
M o d e l i n g  a n d  C o n t r o l  for P E M  Fuel  Cel l  S t a c k  S y s t e m  I 

Jay T. Pukrushpan, Anna G. Stefanopoulou, Huei Peng 
Automotive Research Center, University of Michigan, Ann Arbor 

pukrushp@umich, edu, annastef~umich, edu, hpeng@umich, edu 

A b s t r a c t  

A nonlinear fuel cell system dynamic  model tha t  is suit- 
able for control s tudy is presented.  The t ransient  phenom- 
ena captured  in the model  include the  flow characterist ics 
and inertia dynamics of the compressor,  the manifold fill- 
ing dynamics,  and consequently, the  reactant  part ial  pres- 
sures. Character izat ion of the  Fuel Cell polarization curves 
based on t ime varying current ,  part ial  oxygen and hydrogen 
pressures, t empera tu re ,  membrane  hydrat ion allows analysis 
and simulation of the  t ransient  fuel cell power generation. 
An observer based feedback and feedforward controller tha t  
manages  the tradeoff  between reduct ion of parasit ic losses 
and fast fuel cell net power response during rapid current  
(load) demands  is designed. 

1 I n t r o d u c t i o n  

Fuel cell stack systems are under  intensive development  by 
several manufacturers ,  with the P ro ton  Exchange Membrane  
(PEM, also known as Polymer  Electrolyte  Membrane)  Fuel 
Cells (FC) current ly  considered by many  to be in a relatively 
more developed stage for ground vehicle applications. There  
are three  major  control subsys tem loops in the  fuel cell sys- 
tern tha t  regulate the air/fuel supply, the  water management  
and the heat  managemen t  [1]. In this paper  we concentra te  
on the air and direct hydrogen (/-/2) supply subsystems.  In 
the air supply subsys tem 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 degradat ion of the  stack voltage and 
sluggish net  power response [2]. Creat ing a control-oriented 
dynamic model  of the overall sys tem is an essential first step, 
not only for the  unders tand ing  of the system behavior,  but  
also for the  development  and design of model-based control 
methodologies.  

Fuel cell (propulsion) system models  in the l i terature  are 
most ly s teady-s ta te  models which are typically used for com- 
ponent  sizing [3, 4, 5], cumulat ive  fuel consumption or by- 
bridization studies [6], 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 ca thode (stoichiometry, pres- 
sure, humidi ty  and stack t empera tu re ) .  Al though the dy- 
namic FC behavior is not included, these studies established 
a good basis for unders tanding  the  fuel cell vehicle integra- 
tion. Few papers  address the effects of t ransient  variations 
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in the fuel cell sys tem performance.  Excellent examples are 
the dominant  but  slow t e m p e r a t u r e  effects on the stack ef- 
ficiency [8, 9], and the  effects of reformed hydrogen/- /2 feed 
rates  in the stack response [10, 11]. Last  but  not least, the 
FC dynamic  behavior due to changes in reactant  flow is mod- 
eled in [12] and presented in [13]. The  authors  in [14] raise 
a lot of interest ing issues associated with the dynamic inter- 
actions of the  flow, heat,  and water  subsystems but  did not 
provide a comprehensive set of equat ions for their study. 

In this paper,  the stack terminal  voltage is modeled based on 
the FC load current  and FC opera t ing  conditions, including 
cell t empera tu re ,  air pressure, oxygen partial  pressure and 
membrane  humidity. The  FC voltage is determined using a 
polarizat ion curve based on the reversible cell voltage, ac- 
t ivat ion losses, ohmic losses and concentrat ion 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 humidi ty  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  ca thode channel. Water  content,  both  
vapor and liquid states,  s tored inside fuel cell cathode are 
computed  and used to represent  the effect of membrane  de- 
hydra t ion  and fuel cell water  flooding. The  physical param- 
eters are cal ibrated based on da ta  repor ted  in l i terature and 
the  sys tem is sized to represent  the  stack in the P2000 Ford 
exper imenta l  vehicle [2]. 

The  model  is used to analyze and design an air flow con- 
troller for the  FC stack supercharging device tha t  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 tha t  minimizing these 
parasit ic losses and providing fast air flow regulation are 
conflicting objectives. The  conflict arises from the fact tha t  
the supercharger  is using par t  of the  stack power to acceler- 
ate. One way to resolve this conflict is to augment  the FC 
system with an auxiliary ba t t e ry  or an ul tracapaci tor  tha t  
can drive the auxiliary devices and can potential ly buffer the 
FC from transient  current  demands.  These additional com- 
ponents,  however, will introduce complexity and additional 
weight t ha t  might  not be necessary [15]. To judiciously de- 
cide about  the system archi tecture and the component  siz- 
ing we analyze the tradeoff between the two objectives us- 
ing linear control theoret ic  techniques. We finally provide 
a controller and a calibration methodology for exploring all 
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feasible responses. 

2 N o n l i n e a r  F u e l  Ce l l  S t a c k  S y s t e m  M o d e l  

A nonlinear dynamic model of the FC system is developed 
using electrochemical, the rmodynamic  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 
t empera tu re  regulation and heat  dissipation. We, thus, as- 
sume a well regulated averaged stack t empera tu re  through-  
out our modeling, analysis, and control design. We also 
assume tha t  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  da ta  
makes it difficult to develop an accurate representat ion of 
dynamic coupling between t empera tu re  and humidi ty  vari- 
ations. 

2.1 P r e l i m i n a r i e s  
The volumes associated with the FC system are shown in 
Figure 1. In this study, it is assumed tha t  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 m 3 and 0.005 m 3, re- 
spectively. Pressurized hydrogen is supplied to the FC stack 
anode through a pressure regulator  tha t  to be discussed in 
Section 3. The anode supply and re turn  manifold volumes 
are very small and the pure hydrogen flow allows us to lump 
all these volumes to one "anode" volume. We denote all the 
variables associated with the lumped anode volume with a 
subscript (an) .  Similarly, the cathode supply manifold (sin) 
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 3) due to the large distance 
between the flow control device (located in the front of the 
vehicle) and the stack (located in the rear t runk  of the vehi- 
cle). The cathode return manifold is small (0.005 m 3) and 
represents lump volume of pipes downstream of the stack 
cathode . 

MEA 

Supp ly  "~ - - - -~ -  , r k ~  
Man i fo ld  " ~ H2 Tan 

--ci 

R e t u r n  " - 

M a n i f o l d  ( r m ) £ ' \ ~ - ~ - ' - ~  
t t  

Diffusion Layer 

F i g u r e  1" Volumes  in fuel cell r e a c t a n t  supp ly  s y s t em 

Masses (kg) are denoted with m, mass flows (kg/s) with W, 
pressure (Pa) with p, power (Watts)  with P,  tempera tures  
(K) with T, rotat ional  speed (rad/s)  with co, current (A) 
with I ,  current  density (A/cm 2) with i, area (cm 2) with A, 
molar masses (kg/mol)  with M, volume (m a) with V, voltage 
(Volts) with v. The variables associated with vapor are de- 
noted with a subscript  v, oxygen with 02, nitrogen with N2, 
hydrogen with H2. The variables in specific volumes have as 
a second subscript the volume identifier (sin,  ca, r m ,  an) .  

The variables for the compressor or the compressor motor 
have cp or crn, respectively as their subscript. Similarly, the 
stack variables use st,  the individual fuel cells variables use 
.fc, and the membrane  variables use m b r  as their subscripts. 

2.2 S t a t e  S p a c e  R e p r e s e n t a t i o n  
The model contains nine states which are rno2 mass of oxy- 
gen in the cathode (kg), rnN2 mass of nitrogen in the cathode 
(kg),m . . . .  mass of water  in the cathode (kg), rnH2 mass of 
hydrogen in the anode (kg), m . . . .  mass of water in the an- 
ode (kg), wcp compressor speed (rad/sec) ,  p~,~ supply man- 
ifold pressure (Pascal), rn~,~ mass of air in the supply man- 
ifold (kg), p~,~ re turn  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: 

d m o  2 

dt 

d m N  2 

dt 
draw,ca 

dt 

Wo~. ,in - W o 2  ,out - W o ~  . . . .  t (1)  

W ~ , ~  - w ~ , o ~  (2) 

W . . . . .  in -- W . . . . . . .  t + Wv,gen + Wv,mbr(3) 

Note tha t  the rate  of change of the mass of water inside 
the cathode, rn~,~ ,  depends solely on the summation of va- 
por flows, because it is assumed tha t  the liquid water does 
not leave the stack and evaporates into the cathode gas if 
cathode humidi ty  drops below 100%. The mass of water 
is in vapor form until  the relative humidi ty  of the gas ex- 
ceeds sa tura t ion  (100%), the point at which vapor condenses 
into liquid water. Note also tha t  the part ial  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 tempera ture  is considered 
fixed at Tst = 353 K. 

Similarly, governing equations for hydrogen and water in the 
anode can be wri t ten as 

d m H  2 
dt = WH2'i~ -- WH2'P~rge -- WH2 . . . .  t (4) 

d m w , a n  
--- W . . . . .  in  - W . . . . . . .  t -  W v , m b r  (5) 

dt 

The dynamics of air supercharging device is governed by the 
compressor inertia, Jcp (5 x 10 -5 kg/m2),  

Jcp dwc---2-p = ~ (Pc~ -- Pcp) (6) 
dt wcp 

where P~,~ 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 governed by the mass conservation 
principle and the rate  of change of supply manifold pressure, 
ps,~, is governed by the energy conservation principle: 

d 77"t s rn 
= W ~ p -  Wca,~n (7) 

dt 

dpsm = 7 R a  (W¢pT~p,o~t - Wca,~nT~r~) (8) 
dt Vs,~ 

where R~ is the air gas constant,  V~,~ is the manifold volume 
and Tsm is the supply manifold gas temperature .  The exit 
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t e m p e r a t u r e  from the compressor ,  T~p ..... t is typical ly  higher 
than  the desired air inlet t e m p e r a t u r e .  The  re tu rn  manifo ld  
pressure,  p~,~, is governed by t h e  mass  conservat ion and the  
ideal gas law th rough  i so thermic  assumpt ions .  

dp~,~ R~T~,~ 
dt  = V ~ :  ( W  . . . . .  t -  W . . . . .  t) (9) 

where V~,~ and T~,~ are r e tu rn  mani fo ld  volume and gas 
t e m p e r a t u r e ,  respectively.  

3 R e a c t a n t  F l o w  R a t e s  

The  compressor  air mass  flow rate ,  Wcp, is de te rmined ,  
t h rough  a compressor  flow m a p  (Allied Signal [16]) which 
is mode led  by the  nonl inear  curve f i t t ing m e t h o d  descr ibed 
in [17]. The  t h e r m o d y n a m i c  equa t ions  are used to calcu- 
la te  exit air t e m p e r a t u r e ,  T~p,o~,t, and required compres-  
sor power,  P~p. The  air flow ra te  in and out  (W~,g~ in 
(7) and W . . . . .  t in (9)) of the  ca thode  are funct ions  of the  
difference between the  pressure  of the  gas u p s t r e a m  and  
downs t ream,  and are a p p r o x i m a t e d  by a linear nozzle equa-  
t ion W = k (p l  - p 2 ) .  The  flow rates  of each e lement  
(O2,Ng,vapor)  in (1)-(3) are de t e rmined  using t h e r m o d y -  
namic  and psychromet r i c  p roper t i e s  of the gas ups t r eam.  
The  r e tu rn  manifo ld  exit flow rate ,  W . . . . .  t, is ca lcula ted  
using nonl inear  nozzle equa t ion  to  account  for large pres- 
sure drops.  

The  ra tes  of oxygen reacted,  W o e  . . . . .  t¢d in equat ion  (1), hy- 
drogen reacted,  WH2 . . . . .  t~d (4), and  water  genera ted  W~,g~ 
(3), in the  fuel cell reac t ion  are ca lcula ted  f rom the  s tack 
current ,  I~t, using the  e lec t rochemical  equat ions  

nI~t , WH~ M H  2 nI~t nI~t  W o  2 . . . .  t = Mo~. ~ . . . .  t = ~ ,  Wv,g~,~ = My  

where n is the  n u m b e r  of cells in the  stack, F is the  Fa raday  
n u m b e r  (96485 coulombs)  and  M o ~ ,  MH2 and M v  are the  
molar  mass  of oxygen,  hydrogen  and  vapor,  respectively.  

The  mass  flow of vapor  across the  membrane ,  W~,,~b~, is 
ca lcula ted  using mass  t r a n s p o r t  principles and  m e m b r a n e  
proper t ies  given in [18]. 

i (c . . . .  
W~,,~D~ = M v A f ~ n  n d - ~  -- D ~  

tm ] 

where Arc  is the  active area  of the  fuel cell (280 cm2), nd 
is e lect ro-osmotic  coefficient, D ~  is diffusion coefficient, tm 
is m e m b r a n e  thickness,  and  c is the  m e m b r a n e  water  con- 
cen t ra t ion  which is a funct ion  of relat ive humid i ty  in the  
anode  and cathode.  The  fuel cell current  density,  i, is de- 
fined as current  per  act ive area. The  detai led calculat ions  
of c, nd and D~  along wi th  the  calcula t ion of m e m b r a n e  hu- 
mid i ty  are given in [19]. In this  paper ,  we focus on the  effect 
of oxygen supply  sys tem,  thus  we assume 100% humidif ied 
m e m b r a n e .  

W h e n  current  is d rawn f rom the  fuel cell, the  oxygen in the  
ca thode  is depleted.  We define the  ins tan taneous  oxygen 
excess ratio (Ao2): Ao~ " = W o ~ , ~ / W o ~  " . . . .  t. The  anode  inlet 
flow rate,  Wa~,i~,  is r egu la ted  to ma in t a in  a small  pressure  
difference across the  m e m b r a n e .  This  can be achieved by  
using a high-gain p ropor t iona l  control  with reference mgnal 
from the  supp ly  mani fo ld  pressure  sensor. 

4 F u e l  C e l l  P o w e r  G e n e r a t i o n  

Typical ly ,  the  FC character is t ics  are given in the form of a 
polar iza t ion  curve, which is the  plot  of FC voltage versus 
current  density. The  current  density,  i, is defined as current  
per  active area, i = I ~ t / A f c .  Since fuel cells are connected 
in series to  form the  stack,  the  to t a l  s tack voltage is v~t = 
n . v~ t z  and the s tack power is P , t  = v , t . I s t .  Par t  of the  stack 
power is used to drive the  compressor  motor .  Therefore,  the  
net  power,  P~et = P ~  -- Pc~ .  

The  FC  polar iza t ion  curve is a funct ion  of ca thode  pressure,  
r eac tan t  par t ia l  pressures,  FC t e m p e r a t u r e  and m e m b r a n e  
humidi ty .  The  FC vol tage is ca lcu la ted  by sub t rac t ing  the  
fuel cell losses or overvol tages  f rom the  fuel cell open circuit 
voltage,  E ,  i.e. Vfc = E -  v ~ t -  V o h m -  V . . . . .  The open 
circuit  vol tage is governed by the  chemical  po ten t ia l  [20]. 
The  ac t iva t ion  overvoltage,  Vact, ohmic  overvoltage,  Voh,~, 
and  concen t ra t ion  overvoltage,  V~o,,~, each affects a different 
region in the  polar iza t ion  as shown in Figure  2 and  is defined 
a s  

Vact = VO Jr- Va( 1 - -  e--Cl{) (11) 
• tm 

Voh,~ = i . rohm : Z - -  (12) 
G m  

v . . . .  = i c u / - ~  (13) 

where membrane conductivity, o-~, is a function of mem- 

brane humidity and fuel cell temperature, Tfc: 

( ( 1 1 ) )  (14) o-~ = bl exp b2 303 Tfc  

where bl is a p a r a m e t e r  heavi ly depends  on m e m b r a n e  hu- 
midi ty.  The  coefficient values pub l i shed  in the  l i te ra ture  are 
used for t~n and bl in the  express ion (12) and (14). How- 
ever, the  value of b2 is modif ied f rom the  one given in [18] to 
m a t c h  our P E M  stack expe r imen ta l  data .  The  coefficients 
in the  expression (11) and (13) are funct ions  of t e m p e r a t u r e ,  
pressure  and  oxygen par t ia l  pressures.  The  FC  vehicle da t a  
are collected while the  FC was control led  for s t eady- s t a t e  
Ao2 = 2 and 100% ca thode  gas relat ive humidi ty .  The  pres- 
sure d a t a  is therefore  t r ans l a t ed  to oxygen par t ia l  pressure,  
Po2,  and  vapor  s a tu ra t ion  pressure,  psat,  which is a func- 
t ion  of fuel cell t e m p e r a t u r e ,  Tfc. The  f i t ted polar iza t ion 
curves versus exper imen t  d a t a  are shown in Figure  2. The  
regression resul ts  are 

v0 = 0 . 2 8 -  8.5 x l 0  -4  ( T f c -  298) 

5 [ ( p c a - - P s a t )  l Q O . 1 2 ( P c a - - P s a t ) ) ]  
+4.3×10- Tj~ 1~ V.0~3-~ +~1~ 1.01325 

C a  - -  ( - 1 . 6 2 × 1 0 - 5 T f c  - 1.62×10-2)p~ 
+(1.8× 10-4Tfc - 0.1r)p~ + (-5.8× lo-4Ts~+ 0.57) 

( 7 . 1 6 × l O - 4 T f ~ - O . 6 2 ) p =  
+ ( - 1 . 4 5  x 10-3Tf~ + 1.68) for p~ < 2 a t m  

C 2  - - -  

(8.7 × 10-5Tfc  -- 0.068)px 
+ ( - -1 .6  x 10-4Tf~ + 0.54) for p~ > 2 a t m  

Cl ---- 10 i . ~  = 2.2 c3 -- 2 

P 0 2  where p~ -- ( G  + p ~ t )  and Tf~ is expressed in Kelvin and 
p ~  and Po2 are expressed in bar.  
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High Ao2 , and thus high oxygen par t ia l  pressure, improves 
P~t and P~¢t. After an o p t i m u m  hoe level, further  increase 
will cause excessive increase of Pc,~ and thus deteriorative 
effects on P ~ t .  Using the model  we plot of Ao~ and Pn~t for 
different Ist as shown in Figure 3. It can be seen tha t  the 
highest net power is achieved at an oxygen excess ratio of 2 
for the selected supercharger  devices. 

11/ ..... i 

4 0 T ~ - - - - - - - -  

i ..5 2 2.5 3 
0 z Excess Ratio, ~.02 

F i g u r e  3: System net power at different stack current  and 
oxygen excess rat io 

5 C o n t r o l  P r o b l e m  F o r m u l a t i o n  

For hydrogen/a i r  P E M  fuel cells, the required air flow is 
indicated by the desired oxygen excess ratio, Ad~ _-- 2 Gen- 

0 2  
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 sys tem and affecting the sys- 
t em net power. The combined control design objective is to 
manipula te  the compressor motor  input  voltage, vc,~, in or- 
der to mainta in  Ao2 = 2 and achieve the desired FC sys tem 
net power, P ~ , ~ f .  The desired net power can be t rans la ted  
into required stack current  assuming proper operat ing con- 

--1 ( p r e f  ditions: ~P~f~t = fP~¢t(I~t)  • The current I~t -- f p ~ t  ~ n~t ) 
is then considered as an external  input  to the system. The 
resulting control problem is defined as follows: 

2 = f ( x , u , w )  State  Equat ions  

z - [ P ~ ,  ~ o ~ ] ~  = hz (~, ~, ~) P ~ f o ~ n ~ c ~  V~r. 

u -- V~m Control Input  

w = Ist External  Input  

:: ' fcp' : : : : : ~ C ? n t r o l l e r ~ : ! :  :: ::::' ............... ::: + U 'Vcm I - - ~  Psm 

I 

F i g u r e  4: C o n t r o l  A r c h i t e c t u r e  

Feedforward control a lgori thm can be used to control vc,~ 
based on the current  drawn from the fuel cell stack as shown 
in Figure 4. For a specific ambient  condition, the required air 

~e 
flow can be calculated from the stack current,  i.e. Wcp f -~ 
f~p(I~t).  The inversion of compressor and compressor motor  
maps  is used to find v ~  f t ha t  gives the desired air flow, 
W y ;  f ,  i.e. v ~  f -- fc ,~(I~t) .  The response of the feedforward 
control sys tem is shown as the do t ted  line in Figure 5. 

The re la t ion  Wcrp ef -- f cp ( t s t )  is an analytical  function based 
on electrochemical and t h e r m o d y n a m i c  principles. Besides 
the stack current,  the function depends on ambient  air con- 
ditions, which include pressure, t empera tu re  and humidity. 
Knowing the air condition, W[~ f can be accurately calcu- 
lated. However, the accuracy of mapp ing  v ~  f = fc,~ (I~t) is 
sensitive to device aging. Fur thermore ,  determining the f~m 
m a p  involves inversion of the nonlinear compressor and mo- 
tor characteristics which cannot  be formulated analytically. 
Moreover, obtaining the map  f~,~ tha t  covers all environ- 
ment  conditions is difficult for an exper imental  fuel cell sys- 
tems. In order to increase the controller robustness against 
uncer ta in ty  in ambient  conditions and device aging, feed- 
back control is added as shown in Figure 4. 

6 F e e d b a c k  C o n t r o l  D e s i g n  

The nonlinear model  is linearized around a nominal  point of 
40kW net power. The coefficients in equat ion (10), defined 
by [18], results in a fully (vapor) sa tu ra ted  cathode. This, 
together  with our assumpt ion  t ha t  the membrane  is fully hu- 
midified, causes the s ta te  rn . . . .  to be unobservable from the 
sys tem output .  Note here tha t  our model  does not capture  
the effects of flooding on the FC performance.  Therefore, 
the linearization results in a linear sys tem with 8 states: 

X = t in02,  mH2,  raN2, COcp, Ps,~, m . . . . .  rns,~,Prm] T. An ad- 
ditional integrator  state,  q, on compressor flow rate  is added 
to the linear system to ensure zero s teady s ta te  error: 

= w ~  - w : ;  ~ (15) 

The amount  of required air flow however depends on stack 
current  and tempera tu re ,  pressure and humidi ty  of the air 
as describe above. The control input ,  Vcm, becomes 

r e f  ~ = - K s ~ a ~  - K ~ q  + v ~  ( z ~ )  (16)  

where K fb is the feedback proport ional  gain, K1 is the inte- 
gral gain and ~" is the s ta te  estimates.  A state  observer is de- 
signed based on the linear model. The linear quadrat ic  (LQ) 
opt imal  control me thod  is used to design the s tate  feedback 
controller gain K/t ,  and Kz and the s tate  es t imator  gain L. 
The linear responses for different control gains are shown in 
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Figure 5. The tradeoff between P,~¢t and Ao2 is evident dur- 
ing transients. A large vcm improves the response of Ao2. 
However, since the power used in the compressor is directly 
drawn from the stack power, there is a non-minimum phase 
relation between input  'v~,~ and ou tpu t  P~¢t. Therefore, a 
large value of vcm resuits in an initial inverse response of 
P~¢t tha t  lowers the positive response of P~¢t gained by a 
step change in stack current,  I~t, as shown in Figure 5. A 
small value of v~,~ results in faster rise t ime of P~¢~ but  
longer settling time due to slow Ao2 response causes by the 
small control input.  

6 . . . . .  

4 I"  i .:::::: .... 
3 

APnet 2 

i .... I 1 i . . . .  2 
o ................................. . - : ._-~ 
.1 . i . , i l , , I l 

( ~ )  / :  . . . . . . . . . .  . . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . . . . . . . . . . . .  i . . . . . . . . . .  ' . . . . . . . .  

AXo O., i[,.:.:.. ............................................................................................... 
0.2 i~." 
0 .3  , , , , , , , , i 

, , v  i' .... 
o I-  . . . . . .  ~ .......... , . . . . . . .  
20 

(d) : : . . - . .  
15 " ' - . ' "  - .  

: ,, - . .  
. .  

AWcp ~o ! " " .... ~- ~ • " .... -~.z...~.: .,., . . . .  
. 

5 

0 ...................... - 
0 0 . 5  1 1.5 2 2 . 5  3 3 .5  4 4 .5  5 

T i m e  ( s e c )  

F i g u r e  5" Linear system response: 1 - feedforward 2 3 4 
feedback with different gain. 

We design a low gain feedback controller tha t  contr ibutes 
very little to the feedforward v~,~ 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 f~p map [21]. Apar t  from begin heuris- 
tic, this uncertain approach is also sensitive to uncer ta in ty  
in plant dynamics due to the underlying open loop cancel- 
lations. Our approach, which is to use model-based ou tpu t  
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 N o n l i n e a r  S i m u l a t i o n  R e s u l t s  

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 feedforward+feedback 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) i l lustrates the performance 

of the anode pressure as it is regulated by the proport ional  
feedback control law to follow the cathode pressure. The 
dynamic transit ions between different compressor flow and 
pressure conditions are shown on the compressor map in Fig- 
ure 8 and the dynamic fuel cell polarization is i l lustrated in 
Figure 9. 
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F i g u r e  6" Simulation results of the nonlinear model: inputs 
and performance ou tpu ts  
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F i g u r e  7: Simulation results of the nonlinear model: stack 
variables 

8 C o n c l u s i o n s  

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 t ransient  phenomena,  flow charac- 
teristics, and inertia dynamics of the compressor, manifold 
dynamics and reactant  part ial  pressures are captured.  The 
model, al though 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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F i g u r e  8" Compresso r  response  on the  compressor  m a p  
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F i g u r e  9" Fuel cell r esponse  on the  fuel cell po la r i za t ion  
m a p  

the  in t eg ra t ion  of the  error  be tween  t h e  desired a n d  t he  mea-  
sured  compressor  air flow. I t  also provides  a m e a n s  for cal- 
i b ra t ing  the  t r ans i en t  FC  ne t  power  response  and  avoiding 
ha rmfu l  compressor  m o t o r  vol tage  c o m m a n d  t h a t  can re- 
sult  in stal l  or surge.  Moreover ,  we clarify the  origins of t he  
t radeof f  be tween  air flow control  a n d  sy s t em net  power.  Our  
analys is  suggests  a mu l t iva r i ab l e  cont ro l  a r ch i t ec tu r e  where  
the  power  condi t ion ing  uni t  of the  fuel cell and  the  t r ac t i on  
m o t o r  control ler  coo rd ina t e  for b e t t e r  pe r fo rmance .  
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