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 Solid oxide fuel cell (SOFC) power plants have been demonstrated to produce 

power efficiently in theory and in practice. However, popular control methods have not 

accounted for controlling the SOFC and the connecting power inverter in tandem. In 

addition, the literature often used an elegant but erroneous model to test SOFC control 

methods. Inspired by classical control of conventional power plants, this paper develops 

coordinated controls for a corrected simple model and a separate detailed model. Testing 

these models with these controls results in satisfactory performance comparable to the 

original tests with the original model.  

 
  



Page bearing signatures is kept on file in the Graduate School.

Application of Coordinated Control Strategies 
to Tubular Solid Oxide Fuel Cell Stack Models

by

Joseph E. Holden III, B.S.M.E.

A Thesis

Approved by the Department of Electrical and Computer Engineering

Kwang Y. Lee, Ph.D., Chairperson

Submitted to the Graduate Faculty of 
Baylor University in Partial Fulfillment of the Requirements 

for the Degree 
of

Master of Science in Electrical and Computer Engineering

Approved by the Thesis Committee

Kwang Y. Lee, Ph.D., Chairperson

Alexandre Yokochi, Ph.D

Scott Koziol, Ph.D

Accepted by the Graduate School

August 2019

J. Larry Lyon, Ph.D., Dean



 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 

Copyright © 2019 by Joseph E. Holden III 
 

All rights reserved



 iv 

 
 
 

TABLE OF CONTENTS 
 

LIST OF FIGURES ............................................................................................................ v 

LIST OF TABLES .............................................................................................................. x 

ACKNOWLEDGMENTS ................................................................................................. xi 

CHAPTER ONE ................................................................................................................. 1 
Introduction ..................................................................................................................... 1 

1.1.  Motivation ........................................................................................................... 1 
1.2.  Fuel Cell Principles ............................................................................................. 2 
1.3.  Research Topic .................................................................................................... 4 

CHAPTER TWO ................................................................................................................ 5 
Fuel Cell Types and Applications ................................................................................... 5 

CHAPTER THREE .......................................................................................................... 14 
SOFC Models ............................................................................................................... 14 

3.1.  The Nernst Equation ......................................................................................... 14 
3.2.  Simple SOFC Models ....................................................................................... 15 
3.3.  Detailed SOFC Model ....................................................................................... 22 
3.4.  Fuel Cell Performance Variables ...................................................................... 30 

CHAPTER FOUR ............................................................................................................. 34 
SOFC Plant Control Strategies ..................................................................................... 34 

4.1.  SOFC Plant Description and Basic Control ...................................................... 34 
4.2.  Coordinated Control for Conventional Power Plants ....................................... 35 
4.3.  Coordinated Control for SOFC ......................................................................... 37 

CHAPTER FIVE .............................................................................................................. 40 
Application of Coordinated Control to SOFC Models ................................................. 40 

5.1.  Experimental Setup ........................................................................................... 40 
5.2.  Simulation Results ............................................................................................ 40 

CHAPTER SIX ................................................................................................................. 61 
Conclusion .................................................................................................................... 61 

APPENDIX ....................................................................................................................... 62 
Parameters and Equations for the Nehirir and Wang Tubular SOFC Model ............... 63 

Heat Transfer Equations............................................................................................ 65 
  



 v 

 
 
 

LIST OF FIGURES 
 

Figure 1.1. Left: A simplified alkaline battery diagram, showing the positive 
cathode electrode made of carbon, the negative anode electrode made of 
zinc, the magnesium oxide fuel, the ammonium chloride electrolyte direction 
of ion transfer. Center: Both ends of the battery are connected, allowing 
electrons to flow from positive to negative through the lightbulb, resulting in 
its illumination. Right: The battery’s fuel has been depleted, so even though 
both ends of the battery are electrically connected, ion transfer can no longer 
occur, so the lightbulb does not illuminate. ................................................................ 3 

Figure 2.1. Schematic diagram of AFC. ............................................................................. 6 

Figure 2.2. Schematic diagram of PAFC and PEMFC. ...................................................... 8 

Figure 2.3. Schematic diagram of MCFC. .......................................................................... 9 

Figure 2.4. Schematic diagram of SOFC. ......................................................................... 11 

Figure 2.5. Tubular SOFC schematic cutout. ................................................................... 11 

Figure 2.6. Tubular SOFC schematic with typical size ranges [27, pp. 97–98], 
[28], [29], [30, Sec. 3]. .............................................................................................. 12 

Figure 2.7. Tubular SOFC stack schematic. ..................................................................... 12 

Figure 3.1. Simple dynamic SOFC cell/stack model. Initially developed by 
Padullés, et. al. [27, Ch. 4], [35], this model was augmented with fuel 
processing and a hydrogen/oxygen ratio by Zhu, et. al. [37] and incorporated 
the activation and concentration polarizations mentioned in [43, Sec. 2.1.2]. ......... 16 

Figure 3.2. Dynamic and steady-state (red dotted line) voltage, power, and fuel 
utilization for the simple model with different fuel inputs. The simulation 
used to generate this plot and the others after it started at 0 A and was 
increased until the fuel utilization reached 1. Only the values corresponding a 
fuel utilization between 0.7 and 1 are shown here. As fuel utilization 
approaches 1, the voltage slope approaches negative infinity. This instability 
must be avoided for safe fuel cell operation. This simulation was first 
performed in [22], and was repeated for this research. ............................................. 19 

  



 vi 

Figure 3.3. Dynamic and steady-state (red dotted line) partial pressures for the 
simple model with different fuel inputs. When the fuel utilization reaches 1 
in Figure 3.2, the partial pressure of H2 equals zero, implying that all the 
hydrogen entering the fuel cell stack is being consumed in the reaction. 
These plots were included for the sake of observing the behavior of the 
species’ partial pressures. .......................................................................................... 20 

Figure 3.4. Revised dynamic SOFC cell/stack model. The corrected polarizations, 
reaction coefficient, Nernst equation, and series scaling of fuel and voltage 
were added according to [23]. A new contribution to this model was the fuel 
and current scaling with respect to parallel stacks. ................................................... 21 

Figure 3.5. Dynamic and steady-state (red dotted line) voltage, power, and fuel 
utilization for the revised model with different fuel inputs. In comparison to 
Figure 3.2, the steady-state voltage in this figure varies less and requires 
more fuel and cells to achieve a similar power-current profile. The number of 
cells, 3 parallel strings of 470 in series, was experimentally obtained. 
Increasing the number of parallel strings increases the maximum stack 
current. ...................................................................................................................... 23 

Figure 3.6. Dynamic and steady-state (red dotted line) partial pressures for the 
revised model with different fuel inputs. Like Figure 3.3, the partial pressure 
of H2 equals zero when the fuel utilization equals 1. ................................................ 24 

Figure 3.7. Block diagram for a detailed SOFC cell model [2], [44]. Derived from 
material conservation and heat transfer, this model is a more accurate 
representation of a fuel cell. Like the models shown in Figures 3.1 and 3.4, 
this model makes use of the Nernst equation and the overpotentials of ohmic 
voltage, activation, and concentration. Unlike the previous two models, this 
model accounts for the heat transfer between the species and a cell, treating 
the anode, electrolyte, and cathode as an individual thermal mass. This 
model also accounts for polarization overpotential and species diffusion into 
the electrodes. ........................................................................................................... 25 

Figure 3.8. Heat transfer inside a tubular SOFC. .............................................................. 30 

Figure 3.9. Dynamic and steady-state (red dotted line) voltage, power, and fuel 
utilization for the detailed model with different fuel inputs. Unlike the 
previous two models, the voltage for a given fuel rate does not become more 
unstable when the fuel utilization approaches 1. Its steady-state voltage and 
power are more noticeably nonlinear, requiring even more fuel and more 
cells to achieve a similar maximum power output. The number of cells in this 
stack, 600 in series by 4 in parallel, was experimentally obtained. .......................... 31 

  



 vii 

Figure 3.10. Dynamic and steady-state (red dotted line) partial pressures for the 
detailed model with different fuel inputs. The partial pressures included for 
this plot were the effective partial pressures of the diffused species inside of 
the anode and cathode. Unlike the previously mentioned models, the 
effective partial pressures do not reach zero when the fuel utilization equals 
1. ................................................................................................................................ 32 

Figure 4.1. The MATLAB/Simulink schematic for the SOFC/inverter power 
plant. .......................................................................................................................... 34 

Figure 4.2. Correspondence of SOFC-inverter unit to the boiler-turbine unit. Each 
strategy uses two controllers each, one being a power controller and the other 
a safety controller. ..................................................................................................... 39 

Figure 5.1. Experimental setup for SOFC control simulations. The two inputs to 
the simulation are the power demand reference and the reactive power 
setpoint. The connection to a stiff power grid is represented by the Infinite 
Bus block. ................................................................................................................. 41 

Figure 5.2. FCFI CC for the original model: active power, fuel utilization, and 
fuel input. Since the power output follows the power demand while 
maintaining the fuel utilization, the control is successful. ........................................ 42 

Figure 5.3. FCFI CC for the original model: terminal voltage and current. 
“Filtered output” is the value of the voltage seen by the fuel cell stack, while 
the noise in “measurement” for the voltage could be created by the inverter 
harmonics as it changes the current. ......................................................................... 43 

Figure 5.4. FCFI CC for the original model: active power, reactive power, and DC 
power. Active power demand is a reference to for the power output to follow 
if the fuel utilization is within its bounds of 0.7 and 0.9. Reactive power is a 
setpoint for the inverter control rather than the power control for the entire 
system. ...................................................................................................................... 44 

Figure 5.5. FCFI CC for the revised model: active power, fuel utilization, and fuel 
input. The active power takes a few seconds to warm up, but once it does, it 
follows the power reference just as well as the original model. ............................... 45 

Figure 5.6. FCFI CC for the revised model: terminal voltage and current. “Filtered 
output” is the value of the voltage seen by the fuel cell stack, while the 
“measurement” is the voltage as created by the inverter as it changes the 
current. ...................................................................................................................... 46 

Figure 5.7. FCFI CC for the revised model: active power, reactive power, and DC 
power. The active power first decreases while the fuel utilization is at its 
upper bound before increasing. Initial instability of the partial pressure of 
hydrogen inside the fuel cell may be the cause. ........................................................ 47 



 viii 

Figure 5.8. FCFI CC for the detailed model: active power, fuel utilization, and 
fuel input. This model is faster to warmup than the revised model and under 
this control scheme optimizes the fuel utilization more quickly than the 
original or revised models. At t = 20, the fuel utilization exceeds its upper 
bound for less than a second while the active power sharply overshoots the 
power demand. At t = 40, this system produces the fastest successful 
response. .................................................................................................................... 48 

Figure 5.9. FCFI CC for the detailed model: terminal voltage and current. 
“Filtered output” is the value of the voltage seen by the fuel cell stack, while 
the “measurement” is the voltage as created by the inverter as it changes the 
current. Notably, the voltage and current for this model under this control 
scheme reach steady state much faster than the previous models do........................ 49 

Figure 5.10. FCFI CC for the detailed model: active power, reactive power, and 
DC power. Notably, FCFI CC is able to match the reactive power setpoint as 
well as the active power reference. ........................................................................... 50 

Figure 5.11. IFFC CC for the original model: active power, fuel utilization, and 
fuel input. The response is much slower than with FCFI CC, but the fuel 
utilization remains constant at its safest value as it successfully matches the 
active power demand. ............................................................................................... 52 

Figure 5.12. IFFC CC for the original model: terminal voltage and current. 
“Filtered output” is the value of the voltage seen by the fuel cell stack, while 
the “measurement” is the voltage as created by the inverter as it changes the 
current. ...................................................................................................................... 53 

Figure 5.13. IFFC CC for the original model: active power, reactive power, and 
DC power. Like the previous control strategy, it does not match the reactive 
power setpoint. .......................................................................................................... 54 

Figure 5.14. IFFC CC for the revised model: active power, fuel utilization, and 
fuel input. There is significantly more noise in the fuel input here than in the 
original model with IFFC. This could be a result as its increased instability 
resulting from its corrected reaction coefficient. ...................................................... 55 

Figure 5.15. IFFC CC for the revised model: terminal voltage and current. 
“Filtered output” is the value of the voltage seen by the fuel cell stack, while 
the “measurement” is the voltage as created by the inverter as it changes the 
current. ...................................................................................................................... 56 

Figure 5.16. IFFC CC for the revised model: active power, reactive power, and 
DC power. ................................................................................................................. 57 

Figure 5.17. IFFC CC for the detailed model: active power, fuel utilization, and 
fuel input. Out of all combinations of CC and model, this produces the best 
overall response and smoothest fuel input curve. ..................................................... 58 



 ix 

Figure 5.18. IFFC CC for the detailed model: terminal voltage and current. 
“Filtered output” is the value of the voltage seen by the fuel cell stack, while 
the “measurement” is the voltage as created by the inverter as it changes the 
current. Notably, the voltage and current for this model under this control 
scheme reach steady state much faster than the previous models do........................ 59 

Figure 5.19. IFFC CC for the detailed model: active power, reactive power, and 
DC power.  IFFC CC is also able to control the reactive power better than 
FCFI CC. ................................................................................................................... 60 

  



 x 

 
 
 

LIST OF TABLES 
 

Table 2.1. Fuel cell type comparison. ............................................................................... 13 

Table 3.1. Simple SOFC model parameters...................................................................... 18 

Table 3.2. Revised SOFC model parameters. ................................................................... 22 

Table 3.3. Detailed SOFC model parameters. .................................................................. 25 

Table 4.1. SOFC plant grid parameters ............................................................................ 35 

Table 5.1. Power reference profile .................................................................................... 40 

Table A.1a. SOFC model parameters [2, Ch. 4], [44]. ..................................................... 63 

Table A.1b. SOFC model subscripts and superscripts [2, Ch. 4], [44]. ............................ 64 

Table A.2a. Parameter values for Simulink implementation of the Nehrir and 
Wang SOFC model. The values which are not constant are defined explicitly 
with equations. .......................................................................................................... 67 

Table A.2b. Parameter values for Simulink implementation of the Nehrir and 
Wang SOFC model. The following parameters were obtained via curve fits. ......... 67 

 
 

  



 xi 

 
 
 

ACKNOWLEDGMENTS 
 
 

I would like to thank my advisor Dr. Kwang Lee and my other two committee 

members Dr. Scott Koziol and Dr. Yokochi for offering their expertise and suggestions. I 

thank Dr. Guiying Wu and Dr. Li Sun for providing the inspiration for this paper, and for 

Somyadeep Nag for checking some of my early work. I thank Joel Padullés, creator the 

original benchmark SOFC model, for freely sharing his research with me which 

described his model in full. I also thank Minnie Simcik for her administrative guidance. 

 



 1 

 
 
 

CHAPTER ONE 
 

Introduction 
 
 

1.1.  Motivation 
Equation Chapter (Next) Section 1 

Due to the worldwide increase in demand of electric power and rise of the power-

producing consumer, the distributed generation market is projected to grow from 60.04 

billion USD in 2017 to 103.38 billion USD by 2022 [1]. As grid energy storage devices 

are not yet widespread, power producers are seeking faster and more flexible ways to 

stably provide just enough electricity to match the amount demanded by the power grid. 

In addition to meeting regulations that minimizing adverse environmental impacts, 

producers desire to maximize the efficiency and lifetime of their equipment. As a result, 

several technologies, such as wind turbines, photovoltaics, and fuel cells have seen 

widespread development and application in the industry. However, photovoltaics and 

wind farms require large expanses of land in locations with an adequate amount sunlight 

or wind to be economically feasible. Fuel cell power plants, on the other hand, require a 

significantly smaller physical footprint, can be deployed in more locations, operate at 

higher efficiencies, and can be easily scaled up to a desired power output [2, pp. 6–7], [3, 

Sec. 1.1], [4, p. 1], [5, pp. 23–24]. 

 Conventional large-scale power plants require a heat source, which is typically 

obtained through the combustion of a fossil fuel such as coal, though it can also originate 

from a geothermal source or nuclear fission. This heat energy is transferred to water to 

create steam. The steam’s kinetic energy is turned into mechanical energy once the steam 
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flows through the blades of a turbine driving a synchronous generator, which converts 

mechanical energy into electrical energy via electromagnetic induction. For every one of 

these conversions, there is a loss in efficiency, and fossil fuels, the most common energy 

source in the United States, creates pollutants upon combustion [3, Sec. 1.1], [6]. In 

contrast, fuel cell power plants, not limited by Carnot efficiency, are the most energy 

efficient devices in converting a fuel’s chemical energy directly to electrical energy, 

resulting in a quieter and more efficient process while producing heat and water as 

byproducts. [7]. 

Furthermore, a fuel cell power plant requires power electronics, such as DC/DC 

converters and DC/AC inverters, and filters in order to regulate its stability, efficiency, 

and the output power quality to the grid. In order to achieve this, a control system 

monitors the inputs, outputs, and states of the plant and changes the power conditioning 

accordingly to achieve safe and optimal performance. 

 
1.2.  Fuel Cell Principles 

 
A fuel cell can be easily understood when compared to a typical electric battery, 

as shown in Figure 1.1. A battery is an energy storage device composed of three major 

components: an anode electrode (negative side), a cathode electrode (positive side), and 

an ion-conducting electrolyte between them. Batteries produce electricity through a 

chemical reaction when the anode and cathode are connected externally by a conductive 

material. However, it stops producing electricity when it depletes its chemical reactants. 

A fuel cell produces electricity like a battery, but it continually replenishes reactants and 

removes byproducts, resulting in a device that will produce electricity if the necessary 

reactants are provided.  
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Figure 1.1. Left: A simplified alkaline battery diagram, showing the positive cathode 
electrode made of carbon, the negative anode electrode made of zinc, the magnesium 
oxide fuel, the ammonium chloride electrolyte direction of ion transfer. Center: Both 
ends of the battery are connected, allowing electrons to flow from positive to negative 
through the lightbulb, resulting in its illumination. Right: The battery’s fuel has been 
depleted, so even though both ends of the battery are electrically connected, ion transfer 
can no longer occur, so the lightbulb does not illuminate. 

 
 

Fuel cells typically require a hydrogen-based fuel source and air as inputs. When 

hydrogen molecules (H2) in the fuel flow over a fuel cell’s anode surface, oxygen 

molecules (O2) in the air flow over its cathode surface, and the anode and cathode are 

connected electrically, the molecules diffuse through their respective electrodes and 

dissociate into anions and cations. After one set of ions cross the electrolyte to meet with 

the other set, they react in what is called a reduction-oxidation (redox) reaction to 

produce water and free electrons, which is reverse hydrolysis [2, pp. 38–40], [5, pp. 1–2], 

[8]. For an individual fuel cell, this process generates a small voltage. Several of them 

can be linked together in what is known as a “stack” to produce a larger voltage while 

retaining their efficiency. Several fuel cell stacks can be combined to create a fuel cell 

power plant. 
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1.3.  Research Topic 
 

Typically, plant control methods for solid oxide fuel cells (SOFC) have solely 

focused on either the fuel cell stack [9]–[11] or the DC/AC inverter [2], [12]–[21], and 

have not considered ways to coordinate both of their controls other than in a basic 

feedforward manner. Sun et al. developed and applied coordinated control strategies for 

an SOFC model and inverter connected to a microgrid [22]. Chakraborty proposed an 

improvement on that control approach that corrects the SOFC model [23]. 

The purpose of this thesis is to apply these coordinated control strategies to the 

corrected SOFC model as well as a more detailed SOFC model and compare their 

responses to that given by the incorrect model. Chapter 2 will give a comprehensive 

overview and comparison of fuel cells. Chapter 3 will review the models in detail, while 

Chapter 4 will review the control strategies used. Chapter 5 will discuss the experimental 

setup and its response, and chapter 6 will conclude the thesis as well as suggest areas for 

further research. 
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CHAPTER TWO 
 

Fuel Cell Types and Applications 
 
Equation Chapter (Next) Section 1 

The primary difference between different types of fuel cell is their electrolyte, 

which determines its operating temperature and minimum required fuel quality. There are 

five primary types of fuel cells: alkaline (AFC), polymer electrolyte membrane or proton 

exchange membrane (PEMFC), phosphoric acid (PAFC), molten carbonate (MCFC), and 

solid oxide (SOFC). AFCs, PEMFCs, and PAFCs are low-temperature fuel cells, 

necessitating a pure hydrogen fuel source and noble metal electrocatalysts. MCFCs and 

SOFCs are high-temperature fuel cells, and as a result can directly oxidize carbon 

monoxide (CO) and internally convert hydrocarbons such as methane (CH4) to hydrogen 

without the use of electrocatalysts. [2, p. 40] 

As one of the earliest developed fuel cell technologies, AFCs were widely used in 

the United States’ Apollo program (1969-1972) and continue to be used for spacecraft as 

well as backup power today. An AFC has an electrolyte composed of aqueous potassium 

hydroxide (KOH) in an asbestos matrix that conducts hydroxide ions (OH-). Its 

electrochemical equation is 

 2Oxidation at anode: 2 4 4H H e+ −↔ +  (2.1) 

 22Reduction at cathode: O 2 4 4OH e OH− −++ ↔  (2.2) 

 2Ions combine at anode: 4 2 2H OH H O+ −+ ↔  (2.3) 

 22 2 22Overall redox reaction: 2 4H OH O H O++ ↔  (2.4) 
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Typical AFCs have a lower heating value (LHV) efficiency of 60% and can 

output 1-100 kW. Its low operating temperature (<100°C) allows for quick start-ups and 

many possible construction materials. However, since CO and carbon dioxide (CO2) 

easily react with and degrade its metal electrodes and electrolyte, an AFC stack requires 

its fuel and air sources to be completely free of CO and CO2. [2, pp. 40,51-52], [3, Sec. 

1.5.2], [4, p. 3], [5, p. 15], [24]. A schematic diagram of AFC is shown in Figure 1. 

 

 
 

Figure 2.1. Schematic diagram of AFC. 
 
 

A PAFC conducts H+ ions (protons) in an electrolyte made of 100% concentrated 

phosphoric acid while operating in a 150-200°C range with a LHV efficiency range of 

37-42%. Its electrochemical equation is 

 2Oxidation at anode: 2 4 4H H e+ −↔ +  (2.5) 
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 2
2Reduction at cathode: O 4 2e O− −+ ↔  (2.6) 

 2
2Ions combine at cathode: 4 2 2H O H O+ −+ ↔  (2.7) 

 2 2 2Overall redox reaction: 2 2H O H O+ ↔  (2.8) 

PAFCs have an output range of 5-400 kW if its electrolyte permeates a silicon carbide 

matrix, or <10 kW if the acid saturates a polymer membrane. This type of cell has found 

a place in distributed power generation and in combined heating and power (CHP). 

Despite being less complex than PEMFCs, its highly corrosive electrolyte necessitates the 

use of expensive construction materials [2, pp. 51–52], [3, Sec. 1.5.3], [5, p. 15], [24].  

PEMFCs use a water-hydrated solid polymer electrolyte to conduct H+ ions from 

the cathode to the anode. Its electrochemical equation is 

 2Oxidation at anode: 2 4 4H H e+ −↔ +  (2.9) 

 2
2Reduction at cathode: O 4 2e O− −+ ↔  (2.10) 

 2
2Ions combine at cathode: 4 2 2H O H O+ −+ ↔  (2.11) 

 2 2 2Overall redox reaction: 2 2H O H O+ ↔  (2.12) 

The applications for PEMFCs are primarily in transportation due to their solid 

electrolyte, their low operating temperature (<120°C), and their rapid startup and load 

following properties. Their LHV efficiency is 40-60%, depending on the fuel used, and 

the stack size can range from less than 1 kW to 100 kW. However, PEMFCs require a 

pure hydrogen fuel source and adequate water regulation for the electrolyte to function 

properly. The hydrogen purity problem can be resolved by using a direct methanol fuel 

cell (DMFC), which is a PEMFC that uses methanol (CH3OH) as a fuel [2, pp. 40,42-
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43,51-52], [3, Sec. 1.5.1], [5, p. 15], [24], [25].  The schematic diagram of PAFC and 

PEMFC is displayed in Figure 2.2.  

 

 
 

Figure 2.2. Schematic diagram of PAFC and PEMFC. 
 
 

Unlike the other fuel cells, MCFCs require CO2 in addition to oxygen at its 

cathode to produce electricity. Its electrochemical equation is 

 2Anode reaction: 2 4 4H H e+ −↔ +  (2.13) 

 2 3
2

2Cathode reaction: O 2 4 2CO e CO− −++ ↔  (2.14) 

 3 2
2

2Ions combine at anode: 4 2 2 2H CO H O CO+ −+ ↔ +  (2.15) 

 2 2 2 2 2Overall reaction: 2 2 2 2H O CO H O CO+ + ↔ +  (2.16) 

At temperatures ranging from 600 to 700°C, its molten alkaline metal carbonate 

electrolyte retained in a lithium aluminate (LiAlO2) ceramic matrix conducts carbonate 
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ions (CO3
2-).  Producing 300 kW – 3 MW at a LHV efficiency of 50%, MCFCs have 

been applied toward large-scale stationary power generation, reaching efficiencies as 

high as 90% for CHP applications. In addition, it can use CO as a fuel in an exothermic 

reaction with water, resulting in an exothermic reaction that produces CO2 and H2. 

However, its need for CO2 requires additional balance of plant (BOP) components, its 

corrosive electrolyte demands construction materials of high quality, and its high 

operating temperatures raise problems of mechanical stability and stack life [2, pp. 48–

52], [3, Sec. 1.5.4], [3, Figs. 6–1], [5, p. 16], [24]. A schematic diagram of MCFC is 

shown in Figure 2.3. 

 

 
 

Figure 2.3. Schematic diagram of MCFC. 
 
 

The development of SOFCs started in the 1950s, before the AFC was developed. 

They have an electrolyte comprised of a solid, nonporous ceramic metal oxide, usually 
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dense yttria-stabilized zirconia (YSZ) which conducts oxygen ions (O2-). Its electro-

chemical equation is 

 2Oxidation at anode: 2 4 4H H e+ −↔ +  (2.17) 

 2
2Reduction at cathode: O 4 2e O− −+ ↔  (2.18) 

 2
2Ions combine at anode: 4 2 2H O H O+ −+ ↔  (2.19) 

 2 2 2Overall redox reaction: 2 2H O H O+ ↔  (2.20) 

Operating at temperatures ranging from 500-1000°C, SOFCs produce between 1 

kW and 2 MW of power at a LHV efficiency as high as 60% while being deployed for 

auxiliary power, distributed generation, or electric utility power, though the efficiency 

can reach 75-80% in CHP applications. SOFCs are simpler in concept than the other fuel 

cells due to its solid electrolyte and fuel flexibility, allowing it to be cast in tubular, 

planar, or monolithic shapes. However, SOFCs are challenging to manufacture and 

maintain due to their high operating temperature leading to material failure, carbon 

deposition problems, and limited number of shutdowns [2, pp. 43–48, 51–52], [3, Sec. 

1.5.5], [5, p. 16], [24], [26, pp. 4–5].  A schematic diagram of SOFC is shown in Figure 

2.4, and a schematic cutout, diagram, and stack of a tubular SOFC configuration is shown 

in Figures 2.5 and 2.6. The discussed fuel cell types are summarized in Table 2.1. 
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Figure 2.4. Schematic diagram of SOFC. 
 
 
 
 
 
 

 
 

Figure 2.5. Tubular SOFC schematic cutout. 
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Figure 2.6. Tubular SOFC schematic with typical size ranges [27, pp. 97–98], [28], [29], 
[30, Sec. 3]. 

 
 
 
 

 
 

 
 

Figure 2.7. Tubular SOFC stack schematic. 
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Table 2.1. Fuel cell type comparison. 
 

Fuel Cell 
Type Electrolyte Conduct

-ing Ion 

Electrical 
Efficiency 
(LHV) 

Power 
Output 
(Stack 
Size) 

Opera-
ting 
Temp. 

Primary 
Applica-
tions 

Alkaline 

(AFC) 

KOH (aq) in 
asbestos 
matrix 
 

OH- 60% 1-100 
kW 

<100ºC Space-
craft, 
Backup  
power 

Phosphoric 
Acid 
(PAFC) 

Phosphoric 
acid in a 
1) Silicon 
carbide 
matrix or 
2) Polymer 
membrane 
 

H+ 37-42% 1) 5-400 
kW 
2) <10 
kW 

150-
200ºC 

Distri-
buted 
genera-
tion, CHP 

Polymer 
Electrolyte  
or Proton 
Exchange 
Membrane 
(PEMFC)  
 

Water-
hydrated 
solid 
polymer 
electrolyte 

H+ 40-60% 1-100 
kW 

< 120ºC Trans-
portation, 
Portable 
power, 
Distribut-
ed genera-
tion 

Molten 
Carbonate 
(MCFC) 

Molten 
alkaline 
metal 
carbonate in 
a LiAlO2 
ceramic 
matrix 
 

CO3
2- 50% 

90% for 
CHP 

300 kW 
-3 MW 

600-
700ºC 

Distribut-
ed genera-
tion, CHP, 
Electric 
utility 

Solid Oxide 
(SOFC) 

Dense 
Y2O3-
stabilized 
ZrO3 

O2- 60% 
75-80% 
for CHP 

1 kW 
-2 MW 

500-
1000ºC 

Auxiliary 
power, 
Distribut-
ed genera-
tion, 
Electric 
utility 
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CHAPTER THREE 
 

SOFC Models 
 
 

3.1.  The Nernst Equation 
Equation Chapter (Next) Section 1 

To effectively predict and control fuel cell behavior, a model must first be 

developed: Depending on the amount of detail desired, a cell- or stack-level model can be 

solved on zero-dimensional (0-D), one-dimensional (1-D), two-dimensional (2-D), or 

three-dimensional (3-D) domains, though 0-D, 1-D, 2-D models are generally sufficient 

unless detailed geometrical effects need to be modeled. These dimensions refer to 

species, temperature, and current distribution gradients in the models and whether they 

are factored into the model calculations. 0-D models assume a uniform distribution of 

species flows, temperature, and current. 1-D models account for gradients in the fuel cell 

in the streamwise direction but assume uniform temperature and current distributions in 

the other two dimensions [31, pp. 73–75]. Other models can be constructed on the 

molecular, electrode, or system level [32], [33].  

Cell-level fuel cell models typically make use of the Nernst equation to calculate 

the open-circuit electromotive force (EMF) ENernst of the fuel cell, [34] 

 0 ln

i

i

j

j

c
reactant

i
Nernst c

product
j

f
RTE E
nF f

= +
∏
∏

 (3.1) 

where E0 is the reference (standard) EMF at unit activity and atmospheric pressure; R is 

the ideal gas constant; T is the cell temperature; F is the Faraday constant; i and j are the 

numbers of reactant and product species; f represents the fugacity of species i; ci is the 
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stoichiometric coefficient of species i; and n is the number of electrons transferred for 

each molecule of the fuel participating in the reaction. The fugacity of an ideal gas in a 

mixture can be described in terms of its partial pressure pi: 

 
0

i
i

pf
p

= , (3.2) 

where p0 is the standard ambient pressure of 101.325 kPa (1 atm).  For the case of 

SOFCs, the Nernst equation has the following form: 

 ( )2 2

2

0.5

0
0 ln

2
H O

Nernst
H O

p p pRTE E
F p

= + , (3.3) 

where the fugacities were replaced by partial pressures 𝑝𝑝𝐻𝐻2, 𝑝𝑝𝐻𝐻2𝑂𝑂, and 𝑝𝑝𝑂𝑂2(Pa) (since 

water can be assumed to be an ideal gas like hydrogen and oxygen at 1000˚C, a  typical 

SOFC operating temperature); and from Equation 2.17, 4 electrons are transferred for 2 

fuel molecules, so  n = 4/2 = 2. 

 
3.2.  Simple SOFC Models 

 
 
3.2.1.  The Padullés Model 
 

Padullés et. al. developed a dynamic 1-D cell-level tubular SOFC model and 

scaled it up to a 0-D stack-level model. It was then populated with data from a 100 kW 

SOFC power plant built in Westervoort, Gelderland, Netherlands. [27, Ch. 4.9], [35], 

[36]. This model has become a benchmark SOFC modeling and control development due 

to its simplicity. [12], [13], [17], [37]–[42]. Some features, such as power conditioning 

and additional voltage losses due to activation and concentration polarization have been 

augmented onto the original model. The activation voltage overpotential is caused by an 

activation energy threshold, which prevents chemical reactions unless it is exceeded.  
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Figure 3.1. Simple dynamic SOFC cell/stack model. Initially developed by Padullés, et. 
al. [27, Ch. 4], [35], this model was augmented with fuel processing and a 
hydrogen/oxygen ratio by Zhu, et. al. [37] and incorporated the activation and 
concentration polarizations mentioned in [43, Sec. 2.1.2].  
 
 

This occurs for low current densities, which are common upon fuel cell startup. 

The concentration overpotential results in the slow transportation of species to and from 

the reaction site at high current densities. One of these augmented models is displayed in 

Figure 3.1 and is based on the following assumptions: 

1) All gases are ideal and have flows that are treated as one-dimensional. 

2) Pure oxygen is used at the cathode. 

3) The fuel used will be hydrogen processed from methane or methanol. 

4) The temperature of the fuel cell stack is uniform and constant. 

5) The gases are uniformly distributed in their respective channels, so the anode 

channel pressure is constant, and the cathode channel pressure is constant. 
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6) The exhaust of each channel is via a single orifice. The ratios of pressure 

between the interior and exterior of the channel are large enough to consider 

that the orifice is choked. 

7) Individual cell parameters are lumped together to represent a fuel cell stack 

(0-D stack-level model).  

The inputs to this model are stack current IFC (A) and methane (CH4) flow rate 𝑞𝑞𝑓𝑓 

(mol/s), and the primary output is the DC stack voltage Vstack (V). Using IFC and Vstack, the 

power of the stack Pstack can be calculated. Using the cell dimensions and ratings 

contained in a commercial SOFC brochure from Siemens-Westinghouse and [36], 

Padullés populated this model. Later researchers using this model had modified these 

values, and the specific ones used for this research are from [22]. The values and 

formulae for these and the other parameters in this model are displayed in Table 3.1. The 

dynamic and steady state operating conditions for this plant with different levels of fuel 

input are shown in Figures 3.2 and 3.3. 

 
3.2.2.  Revised Padullés Model 
 
 As pointed out in [23], the simple model above contains an error in that it conflates stack-

level parameters with cell-level parameters when the vital calculations are based on a 

single cell. First, the model scales up the cell voltage to the entire stack inside of the 

Nernst equation block, when it should scale after all losses are subtracted. Second, the 

reaction coefficient Kr describes the number of chemical reactions that occur in the fuel 

cell or stack per second per Ampere of current. 

 1
4rK

F
=  (3.4)  
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Table 3.1. Simple SOFC model parameters. 
 
Parameter Value/Formula Unit Description 
T 1273 K Absolute temperature 
F 96,485 C mol-1 Faraday constant 
R 8.314 J mol-1 K-1 Ideal gas constant 
E0 1.18 V Ideal standard potential 
p0 101325 Pa Standard ambient pressure 
Ns 384 – Number of cells in series in stack 
Np 1 – Number of parallel stack strings 
Kr 0.996×10-3 mol A-1 s-1 Reaction constant 
𝐾𝐾𝐻𝐻2  8.32×10-6 mol A-1 Pa -1 Valve molar constant for 

hydrogen 
𝐾𝐾𝐻𝐻2𝑂𝑂 2.77×10-6 mol A-1 Pa -1 Valve molar constant for water 
𝐾𝐾𝑂𝑂2 2.49×10-5 mol A-1 Pa -1 Valve molar constant for oxygen 
𝜏𝜏𝐻𝐻2 26.1 s Response time of hydrogen flow 
𝜏𝜏𝐻𝐻2𝑂𝑂 78.3 s Response time of water flow 
𝜏𝜏𝑂𝑂2 2.91 s Response time of oxygen flow 
𝜏𝜏𝑓𝑓 5 s Time constant of the fuel 

processor 
�̇�𝑀𝑓𝑓 – mol/s Unprocessed fuel rate to stack 
�̇�𝑀𝑥𝑥
𝑖𝑖𝑖𝑖 – mol/s Flow rate of species x  

�̇�𝑀𝑥𝑥
𝑟𝑟 – mol/s Reaction rate of species x  

�̇�𝑀H2O
gen  – mol/s Generation rate of H2O  

px – Pa Partial pressure of species x 
IFC – A Fuel cell stack current 
ηohmic r ∙ IFC  V Ohmic overpotential 
ηconc -

R0T0

2F0
ln �1 - 

I𝐹𝐹𝐹𝐹
IL
� V Concentration overpotential 

ηact 0.05 + 0.11 ln I𝐹𝐹𝐹𝐹 V Activation overpotential 
𝜏𝜏𝐻𝐻−𝑂𝑂 1.145 – Ratio of hydrogen to oxygen [37] 
r 0.126 Ω Ohmic loss resistance 
α 0.05 – Tafel constant 
β 0.11 – Tafel slope 
IL 800 A Limiting current density 
qf – mol/s Unprocessed fuel rate to stack 
qx

in – mol/s Flow rate of species x  
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Figure 3.2. Dynamic and steady-state (red dotted line) voltage, power, and fuel utilization 
for the simple model with different fuel inputs. The simulation used to generate this plot 
and the others after it started at 0 A and was increased until the fuel utilization reached 1. 
Only the values corresponding a fuel utilization between 0.7 and 1 are shown here. As 
fuel utilization approaches 1, the voltage slope approaches negative infinity. This 
instability must be avoided for safe fuel cell operation. This simulation was first 
performed in [22], and was repeated for this research. 
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Figure 3.3. Dynamic and steady-state (red dotted line) partial pressures for the simple 
model with different fuel inputs. When the fuel utilization reaches 1 in Figure 3.2, the 
partial pressure of H2 equals zero, implying that all the hydrogen entering the fuel cell 
stack is being consumed in the reaction. These plots were included for the sake of 
observing the behavior of the species’ partial pressures. 
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N F
⋅

= =  (3.5) 

In the simple model, the calculated reaction coefficient is actually for the stack-

level when it should be for the cell level.  

Finally, the current IFC and fuel rate �̇�𝑀𝑓𝑓 are defined for the entire stack, but they 

need to be divided between all of the cells in parallel and in series. The revised model is 

shown in Figure 3.4.  

 
 

Figure 3.4. Revised dynamic SOFC cell/stack model. The corrected polarizations, 
reaction coefficient, Nernst equation, and series scaling of fuel and voltage were added 
according to [23]. A new contribution to this model was the fuel and current scaling with 
respect to parallel stacks. 
 
 

To produce a similar power output as the original model, the number of parallel 

and series cells in the stack and the reaction constant were modified accordingly. The 

revised parameters are shown in Table 3.2. This system’s dynamic and steady-state 

response to different fuel inputs is displayed in Figures 3.5 and 3.6. 
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Table 3.2. Revised SOFC model parameters. 
 
Parameter Value/Formula Unit Description 
Ns 470 – Number of cells in series in stack 
Np 3 – Number of parallel series strings 
Kr 1

4F0
 = 0.259×10-5 mol A-1 s-1 Reaction constant 

ηohmic r ∙ I V Ohmic overpotiential 

ηconc -
R0T0

2F0
ln �1 - 

I
IL
� V Concentration overpotential 

ηact 0.05 + 0.11 ln I V Activation overpotential 
𝜏𝜏𝐻𝐻−𝑂𝑂 1.145 – Ratio of hydrogen to oxygen 
r 0.126 Ω Ohmic loss resistance 

 
 

3.3.  Detailed SOFC Model 
 

Nehrir and Wang. also developed a dynamic 1-D cell-level SOFC model also 

built around the Nernst equation. Unlike the Padullés model, the Nernst equation 

parameters were derived from material conservation and heat transfer principles [2, Ch. 

4], [44]. Like the simple models, this cell-level model was scaled up to a 0-D stack-level 

model. Improvements to this model were made in [45] to account for nitrogen (N2) in air. 

Figure 3.7 shows a block diagram of this model, and Table 3.3 shows the primary 

parameters.  

This model was based on the following assumptions: 

1) All gases are ideal and have flows that are treated as one-dimensional.  

2) A large stoichiometric quantity of oxygen (air) available at the cathode.  

3) Hydrogen will be used as fuel.  

4) The molar flow rate of hydrogen will come from the processing of methane or 

methanol, and no other fuels (such as CO2 or CO) will be used. 
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Figure 3.5. Dynamic and steady-state (red dotted line) voltage, power, and fuel utilization 
for the revised model with different fuel inputs. In comparison to Figure 3.2, the steady-
state voltage in this figure varies less and requires more fuel and cells to achieve a similar 
power-current profile. The number of cells, 3 parallel strings of 470 in series, was 
experimentally obtained. Increasing the number of parallel strings increases the 
maximum stack current. 
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Figure 3.6. Dynamic and steady-state (red dotted line) partial pressures for the revised 
model with different fuel inputs. Like Figure 3.3, the partial pressure of H2 equals zero 
when the fuel utilization equals 1. 
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Figure 3.7. Block diagram for a detailed SOFC cell model [2], [44]. Derived from 
material conservation and heat transfer, this model is a more accurate representation of a 
fuel cell. Like the models shown in Figures 3.1 and 3.4, this model makes use of the 
Nernst equation and the overpotentials of ohmic voltage, activation, and concentration. 
Unlike the previous two models, this model accounts for the heat transfer between the 
species and a cell, treating the anode, electrolyte, and cathode as an individual thermal 
mass. This model also accounts for polarization overpotential and species diffusion into 
the electrodes.

Table 3.3. Detailed SOFC model parameters. 

Parameter Value/Formula Unit Description 
Tairinlet 1273 K Initial air temperature 
Tfuelinlet 1273 K Initial fuel temperature 
Pa 3 atm Inlet anode pressure 
Pc 3 atm Inlet cathode pressure 
q𝐻𝐻2 – atm Hydrogen molar flow rate 
q𝐻𝐻2𝑂𝑂 Icell

2F
 atm Water molar flow rate 

q𝑂𝑂2 12e-3 atm Oxygen molar flow rate 
Ns 600 – Number of cells in series in stack
Np 4 – Number of parallel series strings
Kr 1

4F0
 = 0.259×10-5 mol A-1 s-1 Reaction constant 

𝜏𝜏𝑓𝑓 5 s Time constant of the fuel 
processor 
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5) Under normal operation, partial pressures of hydrogen and oxygen are uniformly

decreased along the anode channel while partial pressure of water vapor is

uniformly increased.

6) The thermodynamic analysis necessitates lumped thermal capacitance.

7) Combustion is not modeled in the thermal model, and the fuel and air are assumed

to be preheated.

8) The effective temperature of gases flowing in the anode and cathode channels is

represented by their arithmetic mean value, that is Tgas
ch  = ( Tgas

in  + Tgas
out  ) / 2 and at a

constant initial pressure.

9) The electrolyte conducts oxygen ions (O2-).

10) Individual cell parameters are lumped together to represent a fuel cell stack (0-D

stack-level model).

3.3.1.  Effective Partial Pressures 

Expressions were formulated to find the partial pressures of the species at the 

reaction sites, which are referred to as the effective partial pressures. These values are 

used in the Nernst equation to calculate the fuel cell voltage output. The partial pressures 

of the species in their respective channels are assumed to as the average of their inlet and 

outlet partial pressures. Using these channel pressures pi
ch, the Maxwell-Stefan diffusion

model, and Faraday’s law, expressions for the effective partial pressures pi
* were derived.

2

2 2 2

2 2

H* ch ch
H H H den0

H ,H O2
al a

dp RTlp p p i
dx FD

= + = + −∫ (3.6) 

2

2 2 2

2 2

H O* ch ch
H O H O H O den0

H ,H O2
al a

dp RTlp p p i
dx FD

= + = + +∫ (3.7) 
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= − −   

 
  (3.8) 

 
where Di, j is the effective binary diffusivity of the i–j species pair and la and lc are the 

distances from the anode and cathode surface to the reaction site, respectively. 

 
3.3.2.  Material Conservation 
 

The material conservation equations were developed by applying Faraday’s law 

and the ideal gas law to each species to determine the species’ instantaneous partial 

pressures in their respective channels. Assumptions 2 and 3 allow the molar flow rates of 

the species i to be expressed as a product of the total molar flow rate into or out of a 

channel (Mȧ  or 𝑀𝑀𝑐𝑐̇ ) and the species’ molar fraction xi, expressed as a ratio of partial 

pressure pi to channel pressure (Pa or Pc).  
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dp M RT M RT RTp p i
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= − −
 

  (3.14) 

where Va and Vc are the volumes of the anode and cathode channels, respectively. This 

thesis assumes for this model that the molar flow rate of water originates from the 

chemical reactions in the cell and not from external sources, so its value is dependent on 

the cell current and the molar flow rate of hydrogen, just like the previously mentioned 

models. 

 
3.3.3.  SOFC Output Voltage 
 

The cell output voltage is expressed the cell’s open-circuit reversible potential, 

obtained via the Nernst equation, minus various overpotentials. 

 , , ,cell cell act cell ohm cell conc cellV E V V V= − − −   (3.15) 

The resistance of the electrolyte and interconnect make up the Ohmic voltage 

overpotential Vohm, cell, while the electrode resistances are neglected.  

 , , ,int ,ohm cell ohm elecyt ohm erc ohm cellV V V iR= + =   (3.16) 

 

int
int

, int

exp expelecyt erc
elecyt erc

ohm cell elecyt erc
cell cell

b ba aT TR
A A

δ δ

   
   
   = +   (3.17) 

The activation voltage overpotential Vact, cell  is first expressed as a Tafel equation 

derived from the Butler-Volmer equation under a high activation condition.  

 , 1
,

0

2 sinh
2

act cell
act cell

V RT iR
i zFi i

−  
= =  

 
  (3.18) 

 ( ), 0 1 , 0, 1,act cell act cell act cell act cellV T iR V Vξ ξ= + + = +   (3.19) 
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where, 0, 0 1act cellV Tξ ξ= +  is the temperature-dependent component, and 1, ,act cell act cellV iR=  

is the component dependent on both current and temperature.  

The concentration overpotential Vconc, cell is expressed as the difference in Nernst 

potentials in between the channels and reaction site. 

 
( )
( )

( )
( )

2 2 2 2

2 2

2 2* *

, 2 2*
ln ln

2

ch ch
H O H O

conc cell ch
H O H O

p p p pRTV
F p p

    
    = −         

  (3.20) 

The loss due to polarization occurs due to the formation of boundary layers 

between the electrolyte and the electrodes. These layers can be electrically charged, 

acting like a supercapacitor. This overpotential is modelled as a capacitor in parallel with 

the series equivalent resistances of activation and concentration overpotential. As a result, 

the polarization overpotential accounts for both both the activation and concentration. 

 ( ),
, , ,

C cell
C cell act cell conc cell

dV
V i C R R

dt
 

= − + 
 

  (3.21) 

 , 0, ,cell cell C cell act cell ohm cellV E V V V= − − −   (3.22) 

where C is the effective capacitance of the cell. 

 
3.3.4.  Thermodynamic Energy Balance 
 

For the purpose of modeling heat transfer, the anode, electrolyte, cathode, and 

interconnect of the fuel cell are assumed to be a single lumped mass, and temperature 

differences between adjacent cells are neglected. An overview of the heat transfer 

accounted for in this model is summarized in Figure 3.8. Appendix A contains the heat 

transfer equations as well as the parameters and constants used in simulating this model. 

The dynamic and steady-state operating conditions for this model are shown in Figures 

3.9 and 3.10.  
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Figure 3.8. Heat transfer inside a tubular SOFC. 
 

 
Note that unlike the original and revised simple models, the detailed model’s 

power profile at steady state is nonlinear. The same type of fuel processing will be used 

for this model as was used for the simple models. 

 
3.4.  Fuel Cell Performance Variables 

 
 To ensure fuel cell stability, there are a few operating parameters which must be 

monitored and kept between a fixed set of bounds. The most important performance 

variable of a fuel cell is its fuel utilization Uf. Defined as the ratio of reacted or consumed 

fuel to input fuel, it is directly related to the safety, lifespan, and efficiency of a fuel cell. 

 2 2 2

2 2 2

, , ,

, , ,

2H in H out H reacted r FC
f

H in H in H in

q q q K IU
q q q
−

= = =  (3.23) 

Overutilization (Uf  ≥ 1) is associated with fuel starvation, which results in permanent 

fuel cell damage. Underutilization leads to energy loss and fuel waste while producing 

abnormally high voltages.  
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Figure 3.9. Dynamic and steady-state (red dotted line) voltage, power, and fuel utilization 
for the detailed model with different fuel inputs. Unlike the previous two models, the 
voltage for a given fuel rate does not become more unstable when the fuel utilization 
approaches 1. Its steady-state voltage and power are more noticeably nonlinear, requiring 
even more fuel and more cells to achieve a similar maximum power output. The number 
of cells in this stack, 600 in series by 4 in parallel, was experimentally obtained. 
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Figure 3.10. Dynamic and steady-state (red dotted line) partial pressures for the detailed 
model with different fuel inputs. The partial pressures included for this plot were the 
effective partial pressures of the diffused species inside of the anode and cathode. Unlike 
the previously mentioned models, the effective partial pressures do not reach zero when 
the fuel utilization equals 1. 

 
 
 
 

  



 33 

As a related observation, fuel utilization is inversely correlated to the internal partial 

pressures of hydrogen and oxygen; for the Padullés model, fuel utilization is inversely 

proportional to those values, which are zero at Uf = 1. For this reason, stable operation of 

fuel cells require a fuel utilization with the bounds 0.7 < Uf  < 0.9. Due to activation and 

concentration losses, the current density must be prevented going too low or too high. 

Since the geometry of the fuel cell models differs, they have been given respective stack 

sizes which have similar power-current profiles. As for voltage, it must be stable during 

load fluctuation to minimize the energy lost when connected to a converter or inverter. 

Comparing the results shown in Figures 3.2-3.3, 3.5-3.6, and 3.9-3.10 gives 

insight of the common behavior of the model performance variables. According to these 

figures, if the fuel utilization is held at 0.8, the voltage remains nearly constant, the power 

becomes linearly dependent on the output current and the fuel feed amount, and it can 

safely and quickly output a wide range of power. For this reason, the steady-state 

operating condition is set as the dotted red lines in these figures, so that the nonlinear 

system behaves in a nearly linear manner. 

 The temperature dynamics dominate the overall time constant of SOFCs since 

they are on the order of minutes, rather than of seconds like the partial pressures [2, pp. 

103–114], [3, Ch. 2], [12], [13]. For this reason, an analysis of the model’s temperature 

dynamics is outside the scope of this thesis. 

  



 34 

 
 
 

CHAPTER FOUR 
 

SOFC Plant Control Strategies 
 

Equation Chapter (Next) Section 1 
4.1.  SOFC Plant Description and Basic Control 

 
Grid-connected power producers desire to supply an ever-changing amount of 

power demanded from the grid in a stable manner while minimizing costs and 

maximizing equipment lifetime. Since it was shown that steady-state operation of the 

aforementioned SOFC models results in a DC output voltage, these models can be 

connected to a utility grid or microgrid via a pulse-width modulation (PWM) based 

voltage constant inverter (VSI), as was realized in [46]. The inputs to the plant are active 

and reactive power references. The schematic for the plant is displayed in Figure 4.1, and 

the grid parameters are shown in Table 4.1. 

 

 
 

Figure 4.1. The MATLAB/Simulink schematic for the SOFC/inverter power plant. 
 
 

Since fuel utilization is the most important performance variable regarding safety, 

a common control strategy for the fuel controller is to balance the fuel utilization using a   
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Table 4.1. SOFC plant grid parameters 
 
Parameter Value Unit Description 
L3ph 500e-6 H 3-phase series inductance 
C3ph 100e-6 F 3-phase parallel capacitance 
Plocalload 120e3 W Local load real power 
Qlocalload 12e3 W Local load reactive power 
Vlocalload 180 V Nominal phase-to-phase voltage for the local load 
Vgrid 13.8e3 V Grid voltage 

 
 
feedforward control law for the fuel [2], [13], [18]–[21]. From the definition of fuel 

utilization in Equation 3.6, it can be shown that 

 ,2 r stack FC
f

f

K I
q

U
=  (4.1) 

The dynamics of fuel processing into hydrogen is described by 
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1 , 5
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in
H f f
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q q
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τ
τ

= =
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Due to fuel processing dynamics and the feedforward control law, an 

instantaneous change in stack current results in a protracted settling time for hydrogen 

input, causing the utilization factor to exceed its safe operating range during long-term 

power tracking. In addition, it neglects to factor how the inverter switching affects the 

power quality. As a solution, coordinated control (CC) strategies were developed by Sun 

et. al. [22] for SOFC inspired by classical control of conventional power plants, which 

will be reviewed in the next section. 

 
4.2.  Coordinated Control for Conventional Power Plants 

 
A classical method of controlling conventional power plants involved using a 

cascade of PI/PID controllers in single-input single-output (SISO) control loops for each 

subsystem. The most important of these subsystems are the turbine, a fast-responding 
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system which turns a generator by means of high-temperature pressurized steam, and the 

boiler, a slow-acting system which provides the steam to the turbine. Due to the 

dependency of the turbine on the boiler, differences in their response times, and their 

potential for instability in the steam pressure or power output, the controllers for the two 

systems are operated in tandem by a CC system which operates in real time. The boiler 

controller regulates fuel input to the boiler for combustion, and the turbine controller 

regulates the amount of steam flux into the turbine via a throttle valve. Two different CC 

strategies are boiler-following-turbine (BFT) and turbine-following-boiler (TFB). For 

BFT control, the power is controlled via the turbine steam input, and the steam pressure 

is regulated by means of fuel input, resulting in a system where the turbine acts first and 

the boiler reacts. For TFB control, the power is controlled by fuel input to the boiler and 

the steam pressure is maintained by controlling the turbine’s steam input. So the turbine 

control reacts to boiler changes. Because of this, BFT control responds to changes in 

power demand more rapidly than TFB control, but TFB control is more stable than BFT 

control. To remediate BFT’s instability, an improved version based on direct energy 

balance (DEB) had been proposed, resulting in it being more widely adopted over TFB 

[47], [48]. The other plant control systems for regulating fuel combustion, boiler water 

level, and steam temperature are designed to support this boiler-turbine CC. Though these 

CC strategies are still widely used in practice in conventional power plants, better control 

methods are being sought out for them since the multi-input multi-output (MIMO) plant 

as a whole requires less modular and more interconnected control systems [49], [50]. 
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4.3.  Coordinated Control for SOFC 
 

In [22], several observations were made highlighting the similarities between a 

boiler-turbine system and a SOFC connected to a DC/AC inverter.  

1) The boiler and the SOFC have slow transient behavior, while the turbine and 

inverter with DC-side capacitors and inductors have momentum and faster 

transients. 

2) The critical safety indicators for the plants are the live steam pressure of the boiler 

and fuel utilization of the SOFC. 

3) Possible power indicators for the plants are steam flux into the turbine and current 

density into the inverter. 

4) Sudden changes to the power indicator may result in dangerous deviations of the 

safety indicator. 

5) The turbine throttle valve and the inverter duty cycle can be controlled to quickly 

change their respective power and safety indicators. 

6) The fuel control loops in the boiler and SOFC both affect the indicators with slow 

transients. 

Due to the correspondence of the general dynamics of a boiler-turbine unit and a 

SOFC-inverter unit, analogous CC control strategies were developed for SOFC. As the 

analogue to BFT, fuel cell follows inverter (FCFI) CC changes the inverter duty cycle to 

regulate power output and adjusts the fuel to the fuel cell stack to keep the fuel utilization 

at stable levels. Inverter follows fuel cell (IFFC) CC, the counterpart to TFB, regulates 

power output via the fuel to the stack, and stabilizes fuel utilization with the inverter duty 

cycle. Both FCFI and IFFC control schemes have the strength and weaknesses of their 
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respective analogues, so FCFI control also made use of the DEB principle. The DEB was 

accomplished by limiting the active power setpoint to the inverter duty cycle according to 

the current fuel utilization. 
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The power setpoint for IFFC control is 
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The fuel setpoint uses the feedforward control law in Equation 4.1 with a PI controller for 

FCFI control, and uses a PI control loop with the power output and power reference for 

IFFC control. An illustration of these analogous systems and controls are displayed in 

Figure 4.2.  
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Figure 4.2. Correspondence of SOFC-inverter unit to the boiler-turbine unit. Each 
strategy uses two controllers each, one being a power controller and the other a safety 
controller. 
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CHAPTER FIVE 
 

Application of Coordinated Control to SOFC Models 
 
 

5.1.  Experimental Setup 
 

The original, revised, and detailed models were combined with the two different 

coordinated control strategies into a single file. When a model and control strategy were 

to be chosen for testing, their outputs were selected via a programmable switch, and the 

other models were disabled to improve simulation speed. The purpose of this research is 

to determine whether the output of fuel cell models were able to match a changing power 

reference profile, which is shown in Table 5.1, using the coordinated control strategies 

for 60 seconds of simulation time.  

 
Table 5.1. Power reference profile 

 
tsimulation (s) 0 2 20 30 40 

Pref  (KW) 100 110 130 120 90 

Qref (KW) 10 11 13 13 13 
 

A simplified schematic of the simulation is shown in Figure 5.1. The control 

parameters which were used for the original model were able to successfully control the 

revised and detailed models.  

 
5.2.  Simulation Results 

 
The FCFI results for the original, revised, and detailed models are displayed in 

Figures 5.2-5.4, 5.5-5.7, and 5.8-5.10, respectively. The revised model required a longer  
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Figure 5.1. Experimental setup for SOFC control simulations. The two inputs to the 
simulation are the power demand reference and the reactive power setpoint. The 
connection to a stiff power grid is represented by the Infinite Bus block. 

 

warmup time and takes longer to reach steady state voltage and current but was able to 

match the active power reference while staying within the fuel utilization bounds as the 

original model did. The detailed model slightly overshoots the upper fuel utilization 

bound at t = 20, but quickly settles to the upper bound. It also has a very short warmup 

time when compared to the simple models, but rather than undershoot the power 

reference, it overshoots it. Notably, the detailed model matches the reactive power 

setpoint while neither the original model nor the revised model was able to do so. Its 

voltage and current outputs also reach steady state more quickly than the simple models. 
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Figure 5.2. FCFI CC for the original model: active power, fuel utilization, and fuel input. 
Since the power output follows the power demand while maintaining the fuel utilization, 
the control is successful. 
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Figure 5.3. FCFI CC for the original model: terminal voltage and current. “Filtered 
output” is the value of the voltage seen by the fuel cell stack, while the noise in 
“measurement” for the voltage could be created by the inverter harmonics as it changes 
the current. 
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Figure 5.4. FCFI CC for the original model: active power, reactive power, and DC power. 
Active power demand is a reference to for the power output to follow if the fuel 
utilization is within its bounds of 0.7 and 0.9. Reactive power is a setpoint for the inverter 
control rather than the power control for the entire system. 

 
 
  



 45 

 
 
 
 
 
 
 
 
 

 
 

Figure 5.5. FCFI CC for the revised model: active power, fuel utilization, and fuel input. 
The active power takes a few seconds to warm up, but once it does, it follows the power 
reference just as well as the original model. 
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Figure 5.6. FCFI CC for the revised model: terminal voltage and current. “Filtered 
output” is the value of the voltage seen by the fuel cell stack, while the “measurement” is 
the voltage as created by the inverter as it changes the current. 
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Figure 5.7. FCFI CC for the revised model: active power, reactive power, and DC power. 
The active power first decreases while the fuel utilization is at its upper bound before 
increasing. Initial instability of the partial pressure of hydrogen inside the fuel cell may 
be the cause.  
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Figure 5.8. FCFI CC for the detailed model: active power, fuel utilization, and fuel input. 
This model is faster to warmup than the revised model and under this control scheme 
optimizes the fuel utilization more quickly than the original or revised models. At t = 20, 
the fuel utilization exceeds its upper bound for less than a second while the active power 
sharply overshoots the power demand. At t = 40, this system produces the fastest 
successful response. 
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Figure 5.9. FCFI CC for the detailed model: terminal voltage and current. “Filtered 
output” is the value of the voltage seen by the fuel cell stack, while the “measurement” is 
the voltage as created by the inverter as it changes the current. Notably, the voltage and 
current for this model under this control scheme reach steady state much faster than the 
previous models do. 
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Figure 5.10. FCFI CC for the detailed model: active power, reactive power, and DC 
power. Notably, FCFI CC is able to match the reactive power setpoint as well as the 
active power reference. 
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The IFFC results for the original, revised, and detailed models are displayed in 

Figures 5.11-5.13, 5.14-5.16, and 5.17-5.19, respectively. All models under this control 

strategy had minimal warmup time and were able to match the power reference, albeit 

more slowly and less accurately than FCFI. The fuel input may be very noisy since, 

unlike FCFI, which changes fuel utilization and fuel input, IFFC only changes fuel input 

while keeping fuel utilization constant. Another cause for DC-side noise overall could 

originate from the stiffness of the simulated grid; any harmonics that the inverter 

produces that would normally be absorbed by the grid are reflected. The cause of the 

detailed model’s apparent stability and responsiveness for both control strategies may be 

its assumption of a stoichiometrically large quantity of oxygen at the cathode, whereas 

the oxygen for the simple models was dependent on the fuel processing. Notably, IFFC 

control is better at controlling the detailed model than FCFI control. 



 52 

Figure 5.11. IFFC CC for the original model: active power, fuel utilization, and fuel 
input. The response is much slower than with FCFI CC, but the fuel utilization remains 
constant at its safest value as it successfully matches the active power demand. 
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Figure 5.12. IFFC CC for the original model: terminal voltage and current. “Filtered 
output” is the value of the voltage seen by the fuel cell stack, while the “measurement” is 
the voltage as created by the inverter as it changes the current. 
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Figure 5.13. IFFC CC for the original model: active power, reactive power, and DC 
power. Like the previous control strategy, it does not match the reactive power setpoint. 
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Figure 5.14. IFFC CC for the revised model: active power, fuel utilization, and fuel input. 
There is significantly more noise in the fuel input here than in the original model with 
IFFC. This could be a result as its increased instability resulting from its corrected 
reaction coefficient. 
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Figure 5.15. IFFC CC for the revised model: terminal voltage and current. “Filtered 
output” is the value of the voltage seen by the fuel cell stack, while the “measurement” is 
the voltage as created by the inverter as it changes the current. 
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Figure 5.16. IFFC CC for the revised model: active power, reactive power, and DC 
power. 
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Figure 5.17. IFFC CC for the detailed model: active power, fuel utilization, and fuel 
input. Out of all combinations of CC and model, this produces the best overall response 
and smoothest fuel input curve. 
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Figure 5.18. IFFC CC for the detailed model: terminal voltage and current. “Filtered 
output” is the value of the voltage seen by the fuel cell stack, while the “measurement” is 
the voltage as created by the inverter as it changes the current. Notably, the voltage and 
current for this model under this control scheme reach steady state much faster than the 
previous models do. 
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Figure 5.19. IFFC CC for the detailed model: active power, reactive power, and DC 
power.  IFFC CC is also able to control the reactive power better than FCFI CC. 
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CHAPTER SIX 

Conclusion 

The purpose of this research was to apply coordinated control strategies first used 

for conventional power plants to multiple fuel cell models. The strategies which were 

used for the original model were able to successfully control the revised and detailed 

models. Areas for future research involve expanding the simulation time so that 

temperature dynamics may be observed. Another future research area will involve 

developing more advanced controls for the detailed model, such as model predictive 

control (MPC) for reducing the simulation time and improving load change response, and 

active disturbance rejection control (ADRC) to account for internal and external noise. It 

is also desired to connect the detailed model to an electrical grid with multiple generation 

sources to observe its performance when using automated generation control (AGC).  
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APPENDIX 

Parameters and Equations for the Nehirir and Wang Tubular SOFC Model 

Table A.1a. SOFC model parameters [2, Ch. 4], [44]. 

Parameter Description 
A Area (m2). 
a,b Constants in calculating material resistance (Ω∙m), (K). 
C Equivalent polarization capacitance (F) 
Ci Specific heat capacity of species I [J/(mol∙K)]. 
Di, j Effective binary diffusivity of i–j pair (m2/s). 
E Reversible potential of each cell (V). 
E0, E0

o Reference potential and standard reference potential (V). 
F Faraday constant (96,487 C/mol). 
h Heat transfer coefficient [W/(m2∙K)]. 
ΔH Enthalpy change (J/mol). 
I, i Current (A). 
iden Current density (A/m2). 
i0 Exchange current (A). 
kE Empirical constant in calculating E0 (V/K). 
ka1, ka2 Empirical constants in calculating i0.
l Distance from electrode surface to the reaction site (m).
m,Mm Mass (kg), molar mass (kg/mol) 
Mi̇ Mole flow rate of species i (mol/s). 
Ni Superficial gas flux of species I [mol/(m2∙s)]. 
Ncell Number of cells in the stack. 
P, p Pressure (Pa). 
qchem Energy/heat (J). 
R Gas constant, 8.3143 J/(mol∙K), or resistance (Ω). 
T Temperature (K). 
V Volume (m3), or voltage (V). 
x Mole fraction or axis x. 
z Number of participating electrons. 
η0 Temperature invariant part of Vact (V). 
β Electron transfer coefficient. 
δ Length/thickness (m). 
Ε Emissivity. 
ξ0 Constant term of activation voltage drop (V). 
ξ1 Temperature coefficient of second term in activation voltage drop (V/K). 
σ Stefan-Boltzmann, 5.6696 ×10-8 W∙m-2∙K-4. 
τ Time constant (s) 
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Table A.1b. SOFC model subscripts and superscripts [2, Ch. 4], [44]. 
 
Subscript/superscript Description 
a Anode 
act Activation 
air Conditions for air 
ann Annulus of cell 
AST Air supply tube 
c Cathode 
cell Conditions for a single cell 
ch Conditions at the anode or cathode channel 
chem Chemical 
CO2 Carbon Dioxide 
conc Concentration 
consumed Material consumed in chemical reaction 
conv Convective 
elec Electricity 
elecyt Electrolyte 
gas (g) Gas, or in gas phase 
gen Material (energy_ generated in chemical reaction 
flow Flow heat exchange 
fuel Conditions for fuel 
H2 Hydrogen 
H2O Water 
in Conditions of input/inlet 
inner/outer Inner/outer conditions 
interc Interconnection between cells 
m Molar mass (kg/mol) 
N2 Nitrogen 
net Net values 
O2 Oxygen 
ohm Ohmic 
out Output 
rad Radiation 
* Effective value 
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Heat Transfer Equations 

The following thermodynamic equations were taken from [2, Ch. 4], [44], with 

modifications made by Fu et. al. in [45]. 

gen chem elecq q q= −   (A.1) 

2 ,chem H consumedq n H= ∆  (A.2) 

elec outq V i=  (A.3) 

Cell Tube 

,in cell gen chem elecq q q q= = −    (A.4a) 

, , , , , ,out cell rad conv ann flow air ann conv fuel flow fuelq q q q q q= + + + +        (A.4b) 

, , ,
cell

net cell in cell out cell cell cell
dTq q q m C

dt
= − =     (A.4c) 

( )* 4 4
,rad AST AST outer cell ASTq A T Tε σ= − (A.4d) 

( ), , ,conv ann cell cell inner cell air annq h A T T= − (A.4e) 

, , , , , , , , ,( )flow air ann m air air AST air AST air AST air ann air ann air annq M M C T M C T= −   (A.4f) 

Equation 3.50f had been modified in [45] to account for the differences between 

inlet and outlet air mass flow rates. The original equation could be obtained if Mair, AST = 

Mair, ann and Cair, AST = Cair, ann. 

( ), ,conv fuel cell cell outer cell fuelq h A T T= − (A.4g) 

2 2, , ,flow fuel flow H flow H Oq q q= +   (A.4h) 

( )( )2 2 2 2 2, ,
in out out in

flow H H H fuel fuel H m Hq M M T T C M= + −  (A.4i) 

( )( )2 2 2 2 2, ,
in out out in

flow H O H O H O fuel fuel H O m H Oq M M T T C M= + −  (A.4j) 
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Fuel 
 
 , , ,in fuel conv fuel flow fuelq q q= +     (A.5a) 

 , ,out fuel flow fuelq q=    (A.5b) 

 , , ,
fuel

net fuel in fuel out fuel fuel fuel

dT
q q q m C

dt
= − =     (A.5c) 

 
 
Air Between Cell and AST 
 
 , , , , , ,in air ann conv cell ann flow air annq q q= +     (A.6a) 

 , , , ,out air ann flow air annq q=    (A.6b) 

 ,
, , , , , , ,

air ann
net air ann in air ann out air ann air ann air

dT
q q q m C

dt
= − =     (A.6c) 

 
 
AST 
 
 , , ,in AST rad conv AST outerq q q= +     (A.7a) 

 , , , , ,out AST conv AST inner flow air ASTq q q= +     (A.7b) 

 , , ,
AST

net AST in AST out AST AST AST
dTq q q C m

dt
= − =     (A.7c) 

 
 
Air in AST 
 
 , , , , , , ,in air AST out AST conv AST inner flow air ASTq q q q= = +      (A.8a) 

 , , , ,out air AST flow air ASTq q=    (A.8b) 

 ,
, , , , , , ,

air AST
net air AST in air AST out air AST air air AST

dT
q q q C m

dt
= − =      (A.8c)  
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Table A.2a. Parameter values for Simulink implementation of the Nehrir and Wang 
SOFC model. The values which are not constant are defined explicitly with equations. 
 
Parameter Value Unit Description 
Acell,outside 185.34e-4 m2 Surface area of outer fuel cell 
Acell, ann 185.34e-4 m2 Surface area of inner fuel cell 
AAST, ann 87.022e-4 m2 Outside surface area of AST 
AAST, inlet 62.2035e-4 m2 Surface area of inner AST 
Aelecty 200e-4 m2 Surface area of electrolyte 
Ainterc 45e-4 m2 Surface area of interconnect 
Ccell 740 J/(kg∙K) Specific heat capacity of fuel cell 
Ceq 0.0004 F Equivalent polarization capacitance 
Dh, cell, fuel 0.644e-2 m2 Characteristic length for Nusselt number for 

the cell-fuel flow 
Dh, AST, ann 0.626e-2 m Characteristic length for Nusselt number for 

the AST-annulus flow 
Dh, AST, inner 0.396e-2 m Characteristic length for Nusselt number for 

the inner AST flow 
Em, cell 0.9 – Emmisivity of the fuel cell 
h 

, ,/L j j h jNu k D   W/(m2∙K) Convective heat transfer coefficient for flow j 

kE 3.7818e-4 V/K Temperature factor 
mi ( ), /m iM PV RT  kg Mass of species i 

mcell 0.73813 kg Mass of fuel cell 
mAST 0.0229882 kg Mass of the air supply tube 
NuL, cell,fuel 5.9 – Effective Nusselt number of the cell-fuel 

flow 
NuL, cell,ann 4.169/(1+0.2042) – Effective Nusselt number of the cell-annulus 

flow 
NuL, AST,ann  4.076 – Effective Nusselt number of the AST-

annulus flow 
NuL, AST,inner 4.364 – Effective Nusselt number of the inner AST 

flow 
Va 61.7138e-6 m3 Volume of anode 
Vc 99.02e-6 m3 Volume of cathode 
Vann 42.6269e-6 m3 Volume of annulus (between AST and FC) 
Vast, c, ave 6.1581e-6 m3 Volume of air in inner AST 
δelecty 40e-6 m Thickness of electrolyte 
δinterc 40e-6 m Thickness of interconnect 
ξ0 0.15 V Activation voltage drop constant 
ξ1 2e-5 V/K Activation voltage drop slope 
 

Table A.2b. Parameter values for Simulink implementation of the Nehrir and Wang 
SOFC model. The following parameters were obtained via curve fits. 
 
Formula Unit Description 
kfuel(MH2,MH2O,Tfuel,I) W/(m2∙K) Thermal conductivity of fuel 
ki,(Ti) W/(m2∙K) Thermal conductivity of air flow i 
Ci, j(Ti) J/(mol∙K) Specific heat capacity of species i for flow j 
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