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Abstract 

Applied research and development of Fuel Cell (FC) power electronics is 

currently expensive and difficult to carry out due to high cost and lack of flexibility of FC 

stacks. Flexible affordable FC simulators are required to assist the development and 

testing of FC power electronics. Using FC simulators results in significant cost, space, 

and time reductions. It also provides a solution for safety standards problems and 

overcome the major issue of power sizing in FC stacks. A FC simulator can be 

constructed using a power converter that follows a reference signal generated by a FC 

model. The output voltage of the power converter is then controlled to behave according 

to the FC output characteristics. 

This thesis describes in detail the development of two different FC simulator 

systems namely, a stand-alone FC simulator based on an empirical model and a low cost 

Digital Signal Processor (DSP), and real-time FC simulator based on a small single cell. 

A special fast dynamics power converter for FC simulators is designed, taking into 

consideration the dynamic requirements to successfully reproduce the behavior of a FC. 

A control scheme based on switching surface control is investigated to achieve near time 

optimal response in the converter. Laboratory prototypes of the two systems are 

implemented and investigated. It is shown that the first system provides the advantages of 

eliminating the dependence upon a computer, communication cards, and licensed 

software, thus resulting in a small low-cost system suitable for laboratory operation. The 

second system overcomes modeling drawbacks and expands the features of the existing 

designs by replacing the computer model of the FC with an actual small single FC. 

Experimental and simulation results are provided in the thesis to confirm the behavior of 

the simulators. 
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Chapter 1 

Introduction 

Fuel Cells (FC) are power sources that convert electrochemical energy into 

electrical and thermal energy in a clean and efficient manner. Fuel cells have the potential 

to meet a new generation of energy standards comprising low cost, high efficiency, low 

emissions, quiet operation, and ensures energy availability for the future. A basic FC 

arrangement is like a battery consisting of anode and cathode electrodes linked by 

electrolyte. However, unlike batteries, FCs can operate continuously while they are 

externally fed with reactant (fuel). As a result of a chemical reaction at the anode, 

electrons are generated. The electrons circulate externally through the desired electrical 

load towards the cathode producing work. The maximum theoretical potential generated 

by a single FC is 1.23V (Nerds voltage). However, due to several undesirable effects, the 

practical output voltage of a single FC lies below 1 V. As most applications require a 

greater voltage, several single FCs are connected in series to form a FC stack. 

Different types of FCs are currently under development and can be classified into 

three groups by their operating temperature. Solid Oxide Fuel Cell (SOFC) and Molten 

Carbonate Fuel Cell (MCFC) belong to the high temperature category (1000°C and 650°C 

respectively); Phosphoric Acid Fuel Cell (P AFC) operated in a range of medium 

temperatures (150-200°C); and Direct Methanol Fuel Cell (DMFC), Proton Exchange 

Membrane Fuel Cell (PEMFC), and recent developments in Alkaline Fuel Cell (AFC) 

belong to the low temperature group (80°C, 50-100°C, and 25-70°C respectively) [1], [2]. 

1 



FCs can be used in a wide range of transportation, stationary power generation, 

and portable power applications [2], [3]. Application of FC in automotive power trains 

has been receiving more attention in the past years [ 4]. Even though commercial vehicles 

are not yet available, the major automotive companies in partnership with FCs producers 

are developing and testing FC cars. Moreover, some existing FC pilot projects in public 

transportation have proven the advantages of this concept [5]. Recent substantial 

improvements in PEMFC put this technology ahead of the other types of FCs for 

transportation applications. The main advantages of PEMFC are high power density, no 

moving parts, and water as a byproduct. PEMFCs are also being tested in golf carts, 

scooters, underwater vehicles, and light airplanes [6], [7], [8]. 

The stationary power generation segment includes utility power plants, building 

power generation (for hospitals, office buildings, schools, and airports), and low power 

residential applications [9], [10]. PAFC is a mature FC technology that is commercially 

available, which is particularly suitable for stationary power generation. The efficiency of 

electrical power generation of P AFC goes beyond 40%. In addition, a high percentage of 

the steam produced by this FC (-85%) can be used for cogeneration or heating purposes. 

Another important advantage of this FC technology is that it can be fuelled with 

hydrogen that contains carbon monoxide (CO), making the fuel choice more flexible. On 

the other hand, low power density (bulky system) and catalyst cost are some of the 

disadvantages of P AFC. 

Portable power applications are a potential huge market for FCs systems [ 11]. The 

high energy density of fuel and high power density of FCs will allow placing them in 

portable devices and running many hours beyond the existing battery technologies [ 12]. 

Future FC applications include power supply for notebooks, palms/pocket PCs, cell 

phones, pagers, digital and video cameras, as well as other devices currently powered by 

batteries. Since DMFCs have the simplest arrangement and methanol can be easily 

stored, DMFCs are undoubtedly the best candidate for portable power applications. 
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The FC systems described above require several auxiliary equipment to operate in 

addition to the FC stack: fuel management, air management, thermal management, and 

water management [1], [2]. These subsystems are designed to meet specific requirements 

for each FC technology and application. Hydrogen FCs primarily fuelled with 

hydrocarbons also require a complex fuel processor/reformer conversion stage. The fuel 

management subsystem includes pipes, tank, and pressure regulators to control fuel at the 

anode inlet. The air subsystem provides air/oxygen supply management in the cathode. 

An air blower can be used for low pressure supply. However, since high pressure air 

supply improves the overall performance of FCs, an air compressor is required. A liquid 

coolant or water circuit that interconnects the FCs stack to the heat exchanger (or 

radiator) provides thermal management to control the temperature of the FC stack. Water 

management system involves water removal from exhaust gas, storage, and reutilization 

for humidification of the reactant. In addition, if a reformer is used, water is also supplied 

to this stage. 

FC stacks provide unregulated DC output voltage at their output terminals that 

change with the loading conditions. In order to integrate a FC system and application, a 

power management system is required. A power electronics converter is used to adjust 

the unregulated output voltage of the FC to meet the requirements of the specific 

application [13]. Since interaction between the load, power converter, and FC system 

exist, it should be addressed during design stages. In fact, integrated control strategies for 

the FC system and power converter are required to ensure good performance in the FC 

system while complying with the load demands. The design and development of FC 

power electronics is truly a formidable challenge. Furthermore, integrating FC systems 

with power electronics for a specific application is a tradeoff between several factors that 

involve an iterative process. 

Applied research and development in FC power electronics is currently expensive 

and difficult to carry out due to high cost and lack of flexibility of FC stacks and 

subsystems. In general, the size of the FC auxiliary equipment (management of fuel, air, 
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thermal, and water) is related to the size of the FC stack and the associated cost and space 

can be excessive. As a matter of fact, an expensive FC setup might not provide the 

flexibility required in terms of start up time and handling. Furthermore, since the power 

rating of FC stacks cannot be modified, a new FC stack should be purchased to match the 

required power rating. This research and development approach is clearly not convenient. 

For the reasons stated above, flexible affordable FC simulators are required to 

assist the development and testing of FC power electronics. Using FC simulators results 

in a significant cost, space, and time reductions. It also provides a solution for safety 

standards problems and overcomes the major issue of power sizing in FC stacks. 

1.1 Literature Review of Fuel Cell Simulators 

The development of FC simulators has only recently gained attention. A FC 

simulator can be constructed using a power converter that follows a reference signal 

generated by a FC model. The output voltage of the power converter is then controlled so 

that it behaves like the FC output characteristics. The number of FC simulator reported in 

literature to date is very limited. An approach to a FC simulator was published in 2003 

and consists of a power rectifier controlled by a computer model of a PEMFC [14]. A 

Proportional Integrative (PI) controller is employed to control the power converter. A 

SOFC simulator was recently reported using a commercial power supply and a curve 

fitting of the polarization curve [15]. Finally, a FC simulator based on the linearization of 

a PEMFC polarization curve and a Power Factor Corrector (PFC) power converter was 

presented [16]. The control strategy for the PFC power converter is a PI controller. 

It can be inferred from the simulators described in the literature that three main 

components can be identified in a FC simulator: FC model, power converter topology, 
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and the control scheme of the power converter. The following subsections provide a 

detailed literature review for each component ofFC simulators. 

1.1.1 Fuel Cell Models 

Several FC models can be found in the electrochemistry literature. They can be 

classified as mechanistic and empirical models. In order to simplify experimentation, 

most models have been developed using laboratory single FC instead of FC stacks. 

Mechanistic models are based on electrochemical, mass transfer, fluid dynamics, and 

thermodynamics principles. Partial differential equations are employed to include 

dimensions and parameter variations [17], [18], [19]. Successful mechanistic models help 

to predict electrochemical processes and transport phenomena, which are needed to 

achieve further improvements in FCs technologies. Only a few mechanistic models that 

include dynamics have been developed [20], [21], [22]. Finally, dynamic models that 

account for water management have also been developed [23], [24]. The mechanistic 

models listed above have a complex mathematical nature and are solved using time 

consuming computational methods. Unfortunately, none of the existing mechanistic 

models can be solved on real time basis due to technological limitations. Since FC 

simulators are real-time systems, the use of a model with simple mathematical structure 

that can be computed with small effort is needed. 

Empirical models show the advantage of a simplified mathematical representation 

in comparison with mechanistic models. Most empirical models characterize the 

electrical behavior of FC during steady state operation. Kim et al. [25] present an 

approach to represent the steady state polarization curve of PEMFC. Lee, et al. [26] 

obtained an improved model by extending the work in [25] to address the diffusion 

limitations on the cathode. Squadrito, et al. [27] introduced mass transport limitations 

empirically, which is also based on [25]. A semi-empirical approach was presented by 

Pisani [28] and Kulikovsky [29] for PEMFCs. Kulikovsky [30] also presented a semi 
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empirical model of a DMFC by fitting experimental data. A hybrid model that combines 

empirical and mechanistic modeling was proposed for a commercial PEMFC by 

Amphlett eta/. [31 ], [32], [33]. A model that predicts the dynamic transient response for 

the same commercial PEMFC is also proposed by Amphlett eta/. [34]. Based on these 

hybrid models, an attempt to generalize and provide some geometric parameters has been 

proposed [35]. 

From the numerous FC models found in the electrochemistry literature only the 

work by Mann et a/. [35] was included as part of a FC simulator. Correa, et a/. [14] 

incorporated this FC model in a PC to provide a reference voltage to a power converter. 

1.1.2 Converter Topologies 

Four basic classifications of electrical power conversion exist: ACto DC, DC to 

DC, DC to AC and AC to AC. Since FCs are power sources that generate DC output 

voltage, power converters that produce DC output voltage are considered. Hence, ACto 

DC and DC to DC converters are investigated. 

AC to DC converters present the advantage of direct connection to the AC line. 

The simplest way to achieve non-regulated AC to DC conversion is by using a diode 

bridge connected to an output filter. A similar arrangement where the output voltage can 

be controlled is obtained by replacing the diodes with Silicon Controller Rectifiers (SCR) 

[36]. This converter can be used for single-phase (4 SCRs) and three-phase rectification 

(6 SCRs). An LC filter with low cut of frequency is generally used to filter the pulsating 

waveforms generated by the bridge. The FC simulator approach by Correa et a/. [ 14] uses 

a three phase fully controlled bridgerectifier to convert AC to DC. 

Switched mode power supplies (SMPS) offer small weight and size, high 

efficiency, and excellent regulation to obtain DC to DC conversion. Operating SMPS 

with high switching frequency allows small size and weight of passive components 

leading to design with high power density. Three basic topologies can be identified: Buck 

6 



or step down converter that produces an output voltage lower than the input voltage; 

Buck-Boost converter which is capable of voltage reduction as well as voltage increase; 

Boost or step up converter that produces an output voltage higher that the input voltage 

[36], [37]. Other converter topologies derived from the three basic topologies can be 

found: flyback, which is an isolated converter derived from the basic buck-boost 

topology; forward isolated converter derived from the basic buck topology; push-pull, 

which includes two switches and a center taped transformer (derived from buck); half 

bridge that contains two switches (derived from buck); full bridge that contains four 

switches (also derived from buck). Finally, the basic topologies can be used for AC to 

DC conversion. For example, an active rectifier (AC to DC conversion) with power 

factor correction can be obtained by using buck, buck-boost or boost topologies [38], 

[39], [40], [41]. 

Acharya et al. [ 15] proposed a FC simulator that employs a commercial 

programmable power supply from Magna-Power Electronics [42]. Even though important 

information such as transient response time can be found in [42], the topology of this 

power converter is not specified. Finally, Lee et al. [16] presented a FC simulator that 

uses a PFC based on a basic buck topology. 

1.1.3 Control Schemes 

The output voltage of a fully controlled bridge rectifier can be controlled by 

means of adjusting the firing angle of the SCRs [36]. The power converter of the FC 

simulator by Correa et al. [14] has a voltage close loop with a classic PI controller [43], 

[44]. The control strategy used for FC simulator based on a PFC converter [16] is also a 

PI controller. A good approach for the design of controllers for SMPS based on classic 

compensators can be found in [37]. Since a model of the SMPS is required, a state space 

average model should first be obtained [ 45]. 
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State space averaging method has been extensively used in the area of power 

electronics converter control. However, this linear control approach presents some 

disadvantages when compared to non-linear control. In general, non-linear control 

schemes provide improved dynamic response and robustness [46], [47]. In fact, power 

converters are in nature non-linear systems, which can be classified as variable structure 

systems [48]. Hence, power converters can be controlled by sliding mode regime, 

switching surface control, or hysteresis control [47]. Unlike other FC simulators, this 

thesis takes advantage of a non-linear control scheme to successfully reproduce the 

electrical dynamic behavior of FCs. 

1.1.4 Limitations of Previous Fuel Cell Simulators 

As described in the preceding subsections, the FC simulator proposed by Correa 

et a/. [ 14] uses a fully controlled bridge rectifier with PI controller. From the point of 

view of the power converter topology, this system has sluggish dynamic response due 

mainly to the large LC filter required to reduce the low frequency voltage ripple produced 

by controlled rectifier. This filter, with low cut-off frequency, limits the dynamic 

response of the converter and makes the converter bulky. In addition, there is a lack of 

parameter availability for the PEMFC model employed in this simulator. Commercial 

confidentiality is perhaps one of the reasons why FC producers do not release the 

parameters. 

The FC simulator of a SOFC [15] is based on a polynomial curve fitting of the 

polarization curve. Since the polarization curve only represents the steady state behavior 

for a given operating condition (fuel concentration and temperature), this implementation 

is not able to reproduce the dynamic behavior introduced by the double layer capacitance 

phenomenon [ 1]. This leads to inaccurate conclusions for current ripple operation or 

sudden load changes. In addition, the simulators in [14] and [15] depend upon a 
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computer, communication cards, and licensed software, which add cost and increase the 

size of the system. 

Finally, the FC simulator based on a PFC power converter [16] has a serious 

inherent problem with the selected topology. In order to achieve power factor correction 

with a PFC topology, sinusoidal current waveform is extracted from the AC line through 

a rectifier circuit. This current is supplied to the output filter capacitor of the converter 

producing low frequency voltage ripple [36]. Provided that the FC delivers DC output 

voltage with no ripple during steady state operation, using a PFC topology results in a 

poor reproduction of the FC output voltage behavior. In addition, the FC model employed 

in this simulator is based on linear regression fit of the polarization curve. This approach, 

not only departs from the highly non-linear characteristics of FCs polarization curve, but 

also neglects the dynamic effect introduced by the double layer capacitor. 

In order to obtain a good reproduction of the electrical dynamic behavior of a FC 

two preliminary conditions should be fulfilled: 

• The double layer capacitor should be included in the model to accurately 

model the dynamic behavior of the FC. 

• The converter should have a fast dynamic response that minimizes error 

during transients or current ripple operation. 

In a FC simulator with an ideal power converter, the accuracy of the emulation depends 

upon the FC model. On the other hand, the performance of the FC simulator using an 

ideal model is limited by the response of the power converter. Given that neither an ideal 

power converter nor a perfect FC model can be achieved, the overall performance of the 

system will be determined by a proper choice of power converter and FC model. For 

example, the FC simulator proposed in [14] is inherently limited by a sluggish power 

converter, whereas the FC simulator in [15] cannot be used to evaluate dynamic response 

due to the nature of the model. A review of the literature shows that the dynamic 

behavior of FCs is not well understood. For this reason it is first necessary to investigate 

the dynamic characteristic of the FC before attempting to design the FC simulator. 
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1.2 Thesis Objectives 

Evaluation of the few available literature on recent development of FC simulators 

reveals limitations associated with modeling accuracy and power converter performance. 

The main objective of this thesis is to develop a FC simulator system that provides 

improved accuracy while enhancing the realism of the emulation. To this end, the 

following components that determine the effectiveness of a FC simulator will be 

addressed throughout the thesis: FC model that provides reference signal to the system, 

topology of the power converter, and selection of the control scheme for the power 

converter. 

The electrical behavior of an actual FC will be first studied and analyzed with the 

objective of gaining insight into the steady state and dynamic operating characteristics of 

FCs. The experimental results obtained through this study will be used to provide 

understanding of the parameter of a FC generic model. The power converter topology 

selection and its control strategy will be addressed considering the experimental dynamic 

response of the FC under different types of load. Finally, two different approaches to a 

FC simulator will be presented. 

1.3 Thesis Organization 

The development of the FC simulator is organized into vanous units and 

presented in seven chapters for easy reading and quick access to specific information. 

The thesis begins with the problem definition, literature review, and thesis objectives in 

chapter 1. 

Chapter 2 contains the study and analysis of the electrical behavior of a Direct 

Methanol FC (DMFC) by focusing on the electrical dynamic characterization of a single 

DMFC. The results from laboratory tests on a single DMFC are presented. These results 

provide insight into the dynamic behavior of the DMFC and an understanding of the 

parameters that are used to model the DMFC. 
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The development of a special Electronic Load (EL) for FC systems is presented in 

chapter 3. This low cost EL was used to perform custom automated tests on the FC and 

the power converter throughout the work. The EL plays an important role as part of the 

hardware in the loop concept described in chapter 6. 

In chapter 4, the development of a fast dynamics power converter for FC 

simulators is described. The power converter was designed taking into consideration the 

dynamic requirements to successfully reproduce the behavior of a FC. A control scheme 

based on switching surface control is first investigated and then employed to achieve near 

time optimal response in the converter. 

A stand-alone FC simulator based on an empirical model and a low cost Digital 

Signal Processor (DSP) is presented in chapter 5. The system provides the advantages of 

eliminating the dependence upon a computer, communication cards, and licensed 

software, resulting in a small low-cost system. Experimental results in a laboratory 

prototype presented in the chapter show that the simulator accurately emulated the steady 

state and dynamic behavior of an actual FC under constant current steps loading 

condition. 

In chapter 6 a novel real-time FC simulator based on a small single cell is 

proposed. This system overcomes modeling drawbacks and expands the features of the 

existing designs by replacing the computer model of the FC with an actual small single 

FC. 

Chapter 7 presents the conclusions of the thesis and recommendations for further work. 
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Chapter 2 

Dynamic Behavior of a Direct Methanol 
Fuel Cell 

Fuel cells (FC) are devices that convert electrochemical energy into electrical and 

thermal energy. Among several types of fuel cells, Direct Methanol Fuel Cells (DMFCs), 

also known as Alcohol-fed Fuel Cells, are considered more practical than hydrogen based 

cells for portable applications. The main reason is that the number of additional 

equipment required to run the cell is reduced to minimum and the possibilities of storing 

methanol is more convenient. A brief overview of the electrochemical process of the 

DMFC is presented in the chapter with a view to obtain a generic electrical model of the 

FC. 

The aim of this chapter is to clarify the electrical behavior of DMFC by focusing 

on the electrical dynamic response of a single DMFC. Even though dynamic 

experimental results of FCs have been included in previous work [33] [34], this chapter 

presents extended experimental results from an electrical point of view to cover the most 

important expected dynamics. Since the selected DMFC setup is well known and has 

been extensively used in electrochemistry laboratories [80], it is not in the scope of this 

work to undertake performance comparison of this standard arrangement with other FC 

setups or membranes. Instead, the characterization of the dynamic behavior is addressed. 

Discussions regarding the operating points, power extraction, and FCs model are also 

included. The work described in this chapter was presented at Newfoundland Electrical 

and Computer Engineering Conference (NECEC) in 2004 [49]. 

A fast dynamic electronic load was a part of the requirement to perform the 

experiments. For this reason, a flexible FC electronic load was built and is described in 
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detail in chapter 3. This chapter illustrates the DMFC dynamics behavior to clarify "what 

can be expected" from a fuel cell before starting any power electronics design. 

2.1 Direct Methanol Fuel Cell Description 

Figure 2.1 shows the cross-section of a DMFC, where three different types of 

layers can be identified as: Polymer Electrolyte Membrane (PEM) in the center, catalyst 

coated porous electrodes for methanol oxidation in the anode, and oxygen reduction in 

the cathode. These three components comprise the DMFC Membrane Electrode 

Assembly (MEA). The PEM is a perfiuorosulfonic acid based polymer (Nafion), the 

anode catalyst is a Platinum-Ruthenium (Pt-Ru) alloy, and the cathode catalyst is Pt 

black. The Pt-Ru and Pt catalysts are spread onto a porous carbon fiber to form the 

conductive electrodes of the anode and cathode respectively. 

C~OH+ 
~O+C02 

Anode 
+ 

cnpH+Hp 

Hp+AIR 

Cathode 

AIR 

Fig. 2.1 Cross-section ofthe DMFC 

Figure 2.2 shows a picture of a 5.3 cm 2 MEA including the PEM and the two 

electrodes. The MEA is placed between plates that contains channels for fuel or air 
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distribution and provides electrical contact with the porous electrodes. Figure 2.3 shows a 

picture of internal view of the plates where the small channels can be identified. 

Fig. 2.2 Electrode Membrane Assembly: PEM, anode and cathode porous electrodes 

Fig. 2.3 FC plates: anode (left) and cathode (right) 

As the name suggests, the DMFC is directly supplied with methanol and water 

through the reactant channel of the anode plate. The fuel reaches the catalyst layer where 

the chemical reaction occurs resulting in carbon dioxide, protons, and electrons. The 

protons are transported through the PEM towards the cathode. The electrons circulate 

externally through the desired electrical load towards the cathode producing work. Since 
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the cathode is fed with air, the proton and electrons that reach the cathode reduce the 

oxygen in the air to form water. The electrochemical reaction in the anode of the DMFC 

can be described as 

where (l) is liquid state and (g) is gaseous state. On the cathode side the reaction is 

Finally, the overall reaction is given by 

Overall: (2.3) 

2.1.1 Fuel Cell Model 

A generic FC model involving the electrochemical phenomena is described 

below. As can be seen in Fig. 2.2, the generic FC model can be represented as an 

electrical circuit. The ideal voltage developed by E corresponds to Nerds equation that is 

a function of the fed methanol concentration. The theoretical predicted value lies around 

1.23V for a single cell. However, a typical practical open circuit output voltage stays 

below 0.8V. Several effects cause a voltage drop or irreversibility, namely, activation 

losses (Taffel equation), fuel crossover and internal currents, ohmic losses, and mass 

transport. A simple general equation gives a conceptual description of all the effect 

combined [1], [35]: 

(2.4) 

The second term ~Vollmic represents the voltage drop due to the electrodes 

resistance (electrons) and membrane conduction properties (protons). The third term of 
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the equation !). VAct corresponds to the activation of the anode and cathode, which 

depends primarily on the cell temperature, the catalyst effectiveness, and the roughness of 

the electrodes. Finally, f).Vrrans is due to a change of the concentration of the reactants in 

the region of the electrodes. In addition, there is an important element known as "charge 

double layer" closely related to the electrical dynamic behavior of the FC. An equivalent 

capacitor C was found suitable to represent this phenomenon [1]. The action of the 

equivalent capacitance in conjunction with /). VAct and /). Vrrans is described as follows: 

(2.5) 

where i
0 

is the FC output current, and Ra is a non-linear resistor that produces both 

/). VAct and /). Vrrans drops during steady state operation. 

The resulting electrical equivalent model of the FC is shown in Fig. 2.4. For a 

given operating condition, i.e. specified temperature, fuel concentration, and air flow, the 

parameters in the model will remain constant, except for the non-linear resistor which is a 

function of the FC output current i
0

• A change in the operating conditions produces a 

change in the values of the model parameters. 

Figure 2.5 shows the output characteristics or polarization curve of the FC model 

under steady state operation. The curve shows the non-linear effect of the resistance Ra. 

b.V Act + b. V n-an, b.Vohmif: 
+ + lo .. 

Rohmif: + 

E 

1 
vo 

0 

Fig. 2.4 Electrical equivalent model the FC 
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Fig. 2.5 FC polarization curve 

2.1.2 Fuel Cell Setup Description 

The single FC used in this research is of a DMFC type and is shown in Fig. 2.6. It 

was made available to us at the Chemistry Department, Faculty of Science. The Anode, 

consisting of 4 mg I cm2 Pt/Ru blank and 15% Nation and 14% PolyTetraFluoroEthylene 

{PTFE) on Toray carbon fiber paper, was donated by H Power Corp. The cathode, 

donated by Ballard Power Systems, consists of 4 mg I cm 2 Pt black on PTFE treated 

Toray carbon fiber paper. Before its operation Nafion115 membrane (Aldrich) was 

cleaned using 5% H202(aq), 1M H2S04(aq) (1 hat 60-80°C in each solution) and water. 
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The membrane and electrodes (5.3cm2
) were placed into brass die and pressed for 3 min 

at 130°C with Carver Laboratory Press (model M) under 155 kg/ cm 2 pressure. 

The MEA was evaluated in a commercial 5.3 cm 2 active area cell fed with 1 Mol 

aqueous MeOH at 0.15 mL/min and dry air at fixed flow rate of75 mL/min Experiments 

were conducted at a cell temperature of 60+/-1 °C. Several tests were performed to 

determine the dynamic behavior of the fuel cell. 

Fig. 2.6 DMFC experimental setup 

2.2 Dynamic Behavior of the Fuel Cell 

For the FC setup described above the steady state polarization curve basically 

depends on the cell operating temperature, methanol concentration, and flow rates 

(operating conditions). A change in the operating conditions modifies the performance of 

18 



the FC, and hence the polarization curve. It should be pointed out that the transition from 

a given polarization curve to another is sluggish. The main reason for this behavior is that 

a mechanical actuator with slow response is used to change the FC operating conditions. 

Hence, a fast dynamic response of this power source should not be expected by means of 

modifying the operating conditions. However, a dynamic behavior of the FC exists when 

the output current changes for fixed operating condition. A number of step tests described 

below were performed to determine the dynamic behavior of the fuel cell. In this section 

the dynamic behavior of the single DMFC is investigated for the following operating 

conditions: 

• 1 M aqueous MeOH at 0.15 mL/min 

• Dry air at fixed flow rate of75 mL/min 

• Cell temperature at 60+/-1 °C. 

The goal of the investigation is to characterize the behavior and determine the 

operating limits of the FC for step changes in the output current, output power demands, 

sudden resistive load changes, and current ripple operation. 

2.2.1 Current Steps 

The experimental results described in this section were performed using the 

electronic load for FC systems described in chapter 3. The electronic load is programmed 

to force a constant current at the output of the FC. As a result of the current demand, the 

FC output voltage changes dynamically. Figures 2.7 and 2.8 show the experimental 

results obtained for a series of current step tests. The FC under test was able to cope with 

the sudden current demands, delivering the output current immediately. The bold line of 

the v-i graph of Fig.2.7 represents the steady state polarization curve. The Operating 

Point (OP) after a transient completion should therefore lie on this steady state curve. The 

dashed curve on the v-i graph corresponds to the OP trajectory or dynamic path for the 
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series of current steps. The initial OP starts at 20 rnA and 650 rn V . Once the first current 

step is applied, the OP "jumps" to the demanded 100 rnA while the voltage decreases to 

625rnV. Thereafter, the OP remains at a constant current locus of 100rnA and in steady 

state the voltage settles to 500rnV. For the remaining current steps the OP continues 

behaving in the same fashion. Two important points can be highlighted from this 

experiment: 1) The FC is able to adjust its output current instantaneously to match the 

current demand, and 2) the OP can depart significantly from the steady state polarization 

curve during transients. Since the area under the OP represents the instantaneous output 

power of the FC, its trajectory during current steps transients reveals output power 

beyond and below the steady state power availability. It can be noticed from Fig. 2.7 that 

positive current steps (i.e. from 100 rnA to 200 rnA) lead to a transitorily OP over the 

polarization curve, thus providing extra power during transients. On the other hand, 

negative current steps (i.e. from 200 rnA to 100 rnA ) result in a transitorily OP below the 

polarization curve leading to a reduced power delivery during transients. 

CURRENT S1EPS 
1000~-----;------.------.------.-------.---~=c====~ 

-Steady 

800 

200 

100 200 

Constant 
Current locus 

300 400 
Current [m.A] 

- - Dynamic 

500 600 

Fig. 2.7 The dynamic response of the DMFC to a series of current steps: v-i plot. 
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The v-i plot presented in Fig. 2. 7 provides a simple approach to represent both the 

steady state polarization curve and the trajectory of the OP during transients without time 

as a variable. In order to clarify the time evolution of the FC dynamics, a time domain 

plot is included in Fig. 2.8. In the same way as Fig. 2.7, the initial current step of Fig. 2.8 

starts with 20 mA and increases to 100 mA for t = 0 . The FC output voltage starts at 

650 m V and decreases during the transient until it reaches 500 m V. A second current step 

from 1 00 mA to 200 mA is applied for t = 6 s and the output voltage decreases again as a 

result of more output current. For the remaining positive current steps, the voltage 

continues to reduce until it reaches the steady state value. When t = 36 s a successive 

negative current steps start resulting in an increase of the output voltage. The voltage 

transient for each current step (both positive and negative) seems to behave like a first 

order system with a time constant of -1.5 s except for the very first and last current steps. 

This is due to the highly non-linear nature of the FC in the low current region. The 

instantaneous power evolution is also shown in Fig. 2.8 with a thin line, which shows 

instantaneous peak power beyond steady state power for positive current steps, and 

instantaneous power below steady state power for negative current steps. 
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~ 
.! 
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Fig. 2.8 The dynamic response of the DMFC to a series of current steps: 

Time domain plot. 
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2.2.2 Constant Power Steps 

A test of constant power steps was performed with the objective of clarifying that 

the DMFC can cope with the sudden power demands within its power limits. Further 

comments about peak power availability beyond the maximum power point are included 

at the end of the chapter. 

Figure 2.9 and 2.10 depict the v-i and time domain plots for this test. The dashed 

line on the v-i plot shows the trajectory of the OP for consecutive power steps demand 

( 52.4 m W, 86.0 m W, and 104.5 m W ). The initial OP, located at the top of the steady state 

curve, denotes a no-load condition. When the first power step demand is applied the OP 

"jumps" to the corresponding constant power locus. After that the OP progressively 

moves towards the intersection between the power locus and the steady state polarization 

curve. The remaining power steps behave in the same way. The time domain plot shows 

how the current increases to compensate for the progressive voltage reduction until the 

final OP is reached after a transient of 17 seconds for the first step and about 3 seconds 

for the following steps. 

POWER STEPS 
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Fig. 2.9 The dynamic response of the DMFC to a series of power steps: v-i plot 
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Fig. 2.10 The dynamic response ofthe DMFC to a series of power steps: 

Time domain plot 

2.2.3 Resistive Steps Test 

This test was conducted by performing sudden resistive changes and is intended 

to explain the behavior of the FC under a simple load resistance variation. The 

experiment was performed with 4.760 for the first step, followed by 2.110, 1.110, 

0.640, 0.410, and 0.210. The experimental results are depicted in Fig. 2.11 and 2.12 

for v-i plot and time domain plot respectively. The application of a resistive load to the 

FC forces the OP on the v-i plot to stay at some point on the corresponding constant 

resistance locus (straight lines through the origin). At the beginning of the transient, the 

OP lies far from the steady state polarization curve. Thereafter, the OP is directed 

towards the polarization curve following the trajectory of the constant resistance locus. 

When the following step change in resistance is applied, the OP is forced to ''jump" to a 

new constant resistance locus as can be appreciated on the v-i plot of Fig. 2.11. While the 

dashed line on the v-i plot represents the OP dynamic trajectory, the time domain plot of 

Fig. 2.12 gives more insight into the transient duration. The voltage transient for each 

resistive step shows a time constant of about 1.5 s except for the very first step in the low 
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current region. This is due to the highly non-linear nature of the FC for light loading 

conditions. 
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Fig. 2.11 The dynamic response of the DMFC to a series of resistive steps: 

v-i plot. 
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Fig. 2.12 The dynamic response of the DMFC to a series of resistive steps: 

Time domain plot 
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2.2.4 Current Ripple Test 

Fuel cell inverters are included among the promising applications for FC systems. 

Portable inverters, distributed power generation, Uninterruptible Power Supplies (UPS), 

avionics inverters, are some of the application areas of FCs [50], [51]. AC current ripple 

on the DC power source is inherent to single-phase and three-phase inverters. For single­

phase inverters, the frequency of the ripple is double the frequency of the output voltage. 

Commercial FC behavior under 120Hz current ripple has been recently evaluated [52] 

and an analysis of its impact on the FC is still under study [53]. A conceptual 

understanding of the issue is essential for power electronics designers. Eliminating the 

ripple could imply a large FC output filter or an additional power electronics converter 

for the system. 

Experimental results and discussion for a better understanding of the current 

ripple effect are presented in this section. Fig. 2.13 shows a v-i plot with a DC OP at 

325 mA with a superimposed 25Hz and 400Hz current ripple. Each frequency was tested 

individually but the plot includes an overlap for the two tests. Fig. 2.14 is a zoom-in of 

the previous v-i plot, which highlights the difference between the 25Hz and 400Hz tests. 

It can be noted that the current ripple for both frequencies has the same average value and 

both amplitudes are 50% of the declared central OP of 325 mA . 
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Fig. 2.13 DC+AC current test of the DMFC for 25Hz and 400Hz: v-i plot 
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As can be seen in the 400Hz test, the slope and the amplitude of the hysteresis 

trajectory are reduced. This leads to an increase in the output power availability in 

comparison with the 25Hz case. The hysteresis behavior, which denotes a phase 

difference between the output current and voltage, is associated with the double layer 

capacitor. If the frequency of the current ripple increases further, the hysteresis behavior 

disappears (the double layer capacitor impedance is significantly reduced) and the 

trajectory becomes a straight line with a slope (due to the R011mic effect). This results in an 

increase of the output power. However, the average output power with current ripple 

always stays below the output power for the DC operating point. This is explained by the 

fact that the average current value for DC and DC+AC is the same and the only way to 

achieve the same output power is with a completely horizontal trajectory (constant 

voltage), which is not feasible due to the R011mic effect. Fig 2.15 shows the time domain 

plot for the test already explained. The difference in voltage excursion is better 

appreciated in this graphic. 
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Fig. 2.15 DC+AC current test ofthe DMFC for 25Hz and 400Hz: Time 

domain plot 
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The power extraction for different current ripple amplitude and frequency as a 

percentage of the power without ripple is presented in Fig. 2.16. The test was performed 

for amplitudes of 10%, 30% and 50% of the DC OP (325mA). The curves show the 

decrease in power extraction when the amplitude of the ripple increases. An increase in 

the frequency of the current ripple helps to increase the power extraction. Hydrogen 

fuelled FCs, also known as Proton Exchange Membrane FC (PEMFC), reported similar 

effects. [52]. 
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Fig. 2.16 FC power extraction with current ripple as a percentage of the 

power extraction without ripple. 
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2.3 Experimental Results and the Fuel Cell Model 

The electrical model of the FC introduced in section 2.1 provides a reasonable 

model representation of the real FC considering its simplicity. However, obtaining those 

electrical parameters requires dealing with instrumental methods in electrochemistry [54]. 

In particular Ra is highly non-linear and depends upon the OP. In addition, for low 

current OPs the model deviates from the actual FC behavior. The following discussion is 

intended to provide a qualitative analysis of the experimental results from the viewpoint 

of the generic electrical model of the FC. 

An inspection of the generic model presented in Fig. 2.4 reveals that any sudden 

current demand is transitorily driven by the double layer capacitance (C). This means 

that the resistor Ra is by-passed while C is being charged. Tests on the actual FC shows 

that a sudden change in the current demand produces an instantaneous voltage drop on 

the FC, which can be associated with the model drop due to R0 ,mic • Thereafter a first 

order voltage transient can be observed according to the capacitor charging process. 

During steady state operation, the capacitor is charged and its voltage is ~.VAct + ~ Vrrans , 

which is the product i
0 

• Ra. There is also evidence to support the idea of an almost 

constant R011m;c since every current jump is associated with a constant slope trajectory on 

the v-i characteristic. With respect to the hysteresis trajectories under current ripple 

operation, there is some coincidence between the model and the actual behavior. The 

hysteresis on the v-i plot is basically due to current and voltage phase shift. The current 

ripple is leading in relation to the voltage for frequencies where C has impedance in the 

order of Ra value. For a current ripple with a very low frequency (i.e. O.lHz) the C is 

neglected and the OP trajectory follows the steady state curve determined by Ra (non­

linear) and R011mic. On the other hand, a high frequency current ripple (i.e. 1kHz) defines 
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a linear OP trajectory. The slope of the trajectory corresponds to the R011mic effect but the 

pivot point is still the DC OP over the steady state polarization curve. 

2.3.1 Peak Power Availability 

Peak power availability beyond the maximum power point was detected during 

the experimental tests. Whenever the OP is below the maximum power point, a sudden 

current demand could force the OP to "jump" to a location where the instantaneous 

power is greater than the maximum power point. An explanation from the point of view 

of the model suggests that the transient lasts while C is charged to the Ra final potential. 

Fig. 2.17 shows a constant current step that is able to extract a peak power that is twice 

the maximum steady state power point. The final location of the OP over the steady state 

curve corresponds to the maximum power point. The area under the OP trajectory is the 

instantaneous power delivered by the FC. The thin dashed line on the v-i plot shows the 

output power vs. current for the steady state operation (not during transients). A time 

domain plot is included in Fig. 2.18 to clarify the transient evolution. 
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I 
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Fig. 2.17 FC peak power extraction from no-load to 400mA: v-i plot 
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Fig. 2.18 FC peak power extraction from no-load to 400mA: Time domain plot 

2.4 Summary 

The dynamic behavior of a Direct Methanol Fuel Cell has been described, 

providing a clarification of the most expected dynamics with a simple approach. The 

electronic load used to perform the experimental dynamic test on the FC is described in 

Chapter 3. The experimental results were discussed and used to examine the accuracy of 

the generic dynamic model of the FCs. The experimental results are also used in chapter 

4 to evaluate the dynamic requirements of the power converter to successfully reproduce 

the behavior of a FC. 
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Chapter 3 

Electronic Load for Fuel Cell Systems 

Measurement instruments for FC characterization, which are commercially 

available [55], mainly focus on electrochemistry techniques such as impedance 

spectroscopy and voltammetry. The main drawbacks of these instruments are lack of 

flexibility and high cost. Such instruments cannot be reprogrammed to perform custom 

automated tests. In this chapter, a special Electronic Load (EL) developed for FC 

characterization is presented. 

The special features of the EL developed to perform the tests described in Chapter 

2 are described. The EL design includes three basic components: power stage, 

instrumentation, and control software. In addition, two different versions of the EL 

employed during the course of this research are also covered in this chapter. 

3.1 Hardware Description 

The EL presented in this chapter is an embedded system that consists of a 

combination of hardware and software with the particular purpose of measuring FC's 

dynamic behavior. This section provides a description of the hardware that includes a 

power stage, instrumentation, and interface with a PC. 
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3.1.1 Power Stage and Instrumentation 

Fig. 3.1 shows a conceptual schematic of the EL that includes the following 

components: 

• Controlled current source 

• Signal generator 

• Signal conditioning stage 

FUNCTION ~ 
GENERATOR _____,._ ~ 

"\,. f""L /'y 

+ 

SHUNT~ 

Controlled current source Signal conditioning 

Fig. 3.1 Schematic of the electronic load power stage and instrumentation 

The schematics ofFig. 3.1 can be divided into two parts: controlled current source 

on the left side of the dashed line, and signal conditioning stage on the right side of the 

dashed line. The current source operates according to its reference voltage V,. supplied by 

the function generator/PC. Provided that the operational amplifier inverting input follows 

the non-inverting input, it is expected that 

(3.1) 

The output voltage of the operational amplifier drives the MOSFET in such a way that 

the voltage developed across the shunt resistor (vs) matches the reference voltage (vr). 
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Thus, the MOSFET behaves like a variable resistor. This is achieved by controlling it 

over the linear region of its operating curve. When the reference voltage Vr = 0, the EL 

behaves like an open circuit. For Vr > 0 the EL varies its equivalent resistance, dissipating 

the power extracted from the FC into heat across the MOSFET and the shunt resistor. The 

fuel cell output current is given by 

Vs Vs 
I =--=--ceu R R 

SHUNT SHUNT 

(3.2) 

As can be seen in the experimental results in Chapter 2, the single FC provides an 

output voltage close to 1OOm V at maximum output current of 600 mA in steady state 

operation. For this reason the MOSFET and the shunt resistor requires values in the order 

of mn . Finally, a variable resistor is included in the design to allow the FC to be tested 

under resistance step changes. This is achieved by closing a relay as shown on Fig 3 .1. 

Current measurement is obtained by means of the voltage developed across the shunt 

resistor, while voltage measurement is taken directly from the FC terminals. The signal 

conditioning stage contains ultra-low offset operational amplifiers (AD8554) that adjust 

the current and voltage measurement to the required levels for Analog to Digital 

Converter (ADC) interfacing. Figure 3.2 shows a picture of the prototype described in 

this section. 

3 .1.2 Interfacing with a PC 

TheEL is connected to a PC through a RTI815 acquisition board. The RTI815 is 

equipped with 12 bits DAC and ADC, providing a good resolution for data acquisition 

and operation of the EL. The conceptual schematic of the complete system is shown in 

Fig. 3.3. The PC can control the function generator frequency and provide a reference 

voltage ( Vfj) to the EL power stage. A 'C' language software routine runs in the PC, 

controlling the EL in order to extract power out of the FC and perform the acquisition of 
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the current and voltage measurements. This arrangement allows the fuel cell to operate 

within its limits during dynamic operation and also ensures a complete record of the 

current and voltage transitions. 

Fig. 3.2 Electronic load prototype 

~ 
ADCl >4 o(vcellA) 
ADC2 -4----0(IcellA) FUNCTION 
DACl GENERATOR 

10 n- DAC2 ~ ""v rt..J "'v 

Fig. 3.3 Conceptual schematic of the electronic load 
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3.2 Description of the Software and Methodology 

The EL system control and user interface was entirely programmed using 'C' 

language to provide a remarkable flexibility to the system. Among other features, the 

software is able to perform the following tasks: 

• Determination of steady state polarization curve 

• Current step tests 

• Resistive load step tests 

• Power step tests 

• Current ripple tests (function generator is used in these tests) 

The determination of the steady state polarization curve involves the acquisition 

of the steady state voltage and current values for a range of operating points (from the FC 

zero current to its maximum current). The time interval for each operating point 

measurement is typically 3 minutes to allow the OP to settle. The complete polarization 

curve routine could take several hours depending on the expected resolution (number of 

operating points). This routine starts measuring the open circuit output voltage of the FC. 

Thereafter, the EL is excited to extract a small current from the FC, waiting for a 3-

minute time interval, and finally measuring the FC output voltage. A further increase in 

the current extraction is performed every 3 minutes and the voltage is measured until the 

maximum current of the FC is reached. 

Current step tests are based on a pre-programmed routine that forces the cell to 

provide a desired current step change (i.e. 1 00 rnA to 400 rnA step). The procedure 

simply changes the EL reference signal while the FC current and voltage are being 

acquired. 

Resistive load step test is a partially manual controlled test. First, the value of the 

passive load resistance is calibrated by hand. Once this is ready, the software routine 
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enables the relay that connects the FC to the resistive load performing the acquisition of 

its voltage and current transient. 

Power step tests require a more complex routine. The EL current reference signal 

(and thus the FC output current value) is set dynamically under a closed loop digital 

control strategy to meet a desired FC output power (i. e. Om W to 200m W step). 

Finally, the current ripple test allows the FC to be tested under DC+ AC current 

ripple. The routine controls the function generator that provides the reference signal of 

the EL. This type of test is particularly useful to: a) evaluate the effect of current ripple 

operation (Chapter 2), and b) obtain the FC impedance characteristic (not covered in this 

work). 

For all the described tests the voltage and current measurements are saved on a 

disk, and displayed on the screen. 

3.3 An Advanced Electronic Load for Fuel Cell Systems 

The operation and handling of FCs involves dealing with several additional 

equipment such as pumps, tanks, regulators, and piping interconnections. Since these 

laboratory FC systems are inherently bulky, it is desirable to have a small handy EL 

system that simplifies testing operations. Unfortunately, the EL approach presented in 

section 3.2.2 does not meet these requirements. The main disadvantage of this scheme is 

that the PC should be placed in proximity to the EL circuit board (and thus the FC) due to 

the analog interfacing. In addition, the PC should be completely dedicated to run real­

time routines during tests, forcing the user to use an additional PC in a limited laboratory 

space. 

An advanced EL is proposed to overcome these disadvantages. A Digital Signal 

Processor (DSP) controlled board was added to the existing EL board providing enhanced 

features. The DSP board was constructed with a low cost TMS320C DSP, which includes 
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Control Area Network (CAN) peripheral, Analog to Digital Converters (ADC), and 

Serial Peripheral Interface (SPI) that allow connectivity with TLV5636 fast serial Digital 

to Analog Converter (DAC) [56], [57], [58], [59]. Figure 3.4 shows a conceptual diagram 

of the proposed DSP based EL. 

DSP 
Rx 

·I Tx SERIAL 
SPI .. ~ DAC 

+ (vcellA) 

~ 
~ 

SHUNT 

Fig. 3.4 Conceptual schematic of the DSP based electronic load 

This special circuit provides effective parameter measurements and control of the 

EL power stage at a low cost with the additional advantage of the real-time processing 

capability of the DSP. The connection between the EL module and any other equipment 

is performed through glue-less 2 wires CAN bus [60], [61] that ensures robust high-speed 

data transmission under noisy electrical environments. Real-time tasks are performed by 

the DSP so that the PC, distantly located, can be used for any other purpose during tests. 

Figure 3.5 and 3.6 show pictures of the enlarged top and bottom view of the DSP board 

prototype. Finally the advanced EL for FC systems is shown connected to a DMFC in 

Fig. 3.7. 
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Fig. 3.5 DSP board top view 

Fig. 3.6 DSP board bottom view 
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Fig. 3.7 The advanced electronic load 

A more powerful EL was required to test the power converter described in chapter 

4, which is a critical part of the FC simulator proposed in this thesis. Moreover, the final 

version of the FC simulator also required testing with an EL. In order to expand the 

power range of the advanced EL, a bigger power module was constructed. The expanded 

advanced EL with increased power capability is used to perform transient response tests 

presented in chapters 5 and 6. The principle of operation of the expanded advanced EL is 

similar to that of the basic EL described in section 3.1. Figure 3.8 shows a picture of the 

power stage of the expanded advanced EL. 
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Fig. 3.8 Power stage of the expanded advanced electronic load 

3.4 Summary 

A low cost flexible Electronic Load (EL) for FC systems has been described in 

this chapter. This special EL design allows custom automated tests of the FC. The special 

features of the Electronic Load, such as power module expansion, and CAN bus 

communication with DSP-based control makes this system very attractive for FC as well 

as power supplies testing. Furthermore, the proposed EL is used to test the power 

converter described in chapter 4, and the entire FC simulator systems presented in chapter 

5 and 6. Finally, the EL plays an important role as part of the hardware in the loop 

concept of chapter 6. 
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Chapter 4 

Fast Dynamic Power Converter for Fuel 
Cell Simulators 

Emulation of the electrical dynamic behavior of a FC can be achieved using a 

power converter with special characteristics. A suitable power converter design requires a 

complete evaluation of the dynamic response of the FC. As a general rule, the power 

converter should have at least a dynamic response comparable to the FC response. Failing 

to do so results in misleading reproduction of the FC behavior. This chapter takes into 

consideration the dynamic requirements of the power converter to successfully reproduce 

the behavior of a FC. 

The analysis of the dynamic requirements of the power converter is based on the 

results obtained from the experimental testing of single FC under different loading 

condition as presented in chapter 2. The topology of the power converter is selected 

based on reversible power flow capabilities, switch utilization, and possibility of using a 

non-linear control strategy. The switching surface control strategy which belongs to the 

class of non-linear control based on variable structure theory has been shown to produce 

a better transient response than traditional small-signal based controller [62]. Details of a 

general procedure for the selection of a curved Switching Surface (SS) to control the 

Buck type converter are presented in this chapter. The analysis associated with the 

control strategy is based on the normalized representation of ideal SSs for different 

loading conditions. As a result of the investigation, a switching surface, referred to in this 
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work as the elliptic natural unloaded SS is selected. This SS is shown to provide excellent 

transient behavior and no overshot during start up. Experimental results of the converter, 

including start up and resistive sudden load change, confirm the virtues of this control 

scheme. Finally, the implementation of the control strategy using a fixed point Digital 

Signal Processor (DSP) is described. 

4.1 Analysis of the Power Converter Dynamic 

Requirements 

Of the various transient responses presented in chapter 2, the FC operation under 

current ripple is the one that produces the fastest change in the FC output voltage. For 

convenience the characteristic of the FC under current ripple, discussed in chapter 2 is 

reproduced in Figs. 4.1 and 4.2. This behavior is particularly important since FC inverters 

(which produce current ripple) are essential components for the application of FC 

systems (portable power source, distributed power generation, UPS, avionics supply). 

The time domain plot of Fig. 4.2 shows how the single FC output voltage swings when 

DC current with ripple is extracted from the cell. The power converter output voltage that 

emulates the FC stack should tightly follow the voltage swing with a minimum phase 

shift. Failing to do so will result in misleading reproduction of the FC equivalent double 

layer capacitance. This may lead to wrong conclusions about the current ripple effect, 

which is related to a reduction in the FC output power [52]. 

In accordance with the experimental results of Fig. 4.1 and 4.2, the power 

converter must have a frequency response for large signal with unity gain and negligible 

phase margin beyond the expected current ripple frequency (i.e. 120Hz). 
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Fig. 4.1 DC+AC current test ofthe DMFC for 25Hz and 400Hz: Zoom ofthe v-i plot 
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Fig. 4.2 DC+AC current test of the DMFC for 25Hz and 400Hz: Time domain plot 
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4.2 Power converter Topology selection 

The power converter that emulates the behavior of the FC should have a fast 

dynamic response as explained in section 4.1. Two different converter categories are 

investigated in this section: the isolated converter and the non-isolated converter. It is 

demonstrated that the basic isolated converter experiences problems in reproducing the 

behavior of a FC. On the other hand, it is shown that a non-isolated converter with 

reversible power flow capabilities complies with the topological requirements to emulate 

the behavior of a FC. 

4.2.1 Isolated DC/DC converter 

Isolated DC/DC converters can be categorized as unidirectional and bidirectional 

core excitation. The unidirectional converters are flyback (derived from the basic buck­

boost basic topology) and forward (derived from the basic buck topology). On the other 

hand, push-pull, half bridge, and full bridge topologies belong to the bidirectional 

category (all derived from the basic buck topology) (36]. Converters with bidirectional 

core excitation make better use of the transformer magnetic properties at the expense of 

additional switches. Fig. 4.3 shows the transformer and filter arrangements for the above 

mentioned power converters. It can be noticed from Fig. 4.3 that the diodes only permit 

forward current flow through the filter inductor L of the output power stages. This 

prevents the converter from extracting current from the filter capacitor when it is needed. 

During steady state with light loading conditions, this behavior is known as discontinuous 

conduction mode. A problem appears during transients, such as load removal or decrease 

in the voltage reference, which leads to a poor dynamic response. In order to illustrate 

45 



~I 

a) 

c) 

Fig. 4.3 Output stage of isolated power converters: a) flyback, b) forward 

and c) push pull, halfbridge, and full bridge 

this behavior, Fig. 4.4 and Fig. 4.5 show simulation results of the transient response of an 

isolated converter derived from the basic buck topology (Fig. 4.3b and Fig. 4.3c). The 

experiment emulates a possible behavior of a FC stack when DC plus 120Hz current 

ripple is extracted from its output. Following the experimental results of Fig. 4.1 and Fig. 

4.2, the output voltage of the FC is reduced when the output current increases, while a 

reduction in the output current results in an increase of the FC output voltage. In order to 

emulate the FC behavior, the converter output voltage V
0 

is supposed to follow the 

voltage reference signal vr, which is i
0 

dependant. It can be observed in Fig. 4.4 that the 

output voltage of the converter cannot follow the reference signal during the falling 

portion of the signal. Figure 4.5 reveals that the inductor current cannot be reversed (due 

to the diodes), thus the capacitor charges could not be removed to achieve the required 

voltage reduction. Instead, the load current naturally discharges the capacitor resulting in 

46 



30.-------.--------.-------.--------.-------.-------~ 

25 

• • 15 

5:' 
......... 

<::> 
;::.. 10 

........, 

:s 
<::> ·-

........, 

~ 
._....:~ 

5 

OL-------~-------L------~--------L-------~------~ 
0 0.005 0,01 0,015 0.02 0.025 0.03 

time [s] 

Fig. 4.4 Isolated converter reference and output voltage 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

-0.1 
0 0.005 0,01 0.015 

time [s] 
0.02 0.025 

Fig. 4.5 Isolated converter inductor and output current 

47 

0.03 



a poor transient response. This behavior is undesirable, making the isolated DC/DC 

converter unsuitable for a FC simulator. An isolated converter with reversible power flow 

would be able to remove charges from the filter capacitor[63], [64]. However, these 

reversible converters have the disadvantage of increased topological and control 

complexity. A solution to overcome these drawbacks is found in the non-isolated 

converter described in the following section. 

4.2.2 Non-isolated DC/DC converter 

Standard isolated converters do not possess reversible power flow capabilities. 

Under certain operating condition, the FC simulator power converter is required to 

remove charge from the filter capacitor. A reversible topology is selected to emulate the 

electrical dynamic behavior of FCs as explained in this section. A simple reversible 

topology is obtained by replacing the free wheeling diode with a switch in the buck 

converter as shown in Fig. 4.6 [36]. This topology behaves as a buck converter that does 

not operate in discontinuous conduction mode. Switch S2 can force a reverse current in 

the inductor, thus providing a faster discharge of the filter capacitor. Fig. 4. 7 and Fig. 4.8 

show simulation results of the transient response of the buck converter of Fig. 4.6. The 

experiment emulates a possible behavior of a FC stack when DC plus 120Hz current 

ripple is extracted from its output. 

lL lo 
--+ ---+ 

L ~ 
+t 

lc Vo 

c 
Rl 

Fig. 4.6 Reversible buck converter 
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The simulation results show that the buck topology with an additional switch 

allows V
0 

to successfully follow vr. In addition, this topology has the advantage of a 

better switch utilization (U) in comparison with other non-isolated topologies [36] [37]. 

Fig. 4.9 shows the switch utilization characteristics for various converters (36]. In Fig. 

4.8 Pr = Vrlr, where Vr and Ir are the switch maximum voltage and current 

respectively, and P0 = V0RI oR, where V0 R and I OR are the rated output voltage and 

current respectively, and d is the duty ratio of the converter. 

1 •• 
••• Boost ··. + •• •• •• •• •• 

•• •• 
•• 

Buck-boost •• •• 
"--- •••• Full-bridge 

•••• I 
------... •• • ..i ""'""'"" --.:·. . , , .. ~ 

'., ,· ' d . . ' ~--J ____ _!~_ ....... L~-~--~~_1-----~--~~---· 
.2 .4 .6 .8 1 

Fig. 4.9 Switch utilization 

There is another important feature related to control strategy that makes the buck 

converter an attractive option. Buck converters are particularly suitable for switching 

surface control such as sliding mode and boundary control [46], [47], which are based on 

variable structure theory [65]. It has been demonstrated that non-linear control strategies 

based on variable structure theory show better transient response than traditional small 

signal based controllers and enhanced robustness for parameters variation [47]. Since fast 

dynamic response of the converter is a key requirement in FC emulators, it is desirable to 
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employ a non-linear control scheme. Moreover, unlike other converters, the controllable 

states of the buck converter are continuous and accessible for measurement, which makes 

this variable structure system very attractive for non-linear control [ 46]. Finally, this 

work develops a systematic approach for the selection and clarification of the 

characteristics features of curved switching surfaces. Curved switching surfaces have 

gained attention in the power electronics research community [ 47] [66]. 

For the reasons stated above, the buck converter with reversible capabilities 

shown in Fig. 4.6 is selected for this work. A curved switching surface to control the 

converter with near time optimal response is selected as explained in the next section. 

4.3 Selection of a Curved Switching Surface for Buck 
Converters 

Control of step-down or buck converters have been extensively addressed for the 

past three decades with an uncountable number of approaches [45], [67], [68], [69], [70], 

[71]. This switching mode power converter can be classified as a simple case of variable 

structure system, which can be controlled by a sliding mode regime. Under this control 

strategy, the state variables of the converter move naturally without any restriction until 

they reach a sliding surface. Thereafter, the surface defines a path for the state variables 

towards the desired operating point [72]. The order of the system is thus reduced, causing 

a slower transition along the switching surface. In comparison with linear control 

schemes, improved dynamic response and robustness are the main advantages of the 

sliding mode control scheme. First order sliding surface and hysteresis control are well­

established techniques that have been investigated [ 46], [ 4 7]. An improved transient 

response can be achieved by selecting a curved Switching Surface (SS), which avoids 

sliding regime or part of it, directing the state variables close to the desired operating 

point in just one switching action. A particular case of second order SS with enhanced 

dynamics was recently proposed [66]. However, a significant overshoot during start up 
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with no load is produced. In addition, the characteristic features and behavior of this 

particular second order SS have not been adequately covered in the literature. 

The goal of the work presented in this section is to develop a systematic approach 

for the selection and clarification of the characteristics features of SSs. The approach is 

based on a normalized representation of the ideal SSs for different loading conditions. A 

set of graphics in three dimensions is introduced to give a volumetric sense of the 

behavior of the converter and its control requirements during transients. As a result of the 

investigation, aSS referred to in this work as the elliptic natural unloaded SS is selected. 

This novel SS provides excellent transient behavior and no overshoot during start up. The 

general concept ofusing second order SS is also geometrically analyzed in this section to 

clarify its scope of behavior, features and limitations. Experimental results, including 

start up, current step, and sudden resistive load changes confirm the virtues of the control 

scheme. 

4.3.1 Normalized Ideal Switching Surfaces 

The basic buck converter is shown in Fig. 4.1 0. For simplicity the parasitic 

elements (eg. switch resistance, ESR, etc.) are neglected. The second order differential 

equation describing the converter is given by 

Lc
d 2 

V
0 

L dv
0 --+---+v =v ·U 

dt 2 R dt o ee 
(4.1) 

In ( 4.1) u is the switch position in which u = 1 represents an ON state, and u = 0 

represents an OFF state. The well-known solution for a second order system is given by 

vo = exp(at)[Acos(J3t )+ Bsin(J3t )]+vee · u (4.2) 

where, 
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The analytical solution in ( 4.2) is evaluated under different loading conditions to 

establish the natural trajectories toward the desired operating point: V
0 

= vr (output 

voltage equals to reference voltage) and ic = C dvo = 0 (capacitor current equals to 
dt 

zero). Each resistive loading condition results in a different natural trajectory that denotes 

an ideal SS. A set of ideal SSs for different loading conditions is depicted in a normalized 

plot in Fig. 4.11. In order to provide generality to the analysis, the variables used in Fig. 

4.11 are normalized as follows: 

. ic fi len=-.- or (4.4) 
lmax 

The normalization process leads to a unique representation of the SS for any possible 

buck converter. This is achieved by considering the load resistance R as a function of the 

output filter values L and C, where the basic resistance value is given by 
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(4.5) 

Whenever R =Red the filter-load combination behaves as a critical damped system. That 

is, if the switch in turned ON, V
0 

would converge to vee with no overshoot. A load 

resistance R = Red can be considered as maximum permissible load that exceeds most 

design specification as explained in the next section. 
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Fig. 4.11 Normalized ideal switching surfaces for Red , 2Red, 4Red, and 

i
0 

=constant 

Since the evaluated cases range between two absolute possible limits, no load and 

extremely heavy loaded conditions, the corresponding boundaries between SSs (shaded 

region of Fig. 4.11) surround a possible optimal SS. In other words, the selection of a SS 

with fast dynamics should not lie outside this region. However, it should be noticed that 
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no unique SS could solve the problem of different loading conditions (ie. Red or no load). 

To further investigate the selection of a SS, the transient response of the converter under 

sudden load changes should be examined. 

4.3.2 Ideal Transient Response During Sudden Load Change 

In order to provide more insight into the transient behavior of the buck converter, 

a set of 3D graphics is presented in Fig. 4.12 to 4.15 with the optimal response of the 

converter under sudden load changes. Since the ON state trajectories strongly depend on 

vee, the effect of the inverse normalized input voltage vrfvee is included on one of the 

axes. Thus, a normalized 3D plot encloses the operating universe of any buck converter 

providing the required generality to evaluate transient responses. 

Before the transient starts, the converter is operating at the desired operating point 

with no load, v o = v r , and ic = 0. In Fig. 4.12 the maximum resistive load (Red) is 

applied to the output of the converter. The capacitor current instantly supplies ic = -imax 

current to the load, which locates the operating point far from the desired operating point. 

In order to obtain a time optimal response, the switch is turned ON until the state 

trajectory reaches the corresponding SS for Red loading. Thereafter, the switch is turned 

OFF and the state trajectory moves naturally towards the desired point, accounting for 

only one switching action during the transient. An important comment could be inferred 

from this graphic: The output voltage experiences a tremendous drop considering that an 

ideal control action has been performed (time optimal). This effect is even worse when 

the vrfvee ratio approaches unity. The excessive voltage drop is unavoidable. It is 

concluded that Red must be considered as a severe sudden loading condition not 

applicable for most practical converters. In order to reduce the drop, the filter should be 

redesigned to establish a better filter-to-load relation. 
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Fig. 4.12 Normalized optimal transient response of the buck converter under 

sudden load change: R == Red 
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Fig. 4.13 Normalized optimal transient response of the buck converter under sudden 

load change: R == 2Rcd 

The same procedure is performed with resistive loads of 2Rcd and 4Rcd to obtain 

Fig. 4.13 and Fig. 4.14 respectively. For the case of 2Rcd the voltage drop with ideal 

control action is still considerable. On the other hand, 4Rcd seems to be a more 

reasonable filter-to-load relation in terms of voltage drop during transients. Finally, Fig. 
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4.15 shows a time optimal transient response for a large sudden current step of 

i0 = imax I 4. It should be noted that the SS for constant i
0 

provides an ideal time optimal 

response for any current step transient as well as start up with no load. 
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0.7 0.8 0.9 

Fig. 4.14 Normalized optimal transient response of the buck converter under 

sudden load change: R = 4Rcd 
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Fig. 4.15 Normalized optimal transient response of the buck converter 

under step load change with constant i
0 
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A simple approach that predicts the transient performance for any SS can be 

inferred from the normalized ideal SSs of Fig. 4.11. For any type of transient (i.e. start up 

or load change) aSS that lies above the corresponding ideal SS results in overshoot (the 

corresponding ideal SS only depends on the load resistance value R ). On the other hand, 

aSS that lies below the corresponding ideal SS results in a poor transient response. The 

transient response improves as a given SS approaches the ideal SS. 

An inspection of the ideal time optimal responses under different load transients 

(Fig. 4.12 to Fig. 4.15) reveals that the ON state trajectories reach the corresponding SS 

within a region where all the SSs are close. For convenience Fig. 4.16 recalls the graphic 

of Fig. 4.11, highlighting with a circle the region of convergence. Since the SS of 

R = Red is eliminated due to excessive voltage drop, the boundaries of a possible SS for 

sudden load changes have been significantly reduced as indicated by the shaded region in 

Fig. 4.16. It is worth noting that any SS within the narrow shaded area would provide 

similar results during a sudden load change. This is due to the proximity of the SSs in this 

area. 

The small shaded region of Fig. 4.16 makes the selection of aSS simpler. The 

natural unloaded SS (also defined as i
0 

=constant) located at the bottom of the SSs is 

selected as the control law for the following reasons: 

• The natural unloaded SS ensures perfect time optimal response for a 

current step change, voltage reference change with constant current 

loading, and excellent response (within output voltage ripple) for sudden 

resistive load changes. 

• Unlike any other SS, the natural unloaded SS guarantees no overshoot 

during start up under any loading condition (It is desirable to have a fast 

transient but not at the expense of overshoot). 
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• The mathematical formulation of the control law is simple and can be 

implemented on analog, digital or mixed signal circuits. 

The natural unloaded SS was presented as a control law with simulation results of 

an example case [73]. Further work introduced in the following section allows the 

characterization of curved SSs to be investigated, evaluated and compared, leading to a 

simplification in the selection process. 
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Fig. 4.16 Normalized ideal switching surfaces for 2Rcd, 4Rcd, and i
0 

=constant 

4.3.3 Derivation of the Natural Unloaded Switching Surface 

The goal of the following analysis is to develop a systematic procedure for 

selecting SSs. The control law is derived first and then the transient performance is 

evaluated using normalized 3D plots. The control law is obtained by evaluating ( 4.2) for 
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R = oo , v o ( 0) = v r, and d v o ( 
0

) = ~ = 0, which is the desired operating point with no 
dt c 

resistive load (or constant current load). Solving (4.2) for V
0 

and its derivative results in 

the following periodic functions: 

(4.6) 

(4.7) 

Eliminating t from (4.6) and (4.7) results in, 

(4.8) 

Since cos( sin -I x) = ..Jt- x 2 
, the elliptic trajectories that include the desired operating 

point are given by 

(4.9) 

(4.10) 

Finally, the control laws that define the switching surfaces are given by the following: 

Case I: ic > 0 

(4.11) 

If a 1 < 0 then u = 1 , else u = 0 
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Case II: ic < 0 

(4.12) 

If a 2 > 0 then u = 1 , else u = 0 

Normalized 3D graphics are presented in Fig. 4.17 and 4.18 to illustrate a generalized 

large-signal transient response with the proposed control strategy. The control action 

turns the switch ON when the transient is produced. Thereafter, when the state 

trajectories reach the natural unloaded SS, the switch is turned OFF allowing the state 

trajectories to move naturally in the direction of the desired operating point. For a sudden 

load change of R = 4Rcd, the SS contributes, in one switching action, more than 99% of 

the desired output voltage (Fig. 4.17). In the case of a more critical sudden load change of 

R = 2Rcd, one switching action contributes at least 97% for the worst-case as shown in 

Fig. 4.18. It should be pointed out that a sudden loading condition of R = 2Rcd is unlikely 

to be found in practical designs since the voltage drop inherent in the filter to load 

relation is large. 
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Fig. 4.17 Normalized transient response of the natural unloaded SS: R = 4Rcd 
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Fig. 4.18 Normalized transient response ofthe natural unloaded SS: R = 2Rcd 

4.3.4 Discussion on the Use of Second Order Switching Surfaces 

Both the natural unloaded SS and the second order SS can be geometrically 

classified as conic sections. The natural unloaded SS of ( 4.11) can be rearranged as 

(4.13) 

which represents an ellipse with the form 

(4.14) 

On the other hand, a second order SS is a parabola of the form 
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(4.15) 

It is of interest to investigate if a second order SS (parabola) can fit the natural unloaded 

SS (ellipse). The expression for a parabola with vertex (a,O) that intersects an ellipse at 

( O,b), as shown in Fig. 4.19, is given by 

2 b2 
y =-(a-x) (4.16) 

a 

Using (4.13), (4.14), and (4.16), a second order SS is obtained as 

(4.17) 

Fig. 4.19 Fitting the natural unloaded SS with a second order SS: Parabola 

approximating an ellipse 

As can be noticed in Fig. 4.19, the parabola in ( 4.16) does not adjust to the ellipse in 

(4.14). Since parabolas differ in size, not in shape, the only option to improve the fit is to 
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increase its size. Including a factor K in the right side of ( 4.17) results in the following 

equation, 

(4.18) 

A family of second order SS results from evaluating 1 :::;; K :::;; 3. For the purpose of 

comparison, Fig. 4.19 shows a family of normalized second order SSs and the natural 

unloaded SS. In the normalized plot of Fig. 4.19 only a portion of the conical sections are 

presented in which a = 1 and b = 0.5 . It can be noticed that none of the parabolas can 

properly fit the natural unloaded SS. Particularly, K = 2 provides a good fit around the 

area of convergence for sudden load changes. Outside the area of convergence, the 

parabola departs from the natural unloaded SS. 
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Fig. 4.20 Fitting the natural unloaded SS with a second order SS: Family of 

parabolas approximating an ellipse 
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A recent publication arrived at a second order SS with K = 2 using a different 

approach [66]. Since no geometrical analysis was included, the location of this particular 

case of second order SS within the normalized ideal SSs (Fig. 4.11) was unknown. The 

normalized graphics introduced in this work provide an aid to the analysis and study of 

curved SS. For sudden load changes, the transient response for the SS selected in this 

work is comparable to the response reported in [66], which is explained due to their 

proximity in the region of convergence. However, unlike the second order SS, the natural 

unloaded SS presents the advantage of eliminating the overshoot during start up with no 

load. In general, the natural unloaded SS provides time optimal response for voltage 

reference change with no-load or constant current load (start up with no-load is a 

particular case of voltage reference change), and time optimal response during a current 

step change. 

4.4 Implementation of the Control Strategy With a Fixed 
Point DSP 

Figure 4.21 shows a schematic that combines the converter and the natural 

unloaded SS representation. The state trajectories {ST), which are defined by the output 

voltage v o and the capacitor current ic, are compared against the natural unloaded SS. 

Depending on the ST location, the control law determines the switch state (ON/OFF). In 

Fig. 4.21 the ST is above the SS so the switch state remains OFF. As soon as the ST 

reaches the SS, the switch state changes to ON directing ST towards the desired operating 

point. 

Readily available DSPs make possible the control and monitoring of complete 

power electronics systems. DSP architecture typically performs one instruction per clock 

cycle, which allows real time routines at a high frequency. Fixed point DSP is an ideal 
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option for cost sensitive and space constrained power electronics designs [74]. Even 

though the programmer has to track for the number representation (i.e. Q-notation) and 

overflow/underflow, fixed point is still economically convenient in comparison with 

floating point DSPs. 

i + T 
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Vee 

j ----~--_ 
L-----------~-------------+~----~ 

ic 

OFF 

-. .. 
\, 

•• \ST(v0 , iJ 

... 

Fig. 4.21 Representation ofthe converter and the SS 

The control scheme described above can be implemented in a fixed point DSP. 

An Interrupt Service Routine (ISR) of the ADC End of Conversion (EOC) starts the 

control algorithm. First, both output voltage V
0 

and capacitor current i
0 

are measured by 

the DSP using the ADC (signal conditioning is required). The sign of i
0 

determines 

whether 
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(4.19) 

or 

(4.20) 

is used. Thereafter, the computation that compares the SS with the ST is performed to 

decide the switch state. Figure 4.22 shows a flow diagram of this routine. 

no yes 

Fig. 4.22 Flow diagram of the DSP control routine 
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The number of operations to perform is deduced from the flow diagram and listed 

in Table 4.1. Since the number of operations required to perform the control law is low, 

the interrupt service routine can be run at a high frequency. Like in other digital 

controllers, sampling frequency is an issue in the stability of the close loop system. 

Table 4.1: DSP number of operations 

Task Number of operations 

ic > 0 ic < 0 
Read ADC input 2 2 

Compare 2 2 

Multiplication 4 4 

Difference 1 3 

Set port (switch state) 1 1 

Total 10 12 

The DSP selected to implement the SS control scheme is a TMS320LF2407 A 16-

bit fixed-point from Texas Instrument. An evaluation board eZdsp LF2407 A was 

employed for this purpose, which was programmed in 'C' language using Code 

Composer Studio. Isolated drivers were used to interface the DSP with the power stage. 

The parameters for the design example are presented in Table 4.2. The complete 

converter prototype is shown in Fig. 4.23 where the most important stages are identified. 

Table 4.2: Buck converter parameters 

vee= 64V 

L=5mH 

C=50~ 
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Fig. 4.23 power converter for the FC simulator: 1 kW prototype 

4.5 Experimental and Simulation Results 

Figure 4.24 shows a Matlab Simulink block diagram of the model used to perform 

the simulations. The subsystems (converter, load and the controller) are shown by the 

dashed lines. The converter model is a large signal model that contains all the elements of 

the actual circuit of Fig. 4.6. Two types of load transients, resistive and constant current 

steps, can be applied using this simulation scheme. The controller includes the natural 

unloaded SS explained in section 4.4. 
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Fig. 4.24 Matlab Simulink block diagram of the power converter and control 

Figure 4.25 shows the simulation results of the natural unloaded SS, depicting the 

output voltage, capacitor current, switch state, and output current for start up and sudden 

load change. The figure shows how the controller rejects the large signal perturbations 

with a near-time optimal response. Equivalent experimental results of the power 

converter response are presented in Fig. 4.26 for start up and sudden load change. During 

steady state, the converter switching frequency is inherently limited by a combination of 

the sampling frequency of the control stage and the SS. Experimental results of the 

transient response for resistive sudden load changes using the natural unloaded SS is 

shown in Fig. 4.27. As predicted by the analysis, the desired output voltage is achieved in 

one switching action during start up. The transient response during sudden load changes 

is also close to time optimal as described in section 4.3.3. 
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Fig. 4.25 Simulation results: Output voltage (V), capacitor current (A), 

switch state (V), and output current (A) during start-up and change 

in load current 
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Fig. 4.26 Experimental results: Output voltage (Chl), capacitor current 

(Ch2), switch state (Ch3), and output current (Ch4) during start-up 

and change in load 
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Fig. 4.27 Transient response using the natural unloaded SS: Output voltage 

(Chl), switch state (Ch2), capacitor current (Ch3), and output 

current (Ch4) during start-up and sudden load change 

Finally, the large signal frequency response of the power converter is shown in 

Fig. 4.28. The response complies with the dynamic requirement of power converters for 

FC simulators, i.e. large signal frequency response with unity gain and negligible phase 

margin beyond the expected current ripple frequency. Figure 4.29 shows the converter 

operating under a large signal sinusoidal reference. 
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Fig. 4.28 Large signal frequency response of the power converter 
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Fig. 4.29 Operation under variable voltage reference using the natural 

unloaded SS: Output voltage (Chl), output current(Ch2) 
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4.6 Summary 

A power converter for FC simulator systems with fast dynamic response has been 

presented in this chapter. A systematic procedure for the selection of a curved switching 

surface to control the converter based on normalized plots was proposed. The normalized 

3D plots introduced in this chapter provide the required generality to evaluate transient 

performance for any given SS. As a result of the investigation, the elliptic natural 

unloaded SS, showing excellent transient behavior and no overshoot was selected. 

Finally, the strategy used to implement the control scheme in a DSP was also presented 

revealing a low computational requirement with a maximum of 12 operations. This 

special power converter is used in chapters 5 and 6 as part of a FC simulator system. 
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Chapter 5 

Stand-Alone Fuel Cell Simulator 

This chapter presents the development of a stand-alone FC simulator based on a 

low cost Digital Signal Processor (DSP). An empirical model of a Direct Methanol Fuel 

Cell (DMFC) is used to replace the complex electrochemistry equations used to model 

the FC. This results in a reduction of computational requirements and makes possible the 

implementation of the model in a fixed-point DSP. The procedure to build an empirical 

model based on dynamic tests performed on the FC is presented and can be extended to 

other FCs. The power converter described in chapter 4 is used to emulate the behavior of 

a FC stack, providing the required dynamic response and robustness during the transients. 

A description of the strategy used in the DSP to process the FC model is described. 

Experimental results comparing the behavior of the proposed simulator and the actual FC 

are also presented and discussed. The work described in this chapter was presented at the 

IEEE Canadian Conference on Electrical and Computer Engineering (CCECE) in 2005 

[75]. 

Figure 5.1 shows a block diagram of the proposed stand-alone FC simulator. Both 

the power converter controller and the FC model are programmed in a fixed-point DSP, 

leading to a reduction of the parts and cost of the system. 
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Fig. 5.1 Block diagram ofthe proposed stand-alone FC simulator 

5.1 Obtaining the Parameters for the Model 

The electrical FC model introduced in chapter 2 provides a reasonable approach 

to the real FC, considering its simplicity. For convenience, the model of Fig. 2.4, the 

polarization curve of Fig. 2.5, and the model mathematical representation (Eq. 2.4 and 

2.5) are repeated in this chapter as Fig. 5.2, Fig 5.3, and Eq. 5.1 and 5.2 respectively. 

/J..V .&r + A V ~ /J..Vohlt!ic 
+ + io ... 

Rahlt!ic + 

E 

1 
vo 

0 

Fig. 5.2 Electrical equivalent model the FC 
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Fig. 5.3 FC polarization curve 

Vo = E - i o Rohm - fl VAct - fl VTrans (5.1) 

(5.2) 

This model contains four parameters: open circuit output voltage E, voltage 

drops introduced by Ro,m and Ra , and the double layer capacitor C that produces a first 

order effect in the FC dynamic behavior. 

In order to obtain the parameters for the FC setup described in section 2.2.2, the 

following simple procedure was followed: 

1) E is obtained by measuring the open circuit output voltage of the FC. The 

measured open circuit voltage was£=824 mV. 
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2) Rohm is indirectly measured by performing a current step test on the FC and 

computing the ratio of the output voltage drop and the current change at the 

instant where the step is produced. Alternatively, it can be obtained using 

impedance analysis [54], [55]. The obtained value for the resistance was 

Rohm = 0.254 n . 

3) Ra is a nonlinear function of the FC output current. The following equation 

is used to calculate the Ra vector for the entire operating range of the FC. 

The polarization curve is required for this computation and was obtained 

prior to this calculation. 

(5.3) 

wherei
0 

is the FC output current and V0 (iJ is the steady state output 

voltage that is a function ofthe output current i
0

• Figure 5.4 show plots of 

Ra, Ya, and V0 as a function of i 0 , where Ya =I/ Ra . 

4) C is obtained by fitting the time domain expression of the model to an actual 

step response on the FC. The value of C that gives the minimum Sum of 

Squares (S) for the following expression during a current step test is selected 

[76]. 

where Yu is the measured response. The value obtained for the double layer 

capacitor was C =200 mF . 
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Fig. 5.4 Ya (S), Ra ( n ), and Va as a function of io 

5.2 Simulation Results 

The procedure of section 5.1 was followed to obtain the parameters of the FC 

empirical model. In order to validate this model, simulation results are compared with 

experimental results. For simplicity, a first simulation of the FC using the empirical 

model was performed using Matlab/Simulink as shown in Fig. 5.5. It can be noticed that 

the block diagram includes the four parameters E , Rohm , Ra, and C . The activation 

resistance Ra is loaded as a lookup table. 
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Fig. 5.5 FC empirical model: Matlab Simulink block diagram 

Since the FC model (first order differential equation) is implemented in a DSP, a 

numerical method is required for its computation. Runge-Kutta method is one that 

numerically implements ordinary differential equations by using a trial step at the 

midpoint of an interval to cancel out lower-order error terms [77], [78]. This classical 

numerical method was programmed in 'C' code to compute the dynamic behavior of the 

FC. Experimental results for current step changes were compared to results obtained with 

Matlab Simulink and results computed by the 'C' code routine. Figures 5.6 to 5.9 show 

the response of the FC under current steps changes and the simulation results for the 

parameters given in section 5.1. Since the numerical response using Runge-Kutta method 

is exactly the same as the results in Matlab Simulink the traces are overlapped (referred 

as Model in the plot). The results show good match during current step transients. 
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Fig. 5.6 Current step response from -1 OOmA to -200mA: Actual FC vs. 

empirical model of the FC (Runge-Kutta/Simulink). 
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Fig. 5.7 Current step response from -200mA to -300mA: Actual FC vs. 

empirical model of the FC (Runge-Kutta/Simulink). 
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Fig. 5.8 Current step response from ~300mA to ~400mA: Actual FC vs. 

empirical model of the FC (Runge-Kutta/Simulink). 
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Fig. 5.9 Current step response from ~400mA to ~500mA: Actual FC vs. 

empirical model of the FC (Runge-Kutta/Simulink). 
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5.3 DSP-Based Implementation 

The FC empirical model was implemented m a fixed-point DSP 

{TMS320LF2407A). This results in a low cost FC simulator with compact handy 

characteristics. 

The flow diagram of the software is shown in Fig. 5.1 0. Two essential interrupt 

service routines (ISRs) called timer and ADC EOC (Analog to Digital Converter End of 

Conversion) are employed for the FC model and the control strategy respectively. The 

timer ISR acquires the converter output current i
0 

, which is the output current of the 

emulated FC, and computes the ordinary differential Eqs.5.1 and 5.2 of the FC model 

using Runge-Kutta (R-K) method. The output of the numerical method provides the new 

reference voltage v r • The power converter output voltage v 
0 

is controlled by the ISR of 

ADC EOC to follow the reference voltage vr generated by the Runge-Kutta (R-K) 

calculations to emulate the dynamic behavior of the FC. 

ON 

Fig. 5.10 Flow diagram for the FC model and converter controller 
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The ISR of the ADC EOC operates at a fixed frequency. This routine acquires the 

capacitor current ic and the output voltage V0 that define the State Trajectories (ST} 

position at a given time. A comparison between a curved switching surface and the ST is 

performed to decide the control action. A complete explanation of this routine was 

presented in chapter 4. 

5.4 Experimental Results and Comparisons 

The FC setup described in section 2.1.2 is used in this chapter to obtain results for 

comparison. A series of 55 single cells was considered to obtain an equivalent FC stack. 

The empirical model was obtained following the procedure of section 5.1 and loaded on 

to the DSP according to the flow diagrams of section 5.3. The complete stand-alone FC 

simulator setup is shown in Fig. 5.11. 

Fig. 5.11 Prototype ofthe FC simulator 
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A series of current step tests performed on the FC simulator and the actual FC are 

presented in Fig. 5.12 (voltage versus current characteristic) and Fig. 5.13 (time domain 

graphic). The polarization curve presented in Fig. 5.12 has an exact match between the 

FC simulator and the actual FC. The current step responses shown in Fig. 5.13 also shows 

a good match except for a deviation in the low current region. This is due to the highly 

nonlinear nature of the FC behavior in that particular region, which is not completely 

covered by the model. It is noticed in Fig. 5.12 that the trajectory of the operating point 

(dashed lines) experience a large deviation from the polarization curve (bold line) during 

the transient interval, revealing the effect of the double layer capacitor C. The simulator 

was able to reproduce this effect successfully. The operating point finally lies on the 

polarization curve after the transient interval. 
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Fig. 5.12 Voltage-current characteristic 
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The development of a stand-alone FC simulator based on a low cost Digital 

Signal Processor (DSP) was presented in this chapter. Portability is the most important 

feature of this compact and handy FC simulator, which aids to simplify research tasks in 

laboratories. An empirical model of a FC that reduces the computational requirements 

was presented and implemented in a DSP. The power converter described in chapter 4 

was used in this system to emulate the behavior of a FC stack. Experimental results 

comparing the behaviors of the proposed simulator and the actual FC showed a good 

match for steady state and dynamic operation of the FC under current steps changes in 

the load. 
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Chapter 6 

A Novel Real-Time Fuel Cell Simulator 
Based on a Small Single Fuel Cell 

A stand-alone FC simulator suitable for laboratory operation was presented in 

chapter 5. It provides the advantages of eliminating the dependence upon a computer, 

communication cards, and licensed software, resulting in a small low-cost system. This 

simulator is limited to low mathematical complexity model that can be processed within 

the Digital Signal Processor (DSP). 

Perhaps the most important issue concerning FC models and therefore previous 

FC simulators is their limited features. Effects like water flood, membrane drying, 

catalyst poisoning, and aging are difficult to predict. These topics, which are not 

accurately represented by models, are under study. Thus, the results might depart from 

reality (i.e. dynamic response, parts degradation, etc.). Particularly, a frequency response 

analysis could put into perspective the differences between an actual FC and a model. 

In order to overcome this main drawback and expand the features of the existing 

designs a novel FC simulator system is proposed. This FC simulator introduces the 

concept of replacing the computer model of the FC with an actual small single FC. A 

single FC costs a small fraction of a FC stack and can reproduce the behavior of an 

expensive powerful FC stack using scale up rules. The dynamic behavior of the single FC 

is amplified using the power converter with fast dynamic response of chapter 4 to 

emulate the FC stack. This arrangement provides a real working environment at a low 

cost and allows a comprehensive design and study of FC systems and FC power 
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electronics. The work described in this chapter was presented at the IEEE Power 

Electronics Specialist Conference (PESC 05') in 2005 [79]. 

6.1 The Proposed Fuel Cell Simulator 

Figure 6.1 shows a block diagram of the proposed FC simulator, which uses a 

150m W single DMFC as the system reference. The proposed fuel cell simulator emulates 

the electrical dynamic behavior of a FC stacks. This is achieved by controlling a fast 

dynamic power converter according to a reference signal that corresponds to the FC 

electrical output characteristics. The FC simulator system includes the following unique 

features: 

• A small low cost single FC with electronic load is used to provide 

reference characteristics for the simulator to provide real accuracy to 

the system. 

• A power converter with DSP control is specially designed to cope with the 

required dynamic characteristics as described in chapter 4. 

• Control Area Network (CAN) bus interface. 

• PC based system monitoring and analysis. 

<lW Single Cell 

Electronic Load 

User Interface 
Fuel Cell Model 

GJ 
r==::::::J----, 

~~-- ,I 

POWER CONVERTER 

Fig. 6.1 Block diagram of the proposed FC simulator 
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6.2 System Description 

As shown in Fig. 6.1, the system contains three mam parts: A single FC 

connected to an electronic load, a power converter, and a computer. The DSP-controlled 

electronic load described in chapter 3 is connected to the single FC. The electronic load 

behaves like a current source that extracts power out of the single FC. This allows the 

dynamic operation of the single FC within its limits in order to generate the simulator 

reference signal. The power converter uses the reference signal to emulate the behavior of 

a FC stack in order to drive the actual application. The computer in the system may be 

used for monitoring, to run a computer-based model, or to perform dynamic tests on the 

single FC. 

6.2.1 Reference Signal 

The reference signal for the power converter can be generated using either a low 

cost single FC or a FC computer model. Each method for generating the reference signal 

has different features. The single FC only costs a small fraction of a fuel cell stack, and 

provides the actual dynamic behavior. The single cell dynamic behavior is amplified with 

the power converter using scale up rules and connected to the actual application (e.g. 

inverter, motor drives, UPS, etc). This allows a complete scale evaluation for the system 

and prevents possible results that depart from reality due to modeling inaccuracies. The 

evaluation may include fuel consumption, efficiency, dynamic response, and reliability 

tests. In addition, since most electrochemistry research in FC is conducted with single 

cells, the proposed FC simulator can use a state-of-the-art single cell to emulate the 

results of a FC stack driving real applications. This leads to cost and time savings for FC 

system development. 
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Computer-aided models are particularly useful because of their flexibility. They 

can be easily modified and updated according to new developments. Model variables are 

typically FC temperature, fuel concentration and flows rates, as well as mechanical 

parameters for the assembly [35]. From the electrical point of view, the FC output current 

is the main variable of the model and should be measured from the output of the power 

converter. Another advantage of the computer-aided model is that the variables involved 

in the electrochemical process can be controlled and monitored. However, there are still 

some doubts about the accuracy of the models and the lack of information about the 

parameters. For these reasons the use of a single cell in the FC simulator results in a more 

robust system. The system also includes an interrupt-based routine that allows the mode 

of operation to be switched between a computer-based model and the single cell module. 

6.2.2 Electronic Load and User Interface 

The electronic load connected to the single FC was constructed with a low cost 

DSP including CAN peripheral (TMS320C), fast serial DAC (TLV5636) and precision 

instrumentation amplifier (AD8554). The detailed hardware and software description of 

the electronic load is given in chapter 3, and a prototype of the system is shown in Fig 

3.7. This special circuit provides effective parameter measurements and control of the 

single FC output current at a low cost with the additional advantage of the real-time 

processing capability of the DSP. 

The user interface was entirely programmed with Builder C++ under windows 

operating system. The software drives a National Instruments CAN bus board (NI PCI­

CAN Series 2). The voltage and current measurements of the reference single FC/Model 

and the power converter can be captured from the CAN bus transmissions and displayed 

on the PC screen. This information can also be stored for further analysis. In addition, the 

software allows the display and control of the parameters of the FC model and the single 

cell module through track bars and pop-up menus. Figure 6.2 shows the main screen of 
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the user interface. Finally, the entire prototype of the system is shown in Fig. 6.3 where 

the power converter, the small single cell with electronic load, and the PC user interface 

are depicted. 

AoooS,.U.: 

. 1111""'"3 [5ii'""3 : 

...... [j ....................... . 
Computer Model 

oH2 .02 

Fig. 6.2 User interface screen 

Fig. 6.3 Prototype of the proposed FC simulator system 
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6.3 Operating Principle of the Fuel Cell Simulator 

Figure 6.4 shows the functional diagram, which illustrates the operating principle 

of the FC simulator. The diagram can be divided into two parts: The single FC connected 

to a current source on the left side of the dashed line, and a voltage source on the right 

side of the dashed line. The current source represents the electronic load connected to the 

single FC, while the voltage source corresponds to the power converter. The output 

current i
0 

is reflected on the single cell according to the scale rule function a emulating 

the effect of a bigger electrode effective area in the FC. At the same time, the voltage cell 

~ell is amplified N times by the voltage source emulating N single FCs connected in 

series, thus emulating a FC stack. 

The operating principle of the proposed simulator is as follows. The output 

current of the power converter is measured by the DSP and transmitted through the CAN 

bus. The DSP-controlled electronic load receives the information and proceeds to extract 

a proportional current from the single FC following the scale up rule function a . The 

single FC output voltage changes dynamically according to its output current. This 

voltage is measured by the DSP that controls the electronic load and transmitted through 

the CAN bus. The power converter receives this information and amplifies the single FC 

voltage with a gain of N , where N is the number of cells in series considered in the 

stack emulation. Under this mode of operation, the computer only monitors the exchange 

of parameters through the CAN bus. The system can operate without the computer, thus 

reducing the size and complexity of the system. The FC simulator can also be operated 

using a computer-based model. In this mode, the single FC module can be eliminated. 
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Fig. 6.4 Functional diagram of the FC simulator 

6.4 Experimental Results 

In the following example case, the proposed simulator is used to emulate a DMFC 

stack with N = 60 cells in series and an active cell area of 70.7cm2
. The current density 

(N cm2
) capability of the single FC is kept constant in this example resulting in 

a= single cell active area = 
0

_
075 

stack active area 
(6.1) 

Two dynamic tests consisting of operation under 120Hz current ripple and 

operation under current steps were performed using the power module expansion 

described in section 3.5. Further details are provided below. 

6.4.1 Single Fuel Cell Reference Setup 

Preliminary preparation of the membrane and electrodes is described in section 

2.1.2. The preparation of the Membrane Electrode Assembly (MEA) differs from the one 

described in section 2.1.2. For this chapter the membrane and electrodes (5.3cm2
) were 

placed into brass die and pressed for 3 min at 130°C with Carver Laboratory Press (model 

M), but the pressure was 43Kg cm-2 instead of 155Kg cm-2
• The effect of the reduced 

pressure improves the performance of the FC [80]. As a result the FC behavior is 

different from the results of chapter 2 and chapter 5. The MEA was evaluated in a 
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commercial 5.3 cm 2 active area cell fed with 1 Mol aqueous MeOH at 0.15 mL/min and 

dry air at fixed flow rate of 75 mL/min Experiments were conducted at a cell temperature 

of60+/-1 °C. 

6.4.2 Fuel Cell Stack Emulation 

Figures 6.5 and 6.6 show experimental results of the FC simulator under 120Hz 

current ripple operation. Figure 6.5 depicts the transient trajectory for both the single FC 

and the FC simulator response on a voltage versus current plot. The polarization curve 

shows an excellent match for the single FC and the FC simulator. The transient trajectory 

of the operating point shows a hysteretic behavior, which has a pivot on the polarization 

curve. This effect is produced by the double layer capacitor. The FC simulator 

successfully reproduced this effect. Figure 6.6 shows a time domain representation of the 

results under 120Hz current ripple operation where the traces represent: 1) power 

converter output voltage, 2) single FC output voltage, 3) single FC output current, and 4) 

power converter output current. 
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Fig. 6.5 Voltage versus current characteristics of the single FC and FC 

simulator under 120Hz current ripple test 
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Fig. 6.6 120Hz current ripple operation: power converter output voltage 

(Chl), single FC voltage (Ch2), single FC current (Ch3), and 

power converter output current (Ch4) 

Figures 6.7 and 6.8 show experimental results of the FC simulator operating under 

current steps. Fig. 6. 7 depicts the transient trajectory on a voltage-current plot. The 

current step responses reported an excellent match, including the high non-linear region 

of the polarization curve (low current). The transient trajectory of the operating point 

experienced a large deviation from the polarization curve during the transient interval. 

This is due to the effect of the double layer capacitor. The FC simulator also reproduced 

this effect successfully. The operating point finally lies on the polarization curve after the 

transient interval. Figure 6.8 shows the results on a time domain representation where the 

traces represent: 1) power converter output voltage, 2) single FC output voltage, 3) single 

FC output current, and 4) power converter output current. 
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Fig. 6.8 Current step tests: power converter output voltage (Chl), single FC 

voltage (Ch2}, single FC current (Ch3), and power converter 

output current (Ch4) 
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6.5 Summary 

A FC simulator based on a small single cell reference that emulates the electrical 

dynamic behavior of FC stacks was proposed and investigated experimentally. The 

concept of replacing the FC computer model with an actual low-cost single FC to prevent 

errors due to the modeling inaccuracies is presented. The electronic load of chapter 3 and 

the fast dynamic power converter of chapter 4 were used as part of the system. A 150m W 

single DMFC was used to illustrate the FC stack emulation. Experimental results show 

that the simulator accurately reproduces the behavior of an equivalent FC stack with 60 

cells in series and an active cell area of 70.7cm2
, providing an excellent match of the 

scaled up characteristics. 
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Chapter 7 

Conclusions 

7.1 Concluding Summary 

FC simulators are flexible affordable systems which may be employed to assist 

the development and testing of FC power electronics. Using a FC simulator leads to cost 

and space reductions, time saving, and improved safety. Moreover, power sizing 

flexibility and handling makes this system even more attractive than a bulky FC stack 

during R&D phase. 

This thesis has presented the development of a novel FC simulator. In order to 

give insight into the FC technology, experimental results of the steady state and dynamic 

behavior of a single Direct Methanol FC were obtained and presented in chapter 2. The 

same procedure can be extended to other types of FCs. The experimental tests revealed 

how the operating point departs from the polarization curve during transients. This 

concept was investigated using voltage versus current plots to track the operating point 

trajectory. The structure of the FC generic model showed similarities with the actual FC 

behavior. The investigation confirmed the non-linear output characteristic of the FC and 

the identification of the dependence of the FC model parameter, Ra on the output current. 

In addition, the experimental tests on the single FC revealed the hysteresis behavior of 

the FC, which has been described in the literature as the "double layer capacitor" effect. 

The results of the experimental tests were used to build the empirical model for the stand-
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alone FC simulator which was presented in chapter 5. The double layer capacitor C was 

estimated by analyzing the results of the first order time constant of a current step 

response. 

The development of a low cost Electronic Load for FCs based on a DSP was 

presented in chapter 3. The Electronic Load was used to test a DMFC in chapter 2, the 

power converter of chapter 4, and the entire FC simulator systems of chapter 5 and 6. It 

also plays an important role as part of the hardware in the loop concept of chapter 6. This 

special circuit, incorporating the real time processing capability of a DSP, provided 

effective parameter measurements and control of the FC output current at a low cost. The 

connection between the Electronic Load module and other equipment is performed 

through glue-less 2-wire CAN bus that ensures robust high-speed data transmission under 

noisy electrical environments. 

A power converter for FC simulators with fast dynamic performance was 

developed and presented in chapter 4. The power converter was designed to have a 

dynamic response comparable to the FC response. The topology of the power converter 

was selected on the basis of reversible power flow capabilities, switch utilization, and 

possibility of using a switching surface control strategy. Since non-linear control 

strategies based on variable structure theory show better transient response than 

traditional small-signal based controllers, a control scheme based on a curved Switching 

Surface (SS) was used. A procedure for the selection of a curved SS based on normalized 

plots was presented. The normalized three-dimensional plots provide the required 

generality to evaluate transient performance for any given SS. As a result of the 

investigation, a switching surface referred to in this work as elliptic natural unloaded SS 

was selected. The proposed switching surface showed excellent transient behavior with 

no overshoot during start up. As well, a systematic approach for the selection and 

clarification of the characteristic features of SSs was developed. Finally, the control 

strategy was implemented in a DSP. Tests performed on the systems revealed low 

computational requirements with a maximum of 12 operations. 
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A simple approach to obtain an empirical model of the FC that matches with the 

structure of complex electrochemical models for fixed fuel concentration and temperature 

was presented in chapter 5. Unlike complex electrochemical models, this empirical model 

can be processed on a real time basis with a fixed-point DSP. Test results in the FC for 

steady state behavior, dynamic operation, and current step changes in the load showed 

good match between the experimental results and results of the empirical model. 

A novel hardware in the loop FC simulator was proposed in chapter 6 to 

overcome modeling drawbacks and expand the features of the existing designs. This FC 

simulator introduces the concept of replacing the computer model of the FC with an 

actual small single FC. A single FC costs a small fraction of a FC stack and can 

reproduce the behavior of an expensive powerful FC stack using scale up rules. This 

arrangement provides a real working environment at a small cost and allows 

comprehensive design and study of FC systems and FC power electronics. 

7.2 Conclusion 

The following concluding remarks highlight the significance of the investigation 

undertaken in the thesis and represent the major contribution of the work. 

The FC generic model presented in chapter 2 should not be expected to be 

accurate during current ripple operation. A frequency response analysis used for 

impedance spectroscopy, which is based on small signal perturbation, can put into 

perspective the differences between a model and the actual FC. In other words, the large 

signal generic model only matches reasonably with the actual FC response during step 

load changes (i.e. constant current steps). Models obtained using frequency response 

analysis, which are obtained on a DC operating point, are only valid for small signal on 

the point where the frequency response analysis is performed. The work by Choi, et al. 

[52] is a good example of the complexity of this approach. Unfortunately, large signal 
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current ripple operation cannot be predicted accurately with frequency response analysis 

approach. Moreover, if the DC operating point changes, the small signal model is not 

valid anymore. Finally, effects like membrane water flood, membrane drying, catalyst 

poisoning, and aging are difficult to predict and are not accurately represented by models. 

Discussion about FC models from the previous paragraph presents some of the 

limitations ofFC modeling. For that reason, instead of using a model, the hardware in the 

loop FC simulator based on a small single FC results in a more robust system. Under this 

configuration, the emulation of a FC stack is obtained using electrode scale up rules. 

Thus, the accuracy of the FC stack emulation depends basically on the validity of the 

electrode scale up rules. Scale up of FC electrodes area is not a mature subject and this 

work does not attempt to validate scale up rules. A simple linear scale up rule that 

idealizes both steady state and dynamic behavior of a FC stack with bigger effective area 

of electrodes is selected to illustrate the hardware in the loop concept. It should be noted 

that non-linear scale up rules, that may contain dynamic terms, could be incorporated in 

the electrode area scaling function a. New scale up rules will be included in the FC 

simulator as soon as they become available in the literature. Finally, considering that the 

existing models with limited features also require scale up rules for the electrode area, the 

proposed hardware in the loop system is clearly superior. 

With respect to the controls of the power converter, an attempt to demonstrate that 

a switching surface has good performance through one numerical example does not 

guarantee the validity for the entire range of possible parameters in the converter. This is 

perhaps the main disadvantage of previous work on switching surface control reported in 

the literature. Even though the equations presented are general, the graphical 

representation of the trajectories is only valid for the example analyzed. The drawback is 

that the trajectories as well as the performance of the converter dramatically change with 

a change of parameters. Thus, the entire geometry of the problem is modified every time 

the parameters change, resulting in a confusing design process and dubious performance 

analysis. The normalization process proposed in this work anchor the graphical 
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representation of the switching surface leading to tremendous simplification. The 

behavior of any possible converter for a given switching surface can be evaluated under 

the proposed normalized graphical representation developed in the thesis. Moreover, the 

normalized plots provide additional insight into the operation of the control scheme: 

• A switching surface that does not anchor in the plot when the 

parameters are changed simply results in a change of the 

performance. 

• A simple approach that predicts the transient performance for any 

switching surface can be inferred from the normalized 

representation of the ideal switching surfaces. For any type of 

transient (i.e. start up or load change) a switching surface that lies 

above the corresponding ideal switching surface results in 

overshoot (the corresponding ideal switching surface only depends 

on the load resistance value R ). On the other hand, a switching 

surface that lies below the corresponding ideal switching surface 

results in a poor transient response. The transient response 

Improves as a given switching surface approaches the ideal 

switching surface. These observations have not been reported in 

literature. 

The stand-alone FC simulator described in the thesis has unique design features 

that are expected to reduce the complexity and cost associated with the development of 

FC-based systems. For example, the system is based on a low cost DSP that processes a 

dynamic FC model and power converter controller in order to meet the dynamic 

requirements to emulate FCs. This results in a stand-alone system that is suitable for 

laboratory operation. 
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The hardware in the loop FC simulator proposed in the thesis provides an 

attractive approach to link electrochemistry investigation in single FC with research and 

development of FC power electronics applications, where an FC stack is required. The 

simulator enables a thorough evaluation of the FC system requirements before building 

an expensive FC stack. Since the simulator operates the actual single FC under real 

working conditions, it can provide valuable feedback in term of reliability. It can also 

help to develop control strategies for the entire combination of FC and application with 

the advantage of a low cost single FC. From the educational point of view the system 

provides a low cost real working environment for researchers to gain valuable insight into 

the behavior of FC stacks. 

7.3 Future Work 

The integration of the proposed FC simulator system in actual applications (for 

example, automotive, power generation, and distributed generation) could certainly help 

to identify new requirements and improvements in this state-of-the-art design. The 

potential of the FC simulator in R&D of integrated control strategies for an entire FC 

system plus final application is yet to be determined. In order to expand the power 

capabilities of the FC simulator for high power applications the development of a control 

strategy to connect converters in parallel is required. 

From the point of view of the software user interface, the number of monitored 

variables can be upgraded to meet specific demands (for example, temperature and 

pressures). The analog to digital converter with multiple inputs available in the DSP­

based electronic load provides the required hardware for this purpose. 

The study and analysis of curved switching surface to control buck converters 

presented in the thesis can be extended to other power electronics converter topologies, 

including inverters. The fact that the ideal trajectories (time optimal) of any possible buck 
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converter can be observed, enables the proposed normalized plot as a framework 

graphical tool for performance analysis of any control strategy. In other words, ideal 

trajectories can be compared against trajectories with a given control strategy. 

Finally, the proposed electronic load is the starting point for the development of 

useful testing devices for FCs not commercially available. The built-in DSP provides a 

powerful platform for future measurement instruments, monitoring, and diagnosis 

systems. A flexible digital lock-in amplifier routine for impedance analysis is a good 

example of what can be achieved with this device. In addition, its low power 

consumption allows it to be mounted on site and be supplied by the FC system. This is an 

important requirement for monitoring and on-line diagnostic devices. 
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