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Abstract 

Direct Methanol Fuel Cell (DMFC) offers one of the most promising alternatives for 

the replacement of fossil fuels. However, the effective design of the fuel cell may be, it 

cannot perform effectively without proper control system. This paper deals the 

development of mathematical model through SIMULINK in MATLAB platform and takes 

a qualitative look at six different popular conventional controller tuning methods Viz., 

Ziegler-Nichols closed loop method, Modified Ziegler-Nichols method, Tyreus-Luyben 

tuning method, damped oscillation method, Open loop Ziegler-Nichols method and C-H-

R tuning method. PI Controller has been designed using the said tuning method for 

DMFC. Its performances are analysed based on the servo response and controller 

objective studies. To strengthen the performance of the best controller, error signal 

analysis and control signal analysis along with robustness criteria are analysed. Among 

the selected tuning rules, C-H-R tuning method-based PI Controller performing better 

without any overshoot, with the minimum values of time domain indices and error 

indices when compared to other tuning rules. 
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1. Introduction 

Development of dynamic model and identification of optimum tuning rule is 

important in the process of automation of any system. Proportional Integral (PI) 

controller is the most widely used control technique in process industries due to their 

simplicity, robustness and successful practical applications, easy to implement and tune 

[1]. Most of the PI controller tuning methods, assumed that the controlled process 

behaves as a linear first order system with constant output delay. If the system is non-

linear it can be linearized at different operating points. Similarly, higher order systems 

can be approximated with lower order models. In control system studies, first case was 

focused on identification of dynamic model which leads to the process transfer function 

parameter and second case was studied with different PI controller tuning methods to 

find out the suitable and optimum tuning rule. PI controllers were mainly used for two 

purposes in system’s control. The first was reference signal tracking. The second was 

load disturbance rejection. The PI controller tuning methods were classified into two 

main categories of closed loop methods and open loop methods.  
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Closed loop tuning techniques refers to methods that tune the controller during 

automatic state in which the plant is operating in closed loop. The open loop techniques 

refer to methods that tune the controller when it was in manual state and the plant 

operates in open loop [2,3]. A basic PI controller consists of proportional and integral 

terms Where, Kc is Proportional gain, τi is Reset time. 

This paper deals the dynamic model development and takes a qualitative analysis of 

six different open loop and closed loop PI controller tuning methods to design a 

controller. Closed loop methods considered are Ziegler-Nichols closed loop tuning 

method, Modified Ziegler-Nichols tuning method, Tyreus-Luyben tuning method and 

damped oscillation tuning method. Open loop methods considered are Ziegler-Nichols 

step response method and C- H-R tuning method. 

 

2. Materials and methods 

Direct Methanol Fuel Cell (DMFC) is the one which converts the chemical energy 

into electrical energy directly with higher efficiency. The DMFC is a type of proton 

exchange membrane fuel cell that is fed with an aqueous solution of methanol instead of 

hydrogen in PEM Fuel cell. A dynamic model of Direct Methanol Fuel Cell was 

developed for the evolution of the cell performance with time. The phenomena 

considered to develop the dynamic model were, convective mass transport occurred in 

the anode cell compartment, electrochemical oxidation of methanol in the anode catalyst 

layer, electrochemical reduction of oxygen in the cathode catalyst layer [4]. The 

Schematic diagram of DMFC is given in figure 1. The following are electrochemical 

half-cell reactions and overall reaction involved in DMFC.  

Anode reaction :  

CH3OH + H2O →  CO2 +6H+ +6e−              (1) 

Cathode reaction :  

6H+ +6e− +3/2O2 →  3H2O                          (2)  

Overall reaction  : 

CH3OH + 3/2O2 →  2H2O + CO2             (3) 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic diagram of DMFC 
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 A four-step reaction mechanism was used to describe the electrochemical oxidation of 

methanol at the platinum ruthenium catalysts. Six different differential equations are 

obtained from the material balances made against anode and cathode potential, adsorbed 

species coverage and cell current [5,6].  

Table 1. Equation for variation of CCH3OH and Anode/Cathode over potential  

 

 

Table 2. Equation for Coverage of adsorbed species at anode 

 

 

These equations are used for the development of the dynamic model of DMFC. In 

these differential equations, the first one gives the rate of variation of methanol 

concentration in the anode compartment assumed to be well mixed. The next three 

equations are needed for the coverage of adsorbed species and the last two equations are 

needed for the anodic and the cathode over potentials (Table 1, Table 2). 

A code was written on MATLAB SIMULINK with S-Function route to develop a 

dynamic model and solve these equations with the standard operating conditions (Figure 

2). This dynamic model is used to computes the cell voltage density as a function of the 

cell current, anode and cathode over potential as given below.  

             (4) 

Dynamic simulations of DMFC model output (voltage) were recorded at fixed current 

(Galvanostatic conditions) starting from zero current (mA) to the maximum current (mA) 

at which voltage drop becomes zero [7]. It was done at various Cell temperatures (313K, 

323K, 333K), with the fixed methanol flow rate (1CCM) and methanol concentrations 

(1M).  
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3. Results and discussion 

In this present work, dynamic model of DMFC was developed. First Order Plus Time 

Delay (FOPTD) model [8] was taken as a base for designing PI controllers for DMFC.  

3.1 Identification of PI controller settings  

FOPTD model was developed from the open loop step responses of the dynamic model 

of DMFC. To determine the FOPTD model parameters two different operating 

temperatures (313 K, 333 K) were chosen. By giving step changes of ±10% and ±15% in 

the operating temperatures at 25% and 75% cell voltage. Based on the Sunderasan 

et.al.[9] model identification procedure, the FOPTD model parameters (process gain, 

time constant and time delay) were calculated from the step responses. 

 

 

 

 

 

 

 

 

Figure 2. Dynamic model of DMFC 

 

 

 

 

 

 

 

 

 

Figure 3. Open loop step responses 

Worst case model parameter criterion was used to select the model parameters of DMFC. 

Based on the worst-case model parameter criterion, the optimum model parameters are 

selected Viz., larger process gain (Kp = 0.107), larger time delay (θ = 2 Sec) and smaller 

time constant (τ = 18 Sec). These selected parameters are used to represent the First 

Order Plus Time Delay model of DMFC that was given below. 
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Closed loop block diagram of DMFC with PI controller was developed in MATLAB 

Simulink environment [10] which are used for controller performance evaluation.   

3.2 Controller tuning Methods  

Before proceeding with the closed loop operation of DMFC, PI controller had been 

designed using six different popular controller tuning rules [11].  

3.2.1 Closed Loop Ziegler-Nichols Method 

Ziegler Nichols tuning method was a trial-and-error tuning method [12] based on 

sustained oscillations (Table 3). This method was probably the most known and 

widely used method for tuning of PI controller. It was also known as online or 

continuous cycling or ultimate gain tuning method. In Closed Loop Z-N method, a 

sustained oscillation response was obtained (Fig 4) for a specified value of ultimate 

gain and ultimate period.  Having the Kcu and Pu values, PI controller parameters 

were calculated and presented in Table 4. 

 

 

 

 

 

 

 

 

Figure 4. Z-N Sustained oscillation curve 

 

3.2.2 Modified Ziegler-Nichols Methods  

Modified Z-N settings [13] was a new version of closed loop Ziegler-Nichols 

tuning rule (Table 3). It was used when the more conservative responses were 

preferred. PI controller settings were calculated with the Kcu and Pu values 

obtained from Fig 4 and represented in Table 4. 

3.2.3 Tyreus – Luyben tuning method  

The Tyreus-Luyben procedure was like the Ziegler–Nichols closed loop tuning 

method, but the final controller settings were different [14]. The settings of PI 

controller (Table 3) were calculated based on ultimate gain and ultimate period 

given in Table 4. 

3.2.4 Damped Oscillation Method 

This method was used for solving problem of marginal stability. The process was 

characterized by finding the gain at which the process has a damping ratio of ¼ 

with the frequency of oscillation [15]. In this method, a damped oscillation curve 

(Fig 5) was obtained with the decay ratio of 0.25. From the damped response, 

damped gain (Kcd) and period of oscillation (Pd) were calculated. Controller 

settings were obtained from Kcd and Pd (Table 3). The controller parameters were 

calculated and represented in Table 4. 
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Figure 5. Damped oscillation (DR=0.25) 

3.2.5 Open Loop Ziegler-Nichols Method 

Ziegler Nichols Open loop tuning rule was the most popular method used to 

determine the design parameters (Table 3) of PI controller [16]. It was based on the 

step response of the system. In open loop Z-N method [17], step changes in set 

variable were given with ±10% and ±15%. The needed system parameters, delay 

(L), time constant (T) and gain (K) were determined from the step response (Fig 6).  

These parameters were used to design PI controller. Calculated tuning parameters 

were represented in Table 4. 

 

 

 

 

 

 

Figure 6. Z-N Open loop step response 

3.2.6 C-H-R tuning Method  

This method has been proposed by Chien, Hrones and Reswick [18, 19] which is a 

modification of open loop Ziegler Nichols method. The PID controller parameters 

(Table 3) were calculated based on the model parameter (K, T, and L) derived from 

Fig 6 and the calculated tuning parameters namely, controller gain and integral time 

were listed in Table 4.  

Table 3. Tuning rule formulas 
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Table 4. Designed controller’s parameters 

 

3.3 Controller Performance evaluation  

Servo responses based on six different tuning rules were recorded for the step 

changes of voltage (40-50% and 40-30%) in a closed loop operation of DMFC 

system with PI controller. They are represented in Fig 7 and Fig 8.  

 

 

 

 

 

 

 

 

     Figure 7. Closed loop response (40-50%) 

 

 

Figure 8. Closed loop response (40-30%) 
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Figure 9. Error signal analysis curves 

 

 

 

 

 

 

 

 

 Figure 10. Control signal analysis curves 

 

Further their performances were assessed with error signal analysis Fig 9 and 

control signal analysis Fig 10. Apart from these, controller objectives presented in 

Table 3 and good control criteria [20] presented in Table 4 were also used for the 

analysis. 

Table 5. Time domain specifications 
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Table 6. Controller time indices 

 

3.4 Robustness Analysis of CHR TR 

Based on the above said analysis, CHR TR based PI Controller is best performing 

to control temperature in DMFC. To value add the above results, the robustness test 

[21] was investigated for CHR TR based PI Controller. It was investigated at the 

steady state operating point 50% cell voltage with ±20% step changes in cell 

voltage. The set point tracking responses obtained are shown in Fig 11 and CPM 

Indices were recorded in Table 5. From these results, it is justified that the proposed 

CHR TR based PI Controller is found robust. 

 

 

 

 

 

 

 

Figure 11. Robustness: Servo response 

 

Table 7. Robustness: Servo response  
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Conclusion 

In this work, the mathematical model for Direct Methanol Fuel Cell (DMFC) was 

derived in MATLAB platform and the performances of the six different 

conventional controller tuning methods with DMFC were qualitatively analyzed. 

Performance of DMFC with these control techniques for a set point tracking were 

analyzed and recorded through time domain indices and error indices. Based on the 

performance analysis, it was observed that the C-H-R tuning method-based PI 

Controller performing better without any oscillations, with minimum values of time 

domain indices and error indices when compared to other tuning rules taken for 

comparison in DMFC operation.  
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 Symbols: 

e(t)ss:    Steady state error 

tr(s):      Rise time in seconds 

ts (s:      Settling time in seconds 

% OS:    Percentage overshoot 

Abbreviation: 

DMFC:             Direct Methanol Fuel Fell 

PI Controller:   Proportional Integral Controller 

CZN TR:          Closed Loop Ziegler-Nichols Method Tuning Rule 

MZN TR:         Modified Ziegler-Nichols Methods Tuning Rule 

TLS TR:          Tyreus – Luyben tuning method Tuning Rule 

DOM TR:        Damped Oscillation Method Tuning Rule 

OZN TR:         Open Loop Ziegler-Nichols Method Tuning Rule 

CHR TR:         C-H-R tuning Method Tuning Rule 
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