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Abstract 

Fuel cells serve as a clean, renewable and efficient source of electrical energy. The 

power conditioning system associated with their applications consist of a DC-DC converter 

stage and a DC-AC inverter stage. In a single-phase fuel cell system, the single-phase 

inverter introduces a second harmonic component in the current drawn from the fuel cell 

source. This low-frequency current ripple has been found to be detrimental to the 

performance, lifespan, and efficiency of the fuel cell, if not adequately controlled. This 

thesis presents a current control method for the DC-DC converter stage that reduces the 

input current ripple drawn from the source in the single-phase fuel cell system. A modified 

inverter control is proposed to improve the system output quality. Simulations are carried 

out using MATLAB; the results compared with the conventional method. To validate the 

proposed approach, experimental results from a laboratory prototype are presented. The 

proposed method uses a Digital Signal Processor for control system monitoring and 

control.  
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1. Introduction 

1.1 Introduction 

            With the advent of the 20th century, the demand for the conventional sources of 

energy has increased manifold. The limited availability of the conventional energy sources 

and the growing environmental awareness has led researchers to explore alternative sources 

of energy. Fuel cells have emerged as one of the cleanest non-conventional source of 

energy and have the potentiality to meet the power demand of various applications. A fuel 

cell system operated by hydrogen is compact and lightweight and has no major moving 

parts. As they are static devices and do not involve combustion, in ideal conditions, they 

can achieve up to 99.9999% reliability and are also easier to maintain [1,2]. Fuel cells 

operate silently, unlike internal combustion engines and hence can be used in hospitals. 

Also, as hydrogen can be produced anywhere water and a power source is available, fuel 

cell power can be distributed. However, in practical applications, the fuel cells pose some 

challenges with their performance and durability. Some of the factors that may affect the 

performance and lifetime of a fuel cell include steady state ripple, transients in the load 

current and harmonics, the operating temperature and the mechanical pressure fluctuations. 

There have been various researches to the study the influence of the above-mentioned 

factors on the fuel cell. This thesis focusses on the electrical aspects that affect the 

performance and the life of a fuel cell and methods to reduce these effects. The power 

output from a fuel cell is DC. Since most of the electrical applications require AC power, 

a power conditioning system comes into picture. Generally, a two-stage power 

conditioning system is used for the fuel cell, viz., a DC-DC converter followed by a DC-

AC inverter [1]. In single-phase applications, presence of a single-phase inverter causes a 



2 

 

second harmonic current ripple to flow through the fuel cell power system. If a front-end 

boost converter is employed, the ripple appears in an amplified form on the fuel cell. This 

can severely damage the fuel cell, affect its lifetime and reliability. Hence, this research 

work aims to find a way to prevent the second harmonic ripple from appearing on the fuel 

cell.  

1.2  Fuel Cell 

             A fuel cell is an electrochemical device that generates electricity through a 

chemical reaction of a hydrogen-containing fuel with oxygen or an oxidizing agent.  

 
Figure 1.1:  Scheme of a Fuel Cell 

             Figure 1.1 shows the general scheme of a fuel cell. Just like a battery, a fuel cell 

has two electrodes, viz., the anode or the positive electrode and the cathode or the negative 

electrode, respectively. The chemical reactions that produce electricity occur at these 
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electrodes. However, in contrast to a battery, a fuel cell needs the continuous supply of the 

fuel (hydrogen) and oxygen to sustain the chemical reaction. 

              An electrolyte carries the electrically charged particles from one electrode to the 

another. A hydrogen atom is broken down into an  𝐻+ ion and an electron (𝑒−).  The ions 

flow from anode to cathode through the electrolyte, while the electrons flow from the 

cathode to anode, thereby constituting the flow of electricity. At the cathode, oxygen or an 

oxidizing agent combines with the ions and electrons to produce a harmless by-product, 

water. Thus, a fuel cell serves as a non-polluting source of electrical energy. Moreover, the 

process of generating electricity in a fuel cell is much more efficient than for conventional 

sources. One of the challenges involved in using fuel cell is the need for a constant supply 

of the fuel, hydrogen. In most cases, hydrogen must be extracted from its compound form 

which adds to the cost of productions. Nevertheless, fuel cell technology is gaining 

importance in the field of electrical power generation [3, 4].  

1.3  Applications of Fuel Cell 

             Fuel cells are useful power sources in multiple applications, such as commercial, 

industrial and residential primary and backup power generation. They are also 

advantageous as sources of energy in remote locations, such as spacecraft, remote weather 

stations, large parks, communications centers, rural areas including research stations, and 

in certain military applications. They are being used in automotive applications to prevent 

the use of polluting combustible fuels.  An automobile run on a fuel cell has as much as 

64% efficiency [5]. Honda’s FCX concept vehicle has a working efficiency of 60% [1, 5]. 

Additionally, the use of fuel cells help overcome the limitations of frequent recharging 

posed by battery-powered electric vehicles. Furthermore, fuel cells find use in residential 
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and business applications such as HVAC heating, ventilation, and air-conditioning systems 

because of their superior efficiency.  

       The output that can be achieved from a fuel cell is DC. However, most electrical loads 

require AC power for operation. Hence, there is a need for power conversion from DC to 

AC. A Power Electronic System(PES) is required to produce commercially usable AC 

power with the fundamental frequency of 60Hz which is discussed in the next section. 

1.4   Fuel Cell Power Electronic System  
 

             The Fuel Cell Power Electronic System(PES) consists of a DC-DC converter 

connected to a DC-AC inverter which feeds the AC load as shown in Figure 1.2. 

 

Figure 1.2: Conventional Fuel Cell PES 

             Most of the industrial applications such as portable power generation from fuel 

cells, automotive body electronics and lighting system, space and avionics, wireless 

communication systems-to name a few, require a DC-DC converter to boost up the voltage. 

Further, for single-phase load applications, a single-phase DC-AC inverter is used in the 

fuel cell PES. The power electronic system will be discussed in detail in Chapter 2.  

1.4.1 Problem Caused Due to the Fuel Cell Power Electronic System 

 

             Ideally, the PES is a power conditioning system which should help in obtaining 

the proper output for different load applications. However, in single-phase applications, 
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the presence of a single-phase DC-AC Inverter stage introduces a second harmonic current 

ripple (120Hz) into the fuel cell PES. This ripple manifests itself in the inverter input side 

(or the boost converter output side) which causes the boost converter to draw a 120Hz 

ripple current from the fuel cell source. The DC-DC boost converter steps up the DC 

voltage. Thus, to comply with the law of conservation of energy, current is stepped down 

in the boost output side. Consequently, for a constant power flow, the current on the boost 

input side is higher than that on the output side. In other words, the second harmonic current 

ripple also gets amplified on the boost input side. Thus, a significant magnitude of second 

harmonic current ripple is imposed on the fuel cell by the power electronic system.  This 

low order current ripple reduces the lifetime of fuel cells, deteriorates their performance 

and hence, decreases the overall efficiency. It can reduce the fuel cell output power by 6% 

due to internal losses, and cause an increase in the distortion of its terminal voltage [6, 7, 

8, 21]. Hence, there is a need to mitigate the second order ripple component in the fuel cell 

input current in single-phase fuel cell PES. The goal of this thesis is to develop a method 

not only to prevent this low order current ripple from circulating through the fuel cell 

source but also to obtain more reliable and efficient and improve the performance of the 

system.  

1.5  Literature Review 

             A lot of research work to reduce the low order ripple element has been conducted 

till date. The work in [9] adds an active filtering circuit across the DC-DC converter to 

supply an equal magnitude second harmonic current component with complementary 

phase. [10] uses an LC series resonance circuit tuned to twice the output frequency 

connected in parallel to the DC bus capacitor. Similar methods of using an active filter for 
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current ripple reduction were proposed in [11] and [12]. Although the methods mentioned 

above can reduce the low order ripple current efficiently, yet the addition of an external 

circuit, large capacitor or high-power switches may result in an increase in cost, power 

losses and system complexity. The reliability of the system is also affected. [13] suggests 

a waveform control scheme to mitigate the low-frequency current ripple. [14] puts forward 

a model predictive control strategy for second order harmonic reduction which tries 

modifying the duty cycle to minimize the second harmonic current. Another alternative 

way to eliminate the ripple is to adopt a control strategy such that the DC- bus capacitor 

supplies the entirety of the second harmonic current, leading the input current ripple to 

approach zero. [14] proposes a load current feed-forward (LCFF) control mechanism to 

modify the bus capacitance to supply the inverter input current. However, the control 

scheme is suggested for Buck Converter. It also hints that the presence of an input inductor 

in a DC-DC Boost Converter can smoothen the input current by filtering out the ripple to 

some extent. But, the design of the inductor while keeping the system cost at a minimum, 

becomes challenging. 

1.6  Research Objectives 

 
             This research aims at low to medium power applications. As most of these 

applications require a higher output voltage, the power electronic system of the fuel cell 

employs a DC-DC boost converter. Therefore, this research work focuses on a DC-DC 

boost converter in conjunction with a DC-AC single-phase inverter in a fuel cell system. 

This study first analyzes the conventional single-phase fuel cell system to verify the 

presence of the second harmonic current. In view of the detrimental effects of this low 

order ripple current on the fuel cell and based on the literature review, the objectives of the 
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research can be summed up as: (1) Control method to suppress the low order current ripple 

drawn from the fuel cell, which can be applied to the DC-DC boost converter stage, (2) 

Ensure that the above control maintains the system performance and improves the output 

quality by incorporating a control method for the inverter, (3) Perform the simulations of 

(a) the conventional single-phase fuel cell system (b) the proposed control system and 

verify the effectiveness of the proposed approach, (4) Finally, validate the results by 

experimental verification.  

1.7 Thesis Organization 

            The contents of this thesis have been organized in the following manner: 

• Chapter 1 introduces the area focused by this thesis, i.e., the problem of the second  

harmonic component in the fuel cell current of a conventional fuel cell power  

electronic system. A brief discussion on the origin of this low order ripple and the  

need to mitigate its presence in a fuel cell system is provided. This chapter also  

gives an overview of the fuel cell, the importance of using fuel cell technology, and  

its applications. The previous research done in this field has been presented and  

compared with the objectives of this thesis. Finally, the advantages of using the  

method proposed by this study has been listed. 

• Chapter 2 not only discusses the power electronic system associated with a 

conventional fuel cell power electronic system but also provides the problem 

description. The working principle of both the DC-DC boost converter and the DC-

AC single-phase inverter are explained. Various pulse width modulation strategies 

for the control of the single-phase inverter is also elaborated, with specific emphasis 

on the bipolar pulse width modulation used in this research. A mathematical 
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analysis of the conventional fuel cell power electronic system is presented to verify 

the presence of the second harmonic input current ripple. The disadvantages of this 

low order ripple are presented. Lastly, the control involved in the conventional fuel 

cell power electronic system is discussed. The power circuit design for the boost 

converter stage and the inverter stage is achieved. Besides, the theory and working 

of closed loop control system has been expanded.  

• Chapter 3 proposes a new method for the fuel cell power electronic system. The 

complete control system involved for the elimination of the second harmonic input 

current ripple is developed in this section. Likewise, the modified inverter control 

system for achieving a superior output power is also elaborated.  

• Chapter 4 presents the results obtained from the simulation of (1) the conventional 

fuel cell power electronic system (2) the proposed system without implementation 

of inverter control (3) the proposed system incorporating the inverter controller. 

The section concludes by a discussion on the results gathered from the above 

mentioned three different cases.  

• Chapter 5 throws some light on the hardware prototype used for the 

implementation. Again, the three different scenarios are experimented (1) the 

conventional fuel cell power electronic system (2) the proposed system without 

implementation of inverter control (3) the proposed system incorporating the 

inverter controller. Finally, a discussion of these experimental results is provided. 

• Chapter 6 is the concluding chapter which summarizes the contributions of this 

research, at the same time provides some ideas on the scope of future work.  
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2. Power Electronic System 

 

2.1 Introduction 

            The primary goal of the power electronic system is to match the voltage and current 

requirements of the load with the source. In general, power electronic circuits condition or 

converter voltage and current signals and are also referred as ‘Converters’. The power 

electronic converters can be classified into four different types based on their input and 

output relationship as given below: 

• AC input/ DC output: The AC to DC converters change the alternating supply 

current and voltage to a direct output current and voltage respectively. This process 

is called rectification and such a power electronics converter is known as a 

‘rectifier’. Some of the most common applications of the rectifier are in DC drives, 

high voltage DC transmission, charging the battery of portable electronic devices, 

electrochemical and electrometallurgical processes.  

• DC Input/ AC Output: The DC to AC converter, also called ‘inverter’, converts a 

constant direct input voltage and current to a sinusoidal varying voltage and current 

output respectively. The magnitude and frequency of the output can both be 

controlled. Inverters are widely used in uninterruptible power supplies(UPS), AC 

motors drives, solar panel applications and so on.  

• DC Input/ DC Output: This type of converters is used in transforming a fixed DC 

source to a regulated DC output. They can step-up or step-down the output DC 

voltage and are called the Buck converter and the Boost converter respectively. 

Some DC-DC converters can work in both step up and step down mode and are 

called Buck-Boost converter. They find use in renewable power systems, LED 
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power sources, portable electronic devices, in regulated switch-mode DC power 

supplies and DC motor drives.  

• AC Input/ AC Output: This category of power electronics converter is used for 

producing a variable alternating voltage and current output from a fixed AC voltage 

and a fixed AC current source. Some of the applications of the AC-AC converters 

include light dimmer circuits and speed control of asynchronous motors. 

 

2.2 Fuel Cell Power Electronics System 
 

            In practical application, a single fuel cell produces a DC output voltage in between 

0.5 and 0.8 V [2]. In most of the residential, industrial and some automotive applications, 

the voltage required is very high compared to the voltage provided by a single fuel cell. 

Fuel cells may be connected in series, forming stacks, to provide higher voltages. In low 

to medium power application, there is a need to step-up the fuel cell voltage to the level 

required by the application. Hence, a DC-DC boost converter comes into the picture. 

Further, most of the day-to-day applications involve an AC load.  So, a DC-AC single-

phase inverter is added after the DC-DC boost converter stage. Thus, the power electronics 

system associated with a fuel cell includes two stages, viz., a DC-DC boost converter stage 

and the DC-AC single-phase inverter stage as shown in Figure 2.1. The working principle 

of these two power converters is discussed in the following sub-sections. 

2.2.1 DC-DC Boost Converter 

             The DC-DC boost converter steps up the fuel cell voltage to the level required for 

load applications.  
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Figure 2.1: DC-DC Boost Converter 

            Figure 2.1 shows a DC-DC Boost converter. It consists of an inductor L, a high 

frequency switch (either a MOSFET or an IGBT) S, a diode D and a filter capacitor, C. A 

stepped-up output voltage, 𝑉𝐷𝐶, is produced by controlling the switching duty-cycle of the 

high-frequency switch, S.  

           During the ON period, the voltage across the inductor, 𝑣𝐿 = 𝑉𝑠. Similarly, with the 

switch, S in OFF position, the voltage of the inductor L, 𝑣𝐿 = 𝑉𝐷𝐶. Further, it is assumed 

that the inverter current is continuous.  Additionally, the inductor volt-second balance law 

(Eq. 2.1) states that the DC component of the voltage applied to the inductor at steady state 

must be zero, 

                                                      𝑉𝐿 =
1

𝑇
∫ 𝑣𝐿(𝑡)𝑑𝑡

𝑇

0
= 0,                                                  (2.1) 

where  𝑉𝐿 = average voltage across the inductor, 𝑣𝐿(𝑡)= voltage developed across the 

inductor and 𝑇= switching period.    

In order words,  

                                              𝑉𝑠𝑇𝑜𝑛 + (𝑉𝑠 − 𝑉𝐷𝐶)𝑇𝑜𝑓𝑓 = 0,                                           (2.2) 
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where 𝑉𝐷𝐶 is the output voltage of the boost converter, 𝑉𝑠 is the input voltage applied to the 

boost converter (or the fuel cell voltage),  𝑇𝑜𝑓𝑓 is the period for which switch is in OFF 

position and  𝑇𝑜𝑛 is the time when switch remains in ON position respectively. 

             On Simplifying Eq. 2.2, the ratio determining the output voltage of the boost 

converter [8] is expressed as 

                                                             
DT

T

V

V

offDC

s




1

1
 ,                                                 (2.3)     

where 𝑉𝑠  and 𝑉𝐷𝐶  are the input voltage and the output voltage of the boost converter 

respectively, 𝑇𝑜𝑓𝑓 is the time for which the switch remains off, T is the switching period, 

and 𝐷 is the duty Cycle. 

From Eq. 2.3 shows that the output voltage can be boosted by controlling the duty cycle of 

the switch. Therefore, a DC-DC boost converter is used to boost the fuel cell voltage to a 

level required by load applications. However, this voltage is still a DC. An inverter stage 

is added after the boost converter stage.  

2.2.2 Inverter 

 

             A DC-AC converter is called an inverter. Its function is to change the DC input to 

a symmetrical AC output voltage of desired magnitude and frequency. Inverters can be 

three-phase or single-phase, depending on the load demands. The three-phase inverters are 

used in high power applications, like in automotive, AC motor drives, etc. The single-phase 

inverters are more suited for low to medium power applications. This thesis focusses on 

the problem caused by the single-phase inverter systems connected in a fuel cell power 

electronic system.   
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Figure 2.2: Single Phase Inverter 

 

              A full bridge single-phase inverter is shown in Figure 2.2. It consists of four high-

frequency switches, namely, S1, S2, S3, and S4. The switching pattern of these switches is 

selected such that a single-phase AC output is produced across the load. Different 

switching schemes may be employed for controlling the switches. These techniques have 

been discussed in the subsequent sections.  

             The switches of a branch are turned on complementarily to avoid short circuit of 

the DC bus. This means that high-frequency switches, S1 and S2 are never turned on at the 

same time and vice versa. When switches S1 and S4 are turned ON simultaneously, the 

input voltage appears across the load. Similarly, when switches S2 and S3 are turned ON 

at the same time, the voltage appearing across the load is reversed. In other words, the load 

voltage has the same magnitude as the input voltage but an equal and opposite phase value. 

Hence, turning S1 and S4 ON for one-half of the required period and S2 and S3 for the 

other half provides a square wave with a fundamental component at the desired frequency. 
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Such signals have a high total harmonic distortion (THD) due to the presence of lower 

order harmonic components. Since a sinusoidal voltage is necessary for most of the 

applications, bulky passive filters would be needed for filtering out the fundamental 

component from such square wave signals. This will result in loss of energy and is not 

implemented in practical applications.  

             The control of the switching pattern for the high-frequency switches by pulse width 

modulated (PWM) signals reduces the size of the filter components, thereby, making the 

system more efficient. The pulse width modulation (PWM) technique is widely used 

because of its ability to control both the frequency and the magnitude of the output voltage. 

This method also provides a way to decrease the total harmonic distortion (THD) of the 

load current [16].  

              In pulse width modulated inverters, a fixed DC input is converted to a regulated 

AC output of desired magnitude and frequency. The switching signals constitute a chain of 

high-frequency pulses with fixed amplitude but varying pulse widths. The variation in the 

pulse width controls the output AC voltage, whereas, the number of pulses in each half 

period determines the amount of total harmonic distortion at the output. One of the 

considerations for using the PWM method is that the switching frequency should be much 

higher not to affect the load, which is to say that the resultant waveform perceived by the 

load must be as smooth as possible. The main advantage of using pulse width modulation 

is that the power loss in the switching devices is negligible. When a switch is in OFF 

position, the current flowing through it is zero. Similarly, when it is turned ON, and power 

is transferred to the load, there is no voltage drop across the switch. Consequently, the 

power loss, the product of voltage and current, in both cases is close to zero. Table 2.1 
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below shows the switch states for the single-phase inverter and the corresponding output 

voltage value. 

Table 2.1: States of S1-S4 switches of a single-phase full bridge inverter used in BPWM 

 

              

 

In this thesis, the sinusoidal pulse width modulation scheme is used for inverter control. It 

has been elaborated in the following section. 

2.2.3 Sinusoidal Pulse Width Modulation 

 

In this type of modulation technique, the switching signals are generated by 

comparing a modulating signal with a carrier wave. The magnitude and frequency of the 

modulating signal decide the magnitude and frequency of the output signal generated. 

Usually, a sine wave serves as a modulating signal. The carrier signal is a high frequency 

triangular or saw-tooth wave. Additionally, the magnitude of the modulating signal is 

usually less than or equal to that of the carrier signal. The frequency of switching the 

    State of the switches Output Voltage, 𝑉𝑜 Components Conducting 

S1 and S4 are ON  

S3 and S2 are OFF 

𝑉𝑖𝑛 S1 and S4 when 𝐼𝑎𝑏> 0 

 

S3 and S2 are ON 

S1 and S4 are OFF 

−𝑉𝑖𝑛 S3 and S2 when 𝐼𝑎𝑏< 0 

S1 and S3 are ON 

S2 and S4 are OFF 

0 S1 when 𝐼𝑎𝑏> 0 

S3 when 𝐼𝑎𝑏< 0 

S2 and S4 are ON  

S1 and S3 are OFF 

0 S4 when 𝐼𝑎𝑏> 0 

S2 when 𝐼𝑎𝑏< 0 
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switches (MOSFETs or IGBTs) is the same as that of the carrier frequency. This type of 

PWM technique causes a sinusoidal variation of the pulse width. In other words, the duty 

ratio of the pulses changes per the sinusoidal modulating signal. The resulting output is a 

sinusoidal waveform with the required output frequency. The ratio of the magnitudes of 

the modulating signal and the carrier wave is defined as modulation index or amplitude 

modulation ratio. Thus, amplitude modulation ratio,  

                                                                𝑚𝑎 =
𝑉𝑚

𝑉𝑐
,                                                       (2.4) 

where  𝑚𝑎 is the modulation index, 𝑉𝑚  and 𝑉𝑐 are the amplitudes of the modulating 

sinusoidal signal and high-frequency carrier wave respectively. Likewise, the normalized 

carrier frequency, also known as the frequency modulation ratio, is defined as, 

                                                                𝑚𝑓 =
𝑓𝑐

𝑓𝑚
,                                                          (2.5) 

where, 𝑚𝑓 is the frequency modulation ratio, 𝑓𝑚  and 𝑓𝑐 are the frequencies of the 

modulating sinusoidal signal and carrier wave respectively. 

There are two different sinusoidal pulse width modulation schemes, namely, 

bipolar pulse width modulation (BPWM) and unipolar pulse width modulation. These 

schemes are elaborated in the following section.  

a. Bipolar Pulse Width Modulation 

This modulation scheme generates the AC output voltage in a single-phase full 

bridge inverter (shown in Figure 2.2) using first two states of the switches as mentioned in 

Table 2.1. It can be seen from Table 2.1 that for the period S1 and S4 are ON 

simultaneously, S2 and S3 are kept OFF. The voltage developed at the output is equal to 

the input voltage applied to the inverter. Similarly, when S2 and S3 are turned ON, S1 and 

S4 remain OFF. The output voltage, in this case, is opposite to the input voltage. The diodes 
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D1, D2, D3 and D4, when operational, provide a freewheeling path for the flow of reverse 

current. Besides, the switching signal for S4 is the same as that for S1 whereas, the one for 

S2 is the same as that of S3. Figure 2.3 shows the state of switch S1 and S2 respectively 

for the BPWM switching scheme. The state of switches S4 and S3 are same as that of S1 

and S2 correspondingly. 

 

Figure 2.3: BPWM scheme:(a) Carrier and modulating signals (b) State of switch S1 (c) State of 

                   switch S2 

             It is noteworthy to mention here that the output voltage generated has a dominant 

fundamental frequency component and some high-frequency components at and near the 

carrier frequency and its multiples.  These high-frequency components can be conveniently 

eliminated using comparatively inexpensive filters. The magnitude of the fundamental 

component of the output voltage, 𝑉𝑜1, is,  

                                                                𝑉𝑜1=𝑚𝑎. 𝑉𝑖𝑛  ,                                                      (2.5) 

where 𝑚𝑎 is the modulation index, and 𝑉𝑖𝑛 is the DC input voltage to the inverter. 
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b.   Unipolar Pulse Width Modulation 

The unipolar PWM method uses all the four states (Table 2.1) to generate the output 

AC voltage. When switches S1 and S4 are ON simultaneously, switches S2 and S3 remain 

OFF. Likewise, when S2 and S3 are ON during the same period, S1 and S4 are in OFF 

state. Finally, for the time S2 and S4 are ON together, the switches S1 and S3 remain open, 

i.e., in OFF condition. Figure 2.4 shows the state of switch S1 and S2 respectively for the 

Unipolar PWM switching scheme. There are two different modulating signals, 𝑉𝑚 and −𝑉𝑚 

for the two inverter legs. The modulating signal 𝑉𝑚 is compared with the triangular wave 

to generate the switching signals for switch S1. On a similar note, the modulating signal, 

−𝑉𝑚, is used to produce the switching signals for switch S3. The switching signals for S2 

and S3 are opposite to that of S1 and S4 respectively. Due to such a switching pattern, there 

may be an overlap of ON periods for switches S1 and S3 or S2 and S4. Thus, all four states 

of switches (Table 2.1) are possible now. The AC output voltage can have three values, 𝑉𝑖𝑛 

, −𝑉𝑖𝑛 and 0. One of the advantages of this PWM method is the absence of even harmonics 

from the output voltage. Although there are some odd harmonics located around the 

multiples of the carrier frequency, yet, the filtering process is simpler because of the need 

of smaller passive filters. The amplitude of the fundamental component, 𝑉𝑜1,  is like that 

in bipolar PWM. That is,  

                                                                𝑉𝑜1=𝑚𝑎. 𝑉𝑖𝑛,                                                        (2.6) 

where 𝑚𝑎 is the modulation index, and 𝑉𝑖𝑛 is the DC input voltage to the inverter.   

This thesis research uses bipolar PWM technique for the control single-phase 

inverter. The implementation of BPWM is less complicated due to the need of just one 

modulating signal, thus, preventing the occurrence of any overlapping states. 
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Figure 2.4: Unipolar PWM scheme:(a) Carrier and modulating signals (b) State of switch S1  

                    (c) State of switch S2 

              

Having understood the power electronic system associated with the fuel cell, the 

next step is to analyze the origin of the second harmonic current. The details of this problem 

are given in the subsequent subsection. 

 

2.3  Origin of Second Harmonic Component  
 

When a single-phase load is connected to the fuel cell power electronic system 

containing a single-phase inverter, a second harmonic current flows through the system in 

addition to the fundamental current component as shown in Figure 2.5. 
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Figure 2.5: Second Harmonic Current flow in a Single-Phase Fuel Cell Power Electronic System 

This part of the thesis mathematically explains the cause of this second harmonic 

current component in a single-phase fuel cell system. There are two ways to analyze the 

origin of this low order ripple component  

• By investigating the switching functions associated with the single-phase inverter 

switches 

• By examining the input and output power of an ideal single-phase inverter.  

2.3.1  Method 1 

This method tries to mathematically analyze the inverter operation and derives an 

expression for the input current. The PWM signals, also called switching functions, are 

represented mathematically as Fourier series expressions. The switching functions for S1 

and S3 are given by Eq. 2.7 and Eq. 2.8 below: 

                                           𝑆𝐹1 = 𝐴𝑛 + ∑𝑛=1
∞ 𝐴𝑛sin (𝑛𝜔𝑡) and                             (2.7)                                                               

                                          𝑆𝐹3 = 𝐴𝑛 + ∑𝑛=1
∞ 𝐴𝑛sin (𝑛𝜔𝑡 − 𝑛𝜋),                                           (2.8) 

Where ω= desired frequency at the inverter output in radians, t= time variable,       

𝐴0, 𝐴1, 𝐴2,𝐴3 … … . . 𝐴𝑛 are the Fourier series constants and SF1 and SF3 are the switching 

functions for switches S1 and S3 respectively. Also, for bipolar PWM, the switching 

functions for switches S4 and S2 are the same as Eq. 2.7 and Eq. 2.8 respectively. The 

inverter output current can be represented by a sinusoidal function. Neglecting higher order 
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harmonics for a Bipolar Pulse Width Modulation, the mathematical function for output 

current is, 

                                                          𝑖𝑜 = 𝐼0 sin(𝜔𝑡),                                                            (2.9) 

where  𝑖𝑜 = instantaneous load current, 𝐼0 is the amplitude of the load current, and 𝜔 is 

the inverter output frequency in radians.   

             Now, by using the switching functions from Eq. 2.7 and Eq. 2.8, the inverter 

current through the switches S1 and S3 can be approximated as, 

                    𝑖1(𝑡) = 𝐼0 sin(𝜔𝑡). S1 = 𝐴0𝐼0 sin(𝜔𝑡) + 𝐴1𝐼0 𝑠𝑖𝑛2(𝜔𝑡) and                  (2.10) 

                     𝑖2(𝑡) = 𝐼0 sin(𝜔𝑡). S3 = 𝐴0𝐼0 sin(𝜔𝑡) − 𝐴1𝐼0 𝑠𝑖𝑛2(𝜔𝑡).                   (2.11) 

Eq. 2.10 and Eq. 2.11 represent the current flowing through the inverter legs. The inverter 

input current, 𝑖𝑖𝑛, can be obtained by subtracting Eq. 2.11 from Eq. 2.10 and is given as,  

                                                                 𝑖𝑖𝑛 =    𝑖1(𝑡) −    𝑖2(𝑡),                                                   (2.12) 

                                                 𝑖𝑖𝑛 = 𝐼0 sin(𝜔𝑡). S1 − 𝐼0 sin(𝜔𝑡). S3,                              (2.13)                                                           

                                                      𝑖𝑖𝑛 = 2. 𝐴1𝐼0𝑠𝑖𝑛2(𝜔𝑡) and                                   (2.14)    

                                              𝑖𝑖𝑛 = 𝐴1𝐼0 − 𝐴1𝐼0𝑐𝑜𝑠(2𝜔𝑡),                                             (2.15) 

where ω= output frequency in radians, t=time variable, 𝑖𝑖𝑛 =inverter input current and           

𝐴0, 𝐴1 are the Fourier series constants. 

             Eq. 2.15 shows that the single-phase inverter current has a second order harmonic 

current (2ω component) in addition to a DC component. Another method to prove the 

presence of this low order ripple has been presented in the succeeding section. 
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2.3.2 Method 2  
 

A different way to look at the origin of second harmonic current is by analyzing the 

input power and output power of the inverter. The electrical power on the inverter input 

side is,  

                                                        𝑃𝑖𝑛(t) = 𝐼𝑖𝑛(𝑡)𝑉𝑖𝑛(𝑡),                                                    (2.16) 

where 𝑖𝑖𝑛 is the inverter input current, 𝑉𝑖𝑛 is the inverter input voltage, and 𝑃𝑖𝑛 is the 

input power applied to the inverter. In the same way, the electrical power developed on 

the inverter output side,  

                                                        𝑃𝑜(t) = 𝑖𝑜(𝑡)𝑣𝑜(𝑡),                                                        (2.17) 

where 𝑖𝑜 is the inverter output current, 𝑉𝑜 is the inverter output voltage, and 𝑃𝑜 is the power 

output at the inverter load. Also, for a load impedance angle, ϕ, the inverter output voltage, 

𝑣𝑜, and output current, 𝑖𝑜 , can be described as a function of time, t, and angular frequency, 

ω, by the Eq. 2.18 and Eq. 2.19 given below,  

                                                           𝑣𝑜 = 𝑉0𝑠𝑖 𝑛(𝜔𝑡 + 𝜙) and                                            (2.18) 

                                                           𝑖𝑜 = 𝐼0sin (𝜔𝑡),                                                      (2.19) 

where 𝑉0 and 𝐼0  are the voltage and current magnitudes respectively. Now, substituting 

values of inverter output voltage (Eq. 2.18) and inverter output current from Eq. 2.19 in 

the expression of power output (Eq. 2.17),  

                                               𝑃𝑜(𝑡) =  𝐼0sin (𝜔𝑡) 𝑉0sin (𝜔𝑡 − 𝜙) and                               (2.20) 

                                                         = )2cos(
2

1
)cos(

2

1
0000   tIVIV .                      (2.21) 

As the inverter is assumed lossless, the efficiency of the inverter is 100%. Per the law of 

conservation of energy, power output is equal to the power input. In other words,                                                    
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                                                             𝑃𝑖𝑛(t) = 𝑃𝑜(𝑡).                                                         (2.22) 

Substituting the values of power input from Eq. 2.16 and that of power output from 

equation 2.21 in Eq. 2.22 gives,  

                                             𝐼𝑖𝑛(𝑡)𝑉𝑖𝑛(𝑡)= )2cos(
2

1
)cos(

2

1
0000   tIVIV .               (2.23) 

This simplifies to,                    𝐼𝑖𝑛 = )2cos(
2

1
)cos(

2

1 0000   t
V

IV

V

IV

ss

                         (2.24) 

or                                                      𝐼𝑖𝑛 = 𝐼𝑑𝑐 +  𝐼2𝑛𝑑,                                                        (2.25) 

where, the dc value of input current, 𝐼𝑑𝑐 = )cos(
2

1 00 
sV

IV
and the second harmonic current 

component,  𝐼2𝑛𝑑 = )2cos(
2

1 00  t
V

IV

s

.  

             Thus, Eq. 2.25 once again supports the presence of the second harmonic current 

component in addition to the DC value. The second harmonic current flows through the 

boost output side to its input and appears in an amplified form. It also flows through the 

fuel cell and affects its performance.  It can cause internal losses and increased distortion 

of the fuel cell voltage [6,7,8]. The available output power from the fuel cell is reduced, 

thus compromising the system efficiency. Hence, it is essential to eliminate the second 

harmonic current component.  

2.4 Conventional Control Method for a Fuel Cell PES 
 

The last section established mathematically the presence of the second harmonic 

current ripple (i.e., 120Hz) in a single-phase fuel cell power electronic system. The next 

step is to find a way to mitigate it. This research proposes a method which modifies the 

control system associated with the conventional fuel cell PES of Figure 1.2. Hence, it is 
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necessary to first understand the control system of the conventional fuel cell PES before 

delving into the proposed control system design.  

As discussed in section 2.2, fuel cell PES has a boost converter stage followed by 

the single-phase inverter stage. In most of the power system applications, the boost output 

voltage should be regulated. To do so a closed loop control is designed for the DC-DC 

boost converter. This chapter goes into the details of the power system and the closed loop 

control system modelling of a DC-DC boost converter, followed by the design method of 

DC-AC single-phase inverter. The analysis of the entire fuel cell PES is carried out in 

discrete time domain. Hence, the control system is drafted in z-domain.  

The fuel cell PES is assumed to be feeding a load of 50 kW. The DC-DC boost 

converter is designed for 5V input and 50V output, which is explained in Section 2.4.1. 

2.4.1     Design of the DC-DC Boost Converter 
 

This section explains the design of the boost converter circuit components, inductor 

L and capacitor C in Figure 2.1.  The switching frequency of the boost converter switch, S 

(Figure 2.1) is selected as 20kHz, which gives a switching period of 50 µsec.  To ensure 

the efficient working of this converter, it is imperative to select appropriate values for the 

inductor L and capacitor C.  

a.          Inductor Design 

The design equation used to find the boost converter input inductance, ensuring 

continuous conduction operation is given below,    

                                                             
ll

s

Ii

TV
L

.

.


 ,                                                                  (2.25)    
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where  L is the input inductor, 𝑉𝑠 is the input voltage applied to the boost converter, T is 

the switching period, Δ𝑖𝑙 is the current ripple in the inductor current and  𝐼𝑙 is the boost 

converter input current. Thus, for a power rating of 50W with boost input voltage of 5V, 

the boost input current, 𝐼𝑙 , is found as, 

                                                      A
V

Power
I

s

l 10
5

50
                                                   (2.26) 

and                                                                  𝑇 =
1

𝑓
,                                                              (2.27) 

where 𝑉𝑠 is the Input voltage applied to the boost converter, f is the switching frequency, 

and T is the switching period. Substituting values from Eq. 2.26 and Eq. 2.27 in Eq. 2.25 

and assuming the input current ripple, 𝛥𝑖𝑙, to be 1%, boost input inductor, L is found as 

250 µH.  

b.         Capacitor Design 

             The following design equation is used to find the capacitor value is,  

                                                                
DCDC VV

TPower
C

.

.


 ,                                                       (2.28) 

where  C is the value of the boost converter capacitor,𝑉𝐷𝐶  is the output voltage of the boost 

converter, T is the Switching period, and Δ𝑉𝑑𝑐 is the output voltage ripple in the boost 

converter. Substituting the values of switching time, power rating in Eq. 2.26 and assuming 

the required output voltage and its ripple to be 50V and 1% respectively, the value of the 

capacitor is calculated as 450 µF. 

2.4.2 Closed loop control of the Boost Converter 

The voltage at the boost converter output is regulated to a fixed value by using a PI 

compensator, which in turn controls the switching of the boost converter by modifying its 
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duty cycle. Figure 2.6(a) and the Figure 2.6(b) show the conventional closed loop control 

diagram for a boost derived fuel cell PES. The fuel cell is modelled as a DC source.  𝐺𝑣 is 

the voltage controller, and 𝐺𝑖 is the current controller. A Discrete Proportional-Integral (PI) 

controller, as shown in Figure 2.7, is employed to implement both the voltage and the 

current controllers. Hence, 𝐺𝑣  is expressed as  

                                                           
1

)(



z

K
KzG iv

pvv ,                                                     (2.29) 

where  𝐾𝑝𝑣 is the Proportional Constant and 𝐾𝑖𝑣  is the integral constant. Similarly, the 

transfer function for current controller is defined as 

                                                           
1

)(



z

K
KzG iv

pvi ,                                                     (2.30) 

where 𝐾𝑝𝑖 is the proportional constant and 𝐾𝑖 is the integral constant. Additionally, 𝐺𝑝𝑤𝑚 

represents the gain of the pulse width modulator. Also, the DC-bus impedance transfer 

function is given as,   

                                                             
Cs

sGDC
.

1
)(  .                            (2.31) 

In discrete time domain, the DC-bus impedance transfer function is,  

                                                           
Cz

z
zGDC

).1(
)(


 ,                                                     (2.32) 

where C is the DC-bus capacitance. The closed loop control maintains the boost output 

voltage at a constant value irrespective of the variation in system parameters. As can be 

seen from Figure 2.6(b), the output voltage, 𝑉𝐷𝐶, is sensed and compared to a reference 

value, 𝑉𝑟𝑒𝑓.The controller, 𝐺𝑣, takes the error in the two as the input signal and produces a 

current reference signal , 𝐼𝑟𝑒𝑓 . The newly generated current reference, 𝐼𝑟𝑒𝑓  and the 

measured input current, 𝐼𝑙 are compared next. The output of the comparator feeds into the 
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current controller, 𝐺𝑖 which outputs a new modulating signal. The modulating signal is 

used to generate PWM signals which drive the switch S. To ensure that the steady-state 

error is zero and the system dynamics is improved, constant values for both the controllers 

are selected as below: 

Voltage controller, 𝐺𝑣 :  𝐾𝑝𝑣 = 1 and 𝐾𝑖𝑣=10, 

Current Controller, 𝐺𝑖 :  𝐾𝑝𝑖 =5 and  𝐾𝑖 =1000.  

 

(a) 

 

(b) 

Figure 2.6: (a) Conventional Control System of a fuel cell PES; (b) Equivalent Control Block 

                    Diagram 
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Figure 2.7: Discrete PI Controller 

2.4.2     DC-AC Single Phase Inverter Design 

The design of the DC-AC Single Phase Inverter (Figure 2.2) is comparatively 

simpler than that of DC-DC boost converter as there are no passive components in the 

circuit. Sinusoidal bipolar pulse width modulation is employed to control the inverter 

switches. The inverter switching frequency is kept the same as that of the DC-DC boost 

converter, i.e., 20 kHz. This is done to make the hardware implementation simpler. A 60 

Hz modulating sinusoidal signal is compared with a 20 kHz triangular carrier wave. The 

switching signals for the switches S3 and S2 are the same and are opposite to those of S4 

and S1. Figure 2.8(a) shows the outline of the inverter side bipolar PWM control. Figure 

2.8(b) displays the equivalent control block diagram. 𝐺𝑠𝑖𝑛 is the gain of the modulating 

signal and 𝐺𝑡𝑟𝑖 is the gain of the carrier wave. The output of the comparator is 𝐺𝑏𝑝𝑤𝑚, 

which is nothing but the PWM signals generated. Additionally, to guarantee a flow of the 

rated current on the boost converter input side, an R-L load of impedance 1Ω is added at 

the output of the single-phase inverter. With a power factor of 0.8, the value of the load 

resistance is 0.8Ω and that of the load inductance is 1.59 mH.  
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(a) 

 

(b) 

Figure 2.8: (a) Outline of the Inverter side BPWM control; (b) Equivalent Control Block Diagram 

             The chapter gave a detailed explanation of the power converters and their 

application in a fuel cell system. The presence of the second harmonic current was 

supported by mathematical expressions and the need for its removal was reasserted. The 

power circuit design for the boost converter stage and the inverter stage is explained. 

Besides, the theory and working of a closed loop control system have been expanded.  
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3. Proposed Control Method  

3.1 Introduction 
 

A detailed discussion of the conventional fuel cell system has been presented in 

Chapter 3. This chapter presents the proposed system aimed at nullifying the lower order 

current ripple drawn from the fuel cell source in a single-phase fuel cell system. A modified 

current control loop has been designed for the DC-DC boost converter stage of the fuel cell 

PES. The fuel cell current (input inductor current) is sensed first and its second harmonic 

current component is extracted using a band pass filter. This extracted second harmonic 

current is used to generate a ripple voltage reference for the DC bus capacitor which is 

added to the boost output DC voltage reference. The capacitor on the DC-bus supplies the 

second order current ripple, thereby leaving the boost input current ripple free. [14] 

introduced a High Pass filter to compensate for the dc bias produced due to load current 

feedforward control by a continuous integral action of the DC-bus impedance function. 

The design proposed by this study is advantageous as it prevents the production of a dc 

bias voltage, thereby eliminating the need to add a high pass filter and reducing the 

complexity further.  However, there is a drawback associated with the implementation of 

the proposed DC-DC boost side controller. In a fuel cell PES, the voltage developed at the 

DC bus acts as the input DC voltage applied to the DC-AC Single-Phase Inverter. As the 

DC bus is being forced to supply the second harmonic component, a small amount of ripple 

can be seen riding on the inverter output voltage and current also. To maintain the output 

quality, while improving the performance of the system, a current control loop has been 

added for the inverter as well. 
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3.2 DC-DC Boost Converter Control 
  

            Figure 3.1 below shows the proposed control system on the DC-DC boost converter 

side and its block diagram representation. The proposed method adds a second harmonic 

current feedback to the closed loop control system of Figure 2.6. The design parameters 

remain the same as those of the control system of Figure 3.1. 𝐺𝑣 and 𝐺𝑖 are the voltage and 

current controllers given by Eq. 2.29 and Eq. 2.30 respectively. 𝐺𝑝𝑤𝑚 represents the gain 

of the pulse width modulator. 𝐺𝐷𝐶 is the DC-bus impedance transfer function defined by 

Eq. 2.32. This research proposes a current control method to eliminate the 120 Hz current 

ripple by adding an equal magnitude of low order ripple to the DC Bus voltage. In other 

words, the DC-bus capacitor is made to supply the 120 Hz harmonic component, leaving 

the input current ripple free. The second harmonic current, 𝑖2𝑛𝑑, is extracted from the boost 

input current, 𝐼𝑙 ,by using a band pass filter(BPF). The low order current ripple is used to 

calculate the equivalent low order voltage ripple, 𝑉2𝑛𝑑.The boost output voltage reference 

changes to 𝑉2𝑛𝑑+ 𝑉𝑟𝑒𝑓.    
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(a) 

 

(b) 

Figure 3.1: (a) Proposed Control System for the DC-DC Boost Converter Side; (b) Block diagram  

                    representation 

Section 3.2 explains the proposed control system design of the DC-DC Boost 

Converter. First, the band pass filter model is discussed, followed by the method used to 

extract the second harmonic current ripple. Finally, a subsection explains the steps involved 

in the generation of the time varying duty cycle to control the boost converter switching. 

 



33 

 

3.2.1 Bandpass filter design(BPF) 
 

             A band pass filter is used to extract the second harmonic current (120 Hz 

component) from the boost input current. As the system runs in discrete time steps, the 

band pass filter must also work in discrete time domain. Also, the filter should allow signals 

only at the frequency of 120 Hz. The BPF must reject all the other frequencies. The transfer 

function of the BPF in s-domain, 𝐺𝑏𝑝𝑓(𝑠), is given as, 
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where, 𝜔𝑏 = bandpass frequency = 2π120. 

On substituting the value of 𝜔𝑏and solving the above equation to obtain the z-domain form, 

the equivalent transfer function for BPF, 𝐺𝑏𝑝𝑓(𝑧), is found to be, 
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It can be inferred from the Bode plot of BPF in Figure 3.2, the magnitude of the band pass 

filter is equal to 0 dB at a frequency of 120 Hz and relatively lower at other frequencies. 

The phase angle at this frequency equals 0°. Thus, the BPF can extract the second 

harmonics altogether, filtering out other components well. 
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Figure 3.2: Bode Plot of the band pass filter with 𝜔𝑏 of 2𝜔𝑜 

 

3.2.2     Extracting Second Harmonic Ripple Current  

This step helps in obtaining the second harmonic current component from the boost 

input current. The current flowing through boost input inductor is measured and passed 

through the BPF of Eq. 3.2 which extracts the second harmonic current ripple from it. In 

other words,                        𝑖2𝑛𝑑 = 𝐺𝑏𝑝𝑓(𝑧)𝐼𝑠,                                  (3.3)                                                           

where  𝑖2𝑛𝑑  is the second harmonic element of the fuel cell current (the boost converter 

input side), 𝐼𝑠 is the fuel cell current (boost converter input current), and 𝐺𝑏𝑝𝑓(𝑧) is the 

band pass filter transfer function (from Eq. 3.2). The equivalent voltage ripple value, 

𝑉2𝑛𝑑, is calculated from the second harmonic current ripple and the DC-bus impedance by 

employing Ohm’s law. In other words, the voltage ripple is given as            

                                                        𝑉2𝑛𝑑=𝐺𝐷𝐶(𝑧)𝑖2𝑛𝑑,                                                    (3.4)                                                                                       

where 𝐺𝐷𝐶(𝑧) and 𝑖2𝑛𝑑 are found from Eq. 2.32 and Eq. 3.3 respectively.    
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3.2.3  Generating New Duty Cycle for Boost Converter 

The second harmonic voltage ripple value generated from Eq. 3.4 is added to the 

DC-bus link voltage reference as shown in Figure 3.1. Like the working of the closed loop 

system (Figure 2.6), the modified voltage reference signal is compared with the sensed 

boost output voltage, and the resulting signal is passed to the discrete proportional integral 

controller. The new current control variable generated is compared to the measured boost 

input current containing the 120 Hz component. The error signal serves as an input for 

another PI controller. The output of the PI controller produces the new duty cycle. The 

PWM switching of the boost converter is controlled depending on the new duty cycle 

generated. Thus, the 120Hz current component from the input side is removed, thereby 

leaving the fuel cell current ripple free.   

3.3 DC-AC Inverter Control 

The primary goal of power generation is its efficient application in day-to-day life 

while maintaining the quality of the output. All the electrical devices have a standard 

voltage and current rating. The presence of harmonics in the output voltage or current can 

affect the lifetime and efficiency of the electrical device. There will be a need for increased 

maintenance, thereby, increasing the cost. Hence, it is vital that the electrical loads receive 

a sinusoidal input with zero or negligible harmonics. As mentioned in the introduction of 

this chapter, forcing the DC-bus to supply the second harmonic current results in a distorted 

current and voltage waveform at the inverter output due low order harmonics. The 

harmonics can be filtered to some extent by adding a passive filter at the output. However, 

incorporation of passive filters will make the system bulky and add to the overall cost. 

Therefore, this thesis work tries to remove the harmonic content from the inverter output, 
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without the need of bulky passive filters. A control system is designed such that it modifies 

the modulation index of the single-phase inverter. The inverter output current is compared 

against a sinusoidal reference. The output of the comparator is fed into a proportional-

resonant (PR) controller. The PR controller generates a voltage reference. The ratio of the 

voltage reference and the input voltage applied to the single-phase inverter provides the 

modulating signal, 𝑚, which controls the PWM switching signals. The Figure 3.3(a) shows 

the proposed control system design for modifying the single-phase  

inverter control. Figure 3.3(b) is the equivalent block diagram representation. A detailed 

explanation of the steps involved in inverter control is provided in this section. First, the 

proportional resonant controller is analysed, followed by a discussion on the method for 

generating a new voltage reference. The process of obtaining a new modulating signal is 

illustrated after that. 

 

 (a)  
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(b) 

Figure 3.3: (a) Proposed Control System for the DC-AC Single-Phase Inverter; (b) Block diagram  

                   representation 

 

3.3.1 Proportional Resonant Controller 

Unlike a PI Controller, a proportional resonant controller is used in a stationary 

reference frame. The computation of a PR controller becomes easier as there is no need for 

transformation from the stationary frame to a synchronous [23]. Furthermore, in the event 

of an unbalanced grid or error in sensing signals, a PR controller is more robust than the PI 

controller. PR controller is well suited for constant frequency operation in a grid-connected 

system. The PI controller is incapable of eliminating the steady-state error in a stationary 

reference frame. A PR controller, on the other hand, provides infinite gain at its designed 

resonant frequency [17]. Moreover, the ease of implementation of this harmonic 

compensator without any adverse effects on the controller performance, makes it well-

suited for grid applications [18]. It is noteworthy to mention here that the proportional 

resonant controller takes only sine wave signals as input and will not process any DC value. 

Figure 3.4 shows the block diagram of an ideal PR controller [24]. The transfer function of 

an ideal PR controller, 𝐺𝑃𝑅(𝑠), is defined as 
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where 𝐾𝑝 is the proportional constant, 𝐾𝑖 is the integral constant and 𝜔0 is the resonant AC 
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frequency. However, the PR controller of Eq. 3.5 has a very gain and a zero-phase shift 

around the resonant frequency, 𝜔0. To avoid stability problems caused due the infinite 

gain, a non-ideal PR controller using high-gain low pass filter is used [17]. The non-ideal 

PR controller is expressed as 

                                                  
2

0

2 2

2

)(

)(
)(








ss

s
KK

sU

sY
sG

c

c
ipPR ,                                  (3.6) 

where 𝐾𝑝  is the proportional constant, 𝐾𝑖  is the integral constant, 𝜔𝑐  is the cut off 

frequency around the resonant AC frequency of 𝜔0. Although the gain of the PR controller 

of Eq. 3.6 is finite, yet, it is sufficient to provide a minimal steady-state error. Thus, the 

non-ideal PR controller is more realizable in digital systems due to their finite precision 

[18]. Figure 3.4(b) shows the block diagram of the non-ideal PR controller.  

 

 (a) 

 

(b) 

Figure 3.4: (a) Ideal PR Controller; (b) Approximating (Non-Ideal) PR Controller 
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A non-ideal PR controller is used in this thesis. With resonant frequency, 𝜔0, of 

376.991 rad/sec (60 Hz) and keeping the cut-off frequency, 𝜔𝑐 , around 0.5 rad/sec, the PR 

controller is designed for 𝐾𝑝= 100 and 𝐾𝑖= 5000 as   
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Figure 3.5 depicts the Bode plot of the PR controller of Eq. 3.6. The PR controller  

 

has a high gain at the resonant frequency of 𝜔0.  

 

Figure 3.5: Bode Plot of the PR controller with a resonant frequency of 376.991 rad/s (60Hz) 

 

3.3.1  Generating a New Voltage Reference Signal 

The PR controller of Eq. 3.6 is used for producing a new voltage reference. As can 

be seen from the Figure 3.3, the inverter input current, 𝑖𝑖𝑛 , is compared to a sinusoidal 

reference signal. The amplitude of the sinusoidal varying signal, 𝑖𝑟𝑒𝑓, is calculated based 

on the expected current to flow in the output and its frequency is the same as the desired 

output frequency, i.e., 60 Hz. The output of the comparator is the input to the PR controller. 
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The PR controller acts on the error signal and generates a sine wave output voltage 

reference, at a frequency of 60 Hz. In Figure 3.3(b), 𝐺𝑣𝑟𝑒𝑓, is the transfer function for the 

voltage reference and is expressed as,  𝐺𝑣𝑟𝑒𝑓 = 𝑖𝑐. 𝐺𝑃𝑅,                                                (3.7) 

where, 𝑖𝑐 is the output of the comparison of inverter current, 𝑖𝑖𝑛 and sinusoidal reference, 

𝑖𝑟𝑒𝑓, and 𝐺𝑃𝑅 is the transfer function of the PR controller given by Eq. 3.6. In other words,  

                                      𝐺𝑣𝑟𝑒𝑓 = (𝑖𝑟𝑒𝑓 − 𝑖𝑖𝑛).
22 )602(
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where, 𝑖𝑖𝑛 is the inverter input current, 𝑖𝑟𝑒𝑓 is the sinusoidal current reference signal used 

and 𝐺𝑣𝑟𝑒𝑓, is the transfer function for the voltage reference.  

3.3.2 Modified Control of the Inverter switches   

 

A ratio of the voltage reference signal obtained from the PR controller and the 

measured DC-bus voltage (the input DC voltage) gives the modulating signal, 𝑚, of the 

single-phase inverter as            

                                                             
in

ref

v

v
m                                                                 (3.9)  

The modulating signal, 𝑚  (Eq. 3.9), is also a time-varying variable. It acts as the 

modulating wave for the bipolar pulse width modulation scheme. Hence, by modifying the 

control of the single-phase inverter switches, the output voltage, and current is made ripple 

free. Besides, the output quality is improved and the fuel cell power electronics system 

becomes more reliable, efficient and robust.   

Chapter 3 explained the proposed control system for the mitigation of the second 

order fuel cell current harmonic. Chapter 4 discusses the simulation results. 



41 

 

4. Simulation Results  
 

4.1 Introduction 

The previous chapters described the problem statement, i.e., presence of a second 

order harmonic (120 Hz) in the fuel cell current and articulated the method for mitigating 

this problem. Chapter 4 lays forward the results of the simulation. As mentioned earlier 

(Chapter 3), there are three cases for simulation: 

• Conventional fuel cell PES of Figure 2.6 

 

• Proposed fuel cell PES of Figure 3.1 (without modified inverter control) 

 

• Proposed fuel cell control PES of Figure 3.3 (with modified inverter control) 

 

Simulations for all the three cases mentioned above are carried out in MATLAB-

SIMULINK using discrete sampling time of 1us.  

 

4.2  Simulation of the Conventional Fuel Cell PES 

The various stages involved in the closed loop control of a conventional fuel cell  

PES (Chapter 3) are illustrated below. A DC source is used to model a fuel cell source. The 

switching frequency of the front-end DC-DC boost converter is kept at 20KHz. The 

inverter switches utilize Sinusoidal Bipolar PWM. A 60 Hz reference sinusoidal wave is 

compared with 20 kHz triangular carrier wave to generate the PWM signals. Also, 

modulation index for the single-phase inverter is kept at 0.8.  The value of the DC-DC 

boost input inductance is 250 µF and the DC bus capacitance is 450 µF (section 2.4). The 

applied input voltage is 5 V and the R-L load used is 1Ω and 1.59 mH respectively. The 

entire system has been divided into sub-systems for the ease of representation. Figure 4.1 

shows the circuits associated with the DC-DC boost converter stage. Figure 4.1(a) is the 
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DC-DC boost converter power circuit. Current sensors and voltage sensors are used to 

measure both the input and the output currents and voltages respectively. Figure 4.1(b) 

shows the control system implemented for making the DC-DC boost converter work in 

closed loop. The duty cycle generated from this controller stage works as the modulating 

signal for the PWM generation (Figure 4.1(c)). 

  
 (a) 

 
(b)  

 
(c) 

Figure 4.1: (a) DC-DC Boost Converter Power Circuit; (b)DC-DC Boost Converter Control Circuit;  

                   (c) PWM Switching Signal Generation  

Figure 4.2(a) shows the circuit diagram of the single-phase inverter stage, while 

Figure 4.2(b) depicts the bipolar PWM scheme for controlling the inverter switches.  
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 (a) 

 

(b) 

Figure 4.2: (a) DC-AC Single-Phase Inverter Circuit; (b) BPWM Switching Signal Generation 

 

The two-stage conventional fuel cell system was simulated using MATLAB-

SIMULINK and simulation results are presented here. Figure 4.3 depicts the time domain 

representation of the current drawn from the fuel cell (upper trace) and the load current 
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(lower trace). The fuel cell current completes two cycles in one cycle of the output current. 

The peak-to-peak ripple magnitude is around 1.129 A as can be seen from the frequency 

domain representation of the fuel cell current (Figure 4.3(b)). The inverter output current 

(lower trace of Figure 4.3(a)) can be seen to consist of more than one frequency sinusoidal 

signal. This is also supported by the FFT analysis of the inverter output current (Figure 

4.3(c)).  

 
 (a) 

 
(b) 
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(c) 

Figure 4.3: Simulation results for a conventional PES; (a) Time domain representation of the 

                  fuel cell current (Upper Trace) and the Inverter Current (Lower Trace) (b) Frequency  

                  domain representation of fuel cell current (c) Frequency domain representation of the 

                  inverter output current 

 

Figure 4.4 illustrates the voltage waveforms obtained from the simulation of the  

conventional PES. The DC-bus capacitance doesn’t have any stored charge, as is evident 

from the Figure 4.4(a). Once the steady-state is reached, the DC-bus voltage becomes 50V 

and has visible second order harmonic. Figure 4.4(b) depicts the time domain 

representation of the DC-bus voltage and the inverter output voltage. The magnitude of the 

second order ripple in the DC-Bus is 2.422 V for a DC-voltage of 50.8 V. Also, the inverter 

output voltage has a 3rd harmonic component of magnitude 1.733 V. Figure 4.4(c) and 

Figure 4.4(d) represent the frequency domain analysis of the DC-bus voltage and the 

inverter output voltage respectively. The ripple magnitude will decrease with an increase 

in the DC-bus capacitor size. However, a large capacitor makes the system bulky and 

hence, is not preferred. 
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 (a)  

   

                        
(b) 
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(C) 

 
(d) 

Figure 4.4: (a) Simulation results for a conventional PES; Time domain representation of the DC- 

                   bus voltage;(b) Time domain representation of the DC-bus voltage (upper trace) and 

                   inverter output voltage (lower trace) (c) Frequency domain representation of the DC- 

                   bus voltage; Frequency domain representation of the inverter output voltage 

 

The results obtained from the simulation of the conventional fuel cell system  

proves the presence of a significant second order harmonic in the fuel cell current. Also, 

some magnitude of the second order ripple exists in the DC-bus voltage. Furthermore, both 

the inverter output voltage and current have a small magnitude of 3rd harmonic component 

(Total Harmonic Distortion (THD) approximately 5%). The next section discusses the 
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results obtained from the simulation of the proposed system which tries to compensate for 

the input second harmonic current.  

 

4.3   Simulation of the Proposed System without Modified Inverter 

           Control 
 

The proposed system of Figure 3.1 is simulated in MATLAB-SIMULINK. The 

simulation parameters are same as that used for the conventional fuel cell PES. Figure 4.5 

shows the control system diagram for the second harmonic current reduction. A control 

path (shown in the dotted box) has been added to the conventional control system of Figure 

4.1(b). BPF transfer function is defined by Eq. 3.2, and DC-bus impedance function is 

given by Eq. 2.32. The gain of these two transfer functions are very high in z-domain. So, 

a gain block is added after each transfer function block to compensate for it.  

 

 

 
Figure 4.5: Proposed Control System 

 

The resulting fuel cell current (upper trace) and the inverter output current (lower 

trace) are shown in Figure 4.6. Figure 4.6(a) shows the current waveforms for a single-

phase load of 0.8Ω resistance and 1.59 mH inductance. The upper trace is the fuel cell 

current, and the lower trace represents the inverter output current. The fuel cell current is 

now a DC value of 9.96 A with negligible second harmonic ripple (0.02%). Figure 4.6(b) 
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displays the results from the FFT analysis of the fuel cell current. The magnitude of the 

second order harmonic component is negligible (2 mA approximately, not shown in the 

figure). Thus, the 120 Hz ripple has been prevented from being imposed on the fuel cell by 

using the proposed control system. However, it is important to note that the inverter current 

is still no more a pure sinusoidal. There has been no change in the total harmonic distortion 

present in the inverter output current (refer to Figure 4.6(c)). 

 

 
 (a)                                                                                                            
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(b) 

 

 
Figure 4.6: Simulation results for the proposed fuel cell PES; (a) Time domain representation of  

                  the fuel cell current and inverter output current; (b) Frequency domain representation 

                  of the fuel cell current; (c) Frequency domain representation of the inverter output  

                  current 

                                                                                                                    

       The voltage waveforms are shown in Figure 4.7. The capacitor is initially 

discharged, which is apparent from Figure 4.7(a). As the system reaches steady state, the 

capacitor gets charged and a voltage of 49.75 V is developed on the DC-bus. A small 

magnitude of the 120 Hz ripple (2.273 V) can be still seen riding on the DC voltage. Figure 

4.7(b) depicts the time domain representation of the DC-bus voltage and the inverter output 
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voltage. Also, there has been no change in the THD of the inverter output voltage. Figure 

4.7(c) and Figure 4.7(d) represent the frequency domain analysis of the DC-bus voltage 

and the inverter output voltage respectively.  

 

(a) 

 
(b) 
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(c) 

 
(d) 

Figure 4.7: Simulation results for the proposed fuel cell PES; Time domain representation of (a)the 

                  DC-bus voltage showing the charging of the DC-bus capacitor;(b) the DC-bus voltage   

                  (upper trace) and inverter output voltage (Lower Trace); Frequency domain 

                  representation of (c) the DC-bus voltage; (d) the inverter output voltage 

 

Thus, the simulation results verify that the proposed system is efficient in mitigating 

the second order harmonic current from appearing in the fuel cell current. It doesn’t affect 

the inverter output at all. Thus, to prevent harmonics from appearing in the inverter current, 

the modified inverter control technique is discussed in the next section.   
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4.4      Simulation of the Proposed Control System with Modified Inverter 

          Control  
 

As discussed in section 4.3, the output of the inverter is not purely sinusoidal, but 

has a 3rd order harmonic current. To improve the output quality, the control of the single-

phase inverter switches is altered as illustrated in Figure 4.8. Figure 4.8(a) shows the PR 

controller used for generating new voltage reference. Figure 4.8(b) delineates the block 

diagram for obtaining the new modulating signal, 𝑚. Figure 4.8(c) depicts the changes 

made to the BPWM scheme for inverter control. Unlike Figure 4.2(b), the modulating 

signal is no more a fixed sine wave, but the time-varying signal, 𝑚. All other simulation 

parameters remain the same as for the proposed system in Figure 4.5. 

 
 (a) 

 
                                 (b)                                                                                         (c) 
 

Figure 4.8: (a) Generation of the new voltage reference by a PR controller; (b) Obtaining the 

                   modulating signal, m; (c) Modified BPWM 
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The time domain current waveforms obtained from the simulation of this system 

are shown in Figure 4.9(a). The fuel cell current (upper trace) is not affected at all by the 

changes made to the inverter switching. Moreover, the inverter output current (lower trace) 

is now a pure sinusoidal. Figure 4.9(b) and Figure 4.9(c) shows the frequency domain 

analysis of the fuel cell current and inverter output current respectively. The result of Figure 

4.9(b) agrees well with those of Figure 4.6(c). Thereby, proving that the changes made to 

the inverter control does not affect the second order harmonic compensation on the DC-

DC boost converter stage. Additionally, the inverter output current shows the presence of 

a smaller magnitude of the third order harmonic (Figure 4.9(c)). 

 

(a) 
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(b) 

 
(c) 

Figure 4.9: Simulation of the proposed system with modified inverter control; (a) Time domain 

                   representation of the fuel cell current (upper trace) and the inverter output current 

                   (lower trace); (b) Frequency domain analysis of the fuel cell current; (c) Frequency 

                   domain analysis of the inverter output current.  

 

Similarly, the time domain voltage waveforms are shown in Figure 4.10(a). The 

second order ripple in the DC- bus voltage (upper trace) has reduced now. Moreover, the 

inverter output voltage (lower trace) has a very low value of the 3rd order harmonic. Figure 

4.10(b) and Figure 4.10(c) shows the frequency domain analysis of the DC-bus voltage and 

inverter output voltage respectively. On comparing the result of Figure 4.10(b) with those 
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of Figure 4.7(b), the second harmonic component in the voltage has halved to 1.098 V. 

Besides, the inverter output voltage has a 3rd harmonic of value 1.013 V (45% reduction in 

THD). 

 
(a) 

 
(b) 
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(c) 

Figure 4.10: Simulation of the proposed system with modified inverter control; (a) Time domain 

                   representation of the DC-bus voltage (upper trace) and the inverter output voltage 

                   (lower trace); (b) Frequency domain analysis of the DC-bus voltage; (c) Frequency 

                   domain analysis of the inverter output voltage  

 

Thus, the modified control of the inverter helps in achieving a superior output 

quality. At the same time, the fuel cell current is DC. The proposed system for second 

harmonic elimination with modified inverter control helps in improving the overall 

performance and lifetime of the fuel cell PES.   

            Tables 4.1 and 4.2 compare the simulation results from the three cases, viz., (1)  

Conventional System, (2) Proposed System without Modified Inverter Control, and (3) 

Proposed System with Modified Inverter Control. It can be understood from the two Tables 

that the proposed system has succeeded in eliminating the 120 Hz fuel cell current 

component altogether. Furthermore, the low order ripple current is around 0.02% and 

hence, meeting the criterion suggested by [15]. Besides, modifying the inverter control 

does not affect the fuel cell current at all. DC-bus ripple is reduced to 2.24%, while the 

output distortion is reduced to 2.69%. Thus, modified inverter control technique helps in 

maintaining the output quality as well.  
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Table 4.1: A comparison of the Fuel Cell Current and the Inverter Output Current obtained from  

                 the simulation of the three systems, (1) Conventional System, (2) Proposed System 

                  without Modified Inverter Control, and (3) Proposed System with Modified Inverter 

                  Control 

Quantity Measured (1) Conventional 

System 

(2) Proposed 

System without 

modified inverter 

control 

(3) Proposed 

System with 

modified inverter 

control 

Average DC current 

(A) 

  10.35          9.996           9.9932 

Input current ripple  

(A) 

 1.129         0.002          0.02021 

Input current ripple 

(%)  

 28.87          0.02            0.02 

Load Currentp−p (A)  3.75          3.752            3.718 

Load Current (3rd 

harmonic) (A) 
 0.1683           0.1541          0.09878 

Load Current THD 

(%) 

 4.46         4.248            2.62 

 

Table 4.2: A comparison of the DC-Bus Voltage and the Inverter Output Voltage obtained from 

                 the simulation of the three systems, (1) Conventional System, (2) Proposed System 

                 without Modified Inverter Control, and (3) Proposed System with Modified Inverter 

                 Control 

Quantity Measured (1) Conventional 

System 

(2) Proposed 

System without 

modified inverter 

control 

(3) Proposed 

System with 

modified inverter 

control 

Average DC voltage 

(V) 

50.8 49.75  49.2 

DC-bus ripple (V) 

 

2.422 2.273 1.098 

DC- ripple (%)  4.48 4.21 2.24 

Load Voltagep−p (V) 

 

38.18 38.18 37.15 

Load Voltage 3rd 

harmonic (V) 
1.773 1.773 1.013 

Load Voltage THD 

(%) 

5.07 5.07 2.69 

 

             Chapter 4 verified the concept behind this thesis with the help of MATLAB-  

 

SIMULINK simulations. The next topic will focus on the experimental results. 
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5. Experimental Results  
 

5.1      Introduction  

With the advent of the 20th century, there has been a lot of development and 

innovation in the field of electrical engineering. Power electronics has undergone a radical 

change from analog based control towards more sophisticated digital control. The ease of 

implementation of digital control and its affordability has favored a growth of the digital 

signal processors (DSP).  DSP provides numerous advantages over conventional analog 

techniques, such as precise control, easy interface, increased flexibility, reduced size and 

cost. DSP has made it possible to easily implement complex mathematical solutions and 

algorithms. A single small DSP chip can be used to design and execute convoluted systems, 

which would otherwise require complex analog circuits. The present-day power electronics 

applications use even more advanced real-time embedded systems, called Hardware-in-

the-Loop (HIL), for the development and testing of complex control systems. Hardware-

in-the-loop is nothing but a DSP integrated with an FPGA chip and is self-sustainable. 

These real-time simulations are advantageous in the sense that they provide a testing 

ground before actual implementation. One way to verify the effectiveness of any system 

would be to test it on an actual hardware. However, such designs are not fail-safe and can 

cause significant damage to the hardware. In such cases, the cost of testing would itself be 

too high, thus, increasing the overall system cost. An alternative way of testing would be 

to use hardware-in-the-loop which can simulate inverters in real time and confirm the 

validity of the design before actual hardware implementation.  
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This chapter introduces HIL based control, primarily focusing on the Typhoon HIL. The 

laboratory prototype is described. Typhoon HIL DSP sits at the core of the system and 

forms its control part. The FPGA of the Typhoon HIL serves as the power circuit part of 

the system. It also provides for the signal processing of the control signals and hence serves 

as the interface between the power and control systems. The implementations of the 

conventional fuel cell system and the proposed system have been presented and compared. 

5.2       Why HIL? 

As mentioned in the introduction to this chapter, the real-time testing environment 

is preferred in most of the control design implementations. But, it is vital to understand  

the reason behind it. Again, consider that a controller is being designed for an induction 

motor to be used in wind power applications. Now, the old-school method would be to test 

the controller on an actual induction motor. However, any shortcoming in the controller 

can cause a significant problem in the motor, leading to an additional repair requirement 

after testing. Hence, this method is not advisable. In the present day, most of the design 

and testing is performed on a prototype. The efficiency of the model is verified before 

being applied to the actual design. Real-time simulators have made such experimental 

verification much simpler. Hardware-in-the-loop is one such kind of the real-time emulator 

which focusses on specific aspects of the power systems. The choice of using a real-time 

emulator or an actual hardware depends majorly on three factors, namely: 

• Cost 

• Duration 

• Safety 



61 

 

Cost of the approach will be a measure of the cost of all tools and effort. The duration of 

development and test affects the time-to-market for a planned product. The safety factor 

and duration is typically equated to a cost measure. Some of the conditions that warrant the 

use of HIL simulation include:  

• High-burden-rate plant: The plant is much more expensive than the HIL system 

required for testing. Therefore, it is more economical to develop and test using HIL 

simulation. 

• Tight development schedules: In most cases, HIL is used in parallel to the 

development of the plant. 

This research uses Typhoon HIL for the hardware-in-the-loop simulation. Section 5.3 

provides an elaborate description of the same.  

5.3       Typhoon HIL 

Typhoon HIL provides test and verification solutions for power electronics control  

systems. The approach is based on ultra-high speed ultra-low latency Hardware-in-the-

Loop (HIL) real-time emulation.  Typhoon HIL systems find use in industrial applications, 

such as marine testing, microgrid testing, converter testing and for academic purposes, like 

research and teaching. The products and services provided by Typhoon HIL include: 

• HIL software 

• Virtual HIL 

• HIL Hardware 

• HIL Services such as, controller development and test consulting. 
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HIL software works on the system-on-chip hardware. It comprises three main 

components, namely,  

• The control center where all the modeling and testing takes place  

 

• The fast compiler that converts models into processor readable model description 

 

• The proprietary processor with ultra-low latency and unprecedented execution rate 

of converter and microgrid model. 

Virtual HIL Testbed is a Typhoon HIL toolchain functionality which emulates 

Typhoon HIL hardware Testbeds, on the Windows-based PC platform. In other words, 

Virtual HIL Testbed is a HIL equivalent of a virtual machine in computing. It allows the 

design models to be tested without the actual HIL Testbed. The modelling and script 

development tasks can be transferred to the Virtual HIL Testbed. In other words, the 

number of HIL testbeds increase effectively, thereby boosting the utilization and return on 

investment of the HIL Testbed. 

Typhoon HIL provides three different series of HIL hardware products, 

• HIL 4 series (4 core HIL simulator) 

 

• HIL 6 series (6 core HIL simulator) 

 

• HIL M series (Microgrid HIL simulator) 

 

In addition to above, Typhoon also provides HIL DSP interface, HIL µGrid DSP 

interface, HIL breakout board, HIL Connect and HIL Calibration Card. HIL 4 series has 

the tools needed to test the power electronics controllers in a wide range of  

applications: solar and wind power generation, battery storage, power quality and motor 
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drives. The controllers can be run in real time with a PWM resolution of 20 ns PWM 

resolution. Table 5.1 lists the specifications of the HIL 400 and HIL 402 devices.  

Table 5.1: HIL 4 Series General Specifications 

Specifications of HIL 4 Series 

 HIL 400 HIL 402 

Processor  2 core Xilinx  

Virtex-5 FPGA  

up to 4 cores  

IO  8 x Analog inputs (AI) 16x 

Analog outputs (AO) 32x 

Digital inputs (DI) 32x 

Digital outputs (DO)  

16 x Analog inputs (AI) 

16x Analog outputs (AO) 

32x Digital inputs (DI)  

32x Digital outputs (DO)  

Built-in scope  No  Yes  

Connectivity  USB 

Mains voltage  110 - 240 V 50/60 

Hz  

110 - 240 V 50/60 

Hz  

Housing  305 x 257 x 80 

[mm], 2.5 kg  

293 x 195 x 52 

[mm], 2.1 kg  

Compatibility HIL DSP Interface HIL DSP 180 Interface HIL 

Breakout board HIL dSpace Interface 

 

HIL 402 has been used for the implementation of this thesis work because of 

its safe, high-fidelity environment for automatic test and verification of converters control 

systems. It provides efficient control of active and reactive power flow, current harmonics 
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and grid voltage sources with arbitrary magnitude, frequency and phase. Additionally, 

utility grid disturbances such as voltage sags, spikes, phase angle jumps, magnitude ramps, 

frequency changes, harmonic distortion can be easily emulated.  

5.4 Experimental Verification 

Section 5.4 elaborates the laboratory implementation of the conventional fuel cell 

system, the proposed system without any changes to the inverter side control and the 

proposed system with modified inverter control. A DC source is used to model the fuel 

cell. This can be done conveniently because the fuel cell is being treated as a source of 

direct current and only its electrical aspects are being considered. Built-in HIL modules of 

DC-DC boost converter and DC-AC single-phase inverter is used. Both have internal 

modulators which can be used to generate the carrier signal at the required switching 

frequency of 20 kHz. The modulator must be enabled by an active high signal. The inductor 

and capacitor for the front-end DC-DC boost converter is kept at 250 µH and 450 µF (same 

as the values used in simulation).  Inverter load consists of a resistance of 1Ω and an 

inductive reactance of 1.59 mH.  Input and output currents and voltages are measured in 

real-time by using current and voltage sensors respectively.   The circuit execution rate is 

kept at 10µs to match the minimum execution speed of the HIL device. Signal Processing 

tools are used to design the control circuit.  

5.4.1      Conventional Fuel Cell System  

The closed loop control of a conventional fuel cell system is implemented using 

HIL 402.  Figure 5.1 shows the circuit used for real-time simulation. The closed loop 

control for the regulation of DC-bus voltage is implemented by various signal processing 
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blocks of HIL. The output is recorded on a mixed-signal oscilloscope through the analog 

output channels of the HIL 402 DSP interface.  

 

Figure 5.1: Conventional Control of a fuel cell PES using Typhoon HIL 

Figure 5.2 shows the time domain representation of the current drawn from the fuel 

cell (upper trace) and the load current (lower trace). The fuel cell current has been scaled 

to 5A/division, while the load current to 1A/division. The current drawn from the fuel cell, 

𝐼𝑙 , completes two cycles in one cycle of the load current. In other words, it is a DC value 

of 12.89 A with a peak-peak ripple current of 31.87%.  
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Figure 5.2: Experimental result for the conventional system; current drawn from the fuel cell (upper  

                   trace) and load current (lower trace) 

 

           Figure 5.3 the time domain representation of the DC-bus voltage (upper trace)  

and the load voltage (lower trace). The DC-bus voltage has been scaled to 20V/division, 

and the load voltage to 10V/division.  The DC-bus of 54.5 V oscillates at twice the 

fundamental frequency with a ripple of 4.78 %. Also, the inverter output voltage has a 3rd 

harmonic distortion of 5.09 % in addition to the fundamental frequency component of 

magnitude 37.6 V. 
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Figure 5.3: Experimental result for the conventional system; DC-bus voltage (upper trace), load 

                   voltage (lower trace) 

 

5.4.2 Proposed System without Modified Inverter Control  

Figure 5.4 shows the hardware-in-the-loop implementation of the proposed system 

with input second harmonic ripple compensation. The experimental set-up remains the 

same as for the conventional fuel cell system. A control loop for the mitigation of the 

second order harmonic (shown in dotted box) is added to the system of Figure 5.1. The 

HIL 402 digital signal processor forms the core of the control system. 
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Figure 5.4: Proposed Control System of a fuel cell PES using Typhoon HIL 

 

Figure 5.5 shows the time domain representation of the current drawn from the fuel 

cell (upper trace) and the load current (lower trace). The scale of the fuel cell current 

waveform is 25 A/division, while the load current to 1A/division. The current drawn from 

the fuel cell, 𝐼𝑙 , (upper trace) is a DC value of 12.892 A with a negligible magnitude of 

second order ripple. The load current (lower trace) is the same as Figure 5.2. Hence, the 

proposed control system is successful in preventing the second order harmonic component 

from appearing in the fuel cell current. Also, it doesn’t affect the inverter output, i.e., the 

load current. 
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Figure 5.5: Experimental result for the Proposed system; current drawn from the fuel cell (upper  

                   trace) and load current (lower trace) 

Figure 5.6 the time domain representation of the DC-bus voltage (upper trace)  

and the load voltage (lower trace). The DC-bus voltage has been scaled to 20V/division, 

and the load voltage to 10V/division. Since the DC-bus is made to supply the entire second 

harmonic ripple, it oscillates at 120Hz with a ripple of 4.26 %.  The DC-voltage is 

maintained at 52.3 V.  Just like Figure 5.3, the inverter output voltage has a higher order 

harmonic component in addition to the fundamental frequency.  
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Figure 5.6: Experimental result for the Proposed system; DC-bus voltage (upper trace), load voltage 

                  (lower trace) 

 

5.4.3 Proposed System with Modified Inverter Control  

Figure 5.7 shows the experimental implementation of the proposed system with 

modified inverter control. The experimental set-up remains the same as for the proposed 

system of Figure 5.2. A control loop for the improving the output quality (shown in dotted 

box) is added to the system of Figure 5.2. The HIL 402 digital signal processor forms the 

core of the control system. 
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Figure 5.7: Proposed System with modified inverter control using Typhoon HIL 

 

Figure 5.8 shows the time domain representation of the current drawn from the fuel 

cell (upper trace) and the load current (lower trace). The scale of the fuel cell current 

waveform is 35 A/division, while the load current to 1A/division. The current drawn from 

the fuel cell, 𝐼𝑙 , (upper trace) has DC value of 12.892 A with a negligible magnitude of 

second order ripple (same result as obtained in section 5.4.2).  The load current (lower 

trace) is almost a sinusoidal signal with a frequency of 60 Hz.  

Figure 5.9 shows the time domain representation of the DC-bus voltage (upper 

trace) and the load voltage (lower trace). The DC-bus voltage has been scaled to 

20V/division, and the load voltage to 10V/division. The average DC-bus voltage is 52.289 

V with a decreased magnitude of the second harmonic voltage ripple (4.308 %).  Inverter 

output voltage or the load voltage is now alternating at the fundamental frequency 

(36.67%) with a reduced THD (2.3%).  
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Figure 5.8: Experimental result for the Proposed system with modified inverter control; current 

                   drawn from the fuel cell (upper trace) and load current (lower trace) 

 

Figure 5.9: Experimental result for the Proposed system with modified inverter control; DC-bus 

                   voltage (upper trace), load voltage (lower trace) 
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Hence, the proposed system incorporating the modified inverter control improves the 

output quality by reducing the total harmonic distortion of the output power. At the same 

time, it also causes a decrease in the DC-bus ripple. The second harmonic current 

component imposed on the fuel cell by the single-phase inverter is compensated and the 

current drawn from the fuel cell is ripple free.  

Tables 5.2 and 5.3 compare the experimental results from the three cases, viz., (1)  

Conventional System, (2) Proposed System without Modified Inverter Control, and (3) 

Proposed System with Modified Inverter Control. It can be understood from the two Tables 

that the proposed system has succeeded in eliminating the 120 Hz fuel cell current 

component altogether. Furthermore, the low order ripple current is around 0.02% and 

Besides, modifying the inverter control does not affect the fuel cell current at all. DC-bus 

ripple is reduced to 2.3%, while the output distortion is reduced to 2.3%. Thus, modified 

inverter control technique helps in maintaining the output quality as well. 

Table 5.2: A comparison of the Fuel Cell Current and the Inverter Output Current obtained by  

                  implementing the three systems on HIL, (1) Conventional System, (2) Proposed System 

                  without Modified Inverter Control, and (3) Proposed System with Modified Inverter 

                  Control 

Quantity Measured (1) Conventional 

System 

(2) Proposed 

System without 

modified inverter 

control 

(3) Proposed 

System with 

modified inverter 

control 

Average DC current 

(A) 

12.89          12.892           12.892 

Input current ripple 

(%)  

 31.87          0.02            0.02 

Load Currentp−p (A) 3.9321          3.942            3.921 

Load Current THD 

(%) 

 4.85         4.77            2.3 
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Table 5.3: A comparison of the DC-Bus Voltage and the Inverter Output Voltage by  

                  implementing the three systems on HIL, (1) Conventional System, (2) Proposed System 

                 without Modified Inverter Control, and (3) Proposed System with Modified Inverter 

                 Control 

Quantity Measured (1) Conventional 

System 

(2) Proposed 

System without 

modified inverter 

control 

(3) Proposed 

System with 

modified inverter 

control 

Average DC voltage 

(V) 

54.5 52.3  52.289 

DC- ripple (%)  4.78 4.26 2.308 

Load Voltagep−p (V) 

 

37.6 36.779 36.67 

Load Voltage THD 

(%) 

5.09 4.96 2.3 

 

 

Chapter 5 provided the results from the experimental implementation of the conventional 

fuel cell system and the proposed system. Both the experimental results and the simulation 

results are similar and hence, validate the proposed control system.  
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6. Conclusion and Scope of Future Work 
 

6.1      Conclusion 

 

          In this research work, the problem of the second harmonic current ripple imposed on 

a fuel cell, in a conventional fuel cell system has been identified. This low order ripple 

current drawn from the fuel cell source affects the performance and the life of the fuel cell 

adversely. It reduces the overall reliability and the efficiency of the system. To overcome 

the problem, a modified inverter control for a single-phase fuel cell systems with input 

current harmonic elimination is presented. The proposed system makes the DC-bus 

capacitance supply the second harmonic component, leaving the fuel cell input ripple free. 

To improve the quality of the grid input voltage and current, a modified inverter control 

using a proportional resonant (PR) controller has also been added. The conventional system 

and the proposed system with and without inverter control, have been analysed and 

simulated in SIMULINK-MATLAB. The simulation results have been presented and 

compared. It is found that the proposed system effectively eliminates the low order ripple 

current from the fuel cell source, even with the modified inverter control. Experimental 

verification of the proposed system by a real-time hardware-in-loop, Typhoon HIL 

simulation has been provided. The results from this prototype implementation demonstrate 

the validity of the proposed scheme. It is found that the percentage of the low order input 

ripple current is very low in the proposed fuel cell PES as compared to that in the 

conventional one.  By modifying the inverter control, the presence of the third harmonic in 

the load output is suppressed remarkably. The second order ripple in the DC-bus is also 
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reduced. Though there are some trade-offs in the simulation parameters and the 

experimental implementation, yet the results obtained from both are comparable.  

6.2      Scope of future work 
 

             The control system proposed by this research needs to be tested on a practical 

system. Further advancement is required to make the control more generic and easy to 

apply in any system, irrespective of the load or the source settings. In addition to fuel cell 

power electronic systems, the proposed control can be applied to energy storage systems 

(ESS) and photovoltaic systems (PV) as well.  

The DC- bus capacitance was made to supply the second harmonic component. The single-

phase inverter output had a significant amount of third harmonic which was suppressed by 

the modified inverter control. However, the design of the capacitor to assure improved 

system performance, while mitigating the second harmonic ripple, becomes a challenge. 

Further work can be done to reduce the capacitor to confirm with the present results of this 

research. [19] suggests a method for reducing the size of the capacitor in a PV system. 

Similar approach can be followed for the fuel cell power electronic system.  

           Another improvement to the proposed system can be fine-tuning the PI controllers 

and the PR controller to get more stable and robust control. With all these modifications 

incorporated into the system, the proposed fuel cell power electronic system can be very 

useful in single-phase fuel cell applications. The main advantages of such a system will be 

its reliability, efficiency, performance, flexibility, cost, and size.  
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