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Fuel Cell Electrochemical Reaction Model 
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Fig. 7 
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AIR AND COOLANT CIRCUIT 
CONFIGURATIONS AND CONTROL OF 

FUEL CELL SYSTEMIS AS POWER SOURCE 
IN AUTOMOTIVE, STATIONARY. AND 

PORTABLE APPLICATIONS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority to co-pending U.S. 
Provisional Application Ser. No. 60/958,889, filed Jul. 10, 
2007, entitled “AIR AND COOLANT CONTROL OF FUEL 
CELL SYSTEMS IN AUTOMOTIVE APPLICATIONS 
which is hereby incorporated by reference as if set forth 
herein. 

FIELD OF THE INVENTION 

The present invention relates to the field of fuel cell sys 
tems. More specifically, the present invention relates to a 
system for and method of controlling air and coolant proper 
ties of fuel cell systems. While the present invention is par 
ticularly well Suited for automotive applications, it is also 
suitable for other applications as well. Furthermore, while the 
present invention is particularly well suited for fuel cell sys 
tems, it is also suitable for other power Sources that produce 
heat as well. 

BACKGROUND OF THE INVENTION 

Air flow rate and temperature control of a PEM (Polymer 
Electrolyte Membrane) fuel cell stack are crucial issues for 
performance and durability of the stack. Insufficient supply of 
oxygen at an abrupt current change can cause oxygen starva 
tion in the catalysts and cannot fully generate the power 
required. Improper rejection of the heat produced can cause 
hotspots in the layers or thermally stress the layers, which 
reduces the lifespan of the stack. Thus, the reactants and 
temperature in the cells should be managed by keeping oper 
ating limits of the stack and the performance as optimal as 
possible. 

Temperatures continuously change as the load current var 
ies. Temperature directly affects chemical reactions and water 
transport, as well as thermal stress on materials. Increasing 
the performance and durability of the power system is a 
crucial issue. Conversely, elevated temperatures can ease 
removal of water produced in the catalysts and increase 
mobility of water vapor in the membrane, which alleviates 
over-potentials. In addition, saving the parasitic power nec 
essary for operating the electrical coolant pump can ensure 
the efficiency of the power system. Therefore, the develop 
ment of a temperature control strategy is of primary interest to 
resolve the concerns of reliable operations and, at the same 
time, to increase performance. 

The following nomenclature (alphabets, SuperScripts, Sub 
Scripts, Greek symbols, etc.) are used throughout this disclo 
SU 

A. Area m? 
C Mass Concentration kg m 
Cp Specific Heat W m2 o C. 
F Faraday Number 
Fr Radiator Frontal Area m? 
i Current Density A m? 
J Rotational Inertia kg m 

l Mass kg 
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2 
-continued 

Molar Mass 
Mole Flux mols' m 
Number 
(Partial) Pressure 
HeatTransfer J 
Universal Gas Constant 
Resistance 
Entropy 
Thickness 
Temperature K 
Mass Flux 
Ambient 
Anode 
Blower 
Coolant 
Cathode 
Catalyst Layer 
Conduction 
Convection 
Control Volume 
Diffusion 
Electro 

9. Gas 
i Motor 

Membrane Layer 
Plumbing 
Radiator 
Reservoir 

S Stator 
Source 

St Stack 
8 Porosity 
t Tortuosity, Torque 
w Water Content, Ratio 
o Density 
() Angular Velocity 
r 
op 

b 

kg m 
rads' 

Efficiency 
Flux Linkage Vs rad 

The PEM fuel cell is a chemical device that generates 
electrical power and ejects heat and water (e.g., oxygen and 
hydrogen) as byproducts of the chemical reaction. Thus, the 
fuel cell is regarded as being free of air pollution, allowing the 
PEM fuel cell to be considered as a potential and alternative 
energy source in future automotive and stationary applica 
tions. 
To replace the conventional power sources, the fuel cell 

systems must be analyzed and evaluated for performance, 
efficiency and reliability. The properties of PEM fuel cells are 
interrelated with factors including transport of reactants and 
byproducts, management of heat generated by electrochemi 
cal reaction or by current passing through the cell, and control 
of humidity to maintain adequate electrolyte conductivity. 
The balance-of-plant (BOP) is a group of system compo 

nents that Supply reactants, remove generated heat, manage 
produced water, and control actuators. Typical components 
needed for operating a PEM fuel cell system, such as the prior 
art PEM fuel cell system 100 in FIG. 1, are a hydrogen tank 
110 to store fuel and an air compressor or blower 120, each 
with corresponding inlet/outlet manifolds 115,125, 185, 195. 
The hydrogen tank 110 and the blower 120 are fluidly coupled 
to a PEM fuel cell 140. The system 100 also comprises a 
humidifier 130 to supply humidified oxygen, a bypass valve 
150, a radiator with a fan 160, a fluid reservoir 170, a coolant 
pump 180, and several control valves 113, 123, 187, 197 and 
controllers to properly manage the heat generated. 

Controlling of a fuel cell power system requires a better 
understanding of the dynamic behavior of the stack that inter 
acts with different BOP components. Due to the complexity 
of the system, dynamic models are utilized to efficiently 
design and effectively assess controllers. The models for the 
PEM fuel cell stack, air supply and thermal system are briefly 
described below. 
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Most fuel cell models, which describe physical behaviors 
of a PEM fuel cell, are based on either empirical equations 
fitted to the curve of a specific polarization characteristic or 
the CFD (Computational Fluid Dynamics) to solve the mass 
and charges transport. The former has been proposed for 
designing a controller for the air Supply system. The dynam 
ics lacking in a cell are improved by reflecting the charging 
and discharging behavior of the double layer present on the 
interface between electrodes and electrolytes. However, the 
model does not fully include the dynamics of gas and tem 
perature occurring through the flow paths and in the cell when 
the current is applied. In addition, the partial pressure drops 
along the pores in the GDL (Gas Diffusion Layer) that affects 
the net pressure exerted on the chemical reaction rate and 
increase the over-potential are not considered. The tempera 
ture rise that eases water removal, increases the chemical 
reaction and Subsequently affects the output Voltage of a cell 
has not been taken into account. 
On the other hand, the CFD based models have been widely 

employed to analyze transport mechanisms of the mass and 
charge and their spatial distributions for a single cell, but 
limited to represent the dynamic characteristic of a stack in 
conjunction with components of the BOP and a power sys 
tem. In addition, exponential growth of computational time 
required for unsteady analyses impedes application of the 
model for the stack. 
The model used in this disclosure is based on empirical 

equations and takes into account three additional major 
effects water balance in the membrane, gas dynamics in the 
gas diffusion layer, and temperature distribution in a cell 
described below. 
A cell is constructed by the connection of individual mod 

els for layers. The I-V characteristic is obtained through the 
difference between the open circuit voltage and the over 
potentials that include the ohmic over-potential in the mem 
brane, the activation over-potential in the catalyst on the 
cathode side, and the concentration over-potential. The rela 
tionship for a single cell may be written as the function of 
physical parameters, such as the reactant partial pressure, 
temperature, and current and membrane water content. The 
output characteristic of the Stack is assumed by the product of 
the cell number with one of a single cell. 

eit EP, T)-vac(P, Ti)-Vahnic (i, \nent, T-V cone 
(p, Ti) 

VFn V, 

The dynamics of a fuel cell system involve mass flow of air 
and water. The air Supplied flows through the gas flow channel 
and the GDL before reaching the catalysts, and at the same 
time, takes up water from the humidifier. Water generated in 
the catalysts diffuses through the membrane where protons 
take up water from the anode to the cathode side. The heat 
generated by chemical reaction and charge transport elevates 
temperature in the cell. All of these changes affect the 
dynamic behavior of the cell. Further improvements of the 
dynamics have been made by considering the following three 
effects: 1) Water dynamics in the membrane, 2) Partial pres 
sure drop in the GDL, and 3) Temperature variation. 

Water content in the membrane determines proton conduc 
tivity. The dynamics of water content are described by two 
effects: the electro-osmotic driving force by the different 
electrochemical potentials at the anode and cathode, and the 
diffusion caused by the water concentration gradient at the 
two boundaries. Considering the water mass that flows at the 
boundaries of the membrane layer, the dynamic of the water 
concentration in the membrane can be improved as follows, 
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4 
where C is the mass concentration (kg m), M is the mole 
mass (kg mole'), b is the parameter (given in the reference 
Krause P. C. and Wasynczuk. (1989) O. Electrochemical 
Motion Devices, first ed., McGraw-Hill Book Company, New 
York), p is the membrane dry density, and A is the fuel cell 
area (m). 

cel 

Chomass / MH2O A. membr One, - b. Chomass f Mhao 
Mmembr 2O, 2 

d(CH2O.mass Aceutmembr) 
water membr — — = 

Wele member an - Wele membrica + Waif membran + Waif membra 

The reactant entering the cell diffuses through the GDL 
before reaching the catalyst layer and significantly affects the 
overall dynamics of the reactants. This diffusion effect is 
reflected by using the mass continuity and the Stefan-Max 
well equations: 

- - - - - - - = 0 
RT st dy 

3 &g 6 p. RT 
- - : ;N - p. N. t2 ay 2. pca Dik (p; Ni - p. N.) 

Hence, i, k e(1.3) sums up the species partial pressures 
where p is the oxygen partial pressure, pp. (T) and pare 
the water vaporand the nitrogen partial pressure, respectively, 
and the diffusion coefficients of pD, include the cathode 
pressure of p. Theparameterstande are constants describ 
ing the pore curvature of the GDL. 

If a cell is assembled with cubical layers, in which the 
thermo-physical properties are isotropic and constant, then 
according to the energy conservation equation, the total 
energy changes in a controlled Volume are equal to the Sum of 
energy exchange at boundaries and internal energy resources. 
In fact, the energy exchanges at boundaries occur by two 
factors: a) the conduction across the cell; and b) the convec 
tion occurring between bipolar plates with the coolant, reac 
tants and water. The thermal-dynamic behavior can thus be 
described with the following energy conservation equation: 

d.T. 
(it 

inass-flow-in 

X CP: Cimass Acelitcy 
i 

Qcony Acell -- 
convection-heat-transfer conduction-heat-transfer SiCaS 

The internal energy source is composed of the entropy loss 
and the chemical energy required for protons to overcome the 
barrier of the over-potentials in both catalyst layers. In addi 
tion, others are ohmic losses caused by a transport of elec 
trons and protons in the cell: 

TAS ) Q = I (-, + vaci + 1 Renir 

where As is equal to -65.0 (Jmol"K"), w (given in the 
reference Amphlett, J. C., Baumert, R. M., Mann, R. F., 
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Peppley, B. A. and Roberge, P. R., (1995) Performance mod 
eling of the Ballard Mark IV solid polymer electrolyte fuel 
cell, J. Elecrochem. Soc., 142 1 9-15), and R is the 
membrane resistance. 
The air Supply system should continuously replenish the 

air to the fuel cell stack as the load varies. It consists of four 
Subsystems: an air supplier, a humidifier, and an inlet and 
outlet manifold with a regulator adjusting the pressure at the 
stack. 
Due to the efficiency of the system, a blower is widely 

employed for Supplying air. The humidifier in the study is 
simplified as an ideal one without any associated dynamics 
and energy losses. 
The blower is usually driven by an electric motor. The 

dynamic characteristic of the blower system is described by a 
sum of all moments of inertia of the motor and the impeller, 
and the torque produced by the motor. Hence, the torque 
produced by the motor, T., (J), is a function of the stator 
resistance, R. (Ohm), flux linkage, d. (V's rad'), and 

naenir 

the number of the poles, n, with the stator Voltage, 
V(V). 

dopt 1 ( Wbi APbinbin 
- = -- it - TT) dt Jbi ibi Camb (Obi 

(Pblin s -(Negro () R.J.'blin 2 bin (Obi blin Filbin ( tige 

where () is angular velocity (rad's"), J is rotational inertia 
(kg m), m is efficiency, p is pressure (Pa), and p is air density 
(kg m). The flow rate of the air blower is given as a function 
of the angular Velocity and pressure and the efficiency as a 
function of the flow rate and the angular velocity: 

cott. (–20.581. (p")? - 1.4415. 10.p" +4.1333. 10), 
W = p's 9.10 "Pas? rad? 

otherwise, (obt. (-1.7973. p" + 1.6409. 10-3) 

Wy 
nbi = -2.8831. 10 (...) -- 

W. 2 W. 9.5115. 10°. () + 1.3087. 10'. (P)+ 0.17945 (Obi (Obi 

where p" is (Pam). (Ot 

The parameters of the blower are extracted by characteris 
tic data and specifications delivered by PADT (Phoenix 
Analysis & Design Technologies), which include both the 
flow parameter and overall efficiency versus the head param 
eter. 

Dynamic characteristics of the inlet and outlet manifold 
pressures are described by using the mass conservation equa 
tion. 

dip; yR 
(W.T. - Winout Tin) 

dp RT 
t" "(W. - Wonout) 

A thermal circuit should be capable of rejecting excessive 
heat produced by the stack. The circuit consists of a three-way 
valve to allow the coolant to bypass or to flow into a radiator 
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6 
to exchange heat with the ambient media, a fan to increase 
effectiveness of the heat convection, and a reservoir to store 
and thermally insulate the coolants. Finally, a coolant pump 
serves to Supply the coolant for the heat source. 
The opening of the bypass valve is assumed to be linear 

with a factork, the coolant temperature at the reservoir inlet is 
expressed as a function of k, the coolant temperature at the 
stack outlet, T and the radiator outlet, T Si,c,diti rad, cozit 

W. Cp.T., (1-k). W. Cp. T+k W. Cp. 
T rad.c.out 

The behavior of the radiator is described by the principle of 
thermodynamics. Kroger, D. G. (1984) Radiator Character 
ization and Optimization, SAE paper 840380 proposed an 
empirical equation for a heat transfer coefficient of the radia 
tor, h, , 
(kW m°C.) and pressure dropp, (kPa) of the radiator as 
a function of the air flow rate, W. (kg's'). 

h=-1.4495. W. -5.9045. Wi-0.1157 air air 

p=(326.12. W-75.396)+101.325 

If the heat of the coolant is fully transferred to the radiator 
without any losses, the heat capacity of the coolant is identical 
with that of the radiator. Thus, the radiator outlet coolant 
temperature can be expressed as a function of the radiator 
geometry and the heat convection caused by the temperature 
difference between the ambient and the radiator outgoing air 
temperature: 

Farea (Tradicin - Tamb) had Trad.cout = Tradic in - 0.5- W.Cp if it } 

Hence, Fr. denotes the frontal area (m) of the radiator and 
T., denotes the radiator inlet coolant temperature. The 
electric power for the fan can be calculated according to a 
thermal dynamic relationship between pressure drop and air 
flow rate, 

kill (w.C.T.P k ). P = 
fan iieleciifan 

where P, denotes the electric power (W) of the fan. 
The reservoir should be thermally insulated after a heat 

exchanger at the radiator by convection. The variation of the 
heat in the reservoir is the sum of the heat that the coolant 
carries and the heatbeing exchanged with the ambient. There 
fore, the reservoir outlet coolant temperature at the end of the 
given time interval, T K) can be expressed by the (o feScotti 
equation 

Trescout 
At 

Trp-iro (W.CP. (Top-Tecin) + hA (Tesco - Tan), aS 

where T is the temperature of the reservoir at the previ 
ous of tie step (K). At is the time interval (Sec), M is 
equivalent to the mass of the coolant in the reservoir (kg), 
T, is the reservoir inlet coolant temperature (K), and 
h'A, is the heat transfer of plumbing to the ambient (J K'), 
respectively. 
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Suppose that all of the heat generated in the stack is com 
pletely transferred to the coolant. The coolant flow rate is then 
expressed by the relationship with the heat source. 

W = Qsou 
CpAT 

At an equilibrium state, the excessive heat rejected by the 
coolants is identical to the sum of the heat the reservoir stores 
and the radiator exchanges with the ambient. Firstly, a maxi 
mum coolant flow rate is assumed, and then the temperature 
drop along the coolant flow channel can be calculated by 
taking into account the fact that the maximum heat produced 
in the stack should be rejected by the coolant flow rate. The 
temperature at the outlet of the coolant is assumed to be 72°C. 
because the temperature gradient from the catalyst to the 
coolants channel amounts to 8° K at a maximum load current 
if the catalyst temperature is 80°C. Thus, the inlet tempera 
ture is obtained at a temperature drop of 12° C. and the 
maximum flow rate of 3 kg/sec. The heat transfer coefficient 
of the radiator and the volume of the reservoir are chosen 
based on the maximum heat capacity stored and rejected. 

FIG. 2 shows a block diagram for a typical control system 
200 that includes two controls for the air and coolant flow 
rate. System 200 comprises a hydrogen tank 210 fluidly 
coupled to a fuel cell stack 240 through a valve 235, such as 
a pressure relief valve. The hydrogen tank 210 provides 
hydrogen W, to the fuel cell stack 240. 
A blower 220 is fluidly coupled to the fuel stack 240 to 

provide air W, to the fuel cell stack 240 (in some embodi 
ments, through an inlet manifold 225). A portion of the air 
pressure P can be diverted from the inlet manifold 225 
through a stator 230 to the valve 235. The rate of air supply is 
controlled by an air supply control system 215. Air supply 
control system 215 uses a reference load current I, and 
interpolates map data using a function f(I) in controller 217 
to determine and provide a voltage V, to the blower 220, 
thereby controlling the air supply to the fuel cell stack 240. 
A coolant pump 280 fluidly couples a reservoir 270 to the 

fuel cell stack 240 in order to supply coolant W from the 
reservoir 270 to the fuel cell stack 240. A radiator and fan 260 
fluidly couples outlets on the fuel cell stack 240 to the reser 
voir 270 in order to cool coolant W., and W., from the 
anode and cathode side of the fuel cell stack 240 and provide 
the cooled coolant to the reservoir 270 for later use. The flow 
rate of the coolant to the fuel cell stack 240 is controlled by a 
coolant flow control system 250. Coolant flow control system 
250 compares a reference coolant temperature T with an 
average coolant temperature T from the stack, using a 
logic component 255. This comparison is used by a propor 
tional-integral (PI) controller 257 in order to determine and 
provide a control signal to the coolant pump 280, thereby 
controlling the coolant supply to the fuel cell stack 240. The 
average coolant temperature T is obtained using tempera 
ture sensors disposed downstream from the fuel cell stack 240 
and upstream from the coolant flow control system 250. The 
sensors transmit the temperatures (T, and T.) of the 
coolant from the anode side of the fuel cell stack and the 
cathode side of the fuel cell stack to logic components 245 
and 253, where the temperatures are added and halved in 
order to form T. 

Additional output, such as water, is directed away from the 
fuel cell stack 240 and system 200 via an outlet manifold 285, 
valve 287 and Stator 290. 
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8 
The objectives for the air flow rate control are to maintain 

the optimal oxygen excess ratio and, Subsequently, to prevent 
an oxygen starvation that may occur during abrupt changes of 
the current load. Hence, the oxygen excess ratio is defined as 
a ratio of the oxygen Supplied to the oxygen consumed, where 
the oxygen consumed depends on the stack current. The oxy 
gen Supplied to the stack is directly proportional to the air 
flow rate delivered by the air blower and finally the amplitude 
of the blow motor voltage. Thus, a controller for the air flow 
rate, a static feed-forward controller (sEF), is designed by 
using a polynomial that interpolates a map data. The data 
includes an optimal relationship between the stack current 
required and the motor voltage of the blower in order to 
maintain the oxygen excess ratio at 2, which is intensively 
handled by other authors (Domenico, A. D., Miotti, A., 
Alhetairshi, M., Guezennec, Y. G., Rajagopalan, S. S. V. and 
Yurkovich, S., (2006) Multi-variable control for an automo 
tive traction PEM fielcell system, Proc. The 2006 American 
Control Conference, Minneapolis, Minn.; RodatZ, P., Pagan 
elli, G. and Guzella, L., (2003) Optimization air supply con 
trol of a PEM Fuel Cell system, IEEE Proc. American Control 
conference; Vahidi, A., Stefanopoulou, A. G. and Peng, H., 
(2004) Model Predictive Control for Starvation Prevention in 
a Hybrid Fuel Cell system, IEEE Proc. American Control 
conference). As shown in FIG. 7, the performance of the 
controls is excellent, particularly at the rejection behavior of 
the oxygen excess ratio at a disturbance. However, the model 
used for the design of the controls assumed that the working 
temperature of the stack is constant, which does not corre 
spond to the real behavior of the stack in operation. 

SUMMARY OF THE INVENTION 

The present invention provides new control strategies for a 
thermal circuit that reduce a temperature Surge in the catalysts 
at a dynamic load change, minimize the parasitic power, and 
optimize oxygen starvations in the air Supply system. The 
model for the single cell considers geometry of the gas diffu 
sion layers, influences of the temperature variation, and, Sub 
sequently, water content on the proton conductivity in the 
membrane. In some embodiments, the thermal circuit com 
prises a bypass valve, a radiator with a fan, a reservoir, and a 
coolant pump. In some embodiments, the air supply system 
comprises a blower and inlet and outlet manifolds. Based on 
the component models, controls for the air and coolant flows 
are designed and compared under aspects of the oxygen 
excess ratio and the temperature Surge in catalysts, as well as 
parasitic power. Particularly, the coolant flow rate is con 
trolled so that the excess heat in the cells at a load profile is 
estimated and fed-forward to the coolant control loop that 
compensates this surplus heat. Classic PI controllers and a 
state feedback control for the thermal circuit have been 
designed. The heat source term dependent upon the load 
current is fed-forward to the closed loop and the temperature 
effects on the air flow rate are compensated. 
The dynamics and performance of the designed controllers 

are evaluated and analyzed by simulations using dynamic fuel 
cell system models at a multi-step current and a current profile 
measured by the FUDS (Federal Urban Driving System) 
mode. The results show that the control strategies of the 
present invention can alleviate a temperature rise in the cata 
lyst layer and the oxygen starvation, as well as address the 
parasitic power needed for operation of the air and coolant 
pumps. 
The control for the coolant flow is based on the energy 

equation. In fact, the stack composed of cells can be regulated 
as a thermal mass with a thermal capacity. If the heat 
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exchange by radiation is negligible and the stack temperature 
is equal to the average of the stack outlet coolants temperature 
on the anode and cathode sides, then the temperature change 
in the stack is equal to the Sum of the heat source terms in the 
stack, the heat exchanged with the coolants and the ambient: 

T 
m, Cp = Q. W. Cp. (Tin - T,)-ha (Tan-T), 

where m,Cp, is the heat capacity of the stack (J-K'), W is 
the coolant flow rate (kg's') as the control variable, and Q., 
is the internal energy source (J.'s') that is a function of the 
load current. Due to the nonlinearity of the equations in the 
lumped thermal stack above and the reservoir model, the 
Taylor expansion is used to obtain a linear equation at an 
operating point, where the coolant temperature and flow rate 
are 64° C. and 0.93 kg/sec. The stack current and voltage are 
140A and 198 V, respectively. The state equations and vari 
ables are defined as follows: 

dx = A. dx + B. u + B . w 

dy = C. ox 

X = Tst Tes (States) 
it = W. k. (Controlled Input) 
w = s. (Disturbance) 
y = Tt Tes (Output) 

-0.0245 0.0245 -0.3179 0 

T 0.0243 look --O. - 1.1482 
0.634x 105 

B = 
O c 

The linearized equation (16) is transformed on the Laplace 
domain: 

Hence, the SuperScript indicates the constant values at the 
operating point. 

In fact, the first term represents the source term, while the 
third and fourth terms show constants. The transfer function 
between the stack temperature and coolant flow rate results in 
the first order of the differential equation used for a design of 
a classic PI controller: 

T(s) CpT. 
W.(s) (m. Cpl. s + CpW+ hA) 

K 
G(s) = K, + -i-. 

S 

Hence, the heat Source term Q is regarded as a distur 
bance for the thermal system, which should be suppressed as 
quickly as possible. Thus, the two gains of the PI controller 
are selected by the 3 times higher bandwidth of the closed 
loop than the one of the thermal system and a damping ratio 
of 0.707. The resulting gains are K-0.2734 and K, 0.0443 
(sec'). 
When a current drawn from the stack varies abruptly, the 

heat generated in the stack tends to follow it with a time 
constant. The typical coolant controls, however, cannot fully 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
reject this heat, simply because of the sensing points of the 
temperature at the outlet of the coolants. Subsequently, the 
heat rejected becomes less than the heat generated. 
As a countermeasure, the present invention estimates the 

temperature rise in a stack directly caused by the current load 
and feed-forwards this information to the temperature control 
loop. The relationship between the current and the stack tem 
perature yields the following transfer function, where R. 
represents the equivalent resistance for the activation over 
potential: 

T (S) 4F + Ract + Rembr 
I(s) (m, Cpl. s + CpW9 + ha) 

( TAS ) 

On the other hand, the temperature of the coolants control 
loop is set lower than the temperature in the stack for rejection 
of the heat in the stack, which changes the temperature in gas 
flow channels and, consequently, the pressure. When the tem 
perature in the channel gets lower, the pressure drops accord 
ing to the ideal gas law in the given Volume and then a 
pressure difference to the inlet manifold gets larger. As a 
result, the mass flow rate at the inlet of the stack increases 
according to the NoZZle equation (Pukrushpan, J.T., Peng, H. 
and Stefanopoulou, A.G., (2002) Simulation and Analysis of 
Transient Fuel Cell System Performance based on a Dynamic 
Reactant Flow Model, Proc. Of IMEXE01, 2002 ASME 
International Mechanical Engineering Congress & Exposi 
tion, New Orleans, La.) and, consequently, the oxygen excess 
ratio gets increased. 
The increased air mass flow rate can be reduced by adding 

a compensator in the control strategy that compensates the 
flow rate according to the coolant's temperature increase and 
to the current that determines the consumed oxygen. Due to a 
nonlinear relationship between the blower voltage and differ 
ent currents and temperatures at the optimum oxygen excess 
ratio, a set of data is obtained by multi-runs of the entire 
model under different currents and temperatures, which is 
then used for a compensation of the effects. 

In one aspect of the present invention, an air and coolant 
control system is provided. The system comprises a heat 
Source, an air Supply source, an air Supply control system, a 
coolant Supply source, and a coolant control system. 

In some embodiments, the heat Source comprises an air 
inlet, a coolantinlet, and a coolant outlet fluidly coupled to the 
coolant inlet through the heat source. In some embodiments, 
the heat source is configured to receive air through the air 
inlet, to generate heat in response to receiving the air, to 
receive coolant through the coolant inlet, to conduct the 
received coolant to the coolant outlet, and to transfera portion 
of the generated heat to the received coolant, thereby remov 
ing the portion of the generated heat from the heat source as 
the coolant is conducted out of the heat source through the 
coolant outlet. In some embodiments, the heat Source is a fuel 
cell stack. For example, the heat source can be a Polymer 
Electrolyte Membrane (PEM) fuel cell stack. However, it is 
contemplated that the present invention applies to other heat 
Sources as well. 
The air supply source is fluidly coupled to the air inlet of 

the heat source and is configured to Supply the air to the heat 
Source. In some embodiments, the air Supply control system 
is configured to adjust the flow rate of air from the air supply 
Source to the heat source based on a dynamic feedback tem 
perature characteristic from the heat Source. 
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The coolant supply source is fluidly coupled to the coolant 
inlet of the heat Source and is configured to Supply the coolant 
to the heat Source. In some embodiments, the coolant control 
system is configured to adjust the flow rate of the coolant 
supplied to the heat source based on an estimated feed-for 
ward heat source characteristic. In some embodiments, the 
coolant control system is configured to adjust the temperature 
of the coolant supplied to the heat source based on the 
dynamic feedback temperature characteristic. 

In some embodiments, the system includes a fuel Source 
fluidly coupled to the heat source and configured to Supply a 
fuel to the heat Source. For example, in some embodiments, a 
hydrogen tank is fluidly coupled to the fuel cell stack in order 
to Supply hydrogen to the fuel cell stack. 

Although this disclosure describes particular configura 
tions of dynamic feedback temperature data and estimated 
feed-forward heat source temperature data being used for 
certain control/adjustment mechanisms, it is contemplated 
that these control/adjustment mechanisms are capable of 
using both types of data, as well as other data not explicitly 
discussed. The dynamic feedback temperature data is any 
data that is provided via a feedback loop and that indicates 
Some sort of updated temperature status of the heat source. 
For example, in Some embodiments, the dynamic feedback 
temperature characteristic comprises information indicating 
a temperature of the coolant measured at the coolant outlet of 
the heat source. The estimated feed-forward heat source data 
is any data that is provided via a feed-forward line and that 
predicts heat Source operation characteristics. For example, 
in some embodiments, the estimated feed-forward heat 
Source characteristic comprises an estimation of excess heat 
in the heat source at a load profile. A feed-forward controller 
is able to adjust the flow rate of the coolant based on the load 
profile and interpolated map data. 

In some embodiments, the coolant control system com 
prises at least one controller from the group of controllers 
consisting of a proportional-integral controller and a state 
feedback controller. 

It is contemplated that the coolant temperature is capable 
of being adjusted in a variety of ways. In some embodiments, 
the system includes a coolant reservoir configured to store 
coolant that is to be conducted to and through the heat source, 
a coolant pump configured to pump the coolant from the 
coolant reservoir to the heat source, the flow rate of the 
coolant being controlled by the coolant flow control system, a 
cooling system configured to cool coolant from the heat stack 
and provide the cooled coolant to the coolant reservoir, and a 
bypass valve configured to regulate the amount of coolant 
Supplied from the heat source to the cooling system for cool 
ing. In some embodiments, this regulation is based on 
dynamic temperature information about the heat Source. 

In another aspect of the present invention, a method of 
controllingaheat Source system is provided. In some embodi 
ments, the heat source system comprises a heat source, a load 
profile for the heat source, an air Supply source, and a coolant 
Supply source. 

In some embodiments, the method comprises flowing air 
from the air Supply source to the heat Source at an airflow rate. 
In some embodiments, the airflow rate is adjusted based on a 
dynamic feedback temperature characteristic. The heat 
Source generates heat in response to receiving the air from the 
air Supply source. Coolant flows from the coolant Supply 
Source to and through the heat Source at a coolant flow rate 
and a coolant temperature. In some embodiments, the coolant 
flow rate is adjusted based on a dynamic feedback tempera 
ture characteristic and the coolant temperature is adjusted 
based on a feed-forward heat source characteristic. The heat 
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12 
Source transfers a portion of the generated heat to the coolant, 
thereby removing the portion of the generated heat from the 
heat source as the coolant flows out of the heat source. 

All of the design variations discussed herein with respect to 
the systems of the present invention also apply to the methods 
as well. 

It is contemplated that the present invention can employ 
any combination of the air flow rate, coolant flow rate, and 
coolant temperature adjustment mechanisms disclosed 
herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a prior art PEM fuel cell system. 
FIG. 2 illustrates a prior art air and coolant control system. 
FIG. 3 illustrates a generalized embodiment of an air and 

coolant control system with feed-forward coolant control and 
temperature-compensated air Supply in accordance with the 
principles of the present invention. 

FIG. 4 illustrates a more specific embodiment of an air and 
coolant control system using a PI controller in accordance 
with the principles of the present invention. 
FIG.5A illustrates another embodiment of an air and cool 

ant control system using a PI controller and a bypass valve in 
accordance with the principles of the present invention. 

FIG. 5B illustrates yet another embodiment of an air and 
coolant control system using a PI controller and a bypass 
valve in accordance with the principles of the present inven 
tion. 

FIG. 6A illustrates yet another embodiment of an air and 
coolant control system using state feedback and integral con 
trollers and a bypass valve in accordance with the principles 
of the present invention. 

FIG. 6B illustrates yet another embodiment of an air and 
coolant control system using state feedback and integral con 
trollers and a bypass valve in accordance with the principles 
of the present invention. 

FIG. 7 is a table showing parameters and reference data for 
chosen models. 

FIG. 8 is a graph illustrating a step load current. 
FIG.9 is a graph illustrating a comparison of the membrane 

water content between the empirical model and the proposed 
model. 

FIG. 10 is a graph illustrating the temperatures of the 
catalyst layer and the coolant channel by the coolant flow 
controls with and without the feed-forward of the distur 
bance. 

FIG. 11 is a graph illustrating the effects of the coolant 
controls on temperature variation in a cell depending on cur 
rents with and without the feed-forward of the disturbance. 

FIG. 12 is a graph illustrating a comparison of the oxygen 
excess ratio at a constant and dynamically varying tempera 
ture. 

FIG. 13 is a graph illustrating a comparison of the oxygen 
excess ratio before and after a compensation of the tempera 
ture influence on the air control loop. 

FIG. 14 illustrates a comparison of the coolant flow rate 
and the stack inlet coolant temperature with a given current 
step between PI controls and state feedback controls. 

FIG. 15(a) is a graph illustrating a current profile. 
FIG. 15(b) is a graph illustrating the temperature of the 

catalysts and coolants without the feed-forward. 
FIG. 15(c) is a graph illustrating the temperature of the 

catalysts and coolants with the feed-forward. 
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FIG. 15(d) is a graph illustrating the oxygen excess ratio 
after a temperature compensation. 

DETAILED DESCRIPTION OF THE INVENTION 

The following description is presented to enable one of 
ordinary skill in the art to make and use the invention and is 
provided in the context of a patent application and its require 
ments. Various modifications to the described embodiments 
will be readily apparent to those skilled in the art and the 
generic principles herein may be applied to other embodi 
ments. Thus, the present invention is not intended to be lim 
ited to the embodiment shown but is to be accorded the widest 
Scope consistent with the principles and features described 
herein. 

This disclosure provides several embodiments of the 
present invention. It is contemplated that any features from 
any embodiment can be combined with any features from any 
other embodiment. In this fashion, hybrid configurations of 
the illustrated embodiments are well within the scope of the 
present invention. 
The state equations derived above present a multi-input 

multi-output structure, where two controlled input variables, 
coolant temperature and flow rate, are dependant on each 
other. This dependence can be minimized if the time con 
stants of two feedback loops are set in a different order. Then, 
the temperature in the stack can be controlled by the coolant 
flow rate independent of the temperature of the coolant being 
controlled by the opening factor k. The equation 
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m, Cp = Q. W. Cp. (Tin - T,)-ha (Tan-T) 

35 
includes a relationship between the stack temperature and the 
coolant flow rate, whose transfer function is 

T.(S Cpl. (T-T) K 
st) p. ( f ) , and Gc (S) = Kc + i.e. 40 

W.(s) (mCpl. s + W. Cp + has.) 

Equation Trescout = 

... (W.Cp (Trasp - Tresc.in) + hApt' (Trescin - Tamb)) 
45 

includes a relationship between the temperature in the reser 
voir and the factor for the bypass valve opening, which is the 
transfer function 

50 

T(s) (W. Cp + hap). (Tin - T.) 
k(s) (mCp, S + W. Cp) 

K and G.2(s) = K, + i. 55 
S 

Likewise, the gains for the PI controller are selected so that 
the bandwidth of the closed-loop is 5 times higher than the 
time constant of the coolant flow feedback outer loop. In 60 
addition, the damping ratio is set to be 0.707. The resulting 
gains are K-0.1902 and K=0.0546 (sec'). 
The classic PI controller does not consider the parasitic 

power in the coolant pump as a control object, even though it 
sufficiently rejects the heat and effectively suppresses the 65 
temperature Surges in the layers. One alternative is the use of 
a state feedback control, where the parasitic power dissipated 

14 
in the coolant pump can be advantageously considered as one 
of the control objectives. On the other hand, the parasitic 
power of the coolant pump is directly proportional to the 
coolant flow rate. Thus, the coolant flow rate is included as a 
parameter in the cost function below. The optimization of the 
gains is conducted by the LQR (linear quadratic regulator) 
method, which basically sums the square of the errors. 

Q represents the weighting matrix amplifying the errors of 
the control objects, while the other weighting matrix R is used 
to suppress the effect of the manipulating variables. 
The state equation of the control plant presents a 2-by-2 

matrix, where the variables are coupled with each other. A 
decoupling of the two loops has been accomplished by 
assigning different time constants to the two closed loops. In 
fact, the valve opening factor does not directly affect the 
dynamics of the stack temperature, while the reservoir tem 
perature is strongly influenced by the valve opening factor 
rather than the coolant flow rate. Hence, the time constant of 
the transfer function between the stack temperature and cool 
ant flow rate is set 5 times faster than the one between the 
stack temperature and the valve opening factor. 
On the other hand, integrators are required to suppress any 

steady state errors. Thus, the errors of both closed loops are 
defined as a new state variable that is considered in the cost 
function: 

T. Tst 
4 T - Tes aS 

f = (ox O,0x + q Q q + out Rou)dt 
O 

Q is the weighting matrix for integrator. Then, the rules for 
the optimal control inputs are obtained: 

where the controller gain is K=RBu'. P. P is the solution of 
the Algebraic Riccati Equation that is given as follows: 

PA '+A'P+Q.-P. BRB, P=0, 
where A'B'O diag(QQ) and 

R 
100 O 

O 

When the weighting matrix R is larger than the weighting 
matrix Q, the role of the coolant flow rate in the cost function 
increases, and Subsequently, the gains of the controller are 
chosen, which minimizes the parasitic power. After several 
iterations with different weighting factors, the optimal con 
trol matrix K, and K, is given by 

K - 1.2015 A. o 0.0027 
P-0.0521 -3.1479 -0.0027 -0.1 - 

The heat produced in the stack tends to follow the current 
drawn from the stack. The current-dependent heat is regarded 
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as a disturbance in the control loop, which cannot be fully 
rejected by the typical coolant control that measures the tem 
perature at the outlet of the coolants. As a result, the heat 
rejected gets less than the heat produced. A countermeasure is 
to estimate temperature rise in a layer that is directly related to 
the magnitude of the current load and feed-forward it to the 
temperature control loop shown in FIGS. 5A and 6A. The 
relationship between the current and the stack temperature 
yields the following transfer function, where v represents 
the activation over-potential: 

TAS 

T(s) ( ) 
I(s) (m, Cpl. s + CpW9 + ha) 
T(s) Rmembr 
12(s) T (m, Cpl. s + CpW + ha) 

However, all of the previously published air supply control 
designs assumed a constant working temperature of the cell. 
In fact, distribution of the temperature in the individual layers 
through the plane varies because of the various heat sources of 
irreversible energy occurring in the chemical reactions, and 
Joules losses associated with charges transport. In order for 
rejection of the heat in the stack to occur, the temperature of 
the coolant control loop is set lower than the one in the stack, 
thereby changing the temperature in the gas flow channels. 
When the temperature in the channel gets lower, the pressure 
drops according to the ideal gas law for the given Volume, and 
then a pressure difference to the inlet manifold gets larger. On 
the other hand, the mass flow rate at the inlet of the stack 
increases according to the nozzle equation and, consequently, 
the oxygen excess ratio increases. The Surplus air is reduced 
by an additional element in the controls that depends upon the 
coolant temperature in addition to the current that determines 
the consumed oxygen. Due to a nonlinear relationship 
between the blower voltage and different currents and tem 
peratures at the optimum oxygen excess ratio, a set of data is 
obtained by multi-runs of the entire model under different 
currents and temperatures, used for a compensation of the 
effects. 

FIG. 3 illustrates a generalized embodiment of an air and 
coolant control system 300 with feed-forward coolant control 
and temperature-compensated air Supply in accordance with 
the principles of the present invention. System 300 comprises 
a heat source 340, an air Supply source 320, an air Supply 
control system 315, a coolant Supply source (comprising a 
coolant pump 380 and a fluid reservoir 370), and a coolant 
control system 325. 
The heat source 340 comprises an air inlet 341 fluidly 

coupled to the air supply source 320, a coolant inlet 342 
fluidly coupled to the coolant Supply source, and a coolant 
outlet 343 fluidly coupled to the coolant inlet through the heat 
source 340. The heat source 340 is configured to receive air 
through the air inlet, to generate heat in response to receiving 
the air, to receive coolant through the coolant inlet, to conduct 
the received coolant to the coolant outlet, and to transfer a 
portion of the generated heat to the received coolant, thereby 
removing the portion of the generated heat from the heat 
source 340 as the coolant is conducted out of the heat source 
340 through the coolant outlet. In some embodiments, the 
heat source 340 comprises a PEM fuel cell stack. However, in 
some embodiments, the heat source 340 comprises other 
types of fuel cell stacks, or other devices in addition to or as 
alternatives to a fuel cell stack. 
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16 
The air supply source 320 is fluidly coupled to the air inlet 

of the heat source 340 and is configured to supply the air to the 
heat Source 340. In some embodiments, the air Supply source 
320 is an air compressor or blower. 
The air supply control system 315 is operationally coupled 

to the air supply source 320, such as through a hard-wire or 
wireless connection, and is configured to adjust the Supply of 
air from the air supply source 320 to the heat source 340 based 
on a dynamic feedback temperature characteristic of the heat 
Source. This dynamic feedback temperature characteristic 
indicates the temperature of one or more components of the 
heat source. In some embodiments, the dynamic feedback 
temperature characteristic comprises the temperature of the 
coolant from the heat source, which is ideally determined by 
one or more temperature sensors coupled to the coolant out 
put of the heat source 340. This temperature information is 
determined by the sensors when the coolant comes into con 
tact with them and is then transmitted to the air supply control 
system 315, where it is processed and used by a controller to 
determine an appropriate control signal for controlling the air 
supply source 320. Based on the temperature information 
about the heat source 340, the air supply control system 315 
will adjust the amount of air being Supplied to the heat source 
340. Current controls for air flow rate do not consider the 
effects of the temperature of the heat stack components or the 
coolant on the air flow rate, which results in more parasitic 
power being dissipated. The compensation of the temperature 
on the air flow rate reduces the parasitic power. In addition to 
the feedback temperature information, the air Supply control 
system is also able to base its control of the air source Supply 
320 on the load profile being applied to the system 300. 
The coolant supply source is fluidly coupled to the coolant 

inlet of the heat source 340 and is configured to supply the 
coolant to the heat source 340. In some embodiments, the 
coolant supply source comprises a fluid reservoir 370 config 
ured to store coolant and a coolant pump 380 configured to 
pump coolant from the coolant reservoir to the heat source. 
The flow rate of the coolant is controlled by the coolant 
control system 325. In some embodiments, cooling system 
360, such as a radiator and fan, is provided in order to cool 
coolant from the heat source 340 and provide the cooled 
coolant to the coolant reservoir 370. In some embodiments, a 
bypass valve 350 is provided in order to regulate the amount 
of coolant supplied from the heat source 340 to the cooling 
system 360 versus the amount of coolant from the heat source 
340 that bypasses the cooling system 360 on its way to the 
coolant reservoir 370. In some embodiments, this regulation 
is based on dynamic temperature information about the heat 
source 340. 
The coolant control system 325 is configured to adjust at 

least one coolant characteristic of the control system 300. 
Examples of such coolant characteristics include the flow rate 
of the coolant supplied to the heat source 340, which is able to 
be controlled by controlling the coolant pump 380, and the 
temperature of the coolant supplied to the heat source 340, 
which is able to be controlled by controlling the amount of 
coolant from the heat source 340 that passes through or 
bypasses the cooling system 360 (such as by changing the 
angle of the bypass valve). 
The adjustment of the coolant flow rate is based on an 

estimated feed-forward heat source characteristic. This esti 
mated feed-forward heat source characteristic is a tempera 
ture profile that is based on the load profile being applied to 
the system 300. Algorithms are used to calculate the fictitious 
temperature profile and compensate it by a feed-forward con 
trol. In some embodiments, this load profile is the same load 
profile that is used by the air supply control system 315 in its 
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control of the air supply source 320, and is capable of being 
forwarded from the air supply control system 315 to the 
coolant control system325. Additionally or alternatively, it is 
provided independent of the air supply control system 315 
(e.g., it does not have to be provided to the coolant control 
system 325 by the air supply control system 315). 
The adjustment of the coolant temperature is based on the 

dynamic feedback temperature characteristic discussed 
above. In this respect, system 300 is able to use a similar 
sensor and communication configuration to transmit infor 
mation about heat source temperature to the coolant flow 
control system325. In some embodiments, this information is 
based on the actual temperature value measured at the outlet 
of the coolant channel of the heat source 340. Additionally or 
alternatively, it is based on other measurements or data as 
well. 

Additional matter other than the coolant (such as by-prod 
ucts, air, fuel, etc.) is output via one or more output lines 
fluidly coupled to the heat source 340. 

FIG. 4 illustrates a more specific embodiment of an air and 
coolant control system 400 using a PI controller in accor 
dance with the principles of the present invention. System 400 
comprises a fuel cell Stack 440, an air Supply source 420 (Such 
as a blower), an air Supply control system 415, a coolant 
Supply source (in Some embodiments, comprising a coolant 
pump 480, a fluid reservoir 470, and a radiator and fan 460), 
and a coolant flow control system 450. 
The fuel cell stack 440 comprises an air inlet fluidly 

coupled to the air supply source 420, a coolant inlet fluidly 
coupled to the coolant Supply source, and a coolant outlet 
fluidly coupled to the coolant inlet through the fuel cell stack 
440. 
The air supply source 420 is fluidly coupled to the air inlet 

of the fuel cell stack 440 and is configured to supply the air to 
the fuel cell stack 440. The air supply control system 415 is 
operationally coupled to the air Supply source 420. Such as 
through a hard-wire or wireless connection, and is configured 
to adjust the supply of air from the air supply source 420 to the 
heat source 440 based on a dynamic feedback temperature 
characteristic from the fuel cell stack. This dynamic feedback 
temperature characteristic indicates the temperature of one or 
more components of the fuel cell stack (e.g., the catalyst). In 
Some embodiments, the dynamic feedback temperature char 
acteristic comprises the temperature of the coolant from the 
fuel cell stack, which is ideally determined by one or more 
temperature sensors coupled to the coolant output of the fuel 
cell stack 440. This temperature information is determined by 
the sensors when the coolant comes into contact with them 
and is then transmitted to the air supply control system 415, 
where it is processed and used by a controller to determine an 
appropriate control signal for controlling the air Supply 
Source 420. Based on the temperature information (T) 
about the fuel cell stack 440, the air supply control system 415 
will adjust the amount of air being supplied to the fuel cell 
stack 440. In some embodiments, this temperature informa 
tion is transmitted to a compensator 416 in the air Supply 
control system 415. The compensator 416 uses this tempera 
ture information, along with other information, Such as a 
reference current I, to compensate for dynamic conditions 
of the fuel cell stack 440. Air supply control system 415 uses 
the reference load current I, and interpolates map data using 
a function f(I) in controller 412. In some embodiments, a 
logic component 414 is used to process results from control 
ler 412 and compensator 416. 
The coolant supply source is fluidly coupled to the coolant 

inlet of the fuel cell stack 440 and is configured to supply the 
coolant to the fuel cell stack 440. In some embodiments, the 
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coolant Supply source comprises a coolant reservoir 470 con 
figured to store coolant and a coolant pump 480 configured to 
pump coolant from the coolant reservoir 470 to the fuel cell 
stack 440. The flow rate of the coolant is controlled by the 
coolant flow control system. 450. In some embodiments, a 
cooling system 460. Such as a radiator and fan, is provided in 
order to cool the coolant from the fuel cell stack and provide 
the cooled coolant to the coolant reservoir 470. 
The coolant flow control system 440 is configured to adjust 

the flow rate of the coolant supplied to the fuel cell stack 440, 
which is controlled by controlling the coolant pump 480. The 
adjustment of the coolant flow rate is based on the estimated 
feed-forward heat source characteristic discussed above. This 
estimated feed-forward heat source characteristic is a tem 
perature profile that is based on the load profile being applied 
to the system 400. Algorithms are used to calculate the ficti 
tious temperature profile and compensate it by a feed-forward 
control. In some embodiments, this load profile is the same 
load profile that is used by the air supply control system 415 
in its control of the air supply source 420, and is therefore able 
to be forwarded from the air supply control system 415 to the 
coolant flow control system. 450. In some embodiments, air 
supply control system. 450 uses the reference load current I, 
and interpolate map data using a function g(I) in controller 
452. In some embodiments, logic component 454 is used to 
process results from controller 452 and a coolant reference 
temperature T Logic component 454 transmits its results 
to logic component 456, which incorporates the dynamic 
feedback temperature characteristic from the fuel cell stack 
440 before transmitting its results to PI controller 458. PI 
controller 458 controls the operation of the coolant pump 480. 
thereby regulating the flow rate of the coolant into the fuel cell 
stack. 

In some embodiments, system 400 comprises a hydrogen 
tank 410, inlet manifold 430, outlet manifold 485, stators 435 
and 490, and valves 437 and 487, similar to the configuration 
of the corresponding components presented in FIG. 2. 
FIG.5A illustrates another embodiment of an air and cool 

ant control system 500A using a PI controller and a bypass 
valve in accordance with the principles of the present inven 
tion. In some embodiments, system 500A comprises a hydro 
gen tank 510, air supply source 520, air supply control system 
515, controller 512, logic component 514, comparator 516, 
coolant flow control system 550, controller 552, logic com 
ponents 554 and 556, PI controller 558, coolant pump 580, 
coolant reservoir 570, radiator and fan 560, fuel cell stack 
540, inlet manifold 530, outlet manifold 585, stators 535 and 
590, and valves 537 and 587, similar to the configuration of 
the corresponding components presented in FIG. 4, with 
similar connections and functionality. 

However, system 500A additionally comprises a bypass 
valve 545 fluidly coupled between the fuel cell stack 540 and 
the radiator and fan 560, as well as a bypass valve control 
system 565 operationally coupled to the bypass valve 545. 
The bypass valve 545 is configured to regulate the amount of 
coolant supplied from the fuel cell stack 540 to the radiator 
and fan 560 versus the amount of coolant from the fuel cell 
stack 540 that bypasses radiator and fan 560 on its way to the 
coolant reservoir 570. In some embodiments, this regulation 
is based on dynamic temperature information about the fuel 
cell Stack 540. 
The bypass valve control system 565 is configured to con 

trol the amount of coolant from the fuel cell stack 540 that 
passes through or bypasses the radiator and fan 560. As men 
tioned above, the bypass valve control system 565 is able to 
regulate the bypass valve 545 based on dynamic temperature 
information about the fuel cell stack 540. For example, tem 
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perature sensors are able to determine the temperature of the 
coolant stored in the coolant reservoir 570. This temperature 
information T is then transmitted to the bypass valve con 
trol system 565, where it is compared with a reference reser 
voir temperature T by a logic component 567 in order to 
determine the degree of temperature variation in the fuel cell 
stack 540. The result is transmitted to a PI controller 569, 
which determines the appropriate proportion k of coolant that 
should be cooled (i.e., passed through the radiator and fan 
560) before reaching the coolant reservoir 570. The remain 
ing portion (1-k) of coolant bypasses the cooling system 560. 
The PI controller 569 is able to transmit a control signal to the 
bypass valve 545 to regulate the valve accordingly. 

FIG. 5B illustrates yet another embodiment of an air and 
coolant control system 500B, which is a variation of system 
500A in FIG.5A. System 500B has the same components and 
functionality as FIG. 5A, except that the coolant flow control 
system 550 does not incorporate a feed-forward heat source 
characteristic. Rather, it uses the dynamic feedback tempera 
ture characteristic to determine the appropriate coolant flow 
rate without applying an estimated load profile. 

FIG. 6A illustrates yet another embodiment of an air and 
coolant control system 600A using state feedback and inte 
gral controllers and a bypass valve in accordance with the 
principles of the present invention. In some embodiments, 
system 600A comprises a hydrogen tank 610, air supply 
source 620, air supply control system 615, controller 612. 
logic component 614, comparator 616, coolant pump 680, 
coolant reservoir 670, radiator and fan 660, bypass valve 645, 
fuel cell stack 640, inlet manifold 630, outlet manifold 685, 
stators 635 and 690, and valves 637 and 697, similar to the 
configuration of the corresponding components presented in 
FIG. 5A, with similar connections and functionality. How 
ever, system 600A replaces coolant flow control system 550 
and bypass valve control system 565 with integral control 
system 655 and state feedback control system 650. 

Integral control system 655 uses logic component 656 to 
process a reference coolant temperature Ta a reference 
reservoir temperature T, an actual reservoir temperature 
T, and the actual average temperature T of the coolant 
from the fuel cell stack 640. The result q is transmitted to an 
integral controller 658. 
The state feedback control system 650 uses a state feed 

back controller 652 to process the actual reservoir tempera 
ture T and the actual average temperature T of the 
coolant from the fuel cell stack 640. The result is transmitted 
to logic component 654, which processes this result with 
reference temperatures T. and Ta then transmits the 
result to logic component 677. Logic component 677 pro 
cesses this result along with the result from integral controller 
658 to determine the proportionk of coolant from the fuel cell 
stack 640 that should be passed through the radiator and fan 
660. A control signal is then transmitted to the bypass valve 
645 indicating this proportion. 
The result of logic component 677 is also transmitted to 

logic component 679, where it is processed along with the 
estimated feed-forward heat source characteristic from con 
troller 675 in order to determine the appropriate coolant flow 
rate. Upon the appropriate flow rate being determined, a 
signal is transmitted to the coolant pump 680 to regulate it 
accordingly. 

FIG. 6B illustrates yet another embodiment of an air and 
coolant control system 600B, which is a variation of system 
600A in FIG. 6A. System 600B has the same components and 
functionality as FIG. 6A, except that a feed-forward heat 
Source characteristic is not incorporated into the control of the 
coolant flow rate. Rather, it uses the dynamic feedback tem 
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perature characteristic to determine the appropriate coolant 
flow rate without applying an estimated load profile. 

It is contemplated that the estimated feed-forward heat 
Source characteristic and the dynamic feedback temperature 
characteristic are able to be employed in any combination in 
order to optimize air flow rate, coolant flow rate and/or cool 
ant temperature. 

Simulations are performed to analyze the dynamic behav 
ior of the Stack along with the air Supply, thermal system and 
the associated control strategies. Dynamics of water content 
in the membranes, temperature variations, oxygen excess 
ratio and responses at the load currents are analyzed below. 
The parameters and reference data for the models chosen are 
illustrated in the table in FIG. 7, which are partially empirical. 
All models were coded by blocks given in MATLAB/Sim 
ulink. 

FIG.9 shows a comparison of the membrane water content 
between the empirical model and the proposed model at a step 
load current illustrated in FIG. 8. Primarily, the membrane 
water content depends on the relative humidity determined by 
the standard vapor pressure, which is dependent on the tem 
perature and vapor pressures of the cathode and anode side. 
Since the empirical model assumed a constant temperature of 
80° C. in the membrane, no dynamics of water transfer are 
involved and Subsequently the vapor pressure only follows 
the change of the load current. Conversely, the water balance 
in the membrane and the temperature strongly influence the 
water content in the membrane. The water content gets higher 
when the temperature of the catalyst layer on the cathode side 
is controlled at 80°C., and the temperature of the gas channel 
falls lower than 80° C. Then, the saturated vapor pressure 
decreases and relative humidity becomes higher. It is 
observed that the elevated temperature of the stack by a high 
load current leads to a high Saturated vapor pressure and a low 
relative humidity on both sides of the cell. As a result, the 
membrane water content is decreased. 

FIG. 10 shows the temperature in the catalyst and coolant 
channel with and without the feed-forward of the disturbance. 
Due to the inaccessibility of the temperature in the catalyst 
layer during operations, the actual temperature is usually 
measured at the stack outlet coolants on the anode and cath 
ode sides, and then averaged. Considering the maximum limit 
of the temperature in the catalyst and membrane, a reference 
temperature for the coolant control is set to be 76°C. 
When a multi-step current is applied to the stack, the tem 

perature in the stack rapidly rises, particularly in the catalyst 
on the cathode side. The temperature rise is 3-7°C. higher 
than the average temperature in the stack, where the coolant 
temperature is fully controlled for the reference temperature 
76° C. (see the dotted lines T, only and 
T. in FIG. 10). It should be noted that the 
catalyst and membrane layers could be overheated and dam 
aged. 
The difference in temperature in the layers can be reduced 

by a feed-forward (FF) of the disturbance to the coolant 
control loop that should reject this excessive heat as quickly 
as possible. The transfer function of the disturbance is 

T - T. 
4 T - Tes aS 

The result of the control strategy proposed is illustrated in 
FIG. 10 with a straight line, where the temperature of the 
catalyst layer is nearly maintained at 80° C. The coolant 
temperature keeps track of the variation in the catalyst tem 
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perature. However, an instant rise in temperature cannot be 
fully suppressed because of the high thermal mass and large 
heat capacity of the stack. In addition, there remains a steady 
state error caused by the temperature difference between the 
coolant channel measured and the catalyst layer. Neverthe 
less, the cooling of the cell is effective and the duration of the 
heat on individual layers can be minimized. 

FIG. 11 shows the effects of the coolant controls on tem 
perature distributions through the plane of a cell. As the 
amplitude of the current changes stepwise from 0.5A to 0.55 
A, 0.65 A and 0.7 A, the stack temperature accordingly 
becomes higher. When the feed-forward is applied, the over 
all stack temperature is lowered and the catalyst temperature 
is kept at 353.5 K, which is significantly lower than before. 
Likewise, the maximum difference of the temperature 
between the catalyst on the cathode side and the coolant 
channel becomes 4° K lower than before. As a result, the 
cooling of the stack becomes more effective than before. 

FIG. 12 illustrates the oxygen excess ratio at a constant and 
dynamically varying temperature with a coolant flow control. 
Due to the change of pressure in the gas flow channel caused 
by variations in the stack temperature, the oxygen excess ratio 
is inversely influenced by the direction of the current changes. 

FIG. 13 shows a comparison of the oxygen excess ratio 
before and after a compensation of the temperature influence 
on the air control loop. The compensation enables the oxygen 
excess ratio to be maintained at level 2, even though the 
current applied to the stack varies stepwise, which implies 
that the parasitic power at the blower gets less. 

Comparison between both the PI controls and the state 
feedback controls shows that the parasitic power of the state 
feedback controls a multi-step current load is 5% less than the 
one by the PI controls. However, the dynamic response if 
much improved by the state feedback controls. In FIG. 14, 
step responses of two controls are simulated with the models 
aforementioned. The output states are the coolant flow rate 
and the stack inlet coolant temperature. The rise time of the 
coolant flow rate by the state feedback controller is 6 seconds, 
is 4 times faster than the one by PI controls. Likewise, the rise 
time of the stack inlet coolant temperature is 3 times faster 
than the one of the PI controller. 

Parasitic power is calculated by Summing up the electrical 
power necessary for driving the blower and the coolant pump. 
The control strategies with the state feedback control pro 
posed require 100 kWs at the multiple step current, while the 
one without the considering valve and PI control loop for the 
coolant need 106 kWs. 

Furthermore, the response of the state feedback control is 
compared with a conventional one by using a current profile 
obtained from a vehicle tested at the Federal Urban Driving 
System (FUDS). FIG. 15 shows the simulation results for the 
two different control strategies at the current. The peak tem 
perature in the catalyst layer is 6° K higher than the working 
stack temperature by the control without the FF, even though 
the coolants are fairly controlled around the set reference 
temperature shown in FIG.9b. FIG.9c shows the temperature 
of the catalyst and coolants with the FF of the disturbance. 
The peak of the temperature is similar to the others for the first 
200 seconds, but is substantially suppressed in the following 
intervals compared to FIG.9b. The excursion duration of the 
catalyst temperature lessens, and the heatenergy imposed on 
the thin layers can finally be reduced, which significantly 
reduces the heat stress on the layers. Correspondingly, the 
oxygen excess ratio is fairly maintained at the optimum value 
by the compensation shown in FIG. 9d. 

The present invention addresses the design of temperature 
control strategies and its effect on dynamics and perfor 
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mance. The controllability is assessed by using a dynamic 
stack model that includes gas diffusion in GDL, dynamic 
water balance in the membrane and temperature variation, 
and components of air Supply and thermal system. 

Improvement of dynamic stack behavior is accomplished 
by adding dynamic water balance in the membrane and 
through a partial pressure drop in the GDL and temperature 
distributions. The results show that distribution of the tem 
perature through the plane is asymmetric and the temperature 
rise amounts to 3-7°C., potentially damaging the layers at a 
high current load. Therefore, proper control of the air and 
temperature might be required to secure durability and 
increase efficiency. 
Most strategies have focused on optimization of the air 

Supply system, where the working temperature in the fuel cell 
stack is presumed to be constant. However, it turns out that the 
oxygen excess ratio inversely varies as the temperature 
changes. Thus, the ideal oxygen excess ratio necessary for 
prevention of an oxygen starvation cannot be maintained at 
the optimum value of 2. 
The control strategies of the present invention include a 

state feedback control with a feed-forward of the disturbance 
and a compensator for minimization of the temperature effect 
on the air flow rate. For the design of the temperature con 
troller, the thermal circuit is approximated with a second 
order system. Classic PI and state feedback controls are used 
to compare the effectiveness of the cooling. The results show 
that the temperature rise in the catalyst can be kept within an 
allowable value and duration. In addition, the oxygen excess 
ratio can be maintained with an optimal value by minimizing 
the influence of temperature variations in the gas flow chan 
nel. Consequently, the power consumption of the blower can 
be reduced by more than 15% by compensation, and 5% by 
the controlling bypass valve at a multi-step load profile. Final 
reduction of the total parasitic power has been accomplished 
by approximately 7%. 
The present invention has been described in terms of spe 

cific embodiments incorporating details to facilitate the 
understanding of principles of construction and operation of 
the invention. Such reference herein to specific embodiments 
and details thereof is not intended to limit the scope of the 
claims appended hereto. It will be readily apparent to one 
skilled in the art that other various modifications may be made 
in the embodiment chosen for illustration without departing 
from the spirit and scope of the invention as defined by the 
claims. 

What is claimed is: 
1. An air and coolant control system comprising: 
a heat source comprising an air inlet, a coolant inlet, and a 

coolant outlet fluidly coupled to the coolant inlet 
through the heat source, wherein the heat source 
receives air through the air inlet, to generate heat in 
response to receiving the air, to receive coolant through 
the coolant inlet, to conduct the received coolant to the 
coolant outlet, and to transfer a portion of the generated 
heat to the received coolant, thereby removing the por 
tion of the generated heat from the heat source as the 
coolant is conducted out of the heat Source through the 
coolant outlet; 

an air supply source fluidly coupled to the air inlet of the 
heat source to Supply the air to the heat source; 

an air Supply control system programmed to adjust the flow 
rate of air from the air Supply source to the heat source 
based on a dynamic feedback temperature characteristic 
from the heat source: 
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a coolant Supply source fluidly coupled to the coolant inlet 
of the heat source to supply the coolant to the heat 
Source; and 

a coolant control system programmed to adjust the flow 
rate of the coolant supplied to the heat source based on 
an estimated feed-forward heat source characteristic and 
to adjust the temperature of the coolant supplied to the 
heat Source based on the dynamic feedback temperature 
characteristic. 

2. The system of claim 1, wherein the heat source is a fuel 
cell Stack. 

3. The system of claim 2, wherein the fuel cell stack is a 
Polymer Electrolyte Membrane (PEM) fuel cell stack. 

4. The system of claim 2, further comprising a hydrogen 
tank fluidly coupled to the fuel cell stack to supply hydrogen 
to the fuel cell stack. 

5. The system of claim 1, wherein the dynamic feedback 
temperature characteristic comprises information indicating 
a temperature of the coolant measured at the coolant outlet of 
the heat Source. 

6. The system of claim 1, wherein the estimated feed 
forward heat Source characteristic comprises an estimation of 
excess heat in the heat source at a load profile. 

7. The system of claim 6, further comprising a feed-for 
ward controller programmed to adjust the flow rate of the 
coolant based on the load profile and interpolated map data. 

8. The system of claim 1, wherein the coolant control 
system comprises at least one controller from the group of 
controllers consisting of a proportional-integral controller 
and a state feedback controller. 

9. The system of claim 1, further comprising: 
a coolant reservoir to store coolant that is to be conducted 

to and through the heat source: 
a coolant pump to pump the coolant from the coolant 

reservoir to the heat source, the flow rate of the coolant 
being controlled by the coolant flow control system; 

a cooling system to cool coolant from the heat stack and 
provide the cooled coolant to the coolant reservoir; and 

a bypass valve to regulate the amount of coolant Supplied 
from the heat source to the cooling system for cooling, 
wherein the regulation is based on dynamic temperature 
information about the heat source. 

10. An air and coolant control system comprising: 
aheat source comprising an air inlet, a coolant inlet, and a 

coolant outlet fluidly coupled to the coolant inlet 
through the heat source, wherein the heat Source 
receives air through the air inlet, to generate heat in 
response to receiving the air, to receive coolant through 
the coolant inlet, to conduct the received coolant to the 
coolant outlet, and to transfer a portion of the generated 
heat to the received coolant, thereby removing the por 
tion of the generated heat from the heat source as the 
coolant is conducted out of the heat source through the 
coolant outlet; 

an air supply source fluidly coupled to the air inlet of the 
heat Source to Supply the air to the heat source; 

an air Supply control system programmed to adjust the flow 
rate of air from the air Supply source to the heat Source 
based on a dynamic feedback temperature characteristic 
from the heat Source; and 

a coolant Supply source fluidly coupled to the coolant inlet 
of the heat source to supply the coolant to the heat 
SOUC. 

11. The system of claim 10, further comprising a coolant 
control system programmed to adjust the flow rate of the 
coolant Supplied to the heat Source based on an estimated 
feed-forward heat source characteristic. 
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12. The system of claim 11, wherein the estimated feed 

forward heat Source characteristic comprises an estimation of 
excess heat in the heat source at a load profile. 

13. The system of claim 12, further comprising a feed 
forward controller programmed to adjust the flow rate of the 
coolant based on the load profile and interpolated map data. 

14. The system of claim 10, wherein the dynamic feedback 
temperature characteristic comprises information indicating 
a temperature of the coolant measured at the coolant outlet of 
the heat Source. 

15. The system of claim 10, further comprising a coolant 
control system programmed to adjust the temperature of the 
coolant Supplied to the heat Source based on the dynamic 
feedback temperature characteristic. 

16. The system of claim 10, wherein the heat source is a 
fuel cell stack. 

17. The system of claim 16, wherein the fuel cell stack is a 
Polymer Electrolyte Membrane (PEM) fuel cell stack. 

18. The system of claim 16, further comprising a hydrogen 
tank fluidly coupled to the fuel cell stack to supply hydrogen 
to the fuel cell stack. 

19. The system of claim 10, further comprising: 
a coolant reservoir to store coolant that is to be conducted 

to and through the heat source: 
a coolant pump to pump the coolant from the coolant 

reservoir to the heat source, the flow rate of the coolant 
being controlled by the coolant flow control system; 

a cooling system to cool coolant from the heat stack and 
provide the cooled coolant to the coolant reservoir; and 

a bypass valve to regulate the amount of coolant Supplied 
from the heat source to the cooling system for cooling, 
wherein the regulation is based on dynamic temperature 
information about the heat source. 

20. An air and coolant control system comprising: 
a heat source comprising an air inlet, a coolant inlet, and a 

coolant outlet fluidly coupled to the coolant inlet 
through the heat source, wherein the heat source 
receives air through the air inlet, to generate heat in 
response to receiving the air, to receive coolant through 
the coolant inlet, to conduct the received coolant to the 
coolant outlet, and to transfer a portion of the generated 
heat to the received coolant, thereby removing the por 
tion of the generated heat from the heat source as the 
coolant is conducted out of the heat Source through the 
coolant outlet; 

an air supply source fluidly coupled to the air inlet of the 
heat source to Supply the air to the heat source; 

a coolant Supply source fluidly coupled to the coolant inlet 
of the heat source to supply the coolant to the heat 
Source; and 

a coolant control system programmed to adjust the flow 
rate of the coolant supplied to the heat source based on 
an estimated feed-forward heat source. 

21. The system of claim 20, wherein the estimated feed 
forward heat Source characteristic comprises an estimation of 
excess heat in the heat source at a load profile. 

22. The system of claim 21, further comprising a feed 
forward controller programmed to adjust the flow rate of the 
coolant based on the load profile and interpolated map data. 

23. The system of claim 20, wherein the coolant control 
system is further programmed to adjust the temperature of the 
coolant Supplied to the heat Source based on a dynamic feed 
back temperature characteristic of the heat source. 

24. The system of claim 20, wherein the heat source is a 
fuel cell stack. 

25. The system of claim 24, wherein the fuel cell stack is a 
Polymer Electrolyte Membrane (PEM) fuel cell stack. 
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26. The system of claim 24, further comprising a hydrogen 
tank fluidly coupled to the fuel cell stack to supply hydrogen 
to the fuel cell stack. 

27. The system of claim 20, further comprising: 
a coolant reservoir to store coolant that is to be conducted 

to and through the heat source: 
a coolant pump to pump the coolant from the coolant 

reservoir to the heat source, the flow rate of the coolant 
being controlled by the coolant flow control system; 

a cooling system to cool coolant from the heat stack and 
provide the cooled coolant to the coolant reservoir; and 

a bypass Valve to regulate the amount of coolant supplied 
from the heat source to the cooling system for cooling, 
wherein the regulation is based on dynamic temperature 
information about the heat source. 

28. An air and coolant control system comprising: 
a heat source comprising an air inlet, a coolant inlet, and a 

coolant outlet fluidly coupled to the coolant inlet 
through the heat source, wherein the heat source 
receives air through the air inlet, to generate heat in 
response to receiving the air, to receive coolant through 
the coolant inlet, to conduct the received coolant to the 
coolant outlet, and to transfer a portion of the generated 
heat to the received coolant, thereby removing the por 
tion of the generated heat from the heat source as the 
coolant is conducted out of the heat source through the 
coolant outlet; 

an air supply source fluidly coupled to the air inlet of the 
heat source to supply the air to the heat source: 

an air supply control system programmed to adjust the flow 
rate of air from the air supply source to the heat source 
based on a dynamic feedback temperature characteristic 
from the heat source: 
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26 
a coolant supply source fluidly coupled to the coolant inlet 

of the heat source to supply the coolant to the heat 
Source; and 

a coolant control system programmed to adjust the tem 
perature of the coolant supplied to the heat source based 
on the dynamic feedback temperature characteristic, 
wherein the dynamic feedback temperature characteris 
tic comprises information indicating a temperature of 
the coolant measured at a coolant reservoir to store cool 
ant that is to be conducted to and through the heat source. 

29. The system of claim 28, wherein the dynamic feedback 
temperature characteristic comprises information indicating 
a temperature of the coolant measured at the coolant outlet of 
the heat source. 

30. The system of claim 28, wherein the heat source is a 
fuel cell stack. 

31. The system of claim 30, wherein the fuel cell stack is a 
Polymer Electrolyte Membrane (PEM) fuel cell stack. 

32. The system of claim30, further comprising a hydrogen 
tank fluidly coupled to the fuel cell stack to supply hydrogen 
to the fuel cell stack. 

33. The system of claim 28, further comprising: 
a coolant pump to pump the coolant from the coolant 

reservoir to the heat source, the flow rate of the coolant 
being controlled by the coolant flow control system; 

a cooling system to cool coolant from the heat stack and 
provide the cooled coolant to the coolant reservoir; and 

a bypass valve to regulate the amount of coolant supplied 
from the heat source to the cooling system for cooling, 
wherein the regulation is based on dynamic temperature 
information about the heat source. 


