparent power injected into the grid. 
By considering the active and reactive power and neglecting 
the power loss across the thevenin impedance, the Inf can be 
rewritten as: 
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The voltage at PCC can be calculated as: 

 th nfPCC thU U Z I     (3) 

Suppose that th th thZ R jX  . Thus: 
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According to some current standards, the voltage control 
by reactive power control capability of PV inverters is not 
allowed [17]. In addition, the load power factor for household 
application is near one; therefore, the reactive power can be 
neglected and the magnitude of UPCC can be calculated as in 
the following: 

    2 2
1Pcc th thU P R P X       (5) 

In many LV grids, the R/X ratio is high [18]; therefore, with a 
good approximation, the magnitude of the voltage at the 
connection point can be summarized as follows: 

 1Pcc thU P R     (6) 

According to the standards applied to LV grids, the voltage 
rise and drop at the connection point should be limited to a 
special amount; therefore: 

 min max1 thV P R V     (7) 

Vmin and Vmax are the maximum and minimum allowed 
voltages in LV grids, respectively. Without considering the 
EESS, the variable P can be calculated as follows: 

 (t) (t) (t)PV ALP P P    (8) 

where PAL is aggregated load and EV consumption and PPV 
is PV generation. During the periods when the PV generation 
is high and at the same time, the local consumption is low, P 
is positive. This condition may specifically happen at 
noontime. On the other hand, P is negative when there is high 
consumption and low or no PV generation. The maximum 
power that can be injected into the grid by PV without 
overvoltage occurrence and the maximum load consumption 
without voltage drop occurrence can be calculated as follows:    
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According to the previous equations, the PPV and PAL have 
to be limited to PPV,max and PAL,max, respectively for prevention 
of voltage rise and voltage drop in the network. 

III. ENERGY STORAGE APPLICATION FOR VOLTAGE 

CONTROL IN SMART GRID  

EESS can be used in Smart grids as an effective tool for 
overcoming the challenges associated with PV generation. Not 
only is EESS an effective energy management tool, but also it 
can participate in active power management by injecting and 
absorbing active power in order to improve power quality of 
the grid. In other words, EESS can be used as a reliable 
distributed energy resource (DER) in the network. Customers 
with EESS are usually anticipated to have smoother and 
predictable load profiles; therefore, more efficient planning 
and operation can be carried out by DNOs; also new 
investment for upgrading the current system can be minimized 
[19]. In this part, two main applications of EESS for voltage 
control in smart grid with high PV and EV penetration are 
investigated. 

A. Peak-shaving functionality of EESS  

As discussed before, the severity effects of PV on the grid 
voltage mainly depends on PV size and location, grid 
configuration, and load condition. Installation of PV in 
locations that have high load consumption during daylight 
hours can minimize the problems associated with high PV 
penetration. However, in residential areas, where the peak 
consumption occurs in the evening, the load consumption 
during high PV generation periods is relatively low. As a 
result, the effects of PV installation in residential areas can be 
considered as one of the worst-case scenarios regarding PV 
installation.   

Increasing the PV hosting capacity of LV grids can be 
considered as one of the main applications of EESS in high 
PV penetration condition [19]. To prevent the overvoltage in 
residential areas, which is among the main power quality 



 

issues associated with high PV penetration, EESS can be used 
as a peak-shaving tool. To this aim, the output power of PV 
can be limited to a special amount by storing the exceeded 
energy, and this stored energy can be used in other hours with 
higher load consumption or electricity price. It should be 
noted that curtailing the active power at lower levels results in 
higher EESS capacity and vice versa.  

B. Ancillary service by using EESS 

With the increasing adoption of EVs, the distribution 
systems are involved in transportation and the existing grids 
need to satisfy these new growing loads [12]-[14]. Based on 
the EV penetration, the residential load profile may change 
and in some grids, the grid reinforcement is necessary [14]. 
Even in LV grids with high PV penetration, the voltage drop 
may happen, because the PVs do not produce much power 
during evening hours. However, in smart grids equipped with 
EESS, a part of energy consumption can locally be supplied 
by EESS. In fact, EESS can be used as both DER and 
controllable load in smart grid applications [19]. A schematic 
of EESS application in high PV and EV penetration is shown 
in Fig. 2. Both peak-shaving and ancillary service 
functionality of EESS are shown in this figure. As can be 
seen, a part of active power generated by PV can be stored in 
EESS during noontime and be used during peak-load periods.   

IV. METHOD DESCRIPTION 

PV penetration can be defined in different ways such as 
total installed PV capacity being compared with the peak-load 
demand [3], total PV generation to total generation [2], total 
PV power to total system real power of all nominal loads [12], 
etc. As the focus of this paper is on residential areas, the PV 
penetration is defined as follows: 
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   (10) 

In the same way, the EV penetration is defined based on 
the number of customers with EV, as follows: 
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In this paper, we used the sensitivity analysis as an 
effective tool which requires less computational time than load 
flow calculations. The Jacobian matrix is used here, which is 
derived from power flow equations related to Newton–
Raphson (NR) load-flow solution. To emphasize, consider an 
N-bus power system. By using the power-flow equations, the 
following set of linear equations can be written: 
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  (12) 

where , ,P Q V  and  are the injected active power into the 

grid, injected reactive power into the grid, magnitude of bus 
voltage phasor, and angle of bus voltage phasor, respectively. 
 

 

Figure 2.  A schematic of EESS application in high PV and EV penetration 
conditions 

Now, suppose that the load power factor is near one and 
reactive power control by PV inverter is not permitted; 
therefore, we can suppose that 0Q  . By solving the previous 
equation, the voltage sensitivity matrix can be extracted as in 
the following: 
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Provided that the Jacobian is well-conditioned, the bus 
voltage can be calculated as in the following: 
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where VS is the voltage of the swing or slack bus.   

When the local generation is more than consumption, the 
injected power into the grid is positive and according to the 
previous equation, the voltage at the PCC increases to a level 
higher than PCC voltage without PV generation. On the other 
hand, when local consumption is higher than generation, the 
PCC voltage drops to a voltage lower than the previous 
condition. Both the voltage rise and drop are functions of PV 
generation, load consumption, and network configuration. 
These can be concluded as follows: 
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PPV and PL are PV generation and aggregated EV and load 
consumption, respectively. Now, suppose that the net injected 
power into the grid in bus n is defined as in the following: 

 , ,( ) ( ) ( )n PV n L nNIP t P t P t    (16) 

This power depends on both PV generation and load 
consumption in bus n at each time. By using (11) and (13), the 
voltage of bus n can be determined as in the following: 
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To maintain the voltage of bus n lower than the maximum 
allowed value, a special amount of EESS has to be installed in 
this bus to curtail the power at the specific level P. The 
required storage can be calculated as in the following: 
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On the other hand, to prevent the unaccepted voltage drop 
during peak load, a part of consumption should be supplied 
locally by means of EESS. The required storage to support the 
grid voltage when the load consumption in bus n exceeds L 
can be calculated as follows: 
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The minimum storage required to prevent the voltage rise 
and drop can be calculated by solving the following equation: 
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V. SIMULATION RESULTS 

A low voltage feeder of the Danish island Bornholm with 
52 customers is selected for simulations as depicted in Fig. 3. 
The feeder is supplied by one 100 kVA, 10/0.4 kV 
transformer. Different scenarios for both PV and EV 
penetration are simulated. Daily EV load profiles are based on 
the EV home charging concept derived from data provided by 
[12]. Three aggregated load and EV scenarios for 100%, 50%, 
and 0% EV penetration used for simulations are shown in Fig. 
4 [12], [14].  

 

  

Figure 3.  Single-line diagram of the LV grid used for simulations 
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Figure 4.  Aggregated load for 100%, 50%, and 0% EV penetration for 
home charging concept 

Simulations showed that without applying EESS, the grid 
encountered serious voltage quality issues in high PV and EV 
penetration conditions. The maximum and the minimum 
voltages of different buses in the conditions of high PV and 
EV penetration are shown in Fig. 5. This figure indicates that 
both the voltage rise and voltage drop may happen in the 
network in high PV and EV penetration condition. The 
occurrence probability of these power quality issues is higher 
in locations with higher thevenin impedances. The daily 
voltage profile of a customer located at bus 23 is shown in 
Fig. 6. 
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Figure 5.   The maximum and the minimum voltages of different buses in 
the conditions of high PV and EV penetration 
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Figure 6.  The daily voltage profiles of a customer located at bus 23 



 

The required capacity of EESS to maintain the voltage at 
an acceptable band in different scenarios of PV and EV 
penetration for some buses is shown in Table I. The 
simulations show that the required EESS for overvoltage 
prevention is different according to the location of customers. 
The EESS capacity is less for buses located nearer the 
transformer as they have less sensitivity to the active power. 
For example, the EESS capacity is zero in bus 3 for all 
simulated scenarios. Moreover, the results indicate that 
increasing the EV penetration in the network can decrease the 
EESS capacity required for overvoltage prevention in different 
PV penetration levels. The level of decrease in the EESS 
capacity in the condition of 100% PV penetration is around 7 
and 12% for 50 and 100% EV penetration, respectively. This 
decrease is more in the condition of 50% PV penetration and 
is around 18 and 32% for 50 and 100% EV penetration, 
respectively. In general, the percentage of this decrease is 
more in lower PV penetration as shown in Fig. 7.  

VI. CONCLUSION 

In this paper, a method was developed in order to calculate 
the EESS capacity required for voltage rise and voltage drop 
prevention in LV grids. The simulations indicated that without 
applying EESS, the grid encountered serious voltage quality 
issues in high PV and EV penetration conditions. The 
occurrence probability of these power quality issues was 
higher in locations with higher thevenin impedances. 
Moreover, the results indicated that increasing the EV 
penetration in the network can decrease the EESS capacity 
required for overvoltage prevention in different PV 
penetration levels. The percentage of this decrease was more 
in lower PV penetration.  

TABLE I.  EESS CAPACITY IN DIFFERENT CONDITIONS. EVP= EV 
PENETRATION, AV= AVERAGE CAPACITY PER CUSTOMER 

 EESS Capacity per Customer (kWh) 

EVP Bus3 Bus7 Bus17 Bus23 Av 
100% PV 

Penetration 
0 0 6.3 25.8 35.7 19 
50 0 5.6 24.1 33.6 17.8 

100 0 5.2 21.9 31.6 16.6 
75% PV 

Penetration 
0 0 2.7 14.1 23 11.2 
50 0 2.5 11.9 21.1 10.2 

100 0 2.4 10.2 19.1 9.2 
50% PV 

Penetration 
0 0 0 4.15 9.7 4.1 
50 0 0 3.4 7.8 3.3 

100 0 0 2.8 6 2.8 

0

5

10

15

20

25

30

D
ec

re
as

e 
in

 E
E

S
S

 (
%

)

 

 

100 % EV Penetration

 50  % EV Penetration

50% PV Penetration100% PV Penetration 75% PV Penetration  

Figure 7.  The percentage of decrease in EESS capacity in different PV and 
EV penetration 
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