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Abs t rac t  

A nonlinear fuel cell system dynamic model that is suit- 
able for control study is presented. The transient phenom- 
ena captured in the model include the flow characteristics 
and inertia dynamics of the compressor, the manifold fill- 
ing dynamics, and consequently, the reactant partial pres- 
sures. Characterization of the Fuel Cell polarization curves 
based on time varying current, partial oxygen and hydrogen 
pressures, temperature, membrane hydration allows analysis 
and simulation of the transient fuel cell power generation. 
An observer based feedback and feedforward controller that 
manages the tradeoff between reduction of parasitic losses 
and fast fuel cell net power response during rapid current 
(load) demands is designed. 

1 Introduct ion 

Fuel cell stack systems are under intensive development by 
several manufacturers, with the Proton Exchange Membrane 
(PEM, also known as Polymer Electrolyte Membrane) Fuel 
Cells (FC) currently considered by many to be in a relatively 
more developed stage for ground vehicle applications. There 
are three major control subsystem loops in the fuel cell sys- 
tem that regulate the air/fuel supply, the water management 
and the heat management [l]. In this paper we concentrate 
on the air and direct hydrogen (Hz)  supply subsystems. In 
the air supply subsystem we control the compressor motor 
power (through voltage or current) in order to regulate (and 
replenish) the oxygen depleted from the FC cathode dur- 
ing power generation. This task needs to be achieved fast 
and efficiently to avoid degradation of the stack voltage and 
sluggish net power response [2]. Creating a control-oriented 
dynamic model of the overall system is an essential first step, 
not only for the understanding of the system behavior, but 
also for the development and design of model-based control 
methodologies. 

Fuel cell (propulsion) system models in the literature are 
mostly steady-state models which are typically used for com- 
ponent sizing [3, 4, 51, cumulative fuel consumption or hy- 
bridization studies 161, and forward-looking simulation mod- 
els [7]. These models represent each component such as 
compressor, heat exchanger and fuel cell stack voltage as 
a static performance or efficiency map. The only dynamics 
considered is the vehicle inertia. The authors usually as- 
sume perfect conditions in the cathode (stoichiometry, pres- 
sure, humidity and stack temperature). Although the dy- 
namic FC behavior is not included, these studies established 
a good basis for understanding the fuel cell vehicle integra- 
tion. Few papers address the effects of transient variations 

lSupport is provided by the US. Army Center of Excellence 
for Automotive Research, Contract DAAE07-98-3-0022 . 

in the fuel cell system performance. Excellent examples are 
the dominant but slow temperature effects on the stack ef- 
ficiency [S, 91, and the effects of reformed hydrogen H2 feed 
rates in the stack response [lo, 111. Last but not least, the 
FC dynamic behavior due to changes in reactant flow is mod- 
eled in [I21 and presented in [13]. The authors in [14] raise 
a lot of interesting issues associated with the dynamic inter- 
actions of the flow, heat, and water subsystems but did not 
provide a comprehensive set of equations for their study. 

In this paper, the stack terminal voltage is modeled based on 
the FC load current and FC operating conditions, including 
cell temperature, air pressure, oxygen partial pressure and 
membrane humidity. The FC voltage is determined using a 
polarization curve based on the reversible cell voltage, ac- 
tivation losses, ohmic losses and concentration losses. Flow 
equations, mass and energy balance and electrochemical re- 
lations were used to create a lumped dynamic model of the 
FC cathode. Air pressure and humidity are calculated by 
balancing mass of air and water entering and leaving the 
FC stack, vapor carried by the air flow, oxygen consumed 
and water produced by chemical reaction. Thermodynamic 
principles are used to determine an average partial pressure 
of oxygen inside the cathode channel. Water content, both 
vapor and liquid states, stored inside fuel cell cathode are 
computed and used to represent the effect of membrane de- 
hydration and fuel cell water flooding. The physical param- 
eters are calibrated based on data reported in literature and 
the system is sized to  represent the stack in the P2000 Ford 
experimental vehicle [2]. 

The model is used to  analyze and design an air flow con- 
troller for the FC stack supercharging device that allows fast 
and robust air flow supply to the cathode. The controller 
needs to avoid the compressor stall and surge regions during 
large current steps (up and down, respectively). Another 
control difficulty arises even during small current demands. 
Namely, the power utilized by the supercharger is a para- 
sitic loss for the FC stack. We show that minimizing these 
parasitic losses and providing fast air flow regulation are 
conflicting objectives. The conflict arises from the fact that 
the supercharger is using part of the stack power to acceler- 
ate. One way t o  resolve this conflict is to  augment the FC 
system with an auxiliary battery or an ultracapacitor that 
can drive the auxiliary devices and can potentially buffer the 
FC from transient current demands. These additional com- 
ponents, however, will introduce complexity and additional 
weight that might not be necessary [15]. To judiciously de- 
cide about the system architecture and the component siz- 
ing we analyze the tradeoff between the two objectives us- 
ing linear control theoretic techniques. We finally provide 
a controller and a calibration methodology for exploring all 
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feasible responses. 

2 Nonlinear Fuel Cell Stack System Model 

A nonlinear dynamic model of the FC system is developed 
using electrochemical, thermodynamic and zero-dimensional 
fluid mechanics principles. We concentrate on the dynami- 
cal PEM-FC behavior associated with the reactant pressure 
and flow and we neglect the slower dynamics associated with 
temperature regulation and heat dissipation. We, thus, as- 
sume a well regulated averaged stack temperature through- 
out our modeling, analysis, and control design. We also 
assume that the inlet reactant flows in the cathode and an- 
ode can be humidified, heated and cooled in a consistent and 
rapid way. Although this assumption will not be always true, 
especially during fast transients, lack of experimental data 
makes it difficult to  develop an accurate representation of 
dynamic coupling between temperature and humidity vari- 
ations. 

2.1 Preliminaries 
The volumes associated with the FC system are shown in 
Figure 1. In this study, it is assumed that the multiple 
cathode and anode volumes of the multiple fuel cells in the 
stack are lumped together as a single stack cathode and 
anode volumes, with the values of 0.01 m3 and 0.005 m3, re- 
spectively. Pressurized hydrogen is supplied to the FC stack 
anode through a pressure regulator that to  be discussed in 
Section 3. The anode supply and return manifold volumes 
are very small and the pure hydrogen flow allows us to lump 
all these volumes to  one Uanode” volume. We denote all the 
variables associated with the lumped anode volume with a 
subscript (an). Similarly, the cathode supply manifold (sm) 
lumps all the volumes associated with pipes and connection 
between the compressor and the stack cathode (ca). The 
cathode supply manifold volume in the P2000 experimen- 
tal vehicle is significant (0.02 m”) due to the large distance 
between the flow control device (located in the front of the 
vehicle) and the stack (located in the rear trunk of the vehi- 
cle). The cathode return manifold is small (0.005 m3) and 
represents lump volume of pipes downstream of the stack 
cathode . 

MEA 

Di f i jdn Layer 

Figure 1: Volumes in fuel cell reactant supply system 

Masses (kg) are denoted with m, mass flows (kg/s) with W, 
pressure (Pa) with p ,  power (Watts) with P, temperatures 
(K) with T, rotational speed (rad/s) with w, current (A) 
with I, current density (A/cmZ) with i, area (cm2) with A, 
molar masses (kg/mol) with M, volume (m”) with V, voltage 
(Volts) with U. The variables associated with vapor are de- 
noted with a subscript U ,  oxygen with 0 2 ,  nitrogen with Nz, 
hydrogen with H2. The variables in specific volumes have as 
a second subscript the volume identifier (sm, m, rm, an). 
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The variables for the compressor or the compressor motor 
have cp or cm, respectively as their subscript. Similarly, the 
stack variables use s t ,  the individual fuel cells variables use 
fc,  and the membrane variables use mbr as their subscripts. 

2.2 State Space Representat ion 
The model contains nine states which axe mo2 mass of oxy- 
gen in the cathode (kg), mNz mass of nitrogen in the cathode 
(kg)rmw,ca mass of water in the cathode (kg), mHz mass of 
hydrogen in the anode (kg), :mw,an mass of water in the an- 
ode (kg), wcp compressor speed (rad/sec), psm supply man- 
ifold pressure (Pascal), m,, mass of air in the supply man- 
ifold (kg), prm return manifold pressure (Pascal). 

The principle of conservation of mass is used to obtain gov- 
erning equations for oxygen, nitrogen and water mass inside 
the cathode volume: 

Note that the rate of change of the mass of water inside 
the cathode, mw,co, depends solely on the summation’of va- 
por flows, because it is assumed that the liquid water does 
not leave the stack and evaporates into the cathode gas if 
cathode humidity drops below 100%. The mass of water 
is in vapor form until the relative humidity of the gas ex- 
ceeds saturation (loo%), the point at which vapor condenses 
into liquid water. Note also that the partial pressures for 
the oxygen, nitrogen and vapor in the cathode are algebraic 
functions of the states through the ideal gas law and the psy- 
chrometric laws since the cathode temperature is considered 
fixed at Tat = 353 K. 

Similarly, governing equations for hydrogen and water in the 
anode can be written as 

The dynamics of air supercharging device is governed by the 
compressor inertia, Jc, (5 2: kg/m2), 

where Pcm and PCp are the power supplied to the compressor 
motor and the compressor power load, respectively. A static 
nonlinear motor equation is used to model the 14kW max 
power compressor motor. The rate of change of mass inside 
the manifold, msm, is gov’erned by the mass conservation 
principle and the rate of change of supply manifold pressure, 
psm, is governed by the energy conservation principle: 

dm5m - -  dt - Wcp - Wco,in (7) 

where Ro is the air gas constant, V5, is the manifold volume 
and T,, is the supply manifold gas temperature. The exit 



temperature from the compressor, Tcp.out is typically higher 
than the desired air inlet temperature. The return manifold 
pressure, prmr is governed by the mass conservation and the 
ideal gas law through isothermic assumptions. 

where V,, and T,, are return manifold volume and gas 
temperature, respectively. 

3 Reactant Flow Rates 

The compressor air mass flow rate, Wcp, is determined, 
through a compressor flow map (Allied Signal [ lS ] )  which 
is modeled by the nonlinear curve fitting method described 
in 1171. The thermodynamic equations are used to calcu- 
late exit air temperature, Tcp,out, and required compres- 
sor power, Pcp. The air flow rate in and out (Weo,in in 
(7)  and Wca,out in (9)) of the cathode are functions of the 
difference between the pressure of the gas upstream and 
downstream, and are approximated by a linear nozzle equa- 
tion W = k(pl  - pz ) .  The flow rates of each element 
(Oz,Nz,vapor) in (1)-(3) are determined using thermody- 
namic and psychrometric properties of the gas upstream. 
The return manifold exit flow rate, Wrm,out, is calculated 
using nonlinear nozzle equation to account for large pres- 
sure drops. 

The rates of oxygen reacted, Wo2 ,reacted in equation (l), hy- 
drogen reacted, WH2,reac ted  (4 ) ,  and water generated Wv,gen 
(3), in the fuel cell reaction are calculated from the stack 
current, Ist , using the electrochemical equations 

where n is the number of cells in the stack, F is the Faraday 
number (96485 coulombs) and MO*,  MH2 and M, are the 
molar mass of oxygen, hydrogen and vapor, respectively. 

The mass flow of vapor across the membrane, Ww,mbr, is 
calculated using mass transport principles and membrane 
properties given in [18]. 

where A f ,  is the active area of the fuel cell (280 cm2), nd 
is electro-osmotic coefficient, D, is diffusion coefficient, tm 
is membrane thickness, and c is the membrane water con- 
centration which is a function of relative humidity in the 
anode and cathode. The fuel cell current density, i, is de- 
fined as current per active area. The detailed calculations 
of c, n d  and D, along with the calculation of membrane hu- 
midity are given in [19]. In this paper, we focus on the effect 
of oxygen supply system, thus we assume 100% humidified 
membrane. 

When current is drawn from the fuel cell, the oxygen in the 
cathode is depleted. We define the instantaneous oxygen 
ezcess ratio (Aoz): A02 = WO, ,,n/W02,r,ct. The anode inlet 
flow rate, WUn.in, is regulated to maintain a small pressure 
difference across the membrane. This can be achieved by 
using a high-gain proportional control with reference signal 
from the supply manifold pressure sensor. 

4 Fuel Cell Power Generation 

Typically, thc: FC characteristics are given in the form of a 
polarization ctirve: which is the plot of FC voltage versus 
current densit,y. The current density, i, is defined as current 
per active area, i = I ,t /Afc. Since fuel cells are connected 
in series to form the stack, the total stack voltage is v,t = 
n.vcell and the stack power is P.t = v.,t.I,t. Part of the stack 
power is used to drive the compressor motor. Therefore, the 
net power, Pnet = Pst - Pcm. 

The FC polarization curve is a function of cathode pressure, 
reactant partial pressures, FC temperature and membrane 
humidity. The FC voltage is calculated by subtracting the 
fuel cell losses or overvoltages from the fuel cell open circuit 
voltage, E,  i.e. ufc = E - v,,t - Vohm - vcanc. The open 
circuit voltage is governed by the chemical potential [20]. 
The activation overvoltage, vUct, ohmic overvoltage, Vohm, 

and concentration overvoltage, vconcr each affects a different 
region in the polarization as shown in Figure 2 and is defined 
as 

where membrane conductivity, U,,,, is a function of mem- 
brane humidity and fuel cell temperature, Tf,: 

where bl is a parameter heavily depends on membrane hu- 
midity. The coefficient values published in the literature are 
used for tm and bl in the expression ( 1 2 )  and (14 ) .  How- 
ever, the value of b2 is modified from the one given in [IS] to 
match our PEM stack experimental data. The coefficients 
in the expression ( 1 1 )  and (13) are functions of temperature, 
pressure and oxygen partial pressures. The FC vehicle data 
are collected while the FC was controlled for steady-state 
Xo2 = 2 and 100% cathode gas relative humidity. The pres- 
sure data is therefore translated to oxygen partial pressure, 
pozr and vapor saturation pressure, psat,  which is a func- 
tion of fuel cell temperature, TIc. The fitted polarization 
curves versus experiment data are shown in Figure 2. The 
regression results are 

uo = 0.28- 8 . 5 ~ 1 0 - ~ ( T f , -  298) 

= (-1.62x10-'Tfc- 1 . 6 2 ~ 1 0 - ~ ) p 9  
+ ( 1 . 8 ~ 1 O - ~ T f , -  0 . 1 7 ) ~ ~  + (-5.8X10-?fc+ 0.57) 

( 7 . 1 6 ~  10-4Tfc- 0 . 6 2 ) ~ ~  
+(-1.45 x 10-3Tfc + 1.68) for pz < 2 atm 

( 8 . 7 ~  10-5Tfc - O.O6S)p, 
+(-1.6 x 10-4Tfc +0 .54)  for pz 2 2 atm 

c2= { 
c1 = 10 i,,, = 2.2 c3 = 2 

where p ,  = (s + psat) and Tfc is expressed in Kelvin and 
pca and p o 2  are expressed in bar. 
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F i g u r e  2: Fuel cell polarization curve 

High Xo2, and thus high oxygen partial pressure, improves 
P,t and Pn,t. After an optimum A,, level, further increase 
will cause excessive increase of Pcm and thus deteriorative 
effects on Pn,t . Using the model we plot of Xo2 and Pnet for 
different I,t as shown in Figure 3. It can be seen that the 
highest net power is achieved at an oxygen excess ratio of 2 
for the selected supercharger devices. 

' q E I O P l b B ] b  

Figure 3: System net power at different stack current and 
oxygen excess ratio 

5 Control Problem Formulation 

For hydrogen/air PEM fuel cells, the required air flow is 
indicated by the desired oxygen excess ratio, Add," = 2. Gen- 
erating rapid increase in air flow, however, requires a large 
amount of power drawn by the compressor motor, thus in- 
creasing parasitic loss to the FC system and affecting the sys- 
tem net power. The combined control design objective is to 
manipulate the compressor motor input voltage, vcm, in or- 
der to maintain A,, = 2 and achieve the desired FC system 
net power, Pnet,+ef. The desired net power can be translated 
into required stack current assuming proper operating con- 
ditions: P::{ = fpnet (1.t). The current Ist = f in l e t  (P::f) 
is then considered as an external input to the system. The 
resulting control problem is defined as follows: 

& =  f(x, w) State Equations 
y = [ W c p , P s m , V S t l T  = h y ( z , u , w )  Measurements 
t = [P,,,,, x ~ ~ ] ~  = hz(z, U ,  w )  Performance var. 
t I =  V c m  

w = Ist 

Control Input 
External Input 

Figure 4: Control Architecture 

Feedforward control algorithm can be used to control vcm 
based on the current drawn from the fuel cell stack as shown 
in Figure 4. For a specific ambient condition, the required air 
flow can be calculated from the stack current, i.e. WEp"f = 
fCp(1.t). The inversion of compressor and compressor motor 
maps is used to  find vJ;~ that gives the desired air flow, 
W$, i.e. v;hf = f c m ( I A t ) .  The response of the feedforward 
control system is shown as the dotted line in Figure 5. 

The relation Wf'p"f = f C p ( l s t )  is an analytical function based 
on electrochemical and thermodynamic principles. Besides 
the stack current, the function depends on ambient air con- 
ditions, which include pressure, temperature and humidity. 
Knowing the air condition, Wz;f can be accurately calcu- 
lated, However, the accuracy of mapping vJ$ = fcm(Ist) is 
sensitive to  device aging. Furthermore, determining the fcm 

map involves inversion of the nonlinear compressor and mo- 
tor characteristics which can not be formulated analytically. 
Moreover, obtaining the ma.p fcm that covers all environ- 
ment conditions is difficult for an experimental fuel cell sys- 
tems. In order to increase the controller robustness against 
uncertainty in ambient conditions and device aging, feed- 
back control is added as shown in Figure 4. 

6 Feedback Control Design 

The nonlinear model is linearized around a nominal point of 
40kW net power. The coeffjcients in equation (lo), defined 
by [18], results in a fully (vapor) saturated cathode. This, 
together with our assumption that the membrane is fully hu- 
midified, causes the state m,",=- to be unobservable from the 
system output. Note here that our model does not capture 
the effects of flooding on the FC performance. Therefore, 
the linearization results in a linear system with 8 states: 
x = [mo,,mn,,nanr,,w,,,~~~,m~,~~,m~~,p~~I~. An ad- 
ditional integrator state, q,  on compressor flow rate is added 
to  the linear system to ensure zero steady state error: 

(15) q = wcp - W.'p"f 

The amount of required air flow however depends on stack 
current and temperature, pressure and humidity of the air 
as describe above. The control input, vcm, becomes 

vCm = -Kfbh% - Krq + v,'z((19t) (16) 

where K f b  is the feedback proportional gain, K I  is the inte- 
gral gain and 2 is the state estimates. A state observer is de- 
signed based on the linear model. The linear quadratic (LQ) 
optimal control method is used to design the state feedback 
controller gain Kfb and K1 and the state estimator gain L. 
The linear responses for different control gains are shown in 
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Figure 5. The tradcoff between P,,t and Xo2 is evident dur- 
ing transients. A large i~,,,, improves the response of Xo, . 
However, since the power used in the compressor is directly 
drawn from the stack power, there is a non-minimum phase 
relation between input ~vCm and output Pnet. Therefore, a 
large value of vcm results in an initial inverse response of 
P,,t that lowers the positive response of P,,t gained by a 
step change in stack current, Is*, as shown in Figure 5. A 
small value of U,, results in faster rise time of Pnet but 
longer settling time due to slow Xo2 response causes by the 
small control input. 
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Figure 5: Linear system response: 1 - feedforward 2 3 
feedback with different gain. 

4 

We design a low gain feedback controller that contributes 
very little to  the feedforward U,, command unless there is 
an error in the feedforward maps (change in ambient condi- 
tions or compressor/motor aging, for example). This feed- 
back design guarantee robustness and allows flexibility in 
shaping the system power response. This flexibility is typi- 
cally achieved with add-hoc feedforward lead or lag compen- 
sation of the static fcp map [21]. Apart from begin heuris- 
tic, this uncertain approach is also sensitive to  uncertainty 
in plant dynamics due to the underlying open loop cancel- 
lations. Our approach, which is to use model-based output 
feedback control, considers the dynamics of the system and 
dynamically adjusts the control signal based on measure- 
ments. This provides a systematic and robust methodology 
for achieving a reasonable tradeoff. 

7 Nonlinear Simulation Results 

The results using the nonlinear model under a series of step 
in net power from 25 kW to 55 kW are shown in Figures 6- 
9. The series of step in net power is converted to the stack 
current input as shown in Figure 6 (a). The compressor 
motor input calculated using the feedforwardSfeedback con- 
trol described in the previous section is shown in Figure 6 
(b). Good transient response of system net power and fast 
and accurate response of oxygen excess ratio are achieved as 
shown in Figure 6 (d) and (e). The stack voltage (Figure 7 
(a)) is a function of stack current and oxygen partial pres- 
sure (Figure 7 (b)). Figure 7 (c) illustrates the performance 

of the anode pressure as it, is regulated by the proportional 
feedback control law to follow the cathode pressure. The 
dynamic transitions between different compressor flow and 
pressure conditions are shown on the compressor map in Fig- 
ure 8 and the dynamic fucl cell polarization is illustrated in 
Figure 9. 

$150 

rm 
C .  

Figure 6: Simulation results of the nonlinear model: inputs 
and performance outputs 

10 
0- I 

Figure 7: Simulation results of the nonlinear model: stack 
variables 

8 Conclusions 

Models of the main components of a control-oriented fuel cell 
system model were developed and the air flow control prob- 
lem was presented. The transient phenomena, flow charac- 
teristics, and inertia dynamics of the compressor, manifold 
dynamics and reactant partial pressures are captured. The 
model, although not fully validated, captures the intrinsic 
breathing dynamics of a pressurized fuel cell stack. 

A combination of a nonlinear feedforward and linear feed- 
back controller is designed to regulate the excess oxygen 
ratio in the cathode during step changes in FC current de- 
mand. The feedback controller provides robustness through 
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Figure 8: Compressor response on the compressor map 

Figure 9: Fuel cell response on the fuel cell polarization 
map 

the integration of the error between the desired and the mea- 
sured compressor air flow. It also provides a means for cd-  
ibrating the transient FC net power response and avoiding 
harmful compressor motor voltage command that can re- 
sult in stall or surge. Moreover, we clarify the origins of the 
tradeoff between air flow control and system net power. Our 
analysis suggests a multivariable control architecture where 
the power conditioning unit of the fuel cell and the traction 
motor controller coordinate for better performance. 
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