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Abstract

:

A dynamic model of a Direct Methanol Fuel Cell is developed in the MATLAB platform. A newly proposed Coefficient Diagram based Proportional Integral Controller (CD-PIC) is designed and its parameters are calculated. The newly designed CD-PIC is implemented in a real time Direct Methanol Fuel Cell (DMFC) experimental setup. Performances in real time operation of the Direct Methanol Fuel Cell (DMFC) are evaluated. The performance of CD-PIC is obtained under tracking of set point changes. In order to evaluate the CD-PIC performances, most popular tuning rules based Conventional PI Controllers (C-PIC) are also designed and analyzed. Set point tracking is carried out for the step changes of ±10% and ±15% at two different operational points. The controller performances are analyzed in terms of Controller Performance Measuring (CPM) indices. The said performance measures indicate that the proposed CD-PIC gives the superior performances for set point changes and found very much robust in controlling DMFC.
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1. Introduction


In the present stage of the energy crisis, it has become unavoidable to find out the alternatives for the largely exploited fossil fuels. Recent developments in the field of fuel cells have given encouraging results suggesting their possible use of replacing the conventional highly polluting, less efficient combustible engines. A considerable development in technology has made life on this planet really comfortable, but with this comfort, came the burden of finding and providing quality energy. Fuel cells are energy resources that convert chemical energy into electricity in a clean and resourceful manner, through a chemical reaction with air or oxygen. Although, different varieties of fuel cells have been developed, the search is on to find out the most promising fuel cell that offers higher efficiency. In this context, the Direct Methanol Fuel Cell (DMFC) appears to be the most promising tool to provide power to electronic devices. This DMFC is targeted especially to portable applications, where energy and power density are more important than efficiency. DMFC converts the chemical energy into electricity directly with higher efficiency. DMFC is a subcategory of the Proton-Exchange Membrane Fuel Cell (PEMFC) in which methanol is used as the fuel. The salient features of DMFC are the ease of transport of methanol, low or zero emissions, reliability in operation and utilization of methanol directly as a fuel to convert chemical energy to electric power. The simple design of the fuel cell system does not give maximum efficiency. Dynamic modeling influences a major role to enhance the fuel cell efficiency [1,2]. Dynamic modeling of the fuel cell is also necessary for better understanding of the DMFC operation.



The increasing usage of the control mechanism in various chemical, electrochemical and allied fields, created a need to develop a reliable control strategy. The classical control techniques are applicable for simple processes. Advanced control techniques find wide applications, but the procedure involved in designing the controller is complex. In 1991, a Japanese researcher Prof. Shuji Manabe proposed the polynomial controller concept called the Coefficient Diagram Method. The Coefficient Diagram inherits the classical and advanced control theories. The uniqueness of the method is an adaptation of the polynomial illustration for both the process plant and its controller, which utilize the Two Degrees of Freedom Structure (2DOF) of the control system [3]. In addition, the Coefficient Diagram approach is relatively not very sensitive to load and bounded uncertainties caused by variations in the process variables. One of the important properties of this approach is that, the transient response of the controller is under the control of the designer by selecting the parameter values Viz., stability indices (γi), equivalent time constant (τ), and stability limits (γi*) during the initial stage of the design itself [4].



In this study, the Coefficient Diagram based Proportional Integral Controller (CD-PIC) is designed and tested over DMFC through real time experimentation. The servo response obtained with CD-PIC is compared with the performances of conventional PI Controller tuning rules Viz., Ala Eldin Abdallah Awouda, et al. [5] Tuning Rule (ARTR) and Padma Sree, et al. [6] Tuning Rule (PSCTR). Performance indices are used to validate the results.




2. Materials and Methods


2.1. State of the Art of DMFC Experimentation


The Direct Methanol Fuel Cell is fed with methanol in the anode side where the methanol is oxidized and air is fed at the cathode side where the reduction of oxygen takes place. The anode and cathode are separated by a membrane. The membrane allows the proton to transfer into the cathode from the anode, while blocking other components. Membrane Electrode Assembly (MEA) comprises of electrodes and membrane. Each electrode is made of a gas diffusion layer, followed by a catalyst layer. The membrane used in DMFC is Nafion 117. When an aqueous methanol is fed at the anode layer, it diffuses to the cathode layer and gets oxidized to carbon dioxide, electrons and protons. Protons pass through the membrane, to the cathode side catalytic layer and reduced to form water [7,8]. The Direct Methanol Fuel Cell real time experimental setup available at Sri Venkateswara College of Engineering, Sriperumbudur Tk-602117 (photo plate) is presented in Figure 1a. A dynamic model (Figure 1b) was developed from the mathematical modeling equations of DMFC [9]. The First Order Plus Time Delay transfer function model is obtained from the open loop response of the designed dynamic model of the system.




2.2. Proposed Polynomial PI Controller


The general closed loop block diagram of the Coefficient Diagram based control system [10] is represented in Figure 2a. In the current study, it is assumed that no external disturbance signal is acting on the system. In the transfer function of the system, N(s) is numerator and D(s) is denominator polynomials. A(s) is the forward denominator, F(s) is the reference numerator and B(s) is the feedback numerator polynomials of the controller transfer function. It resembles a 2DOF structure [11,12], since the transfer function of the controller has two numerators.



The characteristic polynomial of the closed-loop system is represented as P(s). The steady state system output is represented as


    y =   N ( s ) F ( s )   P ( s )   r +     A ( s ) N ( s )   P ( s )   d    



(1)




where,    P ( s ) = A ( s ) D ( s ) + B ( s ) N ( s ) =   ∑  i = 0  n    a i   s i      , ai > 0



In Equation (1), A(s) and B(s) are controller polynomials and selected as:


    A ( s ) =   ∑  i = 0  p    l i   s i      ,   B ( s ) =   ∑  i = 0  q    k i   s i    ,   p   ≥   q    



(2)







To design the CD-PIC, it is necessary to modify the general Coefficient Diagram based closed loop block diagram. The equivalent block diagram of the CDM control system [13] is represented in Figure 2b. In this figure, the controller polynomials Viz., A(s) and B(s) are selected as    A ( s )  =   s    and    B ( s ) =  k 1  s +  k 0    . The set-point filter element F(s) in Figure 2b is selected as given in Equation (4). By selecting F(s) in this way, the error that may occur in the steady-state response of the closed-loop system is reduced to zero.


   F ( s ) =   P ( s )  /  N ( s )  |     s = 0   =   1 / K =    k 0    



(3)







The block diagram of proposed polynomial PI control system is given in Figure 2c. Here C(s) is the main controller and Cf(s) is feed forward controller. The main controller C(s) is said to have the form of the conventional PI controller as


   C ( s ) =  K c       (  1 +  1   T i  s    )    



(4)







By connecting Figure 2b,c, the following relations are obtained


     B ( s )   A ( s )   =  K c       (  1 +  1   T i  s    )    



(5)






      K 1  s +  K 0   s  =  K c   (  1 +  1   T i  s    )    



(6)







The conventional PI controller parameters in terms of polynomials (k1, k0) are obtained as Kc = k1 and Ti = k1/k0. The parameters of Cf(s) are based on the CD-PIC parameters and there is no need for extra calculations.


    C f  ( s ) =   F ( s )   B ( s )   =    k 0     k 1  s +  k 0    =  1   T i  s + 1     



(7)








2.3. Design of Proposed Coefficient Diagram Based PI Controller


The dynamic model based open loop simulation studies with the step changes (±10% and ±15%) at two different steady state operating points Viz., 40% cell voltage and 60% of cell voltage, were carried out and their responses were recorded. From these open loop step responses, model parameters of FOPTD system Viz., process time constant, process gain and process time delay were determined. The derived FOPTD model of the DMFC system given in Equation (9) was considered [14,15] to illustrate the performance of the proposed Coefficient Diagram based PI control strategy.


   G ( s ) =    K p     (  τ s + 1  )      exp   − θ s   =   0.107    (  18 s + 1  )      exp   − 2 s     



(8)







The delay present in the said DMFC model was approximated using the Pade’s approximation procedure and represented as


    G p  =   0.107 − 0.107 s   18  s 2  + 19 s + 1     











The CD-PIC polynomials were selected as,    A ( s )  =   s    and    B ( s ) =  k 1  s +  k 0    . The stability indices selected to design CD-PIC strategy were γ1 = 5 and γ2 = 2.5. The target characteristic polynomial was derived using an equivalent time constant (τ), and stability indices (γi).


PTarget(s) = 0.0034s3 + 0.0428s2 + 0.214s + 0.214











The CD-PIC polynomials were computed from target characteristic polynomial as k1 = 13.407 and k0 = 1. Comparing CD-PIC polynomials with the PI Controller transfer function, the CD-PIC parameters were computed as Kc = 13.407 and KI = 1


    G c   ( s )  =   B ( s )   A ( s )   =  K c   (  1 +  1   T i  s    )  = 13.407 ( 1 +  1  13.407 s   )   



(9)







The parameters of Cf(s) were obtained from the CD-PIC parameters without any extra calculations and is given as


    C f  ( s ) =   F ( s )   B ( s )   =    k 0     k 1  s +  k 0    =  1   T i  s + 1   =  1  13.407 s + 1     



(10)







The set point tracking studies were conducted [16,17] in the DMFC closed loop system real time experimental setup and the designed CD-PIC parameters.





3. Results and Discussion


In this section, the real time implementation of the newly proposed Coefficient Diagram based PI Controller (CD-PIC) and popular tuning rules (ARTR and PSCTR) based convectional PI Controllers on the Direct Methanol Fuel Cell (DMFC) were discussed [18]. It was done at an operating point of 40% cell voltage and 60% cell voltage with ± 10% and ± 15% step changes [19].



3.1. CD-PIC in DMFC


The proposed CD-PIC was implemented in DMFC real time experimental setup using the CD-PIC design parameters derived in the Section 2.3. The CD-PIC structure was developed in the MATLAB platform and interfaced with the real time DMFC experiment through the VDPID-03 data acquisition card [20]. Set point tracking of CD-PIC in the real time experiment was conducted with the step changes of ±10% and ±15% at the operating points of 40% cell voltage and the responses are shown in Figure 3a. Controller Performance Measuring Indices (CPM Indices) were calculated and represented in Table 1a. The set point tracking was repeated at another operating point of 60% cell voltage and the responses are shown in Figure 3b. CPM Indices were calculated and reported in Table 1b.




3.2. Conventional PIC in DMFC


Set point tracking with a conventional PIC in real time was experimented. It is observed that no control action was performed by the conventional PI Controllers under set point tracking condition for 10% step change at both the operating points of 40% cell voltage and 60% cell voltage. The set point tracking responses obtained are represented in Figure 4a–d for 40% cell voltage and 60% cell voltage. CD-PIC performances were compared with Conventional PICs to confirm the suitability of CD-PIC for the control of the Direct Methanol Fuel Cell system.





4. Conclusions


In the current study, a new Coefficient Diagram based PI Control strategy was represented for DMFC. The proposed CD-PIC behaviors were compared with Conventional PI Controllers through real time experimentation. The proposed new control strategy was very plain, highly efficient and more reliable. It was implemented in real time experimentation of DMFC system in a closed loop, compared with recently developed two different conventional PI controllers for validation. It was found that the performance indices Viz., error indices and time domain indices of CD-PIC in real time were having only a marginal difference and had reasonable agreement. Moreover, from the real time set point tracking responses, it was observed that ARTR and PSCTR based conventional PICs were not able to track the set point changes in the DMFC operation. In all the cases of investigation with the CD-PIC, overshoot did not exist when compared to conventional PI controllers. The overall performance of DMFC operation clearly got enhanced in real time experiment with the newly proposed CD-PIC.
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Figure 1. (a) Photo Plate of the Direct Methanol Fuel Cell (DMFC) control system. (b) Dynamic model of the DMFC. 
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Figure 2. (a) General closed loop Coefficient Diagram. (b) Equivalent closed loop Coefficient Diagram. (c) Coefficient Diagram based closed loop PI Control system. 
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Figure 3. (a) Coefficient Diagram based PI Controller (CD-PIC): real time servo response at the 40% operating point. (b) CD-PIC: real time servo response at the 60% operating point. 
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Figure 4. (a) Ala Eldin Abdallah Awouda, et al. Turning Rule (ARTR): real time set point tracking at the 40% operating point. (b) ARTR: real time set point at the 60% operating point. (c) Padma Sree, et al. Tuning rule (PSCTR): real time set point at the 40% operating point. (d) PSCTR: real time set point tracking at the 60% operating point. 
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Table 1. (a) CD-PIC real time step responses at the 40% operating point. (b) CD-PIC real time step responses at the 60% operating point.
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%Volt

	
ISE

	
IAE

	
Tr (s)

	
Trs (s)

	
%OS






	
(a)




	
+10

	
2.7

	
22.9

	
42

	
42

	
0




	
+15

	
4.5

	
56.7

	
40

	
40

	
0




	
−10

	
3.3

	
25.2

	
250

	
250

	
0




	
−15

	
1.75

	
58.87

	
256

	
256

	
0




	
(b)




	
+10

	
2.9

	
23.4

	
52

	
26

	
0




	
+15

	
4.3

	
57.9

	
56

	
56

	
0




	
−10

	
2.4

	
16.42

	
224

	
224

	
0




	
−15

	
3.2

	
28.7

	
316

	
316

	
0
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