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Abstract

Feed-forward and feedback control is developethis work for Polymer electrolyte membrane (PEMRI cell stacks. The
feed-forward control is achieved using differenttinegls, including look-up table, fuzzy logic and redwnetwork, to improve the
fuel cell stack breathing control and prevent tmebfem of oxygen starvation. Firstly, the feed-fard controller is used to
generate directly an input voltage of the compressmording to the current demand. Then, a PIDrotat is used in the
feedback to adjust the difference between the #qdeand the actual oxygen ratio by compensatiagatd-forward controller
output. The designed system is evaluated usingndinear simulation of a fuel cell model documentacthe literature. The
proposed feed-forward with PID controller have agbd a good control performance. The simulatiowglbeffectiveness of the
control strategy.

Keywords:Fuel cell; fuel cell stack; breathing control;rsttion; feed-forward; fuzzy logic; neural network

1. Introduction

There are many environmental problems in the wartthy associated with current natural sources asdiossil fuels. Burning
fossil fuels emits C@and destructs the ozone layer which leads to tlinthange and what is known as the greenhouseteffe
From this point, the world has been looking forrggesources that are clean and safe on the enveotrruel cells are a kind of
clean and safety energy source on the environniRaiymer electrolyte membrane (PEM) fuel cells ereesg one of the most
clean and promising alternatives to reduce fos&l dependency (Pukrushpan et al., 2004a). Inptnier some advanced control
methods are implemented to achieve better cordrdhk fuel cell breathing.

1.1 Fuel cell working principlestuel cells convert chemical energy of a hydrogesl {on the anode side) into electric energy
with water and some heat through a chemical reaatith oxygen (on the cathode side) (Pukrushpaal.e2004b), to satisfy
different power requirements (figure 1). Generatlye reactants flow in and reaction products flow while the electrolyte
remains in the cell. Fuel cells can operate cootisly as long as the necessary flows are maintaifeel cells differ from
batteries in that they do not need recharging, tipgrate quietly and efficiently, and when hydrogensed as fuel they generate
only electric power and drinking water. So, theg @alled zero emission engines. William Grove hasayered the basic
operating principle of fuel cells by reversing wate1839 (Hoogers, 2003). In particular, protoleange membrane FCs (PEM-
FCs), also known as polymer electrolyte membrang, iCconsidered to be more developed than otheei@hologies, because
they have high power density, solid electrolyteerape at low temp, long cell and stack life and wrosion (Hoogers, 2003).
The PEM-FC takes its name from the special plasémbrane used as the electrolyte. This membrantade assembly (MEA),
not thicker than a few hundred microns, is the heba PEM-FC and, when supplied with fuel and génerates electric power at
cell voltages around 0.7 V and power densitiespofouabout 1 W/cm electrode area (Spiegel, 2008).
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Figure 2 shows a schematic of an MEA. The MEA idslly located between a pair of current collegitates (platinum-
impregnated porous electrodes) with machined flied$ for distributing fuel and oxidant to the araahd cathode, respectively.
A water jacket for cooling is often placed at ttaek of each reactant flow field followed by a mktaturrent collector plate. The
cell can also contain a humidification section foe reactant gases, which are kept close to tladiration level in order to
prevent dehydration of the membrane electrolytenyfeCs are connected electrically in series to fam#C stack (FCS).
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Figure 2. PEM fuel cell structure

1.2 Fuel stack modelfhe fuel cell stack (FCS) model simulated in théger consists of four interacting sub-models wihidh
the stack voltage, the anode flow, the cathode,flawd the membrane hydration models (Pukrushpah,e2005). The voltage
model contains an equation to calculate stack gelthat based on fuel cell temperature, pressaaetant gas partial pressures
and membrane humidity. In summary, the fuel celfageE is given by
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Figure 3. Simulink model of integrated PEM fuel cell
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where,Ti. the fuel cell temperature in Kelvip,, andpo, are the partial pressures of hydrogen and oxygspectively, details
in Pukrushpan et al. (2005, 2004c). In this modeldtack temperature is assumed to be consta@t@tBhe model which is used
in our investigation is given in (Pukrushpan et 2005) The FCS Simulink model is created in Matlab 6.5.

1.3 Literature surveyThe main three parameters of fuel cell stack azeksturrenty, stack voltage; and the oxygen ratib,,. A
fuel cell (FC) stack has to be operated properlygéd good power efficiency, reliability and smoatperation. The main
disadvantage of the fuel cells stack system isottygen starvation. Since current is instantaneodsdyvn from the load source
connected to the FC, the FC control system is redub maintain optimal temperature, membrane higiraand partial pressure
of the reactants across the membrane to avoidnueital degradation of the FC voltage, which camucedefficiency. Fuel cell
parameters need to be controlled to avoid the axygarvation phenomena when the current is drawam the fuel cell. Some
researchers have presented some methods to ctmrdlreathing of fuel cell stack in order to prevére problem of oxygen
starvation, and some other problems, which are nesvewed.

Friede and Davat. (2004) proposed the goveraqations of the transient behavior of a PEM fedllto show the influence of
the operating conditions (such as temperaturespresand gas flows have an effected on the huméditgition of the fuel cell
and their choice is the greatest challenge inde#loperation) and the current density on intepabhmeters, especially the ohmic
resistance to improve the control of fuel cell. Thedels were suitable for description of highly loear behavior of the fuel
cells. Vahidi et al. (2006) have used a bank afautiapacitors supplements the fuel cell during €astent transient in order to
prevent fuel cell oxygen starvation, air compressarge and choke, and simultaneously match anranpitevel of current
demand during rapid load demands. A model-predictiontroller has been designed for optimal distiiluof current demand
between the fuel cell and the bank of ultra capasitwhich is handled multiple constrains of thédiy system. Pukrushpan et al.
(2002) implemented a nonlinear fuel cell dynamicdedofor control study of fuel cell. The model haaptured the transient
phenomena which include the flow characteristicd arertia dynamics of the compressor, the manifdlothg dynamics and
consequently, the reactant partial pressures. atteynpted to design an observer based feedbacteadéeorward controller that
manages the tradeoff between reduction of parasiises and fast fuel cell net power response dudpid current (load)
demands. An air flow controller (Pukrushpan et2004b) to protect the FC stack from oxygen stawaduring step changes of
current demand have been designed, the steadyrstatiation of the oxygen excess ratio in the F&®Bade have been achieved
by assigning an integrator to the compressor flowear observablility techniques were employed éondnstrate improvements
in transient oxygen regulation when the FCS voltsgacluded as a measurement for the feedbackaltert A linear optimal
control design had been used to identify the fragies (the FCS voltage signal contains high frequénformation about the FC
oxygen utilization, and thus, is a natural and able output for feedback) at which there was a reetadeoff between the
transient system net power performance and th& stacvation control. The limitation arises wheer #HCS system architecture
dictates that all auxiliary equipment is powerekdily from the FC with no secondary power souréesobserver was designed
by Arcak et al. (2004)o estimate anode hydrogen pressure with an oitpdtion term based on stack voltage. The paper b
Kunusch et al(2009) tackles the breathing problem of subsysiémPEM fuel cell stacks by using a second osidmg mode
strategy. The proposed control strategy is base@ super twisting algorithm that robustly solves #tabilization problem
avoiding chattering effects. The resulting approashibits good dynamic characteristics, being rbkosuncertainties and
disturbances, and the results were provided shdhedeasibility of the approach. A method for coliing a nonlinear under-
actuated system (DiFiore., 2009) using augmentdihglmode control (SMC) have been investigatedenstthe proposed control
approach involves introducing a transformation iratrapping the systems input influence matrix toasmsformed system that is
square and thus invertible. The proposed appraashawn to control selectable states with propeicehof the transformation
matrix yielding good control performance. From othand, the methodology is applied to an underaaetlinonlinear fuel cell
system to show its viability in a real world applion, then a sliding mode controller is derivedtfte full nonlinear system with
a switching gain accounting for modeling errors andertainties. Simulation results indicate théiity of the proposed control
law and demonstrate the robust nature of the cblatnoin the presence of significant modeling esrahile maintaining tracking
stability. Finally, the augmented SMC is comparedattraditional linear control architecture illigtng the electiveness and
advantages in tracking performance and controttedfeer traditional methods.

2. Fuel cell controal techniques

The FC air flow needs to be controlled rapidly aagably. In order to avoid oxygen starvation angkmrad the life of the FC
stack (Yang et al.,1998) Oxygen starvation is amgarated phenomenon that occurs when the partedqure of oxygen falls
below a critical level at any location within theeander of the air stream in the cathode (Springal.,2001). This phenomenon
entails a rapid decrease in cell voltage, whiclsémere cases can causes a hot spot, or even boaghhon the surface of a
membrane. Although the oxygen starvation is spggtiadrying, this phenomenon can be avoided by @ng the cathode excess

oxygen ratioA,, . We thus regulate air ratio in the FCS cathodedyrolling compressor motor volta¥g,, during step changes
in current drawrl; from the FCS.

2.1 Feed-Forward and Feedback control methddse fuel cell model documented in (Pukrushpan.e805) will be applied to
the augmented feed-back (FB) and feed-forward @emYrollers with different design methods for the €ontroller. Firstly the
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feed-forward FF controller is used to generateadiyean input voltage of the compressor accordmthe current demand. Then, a
PID controller is used in the feedback to adjustdifference between the requested and the actygka ratio by compensating

the feed-forward controller output. The nonlinedates equations avg, = f (X, ,u,d), u=V¢, (Control signal), d=lg

(Disturbance inputs), where the control inpuis the compressor motor voltagg, , and the disturbance inpdtis the currenty;
drawn from the FCS. The performance variables aress oxygen ratipg=1q, in the fuel cell cathode.

2.2 System configuratior8ystem configuration includes four different cohochemes for the FC stack system with FF and FB
controllers as shown in figure 4, the FF neuralvoek method will be discussed later. The disturleafstack currenty) can be
measured; FF controller that correlates the ststate value between the control inpyt and the disturbandeg; will be used in
the FF path. The FF controller will implement byfelient methods such as a look-up table, fuzzyclagintroller (5 and 9
membership function MF) and neural network. Analgtimodeling or experimental testing can be usembtwstruct the inverse of

compressor and compressor motor maps to Vigg= f..(1) at desired oxygen flov,, . FF controller and FB controller can

be designed to achieve better transient responsfact, a FF controller that cancels the effecddb y over a wide range of
frequencies is designed first. A feedback contrdiRD) is designed to reduce the error in the ougd oxygen ratio.o,.

2.3 Setting of PID controller parameter®ID controller equation given in (Ogata, 19973 tiwe following form:
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Figure 4. Fuel cell control Constructiofa) Look-up table FF controller and PID controllfy) Fuzzy logic FF (5&9 MF.) and
PID controller.(c) Neural Network controller FF and PID controller.
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where, K, K; andKy are proportional, integral and differential gamespectively. The PID is initially tuned by tiégler and
Nichols for the open loop method. The measured oxygeo iatthe Feedback signal of the system. After fumgng, the PID
controller that is used here with Feed-forward oallgrs for oxygen ratio regulation is

W (S)=200 (L+ + 0055) Q)

0.615%
Also, the best control results and correspondied dell compressor voltages are shown in figures29~
2.4 Feed-forward controller design

2.4.1 Look-up table feed-forward controlldfhe FF controller here is implemented with a lookaiple configuration, see figure
4(a). The values of this table are obtained froerttodel by giving current values into the FCS mpdetl then we have used the
compressor motor voltagé, to regulate the oxygen excess rafig, =2. Compressor voltage for each current valudustiated

in the table 1.

Table 1. Compressor voltaged,) and FCS current) values

Currenfls) | Compressor voltage/{,) | K= voltage /curren
100 100 1
110 105.96 0.9633
120 112 0.9333
130 120.42 0.9263
140 127 0.9071
150 134.9 0.8993
160 142 0.8875
170 149 0.8764
180 156 0.9166
190 163 0.8579
200 170 0.8500
210 176.5 0.8404
220 183.2 0.8327
230 189.595 0.8240
240 195.88 0.8162
250 202 0.8080
260 208 0.8000
270 214.2 0.7933
280 220.49 0.7875
290 227 0.7828
300 233.57 0.7786

2.4.2 Feed-forward fuzzy logic controlleifhe fuzzy logic control technique can be apptiedontrol of the fuel cell, since the
fuzzy logic is relatively simple and is based offirdtons of formal facts and the relationships amgahem. In figure 4(b), the
fuzzy controller consists of the following main mlents (Tsoukalas and Uhrig, 2000; Popovic and Bnall997):

. A set of control ruledF (condition) Then (control actionsyyhere "condition" defines the state of the proc&sswhich
the control adjustment specified in the controlacshould be executed. These rules are derived fr@ knowledge of
experts with substantial experience in the system.

. Membership functions MF: which are a simple yetsagite mathematical tool for indicating flexible mierships to a
set, see figures (5a&5b). Fuzzy numbers are fuabgets of the real line. They have a peak or platgth membership
grade 1, over which the members of the universecarapletely in the set. The membership functionnizreasing
towards the peak and decreasing away from it. Fuzegnbership functions are used in fuzzy controlliegfions. A
typical case is the triangular fuzzy membershigcfiom and is used in this studies (fig.5a &5b).

. Fuzzification interface (the input of fuzzy contes) is used to transform a crisp set into a fugetyor which transforms
the control variables into fuzzy sets manipulatgdalrollection of fuzzy rules, assembled in whatriswn as the fuzzy
inference engine (Tsoukalas and Uhrig, 2000). flilkey control has the following characteristics.
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2.4.2.1 Five membership fuzzy logic controlleuzzy controller is designed as case of procesgravthe inputs of fuzzy
controller is the fuel cell stack current "100~ 30Qthe current demand), and its outphutput (the change of compressor
voltage 100~235 volt, see table 1). The memberimiption for the input and output fuzzy logic caiter is divided to low, med
low, normal, med high, high. From the table 1, we can write thies, which should be applied for the mentionedvab
membership functions as the following way in table

Table 2. Fuzzy logic controller rules

R;- | If current is low 1enAvoltage is low Else
R.- | If currentis med low | 1enAvoltage is med low | Else
Rs- | If current is normal 1enAvoltage is normal Else
R~ | If current is med high | 1er Avoltage is med higl | Else
Rs- | If current is high 1en Avoltage is high Else

2.4.2.2 Nine membership fuzzy logic controllarthe same above principle in item 2.4.2.1, thezyuogic controller with 9 MF is
designed but the number MF and fuzzy logic willdigerent (9 MF and 9 rules). From figure 10, wa e clearly that there is a
small over shoot at the first step when we used/sfiitzy logic controller with delay time at the tixHowever 9 MF fuzzy logic
controller recovered this problem as shown in #giit.

2.4.3 Neural network feed-forward controlleNeural network technique can be applied in the redlivig of the fuel cell stack
system, see figure 4(c), since the control proteasmulti-variable with non-linear behavior. Theunal network here will be used
to design the FF controller because the neuralvogk can estimate the compressor voltage value wbarresponding for any
current demand value. The details of neural netwtnicture are in (Tsoukalas and Uhrig, 2000; kayk999). The data, which
is given in table 1, will be used to train the reduretwork. The neural network structure is illagdd in figure 6. The values of the
fuel cell currenf(ls) will be as an input to neural network model. Iistbase the input layer of neural network is oee, figure 6,
and other parameters (voltage and k value) as goubsignals. In this case the output layer hasdwiputsy,, y» The number of
hidden layer nodes is chosen to be 9 bases oedhpérformed in this work. According to the témt hetwork with 9 hidden layer
nodes is a more appropriate one and gives venyl simsblute error between desired and calculatgoubabout 1.463x1%). The
input and hidden layers is connecting by weightsand its number is 9 as matrix (9x1). The hiddgedand outputs layer are
connected by weights wats number is 18 (a matrix 2x9). Bias layeds has value equal to 1 (Tsoukalas and Uhrig, 200€) a
connected with the hidden layers by weights; as matrix 9x1. Also bias layebs; should be introduced, its value is equal to 1
and connected to the output layers by weig¥ig as matrix 2x1. In order to demonstrate supervieadhing the neural network
includes the desired output vect®r with the component©;,0, the computed output vectoy with the componenyy,ys,

comparator, and weight-adjusting algorithm, thimagement is shown in figure 6. In order to dfiaetprocess, all weights in the
neural network (figure 6) are randomly adjustedsmeall random value (-1~1) (Haykin., 1999). When therent valuedg, is
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applied to the neural net work, it produces an aiugectory, which is compared with the vectdr by the comparator to produce

the error vectoe calculated by equation (4). The error is appledeéight-adjusting algorithm to adjust the weights.
e=0-Y (4)
The last process is repeated over and over umtiethor is reduced to some specified value orr@ducible small quantity. At
that point the output vect(Y and the desired output vectOr are substantially equivalent, and the neural ndtissaid to have
been trained to map input vectlyy into the desired output vect@ The training procedure for the mentioned neuravaek
(figure. 6) with the data of the fuel cell (tablg ds follows: the calculation is done by Matlapsien 2009a according to the
following equation:
At first, the random values between (-1, 1) fa teights(wl;, wbl, w2;, wb32) to calculate the outpuf; of neural net work
(figure 6) are introduced.

Vi=wl Oy +hi xwhi,i=1...9 (5)

u =TanhV),i =1......9 (6)

whereVi is the summation part anglis the activation part of hidden layers (Tsoukatasl Uhrig, 2000), whereylj, the weights
which connect between the input layers and thedrideyers. Its numbers are 9 as matrix (9%3)bias layers. Its number is 9
and has values equal tovil, the weights which connect between the bias lagedshidden layers their numbers are 9 as matrix
(9%1). The outpuy; is calculated from the following equation (Tsowsaland Uhrig, 2000).

Y =

(u, ><w_j)+b2_ X Wb2 (7)
i 1 I I

1

Mo

where;w; is the weights which connect between the hiddeerland the output layer (Figure 6), and their nusilzge 18 as
matrix (2x9),b2 Output bias layers, their numbers are 2 and haliees equal to b2, the weights, which connect between the
output bias layers2 and the output layery, (figure 6) their numbers are 2 as matrix (2x1). En@r” e “ is calculated from
the following equation:

€ =Oj - Y 8)
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Figure 6. Neural network Model with Supervised Learning.
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whereQ;, the output given in operational data or desiretbat, Y; , the output computed by the neural netwgyris (1~ 2). The
weights of the network are adjusted by applyingkgaopagation function to minimize the errarw; (The change in the weights
w; ) is calculated from liner back-propagation fuantgiven in (Tsoukalas and Uhrig, 2000). The stepationed above are done
for each current value (about 21 values), and tedewith changing the number of hidden layers drel type of activation
function until we obtain the beast case (errorstaero). The weights values which are correspandinthe zero error are
recorded, and then the training for the neural astvof figure 6 is completed and the output of Ndhde calculated from
equation (8), the Matlap version 2009a is usecuincalculation.

y =wxu+b2xwh2 9)

where,w is a matrix (2x9)u is (9x1) and2xwb2is matrix(2x1)

2.5 Simulations and EvaluatioQuality of controlling is defined by building upetoutput response of the fuel cell stack, and
determines the values of Mean Absolute Error (MAi)ere

MAE=— $2- v =L Slerk
"N EJ ¥ )|_ﬁ EJG( ). (10)

The current demand changing depends on the typbeoéxternal electrical load. Usually the currentaw demand is 100
Ampere. The maximum current demand is about 300&kmgdn our simulations, as shown in figure 7, @ent demand changing
gradually from 100 to 300 each 4 second. This alrogers the whole fuel cell stack operating cdodit

300
< o) .
=
=
S 200 4
O
5
o 150 i
3]

'“:":l | | | | |

0 5 10 15 20 25 30
Time (sec)

Figure7. Current demand changing during control.

The compressor voltage is to be controlled betvikeri00 and 235 voltage and the oxygen ratio Betoontrolled between the
-0.8% and +0.2% bounds of ideal valdg, =2, i.e. 99.2%xZ O, < 100.2%x2. The output response of the FCS by usiag

suggested control methods is compared with theubugsponse of the traditional Proportional Feeuvéwd controller (PFF with
k=164/19) as shown in figures 8, 9, 10, 11 and 12.
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Figure 8. Output Response of FCS with proportional and Ribtwllers at different stack current
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Figure 12. Output Response of FCS with neural network and ¢ditrollers at different stack current

So, from the figures we can see clearly that thedFerward neural network (FF-NN) has better perfance than other
controllers. The second performance is that usiog-up table. Then, fuzzy logic with 9 MF followbg 5 MF and the last one is
the PFF. However, the figure 8 shows a delay tnthe first step about 4 sec in the output resparfioxygen ratio when the
Proportional Feed-forward Controller is used, ia iecond step there is about 2.5% overshoot aathe as®step. In the same
time the FF-NN, look-up table, 9 &5 MF controlleeluced this delay time and the overshoot as slmfigures 9, 10,11 and 12.
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Table 3, Evaluated Results

PID FB Controller P+ FF Controller 1.9468><1!

PIDFB Controller+ Lookup table FF 4.8659x10
PIDFB Controller+ 5 MF. FL controllel 1.1893x10'
PIDFB Controller +9MF. FL Controllel 6.430x10°

The results of simulation and evaluation by MAE suenmarized in Table 3.
3. Conclusion
Based on the results summarized in Table 3, dusd that:

* Neural Network FF controller + FB controller, thgiye better performance than other methods ofrobnt

» The difference between five and nine membershipstfon is about 0.00005463 of MAE and 9 MF is hetiten 5 MF,
but of them are better than proportional Feed-fodveantroller.

« The mean absolute error of Look-up table FF coletrat FB controller is4.8659x10°. So, we can say Lookup table is
better performed than Proportional Feed-forwardrodier.

« The neural network FF controller has better perforoe than other controllers because the neuralonketean estimate
the corresponding compressor voltage for each sudemand, it's mean absolute error &2163x10°.

Abbreviations

PEM Polymer electrolyte membrane

MEA membrane electrode assembly

FF Feed-forward

PID Proportional integral differential controller
FB Feed Back

FC Fuel cell

PEMFC Polymer electrolyte membrane fuel cell
FCS Fuel cell stack

MF Member ship function

NN Neural net work

MF FL Member ship fuzzy logic controller
FF-NN Feed forward neural net work

PFF Proportional feed forward
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