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Abstract

The increasing integration of photovoltaic (PV) systems and electric vehicles
(EVs) into distribution networks (DNs) presents significant operational chal-
lenges, including voltage fluctuations, reverse power flow, and rapid PV ramp
rates. This paper proposes a rule-based strategy for deploying battery energy
storage systems (BESS) to mitigate these issues and enhance the overall per-
formance of the DN. The study evaluates the impacts of high PV and EV pen-
etration on distribution network, performance using simulation models in
OpenDSS, an open-source electric power distribution system simulator. A
rule-based approach is then developed to determine strategic BESS dispatch
strategies and sizing, targeting improvements in voltage stability, power qual-
ity, and system reliability. The proposed methodology is validated on a modi-
fied IEEE 33-bus radial distribution system comprising mixed loads (residen-
tial, industrial, and commercial) under PV penetration levels of 25% and 50%,
with an EV penetration level of 10%. The optimal BESS allocations are iden-
tified at buses 18 and 33, with capacities of 1436 kW/5526 kWh and 1816
kWw/10,854 kWh, respectively. Results indicate that higher PV penetration
(50%) necessitates larger BESS capacities to sustain network reliability. The
proposed allocation strategy ensures that bus voltages and PV ramp rates re-
main within permissible limits, while reverse power flow (RPF) is substantially
mitigated. The proposed method offers a practical framework for grid opera-
tors to manage distributed energy resources efficiently, contributing to a more
resilient and sustainable power system.
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1. Introduction

The increment of energy consumption resulting from economic development, ris-
ing population and technological developments. International Energy Agency
(IEA) shows the rising of energy demand as much as 4.5% or over 1000 TWh in
2021 [1]. The world’s target to achieve net zero carbon by 2050 and to keep global
warming less than 1.5°C (Paris Agreement) [2]. Global warming is a concerning
issue that must be addressed to tackle the greenhouse effects. One of the solutions
to reduce greenhouse gas emissions and mitigate climate change is by replacing
traditional power generation with renewable energy resources such as solar en-
ergy. Another way to reduce carbon emissions is by utilizing EV in transportation.

The intermittent characteristics of PV could lead to another issues. High pene-
tration level of PV into the grid contributes to several issues including voltage and
power fluctuations as well as reverse power flow (RPF) [3]. The increment of EV
chargers could lead to an increment of load demand. The load demand could be
unstable because it completely depends on the EV users charging rates and pat-
terns. The negative impacts of the high EV penetration can be observed in power
quality and grid stability [4]. To overcome these problems, BESS implementation
should be considered.

Many studies have explored the challenges brought by the increasing integra-
tion of photovoltaic (PV) systems and electric vehicles (EVs) into distribution net-
works (DNs). Common issues include voltage fluctuations due to intermittent so-
lar generation, reverse power flow during periods of high PV output and low de-
mand, and rapid PV ramp rates caused by sudden changes in weather conditions.
These challenges can negatively affect voltage stability, power quality, and over-
all system reliability [4] [5].

To address these issues, battery energy storage systems (BESS) have been widely
proposed. Existing approaches to BESS control include optimization-based strat-
egies, which require extensive computation and forecasting; and artificial intelli-
gence (Al) or heuristic-based methods, such as fuzzy logic or machine learning,
which offer flexible solutions but are often complex and challenging to implement
in real-time operation [6]. While rule-based BESS control offers a simpler and
more practical alternative, lack of studies is conducted with respect to high PV
and EV penetration scenarios. Furthermore, most existing studies tend to focus
on either PV or EV impacts in isolation rather than addressing their combined
effects on the distribution network.

This highlights a clear research gap: the need for a practical, rule-based BESS
control strategy that can effectively manage both PV and EV integration while
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improving voltage stability, mitigating reverse power flow, and reducing PV ramp
rates.

This study aims to address the identified research gap through the following
key contributions:

1) Quantifying the impact of PV and EV integration on distribution network
performance.

2) Developing a rule-based methodology for the strategic allocation of BESS to
mitigate issues arising from PV and EV adoption, specifically voltage limit vio-
lations, reverse power flow, and high PV ramp rates.

3) Evaluating the effectiveness of the proposed BESS allocation strategy under
25% and 50% PV penetration levels with EV integration, using OpenDSS simula-
tions.

The remainder of this paper is as follows: Section 2 describes the methodology
and mathematical formulation used in the proposed allocation strategy including
the modelling of loads, PV, EV and BESS. Section 3 presents a case study descrip-
tion, numerical results and discussions. Finally, Section 4 concludes the paper by

highlighting major conclusions and contribution of the work.

2. Methodology

2.1. Overview

This section outlines a methodology proposed for the strategic deployment of
BESS in distribution network aiming on improving the performance of distribu-
tion grid with respect to reverse power flow avoidance, voltage profile improve-
ment and power ramp rate mitigation. Figure 1 illustrates the general framework
of the proposed BESS allocation strategy. BESS allocation is defined in this work
as the BESS location, dispatch power and size. The inputs of the BESS allocation
strategy include a year of hourly historical or forecasted load power, EV charging
power and solar PV generation of the network. A rule-based BESS dispatch sched-
uling approach is used to identify the hourly BESS dispatch power aiming to re-
duce reverse power flow, improve voltage profile and mitigate high PV ramp rate.
The rated size of BESS in kW and kWh is identified based on the total utilized
capacity of BESS daily for discharge/charge and the technical characteristics of
BESS technology such as its round-trip efficiency, degradation rate, allowable
SOC and Depth of Discharge (DOD).

2.2.Load Model

Mixed residential, industrial and commercial end-user load, which is considered
as AC load demand, are connected at the AC bus of the system. The load power is
represented as a time-varying PQ model. The load power at nominal voltage is
assumed to follow an hourly residential, commercial and industrial load curves,
which was generated from historical data found in [7] and [8]. The daily profiles
of the power demand are shown in Figure 2. For the purposes of practical appli-

cation, forecasted of load power should be used to accurately determine the BESS
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dispatch power.
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Figure 1. General framework of BESS allocation for distribution network with Solar PV and EV in Malaysia.
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Figure 2. Normalized daily load profile [7] [8].

2.3. PV Model

In this study, PV power generation is represented using historical PV output data,
which inherently captures the variability due to irradiance and temperature con-
ditions. Since the analysis relies on actual generation profiles, maximum power
point tracking (MPPT) mechanisms are not explicitly modeled, and the recorded
PV data is directly applied as the generation input in the simulations. Normalized

PV generations are obtained from historical data and used in this work to repre-
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sent much higher size of solar PV that can be integrated to commercial building.
With that, the PV penetration level can be varied. Normalized PV profile is shown

in Figure 3. Percentage of PV penetration level in this paper is defined as follows:

EV
PV, =—=*100% (1)

pen
load

where E,,is the annual energy generated by solar PV in kWh and Ejy.qis the annual

energy consumption of the network in kWh [9].

Daily Profile

PV power (per unit)
o o o
E a oo

e
)

1234567891011 12 13 14 1516 17 18 19 20 21 22 23 24
Time (hour)

Figure 3. Normalized PV profile.
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Figure 4. EV charging profile for residential, industrial and commercial load.

2.4. EV Model

EV is modelled as hourly PQ time-varying load demand based on the charging
rate and pattern of consumers. It is assumed that EV cars users start charging their
EV cars at 6 pm or 7 pm in residential areas. Meanwhile, EV users in industrial
areas are estimated to charge their vehicles when they are working, especially

around 9 am. For commercial areas, EV users are predicted to start charging their
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vehicles at 12 pm. The time taken for the charging period is 5 hours, which is
during the peak hours. Figure 4 shows the charging profile for each area. Percent-

age of EV penetration level is defined as follows:

E
EV,, =—"—*100% 2)
E
load
where E,, is the annual energy consumed by EV charging in kWh.
Given any PV capacity and EV installed at the particular feeder, net demand

power of the feeder for each hourly time segments, #is expressed as

PD(I)=PL(t)_PPV(t)+PEV(t) (3)

2.5. BESS Model

There are three important elements in designing BESS which are location sizing,
and dispatch strategy. This section presents the methodology to identify the stra-
tegic location, dispatch strategy and size of BESS.

2.5.1. Location
BESS placement in this study is considered at all critical buses, defined as the buses

where voltage violations occur (e, voltages exceeding the permissible limits).

2.5.2. Dispatch Power

BESS dispatch power is determined with the aim of minimizing RPF and improv-
ing voltage profile. Figure 5 shows the flowchart of BESS dispatch strategy for this
purpose. The amount of power needed to charge is according to the amount of
reverse power flow (RPF) whereas the discharge power is based on the undervolt-
age. This can be done by calculating using (4) and (5) to determine charging power

and discharging power respectively.

PD (t)(I/cl (t) - I/lim_low
V

cl t)_VR (t)

0 eP,(1)20

P.(t) ) eP,(t)<0
Fe(1)

where Pcis the charging power, V; is the voltage at critical bus for case with PV

F(t)= (4)

and EV (Case 1), and Vzis the voltage at critical bus during reverse power flow
occurred. All power and voltage are in units of kW and pu respectively.
Vi (1) =V} (¢)
Py(t)=P, ()| 1-=22—Lo 2| eV, (1)< V., (t
0=, 010 ) er )
Volt)=V., (¢
O e AU

Ve (f)_— Ver (1)

where Pp = discharging power, V. = setting voltage, V= desired voltage, P =

P, (t)= (5)

setting power, Vp = desired voltage and V¢; = voltage at the critical bus for Case
1. All power and voltage are in units of kW and pu respectively.

To ensure realistic operation of the BESS, the state of charge (SOC) is con-
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strained such that the SOC at the beginning of the day equals the SOC at the end
of the day. This balance condition guarantees that the total daily charging energy
equals the total daily discharging energy, thereby preventing the battery from be-
ing fully depleted or overcharged at any time.

/Collect load flow ;,
result data N
Yes
Collect data of the

Ye
Pdemana()<0

test system No No
Model IEEE 33-bus ‘ Set Pp(t)=Pser(t) | ‘ Set Pc(t)=Pr(t) |
system using ¢ ¢

OpenDSS
¢ 4){ Monitor voltage | I Monitor voltage |(7

Run Load Flow
(Base case)

Record data

0.95%
Veerlt) < 1.05

Use Eq. (5) Use Eq. (4)

v
Simulate test | | .| Calculate kWh and |
system with PV only 7| kWofBESS [
(Case 1)

v

| Place BESS at critical buses |

v

Simulate the system with PV and
BESS (Case 2)

v

| Observe SOC of BESS |

Yes

SOCeng=SOCstart

Result analysis

e | Calculate difference between the two values |
| Divide equally the values to the dispatch profile }—

Figure 5. Flowchart of BESS dispatch strategy for RPF minimization and voltage profile improvement.

The SOC evolution is modeled as:

SOC(t):SOC(t—1)+(Pch (t)*n—P"“'T(t)]At (6)

where SOC(t) is the SOC at hour £ P, (t) and P, (t) denote charging and
discharging power, 77 is BESS efficiencies, and A¢is the time step (1 hour in this
study) [10] [11].

The daily SOC balance constraint is expressed as:
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soc,,, =SOC,,, (7)
24 24 P (¢
>R, (r)*n=2"”7() (8)
t=1 t=1

This condition ensures that the BESS operates in a sustainable cycle across the
24-hour simulation horizon, maintaining its energy neutrality while still support-
ing the network in mitigating voltage violations, reverse power flow, and PV ramp

rate issues.

Identify the ramp rate
that
exceed £15%/min
using Eq. (9)

A
Using Eq. (10), obtain
+| the power setpoint

that satisfies the
ramp-rate bound

\4

Collect data of test
system Po(t+1) Y
becomes the Calculate BESS
v new Po(t) dispatch power using
A Eq. (11)
Model test system
and PV using ¢
OpenDSS Check the new ramp

rate with BESS
dispatch power using

Y Eq. (12)
Run load flow
analysis
No
Ramp rate >+15%/min
Y

Record the PV
power output

Calculate the (kWh &
kW) for BESS

Figure 6. Flowchart of BESS dispatch strategy for PV ramp rate improvement.

The allowable PV ramp rate is based on the standard set by Energy Commission
(EC) which is 15%/minute [12]. The EC standard refers to the transmission-con-
nected Large Scale Solar (LSS), but in this project the PV solar is connected in the
distribution level. Although individual rooftop PV systems produce relatively
small fluctuations, their cumulative ramping effect at points of common coupling
(e.g., substations) can be significant and may propagate upstream, potentially
causing critical challenges at the transmission level. Therefore, this project uses

the standard ramp rate limit of +15%/minute. Figure 6 shows the flowchart of
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rule-based strategy to identify BESS dispatch power for PV ramp rate improve-

ment. The equations of this process are as follows.

Po(t_l)_Po(t)

PV

Ramp(t) = x100% 9)
where Po(t— 1) is the output PV power at minute (¢— 1), Po(?) is output PV power
at minute fand Ppy is the rated PV capacity power. All power and voltage are in

units of kW and pu respectively.

PN(t)z(%xMj-kPo(t—l) it B (1) > B, (1-1)
Py (1)= (10)
P, (t)=F, (t—l)—[%xM) if P, (1)< P, (1-1)

where P({) is the necessary power. All power and voltage are in units of kW and

pu respectively.
PDispatch (t):PN (t)_PO (t) (11)

where Ppjpaci(?) is the dispatch power at minute £ All power and voltage are in

units of KW and pu respectively. With the dispatch power from BESS, the new PV

ramp rate in the network is as follows:

By (t ) -5 (t )

PV

Ramp g, (1) = x100% (12)

2.5.3. Sizing

BESS size is computed using Equation (13) and (14). The formulations considered
BESS utilized capacity identified in the previous section and specific technical
characteristics of BESS technology, which are round-trip efficiency 7, the max-

imum depth of discharge yand self-discharge rate x.

EESR:(1+K)X(%+(I—;/)><EESJ (13)
n
max (| P,
Prsy =—(|UES””|) (14)

3. Result and Discussion

3.1. Test System Description

A modified 12.66 kV, IEEE 33 bus radial distribution system shown in Figure 7 is
used in this study to test the proposed strategy. Distribution of load types is shown
in Figure 8. Historical data of PV generation for 28 kWp PV modules located at
Solar PV System and Smart Grid Laboratory, Faculty of Electrical Technology and
Engineering, UTeM is utilized in this study [13]. Generation data are normalized
to be used for higher capacity of PV. Voltage limitation is based on the standard
set by Energy Commission, Malaysia which is between 0.95 pu and 1.05 pu [14].
The PV systems are located on 17 different buses that have low voltage profile
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(below 0.95 pu). Meanwhile, the EV chargers are placed randomly on 15 buses.
As for BESS, Lithium-ion battery is chosen as the preferred technology due to its
maturity for grid applications, high efficiency, and cost-effectiveness. Its degrada-
tion loss, xis 0.1, round trip efficiency, 77is 0.9 and maximum Depth of Discharge
of BESS, yis 0.9.

To evaluate the performance of distribution network with the adoption of PV,
EV and BESS considering the proposed allocation strategy, 3 cases are modelled
and simulated using OpenDSS that are Base Case that is case without PV, EV and
BESS, Case 1 that is the network with PV and EV only and Case 2 that is network
with PV, EV and BESS. For all three cases, two scenarios are considered, that are
the network under 25% and 50% PV penetration levels.

mmlml

26 2 gl 29 30 331 32! I3

5&?&&

2 B3 ERED 5 £ 7 ) () 3

Figure 7. The modified IEEE 33-bus distribution network.

Lateral 1: Commercial Lateral 3: Industrial

27 28 29 30 31 32 33
s/s Lateral 4: Residential

1 2|13 456 7 8 910111213141516 1718
—1—19
—1=20
—1—21 Lateral 2: Commercial
=122

Figure 8. Mixed load in IEEE33-bus system.

3.2. BESS Dispatch Strategy

Based on the simulation without BESS (Case 1), there are two buses that experi-
enced voltage limits violation which are Bus 18 and Bus 33. The strategy is to place
BESS on the two mentioned buses. The initial energy stored in BESS is set at 50%
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of its full capacity and the minimum allowable battery capacity is 20% of its full
capacity. Figure 9 and Figure 10 depict the power of BESS as well as its SoC for
Case 2 with 25% and 50% PV penetration levels respectively.
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Figure 9. Dispatch power profile of Case 1 with 25% PV penetration at bus (a) 18 and (b)
33.
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Figure 10. Dispatch power profile of 50% PV penetration at bus (a) 18 and (b) 33.

3.3. BESS Sizing

Table 1 and Table 2 list the description of cases studies and the computed BESS
size for 25% and 50% PV penetration level respectively, using the proposed allo-
cation strategy. The result shows that with the increment of PV penetration level,
BESS size required to mitigate the voltage profile, reverse power flow and high PV

ramp rate issues are increased.

Table 1. Description of case studies (25% PV penetration).

BESS size (kW/kWh)
Case PV capacity (kWh) EV capacity (kWh)

BESS 18 BESS 33
Base 0 0 0 0
Case 1 3658 1553 0 0
Case 2 3658 1553 1436/5526 1816/10,854

Table 2. Description of case studies (50% PV penetration).

BESS size (kW/kWh)

Case PV capacity (kWh) EV capacity (kWh)

BESS 18 BESS 33
Base 0 0 0 0
Case 1 7316 1553 0 0
Case 2 7316 1553 3404/9035 2685/13,041

3.4. Distribution Network Performance

3.4.1. Demand Profile

Three cases of demand profile are presented graphically in Figure 11 to observe
the impact of PV, EV and BESS integration on the network demand in a day. For
the Base Case, the total power demand over 24 hours is recorded at 14599.49 kWh.

Demand increases between 7 am and 9 am. Peak electricity usage by consumers
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occurs at 9 am, with consumption at 1041.42 kW. In Case 1, with PV installation,
the network experiences RPF at 1 pm due to excess PV generation, resulting in
425.173 kWh of RPF as shown in Figure 11(a). The maximum demand occurs at
two different times, which are at 9 am and 10 pm as it is recorded to peak at
860.473 kW. Implementing BESS reduces RPF and successfully lowers peak de-
mand compared to Case 1, with a reduction of 251.797 kW. Figure 11(b) shows
the demand for 50% PV penetration also highlighted the same trend.

1200
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200

Power (kW)

0
1 23 456 7 8 9101112 415 16 17 18 19 20 21 22 23 24

200
-400

-600 :
Time (hour)
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()
1500
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1 23 45 6 7 8 9 101112 15 16 17 18 19 20 21 22 23 24
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Power (kW)

-1000
-1500
2000 :
Time (hour)
—4—Base Case —=Case]l =@—Case?2
(b)
Figure 11. Load demand of three cases for (a) 25% and (b) 50% PV penetration.

3.4.2. Voltage Profile

Figure 12 illustrates voltage distribution of Case 1 and 2 with (a) 25% PV pene-
tration and (b) 50% PV penetration. The result shows that without BESS imple-
mentation, approximately 14% of the voltage falls outside the acceptable range.

The observed minimum and maximum voltages are 0.912 pu and 1.085 pu, re-
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spectively. With BESS implementation, all voltages are within range, with the min-
imum at 0.950 pu and the maximum at 1.032 pu.

Additionally, Figure 12(b) shows that around 20% of the voltage is outside the
acceptable range without BESS. The voltage ranges from a minimum of 0.915 pu
to a maximum of 1.213 pu. However, integrating BESS in Case 2 has improved the

overall voltage profile, resulting in a minimum voltage of 0.950 pu and a max-

imum of 1.032 pu.
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Figure 12. Distribution of bus voltage values (in p.u.) across the test system for each hour
of the day of Case 1 and 2 with (a) 25% PV penetration and (b) 50% PV penetration.

3.4.3. Load Factor
Table 3 shows the load factor for mixed load network with EV and different per-

centages of PV penetration. The result highlights that for both scenarios, imple-
menting BESS with the proposed allocation strategy able to improve the load fac-

tor of the network.
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Table 3. Load factor for all cases under 25% ad 50% PV penetration levels.

PV penetration level (%)

Case
25 50
Base case 0.58
Case 1 0.51 0.41
Case 2 0.61 0.53

3.4.4. PV Ramp Rate
The PV ramp rate is experimented on two different penetration levels which are

25% and 50%. Figure 13(a) and Figure 13(b) show the PV ramp rate for the
network with 25% and 50% PV penetration level respectively. There are two types
of power fluctuations, upward fluctuation and downward fluctuation. From Fig-
ure 13(a), the maximum upward fluctuation is 50% while the maximum down-

ward fluctuation is 50.7%. Meanwhile for the case with 50% PV penetration, the
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20

Ramp Rate (%/minute)
(=}

20
-40
-60 : .
Time (minute)
——Ramp Rate ——Max RR Limit =———MinRR Limit
(a)

Ramp Rate (%/minute)

Time (minute)
——Ramp Rate =——Max RR Limit =——Min RR Limit
(b)

Figure 13. PV power fluctuation on (a) 25% PV penetration level and (b) 50% PV penetra-

tion level.
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maximum upward fluctuation is 71.6% while the maximum downward fluctua-
tion is 74.5%. This demonstrates that the greater the PV capacity, the higher the
power fluctuation.

Figure 14(a) shows the difference between without and with BESS implemen-
tation on PV output power. The zoom in graph on Figure 14(b) shows that the
output power has less power fluctuation with BESS than without BESS. Figure
14(c) shows that the BESS manages to improve the ramp rate to be within +15%/mi-
nute. Meanwhile for 50% PV penetration level, Figure 15(a) compares the PV
output power before and after BESS adoption. The zoom in graph in Figure
15(b) demonstrates that the output power fluctuates less with BESS than without
BESS. Figure 15(c) demonstrates that the BESS improves the ramp rate to within
+15%/minute.

In this study, the PV ramp rate limit of +15%/minute, commonly applied to
transmission-level solar farms, was adopted as a conservative benchmark. While

this value ensures a stringent requirement for grid stability, it is acknowledged
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Figure 14. (a) PV power fluctuation, (b) Zoom in graph from 758th to 768th minute and
(c) Ramp rate after BESS adoption for network with 25% PV penetration level.
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Figure 15. (a) PV power fluctuation, (b) Zoom in graph from 758th to 768th minute and
(c) Ramp rate after BESS adoption for network with 50% PV penetration level.

that the required BESS size is sensitive to the ramp rate threshold. A tighter limit
would increase the BESS capacity needed for smoothing, whereas a more relaxed

limit would reduce the capacity requirement.

4. Conclusion

The modified IEEE 33-bus system is successfully modelled using OpenDSS with
high PV and EV penetration. The PV penetration level of 25% and 50% is deter-
mined by taking the ratio of the energy of PV to the energy of load demand of
Base Case. This aligns with the case of EV penetration level of 10%. After the in-
tegration of PV and EV chargers into the power system, the difference from the
Base Case can be noticed in the increased peak demand and also the RPF. PV
integration contributes to the RPF whereas EV integration triggers the load de-
mand to increase. In accordance with that, the impact of PV and EV integration
causes the power and voltage to fluctuate more as seen in voltage profile and PV
ramp rate chapter. To overcome this issue, BESS is taken into action. With the
suitable sizing, location and dispatch strategy of BESS, the RPF and the peak de-
mand problems can be mitigated. The dispatch strategy of BESS is planned thor-
oughly using the related equations for the improvement of voltage profile, in-
creased power demand and PV ramp rate. According to the result, BESS is able to
improve voltage profile, reduce peak demand and reduce RPF simultaneously.
BESS also plays a significant role in enhancing the PV ramp rate. As a result, the
PV ramp rate is smoothened within the allowable limit of 15%/minute. The find-
ings demonstrate that the proposed BESS allocation enhances distribution net-
work performance under PV and EV integration. As EV charging model in this
study is based on deterministic assumptions, future research could adopt stochas-
tic or data-driven charging profiles to better reflect real EV scenarios. Beyond the

technical benefits presented in the paper, the economic feasibility of BESS deploy-
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ment remains a critical factor for practical implementation. Hence, incorporating
cost-benefit analysis into future studies on BESS sizing and placement would pro-

vide valuable insights for real-world applications.
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