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 The Malaysian government has recently announced to increase the share of renewable 
energy generation from 2% to 20% of the total electricity consumption by year 2030. 
However, integrating a significant level of renewable energy sources on the distribution 
network without proper coordination will cause adverse effects that leads to unnecessary 
operation costs to the stakeholders. Various solutions including energy storage system are 
proven to be an effective way to overcome the issues caused by the integration of renewable 
energy sources. However, energy storage system using batteries have limitations such as 
limited life cycle and environmental hazards. As such, alternative source such as fuel cell 
which is well known for its zero pollutant can be considered. In this paper, a distributed 
static synchronous compensator integrated with a hydrogen system (DSTATCOM-Fuel 
cell) is proposed. The hydrogen system consists of fuel cell and electrolyzer to perform 
power exchange within the grid for regulating the voltage magnitude at 1 p.u. Various case 
studies have been conducted to validate the efficacy of this proposed combination and the 
results have shown that the DSTATCOM-Fuel cell can effectively mitigates the voltage rise 
up to 12.3% while maintaining high penetration of the photovoltaic systems.   
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1. Introduction  

This paper is an extension of work originally presented in the 
International Conference on Smart Grid and Clean Energy 2018 
[1]. Malaysia is expected to receive significant growth of the grid-
connected renewable energy sources as the government has 
recently set a new target to commit on increasing the renewable 
energy generation from the current 2% to 20% of the total 
electricity consumption by year 2030 [2]. However, the growth of 
renewable energy sources on the electrical networks without 
proper coordination can create technical challenges that lead to the 
malfunction of power electronic devices, reduction of network 
efficiency, and improper operation of power protection system 
which gives high operating cost impact to the stakeholders. 
Curtailing and limits the amounts of grid-connected renewable 
energy have always been applied in order to avoid the deterioration 
of electrical power quality [3] despite these measures can greatly 
reduce the generation of clean energy and affect the commitment 
to increase the share of renewable energy generation [4]. Many 
solutions have been research, and realized that integrating large-
scaled energy storage system by manipulating the real and reactive 

power exchange within the system can be used to regulate the 
network voltage [5–9]. Besides, energy storage system integrated 
with STATCOM are used to enhance the transient stability [10–
14], improve voltage sags [15], smoothen wind farm power output 
and terminal voltage by incorporates real and reactive power 
control ability [16–18]. Although these combinations have proven 
useful, however, batteries have few disadvantages such as limited 
life cycle, voltage and current limitation and environmental 
hazards [19–21]. Therefore, more exploration on new alternative 
solutions and their corresponding control strategies become 
obligatory. Unlike the other batteries, fuel cells is an 
environmental friendly and well known for its zero pollutant, high 
efficiency, modularity, high power and reliable [22] which has the 
capability of high charge and discharge cycles. In this paper, a 
distributed static synchronous compensator integrated with a 
hydrogen system (DSTATCOM-Fuel cell) is proposed for active 
and reactive power compensation. In this combination, the 
DSTATCOM regulates reactive power output to maintain the 
voltage at 1 p.u. with the hydrogen system operates through the 
discharging and charging of the fuel cell and electrolyzer 
respectively to regulate active power based on the PV power 
output and voltage magnitude. Various case studies are conducted 
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to validate the performance of the proposed solution to mitigate the 
voltage rise issues while allowing high penetration from grid-
connected PV systems.  

2. Typical Malaysian Low-voltage Distribution Network in 
Radial Topology 

The paper begins with a preliminary study to investigate the 
impact on system voltage with the integration of grid-connected 
PV systems on the radial distribution network. It is followed by an 
efficacy analysis using MATLAB Simulink to validate the 
performance of the proposed DSTATCOM-Fuel cell system to 
regulate the system voltage at 1 p.u while maximize the capacity 
of the grid-connected PV systems on the distribution network.  

2.1. Modeling Electrical Network 

A typical Malaysian low-voltage distribution network for small 
sub-urban area as shown in Figure 1. This network can be 
categorized into three sections according to its voltage level; (i) 
132 kV incoming supply, (ii) 33 kV distribution substations, (iii) 
11 kV distribution substations. The 132 kV incoming supply is the 
sub-transmission network of the national grid, the voltage is then 
stepped down to 33 kV by the 132/33 kV power transformers 
installed in the 33 kV distribution substations. The 33 kV is further 
stepped down to 11 kV using the 33/11 kV power transformer to a 
suitable voltage level for utilization. In this network, feeder 4 being 
the longest feeder will be modelled and the proposed 
DSTATCOM-Fuel cell system is integrated on feeder 4 to validate 
the efficacy. 

There are 11 distribution substations across the radial feeder 4 
with each of them are rated at 11/0.4 kV. The distance between 
each substation is indicated in Figure 1. The primary sides of the 
11/0.4 kV transformers are labelled as 1, 2, 3 … and 11, while the 
secondary sides of the 11/0.4 kV transformers are labelled as 1a, 
2a, 3a … and 11a. Table 1 and Table 2 show the technical 
specifications of the power transformer and conductor 
respectively. The locations of the distribution substations, the 
typical load characteristics and photovoltaic system power output 
were collected from the utility company. 

A three-phase PV system is placed at the terminals 1a, 2a, and 
3a in case 1 and 9a, 10a, and 11a in case 2 to investigate the impact 
of PV systems towards voltage rise on the network. Equation 1 
shows sizing of the PV system is based on the penetration levels 
as follows: 

 PL= 
EPV

Eload
×100% (1) 

where, 

𝑃𝑃𝑃𝑃 is the penetration level of the PV system (%) 
𝐸𝐸𝑃𝑃𝑃𝑃  is the total PV energy yield for the day (kWh) 
𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is the daily energy consumption at the load (kWh) 

 Based on the PV power output profile and load profile used in 
this study, it is determined that for 100% PV penetration level, the 
PV system should be sized at 500 kW. Thus, the PV system 
capacity for 60%, 70%, 80%, and 90% PV penetration are 300 kW, 
350 kW, 400 kW, and 450 kW respectively. 

 
Figure 1: Typical Malaysian low-voltage distribution network in a sub-urban 

area. 

Table 1: Technical Specification of the oil-immersed power transformers 

Descriptions 
Voltage 
Level 
(kV) 

Rated 
Power 
(MVA) 

Vector 
Group 

Percent 
Reactance 

(%X) 
Three-phase 

power 
transformers 

132/33 90.00 Yd11 13.50% 
33/ 11 30.00 Dyn11 10.00% 
11/ 0.4 0.75 DYn11 4.75% 

Table 2: Technical Specification of the conductors 

Voltage 
Level 
(kV) 

Cross-
sectional 

Area 
(mm2) 

Materi
al 

Insulato
r 

R 
(Ω/km) 

XL 
(Ω/km) 

0.4 300 Al PVC 0.1300 0.0720 

11.0 

120 Al XLPE 0.2990 0.0873 
150 Al XLPE 0.2645 0.1603 
185 Cu PILC 0.1950 0.0829 
240 Al XLPE 0.1610 0.1524 

33.0 630 Al XLPE 0.0627 0.1070 

2.2. Modeling DSTATCOM-Fuel Cell System 

The proposed DSTATCOM-Fuel cell system is shown in 
Figure 2. The system consists of a DSTATCOM with an integrated 
hydrogen system. The hydrogen system consists of a fuel cell, an 
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electrolyzer, and a hydrogen storage tank. The hydrogen system is 
connected to the DC capacitor of the DSTATCOM through a boost 
converter which regulates the DC voltage from the hydrogen 
system to the desired level. The DSTATCOM consists of a DC 
capacitor, a three-phase pulse-width-modulated voltage source 
converter (VSC), and a coupling transformer. The coupling 
transformer connects the VSC to the network and functions to 
provide galvanic isolation and voltage regulation at the point of 
common coupling (PCC). The DSTATCOM, fuel cell, and 
electrolyzer are rated at 500 kVAr, 500 kW, and 500 kW 
respectively to match the PV system capacity at 100% PV 
penetration. 

 
Figure 2: Schematic diagram of DSTATCOM-Fuel cell 

The proton membrane exchange fuel cell (PEMFC) is used for 
the hydrogen system as it has a low operating temperature of 60-
80°C, a high electrical efficiency range of 40-50%, a fast start up 
time, and high power density which makes it suitable for use in 
distribution networks [23,24]. A 500 kW PEMFC is modelled 
based on the NedStack PS6 datasheet. The parameters of the 500 
kW PEMFC stack is shown in Table 3. The voltage-current (V-I) 
and power-current (P-I) curve of the fuel cell stack is shown in 
Figure 3. 

 
Figure 3: V-I curve and P-I curve of the fuel cell stack. 

Table 3: Technical specification of the PEMFC stack 

Rated capacity 504 kW 
Nominal voltage 315 V 
Nominal current 1333 A 
Number of cells connected in series 455 
Number of strings connected in 
parallel 

12 

Total number of cells in the fuel cell 
stack 

5460 

 

 

Figure 4: Hydrogen production of electrolyzer stack. 

An alkaline electrolyzer stack is modelled based on the 
Photovoltaik, Elecktrolyse, Brennstoffzelle Und Systemtechnik 
(PHOEBUS) plant installed at Julich, Germany as reported in [25]. 
In order to create a 500 kW electrolyzer system, 19 electrolyzer 
stacks each rated at 26 kW are modelled and connected in parallel. 
The voltage-current relationship and hydrogen production of the 
electrolyzer system are modelled as described in [26,27]. The 
hydrogen produced by the electrolyzer is stored into a hydrogen 
storage tank without compression. The hydrogen storage tank 
capacity is 30 kg of hydrogen. The hydrogen production of the 
electrolyzer model is shown in Figure 4. 

2.3. Control Strategies for Voltage Regulation 

Figure 5 shows the control scheme for the DSTATCOM-Fuel 
cell. The objective of the controller is to mitigate voltage rise issue 
on the network by active and reactive power compensation. The 
voltage at the PCC, VPCC, is measured and DSTATCOM performs 
reactive power compensation to regulate the voltage at 1 p.u. The 
voltage rise on the network occurs mainly due to high PV 
penetration. Hence, controller will initiate the hydrogen system 
charging operation when the PV power output, PPV, is higher than 
the load consumption, Pload and the hydrogen tank level is less than 
100%. If PPV is less than Pload, the control will check if VPCC is 
below the statutory limit of 1.1 p.u. If yes, the control will initiate 
the hydrogen system discharging operation if the hydrogen tank 
level is more than 20%. A minimum threshold of 20% for the 
hydrogen tank level is set to ensure a safe operation of the fuel cell. 

DC 
capacitor 

 

Coupling 
transformer 
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If VPCC exceeds the 1.1 p.u. limit, the control will stop the charging 
and discharging of the hydrogen system and only reactive power 
compensation will be used to regulate the voltage. 

 

 

Figure 5: Flow chart of the DSTATCOM-Fuel cell controller. 

3. Simulation Results 

3.1. Impact of PV system allocation on voltage rise severity: 

In this case study, the impact of PV system allocation on the 
system voltage is studied. Two cases are considered; i) Case 1 
where a PV system is connected at terminals 1a, 2a, and 3a 
respectively, ii) Case 2 where a PV system is connected at 
terminals 9a, 10a, and 11a respectively. The PV power output 
profile used in this case study is the average hourly PV power 
output measured at Selangor, Malaysia during the month of April, 
2018. The network is simulated for a period of 24 hours to 
determine the maximum voltage rise that occur within one full day. 

Figure 6 shows the voltage magnitude of the load terminals 1a, 
2a, and 3a for case 1. Figure 7 shows the voltage magnitude of the 
load terminals 9a, 10a, and 11a for case 2. In both cases, the 
maximum voltage is measured when there is 0%, 60%, 70%, 80%, 
90%, and 100% PV. The voltage magnitudes shown in these two 
figures are the maximum voltage measured within the 24-hour 
period. 

In case 1, the maximum voltage at terminal 1a, 2a, and 3a 
violates the 1.1 p.u. statutory limit when PV penetration exceeds 
70%, 80% and 90% respectively. The maximum voltages at 1a, 2a, 
and 3a when PV penetration is 100% are 1.12 p.u., 1,12 p.u. and 
1.11 p.u. respectively. It is noticed that in this case, the voltage rise 
severity reduces at terminals further away from the 11 kV main 
substation. 

 
Figure 6: Maximum voltage magnitude of the load terminals when the PV 

system is connected at the terminals 1a, 2a, and 3a. 

 

Figure 7: Maximum voltage magnitude of the load terminals when the PV 
system is connected at the terminals 9a, 10a, and 11a. 

In case 2, the maximum voltage at terminal 9a, 10a, and 11a 
violates the 1.1 p.u. statutory limit when PV penetration exceeds 
80%. The maximum voltages at 9a, 10a, and 11a when PV 
penetration is 100% are 1.13 p.u., 1.14 p.u., and 1.14 p.u. 
respectively. It is noticed that in this case, the voltage rise severity 
increases at terminals further away from the 11 kV main 
substation.  

Comparing case 1 and case 2, it is noticed that when several 
PV systems are placed near the 11 kV substation, the voltage rise 
impact is greatest at the terminal located nearest to the main 
substation. Conversely, when multiple PV systems are placed at 
the end of the load terminals, the voltage rise is most severe at the 
terminal located furthest from the main substation.  

Overall, it is observed that the voltage rise is more severe when 
multiple PV systems are placed at terminals furthest to the 11 kV 
main substation. The voltage increase as PV penetration increases 
is also more significant when the PV system is connected to the 
last three terminals compared to the first three terminals. 
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3.2. Efficacy Analysis for DSTATCOM-Fuel Cell System: 

In order to determine the effectiveness of the proposed system 
for mitigating voltage rise caused by PV systems, a DSTATCOM-
Fuel cell system is connected to terminals 1a, 2a, and 3a in case 1 
and to terminals 9a, 10a, and 11a in case 2.  

Figure 8 and Figure 9 show the comparison of the voltage rise 
for both cases when the PV system penetration level is 100%. It is 
observed that in both cases, the maximum voltage is maintained at 
1 p.u when DSTATCOM-Fuel cell is connected. The regulation of 
voltage at the terminals with a connected PV system also affects 
the voltage at the other terminals. This effect is more significant in 
case 2 where the voltage at the neighboring terminals is reduced 
by as much as 2%. Overall, by using DSTATCOM-Fuel cell 
voltage rise can be reduced by as much as 10.7% in case 1 and 
12.3% in case 2. 

 
Figure 8: Comparison of voltage rise at 100% with and without regulation by 

DSTATCOM-Fuel cell in case 1. 

 
Figure 9: Comparison of voltage rise at 100% with and without regulation by 

DSTATCOM-Fuel cell in case 2. 

Figure 10 shows the regulated power output at terminal 11a in 
case 3 after active power compensation by the DSTATCOM-Fuel 
cell system relative to the PV power output and load consumption. 
In order to mitigate voltage rise issues caused by reverse power 

flow, a combination of active and reactive power compensation is 
used depending on the PV power output and hydrogen tank level. 
When the PV power output is less than the load consumption, the 
hydrogen system in the DSTATCOM-Fuel cell will supply active 
power to the network to match the load consumption if the voltage 
does not exceed the statutory limit of 1.1 p.u. and the hydrogen 
tank level is not less than 20%. When the PV power output exceeds 
the load consumption, the hydrogen system charging operation is 
initiated if the hydrogen tank level is not full and the excess power 
is absorbed by the hydrogen system and converted to hydrogen. 

It is observed that from 3:45:00 to 7:15:00 and 21:30:00 to 
0:00:00, the regulated power is 0 kW. This is due to the hydrogen 
tank level being below 20%. Hence, the hydrogen system does not 
carry out the discharging operation during this period. 

 
Figure 10: Regulated power output relative to PV power output and load 

consumption at terminal 11a in case 2. 

Figure 11 shows the voltage levels throughout the day at 
terminal 11a in case 3. It is observed that there is significant 
voltage rise up to 1.14 p.u. which coincides with the peak output 
of the PV system. When the DSTATCOM-Fuel cell system is 
connected, the voltage is regulated at 1 p.u. throughout the day. 

 
Figure 11: Regulated and unregulated voltage using DSTATCOM-Fuel cell at 

terminal 11a when a photovoltaic system generates 100% of the total consumed 
power. 
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Figure 12 shows the active power compensation by the fuel cell 
and electrolyzer and the reactive power compensation of the 
DSTATCOM. It is noticed that the DSTATCOM is constantly 
absorbing reactive power to reduce voltage level and regulated the 
voltage at 1 p.u. The hydrogen system charging and discharging 
operation depends on the PV power output. When the PV power 
output is high and exceeds the load consumption, the electrolyzer 
absorbs active power and converts it to hydrogen. When the PV 
power output is low and is less than the load consumption, the fuel 
cell supplies active power if the voltage magnitude is within the 
statutory limit of 1.1 p.u. It is noticed that from 3:45:00 to 7:15:00 
and 21:30:00 to 0:00:00, the fuel cell does not supply any active 
power due to low hydrogen tank levels. 

 

Figure 12: DSTATCOM-Fuel cell active and reactive power output at terminal 
11a. 

Figure 13 shows the hydrogen tank levels throughout the day. 
For this study, a starting level of 50%, which is 15 kg of hydrogen, 
has been assumed in this simulation. It is noticed that when the 
hydrogen tank level reaches 20%, the discharging operation of the 
system is turned off. Hence, only a minimal amount of hydrogen 
is consumed by the fuel cell to maintain the DC voltage in the 
DSTATCOM.  

 
Figure 13: Hydrogen tank levels throughout the day. 

4. Conclusion 

Integrating large amount of renewable energy sources without 
suppressing the power quality always has been a challenge to the 
utility company. The voltage rise issues become severe when large 
amount of PV systems are installed across the end of a long feeder 
in a radial distribution network. This paper presented a 
DSTATCOM-Fuel cell system to perform power exchange within 
the grid for mitigating the voltage rise issues without curtailing the 
high penetration of PV systems. Excess power generated from the 
PV system will be converted into hydrogen and store in a hydrogen 
tank via an electrolyzer. In the event of high load consumption 
during low renewable energy generation, fuel cell will generate 
electricity using the hydrogen stored in the tank. Various case 
studies are conducted in this paper to validate the efficacy of the 
proposed DSTATCOM-Fuel cell system and the results have 
shown that this combination can mitigate the voltage rise issues up 
to 12.3%, maintaining the voltage at 1 p.u. while allowing high 
penetration of PV systems presence in the network. 
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