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 In this paper, the combination of the series active power filter (SAPF) with  

a fuel cell (FC) source is deliberated. The FC based on the SAPF aims to 

compensate voltage deviations or disturbances that occur in the system 

caused by power quality issues. The proposed system consists of a fuel cell 

source connected to the DC link through two DC-DC converters, the first 

extracts the maximum power of the FC source through pulse width modulation 

(PWM) signals generated from the maximum power point tracker (MPPT) 

controller. Thus, the second converter is used to regulate the high voltage 

side of the converter through closed control loops, in addition to a voltage 

source inverter (VSI) and a series injection transformer. Despite of fluctuations 

of the DC link during the compensation of the needed energy, MPPT  

and closed control loops generate PWM signals to the switching devices of 

DC-DC boost converters in order to extract maximum fuel cell power and to 

maintain the bus voltage within its limits and around its reference values 

respectively. The proposed topology is simulated in MATLAB/Simulink 

software, where simulation results show that the proposed FC based SAPF can 

efficiently reduce problems of voltage sags-wells and harmonics. 
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1. INTRODUCTION 

Given the demand of improving the power quality especially in industry, where the critical 

equipment and sensitive loads are widely used and their power supply should not interrupted. Here, 

uninterrupted, clean and regulated power supply is required when feeding loads that have important tasks.  

In other hand, most common voltage disturbances appear in alternative current appliances AC providing  

a reduction in voltage amplitude known as sag. Thus, sag and interruptions provide most of the industrial 

problems (90%) that affect their supply quality [1]. Other, swell problem is also among disturbances that 

affect the power quality, which is defined by a rising in voltage amplitude above its nominal value [2].  

In addition, harmonic distortion can provide huge problems in the whole of the power conversion chain such 

as heating the system components, mechanical oscillations, unpredictable behavior of protecting devices,  

and may cause damage [3, 4]. 

Due to these problems, it is necessary to approve protecting devices and effective solution to solve 

such disturbances. In this paper, we focus on series active power filter SAPF in order to mitigate sag-swell 

and harmonics [5-8] that affect our system. SAPF have the same topology as the active filter, with  

an excellent dynamic capability to restore the load voltage to i nominal value within a few milliseconds as 

https://creativecommons.org/licenses/by-sa/4.0/
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well providing power disruption to the supplied loads. In other researches, the series topology aims to 

compensate the sag with active power [9]. In power quality domain, various papers has used classical  

and intelligent controllers in order to improve the stability, robustness and excellent dynamic response of  

the APFS as mentioned in [4, 10-12]. 

The series APF systems need certainty to provide active power into the power system to maintain  

the load voltage level during voltage sag. At the same time, the power flow in the series SAPF system has 

drastically increased during the source voltage sag. Thus, additional energy sources need to be added into  

the series APF system DC-link. However, FC can cause the negative effects on the existing power systems. 

That is, some potential problems might be occurred such as voltage variation, protection, harmonics,  

and personnel safety. The FC is interfaced in the AC and DC distributed system by using power electronic 

circuits. The DC voltage must be limited within an acceptable range during steady state and dynamic 

conditions by using suitable control strategies. This paper proposes a combined operation system of SAPF 

and fuel cell, which is connected to the dc link. The advantage of the proposed system over the SAPF is to 

compensate the voltage interruption, as well as the voltage sag, harmonics. The operation of the proposed 

system was verified through simulations with MATLAB/Simulink. 

 

 

2. SYSTEM DESCRIPTION 

The objective of this study is to supply the SAPF with a SOFC source through dc-dc boost 

converters to extract the maximum power of the FC and stabilize the output operating voltage of the DC link, 

while compensating voltage fluctuations. The module framework is shown in Figure 1, where a sensitive 

three-phase load is supplied by a three-phase source through a three-phase impedance. The injection mode of 

the SAPF is achieved through a three-phase transformer, where line voltages of the load are restored around 

its reference values during the applied voltage disturbance at the grid side. The storage unit can be replaced 

by the SOFC with its conversion chain as viewed in the Figure 1.  
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Figure 1. General configuration of the SAPF-FC system 

 

 

2.1. Modeling and characteristics of SOFC 

The operating principal of the FOFC device is based on the electrochemical reaction between 

hydrogen and oxygen across a solid electrolyte, in order to generate electricity. Exactly, the O² ions are 

constructed at the cathode side, where the oxygen accepts electrons from the load circuit. The produced ions 

are transferred afterward to the anode through the electrolyte, and then combined with hydrogen to form 

water. The results of this reaction are transferred through the load circuit to the cathode [13]. The essential 

reactions of the SOFC are the following, at the cathode: 

 

𝑂2 + 4𝑒
−

1
→  2𝑂−2        (1) 

 

at the anode: 

 

𝐻2 + 𝑂
−2

1
→𝐻2𝑂 + 2𝑒

−2        (2) 



Int J Appl Power Eng ISSN: 2252-8792  

 

Series active power filter supplied by fuel cell for mitigating power quality… (Abdallah Ben Abdelkader) 

175 

the overall reaction is: 

 

𝐻2 + 1/2𝑂2
1
→𝐻2𝑂        (3) 

 

the dynamic model of the SOFC is detailed in references [13-18]. 

Following expression represents the output voltage of the stack device: 

 

𝑣𝑓𝑐 = (𝑣𝑛𝑒𝑟𝑛𝑠𝑡 − 𝑣𝑜ℎ𝑚 − 𝑣𝑎𝑐𝑡 − 𝑣𝑐𝑜𝑛𝑐)      (4) 

 

The ohmic losses V ohm is caused by electrical resistance of electrodes, the resistance to the flow of 

ions in the electrolyte, which can be deduced by Ohm’s law. 

 

2.1.1. Ohmic losses 

These losses are due to the opposition of electrons through the anodes and to the relocation of 

particles through the electrolyte. In addition, the interconnections or bipolar plates of the FC source are added 

to the ohmic losses [13-15]. 

 

𝑣𝑜ℎ𝑚 = 𝑟𝑖𝑓𝑐         (5) 

 

where r is the internal resistance and ifc is the fuel cell stack current. 

 

2.1.2. Activation losses 

This loss is caused by the sluggishness of chemical reaction that takes place on the surface of 

electrodes. A drop voltage produced by the fuel cell is carrying the reaction forward, which transfers  

the electrons to or from the electrode [13]. The activation loss vact is given by: 
 

𝑣𝑎𝑐𝑡 =
𝑅𝑇

2𝛼𝐹
ln (

𝑖𝑓𝑐

𝑖𝑓𝑐𝑂
)        (6) 

 

where R is the ideal gas constant, T is the temperature, and F is the Faraday constant. The coefficient α 

represents the electron transfer of the reaction at the electrode, and ifc0 is the exchange current of the fuel  

cell stack. 

 

2.1.3. Concentration losses 

These losses are known as mass transport losses and are caused due to the reduction in  

the concentration of reactants in the region of the electrode when the fuel is consumed. The consumption of 

reactants at respective electrodes, i.e. hydrogen at the anode and oxygen at the cathode leads to a slight 

reduction in the reactants concentrations, which cause a drop in partial pressure of gases resulting in a drop 

voltage that portion of the electrode can produce [13]. The concentration loss vconc is defined by (7): 
 

𝑣𝑐𝑜𝑛𝑐 =
𝑅𝑇

2𝐹
ln (1 −

𝑖𝑓𝑐

𝑖𝑓𝑐𝑂
)        (7) 

 

where ifcl is the limiting current. 

The Nernst equation is: 
 

𝑣𝑛𝑒𝑟𝑛𝑠𝑡 = 𝑣𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 −
𝑅𝑇

2𝐹
ln (

𝑃𝐻2√𝑃𝑂2

𝑃𝐻2𝑂
)      (8) 

 

where v standard is the open-circuit potential at the standard pressures. pH2 , pO2 and pH2O are the partial 

pressure of hydrogen, oxygen and water respectively. Thus, these pressures are defined in (5), which are as 

follow: 
 

𝑑𝑝𝐻2

𝑑𝑡
= −

1

𝜏𝐻2
𝑝𝐻2 +

1

𝜏𝐻2𝐾𝐻2
(𝑞𝐻2

𝑖𝑛 − 2𝐾𝑟𝑖𝑓𝑐)      (9) 

 
𝑑𝑃𝑂2

𝑑𝑡
= −

1

𝜏𝑂2
𝑝𝑂2 +

1

𝜏𝑂2𝐾𝑂2
(𝑞𝑂2

𝑖𝑛 − 2𝐾𝑟𝑖𝑓𝑐)      (10) 

 
𝑑𝑝𝐻2𝑂

𝑑𝑡
= −

1

𝜏𝐻2𝑂
𝑝𝐻2𝑂 +

1

𝜏𝐻2𝑂𝐾𝐻2𝑂
2𝐾𝑟𝑖𝑓𝑐      (11) 
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where τH2 , τO2and τH2O are fuel, air and fuel exhaust valves time constants respectively. Qin H2, qin H2O are 

the input molar flows of hydrogen and water across the anode valve [kmol/s]. The constants KH2, KO2  

and KH2O are the valve molar for hydrogen, oxygen and water respectively [kmol/(s atm)]. For modeling 

purpose, a constant is defined by Kr=N/4F. The total generation of the fuel cell is: 

 

𝑝𝑓𝑐 = 𝑁𝑣𝑓𝑐𝑖𝑓𝑐  

 

2.2. Modeling and characteristics of SAPF 

The control strategy used to extract the reference voltages of series active power filter (SAPF) is 

based on the PQ method [15, 19], and the control scheme is shown in Figure 2. 
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Figure 2. Series active power filter strategy control 

 

 

The grid three-phase voltage source is assumed to be symmetric and not distorted: 

 

[

𝑢𝑎
𝑢𝑏
𝑢𝑐
] =

[
 
 
 
 

∑ √2𝑈𝑛𝑠𝑖𝑛(𝑛𝜔𝑡 + 𝜃𝑛)
∞
𝑛=1

∑ √2𝑈𝑛𝑠𝑖𝑛 ((𝑛𝜔𝑡 −
2𝜋

3
) + 𝜃𝑛)

∞
𝑛=1

∑ √2𝑈𝑛𝑠𝑖𝑛 ((𝑛𝜔𝑡 +
2𝜋

3
) + 𝜃𝑛)

∞
𝑛=1 ]

 
 
 
 

      (12) 

 

where Un and θn are respectively the root mean square (rms) voltage and initial phase angle, n is  

the harmonic order. When n=1, it means three-phase fundamental voltage source. 

 

[

𝑢𝑠𝑎
𝑢𝑠𝑏
𝑢𝑠𝑐

] =

[
 
 
 
 √2𝑈1𝑠𝑖𝑛 (𝜔𝑡 + 𝜃1)

√2𝑈1𝑠𝑖𝑛 ((𝜔𝑡 −
2𝜋

3
) + 𝜃1)

√2𝑈1𝑠𝑖𝑛 ((𝜔𝑡 +
2𝜋

3
) + 𝜃1)]

 
 
 
 

      (13) 

 

The (12) is transformed into (α-β) reference frame, 

 

[
𝑢𝛼
𝑢𝛽
] = 𝐶32 [

𝑢𝑠𝑎
𝑢𝑠𝑏
𝑢𝑠𝑐

] = √3 [
∑ 𝑈𝑛𝑠𝑖𝑛 (𝑛𝜔𝑡 + 𝜃𝑛)
∞
𝑛=1

∑ ±𝑈𝑛𝑠𝑖𝑛 (𝑛𝜔𝑡 + 𝜃𝑛)
∞
𝑛=1

]     (14) 

 

𝐶32 = √
2

3
[
1

−1

2

−1

2

0
√3

2

−√3

2

]        (15) 

 

The three-phase positive fundamental current template is constructed as: 

 

[

𝑖𝑎
𝑖𝑏
𝑖𝑐

] = √
2

3
[

𝑠𝑖𝑛 (𝜔𝑡)

𝑠𝑖𝑛 (𝜔𝑡 −
2𝜋

3
)

𝑠𝑖𝑛 (𝜔𝑡 +
2𝜋

3
)

]        (16) 
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The (16) is transformed to (α-β) reference frame: 

 

[
𝑖𝛼
𝑖𝛽
] = 𝐶32 [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] = [
𝑠𝑖𝑛 (𝜔𝑡)
−𝑐𝑜𝑠 (𝜔𝑡)

]       (17) 

 

According to the instantaneous reactive power theory [13], then: 

 

[
𝑝
𝑞] = [

𝑢𝛼 𝑢𝛽
𝑢𝛽 −𝑢𝛼

] [
𝑖𝛼
𝑖𝛽
]        (18) 

 

where AC and DC components are included: 

 

[
𝑝
𝑞] = [

�̅� + 𝑝
�̅� + �̃�

]         (19) 

 

where p and q are passed through low pass-filter (LPF) and DC component is gotten by: 

 

[
�̅�
�̅�
] = √3 [

𝑈1𝑐𝑜𝑠 (𝜃1)
𝑈1𝑠𝑖𝑛 (𝜃1)

]        (20) 

 

According to [15], transformation is made: 

 

[
𝑝
𝑞] = [

𝑢𝛼 𝑢𝛽
𝑢𝛽 −𝑢𝛼

] [
𝑖𝛼
𝑖𝛽
] = [

𝑖𝛼 𝑖𝛽
−𝑖𝛽 𝑖𝛼

] [
𝑢𝛼
𝑢𝛽
]      (21) 

 

The DC components of 𝑝 and 𝑞: 

 

[
�̅�
�̅�
] = [

𝑢𝛼𝑓 𝑢𝛽𝑓
𝑢𝛽𝑓 −𝑢𝛼𝑓

] [
𝑖𝛼
𝑖𝛽
] = [

𝑖𝛼 𝑖𝛽
−𝑖𝛽 𝑖𝛼

] [
𝑢𝛼𝑓
𝑢𝛽𝑓

]      (22) 

 

The fundamental voltages in (α-β) reference frame are: 

 

[
𝑢𝛼𝑓
𝑢𝛽𝑓

] = [
𝑖𝛼 𝑖𝛽
−𝑖𝛽 𝑖𝛼

]
−1

[
�̅�
�̅�
] = [

𝑖𝛼 −𝑖𝛽
𝑖𝛽 𝑖𝛼

] [
�̅�
�̅�
]      (23) 

 

The three-phase fundamental voltages are specified by: 

 

[

uaf
ubf
ucf
] = C23 [

uαf
uβf
] = √2U1 [

sin (ωt + θ1)

sin (ωt + θ1 −
2π

3
)

sin (ωt + θ1 +
2π

3
)

] (24) 

 

where; 

 

C23 =

[
 
 
 
1 0

−1
2⁄

√3
2
⁄

−1
2⁄

√3
2
⁄ ]
 
 
 

 (25) 

 

2.3. Modeling of DC-DC boost converter 

DC-DC boost converter or step-up voltage converter, steps up input voltages, step down input 

currents of the DERs through the circuit as shown in Figure 3. Vlow and Vhigh are the voltage at low and high 

voltage sides respectively and d(t) is the switching duty cycle. Generalized equations of the power converters 

can be derived for continuous conduction mode CCM due to its simplicity, where two states are used. 

Starting from the state space equations during the ON-OFF switching states, the converter model can be 

linearized using an averaging method. For the used dc-dc converters, when the switching device is turned on, 

it conducts for a ratio D of a period (26), and when the switching device is turned off, the diode conducts for 

a ratio of (1-D) of the same period (27).  
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{

�̇� = 𝐴𝑜𝑛𝑋 + 𝐵𝑜𝑛𝑌

[
𝑖�̇�
𝑉𝑐
] = [

0 0

0 −
1

𝑅𝐶

] [
𝑖𝐿
𝑉𝑐
] + [

1

𝐿

0
]𝑉𝑖𝑛

 (26) 

 

{

�̇� = 𝐴𝑜𝑓𝑓𝑋 + 𝐵𝑜𝑛𝑌

[
𝑖�̇�
𝑉𝑐
] = [

0 − 1
𝐿

1

𝐶
−

1

𝑅𝐶

] [
𝑖𝐿
𝑉𝑐
] + [

0
0
] 𝑉𝑖𝑛

 (27) 

 

The (28) is used to linearize the above state-space equations of the buck converter, where X is  

the steady-state component and D is the steady state or DC component duty-ratio. 

 

�̇� = [𝐷𝐴𝑜𝑛 + (1 − 𝐷) 𝐴𝑜𝑓𝑓]𝑋 + [𝐷𝐵𝑜𝑛 + (1 − 𝐷) 𝐵𝑜𝑛]𝑌     (28) 
 

{[
𝑖�̇�
𝑉𝑐
] = [

0 −
1−𝐷

𝐿
1−𝐷

𝐶
−

1

𝑅𝐶

] [
𝑖𝐿
𝑉𝑐
] + [

𝑉𝑐

𝐿

−
𝑖𝐿

𝐶

] 𝑑       (29) 

 

 

VH
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regulator

Voltage
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Figure 3. Closed loop boost converter circuit 

 

 

2.3.1. Perturb and observe P&O 

This MPPT method is the widely common and used due to its simplicity and its ease of 

implementation. Thus, this MPPT method perturbs the system variables (voltage and current),  

and consequently observes the output generation of the FC source. The principal of this technique is to adjust  

the operating voltage of the system around the maximum power point (∆P=∆V>0), (∆P=∆V<0).  

The mathematical expression that resumes the operating principal of the P&O algorithm is: 

 

𝑉(𝑘) = 𝑉(𝑘 − 1) + ∆𝑉. 𝑠𝑖𝑔𝑛 (
𝑑𝑃

𝑑𝑉
|𝑉 = 𝑉𝑘−1)      (30) 

 

The following Table 1 can illustrate the variation of this MPPT technique around the MPP operating point of  

the system. 

 

 

Table. 1 Disturbances of V-P curve (∆P/∆V) of P&O MPPT technique 
Disturbance Change in the power Next disturbance 

Positive Positive Positive 
Positive Negative Negative 

Negative Positive Negative 

Negative Negative Positive 
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3. RESULTS AND ANALYSIS 

In this section, MATLAB/Simulink simulation results are presented and discussed in details.  

The proposed SAPF-FC model is simulated by MATLAB/Simulink as shown in Figure 4. Thus, five 

phenomena are studied in this paper, where the SAPF with the SOFC compensate disturbances of the voltage 

that appear across the source to avoid damage of the connected load. Such disturbances are applied by  

a programmable AC source, which is defined by the following specifications:  

− Root mean square RMS of the phase-phase voltage: 380 V 

− Phase angle: 0° 

− Frequency: 50Hz 

Next section deals with a discussion of the applied phenomenon independently. 

 

 

 
 

Figure 4. System synoptic scheme 

 

 

3.1. Voltage sag  

This phenomenon is applied between [2-2.3] (s), where the voltage magnitude is selected 50% 

equivalent to 0.5 pu in the three phases. Figure 5 shows waveforms of the source, injected and the load 

voltages. As illustrated in the Figure 5, the SAPF has injected the complementary voltage of 0.5 pu during  

the specified period [2-2.3] (s) of the three phases in the same direction of the source and load voltages.  

In addition, the curves of the injected currents of the SOFC, and its DC-DC converters are viewed in  

the Figure 5. 

In normal mode, the SAPF necessitate a constant DC voltage of 750V DC across the capacitance 

equivalent to the input voltage of the inverter 380V AC. Two stage DC-DC boost converters are sized to step 

up the SOFC voltage to the DC link reference voltage value, where the first boost converter extract  

the maximum power of the SOFC through the MPPT controller, whereas the second is a regulated output 

voltage to maintain the dc link voltage constant as shown in Figure 6. As observed, during the applied sag 

voltage, currents of the SOFC conversion chain have increased because the DC link capacitance has 

intervened to compensate the sag voltage disturbance as viewed in Figure 7. Therefore, the capacitance is 

recharged afterward through the generated energy of the SAPF with the SOFC. Figure 8 represents the active 

power of the SOFC, which is close to the demanded power by the SAPF to compensate the capacitance 

energy, taking into consideration converter losses due to the switching devices and resistive elements. 
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 5. Case 1-balanced voltage sag: (a) grid voltages, (b) injected voltage (c) load voltage 
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Figure 6. DC voltages of the FC conversion chain in sag voltage case 
 

 

 
 

Figure 7. Currents of the FC conversion chain in sag voltage case 
 

 

 
 

Figure 8. Powers of the FC conversion chain in sag voltage case 
 

 

3.2. Voltage interruption 

Interruption phenomenon appears when the system voltage decrease with 99% of the reference 

fundamental value during a specified period do not exceed 60 seconds. In-our case, shown in Figures 9 (a)-(c) 

respectively the grid voltages, injected voltage and load voltage. The SAPF compensate the lack of energy caused 

by the interruption of the grid power supply. As seen in previous sag voltage phenomenon, the injected currents  

of the SOFC conversion chain increased due to discharging the DC link capacitance. In other hand, the injected 

power was remained constant despite the increasing of currents  and decreasing of voltages during  

the compensation, i.e. at the dc link, the injected power was about [4007.5-4349.5] (W), equivalent to the product 
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of a current of [5.352-43.85] (A), and a voltage of  [748.8-99.19] (Vdc), resulting in a power loss an approximately 

value of 342 (W). The voltages curves of the source, the injected and the load are shown in Figure 9, where  

the interruption phenomena is applied and mitigated. Hence, the selected data shown in Figures 10-12 respectively 

describes the voltages, currents and powers of the two boost converters of the PV conversion chain during normal 

and perturbed operation modes. 

 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 9. Case 2-voltage interruption: (a) grid voltages, (b) injected voltage (c) load voltage 
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Figure 10. DC voltages of the FC conversion chain in interruption voltage case 
 

 

 
 

Figure 11. Currents of the FC conversion chain in interruption voltage case 
 

 

 
 

Figure 12. Powers of the FC conversion chain in interruption voltage case 
 

 

3.3. Harmonics elimination 

Using the AC programmable source, two main harmonics are generated of the order 5th and 7th  

with the magnitude and the angle phase of [0.2 pu, 35°] and [0.3 pu, -25°] respectively. At the instance  

t=2 (s), Figures 13 (a), (b) and c represent the source voltage, injected voltage and  load voltage respectively.  

The FSPA compensate and correct the voltage harmonics by injecting the complementary voltage value through the 

injection transformer as viewed in the Figure 13. Thus, during the compensation, the total harmonic distortion THD 

value has ameliorated, where the source THD=10.61% , and the load THD=1.84%. As a remark, the SOFC current 

did not affected by the applied voltage harmonics, where the voltage harmonics phenomena is applied and mitigated. 

Hence, the selected data shown in Figures 14-16 respectively describes the voltages, currents and powers of the two 

boost converters of the PV conversion chain during normal and perturbed operation modes.  

0 0.5 1 1.5 2 2.5 3 3.5 4
0

100

200

300

400

500

600

700

800

900

 Time (s)

 V
 V

o
lt

a
g

e
 (

V
)

2 2.2 2.4 2.6

740

750

760

 

 

V Boost1

V Fuel

Cell

V Boost2 Vdc

0 0.5 1 1.5 2 2.5 3 3.5 4

0

20

40

60

80

100

X: 1.821

Y: 2.616

 Time (s)

 I
 C

u
rr

e
n
t 
(A

)

 

X: 2.716

Y: 2.595

X: 1.809

Y: 83.71 X: 2.716

Y: 77.22

I current Boost1

I current Boost2

I current Ful cell

1.5 2 2.5 3

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

 

 

 time (s)

 P
o

w
e
r 

(w
)

 
X: 2.193

Y: 4439

X: 2.221

Y: 3364

Power Boost1
Power Boost2



         ISSN: 2252-8792 

Int J Appl Power Eng, Vol. 9, No. 2, August 2020:  173 – 192 

184 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 13. Case 3-harmonics elimination: (a) grid voltages, (b) injected voltage (c) load voltage 
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Figure 14. DC voltages of the FC conversion chain in harmonic voltage case 

 

 

 
 

Figure 15. Currents of the FC conversion chain in harmonic voltage case 

 

 

 
 

 Figure 16. Powers of the FC conversion chain in voltage harmonics case 
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Figures 17 (a), (b) and c represent the source voltage, injected voltage and load voltage respectively.  

The simulation result of this disturbance is viewed in the Figure 17. As seen, after unbalancing the system 

voltages with an angle phase of 60°, the SAPF has compensated this disturbance during the specified period 

between [2-2.3] (s). The estimation of the unbalance value is evaluated by the total of unbalance, which is 

about 18% in the source side and 0.5% at the load side. Moreover, the load was protected against the applied 

voltage unbalance, where its voltage waveform was maintained purely sinusoidal. The selected data shown in 

Figures 18-20 respectively describes the voltages, currents and powers of the two boost converters of the PV 

conversion chain during normal and perturbed operation modes.  

 

 

 
(a) 
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(c) 

 

Figure 17. Case 4-unbalanced voltage: (a) grid voltages, (b) injected voltage (c) load voltage 
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Figure 18. DC voltages of the FC conversion chain in unbalance voltage case 

 

 

 
 

Figure 19. Currents of the FC conversion chain in unbalance voltage case 

 

 

 
 

Figure 20. Powers of the FC conversion chain in unbalance voltage case 
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Figures 21 (a), (b) and (c) represent the source voltage, injected voltage and  load voltage 

respectively. Figure 21 illustrated the phenomenon simulation results. As the other created disturbance,  

the SAPF inject compensating voltage through the injection transformer, which is synchronized and in 

opposition of phase. The reaction of the SAPF has provided acceptable THD values, where its values at the 

source side were about 3.54% and 1.54% at the load side. The selected data shown in Figures 22-24 

respectively describes the voltages, currents and powers of the two boost converters of the PV conversion 

chain during normal and perturbed operation modes.  
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Figure 21. Case 5-voltage fluctuations: (a) grid voltages, (b) injected voltage (c) load voltage 
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Figure 22. DC voltages of the FC conversion chain in fluctuations voltage case 
 

 

 
 

Figure 23. Currents of the FC conversion chain in fluctuations voltage case 
 

 

 
 

Figure 24. Powers of the FC conversion chain in fluctuations voltage case 
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APPENDIX 

The DC-DC converters are regulated through either the closed loop control of the output voltage,  

the closed loop control of the inner current or through a combined current-voltage bi-loop. The (31) and (32) 

illustrate the control to the output voltage VC and to the inductor current iLof the boost converter: 

 

𝑉𝐶

𝑑
=

𝑉𝑖𝑛

𝑅𝐶(1−𝐷)2

−𝑠+
𝑅(1−𝐷)2

𝐿

𝑠2+
𝑠

𝑅𝐶
+
(1−𝐷)2

𝐿𝐶

        (31) 

 

𝑖𝐿

𝑑
=

𝑉𝑖𝑛

𝐿(1−𝐷)

𝑠+
2

𝑅𝐶

𝑠2+
𝑠

𝑅𝐶
+
(1−𝐷)2

𝐿𝐶

        (32) 

 

For the boost mode, the output voltage VDC=750V, where the battery voltage varies between  

the cut-off voltage 350 V, the nominal voltage 400V, and the fully charged voltage 450V. Thus, the duty 

cycle in this mode can be calculated as: 

 

{
 
 

 
 𝑑𝑚𝑖𝑛 = 1 −

𝑉𝑓𝑢𝑙𝑙 𝑐ℎ𝑎𝑟𝑔𝑒
𝑉𝐷𝐶
⁄

𝑑𝑁𝑜𝑚 =  1 −
𝑉𝑁𝑜𝑚

𝑉𝐷𝐶
⁄

𝑑𝑚𝑎𝑥 =  1 −
𝑉𝑐𝑢𝑡−𝑜𝑓𝑓

𝑉𝐷𝐶
⁄

  

 

{
𝑑𝑚𝑖𝑛 = 1 −

𝑉𝑂𝐶
𝑉𝐷𝐶
⁄

𝑑𝑚𝑎𝑥 = 1 −
𝑉𝑀𝑃𝑃𝑇

𝑉𝐷𝐶
⁄

  

 

 

Table 2. System parameters 
System parameters Value 

Power system 

Grid voltage 

Frequency 
Line impedance 

Load  

 

220V 

50Hz 
0,0001 + j19.5e−6Ω 

Three-phase RAC = 50Ω, LAC = 1 mH 

SAPF 

DC link voltage 

DC link capacitor 
PWM switching  

Connection filter of series filter 

(RLC) 

 

750 𝑉 

3300 𝑒−6𝐹 

20 𝐾𝐻𝑧 
𝑅 =  0.0020 Ω, 𝐿 = 1.4814𝑒 − 04𝐹, 

𝐶 =  5.2773𝑒 − 05𝐹 

DC-DC boost1 

L 
C 

DC-DC boost2 

L 
C 

Loop current 

PI controller 
KP 

KI 

Loop voltage 
PI controller 

KP 

KI 

 

0.716𝑒 − 6𝐻 

2200𝑒 − 6𝐹 

 

0.2𝑒 − 3𝐻 

0.02𝑒 − 06𝐹 

 

 
0.97 

33 

 
 

0.97 

55 
Fuel cell stack 

Nominal power 
Nominal current 

Nominal voltage 

Maximum power 
Maximum power point current 

Maximum power point voltage 

Stack efficiency 

 

2x3.195 𝑘𝑊 
30 𝐴 
106.5 𝑉 
3.481 𝑘𝑊 
33.2 𝐴 

104.86 𝑉 

52% 
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