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Abstract
Solid Oxide Fuel Cell (SOFC) systems are electrochemical energy conversion devices char-

acterized by the use of solid oxide as the electrolyte. They operate at high temperatures

(between 800◦ − 1000◦C). Mitigating fuel starvation and improving load-following capa-

bility of SOFCs are conflicting control objectives. In this thesis, this issue is addressed

using a hybrid SOFC ultra-capacitor configuration. The fuel cell is controlled by incor-

porating a steady-state property of fuel utilization into an input-shaping framework. Two

comprehensive control strategies are developed. The first is a lyapunov-based nonlinear

control and the second is a standard H∞ robust control. Both strategies additionally control

the state of charge (SOC) of the ultra-capacitor that provides transient power compensa-

tion. A hardware-in-the-loop test-stand is developed where the proposed control strategies

are verified. An investigation to improve the hybrid fuel cell system by incorporating a

lithium-ion battery as an additional power source is conducted. Combining both battery

and ultra-capacitor with a fuel cell is potentially a winning combination especially for high

power applications. A novel SOC estimation method for lithium-ion battery is investi-

gated. Based on the combined ultra-capacitor battery hybrid system, a lyapunov-based

nonlinear control strategy is designed.
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Chapter 1

Introduction

1.1 Motivation

In the twenty first century, the energy demand for survival of mankind has dramatically

increased. The use of energy in people’s daily lives is ubiquitous and pervasive [9]. How-

ever, the existing infrastructure is based only on fossil fuels that is depleting in reserves over

time. Moreover fossil fuels pose a potential threat to the environment. This has triggered

a significant interest in renewable energy resources. In recent years, alternate energy tech-

nologies have become a very important and attractive domain of research [10]. Fuel cell is

one of the technologies that holds the promise for solving the increasing energy demands

and simultaneously addressing environmental issues [11]. Several fuel cell technologies

have been developed over the last decades, such as Polymer Electrolyte Membrane Fuel

Cells (PEMFC), Alkaline fuel cells (AFC), Solid Oxide Fuel Cells (SOFC), and Molten

Carbonate Fuel Cells (MCFC) [11].

Among different fuel cell technologies, SOFC technology has attracted significant in-

terest in recent years [12]. They are solid state devices that produce electricity by electro-

chemical oxidation of fuel. SOFCs are fuel flexible, tolerant to impurities and operate at

high temperatures (800◦−1000◦C). However, due to their high costs and a very demanding

safety requirement infrastructures, adoption has not been widespread, with most installa-

tions occurring in niche applications with heavy subsidy [13]. SOFC uses solid state oxide

ion-conducting material as electrolyte. It is composed of three parts, Electrolyte, Anode
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and Cathode. The electrolyte is composed of zirconia doped with 8 to 10 mole % yttria

that has high capability of conducting oxygen ions. The anode is usually a zirconia cer-

met, a mixture of ceramic and metal. The anode and cathode must allow mass transport

of reactant and product gases. The cathode is composed of strontium-doped lanthanum

manganese [12].

There are many more advantages of Solid Oxide Fuel Cell (SOFC) systems over other

types of fuel cell system technologies. They are simpler in concept of operation than other

fuel cells. High temperature operating conditions (800◦ to 1000◦C) in SOFCs are con-

ducive to internal reforming of fuels and hot exhaust gases from SOFC systems are ex-

cellent means for sustaining on-board fuel reforming [11, 12]. They are not only tolerant

to carbon monoxide but they can also be used as fuel, as opposed to other fuel cell types.

These properties substantially simplify fuel reforming in SOFC systems and make them

well poised for use with a variety of fuels.

Furthermore, high operating temperatures makes SOFC-GT (Gas-Turbine) hybrids ex-

cellent combined heat and power (CHP) systems that can achieve system efficiencies that

surpass normal limitations of GT systems [14]. However, SOFCs are limited due to their

poor load following capability. This is a drawback of Solid Oxide Fuel Cells. To have a

better understanding of the SOFCs performance, understanding some of its performance

variables is needed. One of the important performance variables of SOFCs is fuel utiliza-

tion. It is defined as the ratio, often expressed in percentages, of hydrogen consumption by

the fuel cell to the net available hydrogen in the anode inlet flow.

High utilization is needed for better efficiencies. Typically, the desired utilization is

around 80 to 90 % [15, 16]. However, very high utilization leads to reduce partial pressure

of hydrogen in the fuel cell anode, which causes voltage drop and irreversible damages

due to anode oxidation. In applications with significant power transients, the resulting

fluctuations in the fuel utilization and repeated and prolonged deviation from target can

adversely affect stack life [14, 17, 18], more detailed discussion will be provided in the

forthcoming sections.
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1.2 Literature Review

The environmental goals to reduce global warming and the necessity to eliminate CO2

emissions encourage us to look for better energy conversion devices. The motor vehicle

industry is seeking for high fuel efficiency devices and less CO2 emissions. The utility in-

dustries, following the impact of privatization and competition strive them to find compre-

hensive and up-to-date technologies for their applications. These reasons have stimulated

the interest in the new expanding technology of fuel cells systems.

A lot of work has been done on fuel cell system in the last decades. Different types of

fuel cell have been developed. Each type has advantages and disadvantages. Alkaline Fuel

Cells (AFC) were the first fuel cell to be used in real life applications [19]. They are used

in space vehicles. They have very high efficiency. The slow reaction of this fuel cells is a

drawback that is resolved by using porous electrodes with platinum catalyst. They operate

at low temperatures around 200◦C. Another disadvantage of AFCs is that they are very

sensitive to carbon dioxide [20]. Hence CO2 must be filtered out from air before supplying

to the fuel cell. This poses cost restrictions on the use of AFCs.

On the other hand, Molten Carbonate Fuel Cell (MCFC) are not poisoned by CO2 [12].

In fact, it can be used by MCFCs as fuel. They are in the class of high-temperature fuel

cells. They can only reach around 45 to 47 % of efficiency [9, 21]. This is a draw back that

prevents applications of MCFCs where efficiency is important.

Another well-known fuel cell type is Direct Methanol Fuel Cells (DMFC). They are

supplied directly with methanol [22]. An advantage of DMFCs is compact storage because

of the high density of methanol. DMFC is a relatively new technology that requires signif-

icant improvements before wider applications are feasible. Moreover, these cells have very

low efficiency [12].

The first modern fuel cell module to be used as power generators is Phosphoric Acid

Fuel Cells (PAFC) [23]. They use proton-conducting electrolyte. They are considered as

a medium temperature fuel cells. Their high efficiency operation (≈ 80%) in producing

3



power and heat has led to widespread use. However, producing only electricity, their effi-

ciency does not exceed 50%. Due to economical issues, the use of this type of fuel cell has

slow down lately [12].

Polymer Electrolyte Membrane Fuel Cells (PEMFC) are mostly used in transport and

non-stationary applications [10, 13, 24]. They are also called Proton Exchange Membrane

Fuel Cell. They are desired in non-stationary applications because of their high power

density and low volume and weight [25]. However PEMFCs have draw backs such as

sensitivity to impurities in the fuel source, especially carbon monoxide CO, and requiring

supply of pure hydrogen [26].

Each fuel cell type solves some problems, but brings difficulties of its own. Solid Oxide

Fuel Cells are high temperature fuel cells. This characteristic allows them to remove the

need for precious metal catalyst, thus reduces its costs relatively. Also, they are not only

tolerant to carbon monoxide but they can used it as fuel as opposed to other fuel cell types.

The efficiency of SOFC is very high with proper utilization of the fuel in the fuel cell stack.

However, very high utilization can cause permanent damages to fuel cell anode [16]. Thus,

controlling the utilization properly is needed to have higher efficiency. SOFCs can be well

suited for many types of applications. Due to all these advantages, many researchers are

interested to develop SOFC to be applicable in more demanding applications.

In spite of these attributes, application of SOFCs has been limited due to their poor

load following capability, and has particularly precluded their use in application involving

rapid power variations [13]. Poor load following ability is a common drawback of any

type of fuel cells. It is attributed to the slow dynamic response of the fuel and air delivery

systems consisting of valves, pumps and reformers, [27], [28], [29], [18]. It is manifested as

hydrogen or oxygen starvation, drastic voltage drop, compressor surge and choke, when the

fuel cell is directly exposed to rapid power transients. The phenomenon adversely affects

the cell’s durability through anode oxidation [18], and through reversal of cell potential

leading to catalyst corrosion [17].

Multiple authors have addressed this issue by augmenting the fuel cell with an electrical

4



storage device. In [27], the authors present an approach of interfacing an ultra-capacitor to

a fuel cell and develop a current control strategy to minimize the fuel cell’s voltage drop

during sudden increase in the load. This interfacing between the primary and the secondary

source of energy is relayed on bidirectional power electronic devices. The control strategy

is based on observing the terminal voltage of the fuel cell by controlling the ultra-capacitor

currents. Simulation results show gradual prevention in any substantial drop in the fuel cell

voltage as the load power increases.

In [28], a control principle of the hydrogen utilization of PEM fuel cells is addressed.

The current in the fuel cell is rate limited. i.e. fuel cell current slope is controlled to prevent

hydrogen starvation. The strategy is based on a DC link voltage regulation in order to make

the fuel cell operate in steady state condition. The fuel cell is considered as a main power

source and an ultra-capacitor is used as an auxiliary storage device. Power from the ultra-

capacitor is drawn in a manner that minimizes mechanical stresses on the fuel cell. The

ultra-capacitor current draw is synchronized with the fuel flow of the PEM fuel cell system

and the current draw from the load.

Oxygen starvation problem in PEM fuel cells is addressed in [30]. A nonlinear ref-

erence governor approach is developed to address this issue. Parameter uncertainties are

addressed using a novel approach based on sensitivity functions. The main objective of

this paper is to incorporate robust control while solving the oxygen starvation problem

in the fuel cell. Simulation results are included to demonstrate the effectiveness of the

proposed scheme. In [29], a Model Predictive Control (MPC) is developed for a fuel cell

ultra-capacitor system that minimizes oxygen starvation, bounds the ultra-capacitor’s state-

of-charge (SOC), and prevents compressor surge and choke while responding to power de-

mands from the load. An MPC based approach for improving battery performance and

avoiding fuel cell and battery degradation is given in [31].

In addition, a number of papers have proposed control of hybrid fuel cells without

specifically addressing the above mentioned constraints, but providing a rich spectrum of
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control approaches. In [32–34], rule-based control strategies are developed where the hy-

brid system switches between discrete operating modes. In [32], the authors focus on

starting condition and the reverse regeneration of energy during braking situations. They

model the fuel cell ultra-capacitor hybrid vehicle power system and design a model-based

controller.

In [33], the authors focus on cars powered by fuel cells and equipped with an ultra-

capacitor and a battery at the same time. They investigate a strategy to reduce fuel con-

sumption of the vehicle. Their goal is to reduce the hydrogen consumption while main-

taining the state-of-charge of the ultra-capacitor and the battery at acceptable levels. The

ultra-capacitor captures significant amount of energy during braking and protects the fuel

cell from instantaneous peaks in the load power. Whereas, for long duration braking and

excessive power spikes the battery is used. Thus, the fuel consumption is reduced signifi-

cantly.

In [34], an on-line power management system is proposed for a hybrid fuel cell. The

authors of this paper discuss a method that includes an advance supervisory controller con-

sisting of multiple layers. In the first layer, the controller captures all possible operation

modes. In the second layer of the controller, a fuzzy logic algorithm is used to split the

power between the fuel cell and the auxiliary power module. In the last layer, there are

sub-controllers that set the operating point for each subsystem to reach the optimum per-

formance.

In [35], adaptive control strategy adjusts the output current of the fuel cell according

to the state-of-charge of the secondary power source. In [36], a two-loop control strategy

is proposed for a fuel cell ultra-capacitor hybrid. The inner loop regulates the DC bus

voltage and the outer loop regulates the fuel cell current. The authors considered the SOFC

stack operating only at relative low pressure and are concerned about the thermal dynamics

in their control design. In [37], a fuel cell system is hybridized with ultra-capacitor and

battery. A non-linear sliding-mode control is developed for power management of this

hybrid system. The ultra-capacitor module is used as an auxiliary transient power source

6



and the battery is used for long duration peaks. In [38], the authors obtain optimal power

distribution in real-time by local minimization of an equivalent fuel consumption variable.

In [39], the authors develop a differential flatness ([40]) based control for a fuel cell

ultra-capacitor system. The ultra-capacitor is used as secondary power source whereas

the fuel cell is used as the main power supplier. The hybrid system also consists of two

capacitors, DC link capacitor and output capacitor. The DC link capacitor connects both

the primary and secondary power sources to the grid and the output capacitor connects

the load and the grid through power electronic devices. The control strategy is based on

energy regulation of both capacitors. The main source output voltage is kept constant and

its dynamics are controlled.

A majority of the work mentioned above pertain to PEMFCs and appear to lack a holis-

tic approach to the control of hybrid fuel cells. Literature review reveals that control devel-

opment for hybrid SOFCs systems are in preliminary stages.

1.3 Basic Operating Principle of SOFCs

Solid Oxide Fuel Cell uses electrochemical reactions to produce electricity. The particular

electrochemical reaction employed is illustrated in Fig.1.1. Hydrogen fuel and air flow

through the anode and cathode, respectively. The anode collects electrons that pass through

the load and are deposited back again in the cathode. The electrolyte is a dense layer of

ceramic that conducts only oxygen ions. It is not a membrane, as in other types of fuel

cells, that is permeable to molecules or atoms. Rather, it is a pure ionic conductor allowing

only the oxygen ions to pass through, but only at elevated temperatures [41]. Thus, in order

to complete the circuit, oxygen ions passes through the solid oxide electrolyte from the

cathode to the anode.

Hydrogen is used as the primary fuel for generating electricity, but SOFC systems do

not require pure hydrogen as the fuel. Due to the high operating temperatures (800 to 1000◦C)

and the presence of catalysts, hydrogen can be generated through internal reforming within
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Figure 1.1: Basic Electrochemistry of an SOFC (Figure courtesy [1])

the anode chamber of an SOFC from hydrocarbon fuels [11, 12]. It is also generated

through external reforming in reformers placed upstream of fuel cell. Some reforming pro-

cesses are endothermic and so the hot gases exhausted from the fuel cell can serve as a

means of providing heat to sustain those reformers [2]. In addition, exothermic reforming

processes such as POX (Partial Oxidation) reforming exist where the fuel is partially oxi-

dized to self-sustain the reforming process. More detailed explanation will be provided in

the forthcoming sections.

As discussed previously, fuel utilization U is defined as the ratio of hydrogen consump-

tion to the net available hydrogen in the anode of an SOFC. In the mathematical formulation

of U , not only the available hydrogen but also the hydrogen that can be generated from other

species through internal reforming, are accounted for [15, 42]. This is because of SOFC’s

tolerance to impurities that allows the reformer exhaust gas-mixture to be directly sent to

the anode with minimal or no purification. While high utilization implies high efficiency,

very high utilization leads to reduced partial pressure of hydrogen in the anode, leading to
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voltage drop and irreversible damages due to anode oxidation [18]. Typically, 80− 90% is

set as the target range [15, 16, 42].

1.4 Objectives

Control of U around a target value is a means for improving load-following in SOFC sys-

tems. However measurement of U requires a number of species-specific concentration

sensors that are avoided due to cost and reliability considerations. Observer designs are

possible [10, 43–45], however they are computation intensive, and rely on accurate mathe-

matical models.

In this thesis, proposes control of U by combining an invariant property of the SOFC

system [14], with a feedback based current regulation strategy. The invariant property is

a closed-form expression relating steady-state U , fuel flow and current but is independent

of variables such as reforming reaction rates, internal flow rates, temperatures, etc. The

approach not only satisfies a target steady-state U but also attenuates its transient departure

from this target.

The dynamics of the fuel supply system (FSS) consisting of fuel pump, compressor and

/or valves, are considered unknown and the measured fuel flow is used to regulate the fuel

cell current. The deficit or surplus power delivered by the SOFC due to current regulation

is compensated by a storage element such as an ultra-capacitor or a battery. Current regu-

lation is incorporated within an robust control scheme that additionally controls the storage

element’s SOC.

This work addresses hydrogen starvation but oxygen starvation is not considered as it

is seldom observed in SOFC systems. This is because in the absence of coolants, excess

air (Air utilization ≈ 20− 25%, [46]) is used for temperature control of the fuel cell stack

[18].

The auxiliary power storage element has to be chosen such that it responds appro-

priately to power delivery requirements on the hybrid system. It has to be able to store
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sufficient energy and provide adequate peak power during transients [47]. In addition, the

storage unit must meet the required life cycle. The ultra-capacitor proposed in the SOFC-

Ultra-capacitor hybrid system cannot supply the fuel cell with long power peaks and cannot

store sufficient amount of energy. Batteries have higher energy and can provide the system

with power for longer period of time. However ultra-capacitors have longer life time in

terms of charging and discharging cycles [48].

The primary objective is to develop robust control strategies for power-split control of a

hybrid SOFC ultra-capacitor hybrid that delivers superior load-following capability of the

system while attenuating transient fuel utilization. The control objectives are satisfied in

presence of uncertainties. Two control strategies are developed, a nonlinear control and an

H∞ based control.

This is followed by an investigation to combine both the ultra-capacitor and battery as

auxiliary storage units of the hybrid fuel cell system. Recent studies show that lithium-ion

batteries are most suitable elements for high power applications [49, 50]. Thus, studying

and characterizing this battery is required to design a robust nonlinear control for SOFC-

Battery-Ultra-capacitor hybrid system.

This thesis is organized as follows: A detailed Solid Oxide Fuel Cell system descrip-

tion is provided in section 2.1 and the uncontrolled response of U to transient current is

presented in section 2.2. The invariant property is derived next and used for open-loop

control in section 2.3. The feedback based current regulation method is presented in sec-

tion 2.4 followed by a discussion on system induced delays on fuel flow in section 2.5. An

overview of batteries and ultra-capacitors are presented in sections 3.1 and 3.2 respectively.

The hybrid fuel cell ultra-capacitor configuration is presented in details in section 3.3.

Chapter 4 describes detailed control design strategies used in the hybrid system. The

objectives of these control approaches are presented in section 4.1. In section 4.2, a non-

linear control design is presented and the mathematical derivation are shown in details.

Proofs of all theorems used for this control strategy are presented in this section. Section

4.3 shows the second control strategy, which uses the H∞ approach.
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The hardware-in-the-loop (HIL) experimental test-stand is explained in chapter 5, where

all equipments used for the test stand are described in details and specifications are given.

Validation of real time simulations against the computer-model simulations are shown in

section 6.1. Experimental results are presented in section 6.2 and 6.3 to confirm the validity

of both the nonlinear and H∞ control designs under step changes and under drive cycle in

the load demand. The need for robust control is demonstrated in section 6.4.

An investigation on improving the hybrid system by integrating lithium-ion battery is

provided in chapter 7. Extending the fuel cell hybrid design is explored in section 7.1.

Advantages of combining both ultra-capacitor and lithium-ion battery are discussed. A

method of estimating the state of charge of lithium-ion is presented in section 7.2. In

section 7.3 a detailed development of the nonlinear control design of the SOFC, ultra-

capacitor and battery hybrid system is given. Finally concluding remarks and future work

are stated in the chapter 8, and references are listed. Additional information are provided

in the appendices.
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Chapter 2

Fuel Cell System

2.1 SOFC System

The forthcoming analysis is based on a steam reformer based tubular SOFC system. The

system consists of three primary components, namely, the steam reformer, the fuel cell

stack and the combustor. Methane is chosen as the fuel for the system with a molar flow

rate of Ṅf . The analysis and control approach presented in this thesis can be extended

to other fuels and system configurations. The overall system is described in detail in the

forthcoming sections and the diagram of the SOFC system is shown in Fig.2.1.
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Figure 2.1: Schematic Diagram of SOFC System
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The reformer produces a hydrogen-rich gas, which is supplied to the anode of the fuel

cell. Electrochemical reactions occurring at the anode due to current draw results in a

steam-rich gas mixture at the anode exit. A fraction k of the anode efflux is recirculated

through the reformer into a mixing chamber where fuel is added. The mixing of the two

fluid streams and pressurization is achieved in the gas mixer using an ejector or a recircu-

lating fuel pump [51, 52]. The steam reforming process occurring in the reformer catalyst

bed is an endothermic process. The energy required to sustain the process is supplied from

two sources, namely, the combustor efflux that is passed through the reformer, and the

aforementioned recirculated anode flow, as shown in Fig.2.1. The remaining anode efflux

is mixed with the cathode efflux in the combustion chamber. The combustor also serves to

preheat the cathode air, which has a molar flow rate of Ṅair. The tubular construction of

each cell causes the air to first enter the cell through the air supply tube and then reverse its

direction to enter the cathode chamber. The cathode air serves as the source of oxygen for

the fuel cell [53]. Detailed explanation is provided in the following sections.

2.1.1 Operation of Steam Reformer

Steam reformer configuration is shown in Fig.2.2. The fuel enters the mixer with an in-

coming molar flow rate of Ṅf and is mixed with the recirculated anode exhaust flow rich

in steam. This flow then passes through the reformer catalyst where a set of endothermic

reactions occur to generate a hydrogen rich gas mixture. For steam reforming of methane,

a packed-bed tubular reformer with nickel-alumina catalyst is considered. Heat must be

added to sustain these reactions and is done so by passing the hot exhaust and recirculated

flow around the reformer. The reformate gas mixture then proceeds from the reformer to

the anode of the fuel cell stack with a molar flow rate of Ṅin. An exothermic electrochem-

ical reaction occurs here based on an electrical current demand. Steam rich gas leaves the

anode of the fuel cell stack at Ṅo mole/s and a fraction, k, of this is recirculated back to

the reformer, providing necessary H2O and heat as shown in Fig.2.1 and Fig.2.2. The re-

circulation is achieved by either using imperfect seals, [12], or a recirculating pump [10].
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Figure 2.2: Steam Reformer Drawing

The remaining flow enters the combustion chamber with air from the cathode and is burned

there. Exhaust from the combustor is sent back again to heat up the reformer.

The fuel cell system takes methane as fuel, the methane enters the steam reformer and

the reaction I, II and III of the following reactions occurs [54]:

(I) CH4 + H2O ↔ CO + 3H2

(II) CO + H2O ↔ CO2 + H2

(III) CH4 + 2H2O ↔ CO2 + 4H2

(IV) 1
2
O2 + 2e− → O2−

(V) H2 + O2− → 2e− + H2O

(2.1)

Internal reforming reactions I, II and III in Eq.(2.1) occur in the steam reformer due to high

temperatures and the presence of nickel catalyst. Simultaneous electrochemical conversion

of CO to CO2 is also possible. However, this reaction is ignored since its reaction rate is

much slower in presence of reactions II and V, [55].
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2.1.2 Operation of Fuel Cell Stack

The SOFC stack consists of an assembly of several anode, cathode and electrolyte modules.

The electrolyte is made of a thin solid ceramic material such as zirconia doped with 8 to

10 mole % yttria [11, 12]. It has high ability of conducting oxygen ions [12] at elevated

temperatures. The electrolyte is placed between the anode and the cathode of the fuel cell

stack as shown in Fig.2.3 and as discussed in section 1.3. It is used to only conduct oxygen

ions O2− resulting from the chemical reactions. Hence, the electrical conductivity must be

kept as low as possible to lower the leakage-current and increase the efficiency of the fuel

cell. The operating efficiency in producing electricity in SOFC is among the highest in all

types of fuel cells.
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Fuel Cell

Preheated air

Reformed 

fuel
Anode

Cathode

Air Supply

No

.

Electrolyte

          Remaining anode exhaust

Cathode effluent

Arrows represent heat exchange

Figure 2.3: Drawing of a Solid Oxide Cell Stack

The cathode is a thin layer attached to the electrolyte where the oxygen reduction takes

place. The oxygen molecules (1
2
O2) coming from air combine with electrons (2e−) coming

from the load to produce oxygen ions O2− as shown below

(IV) 1
2
O2 + 2e− → O2− (2.2)

The oxygen ions are conducted through the impermeable electrolyte into the anode of

the cell. The anode takes the oxygen ions and mix them with hydrogen pumped into it as a
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fuel to produce pure water as follows

(V) H2 + O2− → 2e− + H2O (2.3)

The resulting electrons travel into an outside circuit to produce electric power and then

travel back again to the cathode as shown in Fig.2.4.
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Figure 2.4: Basic Electrochemistry reactions of SOFC Stack ( Figure courtesy [2] )

2.1.3 Operation of Combustor
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Figure 2.5: Combustor Schematic

16



The remaining anode exhaust of the SOFC stack is mixed with the cathode efflux in the

combustion chamber as shown in Fig.2.5. In addition to burning excess fuel, the combustor

also serves to preheat the cathode air which has a molar flow rate of Ṅair. The air comes

into the combustor at low temperatures where it is preheated and then sent to the cathode of

the stack. The tubular construction of each cell causes the air to first enter the cell through

the air supply tube and then reverse its direction to enter the cathode chamber Fig.2.1.

2.2 Fuel Utilization of SOFC System

The system is comprised of Ncell cells connected in series. A detailed control-oriented

model of the system is developed for simulation and real-time implementation. Fuel uti-

lization U is expressed mathematically as follows, [15, 18, 42]:

U = 1− Ṅo (4X1,a + X2,a + X4,a)

Ṅin (4X1,r + X2,r + X4,r)
(2.4)

where,X1,a,X2,a,X4,a andX1,r,X2,r,X4,r are the molar concentrations of CH4, CO and H2

in the anode and the reformer respectively and Ṅo and Ṅin are shown in Fig.2.1. Eq.(2.4) is

based on the observation that CH4 can yield at most four molecules of H2 and CO yields

only to one molecule of H2. That is indicated by reactions I, II and III in Eq.(2.1). For

more mathematical details and derivations of Eq.(2.4) refer to [14].

The sensitivity of U to fuel cell current ifc under uncontrolled operation is illustrated in

Fig.2.6. The tubular SOFC model, with cell length of 50cm and cell area of 251cm2, is run

withNcell = 50, Ṅf = 7×10−4moles/s and ifc = 10A for t < 150s. These conditions yield

a steady state utilization of Uss ≈ 85%. Two sets of step responses are shown. The resulting

U and Vfc are plotted in Figs.2.6(b) and (c) respectively. The following observations are

made:

• Step jump of 0.5A in the fuel cell current causes a drastic fluctuation in the fuel

utilization.
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Figure 2.6: Open-Loop Response to Transient Current Demand

• Hydrogen starvation in the anode due to the transients causes a drastic voltage drop

in the fuel cell voltage.

• The fuel cell system is unable to sustain a 1A increase in the fuel cell current. This

is manifested as the hydrogen utilization → 100% and the fuel cell voltage → 0V.

• The results show that under uncontrolled operation, the fuel cell is capable of re-

sponding only to very small perturbations in the power demand.

The trends are simply reversed when the step changes are applied in the negative direc-

tion. Such drastic fluctuation in U shorten the life of the fuel cell by damaging the stack.

The drastic loss of voltage is undesirable in a majority of applications, where voltage must

be maintained at constant level or within specific bounds. From an application point of

view, the drastic fluctuations in the voltage are not acceptable unless very sophisticated

power regulators are used. As discussed before, U is a common reference parameter to

characterize the performance of the SOFC. It is correlated with the system efficiency. The

preferred range of U is 80%− 90% [15, 16] where it gives favorable efficiency. In the next

section, the fuel cell’s steady-state behavior is used to develop an open-loop control of U .
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2.3 Open-Loop Control of U

The molar balance equations of the species in the reformer and anode are:

ṄrX1,r + NrẊ1,r = kṄoX1,a − ṄinX1,r +R1,r + Ṅf

ṄrX2,r + NrẊ2,r = kṄoX2,a − ṄinX2,r +R2,r

ṄrX3,r + NrẊ3,r = kṄoX3,a − ṄinX3,r −R1,r −R2,r

ṄrX4,r + NrẊ4,r = kṄoX4,a − ṄinX4,r − 4R1,r −R2,r

ṄrX5,r + NrẊ5,r = kṄoX5,a − ṄinX5,r + 2R1,r +R2,r

(2.5)

ṄaX1,a+NaẊ1,a=ṄinX1,r−ṄoX1,a +R1,a

ṄaX2,a+NaẊ2,a=ṄinX2,r−ṄoX2,a +R2,a

ṄaX3,a+NaẊ3,a=ṄinX3,r−ṄoX3,a −R1,a −R2,a

ṄaX4,a+NaẊ4,a=ṄinX4,r−ṄoX4,a − 4R1,a −R2,a−re

ṄaX5,a+NaẊ5,a=ṄinX5,r−ṄoX5,a + 2R1,a +R2,a+re

(2.6)

where, re is the rate of electrochemical reaction given by

re = ifcNcell/nF (2.7)

In Eqs.(2.5), (2.6) and (2.7), Xi,r and Xi,a are the molar concentrations of species in the

reformer and anode respectively, with i = 1, 2, · · · , 5 representing CH4, CO, CO2, H2 and

H2O in that order. Nr and Na are the molar contents of the reformer and the anode. R1,r,

R2,r and R1,a, R2,a are the rates of formation of CH4 and CO in the reformer and anode

respectively. ifc is the fuel cell current, n = 2 is the number of electrons participating in an

electrochemical reaction and F = 96485.34Coul./mole is the Faraday’s constant. Further

details can be found in [14]. From Eqs.(2.4), (2.5), (2.6) and (2.7), noting that the left

hand sides of Eqs.(2.5) and (2.6) are zero at steady-state, the steady-state utilization Uss is

obtained as

Uss =
1− k(

4nFṄf/ifcNcell

)
− k

(2.8)

Note that Eq.(2.8) is independent of the reaction rates R1,r, R2,r, R1,a R2,a, the flow rates

Ṅin, Ṅo, temperatures and pressures and hence it represents an invariant property of the
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fuel cell. Furthermore, since k, ifc and Ṅf are measurable and known, Eq.(2.8) can serve

as an open-loop control to achieve a target Uss. Although Eq.(2.8) was derived based on

the mass balance equations Eqs.(2.5) and (2.6), note that such invariant properties can be

derived in a model independent manner with minimal system knowledge for a certain class

of reformer based SOFC systems.

Consider the demanded fuel cell current to be ifc,d. Then, from Eq.(2.8), the corre-

sponding fuel demand Ṅf,d, that satisfies a target Uss is,

Ṅf,d =
ifc,dNcell

4nFUss

[1− (1− Uss) k] (2.9)

Eq.(2.9) only addresses steady-state behavior. Hence its effectiveness must be assessed in

the presence of transient current demand. Control of U using Eq.(2.9) is shown in Figs.2.7

and 2.8.
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Figure 2.7: Open-Loop Control of U Using Eq.(2.9) with First Order Dynamics

The fuel cell system simulated is same as in Fig.2.6 with ifc = 10A for t < 150s and

target Uss = 85%. Four simulations are presented with ifc = 11, 14, 18, 22A for t ≥ 150s,

Fig.2.7(a). The actual fuel injected, Ṅf , is shown in Figs.2.7(b) and 2.8(b). Note that

while Ṅf,d changes instantaneously according to Eq.(2.9), Ṅf experiences a lag due to

the dynamics of the fuel supply system. The dynamics are assumed to be first order in

Fig.2.7(b) and rate limited in Fig.2.8(b). At steady-state, Ṅf = Ṅf,d.

In this simulation, a first order dynamics with a time-constant of 2 seconds is assumed.

However, similar response is obtained with other fuel supply dynamics, such as ramped or
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Figure 2.8: Open-Loop Control of U Using Eq.(2.9) with Rate Limited Dynamics

rate-limited behavior Fig.2.8. In Fig.2.7(c), U is plotted for individual simulations. The

plots confirm Uss = 85%. Also, Vfc is plotted in Fig.2.7(d). The trends are simply reversed

when negative step changes are applied.

Comparing with the uncontrolled case, under open-loop control the SOFC system is ca-

pable of handling a significantly greater amount of current fluctuation. In the uncontrolled

case, the jump of 1A in the fuel cell current demand causes the utilization U → 100% and

Vfc → 0. The open-loop controller reduces the fluctuation in U allowing bigger jumps in

the fuel cell current. Less than 10% fluctuation in the utilization is observed for a jump

of ≈ 8A in the current and the voltage does not drop below 35V level. The overall ob-

servation here is that the open-loop controlled case provides us with better results than the

uncontrolled case.

Under the open-loop control, the utilization deviates from the target steady state utiliza-

tion, Uss , during transients in current as shown in Figs.2.7 and 2.8 (c). The fluctuations

get bigger as the jumps in current increases. The simulation abruptly ended when the step

increase was bigger than 10A. This is due to hydrogen starvation manifested by U → 100%

and correspondingly Vfc → 0, as seen in Figs.2.7(c) and (d) for step change of 12A. Thus,

the controller is not practical for bigger jumps and multiple fluctuations in the load power.

A more sophisticated controller is required for more aggressive power transients.
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2.4 Fuel Cell Current Regulation

The advantage of the approach in section 2.3 is that target Uss is achieved without any

knowledge of internal flow rates, temperatures, species concentrations or reaction rates.

No sensor devices are needed for this control strategy. However, transients produces fluc-

tuations in U and drops in fuel cell voltage because this strategy is based on steady-state

behavior. Hence improving its effectiveness must be considered in the presence of tran-

sient current demand. A close-loop controller is proposed in this section to increase the

performance of the fuel cell during transients. The overshoots and the undershoots in the

fuel cell voltage are addressed in this approach. The fluctuations in the utilization need to

be reduced to ensure that the SOFC can handle bigger transients in power.

The strategy uses feedback to dynamically shape the current draw from the fuel cell

system. Noting that Ṅf 6= Ṅf,d during transients, due to delays in the fuel supply system.

These delays are described in the forthcoming discussion. The fuel cell current ifc is shaped

using Eq.(2.8), as follows:

ifc =
4nFUssṄf

Ncell

1

[1− (1− Uss) k]
(2.10)

Implementing Eq.(2.10) requires the measurement of the actual fuel flow Ṅf , which is as-

sumed to be available. The feedback based current regulation scheme and the open-loop

approach are shown in Fig.2.9 by the switch positions CL and OL respectively. Simula-

tions are presented in Fig.2.10 to demonstrate the effect of current regulation on transient

utilization and voltage.

The fuel cell current demand ifc,d is determined directly based on the current demand

from the load iL. The fuel flow rate demand Ṅf,d is also determined based on the fuel

cell current demand ifc,d according to Eq.(2.9). However, the theoretically calculated fuel

flow rate demand Ṅf,d is different than the actual fuel flow rate Ṅf obtained at the output

of the fuel supply system during transients as indicated in Fig.2.9. Ṅf has delays caused

by the fuel supply system. Having the ability to measure the delayed fuel flow rate or the
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Figure 2.9: Scheme for Transient Utilization Control

actual fuel flow rate at the output of the fuel supply system and using Eq.(2.10), the target

current can be estimated. By drawing this calculated current, the SOFC attenuates transient

fluctuation in U and improves the voltage response.

The system simulated is the same manner as in Figs.2.6 and 2.7 in section 2.2 and

section 2.3 respectively. In the feedback-based control approach, referring to Fig.2.9, the

simulation results represent the closed-loop (CL) mode. Three different simulations are

conducted to prove the validity of this control strategy under transients. The target Uss =

85% and an initial current draw of 10A are used. After the first 150s, three different step

changes in the current draw are applied. The first jump is from 10A to 18A. The second

step is from 10 to 30A. Lastly, a jump of 40A from 10A is applied. These instantaneous

jumps in the current demand are used to prove the validity of this approach under drastic

transients.

The experimental results are shown in Figs.2.10 and 2.11 for first order and rate limited

dynamics of the fuel supply system respectively. Since the same results are obtained for

both dynamics thus we refer only to Fig.2.10 in the following discussion. In response to

the step changes in ifc,d, the target fuel Ṅf,d also undergoes step changes, Figs.2.10 (a)

and (b) respectively. Ṅf changes according to the fuel supply dynamics which is assumed
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to be first order with a time constant of 2 sec, Fig.2.10(b), as in the previous simulations.

Measured Ṅf is assumed to be available and the shaped ifc is computed using Eq.(2.10)

and is shown in Fig.2.10(a). The resulting transient U and Vfc are shown in Figs.2.10(c)

and (d) respectively.
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Figure 2.10: Effect of ifc Regulation on Transient U and Vfc with First Order Dynamics
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Figure 2.11: Effect of ifc Regulation on Transient U and Vfc with Rate Limit Dynamics

It is evident from the results above that the feedback based regulation of ifc drastically

reduces transient U . It also improves transient response of Vfc. For instance, the step

change to ifc,d = 18A led to a deviation in U from 85% to ≈ 94% in the open-loop

mode Fig.2.7(c), whereas only a jump from 85% to ≈ 86% is observed in closed-loop

mode Fig.2.10(c). Note here that while the transient U is considerably attenuated, it is not
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completely eliminated. In the next section, we present a detailed discussion of its causes.

Current regulation also increases the transient current handling capability of the fuel

cell by a considerable margin. Even with a step change to ifc,d = 50A which is 40A jump

in the current demand, transient U remains within a ±5% range. The fuel cell utilization

is well regulated under this control strategy and only small fluctuations are observed. That

keeps the efficiency of the fuel cell at optimum levels, which is desired in a majority of

applications. In addition to the reduction in the U , the voltage transients are considerably

reduced. Much bigger jumps in the current demands are applied, but lower transients in the

voltages are observed in Fig.2.10(d). From application point of view, this improvement in

voltage transients allows simple voltage regulator to be used.

This current regulation approach requires only one additional sensor, namely a flow

rate sensor that measures Ṅf , which is assumed to be available in the SOFC. The sensor is

placed upstream of the reformer of the SOFC system as shown in Fig.2.12. This is because

downstream of the reformer the methane is already decomposed as explained in section

2.1.1 and shown in reforming reactions I, II, and III in Eq.(2.1).

Fuel 
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system

Fuel cell

Nf,difc,d

Eq 2.9

ifc

Nf

Reformer
Reformed

fuel

Current

demand
D1 D2

Fuel

demand

Fuel

supply

Information/Command flow

Mass flow

Eq 2.10

Nf

Figure 2.12: Flow Rate Sensor Arrangement

The outcomes of this strategy are encouraging, the fluctuations in the fuel cell utiliza-

tion are reduced drastically and voltage transients are significantly improved. However, it

is evident that during transients ifc is dynamically shaped to reduce fluctuations in U from

the target value. This will lead to a mismatch between the demanded power and fuel cell

delivered power as evident in Fig.2.10(a). This is a fitting scenario to consider a hybrid
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fuel cell system with a supplementary power source such as a battery or a ultra-capacitor.

Thus during transient operation, while the proposed control strategy ensures that the fuel

utilization undergoes minimal deviation from Uss, the power deficit or surplus will be man-

aged by discharging or charging the supplementary energy storage element. This will be

discussed in details in the forthcoming sections.

2.5 Delays Induced along Fuel Path

At the end of section 2.3, we observed that the transient deviation of U from target Uss is

due to delays induced along the fuel path shown in Fig.2.12. This delay is attributed to two

primary factors,

D1: The lag between Ṅf,d and Ṅf introduced by dynamics of the fuel supply system

D2: The delay introduced by the dynamics of the fuel processor (reformer).
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Figure 2.13: Open and Closed-Loop Responses for Ramped Ṅf

Current regulation in section 2.4 compensates for D1, Eq.(2.10), Fig.2.9. The residual

transient in U shown in Fig.2.10 (c) is attributed to D2. In sections 2.3 and 2.4, a first

order and ramped response dynamics in the fuel supply system are assumed. However,

the observations made are applicable to a wide variety of dynamic responses. As another
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example, a different ramped response of the fuel supply systems is considered in Fig.2.13.

For t < 150s, the fuel cell current is kept constant at ifc = 10A. For t ≥ 150s, two simula-

tions are shown, with ifc,d = 20 and 30A. Ṅf ramps at a rate of 0.002moles/s in response

to change in ifc,d, Fig.2.13(b). As shown in Fig.2.13(a), ifc = ifc,d in OL and is ramped

in CL. U in OL and CL configurations are shown in Figs.2.13(c) and (d) respectively. As

before, significant deviation in U is observed in OL mode that is considerably attenuated

in CL mode.

To explore the effect of D1 in the current feedback regulation approach, the previous

experiments are conducted again, however step changes in ifc and different delays in D1

are assumed. As the delay D1 becomes smaller, the effect of input shaping diminishes. This

trend is shown in Fig.2.14 where for t < 150s, ifc = 10A and ifc,d = 15A for t ≥ 150s.

Three simulations are shown, all with first order fuel-supply dynamics and time-constants

chosen as 0.5s, 2s and 6s. It is clear from Fig.2.14 that greater the delay D1, greater is the
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Figure 2.14: Effect of D1 on Transient U in OL and CL Modes

degradation of the transient response of U , and greater is the effect of current regulation. If

the fuel supply system responds instantaneously, then current regulation is inconsequential.

For perfect disturbance rejection, ifc must be further regulated, based on the reformer

dynamics, to compensate for delay D2. Achieving this using a model-independent ap-

proach is a topic of future research. It is observed that the effect of D1 is more pronounced
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than D2 in a majority of cases. However, the effect of D2 is magnified when the reformer’s

void volume is much larger compared to the anode volume or when there exists severe

flow restriction between the reformer and the anode. The later effect is demonstrated in

Fig.2.15, where the corresponding friction factor is increased by a factor of 100 in the

model. As shown in Fig.2.15, in the presence of heightened flow restriction, the transient

deviation in U is not as well attenuated as in the default case.
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Figure 2.15: Effect of D2 on Transient U in OL and CL Modes
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Chapter 3

Hybrid Fuel Cell Configuration

In the previous chapter, the fuel cell current shaping approach is proposed to reduce drastic

fluctuations in U . This approach consequently reduces the transients in cell voltage. The

simulation results obtained by the application of this control strategy are very encouraging.

However, regulating the fuel cell current to satisfy these two constraints leads to a mis-

match between the demanded power from the load and the power supplied by the fuel cell.

Hybridizing the SOFC with an energy storage element is proposed to compensate for this

mismatch.

In the hybrid system, when the fuel cell delivers lower than the demanded power, the

storage element must supply the deficit. Similarly, when the fuel cell power is greater than

the power demand, the excess power will absorbed and charge up the storage element.

Hence, a power split control algorithm must be designed to maintain the State-Of-Charge

(SOC) of the auxiliary storage element. The aforementioned storage device can be a bat-

tery, or an ultra-capacitor, or both at the same time and that depends on the type of the

application and the nature of the load. Batteries have high energy density compared to

ultra-capacitor. Ultra-capacitors have very high power density (> 1000W/Kg) and are

medium energy density (1 − 10Wh/Kg) devices, as indicated in Fig.3.1 [3, 56]. Detailed

discussions about these storage devices are provided in the following sections.

29



3.1 Batteries

The basic operation of batteries is based on chemical reactions. Fundamentally, when

chemical reactions occur, there is a consequent release or absorption of energy. The release

and the absorption of energy mostly appears in heat (exothermic and endothermic reac-

tions), however in certain materials it appears as electric energy (electrochemical reaction).

Accordingly, batteries are electrochemical devices that can store energy and deliver power

to the load [56].

Figure 3.1: Energy and Power Density of Different Power Storage Devices ( Figure cour-
tesy [3] )

Usually, batteries are composed of cells that are connected in parallel or series. The

performance of the battery cell depends on its electrical characteristics and physical prop-

erties. Batteries are characterized with high energy density as shown in Fig.3.1. Energy
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density is a measure of the amount of energy stored compared to the weight of the bat-

tery. It is expressed in Watt-hours/Kg. Volumetric energy density is also another parameter

used to characterize the battery. It is a standard of comparison between the stored energy

in a battery and its volume. Among the recent battery technologies, lithium-ion battery

has the highest energy density and volumetric energy density. It can store more than 100

Watt-hour/kg [56, 57].

Several types of batteries exist, such as lead-acid and lithium-ion batteries. Lead-acid is

one of the traditional types. They are attractive in many applications, especially in automo-

tive systems. They have advantages of sustaining high voltage per cell and supplying big

surge in current. Nevertheless, they are relatively heavy and have slow recovery time [56].

In the recent years, lithium-ion technology has dominated the field of advanced power

systems and replaced many other battery technologies in the market. Different types of

lithium-ion batteries use different materials and concepts.

The basic components are a cathode, an anode and a thin electrolyte. During the dis-

charge process, lithium ions from the anode transfer into the cathode. During the charging

process, exactly the inverse process occurs, involving extraction of ions from the cathode

to the anode, [58]. Cathode materials include lithium-metal oxides, vanadium oxides or

olivines. Anode materials are lithium, graphite, lithium-alloys, inter-metallics, or silicon

[57]. The light weight of these materials and the high energy to volume ratio give lithium-

ion battery technology superiority over other types of batteries. However, they have poor

cycle life. For every charge and discharge, the internal resistance increases slightly and

adversely affects the cell’s ability to deliver power [57]. This is the main draw back of

lithium-ion batteries.

3.2 Ultra-capacitors

The concept of the ultra-capacitors is different from the known conventional capacitors.

A conventional capacitor stores energy by removing electrons from the positive plate and
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Figure 3.2: Capacitor and Ultra-capacitor Structure (Figure courtesy [3])

storing them in the negative plate [3]. These plates are usually separated by dielectric

materials that consume space and increase weight. Instead of having dielectric material

between plates, ultra-capacitors have one plate with two layers separated by an ultra-thin

(nanometer sized) wall. They are called electrical double layer as shown in Fig.3.2.

Although the separator wall is very thin, but it provides very effective separation of

charge. This allows the plates to have much larger surface area in a smaller size. Each plate

can store significant amount of energy. This structure provides the ultra-capacitor with

extraordinarily high capacitance (ranging up to 2000 Farads). The layers themselves are

very conductive, they can release instantaneously very high amount of energy. No chemical

reaction is involved in its energy storage mechanism and hence ultra-capacitors have long

charging/discharging life cycle.

The only drawback of this technology is that they cannot operate at high voltages.

To operate in high voltages, multiple cells need to be connected in series. Also, ultra-

capacitors store smaller amount of energy than batteries [3].
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3.3 Hybrid SOFC Ultra-capacitor Configuration Design

Based on the discussion above, choosing the right device as an auxiliary storage element

plays a very important role in designing the hybrid system. In this thesis, SOFC ultra-

capacitor hybrid system is proposed and an investigation on combining both lithium-ion

battery and ultra-capacitor is conducted in chapter 7. In the following sections, control
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Figure 3.3: Hybrid Fuel Cell System

strategies with combined objectives of achieving load following while controlling U and the

ultra-capacitor’s SOC at their respective target values are developed. The fuel cell and the

ultra-capacitor are connected to the electrical bus through DC/DC converters, C1 and C2,

as shown in Fig.3.3. The architecture used in this thesis is similar to that adopted in [31].

Alternate approaches for interfacing fuel cell and ultra-capacitor/battery are discussed in

[27, 29, 59] and references therein. In the control development, the DC/DC converters are

treated as static power conversion devices. From Fig.3.3, the instantaneous power balance
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equation is obtained as follows

VLiL = η1Vfcifc + η2Vuciuc (3.1)

The following aspects are considered in the control development:

• We operate the SOFC in constant utilization mode, section 2.4. Hence the fuel cell

voltage is expected to change with power draw because of the voltage-current char-

acteristic of fuel cell. Therefore, a DC to DC converter is required to regulate the

output voltage to a fixed value.

• The bus (supply) voltage VL is held constant. This can be implemented by operat-

ing C1 in voltage control mode and C2 in the current control mode or vice-versa.

Without any loss of generality, we follow the former combination with C2 following

the commanded ultra-capacitor current iuc,c (we treat iuc = iuc,c) and C1 as fuel cell

voltage regulator.

• The ultra-capacitor current iuc and the fuel demand Ṅf,d are treated as control inputs.

The ultra-capacitor current is commanded in both directions using the bi-directional

DC to DC converter C2. The Ṅf,d is determined from the demanded fuel cell current

using Eq.(2.9).

• Measurement of the ultra-capacitor voltage is necessary for the controller to calculate

the ultra-capacitor’s SOC.

• Measurements of Vfc, Vuc, iL, ifc and Ṅf are available. Current sensors are required

to measure iL and ifc.

• The DC/DC converter efficiencies η1 and η2 vary with operating conditions and are

treated as unknowns with constant estimates η̄1 and η̄2, where η̄1, η̄2 > 0.
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Chapter 4

Control Design

4.1 Control Objectives and Approaches

Based on the discussion on the prior sections, the control objectives are:

1. to minimize the fluctuation in the fuel cell utilization, consequently reduces dropping

in fuel cell voltage,

2. maintain the SOC of the ultra-capacitor at desired level, and

3. the proposed control strategies are required to be robust to specific uncertainties of

the system.

Two control strategies are proposed in this section, a Lyapunov-based nonlinear control

and a standard H∞ robust control. Note that , H∞ is very standard approach and requires

precise knowledge of the hybrid system.

4.2 Nonlinear Control

The schematic diagram shown in Fig.4.1 represents a nonlinear control strategy for the

hybrid system consisting of SOFC and ultra-capacitor. The strategy incorporates the fuel

cell system discussed in section 2.4 and an ultra-capacitor discussed in section 3.2. The

fuel cell serves as the primary energy source of the hybrid system. The ultra-capacitor is
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considered as secondary power source that helps the fuel cell to handle transients in power

demands while preventing drastic fluctuation in fuel utilization.
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Figure 4.1: Nonlinear Control Approach

Based on Eq.(2.9), the demanded the fuel flow Ṅf,d is an algebraic function of fuel cell

current demand, ifc,d . As shown in Fig.3.3, if the fuel cell is the only energy source in the

system and the efficiency η1 is completely known, then the control problem will be much

simpler and the demanded fuel cell current will be

ifc,d =
VLiL
η1Vfc

However, this is an idealistic scenario of the SOFC system. Based on the discussion

in the section 2.4, the fuel cell current, ifc is shaped to avoid drastic fluctuations in the

utilization Eq.(2.10). Also as discussed in chapter 2 and 3, the current shaping introduces a

mismatch between the demanded power and the delivered power from the fuel cell during

transients. This mismatch is compensated by the ultra-capacitor, leading to SOC variation.
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Moreover, the efficiencies of the power converters are unknown. They are only esti-

mated based on imprecise knowledge of the system and the power converters. Thus, η1 is

uncertain and the SOC of the ultra-capacitor should be kept at the desired level. The fuel

cell current demand above is redesigned to address these constraints as follows

ifc,d =
VLiL
η̄1Vfc

+ g(Es) + δ1, (4.1)

The robustness in η1 is handled by adding a constant term δ1. This constant will be

designed in the ensuing analysis. Controlling the ultra-capacitor SOC to avoid under-

charge/overcharge states is handled by a function g(Es). This function depends on the

error Es which is the difference between the measured SOC (S) and the target SOC (St),

expressed as follows

Es = S − St (4.2)

The g(Es) function simply regulates ifc,d to compensate for Es.

The target SOC, St is set to 80% to ensure that there is energy buffer in the ultra-

capacitor and there is enough room to absorb extra power from the grid during transients.

The measured S is obtained by measuring the ultra-capacitor voltage and using the follow-

ing

S =
Vuc

Vmax

(4.3)

where Vmax is the maximum ultra-capacitor voltage.

To avoid drastic fluctuations of the utilization, the obtained measured fuel from the fuel

supply system, Ṅf is used to find the fuel cell target current as shown in Fig.4.1, and is

computed using Eq.(2.10), expressed as follow

ifc,t =
4nFUssṄf

Ncell

1

[1− (1− Uss) k]
(4.4)

Due to the delays in the fuel supply system, it is evident that ifc,t 6= ifc,d. Consequently,

mismatch in power occurs between the demanded power and the supplied power from the

fuel cell. This mismatch is compensated by the the ultra-capacitor as follows

37



iuc =
VLiL − η1Vfcifc,t

η2Vuc

(4.5)

However, as mentioned before, the efficiencies in both the power converters η1 and η2 are

unknown because they change with operating conditions. Efficiencies are treated as uncer-

tain parameters in the control design. Hence in the control designs, estimated efficiencies

are used. An additional robustness term δ2 is added to the above expression to compensate

for uncertainties in the hybrid system. The actual fuel cell current is also affected by the

these uncertainties, making ifc 6= ifc,t, where ifc is the actual fuel cell current. Thus, the

ultra-capacitor current is designed as follows

iuc =
VLiL − η̄1Vfcifc,t

η̄2Vuc

+ h (Efc) + δ2, (4.6)

where Efc is the error produced between the actual (measured) and the target fuel cell

current and expressed as follows

Efc = ifc − ifc,t, (4.7)

The function h (Efc) and the robustness term δ2 will be developed further in the ensuing

analysis.

Our control objectives are to stabilize the origin Es = Efc = 0 in the presence of fluc-

tuating iL with the designs of ifc,d and iuc in Eqs.(4.1) and (4.6) respectively. In addition,

the dynamics of the fuel supply system introduces a transient error between ifc,d and ifc,t

given by

Efc,t = ifc,t − ifc,d, (4.8)

The dynamics of Efc,t is a characteristic of the fuel supply system, which are considered

unknown in the design.

Note that the feedback based current regulation approach detailed in section 2.4 is de-

signed to compensate for D1 , where D1 represents the lag between the rate of change in

the fuel demand, Ṅf,d, and the rate of change in the actual fuel, Ṅf , introduced by dynam-

ics of the fuel supply system. While the dynamics of the fuel supply system is considered
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unknown, it is evident from the results of section 2.5 that the fuel supply system, and specif-

ically the error variable Efl = Ṅf − Ṅf,d, satisfies a general stability property. With this

observation, we state and prove the following theorems:

Theorem 1 If the origin of Efl is exponentially stable, then the hybrid SOFC sys-

tem in Fig.3.3, with the control approach in Fig.4.1, satisfies exponential stability

of the origin of E = [Es Efc,t Efc]
T , Efc,t as in Eq.(4.8), with ifc,d and iuc as in

Eqs.(4.1) and (4.6) respectively , also g(Es) is designed to be

g(Es) = −ks Es, ks > 0, (4.9)

h(Efc) is

h(Efc) = kpEfc + kdĖfc, kp, kd > 0, (4.10)

δ1 and δ2 are chosen to satisfy

δ1




≤ (VLiL/η1Vfc) (1− η1/η̄1) for Es > 0

≥ (VLiL/η1Vfc) (1− η1/η̄1) for Es ≤ 0
(4.11)

δ2




≥ β for Efc > 0

≤ β for Efc ≤ 0
, (4.12)

where,

β =
1

η2Vuc

[
VLiL

(
1− η2

η̄2

)
− η1Vfcifc

{
1− η̄1

η1

η2

η̄2

}]
(4.13)

Proving of the above theorem is long and involved many parts of the hybrid system.

Thus we though it is convenient to start with a summary. The following prove is organized

as follows

• From the exponential stability of Efl and the relationship Efc,t = σEfl ⇒ Efc,t is

exponential stable
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• Using Converse Lyapunov Theorems, there exist a positive definite function V̄fc with
˙̄Vfc ≤ 0

• The Lyapunov function candidate for the hybrid system is

V̄ =
1

2

(
E2

s + E2
fc

)
+ V̄fc

• Prove along the system trajectories and the designed δ1, δ2, and β that

˙̄V =
∂V̄

∂t
+

∂V̄

∂E Ė = EsĖs + EfcĖfc + ˙̄Vfc < 0

That is by finding expressions for EsĖs and EfcĖfc

Proof: Exponential stability of Efl implies [60]

|Efl(t)| ≤ γ |Efl(0)| e−αt, γ, α > 0, ∀ t > 0 (4.14)

Note that, Efl is

Efl = Ṅf − Ṅf,d (4.15)

and γ and α are unknown but their upper and lower bounds respectively exist and can be

estimated. From Eqs.(2.9) and (4.4), it is evident that

Efc,t = σEfl, σ =
4ηFUss

Ncell

1

[1− (1− Uss)k]
> 0 (4.16)

Eqs.(4.14) and (4.16) implies

|Efc,t(t)| ≤ γ |Efc,t(0)| e−αt, (4.17)

From Eq.(4.17) and Converse Lyapunov Theorems [60, 61], because Efc,t has an exponen-

tially stable behavior, there exists a positive definite function V̄fc such that,

α1E
2
fc,t ≤ V̄fc(Efc,t) ≤ α2E

2
fc,t, 0 < α1 < α2 and ˙̄Vfc ≤ −α3E

2
fc,t, α3 > 0

(4.18)

We use the following Lyapunov function candidate
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V̄ =
1

2

(
E2

s + E2
fc

)
+ V̄fc (4.19)

Consequently

˙̄V =
∂V̄

∂t
+

∂V̄

∂E Ė = EsĖs + EfcĖfc + ˙̄Vfc (4.20)

where ˙̄Vfc is negative definite according to Eq.(4.18).

Based on Eq.(4.2)

Ės = Ṡ (4.21)

From Eq.(4.3),

Ṡ =
V̇uc

Vmax

(4.22)

because Vmax is constant. Substituting for Ṡ from Eq.(4.22) into Eq.(4.21),

Ės =
V̇uc

Vmax

(4.23)

From the dynamical equation of the ultra-capacitor, V̇uc can be expressed as

V̇uc = −iuc

C
(4.24)

which implies

Ės = − iuc

CVmax

(4.25)

From the power balance relationship in Eq.(3.1) and Eq.4.25, the following is obtained

Ės = − 1

CVmax

[
VLiL − η1Vfcifc

η2Vuc

] (4.26)

From Eqs.(4.7) and (4.8), ifc can be expressed in terms of the errors in Efc and Efc,t as

follows

Efc = ifc − ifc,t, Efc,t = ifc,t − ifc,d ⇒ ifc = Efc + Efc,t + ifc,d

Substituting the above expression of ifc into Eq.(4.26),
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Ės = (−1/CVmax) [(VLiL/η2Vuc)− (η1Vfc/η2Vuc) (Efc + Efc,t + ifc,d)]
(4.27)

Substituting for ifc,d as designed in Eq.(4.1), the following is obtained

Ės = [ (−1/CVmax)

[(VLiL/η2Vuc)− (η1Vfc/η2Vuc) {Efc + Efc,t (VLiL/η̄1Vfc) + g(Es) + δ1}] ]

(4.28)

Replacing g(Es) by its designed expression as in Eq.(4.9)

Ės = [ (−1/CVmax)

[(VLiL/η2Vuc)− (η1Vfc/η2Vuc) {Efc + Efc,t + (VLiL/η̄1Vfc)− ksEs + δ1}] ]

(4.29)

Finally, the expression of EsĖs is

EsĖs = [ (−Es/CVmax)

[(VLiL/η2Vuc)− (η1Vfc/η2Vuc) {Efc + Efc,t + (VLiL/η̄1Vfc)− ksEs + δ1}] ]

(4.30)

Next, the expression for ĖfcEfc is driven to complete the proof. Note from Eq.(3.1) that

VLiL = η1Vfcifc + η2Vuciuc

and from Eq.(4.6)

iuc =
1

η̄2Vuc

(VLiL − η̄1Vfcifc,t) + h (Efc) + δ2

Substituting iuc from Eq.(4.6) into Eq.(3.1) gives

VLiL = η1Vfcifc + η2Vuc

[
VLiL − η̄1Vfcifc,t

η̄2Vuc

+ h(Efc) + δ2

]
(4.31)

From Eq.(4.10), substituting the designed expression of h(Efc), the following is obtained
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VLiL = η1Vfcifc + η2Vuc

[
VLiL − η̄1Vfcifc,t

η̄2Vuc

+ kpEfc + kdĖfc + δ2

]
(4.32)

Solving Eq.(4.32) for Ėfc,

Ėfc = [ − [kp/kd + (Vfc/kdVuc) (η̄1/η̄2)] Efc+

1

kdη2Vuc

[
VLiL

(
1− η2

η̄2

)
− η1Vfcifc

{
1− η̄1

η1

η2

η̄2

}]
− 1

kdδ2

]
(4.33)

Rearranging Eq.(4.33)

Ėfc = −αEfc +
β − δ2

kd

(4.34)

where, β is given in Eq.(4.13) and α is given by

α = [kp/kd + (Vfc/kdVuc) (η̄1/η̄2)]

Note that constants kp and kd are positive values in the design h(Efc). The fuel cell voltage

Vfc and the ultra-capacitor voltage Vuc are always positive. The estimated efficiencies of

the power converters η̄1 and η̄2 are also positive and their values are between 0 and 1. Thus

α = [kp/kd + (Vfc/kdVuc) (η̄1/η̄2)] > 0 (4.35)

Then

EfcĖfc = −Efc(αEfc +
β − δ2

kd

) (4.36)

All the terms in the first derivative of the Lyapunov’s function in (4.20) are evaluated. From

Eqs. (4.18), (4.30) and (4.36) the Equation (4.20) can be rewritten as

˙̄V ≤ −ET QE +
Es

CVmaxη2Vuc

[
η1Vfcδ1 − VLiL

(
1− η1

η̄1

)]
+

Efc

kd

(β − δ2) (4.37)

where,

E =




Es

Efc,t

Efc


 , Q = m




ks −0.5 −0.5

−0.5 α3/m 0

−0.5 0 α/m


 , m =

η1Vfc

CVmaxη2Vuc

(4.38)
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Note that the conditions in Eqs.(4.11) and (4.12) are implementable since Es, Efc,

and all voltage and current variables in (VLiL/η1Vfc) (1− η1/η̄1) and β are measurable.

Although the efficiencies η1 and η2 are not known, their upper and lower bounds can be

estimated. These guarantee that

Es

CVmaxη2Vuc

[
η1Vfcδ1 − VLiL

(
1− η1

η̄1

)]
+

Efc

kd

(β − δ2) ≤ 0

Moreover, in Eq.(4.38) that Q is symmetric. Furthermore, m > 0 and has finite positive

upper and lower bounds over the range of operation of the hybrid system. Among the

positive constants ks, α and α3, note that α3 is not a tunable parameter since it is determined

by the dynamics of the fuel supply system. However, by choosing ks and α appropriately,

Q > 0 can be ensured for all feasible values of m. Thus from the Rayleigh-Ritz Inequality

[62],

ET QE ≥ inf (λmin,Q) ||E||2 > 0 ∀ E 6= 0 (4.39)

where λmin,Q represents the smallest eigenvalue of Q at any instant. Furthermore note that

by choosing δ1 and δ2 to satisfy Eqs.(4.11) and (4.12), we have from Eqs.(4.37) and (4.39)

˙̄V ≤ −ET QE ≤ − inf (λmin,Q) ||E||2 < 0, ∀ E 6= 0 (4.40)

From Eqs.(4.14), (4.19) and (4.40), we conclude that the control design in Eqs.(4.1) and

(4.6), with functions g(Es), h(Efc), δ1, and δ2 designed as in Eq.(4.9), Eq.(4.10), Eqs.(4.11)

and (4.12) respectively, guarantee exponential stability of E = 0. This completes the proof.

♦♦♦
Now, let relax the exponential stability of Efl in the following theorem:

Theorem 2 If the origin of Efl is Input-to-State Stable, ISS [60], then the hybrid

SOFC system in Fig.3.3, with the control approach in Fig.4.1, satisfies ISS prop-

erty of the origin of Ē = [Es Efc]
T , with ifc,d and iuc designed as in Eqs.(4.1),

(4.6), (4.9), (4.11) and (4.12).

Proof: ISS property of Efl implies

|Efl(t)| ≤ fKL (|Efl(t0)|, t− t0) + γK

(
sup

t0≤τ≤t
||u(τ)||

)
, ∀ t ≥ t0 (4.41)
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where fKL and γK are class KL and class K functions respectively. The definitions of class

K, L, and KL functions are given as:

• Definition 01: A continuous function α : [ 0, a ) → [ 0, ∞ ) is said to be belong to

class K if it is strictly increasing and α(0) = 0. It is said to be belong to class K∞ if

a = ∞ and α(r) →∞

• Definition 02: A continuous function γ : [ 0, ∞ ) → [ 0, ∞ ) is said to be of class

L if it monotonically decreasing and γ(s) = 0 as s →∞

• Definition 03: A class KL function is class K with respect to the first argument and

class L with respect to the second argument

From Eqs.(2.9) and (4.4), it is evident that Eq.(4.41) implies Efc,t is ISS, i.e.

|Efc,t(t)| ≤ fKL (|Efc,t(t0)|, t− t0) + γ̄K

(
sup

t0≤τ≤t
||u(τ)||

)
, ∀ t ≥ t0 (4.42)

where γ̄K = γKNcell [1− (1− Uss)k] /4nFUss. In the state equations of Es and Efc, given

in Eqs.(4.27) and (4.33), note that Efc,t can be considered as an input. Using the Lyapunov

function candidate

V̄ =
(
E2

s + E2
fc

)
/2 (4.43)

we have

˙̄V ≤ −ĒT Q̄Ē +
Es

CVmaxη2Vuc

[
η1Vfc(δ1 + Efc,t)− VLiL

(
1− η1

η̄1

)]
+

Efc

kd

(β − δ2)

(4.44)

where,

Q̄ = m


 ks −0.5

−0.5 α/m


 , m =

η1Vfc

CVmaxη2Vuc

By choosing ks and α appropriately, Q̄ > 0 can be ensured for all feasible m. Furthermore,
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by choosing δ1 and δ2 to satisfy Eqs.(4.11) and (4.12) respectively, we have from Eq.(4.44),

˙̄V ≤ −ĒT Q̄Ē + (η1Vfc/CVmaxη2Vuc)EsEfc,t

≤ − inf
(
λmin,Q̄

) ||Ē ||2 + (η1Vfc/CVmaxη2Vuc)||Ē || |Efc,t(t)|
≤ − inf

(
λmin,Q̄

)
(1− θ)||Ē ||2, 0 < θ < 1

< 0, ∀ ||Ē || ≥ η1Vfc/
[
CVmaxη2Vuc θ inf

(
λmin,Q̄

)] |Efc,t(t)|

(4.45)

From Eqs.(4.43), and (4.45), we infer that the control design in Eqs.(4.1) and (4.6), with

functions g(Es), h(Efc) , δ1, and δ2 designed as in Eq.(4.9), Eq.(4.10), Eqs.(4.11), and

(4.12) respectively , guarantee that Ē = 0 is ISS. This completes the proof.

♦♦♦
The ultimate bounds on Ē will depend on the ultimate bound on Efc,t. Hence, the more

accurately the fuel supply system tracks Ṅf,d, the lower will be the bound on ||Ē ||. ISS is

less restrictive than exponential and asymptotic stability since Eq.(4.41) requires that the

origin of the unforced system (with u(t) ≡ 0) be uniformly asymptotically stable only. For

example, for a first order response of the fuel supply system,

Ṅf (s)/Ṅf,d(s) = 1/ [(1/a)s + 1] , a > 0 ⇒ Ėfl = −aEfl − N̈f,d

Assuming exponential stability of Efl implies neglecting N̈f,d and ISS property implies

modeling N̈f,d as input u. The latter is more realistic and it is reasonable to assume N̈f,d to

be bounded with upper and lower bounds.

4.3 H∞ Control

This section presents an alternate control design incorporating a standard H∞ base ap-

proach. While the nonlinear control discussed in section 4.2 leads to custom designed

algorithms that address system uncertainties, we also explore the application of standard

robust control techniques for this application. The advantage of standard methods lies in

the availability of computational tools for controller synthesis. Specifically, we show that

the simplicity of the ultra-capacitor’s dynamic model, Eq.(4.24), allows the design of an

H∞ control for SOC regulation.
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Signal based approach is used to design the controller because it is very appropriate

for problems in which several objectives must be taken into account simultaneously. In

this approach, the plant and all possible model uncertainties need to be defined. Also, all

inputs, outputs and reference signal of the system need to be well defined and weights

should be assigned as shown in Fig.4.2. The weights are used to capture the expected

frequency content of the exogenous signals and the desired frequency content of the error

signals [63].

Referring to Fig.4.1 and Eq.(4.1), the only difference introduced by the H∞ approach

compared to the nonlinear control in section 4.2 is that ifc,d is computed as

ifc,d = VLiL/η̄1Vfc + δifc
(4.46)

where, δifc
will be designed in the forthcoming analysis. A state space representation

of the system is needed to perform the H∞ control synthesis where all uncertainties and

disturbances are included. From Eqs.(3.1) and (4.24),

V̇uc = [VLiL − η1Vfcifc]/CVucη2 (4.47)

Expressing ifc as

ifc = ifc,d + σ (4.48)

where σ represents a bounded unknown error term, from Eqs.(4.46), (4.47) and (4.48), the

following is obtained

V̇uc =
1

CVucη2

[
VLiL

(
1− η1

η̄1

)
− Vfcη1(δifc

+ σ)

]
(4.49)

Eq.(4.49) can be expressed as

V̇uc = f − p(δifc
+ σ), f = VLiL

(
1− η1

η̄1

)
/CVucη2, p = Vfcη1/CVucη2 (4.50)

Design δifc
as follows,

δifc
=

1

p̂

(
f̂ − v

)
⇒ ifc,d =

VLiL
η̄1Vfc

+
1

p̂

(
f̂ − v

)
(4.51)
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where f̂ and p̂ are the estimates of the functions f and p respectively, evaluated with nom-

inal values. In the H∞ control design, we evaluate the maximum bounds of deviation by

evaluating f and p with maximum upper and minimum lower bounds possible for all un-

certain and variable quantities. Substituting for δifc
from Eq.(4.51) into Eq.(4.50), we get

V̇uc =
p

p̂
v +

[
f − p

p̂
f̂ − pσ

]
(4.52)

Representing p/p̂ as a nominal value β0 plus maximum deviation ∆β0, and assigning the

rest of Eq.(4.52) as disturbances d, we have

V̇uc = (β0 + ∆β)v + d (4.53)

where the modified control input v is computed using the dynamic feedback law. Now,

it is evident that finding the maximum bounds of the uncertainties and the deviation from

the nominal values is just a matter of numerical calculation based on knowledge of the

hardware set up of the system, such as the efficiencies of the DC to DC converters, nominal

voltage of the ultra-capacitor, and the bus voltage. Disturbances can also be predicted

using knowledge of the sensor (measurement) noise and the accumulated signal delays,

which become so important during fast transients.

After defining all these parameters, the H∞ problem simplifies to finding the controller

K∞ that stabilizes the norm of the input/output transfer function of the system. The con-

troller required to make the system robust to deviation from nominal values of the param-

eters of the hybrid system. The Matlabr Robust Toolbox is used to find the optimum

controller K∞ that satisfies the necessary following equation

δifc
= K∞(s) (−e(s)), e(t) = Vuc,t − Vuc (4.54)

where K∞ is controller transfer function obtained using standard H∞ synthesis, and Vuc,t =

St Vmax is the target ultra-capacitor voltage.

Fig.4.2 shows the H∞ setup. In the H∞ synthesis, weights are chosen such that (A, B2, Z2)

is stable, (A, Z2) is detectable and D12 and D21 are full rank matrices. The inputs are

weighted to satisfy the small gain theorem of stability. The outputs are weighted such that
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the sensitivity is lower at lower frequencies and high at higher frequencies [63]. The H∞

synthesis is carried out using the Robust Toolbox. This approach is an effective alternate
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Figure 4.2: H∞ Classical Setup

control synthesis method.

Remark 1 Throughout the control design, C1 and C2 are assumed to operate in voltage

and current control modes respectively. If the combination is reversed, Efc = 0, i.e. ifc =

ifc,t, and current control of the ultra-capacitor and hence Eq.(4.6) are irrelevant. Referring

to Theorems 1 and 2, the exponential and ISS property of the origin of Efl would still imply

exponential and ISS property respectively of Es = 0 with ifc,d, Es and δ1 designed as in

Eqs.(4.1), (4.9) and (4.11). The H∞ control design would remain unchanged.

Finally, note that although stack temperature control is important, it is not considered

in the control development. This is because stack temperature transients are considerably

slower (order of tens of minutes) compared to transient U (order of tens of seconds) [64],

[18]. Also, in absence of coolants, SOFC stack temperature is typically controlled sepa-

rately by manipulating the cathode air.
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Chapter 5

Experimental Test-Stand

Host Computer

for monitoring/

parameter tuning

Real-time operating

system executing
Programmable

Power Supply

dSPACE

1103
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Commanded electronic 

load / current draw 

DC/DC

Conv.

(η1)

DC/DC

Conv.

(η2)

Fuel Cell 

System

Storage Device

Ultra-capacitor

Controller

Load
Vfc , ifc

Vuc , iuc

VL , iL

C1

C2

Simulink/ Matlab

3 Phase 

Power Outlet 

Sensed iL

Sensed ifc

DC/DC Conv.

control signal 

Figure 5.1: Fuel Cell Emulator within Hybrid Energy System Schematic

The control strategies developed in sections 4.2 and 4.3 are tested on an experimental

test-stand, shown in Figs.5.1 and 5.2 which implements the hybrid system schematically

depicted in Fig.3.3. The test-stand consists of the fuel cell model and ultra-capacitor bank

connected in parallel through power electronics devices C1 and C2 Fig.5.1. C1 and C2 are
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DC/DC converters. C2 controls the power draw from the ultra-capacitor bank and C2 regu-

lates the bus voltage. The bus voltage refers to the voltage VL in Fig.5.1. A programmable

electronic load is used to draw power from the hybrid system. The overall hybrid system is

designed to operate at nominal power of 1KW. The following sections describe the hybrid

system in details.

Electronic

Load 

Programmable 

Power Supply

Voltage Measurement 

Ultra-capacitor

Bidirectional 

DC/DC Conv. C2 

Current 

Clampers

Host PC 
dSPACE Processor 

and Interface

Unidirectional 

DC/DC Conv. C1

Figure 5.2: Experimental Test Stand Setup
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5.1 Fuel Cell Emulator

A Solid Oxide Fuel Cell system is emulated by executing a detailed mathematical model on

a dSPACEr DS1103 real time processor in conjunction with a 100V/50A programmable

power supply. A schematic diagram of the emulator is shown in Fig.5.3. The DS1103PPC

controller is fully programmable from the MATLABr / Simulinkr environment. The pro-

grammable power supply is run in voltage control mode with isolated analog input from

the DS1103PPC controller. A host PC is used for real-time monitoring and tuning of the

hybrid system using dSPACEr Control-Deskr software.

Figure 5.3: Fuel Cell Emulator
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5.1.1 Fuel Cell Model

The fuel cell Module used in this experimental set up is a tubular Solid Oxide Fuel Cell

system, described in section 2.1. It is modeled in Simulinkr / Matlabr environment. The

essential dynamics of the fuel cell system are modeled using fundamental solid volume

and gas control volume models. The details of this model are provided in [14, 53] and a

simulinkr block diagram of the model is shown in Fig.5.4. The model is validated against

data published in [18, 46]. The voltage-current characteristic of the SOFC system under

consideration, at 80% utilization, is shown in Fig.5.5. The SOFC model is validated against

published data in literature [18, 46]. The V-I characteristics in Fig.5.5 matches well with

typical SOFC V-I characteristics in [12].
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Figure 5.4: Fuel Cell Simulink Model Block Diagram
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Figure 5.5: SOFC Voltage-Current Characteristics at 80% Utilization

5.1.2 dSPACE DS1103PPC

dSPACEr DS1103PPC is a controller board designed specifically for controlling high

speed multi-variable digital controllers in real time simulations. It is a standardized con-

troller that plugs into any computer using Industrial Standard Architecture bus, ISA as

shown in Fig.5.6. CLP1103 is provided with 20 Analog to Digital channels (ADC), and

18 Digital to Analog channels (DAC). The digital to analog channels serve as output con-

nectors that convert digital signals send from a computer to analog signals to be sent to

analog world applications. The analog to digital channels serve as input channels of the

dSPACEr that take analog input from analog devices, then convert them into digital signal

to be used by the computer. Basically, these channels serve as an interface between the

computer and the analog world. The dSPACEr board also comes with interface software

called Control-Desk. The software allows on line monitoring during real-time simulation.
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Figure 5.6: dSPACE DS1103 (Figure courtesy [4])

5.1.3 Programmable Power Supply

Programmable power supply used in this test stand is an SGA Series DC power supply

from Elgar Sorensen. It is a general purpose power supply designed for laboratory tests

and applications. It can supply up to 100V and 50A. It has the ability to operate in constant

voltage or constant current mode with automatic cross over feature implemented through

the voltage and current adjuster knobs shown in Fig.5.7. The input power is 208/220VAC

3 phase AC, and can take frequencies between 47 to 63 Hz.
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Figure 5.7: SGA Programmable Power Supply Setup
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5.2 Electronic Load

The SLH series high power DC electronic load is designed to consume only DC power. In

the experimental set up, a 1.8KW DC electronic load is used to consume the power of the

fuel cell and the ultra-capacitor. The SLH can be programmed to operate in six different

modes. In this application only constant current mode is used. In this mode, the current at

the input of the load is fixed to a desired level regardless of the input voltage. The desired

current level can be fixed by using analog signal sent from a computer through dSPACE.

It can draw a maximum power of 1.8KW with a maximum voltage of 60V or a maximum

current of 120A. The SLH DC electronic load series are provided with multiple features

such as level selection of the operating modes and local voltage sensor dynamic operation

mode. It is also provided with a memory bank, where applications sets can be stored. This

allows the user to save settings of experiments. Detailed features are indicated in Fig.5.8.

Figure 5.8: SLH Electronic Load Features ( Figure courtesy [5] )
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5.3 Unidirectional DC/DC Converter

An SD-1000L-24 DC/DC converter, from Mean Well Inc, is used as unidirectional DC/DC

converter, denoted by C1 in Fig 5.1. This converter can adjust the output voltage to different

levels. In the hybrid set up, it maintains the bus voltage VL at a constant value of 24V at

the output, with maximum output current rating of ≈ 40A. The efficiency of the converter

varies between 88% and 91%. The higher the power level of the operation, the higher the

efficiency becomes. This power converter is designed only to conduct in one direction, i.e.

from the fuel cell to the grid. The isolation from the output to the input is desired because

the fuel cell needs to be protected from power delivered by the ultra-capacitor. While the

voltage at the output is maintained at a fixed value, the input voltage varies from 19 to 72V,

and the input current can go up to 50A.

5.4 Voltage Measurement

In this experimental set up, the dSPACEr DS1103 real time processor is used to convert the

analog ultra-capacitor voltage measurements into digital values. In the voltage measuring

unit, zero current draw from the ultra-capacitor is desired because dSPACEr is limited only

to 10mA input current only. Thus, measurement of the ultra-capacitor voltage requires very

high input impedance probes to prevent current draw by dSPACEr. In addition, the voltage

range of dSPACEr channels is limited only to ±10V and the ultra-capacitor voltage can

go up to 16.2V. Thus scaling down the measurements is also required. Two precise decade

resistors are connected in series as shown in Figs.5.2 and 5.9. They are adjusted to very

high resistance values (MΩ range) to minimize current draw. The voltage probe measures

the voltage across only one of the two resistances to scale down the measurements and

provides the dSPACE with valid range of readings without drawing current.
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Figure 5.9: Voltage Probes

5.5 Ultra-capacitor Module

Ultra-capacitor is a very useful power storage device for applications that requires very

high power density as discussed in section 3.2. Ultra-capacitors have resistive and capac-

itive components. The capacitive component determines the amount of voltage difference

Figure 5.10: Ultra-capacitor Constant Discharge Profile (Figure Courtesy [3])
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between its terminals with respect to the energy stored in each cell and the resistive com-

ponent represents the difference in voltage due to the equivalent series resistance appearing

across its terminals, as shown in Fig.5.10. The ultra-capacitor voltage during charging or

discharging depends on both these components as shown in the following equation

dV =
idt

C
+ iR

In this application, both these factors are critical. The capacitive component determines the

amount of energy the system can relay on during transients. Thus, the higher the capacitive

component the better the system performance becomes. The resistive component is not

desired because can cause losses in the power and affects the speed in which the ultra-

capacitor responds to power demands of the hybrid system.

A 16.2V series BMOD0250-E016 ultra-capacitor module, from Maxwell Technologies

shown in Fig.5.11, is found to be ideal storage device for the hybrid system. The module

has 250F capacitance and very low internal resistance estimated to be around 4.1 mΩ. Note

that this resistance component is ignored in the calculations/derivations in sections 4.2 and

Positive UC Terminal Monitor Cable

Negative UC Terminal

UC Cells

Protecting 

Frame 

Figure 5.11: BMOD0250-E016 Ultra-capacitor Module (Figure Courtesy [3])
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4.3.

5.6 Bidirectional DC/DC Converter

A bidirectional DC5050F-SU DC/DC converter from Zahn Electronics Inc, denoted by C2

in Fig.5.1, is used to command the ultra-capacitor current iuc. This converter has the ability

to conduct power in both directions, i.e. from the ultra-capacitor to the grid or from the

grid into the ultra-capacitor. It is very important to have this capability because in addition

to supplying power, the ultra-capacitor needs to have access to power from the grid at

any time. The amount current and its direction are controlled by using an analog voltage

regulator as shown in Figs.5.12 and 5.13.

DC5050F-SU consumes about 6W in normal operating conditions. Thus, its efficiency

varies and depends on the operating conditions. The higher the operating power, the higher

Figure 5.12: Bidirectional DC to DC Converter Configuration (Figure courtesy [6])
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Cooling Fans 

Terminals for Input Output 

connection 

Analog Voltage regulator 

connectors

Input Output Filters 

Figure 5.13: DC5050F-SU Bidirectional DC to DC Converter (Figure courtesy [6])

is the efficiency, and it can be as high as 98%. The switching frequency of this device is

very important. The switching needs to be fast to respond to high frequency transients. For

DC5050F-SU converter is exactly 125 kHz.

The converter connects both the grid and the ultra capacitor as shown in Fig.5.12. The

ground is common and the converter is controlled through an analog signal from dSPACE

in this experimental setup.
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5.7 Current Clampers

Sensing the fuel cell and the load currents in the system are important for the control strat-

egy. In this experimental set up, the current measurements are obtained using Fluke 80i-

110s AC/DC current probes shown in Fig.5.14. This current clamper provides safe and

wide range measurement capability without consuming any power from the system. The

range of measurement is between 50mA and 100A with high fidelity output voltage. It has

its own built in feature to filter undesired noise. It can be used both for DC or AC currents

and up to 100kHz in frequency.

Voltage Range Adjustment 

Voltage Level Adjuster

BNC Connector

Figure 5.14: 80i-110s Current Clamper (Figure courtesy [7])
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Chapter 6

Experimental Results

This section presents results of experiments carried out on the test-stand described in chap-

ter 5. We first present the results of the nonlinear control strategy followed by those of

the H∞ approach. In all tests, the Solid Oxide Fuel Cell system is emulated (section 5.1)

with 50 cells connected in series, and each cell has an active area of 251 cm2. In the

plant model, the fuel supply dynamics is assumed to follow a first order dynamics with

Ṅf (s) = [1/(2s + 1)] Ṅf,d(s). Neither control designs assume a knowledge of this dynam-

ics. The bus voltage is maintained at VL = 24V by converter C1 in all experiments. Other

salient aspects of the hybrid energy system, mentioned in chapter 3, are also applicable for

all results presented in this section.

6.1 Validating Real-Time Simulation

As mentioned before, the Solid Oxide Fuel Cell system is emulated by executing a de-

tailed mathematical model on a dSPACEr DS1103 real time processor in conjunction

with a 100V/50A programmable power supply. To validate the real time simulations, a

comparison test is conducted with the computer-model (Computer-model: Simulink model

of SOFC without a dSPACE control board and the programmable power supply). A se-

ries of step changes in current demand are applied to both computer-model and emulated

system under the same conditions. The objective of this test is to evaluate the effects of
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Figure 6.1: Hardware Emulator vs. Computer Simulator Results in Close-Loop Control

the dSPACE delays, the programmable power supply loses, and the sensor noises with re-

spect to the detailed mathematical Simulink model of the SOFC. The computer-model is

considered as a point of reference in this test.

The obtained results are shown in Fig.6.1. The step changes in fuel cell current demand

are shown in Fig.6.1 (a). The utilization of both systems are captured in Fig.6.1 (b). There

is a small difference between the computer model and the emulated utilization and that is

due to accumulated delays in sensor reading and conversion time from analog to digital or

from digital to analog in dSPACEr. Other than these small delays (negligible), both results

match, as was expected. The same remark can be made for the fuel cell voltage shown in

Fig.6.1 (c).

The nonlinear and the H∞ control designs are designed to be robust to system uncer-

tainty. However in the hardware simulations, the uncertainties of the hybrid system were

not considered and that is evident in the decay of the SOC in the ultra-capacitor shown in

Fig.6.1 (d). That demonstrates the need for need for robust control.
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6.2 Nonlinear Control

This section presents results of two experiments where the nonlinear control strategy of

section 4.1 was applied. The results are presented in Figs.6.2 and 6.3. Both experiments

use the following parameter values: Uss = 0.8, St = 0.8, η̄1 = 1, η̄2 = 0.98, ks = 0.1,

kp = 0.2, and kd = 0.004. The parameters δ1 and δ2 were chosen based on Eqs.(4.11) and

(4.12), as follows:

δ1





= 0 for Es > 0

= 2 for Es ≤ 0
, δ2





= 2 for Efc > 0

= −2 for Efc ≤ 0
(6.1)

In Fig.6.2, iL follows the current profile of Fig.6.2(a). This profile represents a standard

drive cycle obtained from [65], where the velocity variation was simply interpreted as cur-

rent variation. The variables related to the fuel cell, ifc, Vfc, U and Ṅf are plotted in

Figs.6.2(b), (c), (d) and (e) respectively. The results show very close control of U in spite
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Figure 6.2: Nonlinear Control under Drive-cycle Variation of iL

of rapidly varying iL. The variables S and iuc are plotted in Figs.6.2(f) and (g) respectively.
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The plots show tight control of S around the target St = 0.8. Fuel cell current ifc is consis-

tently lower than iL since Vfc is higher than the bus voltage VL = 24V. The rapid variation

of iuc around zero shows that the ultra-capacitor supplies transient power and is also due to

the parameter δ2. The fuel cell and ultra-capacitor powers are plotted together in Fig.6.2(h).
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Figure 6.3: Nonlinear Control under Step Changes in iL

The next result, shown in Fig.6.3, illustrates the system’s close-loop response under a

series of step changes in the power demand. In Fig.6.3(a), iL is subject to step changes.

The corresponding variations in ifc, Vfc, U and Ṅf are plotted in Figs.6.3(b), (c), (d) and

(e) respectively. In Fig.6.3(b), both ifc and ifc,t are plotted together but the difference is

not clear as they are almost coincident (Efc ≈ 0). S and iuc are plotted in Figs.6.3(f)

and (g) respectively, and the fuel cell and ultra-capacitor power are plotted together in

Fig.6.3(h). The results show very close control of U in spite of drastic transients in iL. In

comparison to Figs.6.2(f), (g) and (h), Figs.6.3(f), (g) and (h), show greater variations in

S, iuc and the ultra-capacitor instantaneous power. This is because step changes introduce

faster transients than the drive cycle.
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6.3 H∞ Control

The results of H∞ control are presented in Figs.6.4 and 6.5. In this experiment, the follow-

ing control parameters were chosen: Uss = 0.8, St = 0.8, kp = 0.2, and kd = 0.004. The

following ranges were chosen for uncertain quantities with nominal values at the middle of

their respective ranges, η̄1, η̄2 ∈ [0.8 1], Vfc ∈ [40 60]V and Vuc ∈ [9.6 16.2]V. Referring

to Eq.(4.54), the following dynamic feedback law was determined through H∞ synthesis,

K∞ =
v(s)

e(s)
=

3.587× 104s + 1.75× 104

s2 + 1049s + 105.4
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Figure 6.4: H∞ Control under Drive-cycle Variation of iL

Figs.6.2 and 6.4 compare the performance of the H∞ controller and the nonlinear control

strategy under drive cycle variation of iL. There is no remarkable difference in the results

using nonlinear control and H∞ control. The non linear control performance is slightly

better whereas the H∞ control can be tuned to have a better performance. In Fig.6.5, iL is

subject to the same step changes as in Fig.6.3. The only noticeable difference between non-

linear and H∞ strategies is in the SOC control, Figs.6.3(f) and 6.5(f), where the nonlinear

control seems to perform slightly better.
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Figure 6.5: H∞ Control under Step Changes in iL

6.4 Demonstrating the Need for Robust Control

To demonstrate the the need for robustness of the nonlinear control strategy, three different

tests are applied to the hybrid system. During these tests, the hybrid system is considered

without the uncertainties in its parameters (η2 and η2), i.e. the robustness terms (δ1 and δ2)

from the design in section 4.2 are ignored.

In the first test, the same spectrum shown in Fig.6.2 (a) is applied as fuel cell current

demand. The results are shown in Fig.6.6. It is evident that the fluctuations in the utilization

are bigger in Fig.6.6 (d) compared to Fig.6.2 (d), where fluctuation does not exceed 2%.

Also, the ifc and ifc,t are different as shown in Fig. 6.6 (b).

The second test, a step change in power is applied as shown in Fig.6.7 (a). The ob-

tained results shows that the ultra-capacitor SOC is not maintained at the desired level as

shown in Fig.6.6 (f). It deviates from target as the current demand changes. Moreover, the

target and the measured fuel cell currents are not the same as shown in Fig.6.6 (b) because

uncertainties in the power electronics’ efficiencies are ignored by the controller. There is
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Figure 6.6: Nonlinear Control under Drive-cycle Variation of iL without Robustness Terms

almost a 2A difference between them and that causes bigger fluctuations in the utilizations

as shown.6.7 (d).

In the third test, a different pattern of step change in fuel cell current demand is applied

as shown in Fig.6.8 (a). Again, the SOC of the ultra-capacitor is not maintained constant

(S 6= 0.8 → Es > 0), also the target and measured fuel cell current are not equal (ifc 6= ifc,t

→ |Efc| > 0).

Based on the results obtained from these three tests, uncertainties of the hybrid system

parameter need to be considered in the control strategy. These results also demonstrate the

robustness of the controller designed in section 4.2.

As mentioned in section 6.1, the uncertainties of the hybrid system are not taken in

consideration for the hardware test. Consequently, the state of charge of the ultra-capacitor

is not regulated at desired level as shown in fig.6.1 (d). The SOC decreased by 15% after

300 sec. With longer running time, the ultra-capacitor will completely discharge and will

stop supporting the fuel cell. Again, this confirms the need for robust control.
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Figure 6.7: Nonlinear Control under Step Changes in iL without Robustness Terms
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Chapter 7

SOFC Ultra-capacitor Battery Hybrid

System

7.1 Comparison of Hybrid Architectures

A new hybrid system design is proposed in this chapter. Previously, only an ultra-capacitor

was used as a secondary storage element. However, due to limitations of the ultra-capacitor

described in section 3.2, the hybrid system cannot operate in high power applications. In

this design, shown in Fig 7.1, a lithium-ion battery is added to the system as another sec-

ondary storage unit. The battery is connected in parallel with the ultra-capacitor and the

SOFC using a bidirectional DC/DC converter, C3, in a configuration similar to the ultra-

capacitor.

The objective behind this design is to improve the ability of the hybrid system to operate

in high power applications. As described in section 3.1, lithium-ion batteries have high

energy density and light weight. However, they have poor cycle life. Hence in this strategy,

the ultra-capacitor is used to handle fast transients in power demand, and the battery is used

to protect both the ultra-capacitor and the fuel cell from big transients. This ensures that the

high efficiency and high durability of the ultra-capacitor are fully utilized, and the lifetime

of the battery is maximized by protecting it from fast-current charges and discharges. The

delayed degradation of the battery life and improved the ability of the hybrid system to
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handle big transients in power demands are major advantages for the combined battery

ultra-capacitor as secondary power unit.
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Figure 7.1: Schematic Diagram of SOFC Ultra-capacitor Battery Hybrid System

7.2 Characterizing U24-12RT Series Lithium-ion Battery

7.2.1 Battery State of Charge Measurements/Estimation Method

State of charge of the battery unit is required for the proposed control strategy of the ultra-

capacitor battery hybrid system. Measuring SOC of lithium-ion batteries is a challenging

problem. Using Voc to estimate SOC is found to be roughly used for any type of batteries.

The simplicity of this method makes it attractive in many applications. In this method,

measuring Voc provides the corresponding SOC of the battery as long as the relationship
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between them is well known. However, the relationship cannot be exactly the same for

every battery. But, it varies with the difference in capacity among batteries, and presents

different results even if the batteries are fabricated from the same materials and structures.

Moreover, the needed time for the terminal voltage of any battery to converge to Voc (re-

sponse time)is different and critical. The following section compares the response time of

U24-12RT lithium-ion battery from Valence Technology Inc, with a conventional lead-acid

battery.

7.2.2 Lithium-ion vs. Lead-acid Battery Voc Convergence time

As an investigation, a comparison test between a NP65-12BFR lead-acid and U24-12RT

lithium-ion battery shown in Figs.7.2 and 7.3 respectively, is conducted. The same charg-

ing / discharging conditions are applied for both batteries at the same time. The terminal

voltage is measured and the results are shown in Figs.7.4 and 7.5 for the lead-acid and

lithium-ion, respectively. Response time of the lead-acid battery is slower than the lithium-

ion and it is represented as rise time and fall time in both figures. As shown in 7.5, the open

Figure 7.2: NP65-12BFR Lead-acid Battery Module from Energies, Inc

74



Negative Terminal 

Negative Terminal

U-BMS Comunication

 Cable 

Jumper

Figure 7.3: U24-12RT Li-ion Battery from Valence Technology,Inc(Figure courtesy [8])

circuit voltage can be approximated in about 5 sec after the terminals are disconnected from

the applied charging/discharging voltages. However, lead-acid battery needs more than 80

sec to converge to Voc.

Based on this result, obtaining the open circuit voltage for lithium-ion battery is prac-

tically easier and faster. Thus, estimating SOC of lithium-ion battery using Voc is possible

as long as the relationship between them is available. The outcome of this investigation

is encouraging. Therefore, there is a strong possibility to incorporate this method into the

hybrid system as future work. The following section explores this idea further, the relation-

ship between Voc and SOC of U24-12RT lithium-ion battery is investigated.
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Figure 7.4: Lead-acid Battery Charging / Discharge Response
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7.2.3 SOC / Voc of U24-12RT Lithium-ion Battery

To measure SOC of the battery using the proposed approach, SOC versus Voc data are

required. U24-12RT lithium-ion battery from Valence Technologies Inc, shown in Fig.7.3,

is included with a module Diagnostics Tool-kit shown in Fig.7.6. The Diagnostic Tool-kit

can provide SOC of the battery at any time. Note that, the Diagnostic Tool-kit cannot be

used for in the control strategy. However, it is used only to create a relationship between

the Voc and SOC of the U24-12RT Battery. The obtained relationship will be used in the

SOC estimation in the control development.

In the previous section, 5 sec waiting time for the terminal voltage to converge to an

approximate Voc is found to be enough to estimate SOC. Based on this, a plot of Voc vs.

SOC is generated. The plot is shown in Fig.7.7. The measured terminal voltages under

charging and discharging are very close to the actual Voc. However, the slop of the plots

between 10 to 90% SOC are very flat. This magnifies the error in the corresponding SOC

as highlighted in Fig.7.7. Thus, 5sec waiting time is not enough.

BNC Connector

USB Connector Diagnostics Toolkit

Common Ground Connector 

Serial Input RS 485 

LED Display Indicator

Figure 7.6: Diagnostics Tool-Kit for SOC Measurements of the Valence Lithium-ion Bat-
tery (Figure courtesy [8])
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Figure 7.7: SOC vs. Voc of Lithium-ion Battery
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More tests are conducted to find the optimum waiting time. Four tests have been done

to the battery to characterize its behavior under charging and discharging conditions. The

table in Fig.7.8 shows the state of charge of lithium-ion battery and its corresponding open

circuit voltage.

In the first test, a charging voltage is applied, both Voc and the SOC of the battery

are measured. The SOC measurements are done by using the Diagnostic-Tool-Kit from

Valence Technologies Inc. The measurements of the corresponding Voc are done after 5

sec from disconnecting the terminals of the battery from the applied voltage. In the second

test, the same terminal voltage is measured but after 20 sec from opening the terminals.

The results of the first and the second tests are shown in the second and the third column of

table.7.8 respectively.

In the third and the fourth test, a discharging voltage is applied instead. The Voc is

measured after 5 sec and 20 sec respectively. The results are shown for both tests in fourth

and the fifth column in table 7.8. The corresponding measurement of SOC using the

Diagnostic Tool-Kit are shown in the last column of the table.

The results in table of Fig.7.8 indicates that the measurement of Voc (both under charg-

ing and discharging conditions) converges to nominal values as the waiting time increases.

To analyze these results precisely, All the obtained data in table 7.8 are plotted and com-

pared with the nominal Voc as shown in Fig.7.9. A 20 sec waiting time results show a better

approximation of SOC but still with a margin error. Further research is required to improve

this method.

Using this method in the hybrid system, a switching mechanism as shown in Fig 7.1

is required to disconnect the battery from the hybrid system. Then, waiting about 20 sec

to measure the approximated Voc. The other draw-back of this method is that during the

disconnection of the battery, the ultra-capacitor is required to handle all the transients. That

could practically not possible. To validate this proposed algorithm, further investigation is

required and that is addressed as future work. In the following analysis, The battery SOC

is assumed to be available.
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SOC_RT_So�ware Charging V_OC a�er 5 sec (V) Charging V_OC a�er 20 sec (V) Discharging V_oc a�er 5 sec (V) Discharging V_oc a�er 20 sec (V) SOC_Es�mated (%)

255 14.6 14.6 14.6 14.6 100

254 13.69 13.49 13.41 13.39 99.60784314

250 13.54 13.34 13.22 13.24 98.03921569

245 13.52 13.32 13.19 13.22 96.07843137

240 13.51 13.31 13.18 13.21 94.11764706

235 13.5 13.3 13.17 13.2 92.15686275

230 13.5 13.3 13.17 13.2 90.19607843

225 13.5 13.3 13.17 13.2 88.23529412

220 13.5 13.3 13.17 13.2 86.2745098

215 13.49 13.29 13.15 13.19 84.31372549

210 13.48 13.28 13.12 13.18 82.35294118

205 13.46 13.26 13.1 13.16 80.39215686

200 13.46 13.26 13.1 13.16 78.43137255

195 13.44 13.24 13.08 13.14 76.47058824

190 13.42 13.22 13.06 13.12 74.50980392

185 13.41 13.21 13.05 13.11 72.54901961

180 13.41 13.21 13.05 13.11 70.58823529

175 13.39 13.19 13.04 13.09 68.62745098

170 13.36 13.16 13.01 13.06 66.66666667

165 13.35 13.15 13.01 13.05 64.70588235

160 13.34 13.14 13.01 13.04 62.74509804

155 13.34 13.14 13.01 13.04 60.78431373

150 13.34 13.14 13.01 13.04 58.82352941

145 13.34 13.14 13.01 13.04 56.8627451

140 13.34 13.14 13.01 13.04 54.90196078

135 13.33 13.13 13 13.03 52.94117647

130 13.32 13.12 12.99 13.02 50.98039216

125 13.31 13.11 12.98 13.01 49.01960784

120 13.31 13.11 12.98 13.01 47.05882353

115 13.3 13.1 12.97 13 45.09803922

110 13.27 13.07 12.95 12.97 43.1372549

105 13.26 13.06 12.93 12.96 41.17647059

100 13.24 13.04 12.91 12.94 39.21568627

95 13.23 13.03 12.89 12.93 37.25490196

90 13.22 13.02 12.88 12.92 35.29411765

85 13.21 13.01 12.87 12.91 33.33333333

80 13.2 13 12.85 12.9 31.37254902

75 13.18 12.98 12.83 12.88 29.41176471

70 13.16 12.96 12.81 12.86 27.45098039

65 13.16 12.96 12.81 12.86 25.49019608

60 13.12 12.92 12.8 12.82 23.52941176

55 13.11 12.91 12.78 12.81 21.56862745

50 13.08 12.88 12.74 12.78 19.60784314

45 13.07 12.87 12.73 12.77 17.64705882

40 13.07 12.87 12.73 12.77 15.68627451

35 13.04 12.84 12.69 12.74 13.7254902

30 12.98 12.78 12.63 12.68 11.76470588

25 12.95 12.75 12.6 12.65 9.803921569

20 12.86 12.66 12.52 12.56 7.843137255

15 12.8 12.6 12.45 12.5 5.882352941

10 12.43 12.23 12.01 12.13 3.921568627

5 11.85 11.65 11.53 11.65 1.960784314

0 10 10 9.97 10.02 0

Figure 7.8: Results of the Characterizing Tests of Lithium-ion Battery
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Figure 7.9: SOC vs. Vov of Lithium-ion Battery with Longer Waiting Time
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7.3 Nonlinear Control Design

The nonlinear control strategy for the hybrid system consisting of SOFC, ultra-capacitor

and lithium-ion battery is presented through a schematic diagram shown in Fig.7.10. The

strategy incorporates the lithium-ion battery shown in Fig. 7.3 and the same ultra-capacitor

and SOFC used in the previous hybrid system and they are discussed in sections 3.2 and

2.1, respectively.

Compute FC

Current Demand
Eq. (2.9)

Compute UC

Command Current

Compute 

Battery cammand 

Current  

Fuel

Supply

System

Fuel Cell 

and 

Power

Electronics

Ultra-capacitor and

Power Electronics

Robust 

Compensation

Robust Controller Fuel Cell System 

iuc = iuc,c

Nf
. Vfc

ifc

Vuc

Nf,d
.

ifc,t

ifc,diL

Eq. (2.10)

....

.

Battery and

Power Electronics

ib = ib,c

Vb

.

Figure 7.10: Nonlinear Control Approach for Battery Ultra-capacitor Hybrid System

The control strategy is a modified version of the strategy used for the fuel cell ultra-

capacitor in section 4.2. The control objectives are:

1. To minimize the fluctuation in the fuel cell utilization,

2. maintain the SOC of both the ultra-capacitor and the battery at desired levels,
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3. the control strategy is required to be robust to uncertainties of the system, and

4. to improve the hybrid system ability to handle high power applications and large

transients in load demands

We consider the Lyapunov candidate function

V̄ =
1

2

(
E2

s + E2
fc + E2

sb

)
+ V̄fc (7.1)

where Esb is the error in the state of charge of the battery. The derivative of the above

candidate function is

˙̄V =
(
ĖsEs + ĖfcEfc + ĖsbEsb

)
+ ˙̄Vfc (7.2)

˙̄Vfc is negative definite based on Eq.(4.18). Ėfc is the same as in Eq.(4.33) given below

Ėfc = − [kp/kd + (Vfc/kdVuc) (η̄1/η̄2)] Efc+

1

kdη2Vuc

[
VLiL

(
1− η2

η̄2

)
− η1Vfcifc

{
1− η̄1

η1

η2

η̄2

}]
− 1

kdδ2

As in discussion around Eq.(4.33), the above expression can be simplified to the following

Ėfc = −αEfc + 1
kd

(β − δ2)

then

ĖfcEfc = −αE2
fc + Efc

1
kd

(β − δ2)

where αE2
fc is positive. We choose β as in Eq.(4.13). For more details, see section 4.2.

Because the objective is to develop a control strategy that is independent of the model of

the lithium-ion battery, then the error in the state of charge of the battery Esb depends on

this observation :

Ėsb > 0 if ib < 0

Ėsb < 0 if ib > 0
(7.3)

where

Esb = Sb − Sb,t

⇒ Ėsb = Ṡb

(7.4)
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We assume that Ėsb can be related to ib by the following

Ėsb = −αb(t)ib, αb(t) > 0 ∀ t ≥ 0 (7.5)

where

ib =
VLiL − η̄1Vfc[ifc,t − g(Es)− δb1]

η̄3Vb

(7.6)

replacing ifc,t by Efc,t + ifc,d

ib =
VLiL − η̄1Vfc[Efc,t + ifc,d − g(Es)− δb1]

η̄3Vb

(7.7)

and

ifc,d =
VLiL
η̄1Vfc

+ g(Es) + g(Esb) + δb1 (7.8)

substituting ifc,d into Eq.(7.7), and ib into Eq.(7.5) then

ĖsbEsb = −αb(t)Esb

η̄3Vb

[VLiL−η̄1VfcEfc,t−η̄1Vfc(
VLiL
η̄1Vfc

+g(Es)+g(Esb)+δb1−g(Es)−δb1)]

(7.9)

simplifying Eq.(7.9)

ĖsbEsb = −αb(t)Esb

η̄3Vb

[−η̄1VfcEfc,t − η̄1Vfcg(Esb)] (7.10)

g(Esb) is designed to be

g(Esb) = −kbEsb (7.11)

thus

ĖsbEsb =
αb(t)Esbη̄1VfcEfc,t

n̄3Vb

− αb(t)E
2
sbη̄1Vfckb

η̄3Vb

(7.12)

Now let us find the expression of ĖsEs

Ės =
−iuc

CVmax

(7.13)
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where

iuc =
VLiL − η1Vfcifc − η3Vbib

η2Vuc

(7.14)

and

ifc = Efc + Efc,t + ifc,d (7.15)

replacing ifc,d with its value as in Eq .(7.8)

ifc = Efc + Efc,t +
VLiL
η̄1Vfc

+ g(Es) + g(Esb) + δb1 (7.16)

ib is given in Eq .(7.7)

iuc =
1

η2Vuc

[VLiL − η1Vfc(Efc + Efc,t +
VLiL
η̄1Vfc

+ g(Es) + g(Esb) + δb1)]−

(
η3Vb

η2Vuc

)
VLiL − η̄1Vfc[Efc,t + ifc,d − g(Es)− δb1]

η̄3Vb

(7.17)

Simplifying Eq .(7.17) and replacing g(Es) = −ksEs, g(Esb) = −kbEsb, and ifc,d as

Eq.(7.8)

iuc = [
VLiL
η2Vuc

[1− η1

η̄1

] +
η3Vfc

η2Vuc

[
η1

η3

− η̄1

η̄3

]kbEsb − η1VfcEfc

η2Vuc

−

η3Vfc

η2Vuc

[
η1

η3

− η̄1

η̄3

]Efc,t +
η̄1VfcksEs

η2Vuc

− η̄1Vfcδb1

η2Vuc

]

(7.18)

Substituting Eq .(7.18) into Eq .(7.13) and defining

e13 = [η1

η3
− η̄1

η̄3
]

thus

ĖsEs =
−Es

CVmax

(
VLiL
η2Vuc

[1− η1

η̄1

] +
η3Vfc

η2Vuc

e13kbEsb − η1VfcEfc

η2Vuc

− η3Vfc

η2Vuc

e13Efc,t+

η̄1VfcksEs

η2Vuc

− η̄1Vfcδb1

η2Vuc

)

(7.19)
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Substituting Eq.(4.18), Eq.(4.33), Eq .(7.12) and Eq.(7.19) into Eq.(7.2)

˙̄V ≤ −ET
b QbEb +

Efc(β − δ2)

kd

− Es

CVmax

[
VLiL
η2Vuc

(1− η1

η̄1

)− η1Vfcδb1

η2Vuc

] (7.20)

where,

Eb =




Es

Efc,t

Efc

Esb




, Qb =




η̄1Vfcks

η2VucCVmax

−η1Vfce13

2η2VucCVmax

−η1Vfc

2η2VucCVmax

η3Vfce13kb

2η2VucCVmax

−η3Vfce13

2η2VucCVmax
α3 0

−αb(t)η̄1Vfc

2η̄3Vb

−η1Vfc

2η2VucCVmax
0 α 0

η3Vfce13kb

2η2VucCVmax

−αb(t)η̄1Vfc

2η̄1Vb
0

αb(t)η̄1Vfckb

η̄3Vb




(7.21)

In Eq.(7.21) , note that Qb is symmetric. Also, note that ks , kb and α are tunable

positive constants. α3 is not tunable because it depends on the dynamic of the fuel supply

system, but it is positive. So, by tuning appropriately the tunable parameters, we can ensure

that Qb > 0. Furthermore, from the Rayleigh-Ritz Inequality [62],

ET
b QbEb ≥ inf (λmin,Qb

) ||Eb||2 > 0 ∀ Eb 6= 0 (7.22)

where λmin,Qb
represent the smallest eigen values of Qb at any time. Now to ensure that V̇

≤ 0 we need to tune δb1 and δb2 as follows

[ VLiL
η2Vuc

(1− η1

η̄1
)]η2Vuc

η1Vfc
≥ δb1 if Es ≥ 0 and

[ VLiL
η2Vuc

(1− η1

η̄1
)]η2Vuc

η1Vfc
≤ δb1 if Es ≤ 0

(7.23)

and

β ≤ δ2 (7.24)

Note that the conditions in Eqs.(7.23) and (7.24) are implementable, because β, as well as

all the voltages and the current are all measurable. Although the efficiencies η1 and η2 are

not known, their upper and lower bounds can be estimated. Thus we conclude that V̇ ≤ 0

and the design system is stable under these operating conditions.
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Chapter 8

Conclusions and Future Work

This thesis addresses the control of a hybrid SOFC ultra-capacitor system. For the SOFC,

the fuel starvation problem is addressed by controlling the fuel utilization, U . Transient

control of U is achieved using a steady-state property of the fuel cell. Transient deviation

of U from its target is attenuated using a feedback based current regulation method. In

addition, the thesis assumes a general stability behavior of the fuel supply system without

precise knowledge of its dynamics. An ultra-capacitor is used for compensating the excess

or deficit power during transients.

Two control designs are proposed. The first is a robust nonlinear control strategy for

which stability properties of the closed-loop system are proved. The second is a stan-

dard robust H∞ approach. Both address multiple objectives: minimizing the fluctuation in

the fuel cell utilization during transients in power demand, maintaining a constant ultra-

capacitor SOC, and the control strategies are required to be robust to uncertainties of the

system. An experimental test-stand is developed, consisting of an emulated SOFC and ac-

tual ultra-capacitor and power-electronics components, forming a laboratory scale hybrid

power grid. Both control strategies show comparable performance on this platform.

Next the hybrid system is expanded to high power applications, where conditions such

as saturated fuel flow, limiting current density of fuel cell, and limiting ultra-capacitor

current, are more likely to occur. To prevent these scenarios, an investigation is conducted

to improve the performance of the hybrid system with an additional energy storage element.

It is found that combining the ultra-capacitor with a lithium-ion battery is potentially a
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winning combination. Lithium-ion batteries are characterized by high energy density and

light weight, and ultra-capacitors are characterized by high efficiency and durability. In

combination, they can protect the SOFC from the transients in power demand and improve

the ability of the hybrid system to operate in high power applications.

A nonlinear control strategy is developed for the combined lithium-ion and ultra-capacitor

hybrid system. The strategy addresses multiple objectives: minimizing the fluctuation in

U , maintaining a constant ultra-capacitor and battery SOCs, be robust to uncertainties of

the system, and extending the lifetime of the battery.

In future work, test stand experiments are required to validate the designed control

approach for SOFC Ultra-capacitor Battery system. A switching mechanism for measure-

ments of the lithium-ion battery Voc is required. Furthermore, the hybrid system could

be extended to multiple power sources such solar cells, and wind turbines. A smart grid

control design will be required for such complex hybrid systems.

Another area of future work is the feedback based current shaping method discussed is

section 2.4. In its current state of development, it only compensates for delay D1 introduced

by the fuel supply system dynamics. For complete disturbance rejection, the ifc regulation

needs to include the delay D2 introduced by the dynamics of fuel processor. Future research

is required to attempt to incorporate this delay using a model-independent or observer-

based approach.
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Appendix A

Nonlinear Setup and Control-Desk con-

trol interfacing
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Figure A.1: The Overall Simulink Model of the Hybrid System with Nonlinear Controller
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The Simulink setup for the nonlinear control system is presented in Fig.A.1. As dis-

cussed in section 4.2 , the nonlinear controller maintains the state of charge of the ultra-

capacitor at the desired level. The fuel cell current is shaped to reduce drastic fluctuation in

fuel utilization. Also, the robustness in the hybrid system are considered. All these control

constrains are designed and highlighted in Fig.A.1. As discussed in section 5.8, all the sen-

sor input and the power electronics control outputs are interfaced through dSPACE into the

presented Simulink setup shown above. In the experimental setup, the control parameters

Figure A.2: Control and System Setup Using Control-Desk Interface Software

and system setup can be adjusted in real time by using the Control-Desk software as shown

in Fig A.2. In addition, all the sensed signals are displayed in real time as shown in Fig.A.3.
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Figure A.3: Monitoring Setup Using Control-Desk Interface Software
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Appendix B

H∞ Matlab Code and Simulink Setup

The following Matlab code is used to assign all the weights of the developed state space

model discussed in section 4.3. The second part of the code designs the H∞ controller and

checks the stability of the close-loop system.

% PART I

% Tahar Allag

% function name : ex−INTPRO−G

% This function forms the Generalized P lant

% for a standard feedback configuration.

% All design weights are defined here.

% Testing with Matlab 7.x

clear all

Init− all

clc

s = tf(′s′); % a convenient trick for transfer functions

assignin(’base’,’s’,s); % export s to the workspace

open GenP lant−Int

P = 0.015 ; % taken as nominal P

% weights % Setting the weights here
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Wr = 1; % can be a filter

Wn = 1/16.2; % depends on max V uc

Wdelta = 0.9; %

Wd = 0.1 ; %

Wy = makeweight(10, 1, 0.0005);

n1 = ureal(′n1′, 0.91,′ Range′, [0.90.92]);

n2 = ureal(′n2′, 0.9,′ Range′, [0.880.92]);

% Number of measurements (y) and control (u)

ny = 1

nu = 1

% Export variables (e.g., weights) to workspace

assignin(′base′,′ P ′, P );

assignin(′base′,′ Wr′,Wr);

assignin(′base′,′ Wn′,Wn);

assignin(′base′,′ Wdelta′, Wdelta);

assignin(′base′,′ Wd′,Wd);

assignin(′base′,′ Wy′,Wy);

assignin(′base′,′ ny′, ny);

assignin(′base′,′ nu′, nu);

% Generalized P lant

load−system(′GenPlant−Int′); % load simulink model into workspace

[a, b, c, d]=linmod(′GenPlant−Int′); % extract the LTI model

% open−system(′GenP lant−Int′);

G = ss(a, b, c, d) % Form State− Space LTI object

assignin(′base′,′ G′, G) % export to workspace

%

%%%%%%

%
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% PART II

% m−file : H − infinity with weights

% Testing with Matlab

% This m−file calls the above function name : ex−INTPRO−G

clc

format compact

format short

echo on

Form Generalized P lant

% Form Generalized P lant

ex−INTPRO−G

% Synthesis of Controllers (H∞)

tol = 1e-2; % tolerance should not be too small

gmin = 0; gmax = 10; % range for gamma iteration

[K, Tzw, gopt] = hinfsyn(G, ny, nu, gmin, gmax, tol)

% controller

% Form stardard ”Plant” without design weights

load−system(′GenPlant−NoInt′); % load model into workspace

[a, b, c, d]=linmod(′GenPlant−NoInt′); % extract the LTI model

close−system (′GenP lant−NoInt′); % close simulink model

P = ss(a, b, c, d);

% Check the closed loop.

% with H − infinity controller.

Tzw = lft(P, K); % close the loop

if prod(1. ∗ [pole(Tzw)≤ 0]) % Check poles in LHP

disp(′Closed Loop is Unstable′)

end;
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Figure B.1: Standard H∞ Simulink Model with Weights

The above Matlab code calls the Simulink model shown in Fig.B.1. This model rep-

resents the standard H∞ set up of the hybrid system with modeled uncertainties and dis-

turbances. A prototype Simulink model of the hybrid system and the designed controller

is represented in Fig.B.2. This model is used to test the performance of the H∞ controller

before applying it to the hardware setup. The same SOFC system is used as in the hardware

and the DC/DC converters and the ultra-capacitor are model.
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Appendix C

Future Work
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Figure C.1: Preliminary Hardware Setup for Ultra-capacitor Battery SOFC Hybrid System
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In future work, the nonlinear control developed in section 7.2 needs to be tested in

the hardware to validate the performance of the strategy. A primarily test stand setup for

the battery ultra-capacitor is shown in Fig.C.1. This test stand setup is not yet completely

designed, and a lot of improvement needs to be addressed in future work.

First of all, the hybrid system nominal operating power needs to be at least from 5KW

to 10KW. Consequently, high power wires are required. Also, the SD-1000L-24 unidi-

rectional DC/DC converter used in the previous test stand setup described in section 5, is

designed only for maximum current of 50A at the output. This does not support the re-

quired power, thus it is required to be changed. To satisfy safety requirements during tests,

fuses and circuit breakers are required for the system. dSPACE 1103 has 38 analog to

digital and digital to analog converters. These is largely enough to the required test stand.

The DC5050F-SU bidirectional DC/DC converter is designed to draw up to 50A which is

enough for the ultra-capacitor. However, the battery is required to supply the system with

high power, thus high power bidirectional DC/DC is needed. The maximum voltage of the

lithium-ion battery is 12.6V, thus the voltage probes explained in section 5.4 can be used

to measured the open-circuit voltage of the battery. However, a switching mechanism is

needed to disconnect the battery from the grid. Also, the 80i-110 AC/DC current probes

can be used for this set up because they have 10mV/A range.
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