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 Fuel cell (FC) technology is still in a growing phase and intensive research is 

required for its wider applications. However, the high cost of the FC stack is 

a major hurdle for researchers. This paper presents a new method of FC 

emulation done by using a Bridgeless SEPIC converter (BSC). The key 

features of the designed emulator are single stage AC-DC conversion, 

improved efficiency and nearly unity power factor at the input side. AC-DC 

BSC is controlled by using the coded model to emulate the behavior of FC. 

The emulated FC exhibits all three characteristics activation losses, ohmic 

losses, and concentration losses during operation. The MATLAB/Simulink 

background is used to implement the FC model and compile it into a C 

program. The real-time mathematical model is implemented by using a 

DSP(TMS320F28335) controller. Analysis, modeling, and control strategy of 

emulated FC are presented, static and dynamic behavior is validated through 

the 950W laboratory developed prototype. 
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1. INTRODUCTION 

In recent decades, there has been a growing interest in fuel cell systems (FCS) for both stationary and 

mobile power generation. Proton exchange membrane FCS (PEM-FCS) stand out as highly attractive options 

for both distributed generation (DG) and vehicle applications, thanks to their remarkable characteristics such 

as superior power density, utilization of solid electrolytes, minimal susceptibility to corrosion, and ability to 

operate efficiently at lower temperature ranges. However, several concerns remain, including the cost, size, 

weight, and complexity of peripheral devices [1]–[3]. FCS are intricate systems where various physical 

phenomena such as thermal, electrochemical, and electrical processes occur. Auxiliary components such as the 

hydrogen supply system for the anode, the air management system for the cathode, cooling systems, and 

humidifiers are essential for the proper functioning of the fuel cell stack. Optimizing these components is 

crucial not only for improving the performance of the FC stack itself but also for enhancing the interactions 

among the different auxiliaries, which are inherently nonlinear, block diagram and their equivalent circuit and 

converter circuit diagram as shown in Figures 1(a)-1(c). 

However, the cost of the fuel cell (FC) stacks, associated with the expense of hydrogen fuel and the 

limited lifespan determined by no of hours used and on/off cycles, restricts their widespread use in 

experimentation. This limitation poses challenges, particularly when designing and validating power 

conditioner systems (PCS) from the output of the FC. These PCS typically include components such as DC/DC 

step-up converters, bidirectional dc/dc converters (if a buffer energy source is present), and DC/AC inverters. 

Currently, most PCSs are primarily tested using a constant DC source with a first-order delay. Various high-

gain converter topologies are discussed for renewable applications [3], [4]. Additionally, the size of auxiliary 

https://creativecommons.org/licenses/by-sa/4.0/
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equipment can often exceed the dimensions of the FC, resulting in increased associated costs and space 

requirements. Hence, it becomes imperative to devise a solution for conducting experimentation without using 

a physical fuel cell system (FCS), especially in the first stages [5], [6]. Considering all circuit parameters for 

substituting the FC stack with a hardware system capable of accurately mimicking its behavior. By utilizing an 

emulator, the real FC stack can be temporarily replaced, allowing for the study and setup of the remaining 

components of the FCS, such as auxiliaries, interfaces, and charges [7].  

Various FC emulators have been reported using buck converter [8], [9], boost converter [10], 

interleaved synchronous buck converter [11], microcontroller-based emulator [12], multiphase interleaved dc-

dc [13]. All these emulators are developed using a dc-dc converter. As dc supply requires battery banks or ac-

dc converter which increases the size and cost of FC emulators. In the laboratory, as AC supply is readily 

available, a single-phase bridgeless ac-dc converter can be employed. In this work, a Bridgeless SEPIC 

converter (BSC) based on FC is developed. Instead of a complex equivalent circuit model (ECM), a more 

versatile ac-dc converter-based FC emulator can be used. As it can incorporate the physical and chemical 

behavior of PEMFC by implementing its mathematical model accurately. The increasing FC implementation 

in different systems has made the design, testing, and fault diagnosis of these systems essential with FC as the 

source. The equivalent circuit model (ECM) is suggested by many researchers to analyze the behavior of FCs 

given in [14]–[17]. In addition to high complexity, the ECM cannot exhibit an accurate transient behavior nor 

changes in parameters in running conditions [18], [19]. The model gives a result for steady state, dynamic 

modeling, control of FC and nonlinear equation presented in reference [20]. DSP-based FC simulation applies 

a linear relationship between the output voltage and current of the FC. Ignoring the non-linearity of FC 

improves the both steady state and transient response of the FC. A parallel RC circuit in equivalent impedance 

replaces the activation and concentration drop of the cell. 

This paper presents the AC-DC BSC FC emulator, which has approximately a unity power factor of 

0.994 on the input side. The implemented model exactly follows the real FC Nernst equations for reversible 

voltage (open circuit voltage) and irreversible voltage drop (activation, concentration, and ohmic drop). FC 

emulator follows dynamic characteristics of real PEMFC. The emulated output voltage of the FC emulator is 

adjustable, controllable, and scalable. This makes it suitable for testing and laboratory use. This paper is 

organized as follows, section 2 describes the modeling of the fuel cell, section 3 depicts the BSC converter 

design and stability analysis, section 4 shows the fuel cell emulation, DSP, and control strategy, analyzes and 

discuss the result and finally conclude the paper in section 5. 

 

 

 
 

(a) (b) 

 
(c) 

 

Figure 1. Block diagram and circuit diagram: (a) fuel cell, (b) circuit diagram of fuel cell, and (c) circuit 

diagram of BSC 
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2. FUEL CELL MODELLING 

FC transforms chemical energy into electrical energy through the redox reaction. Hydrogen oxidized 

on anode electrochemically produces proton H+ and electron e−. Proton move through membrane to cathode 

and electron are compulsively move to outer closed-loop circuit, generating electric current Io. On cathode 

terminal, electrons flow through outer circuit and protons move through the membrane combined with O_2 

molecule to produce heat and water. FC modeling and equations are referred to as [21], [22]. Oxidation and 

reduction reactions are given by (1) and (2). 

 

Anode: 2𝐻2 → 4H+ + 4e− (1) 

 

Cathode: 𝑂2 + 4e− + 4H+ → 2𝐻2O (2) 

 

2.1. Terminal voltage of fuel cell 

The terminal voltage of a fuel cell is the voltage available from the cell's electrodes when it's connected 

to an external circuit and a load. It's a measure of the cell's electrochemical potential, determined by the 

chemical reactions occurring within the cell. The terminal voltage depends on various factors such as the type 

of fuel cell, operating conditions (temperature and pressure), and the load connected to it. The terminal voltage 

of FC is obtained after various drops of FC like concentration drop, ohmic drop, and activation drop are given 

in (3) and (4). 

 

𝑉𝐹𝐶  = 𝑉𝑁𝑒𝑎𝑟𝑠𝑡  − 𝑉𝑎𝑐𝑡  - 𝑉𝐹𝐶  - 𝑉𝑜ℎ𝑚𝑖𝑐  - 𝑉𝑐𝑜𝑛 (3) 

 

𝑉𝑠  = n𝑉𝐹𝐶  (4) 

 

2.2. Nernst voltage 

Nernst voltage of the FC depends on the pressure of individual species, which is calculated by using 

mass action flow conservation. The electrochemical equation is represented by the parallel RC circuit in 

Figure 1(b). The voltage that appears across the capacitor of the parallel RC circuit is equivalent to the partial 

pressure Pi of the gases as given in (5), 

 

𝐸𝑁𝑒𝑎𝑟𝑠𝑡  = − 
∆H𝑂

2𝐹
 + 

∆S𝑂

2𝐹
(𝑇𝑓𝑐 − 𝑇𝑓𝑐𝑜) + 

𝑅𝑇𝑓𝑐

2𝐹
 [ln(𝑃𝐻2 + .5 ∗(𝑃𝑂2)] (5) 

 

where 𝐸𝑁𝑒𝑎𝑟𝑠𝑡  is thermodynamic potential of each cell, R=8.314 KJ/Kmol, T=25◦C is temperature of FC during 

operation, F=96486 C/mol is faradays constant, 𝑃𝐻2, 𝑃𝑂2 is hydrogen and oxygen partial pressure. Putting all 

values to get a final (6) for the Nernst voltage  

 

𝐸𝑁𝑒𝑎𝑟𝑠𝑡  = 1.229 - 0.85∗ 10−3(𝑇𝑓𝑐 − 298.15) + 4.31*10−5 *T[ln(𝑃𝐻2 + .5 ∗(𝑃𝑂2)] (6) 

 

2.3. Activation voltage drop 

Activation losses are related to electrochemical reaction kinetics in FC. These losses occur due to 

charge transfer causing the slowness of the reaction taking place on the surface of the electrode. Certain 

temperatures due to low current density and catalyst effectiveness cause polarization losses. Activation 

potential is given by the Butler Volmer equation. This potential change with temperature and current density 

can be expressed as (7). 

 

𝑉𝑎𝑐𝑡= −[ ζ1 + ζ2 ∗ T ∗ ζ3 ∗ ln(C𝑂2) + ζ4 ∗ T ∗ ln(I𝑓𝑐)] (7) 

 

2.4. Ohmic losses 

This drop is the same as resistance drop, which occurs due to charge flow from one electrode to other 

electrodes, resistance suffered by the charge moving between these electrodes causes ohmic losses. Electrolytes 

work as the resistance between the electrodes. Reduction in voltage at the terminal of the FC is due to ohmic 

losses and this ohmic loss is expressed as electronic resistance (Relect) and ionic resistance (Rionic) of the FC. 

This can be written as (8). 

 

𝑉𝑜ℎ𝑚𝑖𝑐 = 𝐼𝑓𝑐∗ (𝑅𝑖𝑜𝑛𝑖𝑐  + 𝑅𝑒𝑙𝑒𝑐𝑡) (8) 

 

𝑅𝑖𝑜𝑛𝑖𝑐  is electrolyte resistance of solution in FC, and 𝑅𝑒𝑙𝑒𝑐𝑡  denote electrical resistance of bipolar plates. 
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2.5. Concentration losses 

Concentration loss occurs due to a change in concentration of a reactant at the surface of the electrodes 

during the operation of FC. This concentration loss affects the voltage of FC presented in (9). 

 

𝑉𝑐𝑜𝑛 = −
𝑅𝑇

𝑛𝐹
 ∗ ln(1 − 

𝐼𝑓𝑐

𝐼𝐿
 ) (9) 

 

Where 𝐼𝐿  denote the current density of the cell. 
 

 

3. BRIDGELESS SEPIC CONVERTER 

Lower input current ripple and in comparison, to other AC/DC converters has a less no. of switches. 

That is why mitigates the losses of the converter and the performance of the converter improved Figure 1(c). 

Designing parameter of this converter is referred to as [23]–[25]. 
 

3.1.  Converter design and stability analysis 

3.1.1. Converter design 

For designing circuit parameters, it is easier to work with per-phase quantities for the calculations. 

Using these parameters, you can figure out the average voltage. Per phase voltage (Vrms) ≈ 220 V, maximum 

phase voltage (Vm) ≈ 310 V, average voltage (Vin (avg)) = 
2 √ 2Vm

π 
 = 198 V, also Duty Cycle (D) = 

𝑉𝑂

𝑉𝑂+𝑉in avg
 = 

0.476, 𝑉in (avg) = 
Po

𝑉in avg
 = 4.79 A. Therefore, input inductor 𝐿1 = 

𝑉𝑚𝐷𝑇𝑆

∆I𝐿1
 = 3.84 mH, where 𝑉𝑚 is the peak of 

supply voltage (i.e. 220√2 V), 𝑇𝑠 is the switching period 
1

𝑓𝑠
, where 𝑓𝑠 is the switching frequency = 40 kHz. 

 

(𝐾𝑎)𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
1

2(1+𝑀)2

=
1

2[(𝑉𝑜/𝑉𝑚)+1]
2 = 0.201

,  

 

As 𝐾𝑎 < (𝐾𝑎)𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙. As a result, 𝐾𝑎 is taken as 0.15. After calculation of 𝐾𝑎, the equivalent inductance of the 

circuit can be determined by using the equation given below: 
 

𝐿𝑒𝑞 =
𝑅𝑜𝑇𝑠𝐾𝑎

2
= 

35∗2.5∗10−5∗0.15

2
=  65.625𝜇H  

 

Hence, the value of output inductor can be calculated as 𝐿𝑜 = 
𝐿𝑖∗𝐿𝑒𝑞

𝐿𝑒𝑞−𝐿𝑖
= 666.6 𝜇H. In this work, an inductor 

value of 200𝜇H is chosen because the output inductor is designed to be in DICM. The filter equation is used 

to get the capacitor’s value. Calculating capacitance 𝐶1 requires taking the frequency at the logarithmic mean 

of 105 Hz and 50 Hz (𝑓𝑠=1414.164 Hz) [23]. 
 

𝐶1 =
1

(2∗𝜋∗1414.164)2(3000+200)10−6
 = 4.08𝜇F  

 

Capacitors are chosen at the commercially available value of 10 𝜇F while taking the amount of leakage current 

into consideration. The circuit’s designed parameters are listed in Table 1. 

The value of the output capacitor is taken as 1000 𝜇F as it is high enough to bring down the voltage ripples to 

approximately 1% of the output voltage at the rated load. 
 

 

Table 1. Designed converter parameter 
Parameters Value Parameters Value 

Input Inductor L1 3.84 mH Capacitor C2 1000 μF 

Inductor L2 200 μH Resister RL 35 Ohm 

Capacitor C1 10 μF Frequency 𝑓s 40 Hz 

 
 

3.1.2. Stability analysis 

The stability of a system refers to its capability to yield bounded output in response to a bounded 

input. The general state space representation of a system can be expressed as 
𝑥̇(𝑡) = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡)

𝑦(𝑡) = 𝐶𝑥(𝑡) + 𝐷𝑢(𝑡)
. The state-

space equations describe the behavior of the step-up converter during both its ON and OFF states. 
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𝑥̇(𝑡) = 𝐴1𝑥(𝑡) + 𝐵1𝑥(𝑡) 
 

(

 

𝑖𝐿1̇
𝑖𝐿2̇
𝑣𝑐1̇

𝑣𝑐2̇ )

 =

(

 
 
 
 
 

0 0 0 0

0 0
1

𝐿2
0

0
−1

𝐶1
0 0

0 0 0
−1

𝑅𝑜𝐶2)

 
 
 
 
 

(

𝑖𝐿1
𝑖𝐿2
𝑣𝑐1
𝑣𝑐2

)+

(

 
 

1

𝐿1
0
0
0 )

 
 
(𝑣𝑔) 

 

𝑥̇(𝑡) = 𝐴2𝑥(𝑡) + 𝐵2𝑥(𝑡) 
 

(

 

𝑖𝐿1̇
𝑖𝐿2̇
𝑣𝑐1̇

𝑣𝑐2̇ )

 =

(

 
 
 
 
 
 
0 0

−1

𝐿1

−1

𝐿1

0 0 0
−1

𝐿2
1

𝐶1
0 0 0

1

𝐶2

−1

𝐶2
0

−1

𝑅𝑜𝐶2)

 
 
 
 
 
 

(

𝑖𝐿1
𝑖𝐿2
𝑣𝑐1
𝑣𝑐2

)+

(

 
 

1

𝐿1
0
0
0 )

 
 
(𝑣𝑔) 

 

𝑦(𝑡) = 𝐶1𝑥(𝑡) + 𝐷1𝑢(𝑡) 

𝑦(𝑡) = 𝐶2𝑥(𝑡) + 𝐷2𝑢(𝑡),
(𝑣𝑜) = (0 0 0 1)(

𝑖𝐿1
𝑖𝐿2
𝑣𝑐
𝑣𝑐𝑜

)+ (0)(𝑣𝑔) 

 

Now applying state-space averaging technique 

 
𝐴 = 𝐴1𝐷 + 𝐴2(1 − 𝐷)

𝐵 = 𝐵1𝐷 + 𝐵2(1 − 𝐷)
 

𝐴 =

(

 
 
 
 

0 0
−(1−𝐷)

𝐿1

−(1−𝐷)

𝐿1

0 0
𝐷

𝐿2

−(1−𝐷)

𝐿2
(1−𝐷)

𝐶1

−𝐷

𝐶1
0 0

(1−𝐷)

𝐶2

(1−𝐷)

𝐶2
0

−1

𝑅𝑜𝐶2 )

 
 
 
 

,𝐵 =

(

 
 

1

𝐿1

0
0
0)

 
 
, 𝐶 = (0 0 0 1)  

𝐷 = (0) 
 

By using small-signal modeling and applying a perturbation to obtain the overall state space equation and 

transfer function of the converter 

 

(

 
 

𝑖𝐿1̃
𝑖𝐿2̃̇
𝑣𝑐1̇̃

𝑣𝑐2̇̃ )

 
 
=

(

 
 
 
 
 
 

0 0
−(1 − 𝐷)

𝐿1

−(1 − 𝐷)

𝐿1

0 0
𝐷

𝐿2

−(1 − 𝐷)

𝐿2
(1 − 𝐷)

𝐶1

−(1 − 𝐷)

𝐶1
0 0

(1 − 𝐷)

𝐶2

1 − 𝐷

𝐶2
0

−1

𝑅𝑜𝐶2 )

 
 
 
 
 
 

(

 

𝑖𝐿1̃
𝑖𝐿2̃
𝑣𝑐1̃
𝑣𝑐2̃)

 +

(

 
 
 
 
 
 

𝑣𝑐1 + 𝑣𝑐2
𝐿1

𝑣𝑐1 + 𝑣𝑐2
𝐿2

−(𝑖𝐿1 + 𝑖𝐿2)

𝐶1
−(𝑖𝐿1 − 𝑖𝐿2)

𝐶2 )

 
 
 
 
 
 

(𝑑̃) 

 

The duty to output voltage transfer function G(s) written in (10) is calculated by substituting all passive element 

values from Table 1 and duty cycle D = 0.479. 

 

𝐺(𝑠) = 𝑂𝐿𝑇𝐹 =
𝑣𝑜(𝑠)̂

𝑑(𝑠)̂
 

= 
 −1.97 × 1027 𝑆3 + 1.709 × 1032 𝑆2 − 2.803 × 1035 s + 1.73 × 1039

3.76 × 1022𝑆4 + 1.603 × 1024 𝑆3 + 3.714 × 1030𝑆2 + 1.54 × 1032s + 9.4 × 1035
 (10) 
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It can be seen from above the transfer function that all poles, two zeros lie on the left half S-plane and one 

zero is located on the right half of the S-plane of the root locus. A PI controller’s transfer function is, 

 

𝐺𝑃𝐼 =
𝐾𝑝𝑠+𝐾𝑖

𝑠
  

 

‘Ziegler–Nichols’ method is used to tune the PI controller, the value of 𝐾𝑝 = 3.5 × 10−6 and 𝐾𝑖 = 0.00579 

substitutes all values in (11) and obtain the closed-loop transfer function (CLTF) as (11). 

 

𝐶𝐿𝑇𝐹 =
𝑣𝑜(𝑠)̂

𝑑(𝑠)̂
 

 = 
−6.904 × 1021 𝑆4 + 5.86 × 1026 𝑆3+ 8.14 × 1027 𝑆2 + 4.43 × 1033 s + 1.002 × 1037

S(3.76 × 1022 𝑆4 + 1.603 × 1024 𝑆3 + 3.714 × 1030 𝑆2 + 1.54 × 1032s + 9.4 × 1035)
 (11) 

 

Figure 2(a) shows the magnitude and phase plot of CLTF. The magnitude graph contains two up-

down glitches caused by two pairs of complex conjugate poles. The bode diagram shows the phase margin 

(PM = 34.90) and gain margin (GM=12 dB), demonstrating that the system is stable. Table 2 presents a 

comparative analysis between the suggested fuel cell emulator and existing converter-based emulators. The 

converters described in references [9]-[11] utilize a buck converter, boost converter, and interleaved 

synchronous buck converter as the basis for the fuel cell emulator. These converters necessitate a DC power 

supply and exhibit moderate to high current ripple at the input side, as in references [9] and [10]. Another 

converter discussed in reference [13] proposes a multiphase interleaved-based fuel cell emulator, but it requires 

complex control mechanisms. In contrast, the proposed converter employs a single-stage AC to DC converter 

with simpler control and lower current ripple at the input side. 

 

 

Table 2. Converter used for FC emulation list 
Converter used Supply type Control complexity Ripple current Efficiency 

Buck converter-based FC emulator [9] DC Easy Moderate High 
Boost converter-based FC emulator [10] DC Easy High High 

Interleaved synchronous buck converter [11] DC Easy Less High 

Multiphase interleaved DC-DC converter-based FC 
emulation [13] 

AC Complex (Two-stage) Very less Low 

Bridgeless SEPIC converter-based emulator AC Easy (One stage) Very less Moderate 

 

 

4. RESULT AND DISCUSSION 

4.1. Validation of the proposed emulator 

The output current of BSC given to the FC MATLAB model, according to temperature, hydrogen and 

oxygen pressure generates a voltage which is compared to the output voltage of the converter and generates an 

error signal which is given to the PI controller, the output of controller given to PWM generator which 

generates a duty cycle. 

- Operational state of the coded model of fuel cell (PEMFC) with BSC converter 

i) V-I curve 

In the V-I curve, voltage depends upon current, when the current is increasing then voltage decreases 

at a certain value of current, and voltage decreases drastically as shown in Figure 2(b). The result obtained 

from MATLAB is approximately the same as the real FC model. 

ii) P-I curve 

In the P-I curve, power increases when the current is increasing at a certain point power decreases 

when the current increases. The static operating point is established not only by the FC parameters but also by 

the load resistance, denoted as R. The performance of the PEMFC is directly affected by variations in the load 

resistor. Consequently, crucial characteristic curves, as depicted in Figures 2(c), are derived by assessing the 

model from (3), with all parameters specified in Table 1 held constant, except for the temperature. 

The temperature operates within the range of Ti = 25 °C to Tf = 80 °C, with regular step changes. 

Concurrently, the load resistor undergoes variations within the range of 10 < R < 90 ohm, where values less 

than 1 ohm might lead to saturation of the actual PEMFC, potentially causing damage. Figure 2(b) was 

generated by linearly adjusting the load resistor, with measurements and recordings taken for output voltage 

and current at different operating temperatures Figure 3(a). Similarly, the V-I and P-V curve is depicted in 

Figures 3(b) and 3(c), where the three distinct operating regions are easily identifiable in both cases. 
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Neglecting the impact of parasitic elements, the maximum power point is attained when the load 

resistor matches the equivalent resistance. In the specific scenario of To = 25 °C, representing the point where 

harvesting the power from the PEMFC is maximized. The proposed emulator tested by varying the load. The 

load resistor undergoes variation within the range of 10 to 90 ohms, ensuring coverage of a significant portion 

of the curve points. Additionally, to enhance the emulator's flexibility, a 950 W PEMFC has been programmed 

into the MCU. The experimental outcomes are depicted in Figure 3(c), where it is evident that the samples 

obtained using the prototype closely follow the theoretical FC curve. The various phases of the emulator, as 

depicted in Figure 4(a), interface with the proposed converter. The algorithms illustrated in Figure 4(b) are 

programmed into MCU, which dynamically calculates energy losses using (3). The 8-bit word VA1 is fed into 

the DAC, generating a continuous analog signal represented as the output voltage VO. The voltage VAO is 

determined by the measured current. Subsequently, the constant voltage source (CVS) is regulated by signal 

Vc to ensure appropriate power levels, and this output voltage is then directed to the BSC based sepic converter 

and laboratory setup as depicted in Figure 4(c). As a standard feature, the power converter yields an output 

voltage equal to or greater than the input voltage. The Power Electronics Controller (PEC) supplies the load 

resistor with the voltage VPEC. The measured current (Im) and voltage (Vm) serve as feedback to the 

microcontroller unit (MCU) through ADC1 and ADC2, thereby closing the loop of the system.  
 

 

(a) 

 

(b) 

 

(c) 

 
 

Figure 2. Characteristic of fuel cell: (a) bode plot for CLTF, (b) curve between voltage and current,  

and (c) curve between power and current 
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(a) 

 

(b) 

 

(c) 

 
 

Figure 3. Validating characteristic of fuel cell: (a) variation in voltage with temperature,  

(b) variation of voltage with the load current, and (c) variation of power with the load current 
 
 

 
(a) 

  
(b) (c) 

 

Figure 4. Fuel cell control and setup: (a) block diagram representation of interfacing software with hardware, 

(b) experimental setup of FC emulator, and (c) waveform of emulated output voltage 
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Figure 5(a), depicts the current and voltage waveforms during the operation of the power electronics 

converter with a 55% duty cycle. In Figure 4(b), the voltage and current of the proton exchange membrane 

(PEM), the output voltage of the Power Electronics Controller (PEC), and the control signal applied to the BSC 

sepic converter regulation are presented. The input current of the converter, denoted as Iin, exhibits a sinusoidal 

waveform current draw from (AC) source. This current waveform is in phase with input voltage Vin.. Deviations 

from the optimal duty cycle (D) will position the operating point at lower power levels. In such instances, an 

algorithm capable of dynamically tracking the maximum output power 950 W. 

Prototype emulator hardware result and simulation result both are comparable and replicate the 

dynamic performance of the PEMFC system. For efficient working of prototype emulator inductor 𝐿1 and 𝐿2 

of BSC inductor 𝐿1 working as continuous conduction mode (CCM) and inductor 𝐿2 working in discontinuous 

mode (DCM). The proper design of the converter reduces ripple at the output side of the emulated voltage 

presented in Figure 4(a). At 25 °C temperature, 0.5 atm pressure of H2 and 0.2 atm pressure of O2 at a particular 

number of stacks generate 179 V. The result was obtained by varying the load between 10 to 95 ohm and the 

corresponding variation of the duty cycle varied between 0.2 to 0.6. Figure 5(b) shows the input voltage and 

current waveform which is in phase. The laboratory setup for testing is shown in Figure 4(c). The system's 

dynamic performance was evaluated, and the results are presented in Figures 5(c) and 5(d). In Figure 5(c), a 

decrease in current is observed with a change in load, while the voltage shows a rising when fall in current. 

Similarly, Figure 5(d) illustrates an increase in current alongside a decrease in the output voltage of the 

emulated fuel cell. These results validate the behavior of the fuel cell model. The obtained results distinctly 

demonstrate the emulation of fuel cell behavior, closely resembling that of a real fuel cell model. 

 

 

  
(a) (b) 

  

(c) (d) 

 

Figure 5. Hardware results: (a) waveform of input voltage and input current, (b) waveform of output voltage-

output current, (c) output voltage increase and current decrease, and  

(d) output voltage decrease and current increase 

 

 

5. CONCLUSION 

This paper focuses on emulating the characteristics of a proton exchange membrane fuel cell 

(PEMFC) through the implementation of a coded model of (PEMFC). The analysis, modeling, and 
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development of a PEMFC emulator with adjustable stacks and parameters have been conducted. The resulting 

emulator effectively replicates the curve characteristics and operating points of a PEMFC. Furthermore, the 

desired power factor correction at the input side of the BSC and a ripple-free output voltage are achieved. The 

developed prototype, operating at 950 W, attains a power factor of 0.994. The developed setup takes less space 

and is low in weight, that is why it is easily portable. The advantage of this emulator is that the output voltage 

is easily adjustable, controllable, and scalable. 
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