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Graphical abstract Abstract

In recent years, the increasing integration of PV generations into
(=) distribution network systems is becoming a huge concern as it introduces
various complications such as voltage rise problems, especially during
high PV penetration levels. Conventional mitigation methods using

I
? .I L) voltage regulating devices are not designed to mitigate this particular
i problem while emerging methods requires sacrifices in term of cost and
!
D_LW
D_,——l—~_l

Referonco Volige profit to be made by PV system owners. Thus, mitigation using a battery
energy storage system (BESS) is proposed in this paper, where it is
specifically designed to solve the voltage rise problem in the distribution
system during high PV peneftration. This is achieved by controlling the
charging and discharging of the BESS accordingly. To validate the
effectiveness of the proposed BESS, a simulation using MATLAB/Simulink
software of 25 distributed PV generations with respective loads
connected to a distribution network power system is done. The
penetration levelis set from 0% to 100% and the voltage level is measured
at the point of common coupling for each increment. The findings show
that the BESS can regulate the voltage rise that occurred during high PV
penetration of 80% and 100% from 1.11 p.u. and 1.13 p.u. to an
acceptable voltage of 1.01 p.u.

Keywords: High PV penetration, BESS, voltage rise, distribution network,
MATLAB

Abstrak

Kebelakangan ini, peningkatan penyambungan PV ke dalam sistem
rangkaian pengagihan menjadi tumpuan kerana ia menyebabkan
pelbagai komplikasi seperti masalah voltan berlebihan terutama pada
tahap penembusan PV  yang tinggi. Kaedah konvensional
menggunakan alat pengatur voltan fidak dapat mengatasi masalah ini
kerana memerlukan pengorbanan dari segi kos dan keuntungan yang
ditanggung oleh pemilik sistem PV. Oleh itu, penyelesaian
menggunakan sistem penyimpanan tenaga bateri (BESS) dicadangkan
dalam masalah ini, di mana ia dirancang khusus untuk menyelesaikan
masalah  voltan berlebihan dalam sistem  pengagihan semasa
penembusan PV yang tinggi. Ini dicapai dengan mengawal
pengecasan dan pengenyahcasan BESS dengan sewajarnya. Bagi
memastikan  keberkesanan BESS yang dicadangkan, simulasi
menggunakan perisian MATLAB / Simulink dengan mengambil kira
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sebanyak 25unit sistem PV bersama dengan beban masing-masing
disambungkan kepada sistem rangkaian agihan. Tahap penembusan
PV ditetapkan dari 0% hingga 100% dan bacaan voltan divkur pada titik
sambungan bagi setiap kenaikan voltan. Hasil kajian menunjukkan
bahawa BESS dapat mengatur voltan berlebihan yang berlaku semasa
penembusan PV yang finggi iaitu 80% dan 100% daripada bacaan 1.11
p.u.dan 1.13 p.u. kepada tahap bacaan voltan yang diterima iaitu 1.01

p.uU.

Kata kunci: Penembusan PV yang finggi, BESS, voltan berlebihan,
rangkaian agihan, MATLAB
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1.0 INTRODUCTION

The rising concern of high PV penetration can first be
identified to be due to increasing solar PV installation
throughout the world and how each year installation
growth is most of the time larger than previous year [1-
3]. Statistics from International Renewable Energy
Agency (IRENA) [4] shows that the installed capacity
increases significantly throughout the globe each
year and that the yearly global addition if solar PV
installation is having a spiking upward frend.

High PV penetrations level in distribution network
causes many voltage and stability problems to
distribution network system [5-7]. During the daytime,
when PV systems are generating at assumed unity
power factor and maximum power point (MPP)
operation, negative impact will occur in the system.
This results in femporary high voltage level at the
distribution feeder. As PV penetration level increases,
the voltage level increases which would lead to the
voltage violation [8-10]. According to the Malaysian
distribution code published by the Energy
Commission, voltage should be regulated within £10%
for medium voltage (33kV, 11kV, and 6.6kV)
distribution line, while 10% to -6% for low voltage (400V
and 230V) distribution line [11].

The penetration of PV into the low voltage (LV) grid
has a negative impact on the operation of on load
tap changers (OLTC) and automatic voltage
regulation. Thus, to curtail the voltage rise issues, there
is a need to incorporate communication between PV
and voltage control devices. An energy storage
system (ESS) is used to smooth of the PV generation in
hourly basis as well as to reduce the operation
frequency of the OLTC and SVR [13]. Moreover, it is
also studied that in some cases, mitigation done by
changing the tap position of the OLTC is not sufficient
enough to reduce the voltage rise level and requires
the voltage control support of the ESS [14].

Papers in [15-17] describe the active curtailment
and reactive power compensation mitigation method
for voltage problem in low-voltage (LV) distribution
network. For these methods to work, the PV inverters
are set to two limiting options. The first option is through
limiting the amount of active power delivered to the
network system and the second is to install an oversize
inverter to create a compensation reserve. For active

power curtaiiment, two strategies such as through
fixing the maximum point of active power to say 70%
or 80% or have control reduction of active power
based on voltage level at point of coupling (PCC) can
be done. Reactive power compensation method is
done through the support from static reactive power
reserve of the inverter. This additional reactive power
flows will decrease the voltage level caused by
distributed generations; however, the effectiveness is
depending on the R/X ratio of the system [18-20]. Both
of these options obviously imply on the reduction of
overall PV energy production and thus reduce the
earning of PV owners. This will affect the economic
viability of PV when the system will be generating less
than what it was designed for while also resulfs in
green energy wastage. Other mitigatfion techniques
for voltage rise problem are constant power factor
control, adaptive droop-based supplementary
control, DSTATCOM-Fuel Cell System, and emerging
inverter contfrol methods [21-24].

In this study, battery energy storage system is
proposed to mitigate the voltage rise problem in the
400V distribution network system with high PV
penefration. The performance of the battery energy
storage is evaluated by its ability to improve the bus
voltage level in the distribution network.

Section 2 discusses on the modelling and simulation
of BESS in distribution system while Section 3 describes
the findings of the simulation. Finally, conclusion is
made in Section 4.

2.0 MODELING AND SIMULATION OF BESS IN
DISTRIBUTION SYSTEM

This section is divided into two subsections which are
before and after implementing BESS in distribution
network.

2.1 Investigation of Voltage Rise Problem in
Distribution Network System

The first part of this study comprises the analysis done
at the distribution system without any mitigation
strategy as shown in Figure 1. The aimis to do an offline
simulation of a simplified distribution system at different
PV penetration level.
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External Transformer
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Figure 1 Single line diagram of distribution system

For the system design, a total of 25 loads with their
owned respective PV generations will be integrated in
the 400V distribution network. To start the investigation
of voltage rise occurrences due to high PV
penetration, voltage sources are used to represent the
PV systems working at peak generation of 20 kW
respectively. Their respective load is 2 kW to represent
low load condition. So, at a time,18kW power is
injected into from each operating unit. This can
essentially be translated that full penetration level of PV
(100%) for this particular distribution system to be 450
kW. Theoretically, the voltage rise will happen in the
system when the load on the network is at a minimum
which will cause the distributed generation flow back
to the source. The approximation of voltage rise can
be calculated as shown in equation 1[25]. The
variations of load condition as well as resistance and

k|

inductive reactance of the circuit are not covered in
this study.

AV = PR+XQ (-l)
v

where P = active power output of the generator, Q =
reactive power output of the generator, R = resistance
of the circuif, X = inductive reactance of the circuit
and V = nominal voltage of the circuit.

To simplify the simulation, all 25 units of load with PV
system are set to have the same load and generation
conditions at any time. Next, the voltage level of the
bus at PCC at which the battery energy storage system
is to be added later will be measured for a different PV
penetration level of 20%, 40%, 60%, 80% and 100%. The
PV penetration ferm is defined as the percentage level
of number of operating PV systems unit in a distribution
network at any given time from total number of PV
system connected to the system.

With these setups, a simplified distribution network
as described is modelled as shown in Figure 2. 5 units of
PV and load system are shown on the global simulation
system while another 20 units are divided equally into 4
subsystems as shown in the red box in Figure 2 to avoid
the simulation screen from being cluttered. The bus
voltage (green scope) at PCC is taken from the first bus
where the BESS is to be connected later.
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Figure 2 Modelling of the simplified distribution test system in MATLAB/Simulink without BESS
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2.2 Voltage Rise Mitigation using BESS

At this stage, a BESS is included for the voltage
regulation of the system as shown in Figure 3 and Figure
4. Again, the simulation is done for the conditions in
which maximum voltage rise occur which is during low
load and peak PV generation.

N
AN

External Transformer Line
grid

Load

PV
BESS

PCC

Figure 3 Single line diagram of distribution system of proposed
mitigation
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Figure 4 Equivalent model of the distribution test system

A 240V/100Ah Lead-Acid battery is connected to
the distribution system through an uncontrolled full
bridge inverter and a confrolled bi-directional DC-DC
buck-boost converter. The inverter converts the DC
voltage to AC voltage for the connection to the
distribution system while the converter converts bi-
directionally from 400Vrms to 240Vrms. The equivalent
circuit of BESS is shown in Figure 5.

Inverter Converter

/\/ Operation J_ |
@ Control '|' Battery

Converter
Control

Figure 5 Equivalent circuit model of BESS

The voltage control flowchart is shown in Figure 6.
Two control conditions are included in the flowchart,
first being the state-of-charge (SOC) level of the
battery and second being the voltage limit. The SOC
level of the battery is set to typical 30% (SOC\) to 70%
(SOCH) as safety precaution to avoid over charge or
over discharge. The battery will only operate if the SOC
level is within this range. Next condition is the voltage

level at the measured bus. The voltage range is set to
be 0.9 p.U.(Vact) and 1.1 p.u. (VdacH). These two
decisions will decide the mode of operation of the BESS
with are "Stop”, “Charge” and "Discharge” modes.

Measure:
Ve, SOC

Figure 6 Flowchart of voltage control using battery energy
storage system

With these, the simulation started with the
modelling of separate BESS with 400V/240V bi-
directional DC-DC buck-boost converter as shown in
Figure 7. A 240V and 100Ah lead-acid battery supply a
typical suitable load of 100 Ohms are used. In the
design, some assumptions were made where all
components are ideal and that the inductor current is
continuous while the capacitors value is large enough
to assume a constant voltage output.

[

" —==

V_refl
Pl Controller

400" sqrt L?)} ‘ Lot

Figure 7 Modeling of bi-directional DC-DC buck-boost
converter for 240V/100Ah Lead-Acid battery

Figure 8 shows the modelling of PI controller of the
DC-DC buck-boost converter, where the voltage at
PCC is compared to reference voltage of 400V. If the
measured voltage at PCC is higher than the reference
voltage the converter will operate in buck mode and
start to charge the battery. If the measured voltage at
PCC is lower than the reference voltage the converter
will operate in boost mode and start to discharge the
battery. The value of Ko and Ki are decided through
frial-and-error method. From this, it is found that the
value of Kp and Ki are 0.02 and 3 respectively for boost
operation and 0.02 and 110 respectively for buck
operation.
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Canverier Conirolier

Reference Voltage

Figure 8 Modelling of converter control for buck and boost
modes of operation

Figure 9 shows the model of operation control
circuit comprises of switches and function blocks which
franslate the operation flowchart in Figure 6. Lastly

Figure 10 shows the modeling of combined of
distribution system with BESS where BESS is connected
at PCC operating at 400V.

Operation Control

Figure 9 Modelling of Operation Control based on the
operation flowchart

Distribution system
PV
BESS
‘m -
Control | | {} l _ l—ﬂ:l
-1 : I @H
1 || Converter
.| Control
Reference Volage

Figure 10 Combined system of BESS with previous distribution network system

3.0 RESULTS AND DISCUSSION

This section presents the simulation results and
discussions starting with the investigation on voltage
rise problem in the distribution network. The next part
provides the results on the addition of BESS into the
distribution system.

3.1 Results of Voltage Rise Problem in the Tested
Distribution System

From Figure 11, it can be observed that during peak
generation and low load condition, voltage level rises
with PV penetration level. Using 400 VimsV,.ns Qs base
voltage referred at PCC, voltage levels in per unit are
calculated from measurements. The increment of PV
penetration is done after every 0.1 sec to reduce the
simulation run time and are labelled T1, T2, T3, T4 and
T5 for 0.5s, 1.0s, 1.5s, 2.0s and 2.5s respectively.

At 20% and 40%, the voltage level is within the
range with 1.01 p.u. and 1.03 p.u. respectively. At 60%

PV penetration level, the voltage level is 1.07 p.u.
which is quite near to the voltage limit, 1.1 p.u. At PV
penetration level of 80% and 100%, the bus voltage
levelis 1.11 p.u. and 1.13 p.u.respectively and both are
violating the voltage limit.

Voltage (V)

Time (seconds)

Figure 11 Bus voltage level at 20%, 40%, 60%, 80%, 100%
penetration with the 1.1 voltage rise limit (red dotted line)
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High PV penetration level is now identified as 80% and
above. Table 1 summarizes the bus voltage before the
implementation of BESS af different penetration level.

Table 1 Bus Voltages at 20%, 40%, 60%, 80%, 100% PV
Penetration

Penetration Level

Bus Voltages

fime (%) (p-u)
T 20 1.01
T2 40 1.03
T3 60 1.07
T4 80 1.11
5 100 1.13

3.2 Voltage Mitigation Method using BESS

From the simulation with BESS, the DC-DC buck boost
converter is able to regulate the voltage output to 400
VimsVms With voltage ripple, AVo of less than 1% as
shown in Figure 12.

- 400Vips
(565.69 V)

Voltage (V)

Time (seconds)

Figure 12 Output voltage of the buck/boost converter

From Figure 13, it is shown that at T4(80%) and
T5(100%) in which the voltage violation occurred, the
BESS successfully regulates the voltage levels to 1.01
p.u. The values of bus voltage levels after regulation
are tabulated in Table 2.

WWWWMWWWW
w ot

M

uwmwmmmwmmwmmm

T3

%

Voltage (V)

§

Time (seconds)

Figure 13 Bus voltage level after BESS implemented

When voltage rise occurred at T4 and T5, the battery
activated the charge MODE of operation control as
the BESS detected voltage at PCC to be higher than
1.1 p.u. The converter confroller now proceeded to
compare the voltage level with reference voltage and
thus operated in buck mode. During buck mode, the
bi-directional converter sends current from the
distribution system to the battery. From Figure 14, the
current level increased at T4 and T5 which essentially
means charging occurred at that particular fime
respectively.

<Current (A)>
o I I I
500 L . - -
i . ,&—J‘—_.
570 d
560 i
550 . ; ‘ B
<Voltage (V)
- -\ T T T ]
175} 1 -
17 —1
165 M
160 | t 1 =
0 n s

Figure 14 Current and voltage level of battery

Table 2 Bus Voltages at 20%, 40%, 60%, 80%, 100% PV
Penetration from Before and After BESS is Implemented

Time Penetration Bus Voltages Bus Voltages
level (%) Before After
Implementing Implementing
BESS (p.u.) BESS (p.u.)

T 20 1.01 1.01
T2 40 1.03 1.03
13 60 1.07 1.07
T4 80 1.1 1.01
T5 100 1.13 1.01

1.1 pu
———————— + * Voltage
Limit

4.0 CONCLUSION

This paper highlights the ability of a BESS to overcome
voltage rise problem in the distribution system
especially during high PV penetration. Comparative
study of voltage profiles at the point of common
coupling is done before and after the application of
BESS. From the simulation study without implementing
BESS, it is found that during the low load and peak
generation conditions, voltage rise of 1.11 p.u. and
1.13 p.u. occurred at high penetration level of 80% and
100% respectively as PV penetrafion level increases.
Then, the proposed BESS system with 400V/240V bi-
directional DC-DC buck-boost converter is connected
to the simplified distribution system. The result shows
that it is able to regulate the voltage violation to the
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voltage level of 1.01 p.u, which is comply with the
standard limit range.
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