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Abstract 

A fuel cell is a electrochemical device which converts the chemical form of energy into electrical 

form of energy. A Proton Exchange Membrane (PEM) fuel cell is one type of fuel cell which 

produces electricity continuously through the reaction between the supplied fuel i.e hydrogen 

and an oxidant i.e oxygen and produces water and heat are as its byproducts. If the load 

increases, it needs more power and the load current of the fuel cell rises. The chemical reactions 

should accelerate to give the required power to the load, by supplying more oxygen or air feed on 

cathode side. If oxygen supply is not regulated properly which leads damage to the membrane, 

decrease in stack voltage and oxygen starvation.  Therefore, it is necessary to design a suitable 

controller to maintain the pressure in the supply manifold on cathode side and to regulate proper 

oxygen excess ratio of PEM fuel cell system. In this regard, proposed analysis and design of 

controllers for the PEM fuel cell system to improve the fast and efficient response.   

In this thesis work, higher order PEM fuel cell model is approximated to FOPTD model 

for analysis and control design using one of the model reduction methods. The analysis of 

uncertainty for the FOPTD model was carried out to know the uncertainty of plant transfer 

function with varying operating conditions. From FOPTD model, Smith predictor controller was 

designed and compared with other tuning methods such as ZN-PI, Skogestad Internal Model 

Control (SIMC)-PI, Improved SIMC-PID. Model Predictive Controller was designed for the 

linearized SISO system of higher order model of PEM fuel cell to control the supply manifold 

pressure. Decentralized PI controller was designed for the linearized MIMO system to know the 

interactions of the plant outputs. 

Fractional order PI/PID controllers are designed using approximated FOPTD model for 

the control of supply manifold pressure of PEM fuel cell system based on minimization of IAE 

and maximum sensitivity to improve the performance. Optimization based PID and fractional 

order PID controllers were designed using Genetic Algorithm for the control of supply manifold 

pressure of PEM fuel cell system. Simulations show that Fractional order controllers give 

superior performance than integer order controllers in terms of IAE and TV. Fuzzy self tuning 

PID controller was applied for the original model of the PEM fuel cell system to control the 

oxygen excess ratio and compared with classical PID controller. Fuzzy based PID controllers 

provide better performance than classical PID.  
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Chapter 1 

Introduction and objectives 

 

1.1Fuel cell and its classification 

Energy is a fundamental determinant of the economy and plays an important part in 

industrial growth of any country. At the same time the present and future global energy demand 

is related to the problem of climate change which constitutes a major challenge that must be 

addressed. It is widely known that the usage of energy in the worldwide getting higher. In order 

to meet the increased energy demand, reserves of fossil fuels used, which are gradually 

diminishing. On the other hand the use of fossil fuels is a source of greenhouse gasses and other 

pollutants that cause global warming with very serious and irreversible effects on the 

environment. In order to keep climate change below 2
o
C, specific targets are set towards the 

reduction of green house gas (GHG) emissions. More specifically, Europe and G-8 have 

committed to diminish their GHG emissions by 80-95% by 2050 and in the shorter term by 2020, 

to decrease GHG by 20% and rise the share of renewable to 20% (European Commission, 2011).  

Due to the high efficiency, being renewable, lower emissions thus less polluting the environment 

as well as using methanol, hydrogen and so on as fuel, fuel cells (FC) are specially considered in 

recent researchers on renewable energies [1]. 

A fuel cell is an electrochemical device, which converts the chemical form of energy into 

electrical form of energy by reaction between hydrogen and oxidants (air or oxygen) and 

generates water and heat as byproduct of the reactions shown in Figure 1.1. 

 

Figure 1.1 Schematic diagram of a fuel cell Inputs and outputs. 
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In 1960‘s, the first fuel cell was developed and used in the U.S space applications. Since 

then, usage of fuel cells increased for global applications. Fuel cell have more feasible for the 

number of applications, steadily developed, and commercialized.  In late 1990‘s and early 

2000‘s, all the main automotive manufacturers were build on their prototype fuel cell vehicles 

which are undergoing the tests in the Japan, Europe and United States. Above 2500 fuel cells for 

stationary power applications established globally. There are many challenges for fuel cell 

commercialization. The major obstructions for development of fuel cells are their cost and 

operating reliability. Recently, there is a momentum of increase in the fuel cells technology and 

commercialization due to its many advantages over conventional energy sources.   

Fuel cell is a ―clean‖ energy device because of its byproducts such as water and heat. 

They operate silently as there are no moving parts. In addition, fuel cells have high efficiency, 

high power density in electric power production. The power efficiency of the fuel cells are above 

40% which is more than the combustion engines and it produce heat which employed for the 

heating purposes of fuel cell. Fuel cells will operate on a number of fuels such as hydrogen, 

methanol, ethanol and the natural gas etc. The hydrogen can be produced from the variety of 

renewable energy sources.  Because of above advantages, there is less dependence on foreign oil 

and it leads to increase in the Indian energy security and economy. Fuel cells categorized based 

on type of electrolyte being employed.  The following list gives the type of fuel cell based on 

kind of electrolyte is used. [2,3]. 

a) Alkaline fuel cell (AFC) 

b) Solid Oxide fuel cell (SOFC) 

c) Direct Methanol fuel cell (DMFC)     

d) Phosphoric Acid fuel cell (PAFC) 

e) Molten Carbonate fuel cell (MCFC)  

f) Proton Exchange/ Polymer Electrolyte Membrane fuel cell (PEMFC)  

The research work presenting in this thesis mainly focuses on PEM fuel cells because of 

their ability to work at low operating temperature and utilize easily in application of transport 

vehicles, residences and offices.   
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1.2 Proton Exchange Membrane (PEM) fuel cell system 

The Proton exchange membrane (PEM)fuel cell as well-known as polymer electrolyte  

membrane fuel cell (or) solid polymer fuel cell. The name came from its kind of electrolyte is 

used i.e a polymeric membrane with high proton conductivity [5]. Most commonly used polymer 

in PEM fuel cell is the Nafion membrane build by Du pont (USA), which is manufactured with 

chemically stabilized perfluorosulfonic acid copolymer[6]. A PEM fuel cell comprise of two 

electrodes and electrolyte membrane which is inserted between anode and cathode electrodes, 

bipolar plates and current collectors.  

 

Figure 1.2 Representation of PEM fuel cell electrochemical reaction and flow gases. 

The Membrane Electrode Assembly (MEA) is the heart of the PEM fuel cell which is 

combination of the electrodes, polymer membrane and gas diffusion layers. When hydrogen 

pressurized to anode side of the membrane, the catalyst causes the hydrogen atoms to produce 

their electrons as well as Protons (H 
+
 ions) which is shown in Figure 1.2 

    2𝐻2 → 4𝐻+ +  4𝑒−                 1.1 

The proton exchange membrane (PEM) only permits the H 
+
 ions to go through it and 

reaches the cathode. While the produced electrons from the anode side are passes through an 

external electrical circuit and reach the cathode side to produce electricity. On the cathode side, 

the diffused hydrogen ions and electrons from the external circuit are combines with the oxygen 

to form water and due to reaction heat will produced 
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 𝑂2 + 4𝐻+ + 4𝑒−  →  𝐻2𝑂                1.2 

The formed water should be exhaust from the cell to stop the cell being flooded. In 

addition, the unused hydrogen and oxygen gases are exhausted from their respective outlets. To 

produce the continuous electricity, the produced electrons from the anode must pass through the 

electrical path, protons must diffuse from membrane and reacts with oxygen at cathode side of 

membrane as shown in Figure 1.2. Due to the reaction in the PEM fuel cell, it generates around 

0.7V output voltage. To produce desired output voltage, number of fuel cells are arranged in 

series to get a fuel cell stack [7].  The PEM fuel cells can be work effectively at an operating 

temperature of the range 50 – 100
o
C and it results in less start up time for the operation. 

Therefore, it is especially suitable for transportation applications because of its high power 

density, extended stack life, solid electrolyte and less corrosion. Other positives of fuel cells are 

[2]: 

a) Clean by-products, 

b) Zero emissions, 

c) High energy efficiency in electric power production  

Consequently, PEM fuel cells are apt for the use in power automobiles, home and small 

offices and rechargeable batteries. The major drawback of PEM fuel cell technology is its high 

cost because Platinum is used as electro-catalyst.  

1.2.1 Fuel cell Open Circuit Voltage (OCV) 

The open circuit voltage (OCV) of a cell is E
O 

is a quantitative measurement of maximum 

cell potential. Under the standard pressure and temperature (SPT) values, the following Nernst 

equation open circuit voltage (E
O
) given in the work of Amphlett et al. [8] which involves the 

temperature and partial pressures of a fuel cell is 

𝐸𝑂 = 1.229 − 0.85 × 10−3 𝑇𝑓𝑐 − 298.5 + 4.3085 × 10−5𝑇𝑓𝑐  ln 𝑃𝐻2 + 0.5 ln𝑃𝑂2          1.3 

Where 𝑇𝑓𝑐  is temperature of fuel cell,  PH2 and PO2 are partial pressures of hydrogen and 

oxygen respectively. When no load applied across the fuel cell terminals, the practical potential 

is less than the theoretical value due to losses in the fuel cell. If load is applied to the fuel cell, 

voltage across the terminals of the fuel cell still decreases due to polarization and interconnection 

losses. The major polarization losses occurs in a fuel cell described as follows [2,5,9]. 
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1.2.1.1 Activation polarization loss 

Activation losses (ηact) are occurred in a fuel cell due to slow reaction on the surface of the 

electrodes. This occurrence is strongly non linear having more significant at low current 

densities. These losses are based on   

a) temperature,  

b) partial pressures,  

c) catalyst used 

and represented by the semi empirical equation 

𝜂𝑎𝑐𝑡 = − 𝜉1 + 𝜉2𝑇𝑓𝑐 + 𝜉3𝑇𝑓𝑐 𝑙𝑛 𝐶02 + 𝜉4𝑇𝑓𝑐 𝑙𝑛 𝑖𝐹𝐶              1.4 

Where ξ(1-4) are parametric coefficients whose values are shown in the Table 1.1, cell current is 

iFCin A, 𝑇𝑓𝑐  is fuel cell temperature and CO2 represents the concentration of oxygen in mol/cm
3
 

on the catalytic interface by the law of Henry[10]: 

𝐶𝑂2 =
𝑃02

 5.08∗106∗𝑒𝑥𝑝
 −498 /𝑇𝑓𝑐   

                1.5 

Table 1.1 Fuel Cell‘s parameters and its values for cell voltage. 

Parameters Values Parameters Values 

T 343 K B 0.016 

A 100 cm
2
 ξ1 -0.948 

l 50.2 µm ξ2 0.00268+0.0002 ln(A)+4.38×10^-5 ln(CH2) 

PH2 1 atm ξ3 7.6×10^-5 

PO2 1 atm ξ4 -1.93×10^-4 

Rc 0.0003 IL 4 A/cm
2
 

1.2.1.2 Ohmic polarization loss 

The ohmic polarization loss includes the variation of membrane resistance caused by 

membrane hydration and the resistance offered by connection wires between the electrodes and 

the external circuit.  The following equation represents ohmic polarization loss:  

𝜂𝑜ℎ𝑚 = 𝑖𝐹𝐶 ∗  𝑅𝑚 + 𝑅𝐶                 1.6 

Where Rc is the cell‘s constant resistance, and Rmgives the equivalent resistance of electron flow 

and Rm is given by [11,12] 
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𝑅𝑚 =
𝜌𝑚 ∗𝑙

𝐴
                  1.7 

Where l is thickness of membrane in cm, A is active area of cell in cm
2
, ρm specific membrane 

resistance Ω.cm is used in [10,13]: 

𝜌𝑚 =
 181.6∗ 1+0.03∗ 

𝑖𝐹𝐶
𝐴
 +0.062∗ 

𝑇𝑓𝑐

303
 

2

∗ 
𝑖𝐹𝐶
𝐴
 

2.5
  

 

 
 
 Ψ−0.634−3 

𝑖𝐹𝐶
𝐴
  ∗𝑒𝑥𝑝

 
4.18∗ 𝑇𝑓𝑐−303 

𝑇𝑓𝑐
 

 

 
 

             1.8 

The parameter Ψ represents hydration level of membrane. 

Value of Ψ is   = 14: if the membrane is fully hydrated 

= 23: if the membrane is over saturated. 

1.2.1.3 Concentration polarization loss 

There is a limit for rate of supply of the reactants to produce more current density for a 

fuel cell. Beyond the limit of rate of supply of reactants, it can‘t used properly, it leads to a 

concentration polarization loss. So, the limit is obtained maximum current density (iL) of the fuel 

cell. The concentration loss represented by [14] 

𝜂𝑐𝑜𝑛𝑐 = −𝐵. 𝑙𝑛  1 −
𝑖

𝑖𝐿
 1.9 

i the current density fuel cell mA/cm
2
. 

Hence, the fuel cell voltage of a single cell will calculate as: 

𝑉𝐹𝐶 = 𝐸𝑂 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑐𝑜𝑛𝑐              1.10 

The stack voltage of ‗n‘ number of fuel cell scan determined as: 

𝑉𝑠𝑡𝑎𝑐𝑘 = 𝑛 ∗ 𝑉𝑓𝑐                                                                                                                           1.11 

Where n is number of fuel cells and Vfc is a single cell potential. 

Figure 1.3 shows the typical power density and polarization curves representing the 

responses of power density (W/cm
2
) and cell voltage (V) and with respect to changing current 

density (A/cm
2
) of fuel cell under partial pressures of PH2and PO2are equals to 1atm and cell 

temperature Tfc is 343K. Using Equation 1.10 and Table 1.1 obtained the cell voltage and power 

density curves. 
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Figure 1.3 Polarization curve of a fuel cell representing the responses of cell voltage and power 

density with respect to current density. 

1.2.2 Subsystems of fuel cell power generation 

To generate the electrical energy from a fuel cell stack, it required to incorporate the fuel 

cell stack with subsystems to develop a fuel cell power generation system. Figure 1.4 shows 

interconnection between the different components with the fuel cell stack. The following section 

describes the important subsystems. 

1.2.2.1Reactant flow subsystem 

The reactant flow subsystem contains hydrogen and oxygen /air supplying units to feed 

the stack. In PEM fuel stack system, air-supply compressor supplies pressurized air to the 

cathode of stack. Usually, part of the power generated from the stack is supplied to operate the 

air-supply compressor due to this there is reduction in the quantity of power available for 

external loads. It results in decrease in overall performance of the fuel cell stack system. From 

the Figure 1.4, the pure hydrogen is supplied to anode of the stack from a pressurized tank 

through pressure reduction and control valves. 

1.2.2.2 Temperature management subsystem 

The performance of the fuel cell strongly depends on temperature, so thermal 

management is highly important for the fuel cell power generation system.  Temperature 
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management subsystem consists of a stack cooling and reactant heating systems. A fan or a water 

refrigeration system can used to control the stack temperature.  

 

Figure 1.4 Schematic diagram of PEM fuel cell stack system connections with subsystems for 

automobile application. 

1.2.2.3 Water management subsystem 

Membrane hydration is one of the important issue which influences the performance of 

the PEM fuel cell system. To maintain an efficient hydration of a membrane, there is a need of 

water management subsystem. To keep membrane hydrated, the air and hydrogen are moistened 

using humidifier before going into fuel cell stack. The water comes from outlet of the cathode is 

feed back to the water separator and used for the humidification. 

1.2.2.4 Power conditioning subsystem 

Generally, the generated output voltage from the PEM fuel cell stack terminals is 

unregulated DC voltage and it drops when there is increase in the current load variations due to 

polarization curve. The power conditioning subsystem necessary to make unregulated output 

voltage into regulated voltage and to supply the load properly. For these actions, there is need of 

DC/DC boost converters and Inverters to convert the DC/AC voltage conversion. 
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1.2.2.5 Power management system 

If there is no energy storage device is connected, then there is no necessity of the power 

management system as the total produced voltage is supplied to the load. In case of any storage 

devices such as batteries or super capacitors, there is need of the power management system 

between stack and devices. 

1.2.3 Need of control system for the PEM fuel cell system 

The major limitations of a fuel cell are high cost, moderate reliability and decreased life 

time. In order to accomplish the reduction in cost, improvement in performance and increase the 

efficiency of fuel cell there is need of incorporation of advanced control strategies. The design of 

control systems must be take into the consideration of sensing devices, actuators for each 

subsystem, supervisory and fault tolerant approach for effective energy management of a fuel 

cell system. A fuel cell system involves highly complex systems. For proper function of fuel cell 

system supply pressure, humidity levels and temperature parameters are required to maintain at 

their desired levels. To produce reliable and efficient power output and to avoid the membrane 

damage, and oxygen starvation, it is necessary to design a closed loop control system to achieve 

optimal values of above parameters based on the current utilization [9, 16]. A reliable control 

system should be handle the following such that external perturbations, model uncertainties as 

well as ensuring stability and better performance of the fuel cell system. 

1.3 Motivation & Problem Definition 

A single PEMFC will produce a cell voltage of 0.7V at minimal current density of 1A/cm
2
. By 

connecting number of fuel cells in series forms a fuel cell stack which generates the stack voltage 

of desired value. If partial pressure of oxygen drops down to a certain value, oxygen starvation 

occurs. This causes sudden drop in stack voltage and causes hot spot on the membrane. Sudden 

drop in the stack voltage leads to short circuit and causes hot spot on the surface of membrane. 

There is formation of regions with higher IR drop due to number of cells present in cell which 

causes the drop in stack voltage leads to hotspots. In fact the drop in voltage is also related to the 

deficiency of reactants/uneven distribution of reacting gases on polyelectrolyte membrane 

assembly. This leads to damage of the membrane. To prevent oxygen starvation, it is necessary 

to maintain the supply manifold pressure (Psm) at desired value. To control the supply manifold 
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pressure, it is essential to design a suitable control structure for desired flow rates at cathode 

channel.  

The present work discusses about the design of controllers for the control of supply 

manifold pressure on cathode side of PEM fuel cell. For this purpose, classical and fractional 

order controllers are designed and verified their robustness for the uncertainties in the model.  

1.4 Aim and Objectives of work 

To improve the performance of PEM fuel cell system, develop systematic control strategies 

and analysis to control of supply manifold pressure and oxygen excess ratio.  

The objectives are set as follows:  

1. Uncertainty analysis and control of supply manifold pressure of PEM fuel cell stack. 

2. Design of fractional order PID controllers based on maximum sensitivity and 

minimization of IAE  

3. Optimal design of fractional order PID controllers using Genetic Algorithm. 

4. Design of Fuzzy self-tuning PID controller for control of oxygen excess ratio of PEM 

fuel cell stack. 

1.5 Organization of Thesis 

The thesis is organized as follows 

Chapter 1 presents the introduction covering all aspects of the present work 

Chapter 2 presents the literature review for the design of Feed forward and feedback controllers, 

Sliding mode controllers, model predictive controllers, Fuzzy logic and Neural network based 

controllers and fractional order controllers for the PEM fuel cell systems. 

Chapter 3 provides the considered fuel cell model equations, steady state response for the 

supply manifold pressure, design of FOPTD model from the steady state response and generally 

used performance indices. 

Chapter 4 presents uncertainty analysis of transfer function for the FOPTD model and design of 

classical controllers for the supply manifold pressure control of PEM fuel cell. Design of Smith 

predictor and compared with other tuning methods like: ZN-PI, Skogestad- Internal Model 

Control (SIMC)-PI, Improved SIMC-PID. Design of MPC controller and design of decentralized 
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controllers using decoupler method for the MIMO of PEM fuel cell system. This chapter 

highlights the first objective. 

Chapter 5 provides details of different fractional order PI/PID controller tuning methods and 

applied these tuning methods to the FOPTD model which is developed for the control of supply 

manifold pressure of PEM fuel cell system in chapter 3. It presents the comparative analysis of 

fractional order PI/PID controllers. The robustness of fractional order controller verified on 

original non linear PEM fuel cell by integrating the model parametric uncertainties under load 

disturbances 

Chapter 6 proposes design of a fractional order controller based on minimization of Integral 

Absolute Error (IAE) with pre specified maximum sensitivity (Ms) as a constraint to regulate the 

supply manifold pressure of PEM fuel cell system.Uncertainty and measurement noise analysis 

was  carried out to verify the robustness of the designed controller and simulation results are  

compared with  AMIGO  PID controller designing method. This chapter focused on the second  

objective 

Chapter 7 proposes optimal tuning of fractional order PID (FOPID) controllers using Genetic 

algorithm for the control of supply manifold pressure of PEM fuel cell air feed system. In order 

to obtain the best controller performance, Genetic Algorithm (GA) was employed. The response 

of proposed objective function was compared with response of objective functions involving 

performance indices such as ISE, IAE, and ITAE. This chapter deals with the third objective 

Chapter 8 presents the application of Fuzzy self tuning PID controller for the control of oxygen 

excess ratio of PEM fuel cell system. The response of oxygen excess ratio was obtained by the 

stack current variation and compared with classical PID controller.This chapter deals with the 

fourth  objective. 

Chapter 9 gives the overall conclusions and future scope of the present work. 

Appendix A shows the model parameters and constants used in simulation. 

Appendix B shows different simulink block diagrams are used for simulation work. 
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Chapter 2 

Literature Review 
 

In this chapter, the literature are reviewed the design of different control strategies for Proton 

Exchange Membrane (PEM) fuel cell systems. The control methods available for the design 

controllers for the PEM fuel cell system are presented. The review is given on control and design 

of Feed forward and feedback control, Sliding mode control, Model predictive control, Fuzzy 

logic and Neural Network based control, Fractional order control strategies for PEM fuel cell 

system 

 

Design of Feed forward and feedback controllers  

This section gives the overview of the literature on Feed forward and feedback 

controllers for PEM fuel cell system. In the literature, number of linear and nonlinear control 

strategies has been proposed for control of air flow of PEM fuel cell system. Feed forward and 

Linear Quadratic Regulator (LQR) methods using linearization of 9
th

 order nonlinear model of 

PEM fuel cell has been explained in [15,22].  

Pukrushpan et al. [15] have described a 9
th

 order dynamic control-oriented model to analyse the 

dyanamic behavior of PEM fuel cell. They have proposed three control configurations such as 

static feed forward (sFF), dynamic feed forward+ PI (dFF+PI) and  static feed forward + 

Observar based control (sFF+ObsFB) controllers are applied to control the oxygen excess ratio 

of PEM FC stack system.  Out of these  sFF+ObsFB configuration is superior in terms of 

robustness. 

Grujicic et al. [16] implemented Static feed forward and observer based integral feedback 

controllers to analyze the transient response of stack current system to maintain optimum level of 

the O2 excess ratio. They linearized the 9
th

 order control oriented model [15] around a nominal 

operating point with the maximum net power. By applying feed forward control strategy to 

analyze the transient behavior of PEM fuel cell system [15] leads to existence of steady state 

errors in the performance variables such as net power and oxygen excess ratio. Kalman- Filter 

based state observer is formed and used in feed back control of air-supply compressor motor 

voltage. For the observer based integral feedback controller, the air-supply compressor motor 

voltage has better transient behavior when compare to static feed forward control to effectively 
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reject the oxygen excess ratio (λO2) disturbance following an sudden change in stack current. The 

designed feedback controllers decreases the rise time and settling time for the O2 excess ratio 

under stack current abrupt changes. This is accomplished by compromise the net power. 

Therefore, it needs a separate power management system such as electric battery.  

Bao et al. [17] Considering the coupling among air-side performance, a two-freedom linear 

state-feedback controller based on a Kalman estimator was designed for the set point tracking. 

LQG algorithm was adapted for state feedback control for setpoint tracking and implemented a 

non linear adaptive controller having model predictive controller (MPC) with an on line neural 

network (NN) identifier to improve the robustness for the flow rate and pressures of PEM fuel 

cell system. Also compared with decentralized PI controllers, the multivariable controllers 

improve the transient response and shows better disturbance rejection capability. 

Wang et al. [19] applied system identification techniques to PEMFC model to obtain MIMO 

system to control the output voltage and further reduced to SISO system. A robust H∞ controller 

was applied to SISO model only. Weighting functions are included to improve the overall 

performance of the system. The simulation results of designed controller was verified with 

experimental results. From the experimental results, the designed controller will achieve good 

system performance and stability.   

Wang et al. [20]applied multivariable LQG control techniques to control output voltage by 

controlling air and hydrogen flow rates. They obtained the MIMO model from the dynamic 

model of PEMFC system. By fixing the output resistance, MIMO model was converted into 

MISO model and applied the multivariable LQG controller to get steady output voltage by 

regulating the hydrogen and air flow rates. The experimental results show that the proposed 

controller provides the steady output voltage even operating conditions are varying and improves 

the reduction of hydrogen consumption.  

Wang et al. [21]designed a multivariable H∞ robust controller for output voltage control and to 

deal system uncertainty. The performance of the MIMO system robust controller is compared 

with SISO system robust controller. The proposed controller provides the steady output voltage 

and significantly reduces consumption of hydrogen. 

Niknezhadi et al. [22] was proposed design of LQR/LQG control law strategies for the 7
th

 order 

linearized PEM fuel cell model to keep away from the oxygen starvation problem and to 
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maximize the output net power i.e the difference between the power of the fuel cell and the air-

supply compressor consumption. For this objective they first linearized the non linear model of 

7
th

 order using Taylor series. For theoretical analysis and experimental results show that the 

proposed LQR/LQG control strategies allows the maximizing the energy conversion efficiency 

and avoids the oxygen starvation problem. 

Wang et al. [23] Time delay control (TDC) algorithm was implemented for the control of 

oxygen excess ratio and experimentally implemented. 

Ozbek et al.[24] developed Gain scheduling controller for control of anode pressure and 

compared with static feed forward and state feedback controller. Gain scheduling controller 

shows better results than other two controllers. 

Al-Durra et al. [25] proposed a gain scheduling control for the PEM fuel cell.Da et al. [26] 

designed a non linear controller based on differential flatness control theory for the control of 

oxygen excess ratio. 

Rios et al. [27]was designed linear quadratic state feedback regulator and a Kalman filter to 

avoid oxygen starvation and to minimize the fuel consumption. 

Na et al. [28] applied a non linear control method based on feedback linearization to reduce the 

deviations between hydrogen and oxygen partial pressures. 

Liu et al. [83] combined the model of air supply system with the humidification process model 

and validated with simulation study results. A feed forward control was designed to regulate the 

humidification process without effecting the regulation of the oxygen excess ratio. 

Zhao et al. [86] adopted a semi-physical modeling method to analyze the operating property of a 

centrifugal compressor. The modeled compressor map has good agreement with the experimental 

data. A dynamic feed forward controller was proposed based on load torque to control the air 

mass flow, eliminating the disturbance produced by the compressor load in transient.  

Li et al. [90] proposed a combined controller with feedback control based on LQR method and 

feed forward control to the third-order model for the control of oxygen excess ratio. Simulation 

results are verified for the proposed controller to track the oxygen excess ratio under different 

working conditions.  

Chavan et al. [91] first time  proposed the system identification black box approach to 

developea number of simple and more realistic mathematical model structures for the 
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polarization curve of a PEM fuel cell. The performance of each model structure is compared with 

the data from a 25 cm
2
 active area practical PEM fuel cell for result validation. 

Ma et al. [92] proposed a novel observer-based nonlinear triple-step controller for the air supply 

system of polymer electrolyte membrane (PEM) fuel cell to regulate the oxygen excess ratio to 

its reference value under fast current transitions. The proposed triple-step method consists of 

design a steady-state control, to design a reference variation-based feed forward control, and 

error feedback control to handle the final tracking offset. The final control rate is derived by the 

triple-step method with an additive process. The simulation results indicate that the proposed 

controller is capable of better tracking performance in adjusting the oxygen excess ratio for 

different load variations and parametric uncertainties. 

Design of Sliding mode controllers for PEM fuel cell system 

 The sliding mode control techniques for the control of oxygen excess ratio of PEM fuel 

cell has been carried out in [29-35,1].   

Kunusch et al. [29] Proposed a second-order sliding mode controller using a super twisting 

algorithm for solving control problem of power optimization and oxygen starvation for 9
th

 order 

PEM fuel cell model. 

Kunusch et al. [30] implemented second order sliding mode controller using super twisting 

algorithm to optimize the energy conversion of fuel cell in a laboratory test station and verified 

the performance with extensive computer simulations. 

Baroud et al. [31] proposed a sliding mode controller to 8
th

 order model to control the oxygen 

excess ratio during disturbance, uncertainties. 

Matraji et al. [1] proposed a second order sliding mode controller in cased form structure to 

produce optimum net power response using 4
th

 order PEM fuel cell model.  

Garcia-Gabin et al. [32] was identified a control model for PEM fuel cell system from 

experimental input/output data, further applied the sliding mode controller to control the O2 

excess ratio as well as smooth power supply under load variations. 

Park et al. [33] have been applied the sliding mode control strategy for the linearized model of 

5
th

 order non linear PEM fuel cell model to control the pressures of Hydrogen and oxygen at 

required values. 
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Sankar et al. [34] was proposed a sliding mode observer (SMO) based multivariable sliding 

mode controller (SMC) and globally linearizing controller (GLC) for PEM fuel cell.  

Pilloni et al. [35] applied HOSM approach to observer-based output feedback control of a PEM 

fuel cell for the control of O2 excess ratio. 

Deng et al. [84] proposed a cascade adaptive sliding mode control to regulate oxygen excess 

ratio. The performance of the controller is implemented on a real time emulator. The proposed 

strategy performs better than convention constant sliding mode (CSM) control and PID method. 

Sankar et al.[85] proposed reduced order sliding mode observer (SMO) based nonlinear control 

to regulate a reversible proton exchange membrane fuel cell integrated system. The proposed 

strategy is used to control compressor air flow and fuel cell body temperature at their desired 

values to avoid oxygen starvation on cathode side and adverse effect of the system temperature, 

respectively. The performance of the proposed control strategy is compared with conventional PI 

controller in terms of servo and regulatory responses. 

 

Design of Model predictive controllers (MPC) for PEM fuel cell system  

Golbert et al.[36] used model predictive controller for power tracking of fuel cell.  

Gruber et al.[37] was developed a linear MPC uses parameter adaption to load current changes  

for the O2 excess ratio. The proposed constrained MPC controller tested and validated on stand 

alone commercial fuel cell. The constrained MPC reacts much faster and stabilizes the oxygen 

excess ratio.  

Gruber et al. [38] designed a nonlinear predictive controller based on a second order volterra 

series model to control the O2excess ratio. The simulation results of proposed controller controls 

oxygen excess ratio in under load disturbances. 

Vahidi et al. [39] applied MPC based load governor and Fast reference governor (FRG-based 

load governor) to linearized fuel cell model to preventing oxygen starvation and compressor 

surge. 

Vahidi et al. [40] implemented a model predictive controller for optimal distribution of current 

sources based on current demand in a hybrid structure to avoid oxygen starvation during rapid 

current changes in a fuel cell. 

https://www.sciencedirect.com/topics/engineering/sliding-mode
https://www.sciencedirect.com/topics/engineering/sliding-mode-controller
https://www.sciencedirect.com/topics/engineering/sliding-mode-controller
https://www.sciencedirect.com/topics/engineering/sliding-mode-controller
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Zhao et al. [41] proposed a parametric MPC (pMPC) controller to optimally control output 

voltage and operating temperature set points in PEM fuel cell.  

Hahnel et al. [42] proposed constrained MPC to coordinately control output power andO2excess 

ratio. The proposed controller effectively controls the partial pressures of anode and cathode. 

Ziogou et al. [87] presented a development of energy management framework [EMF] and 

implementation of advanced MPC control strategies at a PEMFC unit based a SCADA 

automation system. The responses of MPC strategies is assessed through a set of comparative 

experimental studies shows that the fuel cell system operates economically for the varying 

operating conditions. 

Design of Fuzzy logic and Neural Network (NN) based controllers for PEM fuel cell system  

Baroud et al. [43] proposed a novel hybrid fuzzy-PID controller to control O2 excess ratio of 

PEM fuel cell stack. The proposed controller produces better response in terms performance and 

time domain indices when compared to PID controller. 

Li et al. [44] designed fuzzy sliding mode controller to regulate the air supply on cathode side. 

Aliasghary [45] proposed an interval type-2 fuzzy PID (IT2FPID) controller to control oxygen 

excess ratio which effectively deals withload current variations. The proposed controller 

performs better in terms of time domain indices compare to Type-1 fuzzy PID and classical PID 

controllers. New fuzzy system for varying PID controller parameters and adaptive fuzzy logic 

controllers implemented in [46,47] to maintain steady stack voltage. Adaptive neural network 

control implemented in [48-49] for PEM fuel cell.  

Abbaspour et al. [48] proposed a NN adaptive controller with feedback linearization to decrease 

deviations between partial pressures of H2 and O2 in PEM fuel cell. The proposed controller 

rejects the disturbances and improves performance output. 

Rezazadeh et al. [49] designed a NN predictive controller to control stack voltage. 

Methekar et al. [50] examined a linear ratio control strategy for the distributed parameter model 

to prevent the oxygen starvation. Proposed controller able to overcome problem of oxygen 

starvation but the performance is slow due to nonlinearities in the model. 

Based on uncertainty and disturbance estimation (UDE) and Lyapunov method Zhiyang Liu 

etal. [51] proposed a cascade controller. The effectiveness of the controller was validated 

through the experimental results. 

https://www.sciencedirect.com/topics/engineering/feedback-linearization
https://www.sciencedirect.com/topics/chemistry/partial-pressure
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Chang et al. [52] implemented a novel constrained extremum seeking control method to regulate 

the O2excess ratio at an optimum value for maximizing the net output power of the PEM fuel cell 

system.  

Ou et al. [88] proposed a new fuzzy-PID controller based on feed forward approach to regulate 

the oxygen excess ratio of PEMFC. The performance of the feed forward fuzzy-PID (FFPID) 

control is compared with convention PID and convention fuzzy-PID. The proposed FFPID 

results proves thatit better controls the oxygen excess ratio and reduces the parasitic power loss. 

Fan et al. [89] proposed a self-adaptive fuzzy PID (SFPID) controller to regulate oxygen excess 

ratio for the fourth- order model of the PEM fuel cell system, The response of proposed (SFPID) 

is compared with feed forward, PID, PID plus feed forward (PID-FF) control strategies under 

different load current disturbances. The simulation results show that the proposed controller 

tracked the setpoint of oxygen excess ratio with rapidly and accurately. 

 

Design of Fractional order controllers for PEM fuel cell system 

Recently, development of fractional order dynamics and controllers have been reported in 

[53-56]. Fractional model approximation and Fractional complex order control strategies have 

been implemented in [57-59] for the control of oxygen excess ratio of PEM fuel cell. Digital 

implementation of FOPID controllers has been implemented in [60], fractional order model and 

control of boost converter for stack voltage of PEM fuel cell have been reported in [61]. PEM 

fuel cell fractional order model identification have been carried out in [62.63]. 

Table 2.1 Summary of literature review on different control strategies implemented on PEM fuel 

cell stack system 

Type  of 

controller 

Control 

strategy 

control 

objectives 
Performance model 

disturban

ce 
References 

Dynamic 

feed 

forward-PI 

feedback 

static and 

dynamic feed 

forward concepts 

to prevent 

oxygen 

starvation 

compressor motor 

voltage and oxygen 

excess ratio 

9
th

 order 

model 
current 

Pukrushpan et 

al. [15] 

LQR/LQG 

control law 

to prevent 

oxygen 

starvation 

compressor motor 

voltage and oxygen 

excess ratio 

7
th

 order 

model 
current 

Niknezhadi et 

al. [22] 

Feed forward 

to regulate 

cathode air 

humidity 

improves the 

performance of the 

humidifier without 

affecting the 

regulation of O2 

excess ratio  

new control 

oriented 

model of 

humidifier 

air supply 

system 

current Liu et al. [83] 
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dynamic feed 

forward 

to control the 

air mass flow 

fuel cell and 

compressors works 

with  high 

efficiencies 

Semi-

physical 

model 

current Zhao et al. [86] 

Sliding 

mode 

control 

(SMC) 

(SO-SMC) using 

a super twisting 

algorithm 

power 

optimization 

and to prevent 

oxygen 

starvation 

robustness to 

parameter 

uncertainties and 

external 

disturbances 

9
th

 order 

model 

model 

uncertaintie

s, external 

disturbances

, and 

current 

demand 

Kunusch et al.  

[29] 

sliding mode 

controller 

to control the 

oxygen excess 

ratio under 

disturbances 

and 

uncertainties 

robustness of sliding 

mode 

controller to 

parameters 

uncertainties and 

external 

disturbances. 

9
th

 order 

model 

disturbances 

and 

uncertaintie

s 

Baroud et al. 

[31] 

robust nonlinear 

second order 

sliding mode 

controller 

to maintain 

optimum net 

power output 

The Hardware-In-

Loop experimental 

results have shown 

that the 

proposed controller 

performs well with 

varying loads. 

4
th

 order 

model 

Load 

current and 

model 

uncertaintie

s 

Matraji et al.[1] 

Feed-forward 

control of output 

current and 

sliding mode 

(feedback) 

control (SMC) of 

oxygen 

stoichiometry 

To prevent 

Oxygen 

starvation as 

well as smooth 

power supply 

under load 

variations 

Steady power supply 

under load variations 

4
th

 order 
model 

load current 
Garcia-Gabin 

et al. [32] 

sliding  mode 

observer (SMO) 

based nonlinear 

multivariable 

sliding mode 

controller (SMC) 

and globally 

linearizing 

controller (GLC) 

oxygen  

excess ratio 

control of 

PEM fuel cell 

system 

compared the 

performance 

between the SMC 

and GLC with 

reference to a dual-

loop PI controller. 

model with 

methonal 

reformer 

load current 
Sankar et al.  

[34] 

high-order 

sliding-mode 

approach to the 

observer-based 

output feedback 

control 

control of 

oxygen excess 

ratio. 

it provides a finite-

time converging 

and theoretically 

exact (in absence of 

noise and parameter 

errors) state 

reconstruction. 

6
th

 order 

model 

Stack 

current 

Pilloni et al. 

[35] 

cascade adaptive 

sliding mode 

control 

control of 

oxygen excess 

ratio 

The performance of 

the controller is 

implemented on a 

real time emulator 

6
th

 order 

model 

Stack 

current with 

simultaneou

sly 

uncertaintie

Deng et al. [84] 

https://www.sciencedirect.com/topics/engineering/sliding-mode
https://www.sciencedirect.com/topics/engineering/sliding-mode-controller
https://www.sciencedirect.com/topics/engineering/sliding-mode-controller
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s and noises  

reduced order 

sliding mode 

observer (SMO) 

based nonlinear 

controller 

Multivariable 

PEMFC 

integrated 

system 

the performance of 

the controller is done 

with set point 

tracking and load 

disturbances.  

Integrated 

MIMO 

PEMFC 

model 

load current 
Sankar et 

al.[85]   

Model 

predictive 

control 

(MPC) 

Constrained 

Model predictive 

control (MPC) 

oxygen excess 

ratio 

the constrained MPC 

reacts much faster 

and stabilises the 

oxygen excess ratio 

around the desired 

value approximately 

five times faster. 

4
th

 order 

model 

Stack 

current 

changes 

Gruber et al. 

[37] 

MPC based on 

second order 

Volterra series 

model 

control the 

oxygen excess 

ratio 

The simulation 

results show that the 

hierarchical 

controller stabilizes 

the oxygen excess 

ratio in the desired 

value and reacts in a 

fast and efficient 

form 

4
th

 order 

model 

errors due 

to 

disturbances

. 

Gruber et al. 

[38] 

constrained MPC 

strategy 

to coordinately 

control the 

output power 

and the 

oxygen excess 

ratio 

effective control of 

partial pressures of 

anode and cathode 

9
th

 order 

model 

load 

changes 

Hahnel et al. 

[42] 

advanced MPC 

control strategies 

Multi 

objectives 

. The response of the 

MPC strategies is 

assessed through a 

set of comparative 

experimental studies 

Semi-

empirical 

model 

varying 

operating 

conditions 

Ziogou et al. 

[87] 

Fuzzy logic 

control 

novel hybrid 

fuzzy-PID 

controller 

to prevent 

oxygen 

starvation and 

damage of the 

PEM fuel cell. 

The proposed 

controller performs 

better than the 

classical PID 

controller and the 

FLC in terms 

performance indices 

as well as time 

domain indices for 

the closed-loop 

feedback control 

system 

4
th

 order 

model 

Load 

current 

Baroud et al. 

[43] 

interval type-2 

fuzzy PID 

controller 

to handle the 

effect of 

external 

disturbances 

and fix the O2 

excess ratio 

The responses of 

the IT2FPID 

controller has a 

smaller settling time, 

less overshoot 

and better 

4
th

 order 

model 

Load 

current 
Aliasghary [45] 
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performance when 

compared with the 

T1FPID and 

ordinary PID 

controllers. 

Fuzzy PID 

controller based 

on feed forward 

approach 

(FFPID) 

to control 

oxygen excess 

ratio 

The response of the 

FFPID is better than 

conventional PID 

Model 

presents 

cathode and 

anode mass 

flow 

transients, 

membrane 

hydration 

model 

Load 

current 
Ou et al. [88] 

self-adaptive 

fuzzy PID 

(SFPID) 

controller 

to regulate 

oxygen excess 

ratio 

proposed controller 

has good dynamic 

response 

performance 

4
th

 order 

model 

Load 

current 
Fan et al. [89] 

Adaptive 

neural 

network 

control 

neural network 

adaptive control 

with feedback 

linearization 

to reduce the 

deviations 

between 

the partial 

pressure of hy

drogen and ox

ygen in PEM 

fuel cell. 

Simulation results 

show that the 

proposed control can 

significantly 

enhance the output 

performance as well 

as reject the 

disturbances. 

Model 

involves 

both 

hydrogen 

and 

Oxygen 

pressures 

unknown 

disturbances 

and 

parameter 

uncertaintie

s 

Abbaspour  et 

al. [48] 

Ratio 

controller 

linear ratio 

control strategy 

to prevent the 

oxygen 

starvation. 

A ratio control 

strategy is able to 

overcome the 

problem of oxygen 

starvation but the 

performance of the 

linear controllers is 

slow due to the 

presence of 

nonlinearities in the 

dynamic response of 

the PEMFC. 

distributed 

parameter 

model 

Stack 

Current 

Methekar et al. 

[50] 

Cascade 

controller 

cascade 

controller based 

on uncertainty 

and disturbance 

estimation 

(UDE) and 

Lyapunov 

method. 

Control of air 

supply 

The effectiveness of 

the controller was 

validated through the 

experimental results. 

4
th

 order 

model 

Load 

disturbance 

and 

uncertainty 

Zhiyang Liu et 

al. [51] 

Fractional 

(FO) order 

controllers 

fractional order 

model 

approximation 

to control 

oxygen excess 

ratio 

Reduced Fractional 

order model control 

using Heuridtic 

algorithm performs 

well in terms of 

reducing the 

negative peak and 

also the speed of the 

9
th

 order 

model 

Stack 

current 

Shahiri et al. 

[57] 

https://www.sciencedirect.com/topics/engineering/feedback-linearization
https://www.sciencedirect.com/topics/engineering/feedback-linearization
https://www.sciencedirect.com/topics/engineering/feedback-linearization
https://www.sciencedirect.com/topics/chemistry/partial-pressure
https://www.sciencedirect.com/topics/chemistry/partial-pressure
https://www.sciencedirect.com/topics/chemistry/partial-pressure
https://www.sciencedirect.com/topics/chemistry/hydrogen
https://www.sciencedirect.com/topics/chemistry/hydrogen
https://www.sciencedirect.com/topics/chemistry/hydrogen
https://www.sciencedirect.com/topics/chemistry/dioxygen
https://www.sciencedirect.com/topics/chemistry/dioxygen
https://www.sciencedirect.com/topics/chemistry/dioxygen
https://www.sciencedirect.com/topics/engineering/performance-output
https://www.sciencedirect.com/topics/engineering/performance-output
https://www.sciencedirect.com/topics/engineering/performance-output
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response 

Fractional 

complex order 

controller 

to regulate 

oxygen excess 

ratio in 

different 

operating 

conditions 

The stability and 

performance 

of the controller is 

verified in the 

presence of 

uncertainty 

by means of the 

frequency criteria, 

i.e. the phase 

and the gain 

margins, as well as 

the time indices. 

9
th

 order 

model 

Stack 

current 

Shahiri et al. 

[58] 

Fractional 

complex order 

controller 

(FCOC) using 

standardised  K- 

chart 

To regulate 

oxygen excess 

ratio in 

different 

operating 

conditions 

The simulation 

verifies validity and 

significance 

of the proposed 

design procedure 

with respect to 

other conventional 

robust controllers. i.e 

FO-PI and H∞ 

controllers 

9
th

 order 

model 

Stack 

current 

Shahiri et al. 

[59] 

Fractional order 

PID controller 

using improved 

Oustaloup filter 

algorithm 

Tracking of  

the reference 

stack voltage 

Hydrogen pressure is 

used as control 

variable to control 

the PEMFC output 

voltage 

Stack 

Voltage 

model 

Stack 

current 

XueqinLü et al. 

[60] 

Hybrid 

optimization 

based approach 

for fractional 

order modelling 

and FO-PI 

controller 

To regulate 

output 

voltage 

irrespective of 

variation in 

both load and 

source 

operating 

condition. 

hybrid optimization 

based approach for 

fractional 

order modeling and 

control of PEMFC 

fed DC/DC 

converter is 

proposed and 

validated in real 

time. 

Stack 

Voltage 

model 

Stack 

current 

Phani Teja 

Bankupalli et 

al. [61] 

 

The most important control objects in air supply for fuel cell stack system are the stoichiometry 

of oxygen (λO2) and air pressure which are the two key parameters to maintain the fuel cell stack 

performance and also highly influence the fuel cell durability. To realize precise control either at 

steady and transient states, PID control, fuzzy logic control, neural control, sliding mode control 

and model predictive control etc have been implemented as the control of air supply. For such 

individual controls, it seems that fuzzy logic control are usually simpler and cheaper without 

heavy computational burden compared to PID control, model predictive control and sliding 

mode control. Fractional order controllers have been applied for the PEM fuel cell stack system 
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to analyze the uncertainties in model and to regulate the oxygen excess ratio (λO2) under sudden 

changes in load current. When comparing with other controllers, fractional order controllers have 

better control and robustness. To stabilize the stoichiometry of oxygen in a fast and efficient 

form with controlled errors from disturbances, hybrid or hierarchical controls are introduced 

including Fuzzy-PID combined, Neural-PID combined and so on in the form of 

parenting/supervising, parallel and hybrid.  

Based on above literature survey the following important research problems are noted: 

1) Design of classical controllers for the 4
th

 order model using approximated FOPTD model 

to control the supply manifold pressure of PEM fuel cell stack system. 

2) Design of fractional order PI/PID controllers using reduced FOPTD model of 4
th

 order 

control oriented PEM fuel cell model to control the supply manifold pressure.  Justifying 

the robustness of the proposed controller. 

3) Design of FOPID controllers based on minimization of IAE and maximum sensitivity as 

a constraint for the control of supply manifold pressure of PEM fuel cell system. 

4) Design of FOPID controllers using Genetic Algorithm (GA) optimization method for the 

FOPTD model of 4
th

 order PEM fuel cell stack system to control the supply manifold 

pressure. 

5) Design of fuzzy logic controller for the 4
th

 order model to control the oxygen excess ratio 

of PEM fuel cell system. 

 

 

 

 

 

 

 

 

 

 

 



24 

 

Chapter 3 

Dynamic modeling of PEM fuel cell system 

 

3.1 Introduction 

The purpose of this chapter is to explain proposed research control method and to examine the 

dynamic behavior of the air feed control oriented PEM fuel cell model for the control of supply 

manifold and oxygen excess ratio.After getting steady state response, we develop the FOPTD 

models for the easy control purpose. 

3.2 Non linear PEMFC dynamic model 

To analyze the dynamic behavior of the non linear PEMFC air feed system it is necessary to 

develop a mathematical model. Pukrushpan et al. [64] proposed the 9
th

 order control oriented 

model for the PEMFC system. It involves complex calculations and equations which are highly 

non linear in nature because of that a 4
th

 order control oriented model for the PEMFC system 

proposed by Kyung Wan Suh [65] was considered for controlling purpose. Suh [65] 

demonstrated that the air feed system can be separated from the complete fuel cell model while 

preserving the dynamic behavior of the PEMFC by following the assumptions. (i) The supply 

manifold pressure on anode side is well controlled and maintained at desired value (ii) the 

temperature and humidity at the entrance off the PEMFC stack are constant and (iii) the 

electrodynamics of the air-supply compressor motor is not considered. Air contains 21% of 

oxygen and control of oxygen reaction is very important to avoid the oxygen starvation and 

damage to membrane of the PEM fuel cell. To focus on air (oxygen) dynamics of the fuel cell 

system, we assumed that a pressurized high-purity hydrogen is supplied on anode side of the fuel 

cell system and control of hydrogen supply is accurate for tracking the anode pressure to the 

cathode pressure. The dynamics of humidity and temperature are neglected because they are 

slower than the air flow dynamics. To concentrate on the dynamics of the air supply, the 

humidity and temperature of the fuel cell stack is assumed to be controlled perfectly by dedicated 

hardware and controller. The fuel cell system under consideration is mainly consists of a fuel cell 

stack, air-supply compressor and motor arrangement, a hydrogen storage tank, supply manifold, 

humidifiers and temperature controllers.  
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Figure 3.1Schematic diagram of integrated PEM FC stack system. 

The schematic diagram in Figure 3.1depicts the arrangement of different subsystems for the 

PEM fuel cell system. The following governing equations represent the dynamics of PEM fuel 

cell model [65]. For the details of mathematical equations the reader may refer to [64, 67].  

3.2.1 Model description Air feed system of PEM fuel cell stack system 

The following governing equations represent the dynamics of PEM fuel cell model [65].The 

PEM fuel cell is highly non linear system and involves the non linear functions in its state 

dynamics 

(i)The oxygen and nitrogen partial pressure are calculated from the law of conservation of mass 

and ideal gas law [65]. 

dpO 2

dt
=  

RT fc

Vca MO 2

 QO2 ,ca ,in − QO2 ,ca ,out − QO2 ,reacted  ,            3.1 

dpN 2

dt
=  

RT fc

Vca MN 2

 QN2 ,ca ,in − QN2 ,ca ,out  ,              3.2 

The subscript ―ca‖ represents the fuel cell cathode, where Vca  is the lumped cathode volume. R is 

universal gas constant,Tfc  is fuel cell stack temperature, MO2
and MN2

are the respective molar 

masses of O2 and N2 gases. The inlet mass flow rates of oxygen and nitrogen QO2 ,ca ,in  and 

QN2 ,ca ,in  are determined from the cathode inlet mass flow rate Qca ,in  

Where Qca ,in =
1

1+Ωatm
kca ,in  psm − pca                3.3 

QO2 ,ca ,in = xO2 ,atm Qca ,in                 3.4 

QN2 ,ca ,in = (1 − xO2 ,atm )Qca ,in                                      3.5 
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 Humidity ratio          Ωatm =
Mv

Ma

∅atm psat (Tatm )

patm − ∅atm psat (Tatm )
             3.6 

Where xO2 ,atm  is the oxygen mass fraction and ∅atm  is the relative humidity, patm  is the 

atmospheric pressure and psat (Tatm )  is the saturation pressure at ambient temperature. 

kca ,in iscathode inlet orifice constant and pca is the cathode pressure,  which is calculated using 

Dolton‘s law of partial pressures and is given by 

pca = pO2
+ pN2

+ psat                 3.7 

The outlet mass flow rates of oxygen and nitrogen 𝑄O2 ,𝑐𝑎 ,𝑜𝑢𝑡  and 𝑄N2 ,𝑐𝑎 ,𝑜𝑢𝑡 are determined from 

the mass fraction of O2 and N2   as follows 

 QO2 ,ca ,out =
MO 2pO 2

Mo 2pO 2 +MN 2 PN 2 +Mv Psat
Qca ,out               3.8                                                                                             

QN2 ,ca ,out =
MN 2pN 2

Mo 2pO 2 +MN 2 PN 2 +Mv Psat
Qca ,out               3.9 

Where Qca ,out  is the cathode outlet mass flow rate given as 

Qca ,out = c17 Pca  
c11

Pca
 

c18

 1 −  
c11

Pca
 

c12

 
0.5

            3.10 

The mass flow rate of O2 consumption expressed using basic electro chemical principles, as 

follows                            

 QO2 ,react = MO2

nI stack

4F
,              3.11 

whereIstack is the stack current, F is the Faraday number, and  nis the number of cells in the stack 

. 

(ii) The governing equation for the angular speed of the air-supply compressor motor is [65] 

dωcp

dt
=

1

Jcp
 τcm − τcp                3.12 

Where Jcp  is the air-supply compressor motor inertia, τcm  is the air-supply compressor motor 

torque,  τcp  is the air-supply compressor load torque.  

τcm =
ηcm Kt (Vcomp −KVωcp )

Rcm
              3.13 

 τcp =
Cp Tatm

ηcp ωcp
  

psm

patm
 

γ−1

γ
− 1 Qcp              3.14 
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where  Kt  is motor constant,ηcp is the air-supply compressor efficiency, ηcm  is the motor 

mechanical efficiency,  is the ratio of specific heats of air, Cp is the specific heat capacity of air 

and Qcp  is air-supply compressor air flow rate and it depends on the rotational speed of the air-

supply compressor motor  and the supply manifold pressure psm  and Qcp  is approximated with 

the following equation: 

Qcp  x3 ,  x4 =
Qcp

max x3

x3
max  1 − exp 

−r s + 
x 3

2

q
 – x4 

s + 
x3

2

q
 – x4

min
             3.15 

Where Qcp
max = 0.0975

kg

s
, r = 15 , q = 462.25 rad2/ s2Pa ,  x3

max = 11500 rad/sec , x4
min =

50000 Pa and  s = 100000 Pa.  For further more details are reported by Gruberet al. and 

Baroud et al. [66, 67].  

(iii) The dynamics of the supply manifold air pressure is defined by the following differential 

equation [65] 

dpsm

dt
=

RT cp

Ma Vsm
 Qcp − kca ,in psm − pca               3.16 

Where Vsm  is the supply manifold volume and Tcp is the temperature of the air leaving the air-

supply compressor and is given by 

Tcp = Tatm +
Tatm

ηcp
  

psm

patm
 

γ−1

γ
− 1              3.17 

3.2.2 Representation of state space equations of PEM fuel cell stack 

The dynamic model of the PEM fuel cell based on Equations (3.1, 3.2, 3.12, and 3.16) consists of 

following four states, one control input and one disturbance input. 

𝑥𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 =  𝑝𝑂2
,  𝑃𝑁2

,  𝜔𝑐𝑝  , 𝑃𝑠𝑚   

𝑥 𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 = 𝑓 𝑥𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 , 𝑢, 𝑤     State equations 

𝑢 = 𝑣𝑐𝑜𝑚𝑝                                        Control input (manipulated variable) 

𝑤 = 𝐼𝑠𝑡                                             Disturbance Input     

𝑦𝑇 =  𝜔𝑐𝑝 𝑃𝑠𝑚                             Outputs 

Supply manifold pressure 𝑃𝑠𝑚  is controlled variable. In this model control input, 𝑢is the air-

supply compressor motor voltage (𝑣𝑐𝑜𝑚𝑝 ) and the stack current (𝐼𝑠𝑡𝑎𝑐𝑘 ) is the measurable 
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disturbance input, 𝑤. Table 3.1 shows the four state variables of PEMFC control oriented model 

proposed by Suh [65] 

Table 3.1 State variables of the nonlinear FEMFC model 

S. No. State variable Process variable Units 

1 𝑥1 Oxygen partial pressure (𝑃𝑂2) Pa 

2 𝑥2 Nitrogen partial pressure  𝑃𝑁2
  Pa 

3 𝑥3 Air-supply compressor motor angular speed (𝑐𝑝 ) rad/s 

4 𝑥4 Supply manifold pressure (𝑃𝑠𝑚 ) Pa 

5 𝑉𝑐𝑜𝑚𝑝  motor voltage supply Volt 

6 𝐼𝑠𝑡𝑎𝑐𝑘  stack current Amp 

3.2.3 Air feed dynamic model equations 

From the above relationships the constants are developed and the complete model of the air feed 

system was written in the following simplified representation  

x =  PO2
PN2

ωcp Psm  
T

=  x1x2x3x4 
T             3.18 

The complete state model equations of PEM fuel cell can be written as follows [67] 

x 1 =  x4 − x1 − x2 − c2 c1 −
c3x1Qca ,out

c4x1+c5x2+c6
− c7Istack

 
                     3.19 

x 2 =  x4 − x1 − x2 − c2 c8 −
c3x2Qca ,out

c4x1+c5x2+c6
            3.20 

x 3 = −c9x3 −
c10

x3
  

x4

c11
 

c12

− 1 Qcp + c13Vcomp            3.21 

x 4 =  c14  1 + c15  (
x4

c11
)c12 − 1   Qcp − c16 x4 − x1 − x2 − c2  

 
          3.22 

Vcomp is control input and Istack is stack current considered as measurable input disturbance to the 

system. Supply manifold pressure (Psm  ) is output of the system.The coefficients fromc1,c2, . . 

.,c18  are constants and defined in Table II in the Appendix. The cathode inlet pressure (Pca ) is 

sum of oxygen, nitrogen partial pressures and saturation pressure, i.e  Pca = x1 + x2 + c2. The 
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control objective in this work is to control the supply manifold pressure i.e the system output is 

x4. In the next section, open loop analysis and for PEM fuel cell was presented.   

3.3 Block diagram representation of PEMFC Model 

Block diagram representation of the PEM Fuel Cell model is shown in Figure 3.2 in which air-

supply compressor motor voltage is control input, stack current is disturbance input and supply 

manifold pressure is output.  

 

Figure 3.2 Block diagram representation of the PEM Fuel Cell system 

3.4 Steady state response for the supply manifold pressure of PEM fuel cell 

By considering the nonlinear dynamic model equations (3.19-3.22) of PEMFC, these are 

simulated in the MATLAB
®

/ SIMULINK environment to obtain the dynamic response. For the 

simulation purpose, the initial values are chosen as reported by Liu et al. [68] as shown in below 

Table 3.2Whilesimulation partial pressure of nitrogen is also considered because of air feed is 

combination of nitrogen and oxygen gasses. 

Table 3.2 Initial value of state variables are considered for simulation 

S.No: Parameter Initial values, x(0) Steady state values 

1 Oxygen partial pressure  PO2 , x1 100000 Pa 24353 Pa 

2 Nitrogen partial pressure  PN2 , x2 66000 Pa 159075 Pa 

3 Air-supply compressor motor speed (cp ),  x3 1500 rad/s 8080 rad/s 

4 Supply manifold pressure(Psm ), x4 130000 Pa 204396 Pa 
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Figure 3.3 Steady state response of PEM fuel cell model 
 

Figure 3.3 shows the steady state response of the PEM fuel cell model. The steady state values of 

the state variables are shown in the Table 3.2. By changing the air-supply compressor motor 

voltage (Vcomp) value from 160 V to 250 V, the open loop step response was obtained and shown 

in Figure 3.4. 

 

Figure 3.4 Open loop step response curves 

3.5 System identification methodology from the steady state response 

3.5.1 FOPTD model 

 The processes which are having higher order transfer function model are difficult to 

analyze. Generally higher order transfer function models are approximated to the FOPTD (First 
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Order plus Time Delay) or SOPTD (Second Order plus Time Delay) models as these are easy to 

analyze. The complexity of PEM Fuel cell model is very high. The Reaction curve method is 

preferred because of less effort is required to develop an approximated FOPTD model from 

highly complex system. The PEM Fuel cell control oriented model which is approximated to 

FOPTD model of general form is given by Seborg et al.[69]. The First Order plus Time Delay 

(FOPTD) model is  

                     G s =
K e−s

 s+1
               3.23 

            For FOPTD parameters, the method proposed by Sundaresan et al. [70] is used. By using this 

method, the FOPTD model parameters (K, , ) are determined from the open loop response of 

the higher order model. To represent the FOPTD model, two values are required namely t1and 

t2from the step response curve, where t1and t2are the time when the responses are 35.3% and 

85.3 % of the final value respectively. Using the following relations, parameters are calculated 

for FOPTD model  

Time delay, θ = 1.3t1 − 0.29t2            3.24 

Time constant, τ = 0.67(t2 − t1)            3.25         

The process gain K is found by calculating the ratio of the steady state change in output to the 

size of the input step change  

K =
∆y∞

Δu∞
               3.26                  

These values of and approximately minimize the difference between the measured response 

and the model response, based on a correlation for many data sets. The Model parameters 

(K,  , ) of FOPTD model are depends on the operating conditions of the process, the size of the 

input step change and the direction of the change. 

3.5.2 Determining the FOPTD model based on worse case model 

Different FOPTD model parameters are derived for different percentage change of air-supply 

compressor motor voltage input (Vcomp) which are shown in Table 3.3. From the Table 3.3 the 

extreme values are considered for the derivation FOPTD model which is shown in Equation 

3.27. The FOPTD model parameters are selected from Table 3.3 as based on worse case values 

i.e. gain should be large, time constant should be small and time delay should be large. 
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Table 3.3 FOPTD parameters for percent change of input 

% of change in input 

(Vcomp) 

Gain, Kp 

(Large) 

Time constant, τ 

(Small) 

Delay time, θd 

(Large) 

+10 % 1220 0.41138 0.14312 

+20 % 1252 0.43483 0.1562 

-10 % 1155 0.37185 0.10973 

-20 % 1123 0.3551 0.09274 

 

𝐺𝑝 𝑠 =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

1252

0.3551∗𝑠+1
𝑒−0.1562∗𝑠            3.27 

Using Equation 3.27, classical controllers can be designed which is discussed in chapter 4 for the 

control of supply manifold pressure of PEM fuel cell system.  Table 3.4 show the fit values of 

real and approximated responses 

Table 3.4 Goodness of fit: 

S.No: Parmeter Value 

1 sum of squares due to error (SSE) 1.057e+07 

2 R-square 0.9972 

3 Adjusted R-square 0.9972 

4 Root mean squared error (RMSE): 14.54 

 

3.5.3 FOPTD model validation 

By changing the air-supply compressor motor voltage from 160-161 V there is a change 

in the output supply manifold pressure (𝑃𝑠𝑚 ) response. The obtained response is in the s-shaped 

form and the process is approximated to the FOPTD model as shown in Equation 3.28. 

𝐺 𝑠 =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

7.3913e−0.1314 𝑠

0.3832𝑠+1
             3.28 

The Figure 3.5 illustrates the comparison of variation of actual process and the approximated 

FOPTD model responses for a unit step change in manipulated value. The actual response is 

obtained from the simulation results of 4
th

 order model for supply manifold pressure. From 

Figure 3.5 the approximated model has the acceptable accuracy with actual process response. 

Equation 3.28 is used in design of fractional order controllers which are discussed in Chapters 5 

and 6 for the control of supply manifold pressure of PEM fuel cell system. 
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Figure 3.5 Representation of step responses of actual process and its FOPTD model for supply 

manifold pressure. 

3.5.4 Performance metrics of the controller 

The control performance and measurement analysis is performed by considering the following 

performance metrics and Total Variation throughout this thesis work. 

1.  Integral Square Error (ISE)  

𝐼𝑆𝐸 =  (𝑒(𝑡))2𝑑𝑡
∞

0
               3.29 

2. Integral Absolute Error (IAE)  

𝐼𝐴𝐸 =   𝑒(𝑡) 𝑑𝑡
∞

0
               3.30 

3. Integral Time Absolute Error (ITAE)  

𝐼𝑇𝐴𝐸 =  𝑡 𝑒(𝑡) 𝑑𝑡
∞

0
               3.31 

Each performance Index (Equations 3.29 to 3.31) represents different aspects of the system 

response. Minimization of these index results in reduced peak overshoot decreased settling time 

and peak time. 

4.  Total Variance (TV) 

Total Variance (TV) is another performance measure used for the closed-loop response.  

𝑇𝑉 =   𝑢𝑖 − 𝑢𝑖−1 
∞
𝑖=1                3.32 
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TV is the sum of all its moves up and down. TV value corresponds to measure of the total 

variation in the controller output signal, u. It represents the smoothness of the control action as 

well as robustness of the controller. 

3.6 Conclusions 

In this chapter described about the modeling equations of PEM fuel cell system, state space 

representation of the model, steady state response of the model. Approximated FOPTD models 

developed from the steady state model response to design the controllers. Approximated model is 

validated with actual response. The approximated FOPTD model used to develop control 

strategies in further chapters. 
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Chapter 4 

Uncertainty analysis of Transfer Function of Proton Exchange Membrane 

Fuel Cell and Design of PI/PID controller for supply manifold pressure 

control 

The main theme of this chapter is to develop different controller strategies for control of supply 

manifold pressure in air feed system of PEMFC system. The FOPTD approximated model is 

derived from the dynamic model of the PEM fuel cell. The uncertainty analysis of transfer 

function of PEMFC was performed based on FOPTD model. Based on FOPTD model derived 

the tuning parameters of various PI/PID controllers such as ZN-PI, Skogestad-Internal Model 

Control (SIMC)-PI, Improved SIMC-PID and compared the servo response with smith predictor 

response. In addition, the dynamics of the PEM fuel cell process was tested by model predictive 

control (MPC) controller and Design of Decentralized PI controllers for the MIMO system of 

PEM fuel cell based on decoupler method.  

4.1 Introduction 

Fuel cell is an electrochemical device in which the energy of a reaction between a fuel (e.g., 

hydrogen) and an oxidant (e.g., oxygen), is converted directly and continuously into electrical 

energy. A single fuel cell consists of an electrolyte sandwiched between two thin electrodes (a 

porous anode and cathode). Fuel-cell systems offers clean alternative to energy production and 

are currently under intensive development. Based on types of electrolytes, fuel cells are divided 

into Polymer Electrolyte Membrane fuel cell (PEMFC), Direct Methanol fuel cell (DMFC), 

Solid Oxide fuel cells (SOFC) and so on. Due to low operating temperature Proton exchange 

membrane fuel cell (PEMFC) is the most promising fuel cell system for both stationary and 

automotive applications as a substitute of traditional systems such as internal combustion 

engines. 

It is necessary to design a controller scheme to the PEMFC system for the following such as 

1) to prevent membrane damage, 2) decrease in the stack voltage and 3) Oxygen starvation.  To 

achieve these objectives, it is required to put focus on developing the system models and 

corresponding controller strategies. Out of these, a very fundamental model proposed in 

literature is a 9
th

 order non linear dynamic model developed using lumped parameter and control 

volume approach‘s [64]. As this model involves more complexity in mathematical equations and 
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it made inappropriate for controller design. By separating the air feed system from the overall 

system [65]was proposed a 4
th

 order control oriented model for the PEMFC system. 

 The fuel cell has the problem of oxygen starvation, when the load changes rapidly. If the 

load increases, it needs more power and the load current of the fuel cell rises. The chemical 

reactions should accelerate to give the required power to the load, using more oxygen or air 

supply on cathode side, which is provided through supply manifold from air-supply compressor. 

So supply manifold should maintain the required air pressure to supply, when there is demand in 

oxygen on cathode side. Therefore, it is necessary to design a controller to maintain the pressure 

in the supply manifold on cathode side.  

4.2 Simulation results and discussions 

4.2.1 Uncertainty analysis of FOPTD model of FEMFC system 

The non linear PEM Fuel cell dynamic model was approximated by the following FOPTD model 

as 

Gp s =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

1252 e−0.1562 s

0.3551 s+1
               4.1 

Before the controller development, it is necessary to get the FOPTD plant models about some 

predefined operating points for supply manifold pressure (Psm ).The stack is a combination of 381 

fuel cells connected in series with 75 kW gross power output and maximum stack current of 

Istack,max = 320A and the stack voltage varies between 220 V to 350 V. An uncertainty analysis is 

performed by changing the operating current range of Istack,from 100 A to 250 A for a fixed 

difference. 

In the PEMFC system, disturbance occurrence Istack  alters the operating conditions. The 

changes in operating conditions results in changes in the resultant linearized model of PEMFC. 

The discrepancy between those deviated models from the nominal plant will be regarded as 

system uncertainties. The different operating conditions are taken from literature reference 

[58].These eight operating points of air-supply compressor motor voltage (Vcomp) and stack 

current (Istack) are shown in Table 4.1configures eight FOPTD models. These FOPTD models are 

derived based on the method proposed by Sundaresan et al. [70] which is used in chapter 3.Those 

FOPTD models will be used during the controller design and their corresponding Bode diagrams 

are shown in Figure 4.2. 
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Table 4.1 FOPTD model transfer functions for eight different operating points of PEM fuel cell 

stack. 

S.No 𝐕𝐜𝐨𝐦𝐩 (V) 𝐈𝐬𝐭𝐚𝐜𝐤 (A) FOPTD model transfer function 

1 90 90 G1= (727.14*e^(-0.0578*s))/(1+0.2739*s) 

2 110 120 G2= (448.73*e^(-0.0639*s))/(1+0.3028*s) 

3 130 150 G3=(239.733*e^(-0.0838*s))/(1+0.3337*s) 

4 150 180 G4= (72.30*e^(-0.1136*s))/(1+0.3698*s) 

5 161 198 G5= (7.3913*e^(-0.1314*s))/(1+0.3832*s) 

6 170 210 G6= (68.55*e^(-0.147*s))/(1+0.4141*s) 

7 190 240 G7= (191.66*e^(-0.1729*s))/(1+0.4663*s) 

8 200 250 G8= (249.78*e^(-0.1493*s))/(1+0.5628*s) 

 

 

 Describing the derivation of FOPTD transfer function for a given operating point as follows. 

Consider the case of compressor voltage 𝑉𝑐𝑜𝑚𝑝  = 170 V and stack current of 𝐼𝑠𝑡𝑎𝑐𝑘  = 210 A 

 
Figure 4.1 Open loop response of supply manifold pressure 𝑃𝑠𝑚  for operating point of 𝑉𝑐𝑜𝑚𝑝 = 

170V and 𝐼𝑠𝑡𝑎𝑐𝑘  = 210A 

From the response shown in Figure 4.1 for the given operating point, obtain the 𝑡1 and 

𝑡2for the corresponding 35.3% and 85.3% of the final value of the response. In this case, 𝑡1= 
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0.3230 sec and 𝑡2= 0.9410 sec. From the method proposed by Sundaresan et. al. [70] is explained 

in section 3.5.1 is used to obtain FOPTD transfer function. 

FOPTD parameters are calculated as follows  

𝜃 = 1.3𝑡1 − 0.29𝑡2  

   =1.3*0.3230-0.29*0.9410 

   = 0.147 

𝜏 = 0.67(𝑡2 − 𝑡1)  

     = 0.67*(0.9410-0.3230) 

    = 0.4141 

The process gain is found by calculating the ratio of the steady state change in output to the size 

of the input step change  

𝐾 =
∆𝑦∞

𝛥𝑢∞
  

    = (216050-204400) / (170-0)      

    = 68.55 

Obtained FOPTD model T/F 

𝐺𝑝 𝑠 =
68.55 ∗ 𝑒−0.147∗𝑠

0.4141 ∗ 𝑠 + 1
 

Similarly, we obtain the FOPTD T/F for the remaining operating points. 

 

Figure 4.2 The Bode diagrams of FOPTD model of PEMFC for eight different operating points. 



39 

 

 It was observe from Figure 4.2, that the transfer function has spreads in its gain values 

and in the roll-off frequency values. Thus it can conclude that the linearized model has 

uncertainty in its transfer function, with varying operating conditions. The fuel cell dynamic 

behavior is inherently nonlinear and time varying. A linearization technique is used to achieve 

transfer function instead of nonlinear dynamics. When the current load is suddenly changed, the 

voltage and the operating points will be changes. Therefore, the resultant linearized model of the 

PEMFC changes. The discrepancy between those deviated models from the nominal plant will be 

regarded as system uncertainties. In this,  not included any variation in parameters of the model.  

The supply manifold pressure (Psm ) closed loop response with SIMC-PI controller for FOPTD 

model gain changing from 1252 to 12520 and corresponding control actions are shown in Figure 

4.3.The uncertainty in the phase and the gain ruins the performance of the nominal plant of the 

PEMFC; since the response of the PEM fuel cell is adjusted using the nominal plant transfer 

function. 

 

Figure 4.3 Psm response and corresponding controller actions for FOPTD gain changing 1252 to 

12520. 
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4.2.2 Closed loop Analysis using SIMC-PI controller 

The tuning rules of ZN-PI, Skogestad Internal Model Control (SIMC)-PI, improved SIMC-PID 

and Smith predictor-PI methods are given in Table 4.2 and their corresponding values are 

reported in Table 4.3 

Table 4.2 PI/PID controllers tuning rules [69, 93] 

Process Method 𝐤𝐩 I D 

𝐊𝐞−𝛉𝐬

𝛕𝐬 + 𝟏
 

ZN-PI [69] 
0.9 ∗ τ

Kθ
 3.33 ∗ θ -- 

SIMC-PI [93] 
τ

K(λ + θ)
 𝑚𝑖𝑛⁡(𝜏, 4(𝜆 + 𝜃)) -- 

Improved SIMC-PID [93] 
2τ + θ

3Kθ
 

2τ + θ

3Kθ
 

τθ

2τ + θ
 

Smith predictor-PI controller [69] 
1

K
 Τ -- 

 

Table 4.3 PI/PID controller tuning values 

 

Tuning Method 𝐤𝐩 I D 

ZN-PI 0.001634 0.52014 -- 

SIMC-PI 0.0009078 0.3551 -- 

Improved SIMC-

PID 
0.001476 0.4332 0.064 

Smith Predictor 0.000798722 0.3551 -- 

 

The output supply manifold pressure is connected as feedback for the nonlinear model of the 

PEMFC and step change of pressure from 204396 to 204396*1.1 Pa applied and the closed loop 

response is obtained for the designed SIMC-PI settings. Figure 4.4 (a) shows the servo controlled 

response of supply manifold pressure and its corresponding control action using SIMC-PI 

controller. From servo control response it depicts that better response, faster settling time and 

lesser peak overshoot. Figure 4.4(b) shows the regulatory controlled response of supply manifold 

pressure and its corresponding control action using SIMC-PI controller. At time t = 0sec, output 

disturbance with -2000 units of supply manifold pressure change was applied . 
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(a) 

 
(b) 

Figure 4.4 Control responses for supply manifold pressure with SIMC-PI controller. (a)Servo 

response and (b) Regulatory response. 

4.2.3 Discussion on Bode Plots and stability issues 

The performance of the improved SIMC PID controller on PEM fuel cell is studied by frequency 

domain analysis. To know the stability margins of the open loop system, frequency domain 

(Bode plot) stability analysis was performed.  
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Figure 4.5 Bode plot for the product of Plant and controller (Improved SIMC PID) transfer 

function. 

 

The bode plot for open loop (Plant and improved SIMC PID Controller) is shown in Figure 4.5. 

It shows the gain margin is 76.1(dB) and the phase margin is 78.8
o
. This observation states that 

the closed loop system is stable at these points.  Figure 4.6 illustrates the bode plot of closed loop 

improved SIMC PID controlled plant. From Figure 4.6 the Gain margin is infinity. This 

observation states that the closed loop system is stable at these points. 

4.2.4 Discussion on uncertain plant response 

The Figure 4.3 shows the response to step input of the closed loop system, with plant transfer 

function, whose transfer function varies with the operating conditions. Thus, the uncertain plant 

makes the response from too sluggish (without any overshoot) to fast response (with overshoot). 
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Figure 4.6 Bode plot of Improved SIMC PID controlled closed loop transfer function of the 

system. 

Though with wide change in uncertain plant gain from 1252 to 12520, the system 

remains stable. In order to get ―iso-damped‖ response, (desirable) that is having same overshoot 

with change in plant parameter to be implemented using Fractional Order PID (FOPID).  

Fractional order controller can be applied to integer order mathematical model for closed loop 

analysis using different fractional tuning methods. 

4.2.5 Design of Smith predictor controller for PEM fuel cell system 

In order to handle the time lag effects of a process, the control system should stay before 

response taking action. The performance of the PID controller is strictly restricted by the long 

dead time. The Smith predictor is the well-known control scheme to treat with time delay 

systems. Smith predictor is also known as dead time compensator as it compensates the dead 

time effects. In 1957, Smith developed the smith predictor structure to compensate systems with 

time delay, where it is too difficult to control processes with long time delay using PID algorithm 

[71, 72]. This section describes the design of a smith predictor controller to control the supply 

manifold pressure of PEM fuel cell to analyze the dynamics of the process. Figure 4.7 shows the 

smith predictor PI control response and its control action. 
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Figure 4.7 Smith predictor PI control response. 

4.2.6 Control responses for the PEM Fuel Cell model 

             The responses are evaluated with different tuning methods such as ZN-PI, SIMC-PI, 

Improved SIMC PIDand Smith predictor applied to 4
th

 order `nonlinear model of the PEMFC 

system. The comparative response for different control tuning methods is shown in Figure 4.8. 

 

 

Figure 4.8 Supply manifold pressure responses for Tuning methods of ZN_PI, SIMC_PI, 

improved SIMC-PID and Smith predictor 
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Table 4.4shows the comparative performance analysis different tuning methods. From Table 4.4 

and Figure 4.8, it is clear that the smith predictor PI controller controls supply manifold pressure 

smoothly with moderate rise time, peak times and having drastically reduced peak overshoot 

(%). It depicts that the smith predictor PI controller performs better than improved SIMC-PID 

controller in terms of peak overshoot (%). 

Table 4.4 Time domain specifications of various tuning methods 

Tuning Method 

Parameter 
ZN-PI 

SIMC-

PI 

Improved SIMC-

PID 
Smith Predictor PI 

Rise Time (Sec) 0.459 0.6269 0.5075 0.8578 

Peak Time (Sec) 0.703 1.0084 0.8685 1.8691 

Peak Overshoot (%) 64.2 74.0 41.1 9.30 

IAE 6085 8403 5928 7581 

ITAE 1572 2872 1581 2826 

 

Due to large peak time of the smith predictor PI response, it is having more integral of 

absolute error (IAE) value than Improved SIMC-PID but lesser than SIMC-PI. When compared 

the values of integral of the time absolute error (ITAE), smith predictor PI response having lesser 

value than SIMC-PI controller. Smith predictor PI produces 9.3% of peak overshoot when 

compare with other methods. Because of lesser peak overshoot the Smith predictor PI controller 

well suitable for set point tracking. From the performance analysis of controller and transient 

response analysis, the model has very accurate regarding set point tracking and regulatory 

response and adaptable for any variation of supply manifold pressure. In this chapter 8 different 

operating conditions are considered because of the fuel cell will produce the accurate response 

for the operating range of current. 

4.3 Design of MPC for supply manifold pressure control of PEM fuel cell 

Model Predictive Control (MPC) has become the accepted standard for complex 

constrained multivariable control problems in the process industries. Model Predictive Control of 

supply manifold pressure control was implemented using MATLAB MPC Toolbox [73]. The 

nonlinear system of the PEM fuel cell process is simulated using SIMULINK of the MATLAB. 

The linear model of the fuel cell system is used to implement the MPC through a linearization at 
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operating point: Vcomp = 160V in manipulated variable. Istack = 198A in measured input 

disturbance. The supply manifold pressure measurement is controlled by implementing the MPC 

controller. The air-supply compressor voltage is considered as a constraint input due to physical 

limits.  

The state space (SS) model is obtained by performing the linearization with given set 

points. Equations 4.2 and 4.3 represent the state space representation of the model without 

disturbance input.  

x(t +1) = Ax (t) + Bu (t)                   4.2 

y(t)     =  Cx(t) + Du(t)                               4.3 

where y(t) is supply manifold pressure (Pa) and u(t) is the air-supply compressor voltage (V).  

The system matrices for SISO of PEM fuel cell are given as follows 

𝐴 =  

−10.85 −7.671 0
−28.69 −32.32 0

0 0 −7.329

7.65
28.94

−0.04092
19.84 19.84 89.85 −21.47

 ,       

𝐵 =  

0
0

365.7
0

 ,  𝐶 =  0 0 0 1                4.4 

Before design of MPC the state space model is validated using simulation in 

MATLAB/SIMULINK and it is well validated. The results of validation is shown in below 

Figure 4.9.  

 

Figure 4.9 State space model validation results 
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Figure 4.10 shows the evolution of supply manifold pressure control using MPC for the 4
th

 order 

nonlinear model. The control action computed by the MPC is shown in Figure 4.11. The output 

of the MPC air-supply compressor voltage is the input for the plant. 

 

 

Figure 4.10 Model Predictive Controller response for supply manifold pressure control 

 

Figure 4.11 MPC control action for the control of supply manifold pressure 
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4.3.1 Conclusion for MPC controller 

From Figure 4.10 4.9red color depicts the response of supply manifold pressure and blue 

line shows the reference line. Figure 4.11shows the control action of MPC. For design of the 

MPC, 4
th

 order `nonlinear model of the PEMFC is used. The air-supply compressor voltage is 

constrained between 160-230V. The response shows no peak overshoot and also having smooth 

rise of control. 

4.4. Design of Decoupler and decentralized controller for PEM fuel cell system 

PEM FC process model is a multi-input and multi-output (MIMO) system. Control of 

MIMO systems is relatively complex when compared to SISO systems because of interactions in 

control loops. To eliminate or minimize the control loop interactions, design of decoupler is one 

of the popular approaches. Decoupler decomposes a MIMO process into independent single loop 

sub-systems. 

The nonlinear model of the PEM fuel cell is linearized into MIMO system to design the 

decoupler and controller. The system matrices for MIMO of PEM fuel cell is given as follows 

𝐴 =  

−10.85 −7.671 0
−28.69 −32.32 0

0 0 −7.329

7.65
28.94

−0.04092
19.84 19.84 89.85 −21.47

 , 

 

𝐵 =  

0 −289.9
0 0

365.7 0
0 0

 ,      𝐶 =  
0 0 0 1
0 0 1.644 ∗ 10−5 −2.988 ∗ 10−7           4.5 

Where the inputs for the MIMO system are air-supply compressor voltage (V) as u1 and stack 

current (A) is manipulated variable as u2. The outputs are supply manifold pressure (Pa) as y1 

and Air-supply compressor out flow rate (kg/sec) as y2 which is another measurable output for 

the considered MIMO system. Air-supply compressor out flow rate is typically measured as an 

internal feedback to the compressor local control. The following transfer function matrix was 

derived for the above TITO PEM fuel cell process 

𝐺 𝑠 =  

203.165𝑒−0.0085 𝑠

0.3742𝑠+1

0.0008724

0.1465𝑠+1

−35.523𝑒−0.0085 𝑠

0.3742𝑠+1

0.0001061 𝑒−0.0085 𝑠

0.3742𝑠+1

               4.6 
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The decoupler and decentralized PI controller was designed based on the procedure explained in 

[16].  The decoupler matrix is  

𝐷 𝑠 =  
1 −

0.0000043 (0.3742𝑠+1)

0.1465𝑠+1

334806.786 𝑒−0.0085𝑠
              4.7 

The resultant diagonal system is: 

𝑞1(𝑠) =
203.165𝑒−0.0085 𝑠

0.3742𝑠+1
+  

292.1

0.1465𝑠+1
                          4.8 

𝑞2(𝑠) =
0.000152 𝑒−0.0085 𝑠

0.1465𝑠+1
+  

0.0001061 𝑒−0.0176 𝑠

0.1465𝑠+1
                         4.9 

For design of decentralized PI controller 𝑞1(𝑠) and 𝑞2 𝑠  are approximated into a first order 

plus time delay (FOPTD) model  and decoupled PI controller is tuned by using non dimensional 

tuning (NDT) controller method [74]. Table 4.5 gives the tuning parameters for control of supply 

manifold pressure and air-supply compressor out flow rate. 

Table 4.5 Tuning parameters for supply manifold pressure and air-supply compressor out flow 

rate 

 Non dimensional tuning (NDT) method 

Tuning parameters supply manifold pressure air-supply compressor out flow rate 

Kc 0.29132 44832.92 

Ti 0.008999 0.0899 

 

 

Figure 4.12 Supply manifold pressure (y1) output response of PEM fuel cell process. 
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Figure 4.13 Air-supply compressor out flow rate (y2) output response of PEM fuel cell process 

 

4.4.1 Conclusion for Decentralized controller using Decoupler method and Comparison of time 

scales of different controllers with time scale of open loop response 

Decentralized PI controller with decoupler was designed and applied to the MIMO 

system for PEM fuel cell process. Figure 4.12 and Figure 4.13 shows the responses for supply 

manifold pressure and air-supply compressor out flow rate of PEM fuel cell process. 

Decentralized controller was applied for the approximated FOPTD models of the MIMO of PEM 

fuel cell system. Time constant for open loop model response = 0.5275 sec. 

Table 4.6 Time constant values of controllers  

S.No Type of controller Time constant of the response in sec 

1 ZN-PI 0.3158 

2 SIMC-PI 0.4286 

3 Improved SIMC-PID 0.3110 

4 Smith predictor 0.3319 

5 MPC 0.4526 

 

Table 4.6 shows the time constant values of different controllers used in this chapter. When 

compare the time scales of different controller responses, the time constant of different controller 

responses from Table 4.6 are smaller than the time constant of the open loop response of the 

PEM fuel cell system.   
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4.5 Conclusions 

In this chapter, proposes a dynamic non linear model for the PEM fuel cell and presents 

the design of PI/PID controller by FOPTD-approximation method for controlling the supply 

manifold pressure in PEMFC. Uncertainty analysis of PEMFC is performed, which showed that 

plant transfer function varies with operating conditions. The design was implemented in 

MATLAB
®
 /SIMULINK; simulation results show that Smith predictor PI controller produces  

better performance for servo and regulatory responses compared to other existing techniques 

such as ZN-PI, SIMC-PI, Improved SIMC-PID for the modeled PEMFC; and the effect on 

response due to uncertainty of transfer function.  The frequency domain analysis of PEM fuel 

cell model with stability margins analyzed. The control of the supply manifold pressure was 

implemented using Model Predictive Control (MPC). The interactions between the control loops 

of the PEM fuel cell model was analyzed by designing the decoupler and Decentralized 

controller for the MIMO system.  
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Chapter 5 

Design of fractional order PI/PID controllers based on robustness to control 

supply manifold pressure of PEM fuel cell system: A comparative study 

5.1 Introduction 

From the past few years, usage of motor vehicles increased drastically. Large consumption of 

petrochemical fuels causes more environmental pollution and limited availability of traditional 

fuels it is necessary to switch over to non conventional energy sources such as solar, wind, fuel 

cells etc. The wind and solar powers are usually depends on external environmental conditions 

largely which causes instability of power generation. Fuel cells produce electricity in continuous 

manner and it is been unaffected by external environmental conditions.  

A fuel cell is an electrochemical device which converts the chemical form of energy into 

electrical form of energy by reaction between hydrogen and oxidants (air or oxygen) and 

generates water and heat as its byproducts of the reaction. A Proton Exchange Membrane (also 

called as Polymer Electrolyte Membrane, PEM)fuel cell is one of the most favorable type of fuel 

cell because of its compact size, high energy efficiency, easy start up, lower operating 

temperature (50
o
-80

o 
C), high reliability. 

PEM fuel cell mainly consists of cathode, anode and membrane. Hydrogen fuel is 

supplied to anode channel and air or oxygen to the cathode channel. The membrane separates the 

anode and cathode channels of fuel cell. When hydrogen gas enters into the anode channel 

electrons, protons will produce and electrons travel through an external load circuit finally reach 

the cathode. Due to the flow of electrons in the external circuit, there is generation of current and 

voltage at load.  Protons from anode side travel through the membrane and recombines with 

electrons and air or oxygen from the cathode channel. This results in generation of water at 

cathode channel.  

A single PEMFC will produce a cell voltage of 0.7V at minimal current density of1 

A/cm
2
.  By connecting number of fuel cells in series forms a fuel cell stack and generates the 

stack voltage at large value. If partial pressure of oxygen on cathode side of the cell drops down 

to a certain value, oxygen starvation occurs. This causes sudden drop in stack voltage and causes 

hot spot on the membrane. This leads to burn the surface of the membrane. To prevent oxygen 

starvation, it is necessary to maintain the supply manifold pressure (Psm) at desired value. To 
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control the supply manifold pressure, it is necessary to design a suitable control scheme for 

desired flow rates at cathode channel. 

Because of having more tuning parameters and less sensitive to parameter variations 

fractional order controllers will produce better control response when compare with the Integer 

order controllers such as ZN-PI, SIMC-PI, Improved SIMC-PID and other methods presented in 

the chapter 4. Therefore, the fractional order controllers are recommended for the control of 

supply manifold pressure and presented fractional order control tuning methods in Chapter 5 and 

Chapter 6. 

The maximum sensitivity, Ms, is defined as the maximum value of the sensitivity 

function among the frequency range.  Maximum sensitivity, Ms, is a closed-loop design 

specification, which represents the inverse of the minimum distance on the Nyquist diagram 

between the loop transfer function and the critical point, has been shown to be effective as a 

robust performance tuning parameter[94]. The maximum sensitivity, Ms was proposed as a 

single robustness index, which can limit the gain and phase margin simultaneously [95]. The 

maximum sensitivity Ms can be seen as the worst-case amplification of disturbances, and a 

reasonable range of Ms for control design is 1.0–2.5 [96]. The maximum sensitivity Ms can also 

be used to instruct the controller design. 

In this chapter, Suh‘s[65] control oriented PEMFC system model is used to control the 

transient behavior. An approximated FOPTD model is developed for the control of supply 

manifold pressure using Sundaresan – Krishnaswamy [70] technique for estimation of process 

parameters with acceptable accuracy. Various Fractional Order (FO) tuning rules are applied for 

the approximated FOPTD model of the fuel cell system to analyze the performance of the 

Fractional Order controllers. Primarily, FOPI tuning rules are applied and analyzed the 

performance of the controllers. Due to integral action in FOPI controller, there is large 

peakovershoot and oscillations are generated in the response. This problem was overcome by 

applying FOPID tuning rules to controller. Comparison of transient and performance analysis 

using IAE, ISE, IATE and Total Variation (TV) for the FOPI and FOPID controllers was 

implemented. The proposed fractional order PID controller has been implemented on non linear 

PEM fuel cell of four state equations model. Servo control response have been obtained. The 



54 

 

fractional order controller robustness was verified by applying to the nominal system and 

parametric uncertainties integrated system under load disturbance.  

In this chapter 5 we applied different fractional order tuning methods to analyze the control 

response of fuel cell model. By comparing the various methods we will get better performance 

tuning method out of other methods. Robustness of the better controller was verified on the non 

linear model of the PEM fuel cell i.e 4
th

 order model. For the first time in literature, we applied 

the fractional order controllers for derived FOPTD model of the 4
th

 order model of PEM fuel 

cell stack system. 

5.2 Fractional order PID (FOPID) controllers for the approximated FOPTD model 

 The most general form of a fractional order PID controller is the 𝑃𝐼𝜆𝐷𝜇controller which 

is a combination of integrator order of 𝜆and differentiator order of 𝜇where 𝜆and 𝜇 are any real 

numbers. The transfer function of the fractional order controller can be represented as form of 

Equation 5.1. 

𝐺𝑐 𝑠 =
𝑈(𝑠)

𝐸(𝑠)
= 𝑘𝑝 + 𝑘𝑖

1

𝑠𝜆
+ 𝑘𝑑𝑠

𝜇 ,           (𝜆, 𝜇 > 0)            5.1 

Where𝐺𝑐 𝑠  represents the transfer function of the fractional order controller, error is 𝐸(𝑠) and 

𝑈(𝑠)is controller output. While representing the integrator term 
1

𝑠𝜆
 on Bode diagram, there is a 

line having slope -20𝜆dB/decade. The control signal u(t) in time domain can be expressed as 

𝑢 𝑡 = 𝑘𝑝𝑒(𝑡) + 𝑘𝑖𝐷
−𝜆𝑒(𝑡) + 𝑘𝑑𝐷

𝜇𝑒(𝑡)                             5.2 

Figure 5.1 shows the block-diagram representation of FOPID controller.  All the classical types  

 

Figure 5.1 Block diagram representation of FOPID controller structure. 
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of PID controllers can be designed by the fractional 𝑃𝐼𝜆𝐷𝜇controller. Because, by selecting 𝜆= 1 

and 𝜇= 1in Equation 5.2, a classical PID controller can be recovered. Similarly by selecting 𝜆= 

1, 𝜇 = 0and 𝜆 = 0, 𝜇 = 1respectively conventional PI & PD controllers can be developed. When 

compared with Integer Order PID controller (IO_PID), Fractional Order PID (FOPID) controller 

has two more tuning parameters for better adjustment of dynamical properties of a fractional 

order control system. Because of this reason, 𝑃𝐼𝜆𝐷𝜇  controllers having the following 

advantages. 

1.Less sensitive to parameter variations. 

2. Improves the systems control functioning, and  

3. Better control of dynamics of the system is possible.  

 

Figure 5.2 Block diagram representation of closed loop control structure. 

 

Figure 5.2 shows the closed loop control structure for the analysis of the system. The process 

denoted by G(s), Gc(s) represents the FOPID controller transfer function, the reference input is 

R(s), error is E(s), disturbance input is D(s) and Y(s) is controlled output. The following sub 

sections describes tuning methods of fractional order PI/PID controllers for the control of supply 

manifold pressure of PEM fuel cell system. 

5.2.1 Design of Fractional-order Proportional-Integral (FOPI) controllers for the supply 

manifold pressure control of PEM fuel cell system 

The transfer function of the fractional order PI controller has the following form 

Gc s =
U(s)

E(s)
= kp + ki

1

sλ
                5.3 

Wherekp is proportional constant,ki is integral constant,λ is integral fractional order. Tuning 

methods reported by Chen et al.[75] and Bhambhani et al.[76] are considered for design of FOPI 
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controller. All the tuning methods of fractional order controllers are designed for the 

approximated FOPTD model which derived in chapter 3 for the control of supply manifold 

pressure and given by the Equation as 

𝐺 𝑠 =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

7.3913e−0.1314 𝑠

0.3832𝑠+1
               5.4 

5.2.1.1 Chen et al. FOPI tuning method       

Chen et al.[75]proposed the following rules for the fractional order PI controllers to the type of 

FOPTD model of the form given in Equation 5.5 

G s =
K e−Ls

Ts +1
                  5.5 

τ =  
L

L+T
                  5.6 

where is the normalized dead time of the system and it represents the measure of the complexity 

for control of the process. 

Kp =  
1

K
(

0.2978

 +0.000307
)                 5.7 

Ki =
Kp (2−3.402 +2.405)

0.8578 T
                5.8 

      

 

 

       5.9 

 

       

For the approximated FOPTD model of the PEM fuel cell dead time, L= 0.1314 sec, Time 

constant T= 0.3832, and open loop gain, K=7.3913. The normalized dead time of the system 

from Equation 5.6 is 𝜏 = 0.25534. The fractional value of  is 0.9 from Equation 5.9. The 

Fractional order PI controller tuning parameters obtained using Chen et al.[75]tuning method for 

the FOPTD model of Equation 5.4 are given in Table 5.2. 

5.2.1.2 Bhambhani et al. FOPI tuning method 

Bhambhanietal.[76] proposed the following rules for fractional order PI controller to the FOPTD 

model. 

 

λ= 

0.7    if     τ < 0.1 

0.9    if   0.4 > 𝜏 ≥ 0.1 

1.0    if    0.6 > 𝜏 ≥ 0.4 

1.1    if    𝜏 ≥ 0.6 
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λ =  
L

L+T
− 0.04 ∗ L + 1.2399             5.10 

Kp =  
0.2∗T

KL
+ 0.16                          5.11 

Ki =  
0.25K

TL
+

0.19833

L
+ 0.09                         5.12 

For the FOPTD model of the PEM fuel cell of Equation 5.4, the Fractional order PI controller 

tuning parameters obtained using Bhambhani et al. [76] tuning method are given in Table 5.2. 

5.2.1.3 Gude et al.  FOPI tuning method 

Gude et al.[77] was proposed fractional order PI controller tuning rules for FOPTD process 

plants. These rules were obtained by minimizing the performance criteria in the frequency 

domain considering the maximum sensitivity as a constraint. The formulated performance 

criteria is given in Equation 5.13 

𝐽𝑣 =   
1

𝑠
𝐺 𝑠 𝑆(𝑠) 

∞
= max𝜔  

1

𝑗𝜔

𝐺(𝑗𝜔 )

1+𝐿(𝑗𝜔 )
             5.13 

The performance criterion is a measure of the system ability to handle the load disturbance 

inputs having low-frequency.Table5.1 shows the FOPI controller parameters in terms of 

normalized dead time (𝜏) and the Equation5.14 represents the approximated function form: 

𝑓 𝜏 = 𝑎𝜏𝑏 + 𝑐                                          5.14 

Tuning parameters of FO-PI controller using Gude et al. tuning method for the FOPTD model of 

the PEM fuel cell of Equation 5.4 are shown in Table 5.2  

Table 5.1 FO-PI controller rules using Gude et al. [77] tuning method 

𝑓 𝜏  a b c 𝜏 

KKp 0.2154 –1.169 –0.1592 0 < 𝜏 < 1 

aKp 
–0.4645 0.3182 0.5795 0 < 𝜏 < 0.25 

3.271 5.75 0.28 0.25 < 𝜏 < 1 

Ti/L 9.242 –0.1966 –9.171 0 < 𝜏 < 1 

Ti/T 
5.479 0.8154 –0.03853 0 < 𝜏 < 0.3 

6.06 7.066 1.18 0.3 < 𝜏 < 1 

λ λ= 1.12 0 < 𝜏 < 1 
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Table 5.2 Summary of FO-PI controller tuning parameters for Chen et al.[75], Bhambhani et al. 

[76] and Gude et al. [77 ] methods . 

FO-PI controller 

parameters 

Chen et al. [75 ] 

method 

Bhambhani et al. [76] 

method 

Gude et al. [77]  

method 

𝐊𝐩 0.15760 0.7432 0.0857 

𝐊𝐢 0.76785 6.5643 0.2236 

𝛌 0.9 1.49 1.12 

5.2.2 Design of Fractional order PID (FOPID) controllers for the supply manifold pressure 

control of PEM fuel cell system. 

Tuning methods reported by Valerio & Costa[56], Bayat[78] and Padula & Visioli [79] are 

considered for design of FOPID controllers.  

5.2.2.1 Valerio & Costa method 

For tuning of FOPID controller Ziegler-Nichols type tuning rules are used. For the tuning 

of FOPID controller parameters, Valerio and Costa [56] was established Ziegler-Nichols (ZN) 

type of tuning rules. These rules valid only for the plants whose unit step response is in S shaped 

form. Generally plants whose transfer function represented in FOPTD model given in Equation 

5.15 generates S-shaped step response. 

G s =
K e−Ls

Ts +1
                5.15 

Valerio and Costa[56] used the minimization tuning method for the plants represented by 

Equation 5.15 for numerous values of time delay, Land time constant, T with K = 1.Valerio and 

Costa[56] proposed two sets of tuning rules for various ranges of L and T. 

First set of FOPID tuning rules 

First set of Z-N FOPID tuning rules are shown in Table 5.3(a) and Table 5.3(b). From these 

tables controller tuning parameters are obtained. Equation 5.16 shows an example how to derive 

the integral constant Ki.  

𝐾𝑖 = 0.3254 + 0.2478 ∗ 𝐿 + 0.1429 ∗ 𝑇 − 0.133 ∗ 𝐿2 + 0.0258 ∗ 𝑇2 − 0.0171 ∗ 𝑇 ∗ 𝐿      5.16 



59 

 

Similarly, remaining parameters  of FOPID controller was calculated to get controller tuning 

parameters. When the parameters are in the following range of0.1 ≤ 𝑇 ≤ 50, 𝐿 ≤ 2then first set 

of tuning rules may be used. 

Table 5.3 (a) FOPID controller parameters for the first set of tuning rules when 0.1 ≤T≤ 5.  

 Kp  Ki λ Kd  μ 

1 -0.0048 0.3254 1.5766 0.0662 0.8736 

L 0.2664 0.2478 -0.2098 -0.2528 0.2746 

T 0.4982 0.1429 -0.1313 0.1081 0.1489 

L
2
 0.0232 -0.1330 0.0713 0.0702 -0.1557 

T
2
 -0.0720 0.0258 0.0016 0.0328 -0.0250 

LT -0.0348 -0.0171 0.0114 0.2202 -0.0323 

 

Table 5.3 (b) FOPID controller parameters for the first set of tuning rules when 5 ≤ T≤ 50 

 Kp  Ki λ Kd  μ 

1 2.1187 -0.5201 1.0645 1.1421 1.2902 

L -3.5207 2.6643 -0.3268 -1.3707 -0.5371 

T -0.1563 0.3453 -0.0229 0.0357 -0.0381 

L
2
 1.58271 -1.0944 0.2018 0.5552 0.2208 

T
2
 0.0025 0.0002 0.0003 -0.0002 0.0007 

LT 0.1824 -0.1054 0.0028 0.2630 -0.0014 

 

Second set of tuning rules: 

Table 5.3 (c) represents second set of tuning rules derived for Z-N FOPID controller. These rules 

may be applied for the range of0.1 ≤T≤ 50 and L≤ 0.5. 

Table 5.3(c) FOPID controller parameters for the second set of tuning rules when 0.1≤ T≤ 50 

and L≤ 0.5 

 Kp  Ki λ Kd  μ 

1 -1.0574 0.6014 1.1851 0.8793 0.2778 

L 24.5420 0.4025 -0.3464 -15.0846 -2.1522 
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T 0.3544 0.7921 -0.0492 -0.0771 0.0675 

L
2
 -46.7325 -0.4508 1.7317 28.0388 2.4387 

T
2
 -0.0021 0.0018 0.0006 -0.0000 -0.0013 

LT -0.3106 -1.2050 0.0380 1.6711 0.0021 

 

The approximated FOPTD model of the PEM Fuel cell is given by Equation (5.17) 

GFOPTD  s =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

7.3913e−0.1314 s

0.3832s+1
           5.17 

As 𝐿(0.1314) ≤ 0.5  and 0.1 ≤ 𝑇(0.3832) ≤ 50  from the approximated FOPTD model, the 

second set of tuning rules were chosen for tuning of the ZN-FOPID controller  

5.2.2.2 Bayat method 

The main purpose of Bayat [78] method is to compute FOPID controller tuning parameters such 

as Kp, Ti, Td, λ and µ for the known FOPTD process model parameters (K, L and T) in order to 

minimize either ISE or ISTE performance index. This method can be applied to all FOPTD 

processes having the normalized dead time (𝜏) in between 0.1 and 3.5.Table 5.4 shows tuning 

rules of FOPID controller for set point and load disturbance control to minimize the ISE 

performance index.  

Table 5.4 Tuning rules of the FOPID controller to minimize the ISE performance index 

FOPID 

parameters 

Set point control 

(0.1<𝝉<3.5) 

Load disturbance 

(0.2<𝝉<3.5) 

𝐊𝐩 1

𝐾
 
0.3663𝜏 + 0.8856

𝜏 + 0.000792
  

1

𝐾
 
0.2709𝜏 + 0.566

𝜏 − 0.0364
  

𝐓𝐢 𝑇 0.3827𝜏 + 0.9354  𝑇 1.252𝜏0.5555 − 0.05696  

𝐓𝐝 𝑇 0.5036𝜏0.7152 − 0.07974  𝑇 0.3425𝜏 + 0.02753  

𝛍 −0.03625𝜏 + 1.095 −1.368𝜏0.04705 + 2.503 

𝛌 1 1 

5.2.2.3 The Padula & Visioli method 

In Padula & Visioli [79] set of tuning rules for FOPID controller was developed. These 

rules are structured based on to minimize the Integral of Absolute Error (IAE) performance index 

through a constraint of the maximum sensitivity (Ms).  
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Tuning rules 

These rules can be applied for the FOPTD process model of the normalized dead time () 

in the range of0.05 ≤  ≤ 0.8. These rules are formulated to achieve maximum sensitivity Ms of 

1.4 and 2.0. The following equations give the structure of tuning parameters of FOPID controller  

𝐾𝑝 =
1

𝐾
 𝑎𝜏𝑏 + 𝑐                5.18 

𝑇𝑖 = 𝑇𝜆  𝑎  
𝐿

𝑇
 
𝑏

+ 𝑐                           5.19 

𝑇𝑑 = 𝑇𝜇  𝑎  
𝐿

𝑇
 
𝑏

+ 𝑐                           5.20   

Table 5.5(a) shows the values of a, b and c constants in Equations (5.18-5.20) for setpoint control 

and regulatory control when Ms=1.4.  

Table 5.5(a) Tuning rules for set point control response when Ms=1.4. 

 Set point control when Ms=1.4. Regulatory control  when Ms=1.4 

Constants a b c a b c 

𝐊𝐩 0.6503 -0.9166 -0.6741 0.2776 −1.095 −0.1426 

𝐓𝐢 0.04701 -0.2611 0.9276 0.6241 0.5573 0.0442 

𝐓𝐝 0.3563 1.2 0.0003108 0.4793 0.7469 −0.02393 

 

Table 5.5(b) gives the values of λ and µ in Equations (5.18-5.20) for set point control and 

regulatory control response when Ms= 1.4.  

Table 5.5(b) Tuning rules for λ and µ when Ms=1.4 

set point control when Ms=1.4 

𝝀 𝛍 

 

1 

1.1 if  𝜏 < 0.1 

1.2 if0.1 ≤ 𝜏 

Regulatory control when Ms=1.4. 

𝛌 𝛍 

 

1 

1.0if  𝜏 < 0.1 

1.1if  0.1 ≤ 𝜏 < 0.4 

1.2 if  0.4≤ 𝜏 
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5.3 Results and Discussion 

An approximated FOPTD model was developed for control of supply manifold pressure 

of the Suh [65] proposed dynamic model of the PEM fuel cell.The approximated FOPTD model 

of PEM fuel cell system is  

𝐺 𝑠 =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

7.3913e−0.1314 𝑠

0.3832𝑠+1
                        5.21 

For the above FOPTD model, fractional order PI/PID controller tuning methods are applied in 

the SIMULINK environment using FOMCON tool box to generate servo and regulatory control 

responses. For the better performance of a controller response, the values of IAE, ISE, ITAE, TV 

and time indices are required to be minimum. It is easy for the tuning of the controllers to the 

approximated FOPTD models of higher order systems. In this simulation studies, fractional order 

controllers are tuned for the FOPTD model as well as tested the effective performance of the 

better response produced FOPID controller on the original four state model of the PEM fuel cell 

system.  In this process, it is possible to check the guarantee or robustness of the controller to 

produce the same performance under the non linear situation. To analyze the robustness of the 

FOPID controller, disturbance input i.e stack current (Istack) was changed at ± 10A and ± 20A. 

Similarly, uncertainty analysis is performed by changing the limits of some of the parameters in 

the original model using FOPID controller. 

5.3.1 FO-PI controller methods 

First of all, various FOPI tuning rules are applied to fuel cell approximated FOPTD model and 

compared the performance of the response. Using Chen et al.[75] tuning method, FOPI controller 

settings are obtained as: Kp = 0.15760, Ki = 0.76785 and λ = 0.9. Similarly, using Bhambhani et 

al. [76] FOPI method, the controller settings are as: Kp = 0.7432, Ki = 6.5643 and λ = 1.49. The 

following controller settings Kp = 0.0857, Ki = 0.2236 and λ = 1.12 are obtained by Gude et al. 

[77] proposed FOPI tuning method. The servo responses for a unit step change in the set point as 

well as its controller actions are shown in Figure 5.3.  
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Figure 5.3 Closed loop servo control response of FOPI controllers 

 

The regulatory control response is evaluated for a unit step disturbance in the closed loop and 

corresponding controller actions are shown in the Figure 5.4. 

 

Figure 5.4 Regulatory control responses of FOPI controllers. 
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 Table 5.6 shows peak overshoot, rise time, peak time and settling times of servo response and 

ISE, IAE, ITAE, TV values for servo and regulatory responses.  

Table 5.6 Summary of performance of Fractional Order PI controllers. 

Performance 

Parameters 

Gude et al. [77] 

method 

Bhambhani et al. 

[76] method 

Chen et al. [75] 

method 

Rise Time(sec) 1.0309 0.0601 0.2059 

Peak time(sec) 2.38 0.348 0.6130 

Settling time(sec) 4.164 9.9770 1.5483 

Peak overshoot 

(%) 
8.0268 131.65 29.5717 

 Servo Regulatory Servo Regulatory Servo Regulatory 

ISE 0.4395 14.333 4.4837 11.129 0.2530 3.3379 

IAE 0.8513 5.8895 5.9577 9.2256 0.4460 1.8914 

ITAE 1.0544 9.9684 27.0273 42.094 0.3433 2.4958 

TV 0.0773 1.1670 45.8078 71.2071 0.4836 1.8700 

 

From the Figure 5.3 and Table 5.6, tuning method reported by Bhambhani et al. [76] generates 

oscillatory response with peak overshoot of 131.65%, peak time of 0.348 sec. and higher values 

of performance indices it is the least preferable for tuning of FOPI controller.  Tuning method 

reported by Chen et al. [75] generates the response with peak overshoot of 29.57%, settling time 

of 1.5483 sec, peak time of 0.613 sec. Gude et al. [77] FOPI controlled response gives peak 

overshoot of 8.0%, it is less than the Chen et al. [75] method but the settling time (4.164 sec), 

peak time (0.37 sec.) and rise time (1.03 sec) are more than the Chen et al. method.  It is evident 

from Figures 5.3-5.4 and Table 5.6 that the Chen et al. [75] method gives minimum values of 

performance indices for servo and regulatory control applications. But Gude et al. [77] method 

has the least controller effort in terms of total variation among FOPI tuning methods. Gude et al. 

FOPI method is better suitable when peak overshoot is important consideration for control as it 

produces least value of peak overshoot among FOPI controllers. Chen et al. [75] method also 
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suitable for tuning of FOPI controller, which produces faster response, having lower values of 

time and performance indices with acceptable peak overshoot. 

5.3.2 FO-PID controller methods 

FOPID tuning method reported by Valerio and Costa [56], the controller settings are as follows: 

Kp = 1.4804, Ki = 0.8896, Kd = -0.5641, λ = 1.1526, µ = 0.0629. FOPID tuning method reported 

by Bayat [78], the set point control settings are as follows: Kp = 0.51719, Ki = 1.30639, Kd = 

0.00179, λ = 1, and µ = 1.08. FOPID tuning method reported by Padula & Visioli [79], the set 

point control settings are as follows: Kp = 0.2160, Ki = 0.5702,  Kd = 0.0068, λ = 1, and µ = 1.2. 

Figure 5.5 illustrates servo controlled responses for unit step change in the set point and their 

corresponding controller actions.  

 

Figure 5.5 Servo control response of FOPID controllers for controlling the supply manifold 

pressure. 

 

The regulatory response is evaluated for a unit step disturbance in the closed loop and 

corresponding controller actions are shown in the Figure 5.6. Time and performance indices are 

calculated for comparison of the methods and results are shown in Table 5.7. From the Figure 

5.5 and Table 5.7, FOPID method reported by Valerio and Costa [56] produces peak overshoot 

of 1.2081%, but larger settling time of 8.6961 sec, peak time of 6.35 sec and rise time of 2.357 

sec. This method produces the smaller peak overshoot but having larger settling time. Because of 

large settling time the controller generates slower response. 



66 

 

 

Figure 5.6 Regulatory control response of FOPID controllers. 

Table 5.7 Summary of performance of FOPID controllers 

Performance 

Parameters 

Valerio & 

Costa[56]method 
Bayat[78]method 

Padula & 

Visioli[79]method 

Rise time (sec) 2.3576 0.0446 0.3211 

Peak time(sec) 6.35 0.2630 0.8200 

Settling time(sec) 3.8786 0.9783 1.1155 

Peak Overshoot (%) 1.2081 60.2080 3.559 

 Servo Regulatory Servo Regulatory Servo Regulatory 

ISE 0.4528 0.3030 0.1615 1.0479 0.1930 3.2336 

IAE 1.05 1.028 0.2330 0.8391 0.2802 1.9676 

ITAE 1.8590 2.258 0.0486 0.4513 0.0607 1.6641 

TV 1.4176 1.0435 14.728 3.2258 3.8219 2.1336 

 

When the process gain value is other than 1, it does not produce satisfactory response. 

FOPID controller tuning method reported by Bayat [78] gives the peak overshoot of 60.20%, 

settling time of 0.9783 sec, peak time of 0.2631 sec. The closed loop response gives higher peak 

overshoot and higher controller effort in terms of Total Variation (TV) for servo control and 

regulatory control problems. Bayat [78] FOPID tuning method gives lower values of time and 
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performance indices when compared with Padula &Visioli [79] tuning method.  Because of 

higher peak overshoot and TV values, Bayat [78] tuning method is not a choice for tuning 

FOPID controllers. FOPID tuning method reported by Padula & Visioli [79], generates peak 

overshoot of 3.559%, settling time of 1.11 sec, peak time of 0.82 sec for servo control response 

and smaller values of performance indices. From Figures 5.5-5.6 and Table 5.7, the Padula & 

Visioli [79] FOPID tuning method produces least peak overshoot and produces lower value of 

controller effort in terms of total variation when compared to Bayat [78] method. Because of less 

peak overshoot, Padula & Visioli [79] FOPID tuning method is the highly suitable for servo 

control problems.  

5.3.2.1 Comparison of time scales of different controllers with time scale of open loop 

response 

Time constant for open loop model response = 0.5275 sec  

Table 5.8 Time constant values of controllers     

S.No Type of controller Time constant of the response in sec 

1 Chen et al. FO-PI 0.297 

2 Bhambhani et al. FO-PI 0.468 

3 Gude et al.FO-PI 0.733 

4 Valerio and Coast FOPID 0.733 

5 Bayat FO-PID 0.135 

6 Padula et al. FOPID 0.228 

 

Table 5.8 shows the time constant values of different controllers used in this chapter. When 

compare the time scales of different controller responses, the time constant of Gude et al. FO-PI 

and Valerio and Coast FOPID controller responses from Table 5.8 are higher than the time 

constant of the open loop response of the PEM fuel cell system.   

5.3.3 Testing of FOPID controller for the original model 

In sections 5.1 and 5.2 performed the comparative analysis of various FOPI/FOPID controller 

applied for an approximated FOPTD model of PEM fuel cell dynamic model. In this analysis an 

approximated FOPTD model has considered in order to simplify the control design. But the 

effectiveness of the controller has to be tested on original 4
th

 order nonlinear PEM fuel cell 
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model in action. Figure 5.7 shows the set point control response of Padula & Visioli FOPID 

controller tuning method and its corresponding control actions. 

 

Figure 5.7 Servo control response of Padula & Visioli FOPID controller tuning method applied 

for original model. 

The set point was changed at ±5% and ±10% of supply manifold pressure. The nominal value of 

supply manifold pressure (Psm) is 204396 Pa. It can be noted that from Figure 5.7 Padula & 

Visioli FOPID controller produces better servo control response for various set point changes.   

5.3.4  Robust control analysis 

A controller said to be having the robustness when it is counteract against any modeling 

parametric uncertainty. To check the guaranteed robustness of the controller, modeling 

parametric uncertainty is included into the model. Table 5.9 shows the system parameters and 

amount of variation included in the model to study the robustness of the FOPID controller.  

Table 5.9 System parameters and its variation 

Parameter Variation 

Fuel cell stack temperature (Tfc) +10%  change in 
o
C 

Supply manifold volume (Vsm) -10% 

Cathode volume (Vca) +5% 

Atmospheric temperature (Tatm) +10%  change in 
o
C 
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In order to simulate the fuel cell, stack current (Istack) varying between 100 and 350A has to be 

applied as disturbance load input. Figure 5.8 shows the variation of stack current as disturbance 

load input.  

 

Figure 5.8 Stack current (Istack) variation applied as load disturbance. 

 

Padula & Visioli [79] FOPID tuned controller is connected in series with non linear PEM fuel 

cell model as closed loop control and variation stack current is applied as load disturbance. To 

analysis the control of supply manifold pressure (Psa), x4 state output of the fuel cell model is 

connected as feedback input and selected the value of reference input as 210000Pa. Figure 5.9 

shows the servo control response of the supply manifold pressure (Psm) for different variations 

of stack current as load disturbance input. From Figure 5.9 at time t = 20 sec stack current 

increases from 100 to 200 A, it leads to decrease in supply manifold pressure and reaches its 

setpoint by the applied controller similarly at t = 60 sec stack current decreases from 350 to 250 

A and due to that there is an excess of supply manifold pressure and it will be effectively 

controlled by the proposed controller. 
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Figure 5.9 Supply manifold pressure (Psm) control using Padula & Visioli FOPID tuning 

method. 

The supply manifold pressure which is controlled by the closed loop to track the 

reference input. The resulted output is compared with reference input of 210000 Pa. It is depicted 

that the controller responds within 1-2 sec without overshoot. Figure 5.10 shows the magnified 

plot of Figure 5.9 at t = 40 s. At this instant of time, stack current increased from 200A to 350A 

causes drop in the supply manifold pressure. As shown in Figure 5.9, supply manifold pressure 

overshoots at t = 60 s because of stack current decreases from 350A to 250A.   

 

Figure 5.10 Magnified plot of Figure 5.9 representing the controlled output at time t=40 s. 

Figure 5.11 shows the variation of the Padula & Visioli FOPID tuned controller output to 

track the supply manifold pressure with reference input under the load disturbance variations.  
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Figure 5.11 Padula & Visioli FOPID tuned controller output variation. 

Controller output is manipulated variable and here it is the air-supply compressor motor voltage. 

Motor voltage varies in between 160V and 190V. When motor voltage changes it results in 

change of air-supply compressor speed, it corresponds to variation in air-supply compressor air 

flow rate. There is direct proportion between air-supply compressor air flow rate and air-supply 

compressor speed. All these variations are depicted in Figure 5.12. 

 

Figure 5.12 Variation of air-supply compressor angular speed and corresponding air flow rate 

In order to validate the robust performance of the designed controller, some parameters of 

PEM fuel cell were changed under the given limits as shown in Table 5.9. Figure 5.13 shows the 
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response of supply manifold pressure under load disturbance variations and model parametric 

uncertainties.  

 

Figure 5.13 Comparison of supply manifold pressure under uncertainty variations and supply 

manifold pressure with the nominal system under the same FOPID controller settings. 

 

Figure 5.14 Magnified plot of Figure 5.13 at time t = 60 s representing the behavior of the 

supply manifold pressure 
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The performance of the uncertainties included PEM fuel cell system under load variations is 

compared with the nominal PEM fuel cell system under the same controller settings. Figure 5.14 

shows the magnified plot of supply manifold pressure response at time t = 60 s. It can depict 

from Figure 5.14 that supply manifold pressure meets its set point value below 2 sec. Figure 5.15 

shows the variation of the controller output for comparison between the uncertainties included 

system and the nominal system under the same controller settings. 

 

Figure 5.15 Comparison of controller performance between uncertainties included system and 

nominal plant under the same FOPID controller settings. 

 

Figure 5.16 Magnified plot of Figure 5.15 representing the variation of controller output from 

time t =18 s to t = 42 s. 
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Figure 5.16 shows the magnified plot of Figure 5.15 from time t = 18 s to t = 41 s. For the 

uncertainties included system the controller output changes rapidly in order to compensate the 

parametric uncertainties of the PEM fuel cell model. In Figure 5.16 pink color represents the 

controller effort for uncertainties included system and blue color represents the controller effort 

for the nominal system. It can be concluded from these results that the Padula & Visioli FOPID 

controller produces response under load disturbances and parametric uncertainty variations 

without any change in the controller settings.  

5.4 Conclusions 

In this chapter, different methods of fractional order controllers were tuned and analyzed the 

performance for better improvement in the servo and regulatory responses of supply manifold 

pressure control of PEM fuel cell. Different fractional order PI and PID controller tuning 

methods are implemented for the approximated FOPTD model. Servo and regulatory control 

response analysis was carried out. Comparative performance analysis carried out using 

performance indices IAE, ISE, ITAE and TV as well as time indices. Padula & Visioli tuning 

method produces better response from FO PID tuning methods. 

The robustness of the Padula & Visioli FOPID controller was verified by applying to the 

original PEM fuel cell model based on four state equations. Parametric uncertainties included in 

the dynamic model and tested the performance of the controller for the uncertainties included 

system and the nominal system under load disturbance. The proposed controller performed well 

for the both uncertainties included system and the nominal system under load disturbance for the 

same controller settings. Hence the robustness and insensitivity to the disturbance of the 

proposed controller was proved. In this simulation study, comparative analysis of fractional order 

controllers was carried out and verified the robustness of the proposed controller for the control 

of supply manifold pressure of PEM fuel cell.  
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Chapter 6 

Fractional order PID controller design for supply manifold pressure control 

of PEM fuel cell based on Maximum sensitivity 

6.1 Introduction 

A fuel cell is an electrochemical device, which converts the chemical form of energy into 

electrical form of energy by reaction between hydrogen and oxidants (air or oxygen) and 

generates water and heat as byproduct of the reaction. A Proton Exchange Membrane (also 

called as Polymer Electrolyte Membrane, PEM) fuel cell is one of the most possible energy 

solution because of its compact size, high energy efficiency, easy start up, lower operating 

temperature (50 – 80 
o
C), and high reliability.  If the partial pressure of oxygen on cathode side 

of the cell drops down to a certain crucial level, a complicated phenomenon called oxygen 

starvation occurs. To prevent oxygen starvation, it is necessary to maintain the supply manifold 

pressure (Psm) at desired value and design a suitable control scheme to control it by considering 

air-supply compressor voltage as manipulated variable in the air feed system of PEM fuel cell. 

The main advantage of fractional order PID controller over conventional PID controller is 

it‘s additional two degrees of freedom for tuning of the controller parameters that results in better 

improvement in the control performance & robustness of the response.  

In this chapter, the proposed fractional order PI
λ
D

µ
 controller method is applied to first 

order plus time delay (FOPTD) model which is approximated from the fourth order 

Suh‘s[65]proposed control oriented model of PEM fuel cell for the control of supply manifold 

pressure.  The Padula and Visioli[79] proposed a method for design of fractional order PID 

(FOPID) controllers based on minimization of integrated absolute error, subject to a constraint 

on the maximum sensitivity which can be applied to first order plus time delay (FOPTD) models. 

A comparison has been performed with other methods such as the tuning rules proposed in [56] 

for fractional-order controllers and the AMIGO (approximate M-constrained integral gain 

optimization) tuning rules for integer order controllers in [80] (both Ms = 1.4 and Ms = 2.0). To 

verify the robustness of the proposed controller, uncertainty and measurement noise analysis 

have been implemented.   
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6.2 Fractional-order PI
λ
D

µ
 Controller design 

The most common form of a fractional order PI
λ
D

µ 
controller [28], having an integrator 

order of λ and a derivative order of µ where λ and µ are any real numbers. The fractional order 

PI
λ
D

µ 
controller transfer function is given in Equation 6.1.  

𝐶 𝑠 = 𝑘𝑝 + 𝑘𝑖
1

𝑠𝜆
+ 𝑘𝑑𝑠

𝜇 ,           (0 < 𝜆, 𝜇 < 2)             6.1 

Where 𝑘𝑝 , 𝑘𝑖 , 𝑘𝑑  are the proportional gain, the integral gain and the derivative gain respectively, 

and λ, µ are the integral order and derivative order respectively. By selecting λ =1 and µ=1 from 

Equation 6.1, integer order PID (IOPID) controller can be formed. Similarly by selecting λ =1, 

µ=0 conventional PI controller and λ =0, µ=1 conventional PD controller can be developed. 

When compared with Integer Order PID controller (IOPID), Fractional Order PID (FOPID) 

controller has two more tuning parameters; it enhances the flexibility of tuning parameters to 

achieve better system performance. 

6.2.1 Design method 

The feedback control structure shown in Figure 6.1which is considered for analyzing the 

dynamics of FOPTD model given in Equation 6.2 as a plant. 

P s =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

7.3913e−0.1314 s

0.3832s+1
                           6.2 

The dynamics of the process is described by normalized dead time  and defined as τ =  
L

L+T
 , 

where L is time delay and T is time constant of process or plant. The normalized dead time gives 

a measure of difficulty in controlling the process. In general, the values of the normalized dead 

time in the range of 0.05 ≤ τ ≤ 0.8 have been considered. The value of  for the above said 

process model is 0.2553. 

 

Figure 6.1The considered control structure 
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The structure of the standard PID controller in series and the fractional order PID controller are 

considered from [79] for the design of controllers as shown in Equations 6.3 and 6.4 

respectively. 

C 𝑠 =  Kp
  Ti s+1 

Ti s

  Td s+1 

 
Td
N

s+1  
                 6.3 

C 𝑠 =  Kp
  Ti sλ+1 

Ti sλ

  Td sμ+1 

 
Td
N

s+1  
                6.4 

WhereKp  is proportional gain,  Ti and Td  are integral and derivative time constants respectively.λ 

and µ are fractional orders of integral and derivative time constants respectively and the value of 

N is typically 10. If λ=µ=1, a standard PID controller can be obtained. It can be noted that first 

order filter have been applied in Equation 6.4 to make the controller proper. The main control 

requirement is to minimize the integrated absolute error (IAE) 

𝐼𝐴𝐸 =   𝑒(𝑡) 𝑑𝑡 =   𝑟 𝑡 − 𝑦(𝑡) 𝑑𝑡
∞

0

∞

0
              6.5 

Minimization of IAE results in reduction of overshoot and lower settling time at the same time in 

load disturbance or set point control responses. A controller said to be having robustness when it 

is not sensitive to any parameter variations or uncertainties. To improve the robustness of the 

supply manifold pressure controller, the controller has been designed by minimizing the IAE and 

maximum sensitivity as a constraint. The maximum sensitivity 𝑀𝑠is represented [79] as 

𝑀𝑠 =  max𝜔∈[0,∞]  
1

1+𝐶 𝑗𝜔  𝑃(𝑗𝜔 )
               6.6 

Where 𝐶 𝑗𝜔  controller transfer function and 𝑃 𝑗𝜔  plant transfer function. Maximum 

sensitivity represents the inverse of the shortest distance from the Nyquist curve of the loop 

transfer function to the critical point (-1, 𝑗0). Typical values of 𝑀𝑠 are in the range of 1.2 to 2.0. 

If the value of 𝑀𝑠 is lower, the system is more robust to the modeling or parameter uncertainties. 

6.2.2 Tuning of optimal controller 

In order to find the tuning rules of controller for the control of supply manifold pressure 

using an approach in Padula and Visioli[79] has been considered. The set point control and 

disturbance rejection tasks have been performed separately to minimize the IAE with two values 

of maximum sensitivity such as Ms=1.4 and Ms=2.0.For Ms=1.4, system having more 

robustness and for Ms=2, the aggressiveness is more important. The following structure was 

considered to obtain the values of the controller parameters of the IOPID and FOPID controllers. 
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𝐾𝑝 =
1

𝐾
 𝑎𝜏𝑏 + 𝑐                  6.7 

𝑇𝑖 = 𝑇𝜆  𝑎  
𝐿

𝑇
 
𝑏

+ 𝑐                 6.8  

𝑇𝑑 = 𝑇𝜇  𝑎  
𝐿

𝑇
 
𝑏

+ 𝑐                  6.9 

The constant values of a, b and c for set point tracking and load disturbance rejection is obtained 

from [79]. 

6.2.3 Robustness analysis 

The closed loop stability of system should be verified in the presence of model uncertainties for 

robustness of the designed controller which is derived under nominal process conditions. The 

designed FOPID controllers should be able to provide better closed loop performance (good 

servo response and regulatory response) irrespective of the perturbations in process parameters 

which are common in practice. Perturbed model was obtained from the normal FOPTD model by 

changing gain and time delay by +10%. The designed controllers were applied to the parameter 

uncertainty model and analyzed the robustness of the controllers. The robustness of the closed 

loop system can be determined by considering following two specifications. 

1) Disturbance rejection at low frequency range. 

2) Measurement noise rejection at high frequency range. 

Let S denotes the transfer function is a ratio of the output y to the disturbance input d in the 

closed loop system shown in Figure 6.1 and it is termed as sensitivity function. It is given by 

𝑆(𝑠) =  
1

1+𝐶 𝑠 𝑃(𝑠)
                6.10 

if the magnitude of loop gain is large at low frequency range then the sensitivity S will be small, 

it means that the effect of the disturbance on the output was attenuated. 

Let T denotes the transfer function is a ratio of the output y to measurement noise, n in the closed 

loop system shown in Figure 6.2 and it is termed as complementary sensitivity function. 

𝑇 (𝑠) =  
𝐶 𝑠 𝑃(𝑠)

1+𝐶 𝑠 𝑃(𝑠)
                          6.11 

if the magnitude of loop gain is small at high frequency range then the complementary sensitivity 

T will be small, so the effect of the noise on the output was attenuated. 

From sensitivity and complementary sensitivity functions, 

S(s) + T(s) = 1                                       6.12 
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Figure 6.2 Simulation structure for measurement noise analysis. 

In addition to above conditions for robust stability of the closed loop system, the 

following inequality constraint must be hold good to get robust closed loop performance. 

 𝑙𝑚 𝑠 𝑇 𝑠 + 𝑤𝑚  𝑠 𝑆 𝑠  < 1             6.13 

Where 𝑙𝑚  𝑠  and 𝑤𝑚 𝑠  are bounds on multiplicative uncertainty for complementary sensitivity 

and sensitivity functions respectively.  

6.2.4 Measurement noise analysis 

Measurement noise analysis was performed to check the quality of closed loop response 

by introducing a white noise in the output. The considered simulation structure for measurement 

noise analysis is shown in Figure 6.2. The control performance of measurement noise analysis is 

performed by considering the performance metrics such as ISE, IAE, ITAE and Total 

Variation.In simulation, the designed FOPID controller is approximated using Oustaloup 

method. The frequency range considered for approximation is 0.001-1000 rad/sec with 

approximation order of 5. It is to be noted that the tuning rule applied is described as SP or LD 

which means that setpoint tracking or load disturbance rejection task respectively and followed 

by target maximum sensitivity. 

6.3 Simulation results and discussion 

 The tuning rules proposed by Padula and Visioli[79] have been applied to the 

approximated FOPTD model to find the control dynamics of PEM fuel cell supply manifold 

pressure.The considered FOPTD model is 

𝐺 𝑠 =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

1

0.3832s+1
e−0.1314s,  𝜏 = 0.2553        6.14 
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The tuning rules for integer order PID (IOPID) and fractional order PID (FOPID) 

controllers with target values of maximum sensitivity Ms=1.4 and Ms=2 in both set point 

tracking and load disturbance rejection tasks have been applied to the FOPTD model given in 

Equation 6.14.Similarly AMIGO 1.4, AMIGO 2.0 PID [80] controllers based on maximum 

sensitivity (Ms) and also ZN based FOPID [56] controllers have been applied to the FOPTD 

model.  The simulated control performance of FOPID controller is analyzed and compared with 

control performance of IOPID, AMIGO 1.4, AMIGO 2.0 PID and ZN based FOPID controllers. 

The closed loop analysis was performed by applying set-point unit step change in input and 

disturbance rejection task was performed by applying unit step change in disturbance signal 

between controller and the FOPTD model. Time domain characteristics and Integral Absolute 

Error (IAE) of FOPID controller was compared with IOPID AMIGO 1.4, AMIGO 2.0 PID and 

ZN based FOPID controller. 

6.3.1 Performance assessment with Ms=1.4 

Figure 6.3(a) shows the set point and load disturbance responses of FOPTD model of 

Equation 6.14 for FOPID, IOPID, AMIGO 1.4 PID and ZN FOPID controllers and shows their 

corresponding controller output responses.  

 

Figure 6.3(a) Closed loop response for supply manifold pressure control process with Ms 1.4 

with set-point and load disturbance rejection control 

Figure 6.3(b) shows the magnified plot of Figure 6.3(a) which clearly describes the response of 

the controllers. Left side of Figure 6.3(b) shows set point responses of SP 1.4 IOPID, SP 1.4 
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FOPID, AMIGO 1.4 and ZN FOPID controllers and right side of the Figure 6.3(b) shows load 

disturbance responses of LD 1.4 IOPID, LD 1.4 FOPID, AMIGO 1.4 and ZN FOPID controllers 

for closed loop system for Ms 1.4 control. 

 

Figure 6.3(b) Magnified plot for the Figure 6.3(a) clearly shows the response for Ms 1.4 control. 

 

Figure 6.4(a) Closed loop responses for perturbed process with Ms 1.4 setpoint (SP) and load 

disturbance (LD) rejection control. 

Figure 6.4(a) shows responses of perturbed system (with +10% variation in process gain 

and time delay of FOPTD model) to changes in setpoint and load disturbances. Figure 6.4(b) 
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shows magnified plot of Figure 6.4(a) which clearly shows the responses of controllers for 

perturbed system. Left side of Figure 6.4(b) shows set point responses of SP 1.4 IOPID, SP 1.4 

FOPID, AMIGO 1.4 and ZN FOPIDcontrollers. Right side of the Figure 6.4(b) shows load 

disturbance responses of LD 1.4 IOPID, LD 1.4 FOPID, AMIGO 1.4 and ZN FOPID controllers 

for perturbed system. 

 

Figure 6.4(b) Magnified plot for the Figure 6.4(a) clearly shows the perturbed response for Ms 

1.4 control. 

Table 6.1 gives the designed optimal parameter values of integer order PID (IOPID), fractional 

order PID (FOPID),AMIGO PID and ZN FOPID controllers for set-point and load disturbance 

rejection tasks with maximum sensitivity Ms = 1.4. It also presents the obtained Integrated 

Absolute Error (IAE) as well as obtained maximum sensitivity (Ms) values for perfect and 

perturbed cases. Table 6.2 gives the time domain characteristic values for SP 1.4 IOPID, SP 1.4 

FOPID, AMIGO 1.4 and ZN FOPID controllers for a unit step change in input applied to perfect 

and perturbed cases. From Figure 6.3(b) and Table 6.2, it can be observed that the SP 1.4 FOPID 

controller provides better closed loop response with faster settling time and considerably lower 

peak overshoot than the other three methods such as SP 1.4 IOPID, AMIGO 1.4 PID and ZN 

FOPID controllers. The SP 1.4 IOPID controller  also provides good closed loop response nearly 

same as the SP 1.4 FOPID controller but have the higher values of settling time and peak 

overshoot. The AMIGO 1.4 PID controller produces good response with faster rise time but 

higher settling time and peak overshoot than SP 1.4 IOPID, SP 1.4 FOPID controllers. While ZN 



83 

 

FOPID controller method produces oscillation response with higher values of rise time, settling 

time and maximum peak overshoot. 

Table 6.1 Comparison of tuning rules for IOPID, FOPID AMIGO controllers with desired 

maximum sensitivity, Ms=1.4 and ZN FOPID controllers 

 Controller parameters Perfect case Perturbed case 

Tuning 

rules 
Kp Ti λ Td µ IAEsp IAEld Ms TVsp TVld IAEsp IAEld Ms TVsp TVld 

SP 1.4 

IOPID 
1.290 0.320 1 0.052 1 0.285 0.248 1.4 13.65 1.05 0.273 0.248 1.5 13.98 1.07 

SP 1.4 

FOPID 
1.599 0.379 1 0.031 1.2 0.255 0.238 1.4 20.06 1.09 0.246 0.237 1.5 20.69 1.14 

AMIGO 

1.4 
1.51 0.288 1 0.0474 1 0.263 19.82 1.5 16.27 1.13 0.269 19.82 1.6 16.82 1.22 

ZN 

FOPID 
0.21 0.506 1.5 0.4374 0.96 3.817 19.66 1.25 8.52 2.18 3.706 19.69 1.23 13.32 2.24 

LD 1.4 

IOPID 
0.911 0.146 1 0.089 1 0.336 0.202 1.4 9.97 1.39 0.345 0.210 1.5 10.32 1.48 

LD 1.4 

FOPID 
1.095 0.149 1 0.067 1.1 0.326 0.184 1.4 14.71 1.49 0.338 0.192 1.5 15.21 1.60 

 

Table 6.2 Time domain indices comparison for IOPID, FOPID, AMIGO with desired Ms=1.4 

and ZN FOPID controllers. 

 Perfect case Perturbed case 

Performance 

Parameters 

SP 1.4 

IOPID 

SP 1.4 

FOPID 

AMIGO 

1.4 

ZN 

FOPID 

SP 1.4 

IOPID 

SP 1.4 

FOPID 

AMIGO 

1.4 

ZN 

FOPID 

Rise time 

(sec) 
0.3230 0.331 0.2079 2.9378 0.2332 0.2860 0.1612 2.78 

Settling time 

(sec) 
1.1042 0.692 1.1052 21.765 1.0695 0.5482 0.9852 20.73 

Peak 

overshoot 

(%) 

2.3831 0.797 6.3064 38.188 3.5447 1.4935 11.06 38.76 

 

From the responses shown in Figure 6.3(b), for the load disturbance case, the LD 1.4 FOPID 

controller produces the response with less peak value and reaches the final value with small 
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amount of time when compared with LD 1.4 IOPID, AMIGO 1.4 and ZN FOPID controllers. LD 

1.4 FOPID controller effectively rejects the load disturbances when compare to LD 1.4 IOPID, 

AMIGO 1.4 and ZN FOPID controller. From the responses shown in the Figure 6.4(b), the SP 

1.4 FOPID controller performs well compared to SP 1.4 IOPID, AMIGO 1.4 and ZN FOPID 

controllers for perturbed model. The effectiveness of the SP 1.4 FOPID controller for perturbed 

model can be evaluated from the Table 6.2 by considering the time domain performance indices. 

From the response of the SP 1.4 FOPID controller, it produces faster settling time and 

considerably small peak overshoot for +10% uncertainty model.  

Similarly, from Figure 6.4(b) it can be noticed that LD 1.4 FOPID controller produces the 

better load disturbance rejection response over LD 1.4 IOPID, AMIGO 1.4 and ZN FOPID 

controllers for the perturbed model.  From Table 6.1 it should be observed that the IAE values of 

SP 1.4 FOPID controller for set-point tracking are lower than the SP 1.4 IOPID, AMIGO 1.4 

PID and ZN FOPID controllers in both the perfect and perturbed cases. The IAE values of LD 

1.4 FOPID controller for load disturbance rejection task are lower than the LD 1.4 IOPID, 

AMIGO 1.4 PID and ZN FOPID controllers in both the perfect and perturbed cases.  It also 

observed that the measured maximum sensitivity Ms value is exactly 1.4 for SP 1.4 FOPID, SP 

1.4 IOPID, LD 1.4 FOPID and LD 1.4 IOPID controllers i.e the designed controllers have more 

robustness where as AMIGO 1.4 PID obtained measured maximum sensitivity Ms value of 1.5 

and for ZN FOPID controller the Ms value is 1.25.  

 

Figure 6.5(a) Closed loop response involving measurement noise with 1.4 set-point and load 

disturbance rejection control tasks. 
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From Table 6.2, the maximum peak overshoot values for SP 1.4 FOPID controller in both 

perfect and perturbed cases are comparatively lower than SP 1.4 IOPID, AMIGO 1.4 PID and 

ZN FOPID controllers. From Tables 6.1 and 6.2, it can be observed that SP 1.4 FOPID controller 

well performs than SP 1.4 IOPID, AMIGO 1.4 PID and ZN FOPID controllers. 

The effect of measurement noise on the control response can be studied by introducing 

the white noise signal of power 0.00001. The closed loop responses for SP 1.4 FOPID and SP 

1.4 IOPID controllers with measurement noise rejection and their corresponding controller 

output are illustrated in Figure 6.5(a). Figure 6.5(b) shows the magnified plot of Figure 6.5(a) 

which describes the set point and load disturbance responses of controllers for measurement 

noise analysis 

 

Figure 6.5(b) Magnified plot for Figure 6.5(a) with Ms 1.4 measurement noise control 

responses. 

 Left side of Figure 6.5(b) shows set point responses of SP 1.4 IOPID, SP 1.4 FOPID, 

AMIGO 1.4 and ZN FOPID controllers. Right side of the Figure 6.5(b) shows load disturbance 

responses of LD 1.4 IOPID, LD 1.4 FOPID, AMIGO 1.4 and ZN FOPID controllers for 

measurement noise analysis. The performance indices for measurement noise rejection control 

with SP 1.4 FOPID, SP 1.4 IOPID, AMIGO 1.4 PID controllers are given in Table 6.3 and 

improved performance can be observed for SP 1.4 FOPID controller when compared with SP 1.4 

IOPID, AMIGO 1.4 and ZN FOPID controllers. 
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Table 6.3 Performance comparisons with measurement noise 

Type of controller 
Performance Index 

ISE IAE ITAE TV 

SP 1.4 IOPID 0.2015 0.2895 0.0740 17.4191 

SP 1.4 FOPID 0.1869 0.2600 0.0572 21.9189 

AMIGO 1.4 PID 0.1871 0.2926 0.3868 37.6429 

SP 2.0  IOPID 0.159 0.2013 0.0462 33.7433 

SP 2.0 FOPID 0.1554 0.1949 0.0449 33.6593 

AMIGO 2.0 PID 0.2072 0.3723 0.7515 79.1729 

ZN FOPID 1.6392 3.9912 24.259 9.0839 

Lower values of ISE, IAE, ITAE can be observed for SP 1.4 FOPID controller from Table 6.3. 

Similarly, SP 2.0 FOPID controller produces better performance indices values when compared 

to SP 2 IOPID, AMIGO 2.0 PID controllers as shown in Table 6.3. 

Figure 6.6 shows the complementary sensitivity Bode magnitude plot response for SP 1.4 

IOPID controller in both perfect and perturbed cases.  

 

Figure 6.6 Bode magnitude plot for complementary sensitivity function: SP 1.4 IOPID 

controller‘s perfect and perturbed cases.  

Figure 6.7 shows the complementary sensitivity Bode magnitude plot response for SP 1.4 FOPID 

controller in both perfect and perturbed cases. Figure6.8 shows the complementary sensitivity 

Bode magnitude plot response for AMIGO 1.4 PID controller in both perfect and perturbed 

cases.   
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Figure 6.7 Bode magnitude plot for complementary sensitivity function: SP 1.4 FOPID 

controller‘s perfect and perturbed cases. 

 

From Figures.6.6, 6.7 and 6.8, it is clear that the closed loop responses with SP 1.4 

IOPID, SP 1.4 FOPID and AMIGO 1.4 PID are stable for parametric uncertainties.   

 

Figure 6.8 Bode magnitude plot for complementary sensitivity function: AMIGO 1.4 

controller‘s perfect and perturbed cases. 
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6.3.2 Performance assessment with Ms=2 

Figure 6.9(a) shows the set point and load disturbance responses of FOPTD model of 

Equation 6.14 for FOPID, IOPID, AMIGO 2.0 PID and ZN FOPID controllers and shows their 

corresponding controller output responses.  

 

Figure 6.9(a) Closed loop response for supply manifold pressure control process with Ms 2.0 

with set-point and load disturbance rejection control 

Figure 6.9(b) shows the magnified plot of Figure 6.9(a) which clearly describes the 

response of the controllers. Left side of Figure 6.9(b) shows the setpoint step response with 

Ms=2.0 and right side of the Figure 6.9(b) shows the load disturbance step responses with Ms = 

2.0.  

 

Figure 6.9(b) Magnified plot for the Figure 6.9(a) clearly shows the response for Ms 2.0 control. 
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Figure 6.10(a) Closed loop response for perturbed process case with Ms 2.0 setpoint (SP) and 

load disturbance (LD) rejection control. 

Figure 6.10(a) shows responses of perturbed system (with +10% in process gain and time 

delay in FOPTD model) to changes in set point and load disturbances. Figure 6.10(b) shows 

magnified plot of Figure 6.10(a) which clearly shows the responses of controllers for perturbed 

system. Left side of Figure 6.10(b) shows set point responses of SP 2.0 IOPID, SP 2.0 FOPID, 

AMIGO 2.0 and ZN FOPID controllers. Right side of the Figure 6.10(b) shows load disturbance 

responses of LD 2.0 IOPID, LD 2.0 FOPID, AMIGO 2.0 and ZN FOPID controllers for 

perturbed system. 

 

Figure 6.10(b) Magnified plot for Figure 6.10(a) with Ms 2.0 control of perturbed process case. 
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Table 6.4 gives the designed optimal parameter values of IOPID, FOPID, AMIGO PID with 

maximum sensitivity Ms=2 and ZN FOPID controllers for set-point tracking and load 

disturbance rejection tasks.  

Table 6.4 Comparison of tuning rules for IOPID, FOPID AMIGO controllers with desired 

maximum sensitivity, Ms=2.0 and ZN FOPID controllers 

 Controller parameters Perfect case Perturbed case 

Tuning 

rules 
Kp Ti λ Td µ IAEsp IAEld Ms TVSP TVLD IAEsp IAEld Ms TVSP TVLD 

SP 2.0 

IOPID 
2.18 0.37 1 0.06 1 0.194 0.169 1.9 27.11 1.26 0.233 0.169 2.3 28.64 1.74 

SP 2.0 

FOPID 
2.40 0.40 1 0.046 1.1 0.187 0.167 1.9 31.13 1.46 0.225 0.167 2.2 33.20 1.92 

AMIGO 

2.0 
2.72 0.179 1 0.054 1 0.308 19.94 2.9 38.66 2.69 0.529 19.94 4.9 48.22 5.17 

ZN 

FOPID 
0.21 0.506 1.5 0.4374 0.96 3.817 19.66 1.25 8.52 2.18 3.706 19.69 1.23 13.32 2.24 

LD 2.0 

IOPID 
1.44 0.13 1 0.095 1 0.283 0.114 1.9 17.35 1.63 0.311 0.121 2.3 18.90 2.02 

LD 2.0 

FOPID 
1.54 0.13 1 0.081 1.1 0.271 0.112 1.9 26.70 1.74 0.297 0.114 2.2 29.35 2.12 

 

It also presents the obtained Integrated Absolute Error (IAE) as well as obtained 

maximum sensitivity (Ms) values for perfect and perturbed cases. Table 6.4 depicts that the IAE 

values of SP 2.0 FOPID controller for set-point tracking are lower than the SP 2.0 IOPID, 

AMIGO 2.0 and ZN FOPID controllers in both the perfect and perturbed cases. It means that the 

SP 2.0 FOPID controller is more effective for set-point tracking than SP 2.0 IOPID, AMIGO 2.0 

and ZN FOPID controllers. Also, the IAE values of LD 2.0 FOPID controller for load 

disturbance rejection task are lower than the LD 2.0 IOPID, AMIGO 2.0 and ZN FOPID 

controllers in both the perfect and perturbed cases. It means that the LD 2.0 FOPID controller 

acts faster to react for load disturbances. It is also observed that the measured maximum 

sensitivity Ms is 1.9 for SP 2.0 IOPID, SP 2.0 FOPID, LD 2.0 FOPID and LD 2.0 IOPID 

controllers for perfect case, it means that the controllers have less robustness and more 
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aggressiveness.  The AMIGO 2.0 PID controller have the measured maximum sensitivity Ms 2.9 

for perfect case and 4.9 for perturbed case. It means that AMIGO 2.0 PID produces oscillations 

in perfect and perturbed cases, and also less robustness based on Ms values.  

Table 6.5 Time domain indices comparison for IOPID, FOPID, AMIGO with desired Ms=2.0 

and ZN FOPID controllers. 

Performance 

Parameters 
Perfect case Perturbed case 

 
SP 2.0 

IOPID 

SP 2.0 

FOPID 

AMIGO 

2.0 

ZN 

FOPID 

SP 2.0 

IOPID 

SP 2.0 

FOPID 

AMIGO 

2.0 

ZN 

FOPID 

Rise time (sec) 0.10 0.09 0.0632 2.9378 0.0894 0.0821 0.0569 2.78 

Settling time 

(sec) 
0.54 0.52 0.9388 21.765 0.8322 0.7203 2.2107 20.73 

Peak overshoot 

(%) 
6.65 11.15 62.2019 38.188 25.53 30.97 88.3147 38.76 

Table 6.5 gives the time domain indices for SP 2.0 IOPID, SP 2.0 FOPID, AMIGO 2.0 

PID and ZN FOPID controllers for a unit step change in input in both perfect and perturbed 

cases. From Figures. 6.9(b), 6.10 (b) and Table 6.5, it was observed that, the SP 2.0 FOPID 

controller provides better response with considerably faster rise and settling times with respect to 

SP 2.0 IOPID, AMIGO 2.0 PID and ZN FOPID controllers. Similarly, the maximum peak 

overshoot value of SP 2.0 FOPID controller is considerably smaller with respect to the other two 

methods such as AMIGO 2.0 PID and ZN FOPID controllers. 

 

Figure 6.11(a) Closed loop response involving measurement noise with Ms 2.0 set-point and 

load disturbance rejection control tasks. 
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Figure 6.11(a) shows responses of measurement noise rejection control in set point and 

load disturbance with maximum sensitivity 2.0 controllers.  Figure 6.11(b) shows magnified plot 

of Figure 6.11(a) which clearly shows the responses of controllers for measurement noise 

rejection control system. 

 
Figure 6.11(b) Magnified plot for Figure 6.11 (a) with Ms 2.0 measurement noise control. 

Left side of Figure 6.11(b) shows set point responses of SP 2.0 IOPID, SP 2.0 FOPID, 

AMIGO 2.0 PID and ZN FOPID controllers. Right side of the Figure 6.11(b) shows load 

disturbance responses of LD 2.0 IOPID, LD 2.0 FOPID, AMIGO 2.0 PID and ZN FOPID 

controllers for measurement noise rejection control system. Table 6.6 shows the time domain 

indices comparison for IOPID, FOPID, AMIGO PID with desired Ms = 2.0 and ZN FOPID 

controllers for measurement noise rejection control analysis. 

Table 6.6 Time domain indices comparison for IOPID, FOPID, AMIGO with desired Ms=2.0 

and ZN FOPID controllers for measurement noise analysis. 

Time domain indices SP  2.0 IOPID SP  2.0 FOPID AMIGO 2.0 PID ZN FOPID 

Rise time (sec) 0.1015 0.0944 0.0632 3.0499 

settling time (sec) 0.5464 0.5195 0.9419 17.1448 

Peak overshoot (%) 6.1035 10.6768 61.5219 33.1117 
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From Figure 6.11(b) and Table 6.6, it was observed that for measurement noise rejection 

control analysis, the SP 2.0 FOPID controller provides better response with faster rise and 

settling times and considerably lower peak overshoot than the other three methods such as SP 2.0 

IOPID, AMIGO 2.0 PID and ZN FOPID controllers.  From Figure 6.11(b), it can be observed 

that both the LD 2.0 FOPID and LD 2.0 IOPID controller responses smoothly reaches the final 

value with less amount of oscillations for load disturbance rejection task in measurement noise 

control analysis with respect to AMIGO 2.0 PID and ZN FOPID controllers. 

The performance indices for measurement noise rejection control with SP 2.0 IOPID, SP 2.0 

FOPID, AMIGO 2.0 PID and ZN FOPID controllers are given in Table 6.3 and improved 

performance can be observed for SP 2.0 FOPID controller when compared with SP 2.0 IOPID, 

AMIGO 2.0 PID and ZN FOPID controllers. Lower values of ISE, IAE and ITAE can be 

observed from Table 6.3 for SP 2.0 FOPID controller. 

Figure 6.12 shows the complementary sensitivity Bode magnitude plot response for SP 2.0 

IOPID controller in both perfect and perturbed cases.  

 
Figure 6.12 Bode magnitude plot for complementary sensitivity function: SP 2.0 IOPID 

controller‘s perfect and perturbed cases. 

The magnitude plot in Figure 6.13 shows the complementary sensitivity function for SP 2.0 

FOPID controller with perfect and +10% perturbations in gain and time delay cases. Figure 6.14 

shows the complementary sensitivity Bode magnitude plot response for AMIGO 2.0 PID 

controller in both perfect and perturbed cases.  From Figure 6.12 it is clear that the SP 1.4 IOPID 
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controlled response with +10% uncertainties in gain and time delay obeys the robust stability 

condition. From Figure 6.13 shows the closed loop response with SP 2.0 FOPID controller 

complementary sensitivity function for parametric uncertainties are stable.  A better closed loop 

response is obtained for both SP 2.0 IOPID and SP 2.0 FOPID controllers among SP 2.0 

controllers with uncertainty in gain and time delay which shows that the closed loop system 

gives robust stability for uncertainties. 

 

Figure 6.13 Bode magnitude plot for complementary sensitivity function: SP 2.0 FOPID 

controller‘s perfect and perturbed cases. 

 

Figure 6.14 Bode magnitude plot for complementary sensitivity function: AMIGO 2.0 

controller‘s perfect and perturbed cases. 
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6.3.3 Comparison of time scales of different controllers with time scale of open loop 

response 

Time constant for open loop model response = 0.5275 sec 

Table 6.7Time constant values of controllers from this Chapter  

S.No Type of controller Time constant of the response in sec 

1 SP 1.4 IOPID  0.266 

2 SP 1.4 FOPID 0.246 

3 ZN based FOPID 2.233 

4 AMIGO 1.4 IOPID 0.241 

5 SP 2.0 IOPID 0.188 

6 SP 2.0 FOPID 0.178 

7 AMIGO 2.0 0.167 

 

Table 6.7 shows the time constant values of different controllers used in this chapter. When 

compare the time scales of different controller responses, the time constant of different controller 

responses from Table 6.7 are smaller than the time constant of the open loop response of the 

PEM fuel cell system.  

6.4 Conclusions 

A fractional order PI
λ
D

µ
 (FOPID) controller is designed for control supply manifold pressure 

of Proton Exchange Membrane (PEM) fuel cell to enhance the dynamic performance. The 

proposed controller is designed based on minimization of Integrated Absolute Error (IAE) and 

maximum sensitivity as a constraint at the same time. An approximated FOPTD model for the 

control of supply manifold pressure is derived from the fourth order PEM fuel cell model. The 

proposed tuning rules have been compared with respect to other tuning rules given in 

introduction section. The tuning rules of controllers discussed in this chapter are designed for 

application of FOPTD model. So the approximated FOPTD model was considered for design of 

controllers. Based on minimization of Integral Absolute Error (IAE) and desired maximum 

sensitivity of Ms 1.4 the performance of SP 1.4 FOPID controller is better than other related 

controller methods for the selected model. The SP 1.4 FOPID controller gives better results for a 

set point response with less overshoot and faster settling time and also better IAE value with 

maximum sensitivity of 1.4. Based on maximum sensitivity, the SP 1.4 FOPID controller is more 

robust controller. The LD 1.4 FOPID is better for load disturbance suppression. The SP 2.0 
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FOPID and SP 2.0 IOPID controllers produce considerable peak overshoot when comparing with 

SP 1.4 FOPID controller. Time domain and comparative performance analysis carried out for set 

point tracking and load disturbance rejection tasks using performance index IAE  with Ms = 1.4 

and Ms = 2.  By applying the perturbation of +10% in gain and time delay also the controller still 

has good performance. Adding measurement noise at output of closed loop also results in better 

response using FOPID controller.  
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Chapter 7 

Optimal Tuning of Fractional order PID controllers for the supply manifold 

Pressure control of PEM fuel cell using Genetic Algorithm 

7.1 Introduction 

In this chapter, a novel tuning method for FOPID controller parameters based supply 

manifold pressure control of PEM fuel cell using Genetic Algorithm (GA) technique is proposed. 

The objective function of the proposed GA is designed based on the required control 

characteristics of the system under study. The system is modeled using MATLAB/SIMULINK 

and the simulation results are obtained and compared with GA based integral absolute of the 

error (IAE) index, GA based integral time absolute of the error (ITAE) index, GA based integral 

square of error (ISE) index and proposed methods. The comparison indicates the effectiveness of 

the proposed tuning method as it gives a better performance and satisfies the specified control 

characteristics. 

7.2 Genetic Algorithm tuning method 

GA is an optimization search method that mimics the mechanism of natural evolution. It 

has been successively used to optimize many different complex problems.  

 

(a) 
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(b) 

Figure 7.1 The flow chart of GA optimization for FOPID controllers: (a) Flow chart of GA 

based tuning of FOPID controller parameters. (b) its chromosome structure. 

In this analysis, GA is used to determine the optimum values of the FOPID controller 

parameters that satisfy the required dynamic performance characteristics of the supply manifold 

pressure control system. Figure 7.1(a) shows the flowchart of GA based tuning of PID controller 

parameters. In the first, GA is initialized. Then, it creates an initial population of PID controller 

parameters. The population is generated randomly, covering the entire range of possible 

solutions. The population is composed of chromosomes. Each chromosome is a candidate 

solution to the problem. Figure 7.1(b) shows the chromosome structure, in which the five 

parameters (Kp, Ki,Kd, λ and µ) are included.  The chromosomes are applied in the FOPTD 

plant of fuel cell and the dynamic performance characteristics of the plant are determined for 

each chromosome. Then, the fitness value for each chromosome is evaluated using the objective 

function. Based on the fitness values of the first generation, a group of best chromosomes is 

selected to create the next population. After selection, crossover and mutation are applied to this 

surviving population in order to improve the next generation. The process continues until the 

termination criterion is achieved or the number of generations is reached to its maximum value. 

7.3  Proposed GA Method 

The most important step in applying GA tuning method is to choose the objective function 

that is used to evaluate the fitness value of each chromosome. In this chapter, four objective 

functions are used and their performances are compared. The first is based on integral of the 

absolute error (IAE) index, the second is based on integral of the square error (ISE) index, the 

third is based on integral time absolute of the error (ITAE) index and the fourth is proposed 

objective function (Fobj) which is designed according to the required control characteristics. The 

four objective functions can be given as: 

1) Integral Absolute Error (IAE)  

𝐽 =   𝑒(𝑡) 𝑑𝑡
∞

0
                           7.1 

2) Integral Square Error (ISE)  
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𝐽 =  𝑒(𝑡)2𝑑𝑡
∞

0
                                                                                             7.2 

3) Integral Time Absolute Error (ITAE)  

𝐽 =  𝑡 𝑒(𝑡) 𝑑𝑡
∞

0
                                                                      7.3 

4) Proposed multi-objective function 

𝐹𝑜𝑏𝑗 =   0.999 ∗  𝑒 𝑡  + 0.001 ∗ 𝑒 𝑡 2 ∗ 𝑑𝑡
∞

0
                                                           7.4 

The proposed objective function for equation 7.4 is selected based on the literature. The 

coefficients are selected 0.999 and 0.001 as reported in literature[97].  

7.4 Simulation results and discussions 

Simulation using genetic algorithm for PEM fuel cell system based on different 

performance indices such as IAE, ISE and ITAE and weighted combination of IAE and ISE 

functions are carried out for servo and regulatory control responses. In simulation runs, 

approximated FOPTD model of PEM fuel cell to control the supply manifold pressure is used as 

a plant. The ranges of FOPID controller parameters are considered for the simulation and other 

parameters of GA optimization process are shown in Table 7.1.   

Table 7.1 Settings of GA parameter values 

Parameter Value 

Populations 20 

Generations 50 

Ranges of PID parameters 0 ~ 1000 

Ranges of λ and µ [0-2] 

Crossover fraction 0.8 

Mutation rate 0.01 

Elite count 5 

The considered FOPTD model is given in Equation 7.5 

𝐺 𝑠 =
𝑃𝑠𝑚 (𝑠)

𝑉𝑐𝑜𝑚𝑝 (𝑠)
=

7.3913e−0.1314 𝑠

0.3832𝑠+1
                                                                                 7.5 

GA optimization process based on minimization of IAE index, ISE index, ITAE index and 

proposed objective functions are applied for the Equation 7.5 and for each case the FOPID 

parameters such as Kp, Ki, Kd, λ and µ are determined. Figure 7.2 shows the servo control 
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response of FOPID controllers designed by Genetic algorithm based on given objective 

functions. Table 7.2 gives the time domain characteristics of responses for different controllers 

designed by Genetic algorithm with given performance indices and proposed index as objective 

functions. 

From the servo control responses shown in Figure 7.2, it is observed that all the controllers 

are able to track the variation when the setpoint is changed from 0 to 1. The proposed GA based 

 

Figure 7.2 Servo control response of FOPID controllers designed by Genetic algorithm 

 

FOPID controller response settles faster than other given GA based FOPID controller responses. 

The variation of controller outputs is also shown in Figure 7.2. The performance measures like 

settling time, percentage of peak overshoot are calculated for different cost functions as shown in 

Table 7.2. It also presents the simulated FOPID controller parameters under various objective 

functions using GA. Further, from Figure 7.2, in all the controller responses, the control action 

(controller output) is found to be smooth.     

Table 7.2 Summary of performance measures comparison under various cost functions. 

GA based  

method 
Kp Ki Kd λ µ 

Settling time, 

sec 

% Peak 

overshoot 

IAE 0.354 0.756 0.041 0.114 1.230 1.100 19.26 

ITAE 0.425 1.534 0.006 0.134 1.000 0.889 50.35 

ISE 0.362 0.756 0.041 0.114 1.23 2.854 21.22 

Proposed 0.331 0.707 0.002 0.314 1.001 0.743 13.31 
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From Table 7.2 it can be observed that the proposed cost function FOPID controller response 

gives better reduction in percentage peak overshoot and settling time when compared to using 

ISE, IAE and ITAE separately. Figure 7.3 (a), (b) shows the servo and  regulatory control 

responses of supply manifold pressure controllers with ISE, IAE and ITAE separately and 

proposed objective function. Simulation studies are carried out to explore the disturbance 

rejection capability of the controllers in the presence of the change in disturbance input which is 

applied between controller and plant.  

 

(a) 

 

      (b) 

Figure 7.3 Control of supply manifold pressure using GA optimization method (a) Servo 

response and (b) Regulatory response. 
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A disturbance input of a unit positive step change is applied at time t = 0 sec. From Figure 

7.3, it can be inferred that the FOPID controllers using GA optimization process are able to reject 

the disturbance quickly and bring the output back to the set point. The FOPID controller with 

proposed objective function able to reject the disturbance input more quickly and get back the 

response to the set point when compared to the responses of FOPID controllers with IAE, ISE 

and ITAE cost functions separately. Further, the variation of controller output is found to be 

smooth as shown in Figure 7.3(b). 

A comparison of time domain and performance analysis is made between Padula et al [79] 

FOPID controller response from chapter 5 and proposed GA based FOPID controller response 

from chapter 7.  Figure 7.4 show the comparison of proposed GA based FOPID and FOPID with 

Ms 1.4 [79] controller methods. Table 7.3shows the summary of performance comparison of 

proposed GA based FOPID and FOPID with Ms 1.4 [79] controller methods. 

 

Figure 7.4 Comparison of Proposed GA based FOPID and FOPID with Ms 1.4[74] controller 

methods. 

From table 7.3 and Figure 7.4 proposed GA based FOPID controller produces the better response 

in all performance parameters except peak overshoot when compared with sensitivity based 

FOPID controller.  
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Table 7.3 Summary of performance comparison of proposed GA based FOPID and FOPID with 

Ms 1.4[79] controller methods 

Performance 

Parameters 

Proposed GA based 

FOPID 
 FOPID with Ms 1.4 [79] 

Rise time (sec) 0.148 0.3211 

Peak time(sec) 0.430 0.8200 

Settling time(sec) 0.743 1.1155 

Peak Overshoot (%) 13.31 3.559 

ISE 0.1908 0.1930 

IAE 0.2535 0.2802 

ITAE 0.0057 0.0607 

 

7.4.1 Comparison of time scales of different controllers with time scale of open loop 

response 

Time constant for open loop model response = 0.5275 sec 

Table 7.4 Time constant values of controllers from this chapter 

S.No Type of controller Time constant of the response in sec 

1 GA based IAE 0.233 

2 GA based ITAE 0.213 

3 GA based ISE 0.226 

4 Proposed Controller 0.240 

 

Table 7.4 shows the time constant values of different controllers used in this chapter. When 

compare the time scales of different controller responses, the time constant of different controller 

responses from Table 7.4 are smaller than the time constant of the open loop response of the 

PEM fuel cell system.   

7.5 Conclusions 

This section presents the novel tuning method for the FOPID controller parameters using genetic 

algorithm (GA) based supply manifold pressure control of PEM fuel cell. The objective function 
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of the proposed genetic algorithm is designed according to the required control characteristics of 

supply manifold system. The FOPTD model of supply manifold pressure system is modeled and 

its response with the proposed GA tuning technique was obtained. The proposed GA tuning 

method has a better performance compared with the traditional GAs based IAE, ITAE and ISE 

indices. The proposed method gives a better response and satisfies the specified control 

characteristics of the supply manifold pressure controlled system. 
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Chapter 8 

Design of Fuzzy self-tuning PID controller for control of oxygen excess ratio 

of PEM fuel cell 

8.1 Introduction 

A fuzzy logic controller (FLC) is widely accepted as an efficient controller, which is 

capable of controlling system without knowledge of its underlying dynamics and without using 

extensive mathematical analysis. Applications of FLCs in the literature witness that FLC is very 

efficient for nonlinear and uncertain systems. However, the design of FLC is difficult because it 

involves several parameters without a distinct method for tuning. The design parameters for FLC 

are input/output scaling factors, membership function parameters and the rule base. Several 

heuristic methods have been proposed for the design and tuning of FLCs usually involving trial 

and error methods. Here, a novel combining method based on conventional PID and fuzzy logic 

controllers is proposed. This proposal bears two major advantages: the strengths of both PID and 

fuzzy logic controllers are benefited while the hybrid controller suitably performs with 

uncertainties of nominal parameters of the PEMFC-based system. Fuzzy logic was firstly 

proposed by Lotfi A. Zadeh in 1965 to control plants that were difficult to model [81].  The 

application of fuzzy logic in control problems was firstly introduced by Mamdani in 1974 [82].A 

Fuzzy self-tuning PID controller is designed in order to regulate the oxygen excess ratio at a 

desired value when the stack current changes. The proposed control scheme is separated into two 

parts: fuzzy tuner and classical PID controller. The parameters of PID controller are adapted by 

means of fuzzy tuner.  

8.2 Fuzzy Logic Control System 

A simple fuzzy logic control system is shown is Figure 8.1. The fuzzy logic control 

system consists of two inputs error and change in error, error is obtained by comparing the 

reference input signal with output signal. This error is checked with respect to time that is called 

change in error and these are the basically two input of fuzzy logic controller. 
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Figure 8.1 Fuzzy Logic Control System 

The fuzzy logic controller consists of three components fuzzification, inference 

mechanism and DE fuzzification. When inputs (error and derivative error) are given to fuzzy 

logic controller then fuzzy logic controller decided what would be the output of this controller 

using fuzzy rules which are settled by fuzzy controller designer. Similarly, the fuzzy logic 

controller output is given to output motor or machine after processing mechanism. 

8.2.1 Components of Fuzzy Logic Control System 

The fuzzy logic control system consists of three main components,  

Fuzzification: Fuzzification component consists of two components that are called as 

membership function and labels. Fuzzy logic controller converts input data or variable data into 

fuzzy membership function according to user defined chart such as temperature is too cold, 

motor speed is too low and assign the grade of this data value from 0 to 1. Different shapes could 

be used for membership function such as S, A, π and Z. 

Inference Mechanism: Inference mechanism component of fuzzy logic control system consists 

of fuzzy rules which are settled by controller designer shown in Figure 8.1. Based on these fuzzy 

rules, controller decided the output of fuzzy logic controller. This is the main intelligent control 

of this system. 

DE fuzzification: DE fuzzification component of fuzzy logic converts the fuzzy data values into 

real life data values after examining the fuzzy rules but these real-life data values depend upon 

the DE fuzzification method. Different methods are used for DE fuzzification process such 

center of gravity (SOG), weighted average method, mean of maxima (MOM) and smallest of 

https://i2.wp.com/microcontrollerslab.com/wp-content/uploads/2017/06/fuzzy-logic-control-system-examples.jpg?ssl=1
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maxima (SOM). Each method has different advantages and disadvantages. These methods are set 

by the controller designer. 

8.2.2 Conventional PID Controller 

The control signal of a conventional PID controller is   

𝑢 𝑡 = 𝑘𝑝𝑒 𝑡 + 𝑘𝑖  𝑒 𝑡 𝑑𝜏
𝑡

0
+ 𝑘𝑑

𝑑𝑒(𝑡)

𝑑𝑡
                         8.1 

where error is denoted by e (t), kp is the proportional, ki is the integral and kd is the derivative 

coefficient of the Equation 8.1.The general feedback control diagram of the PEMFC system is 

shown in Figure 8.2. 

 

 
 

Figure 8.2 The general feedback control diagram of PEMFC system. 

8.2.3 Control Objective 

The main control objective for the PEM fuel cell system is regulating the oxygen excess ratio z2, 

the air excess ratio is defined by the amount of oxygen provided WO2,in and the amount of oxygen 

reacted WO2,reti.e described as [15,37] 

𝑧2 =
𝑊𝑂2.𝑖𝑛

𝑊𝑂2,𝑟𝑒𝑡

                             8.2 

If the value of z2 is too low it is likely to cause ―Oxygen Starvation‖. This phenomenon can 

cause a short circuit and hot spot on the surface of membrane cell. On the other hand, a higher 

value of z2   will drive the auxiliary system to consume more power. It is necessary to use 

efficient control method to regulate the oxygen excess ratio in order to prevent oxygen starvation 

and reduce the extra parasitic power loss. 
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8.2.4 Design of fuzzy self-tuning PID controller 

Fuzzy logic controller has two inputsto fuzzy inference: error e(t) and derivative of error 

de(t), and three outputs for each PID controller parameters respectively Kp, KiandKd.  Mamdani 

model is applied as structure of fuzzy inference with some modification to obtain the best value 

for Kp, KiandKdshown in Figure 8.3. 

 

Figure 8.3 Fuzzy Inference System (FIS) 

 

Fuzzy self-tuning PID controller means that the three term control Kp, Ki and Kd are tuned 

by using fuzzy tuner. The oxygen excess ratio control based on Fuzzy self-tuning PID controller 

is shown in Figure 8.4. Figure 8.5 shows the Fuzzy self-tuning PID controller structure for the 

control of oxygen excess ratio of PEM fuel cell system using Simulink. 

 

 
Figure 8.4 Fuzzy self-tuning PID controller structure for the control of oxygen excess ratio of 

PEM fuel cell system. 
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Figure 8.5 Implementation of Fuzzy self-tuning PID controller for the control of oxygen excess 

ratio of PEM fuel cell system using Simulink of MATLAB. 

 

Where e is the error between oxygen excess ratio set point and its output and ∆𝑒 is derivation of 

error. There are two inputs to fuzzy inference e and  ∆𝑒 , and three outputs kp, ki and kd. the 

actual range of e and ∆𝑒 is [-3, 3] and [-30, 30], which can be converted to [-1,1] by multiplying 

the factors. The output range kp, ki and kdare [0, 1000], [0, 2000] and [0, 1] respectively. The 

fuzzy subsets of input are small, middle, and large and the output fuzzy subsets are small, 

middle, and large. The basic form of fuzzy control rule is ― if the error eand the error derivation 

∆𝑒is  A and B, then the fuzzy control outputs are kp, ki and kd ―. The membership functions of 

inputs and outputs are respectively shown in Figure 8.6 and 8.7. And the fuzzy control rules are 

obtained by Table 8.1. 

Table 8.1 Fuzzy rules for tuning PID parameters 

e 

 

Δe 

Kp, ki, kd SMALL (S) MIDDLE (M) LARGE (L) 

SMALL M S S M S S L S S 

MIDDLE L M M M M S M S S 

LARGE L LL M L S S L S 
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Figure 8.6 Membership functions for e and ∆𝑒 

 

Figure 8.7 Membership functions for kp, ki and kd 

8.3 Simulation results and Discussion 

To verify the performance of the Fuzzy self-tuning PID control strategy, simulations 

using MATLAB/SUMULINK are performed and analyzed. The Fuzzy self-tuning PID control 

strategy applied to 4
th

 order `nonlinear model of the PEMFC system. The main aim of the design 

of these controllers is to regulate the oxygen excess ratio at a setpoint value, which is assumed 
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equal to 2. With this setpoint, it can be guaranteed that the PEMFC system works within the 

range of its maximum net power for each load variation while the oxygen starvation is avoided. 

8.3.1 Comparative analysis 

This subsection shows a comparison study between the control strategies i.e., Classical 

PID and fuzzy self-tuned PID controllers. Figure 8.8 shows the variation of stack current which 

is applied to the nonlinear PEM fuel cell model as load disturbance input. The stack current rises 

up from 50 A to 100 A at t = 5 s. Next, after 5 s, it increases by 100 to 150 A. This increment 

stopped when the stack current reaches 250 A. After 25 s, the current rises from 250 to 275A. 

Finally, at time 30 s the stack current 275 to 300 A 

 

Figure 8.8 Stack current variation 

 Figure 8.9 shows the dynamic behavior of oxygen excess ratio under different stack 

current variation using PID controller and Figure 8.10 shows the response of oxygen excess ratio 

using Fuzzy Self tuning PID(FSTPID) controller under load current variation of Figures 8.8.  
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Figure 8.9 Response of oxygen excess ratio using classical PID controller. 

 

Figure 8.10 Response of oxygen excess ratio using fuzzy self tuning PID controller 

It can be seen from Figure 8.11 that all the applied control strategies adjust oxygen excess 

ratio(z2) at the setpoint with a satisfactory tracking performance. Figure 8.12 present the 

magnified plot of oxygen excess ratio when the stack current is increased from 100 A to 150 A 

(at t =10 s).  
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Figure 8.11 Response of oxygen excess ratio for PID and FSTPID control strategies. 

 

Figure 8.12 The magnified plot of oxygen excess ratio variation at t=10s 

Comparison of time domain specifications of PID and FSTPID control schemes is given 

in Table 8.2. The settling time for classical PID 0.48 sec reduced to 0.3990 sec in the fuzzy self 

tuning PID control scheme. Percentage of peak overshoot for PID is 364.51 is reduced to 56.84 

in the fuzzy self tuning PID controller. 
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Table 8.2 Comparison of time domain specifications. 

Type of controller Peak time Settling time Overshoot (%) 

PID 0.0870 0.4800 364.51 

FSTPID 0 0.3990 56.8409 

8.4 Conclusions 

In this chapter, a fuzzy self tuning PID controller is designed to control the oxygen excess ratio 

in order to avoid oxygen starvation when stack current suddenly change. The simulation results 

shows that fuzzy self tuning PID control has better control effort than the classical PIDcontrol 
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Chapter 9 

Overall conclusions and Future work 

In this thesis work, higher order PEM fuel cell model is approximated to FOPTD model 

for analysis and control design using one of the model reduction methods. The analysis of 

uncertainty for the FOPTD model was carried out to know the uncertainty of plant transfer 

function with varying operating conditions. From FOPTD model, Smith predictor controller was 

designed and compared with other tuning methods such as ZN-PI, Skogestad- Internal Model 

Control (SIMC)-PI, Improved SIMC-PID. Smith predictor produces better response in terms of 

percentage of peak overshoot compare to classical controllers. Model Predictive Controller was 

designed for the linearized SISO system of higher order model of PEM fuel cell to control the 

supply manifold pressure. Simulation results shows that the MPC controller produces very less 

overshoot but it produces slow rise time. Decentralized PI controller was designed for the 

linearized MIMO system to know the interactions of the plant outputs. 

Different fractional order PI/PID controller tuning methods were applied to the 

approximated FOPTD model of PEM fuel cell and compared their performance in terms of 

performance indices and time domain indices. Tested the robustness of better fractional order 

controller on original non linear model of PEM fuel cell system for the control of supply 

manifold pressure. Simulation results shows that the proposed controller produces significant 

output response under load current disturbances. 

Fractional order PID controller was designed for the supply manifold pressure control of 

Proton Exchange Membrane fuel cell based on minimization of IAE and constraint of maximum 

sensitivity 1.4 and 2.0. Compared with AMIGO PID and ZN FOPID controller tuning methods 

in terms of performance indices and time domain indices. Simulation results shows that the 

proposed controller produces better response under measurement noise. 

Designed fractional order PID controller based on proposed objective function using 

Genetic Algorithm for the control of supply manifold pressure of PEM fuel cell system and 

compared its response with standard objective functions. From simulation results the proposed 

controller produces better response when compare to other  methods of similar kind. 
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Fuzzy self tuning PID controller was applied for the original model of the PEM fuel cell system 

model to control the oxygen excess ratio and compared its response with classical PID controller. 

From the simulation results Fuzzy self tuning PID controller produces significant response when 

compare to classical PID controller under external disturbances are applied.  

Future scope of the work 

 Design of fuzzy fractional PI-PD controller for the control of oxygen excess ratio of PEM 

fuel cell. 

For the given 4
th

 order model, we will design fuzzy fractional PI-PD controller using 

optimization methods to control the oxygen excess ratio of PEM fuel cell. And compare the 

performance of the designed controllers with other controllers worked out in the literature. 

 Design of centralized controllers for MIMO system of PEM fuel cell. 

In this work, we will design the different centralized controller methods for the MIMO 

system of PEMFC and compare the better results. 

 Design of fractional order controllers for the MIMO system of PEM fuel cell. 

We will design fractional PI controllers for the MIMO system of PEM fuel cell system using 

different optimization methods and compare the better results. 
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Appendix A 

Model parameters and constants 

Table: I Simulation Parameters of PEMFC system 

Parameter Symbol SI Units Value 

Atmospheric pressure 𝑃𝑎𝑡𝑚  Pa 101325 

Saturation pressure 𝑃𝑠𝑎𝑡  Pa 3140.4 

Average ambient air relative humidity ∅𝑎𝑡𝑚  -- 0.5 

Atmospheric temperature 𝑇𝑎𝑡𝑚  K 298. 15 

Air-specific heat ratio 𝛾 -- 1. 4 

Stack temperature 𝑇𝑠𝑡  K 353. 15 

Specific heat of air CP  J/kg/K 1004 

Universal gas constant 𝑅 J /mol/K 8. 31451 

Molar mass of oxygen 𝑀𝑂2 kg/mol 32 × 10−3 

Molar mass of nitrogen 𝑀𝑁2 kg/mol 28 × 10−3 

Molar mass of vapor 𝑀𝑣 kg/mol 18 × 10−3 

Molar mass of air 𝑀𝑎,𝑎𝑡𝑚  kg/mol 29 × 10−3 

Faraday‘s constant 𝐹 C/mol 96485 

Cathode volume 𝑉𝑐𝑎  m
3
 0.01 

Supply manifold volume 𝑉𝑠𝑚  m
3
 0. 02 

Air-supply compressor  

motor mechanical efficiency 

𝜂𝑐𝑝  % 0.8 

Air-supply compressor efficiency 𝜂𝑐𝑚  % 0.98 

Air-supply compressor and motor inertia 𝐽𝑐𝑝  N.m 5 × 10−5 

Air-supply compressor motor resistance 𝑅𝑐𝑚  ohm 0. 82 

Motor constant 𝐾𝑡  Nm/A 0. 0153 

Motor constant 𝐾𝑣 V/ (rad/sec) 0. 0153 

Cathode inlet orifice constant 𝐾𝑐𝑎 ,𝑖𝑛  kg/sec/Pa 0.36 × 10−5 

Cathode outlet throttle discharge co efficient   𝐶𝐷 --- 0.0124 
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Cathode outlet throttle area 𝐴𝑇  m
2
 0.002 

Number of cells in fuel cell stack 𝑛 --- 381 

Oxygen mole fraction 𝑦𝑂2,𝑎𝑡𝑚  ---- 0.21 

 

Table: II Constants of the PEMFC system model. 

𝑐1 =
𝑅𝑇𝑠𝑡𝐾𝑐𝑎 ,𝑖𝑛

𝑀𝑂2
𝑉𝑐𝑎

 
𝑥𝑂2,𝑎𝑡𝑚

1 + 𝜔𝑎𝑡𝑚
  𝑐7 =

𝑅𝑇𝑠𝑡𝑛

4𝐹𝑉𝑐𝑎
 𝑐13 =

𝜂𝑐𝑚𝐾𝑡
𝐽𝑐𝑝𝑅𝑐𝑚

 

𝑐2 = 𝑃𝑠𝑎𝑡  
𝑐8 =

𝑅𝑇𝑠𝑡𝐾𝑐𝑎 ,𝑖𝑛

𝑀𝑁2
𝑉𝑐𝑎

 
1 − 𝑥𝑂2,𝑎𝑡𝑚

1 + 𝜔𝑎𝑡𝑚
  𝑐14 =

𝑅𝑇𝑎𝑡𝑚 𝛾

𝑀𝑎,𝑎𝑡𝑚 𝑉𝑠𝑚
 

𝑐3 =
𝑅𝑇𝑠𝑡
𝑉𝑐𝑎

 𝑐9 =
𝜂𝑐𝑚𝐾𝑡𝐾𝑣
𝐽𝑐𝑝𝑅𝑐𝑚

 𝑐15 =
1

𝜂𝑐𝑝
 

𝑐4 = 𝑀𝑂2
 

𝑐10 =
𝐶𝑝𝑇𝑎𝑡𝑚

𝐽𝑐𝑝𝜂𝑐𝑝
 

𝑐16 = 𝐾𝑐𝑎_𝑖𝑛  

𝑐5=𝑀𝑁2
 𝑐11 = 𝑃𝑎𝑡𝑚  

𝑐17 =
𝐶𝐷𝐴𝑇

 𝑅𝑇𝑠𝑡
 

2𝛾

𝛾 − 1
 

𝑐6 = 𝑀𝑣𝑃𝑠𝑎𝑡  
𝑐12 =

𝛾 − 1

𝛾
 𝑐18 =

1

𝛾
 

𝑥𝑂2,𝑎𝑡𝑚 =  
𝑦𝑂2,𝑎𝑡𝑚  𝑀𝑂2

𝑀𝑎,𝑎𝑡𝑚
 𝜔𝑎𝑡𝑚 =

𝑀𝑣

𝑀𝑎,𝑎𝑡𝑚

𝜙𝑎𝑡𝑚 𝑃𝑠𝑎𝑡
𝑃𝑎𝑡𝑚 − 𝜙𝑎𝑡𝑚 𝑃𝑠𝑎𝑡
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Appendix B 

 

Simulink diagram of the 4
th

 order PEM fuel cell model used in Chapter 3 for deriving the 

open loop step response and deriving the FOPTD model.   
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Simulink diagram of 4
th

 order model divided into two parts 1) constants of the model and 

2) state equations of the model. 
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Simulink diagram for the constants of the model 
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Simulink diagram for the state equations of the model 
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Simulink Block diagram for comparison of smith predictor with other methods used in 

Chapter 4 
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Simulink Block diagram for Decentralized controller for the MIMO system of PEM fuel 

cell which is used in Chapter 4 
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Simulink diagram for optimization using GA which is used in Chapter 7 
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