US007682719B2

(12) United States Patent

(10) Patent N0.:
(45) Date of Patent:

Lienkamp et a].
(54)

METHOD FOR ADAPTIVE PREDICTION OF

(56)

U.S. PATENT DOCUMENTS
6,692,581 B2

Inventors: Sebastian Lienkamp, Budenheim (DE);
Bernd Krause, Liederbach (DE)

_

_

_

_

_

Assistant ExamineriStephan Essex

(74) Attorney] Agent] or Firmilohn A' Miller; Miner 1P

patent is extended or adjusted under 35
U.S.C. 154(b) by 348 days.

Group PLC
’
57

( )

ABSTRACT

A method for revising a reference polarization curve of a fuel

seP' 22’ 2006

65

P _

)

1/2005 Keskula er a1,
5/2002 Keskula et a1. .............. .. 429/17

Subject‘ to any (1156121111161, the term ofthis

_

(

2/2004 Tong et a1.

* Cited by examiner
Primary ExamineriDah-Wei DYuan

(21) App1.No.: 11/534,341
(22) Flled:

6,847,188 B2
2002/0051899 A1 *

(73) Assignee: GM Global Technology Operations,
Inc" Demon’ MI (Us)
( * ) Notlce.

Mar. 23, 2010

References Cited

STACK VOLTAGE IN AUTOMOTIVE FUEL
CELL SYSTEMS

(75)

US 7,682,719 B2

P bl_

cell stack that identi?es the relationship between the voltage
_

D

and the current of the stack over time. When the stack is

nor u lcatlon ata
US 2008/0076012 A1
Mar, 27, 2008

operating at a loW load Where kinetic voltage losses of the
stack dominate, a ?rst adaptation value is revised as the dif

Int. C1.

(2006.01)

ference between the actual stack voltage and the stack voltage
of the reference polarization curve. When the stack is oper
ating at higher loads Where ohmic voltage losses of the stack

(52)

H01M 8/12
(2006.01)
US. Cl. ............................ .. 429/23; 429/22; 429/24

dominate, a second adaptation value is revised as the differ
ence betWeen the actual stack voltage and the stack voltage of

(58)

Field of Classi?cation Search ................. .. 429/22,

the reference Polarization curve

(51)

H01M 8/04

429/ 23

See application ?le for complete search history.

23 Claims, 2 Drawing Sheets

ii
'
a‘

>

CURRENT DENSITY

US. Patent

Mar. 23, 2010

Sheet 1 012

US 7,682,719 B2

/ 1o
POWER CONTROLLER

20 J
16

F

/

r

r. 18
__>

STACK

/

PIM

7

PMD /

<
BATTERY

22

14

AUX w
\. 12

24

28
FIGURE 1

350 -—
34o -

E 330 —

36

g 320 - ------- - -

I

g, 310 —

|

2 238'" ________ __i__
A‘; 2808

l
l

I
I

w 270 —

|

|

260 —

|

|

'

| I
160

25°

100

|
120

|
140

38

|
180

Stack Current (amps)

FIGURE 2

|
200

>

US. Patent

Mar. 23, 2010

Sheet 2 of2

US 7,682,719 B2

A
3°

FIGURE 3
32

LU

2
2

34

>

CURRENT DENSITY

A
LIJ

h

40

g

$

g
2

42

44
46

CURRENT DENSITY

FIGURE 4

US 7,682,719 B2
1

2

METHOD FOR ADAPTIVE PREDICTION OF
STACK VOLTAGE IN AUTOMOTIVE FUEL
CELL SYSTEMS

times When additional poWer is needed beyond What the stack
can provide, such as during heavy acceleration. For example,
the fuel cell stack may provide 70 kW of poWer. HoWever,
vehicle acceleration may require 100 kW or more of poWer.

The fuel cell stack is used to recharge the battery at those
times When the fuel cell stack is able to meet the system poWer
demand. The generator poWer available from the traction

BACKGROUND OF THE INVENTION

1. Field of the Invention
This invention relates generally to a method for revising the
current/voltage relationship of a fuel cell stack over time and,
more particularly, to a method for revising the current/voltage
relationship of a fuel cell stack as it ages that includes chang
ing a ?rst adaptation value When the stack is operating in a

motor during regenerative braking is also used to recharge the
battery through the DC bus line.
FIG. 1 is a schematic block diagram of a hybrid fuel cell
system 10 including a fuel cell stack 12 and a high voltage
battery 14. The battery 14 is intended to represent any type of

kinetic region and changing a second adaptation value When
the stack is operating in an ohmic region.
2. Discussion of the RelatedArt
Hydrogen is a very attractive fuel because it is clean and
can be used to e?iciently produce electricity in a fuel cell. A
hydrogen fuel cell is an electro-chemical device that includes

rechargeable energy storage system (RESS) suitable for the
fuel cell application described herein. The fuel cell stack 12
provides electrical poWer to a high voltage bus line, repre
sented here as positive bus line 16 and negative bus line 18. In
a vehicle fuel cell system, the fuel cell stack 12 may include

about 400 fuel cells. The battery 14 is also coupled to the high
voltage bus lines 16 and 18, and provides supplemental poWer

an anode and a cathode With an electrolyte therebetWeen. The

anode receives hydrogen gas and the cathode receives oxygen
or air. The hydrogen gas is dissociated in the anode to gener
ate free hydrogen protons and electrons. The hydrogen pro
tons pass through the electrolyte to the cathode. The hydrogen
protons react With the oxygen and the electrons in the cathode

20

to generate Water. The electrons from the anode cannot pass
through the electrolyte, and thus are directed through a load to

25

voltage on the bus lines to an AC voltage suitable for the AC
traction motor 24. The traction motor 24 provides the traction
poWer to operate the vehicle, as is Well understood in the art.
The traction motor 24 can be any suitable motor for the
purposes described herein, such as anAC induction motor, an

30

AC permanent magnet motor and anAC three-phase synchro
nous machine. During regenerative braking When the traction

The fuel cell system 10 includes a poWer inverter module
(PIM) 22 electrically coupled to the bus lines 16 and 18 and an
AC or DC traction motor 24. The PIM 22 converts the DC

perform Work before being sent to the cathode.
Proton exchange membrane fuel cells (PEMFC) are a

popular fuel cell for vehicles. The PEMFC generally includes

a solid polymer electrolyte proton conducting membrane,
such as a per?uorosulfonic acid membrane. The anode and

cathode typically include ?nely divided catalytic particles,

motor 24 is operating as a generator, electrical AC poWer from
the motor 24 is converted to DC poWer by the PIM 22, Which
is then applied to the bus lines 16 and 18 to recharge the

usually platinum (Pt), supported on carbon particles and
mixed With an ionomer. The catalytic mixture is deposited on
opposing sides of the membrane. The combination of the

35

anode catalytic mixture, the cathode catalytic mixture and the

40

cathode input gas, typically a How of air forced through the
stack by a compressor. Not all of the oxygen is consumed by
the stack and some of the air is output as a cathode exhaust gas
that may include Water as a stack by-product. The fuel cell

traction motor 24 very fast. Additional demanded poWer can
45

be quickly provided by the fuel cell system.

50

draWn from the fuel cell stack 12 and the battery 14 as the load
on the system 10 changes. To do this, the poWer controller 20
needs to knoW hoW the current draW Will split betWeen the
fuel cell stack 12 and the battery 14 so that more current is not
draWn from the stack 12 or the battery 14 than it is able to
provide. The poWer controller 20 is able to predict the current
split betWeen the fuel cell stack 12 and the battery 14 if it can

It is necessary to determine hoW much current can be

cycles can decrease the stack durability. These drawbacks can

be minimized by using a high voltage battery in parallel With
the fuel cell stack. Algorithms are employed to provide the
distribution of poWer from the battery and the fuel cell stack
to meet the requested poWer.

Wise damage the stack 12.
For a typical hybrid vehicle strategy, the battery 14 is
mainly used to increase e?iciency, loWer the dynamic
requirements of the fuel cell system, and/ or increase the per
formance of the vehicle. If the vehicle operator demands more
poWer, the battery 14 can provide the stored poWer to the

stack also receives an anode hydrogen input gas that ?oWs
into the anode side of the stack.
The dynamic poWer of a fuel cell system is limited. Further,

the time delay from system start-up to driveability and loW
acceleration of the vehicle may not be acceptable. The voltage

battery 14. A blocking diode (not shoWn) prevents the regen
erative electrical energy applied to the bus lines 16 and 18
from ?oWing into the fuel cell stack 12, Which could other

membrane de?ne a membrane electrode assembly (MEA).
MEAs are relatively expensive to manufacture and require
certain conditions for effective operation.
Several fuel cells are typically combined in a fuel cell stack
to generate the desired poWer. The fuel cell stack receives a

as discussed above. A poWer controller 20 controls the distri

bution of poWer provided by the stack 12 and the battery 14.

55

predict their electrical behavior. For example, if the stack 12
can provide 500 A and the battery 14 can provide 200 A, the

For the reasons discussed above, some fuel cell vehicles are

controller 20 needs to limit the total current draW from both

hybrid vehicles that employ a rechargeable supplemental

the stack 12 and the battery 14 consistent With their actual
ability to provide the current. This may result in limiting the

poWer source in addition to the fuel cell stack, such as a DC
battery or a super capacitor (also referred to as an ultra

capacitor or double layer capacitor). The poWer source pro

stack current to 400 A. A current split of one-third to tWo
60

thirds may be predicted by the poWer controller 20 in order to

vides supplemental poWer for the various vehicle auxiliary
loads, for system start-up and during high poWer demands

not exceed the battery capability.

When the fuel cell stack is unable to provide the desired
poWer. More particularly, the fuel cell stack provides poWer to

directly coupled to the high voltage bus lines 16 and 18.
HoWever, this is merely a representative example of a fuel cell
system for a hybrid vehicle. Ultra-capacitors and DC/DC

a traction motor and other vehicle systems through a DC

voltage bus line for vehicle operation. The battery provides
the supplemental poWer to the voltage bus line during those

In the system 10, the fuel cell stack 12 and the battery 14 are

65

converters can also be employed to match the different volt
age ranges of the fuel cell stack 12 and the battery 14, as

US 7,682,719 B2
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Would be Well understood to those skilled in the art. For

ating at higher loads and current densities Where ohmic volt
age losses of the stack dominate, a second adaptation value is
revised as the difference betWeen the actual stack voltage and
the stack voltage of the reference polarization curve.
Additional features of the present invention Will become

example, known fuel cell hybrid vehicles sometimes employ
a bidirectional DC/DC converter to step up the DC voltage

from the battery to match the battery voltage to the bus line
voltage dictated by the stack voltage and step doWn the stack

voltage during battery recharging. Various designs have been
proposed in the art to eliminate the DC/DC converter because

apparent from the folloWing description and appended
claims, taken in conjunction With the accompanying draW

it is large, costly and heavy.

mgs.

The controller 20 needs to knoW the current/voltage rela
tionship, referred to as a polarization curve, of the fuel cell
stack 12 and the battery 14 to provide a proper distribution of
poWer. The relationship betWeen the current and the voltage
for the battery 14 is Well modeled across its operating range.
The relationship betWeen the voltage and the current of the
stack 12 is more dif?cult to de?ne because it is non-linear, and

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a fuel cell system including a
fuel cell stack and a battery;
FIG. 2 is a graph With stack current on the horizontal axis

and stack voltage on the vertical axis shoWing polarization

changes depending on stack temperature, partial pressures

curves for a neW fuel cell stack and an old fuel cell stack;

and cathode and anode stoichiometries. Additionally the rela
tionship betWeen the stack current and voltage changes as the
stack degrades over time. Particularly, an old and degraded
stack Will have loWer cell voltages, and Will need to provide

FIG. 3 is a graph With current density on the horizontal axis
and average cell voltage on the vertical axis shoWing a polar
20

and average cell voltage on the vertical axis shoWing a refer
ence polarization curve and polarization curves including
linear and static voltage losses for a fuel cell stack.

more current to meet the poWer demands than a neW, non

degraded stack.
When a vehicle operator makes a torque or poWer request

to the fuel cell system 10, the poWer controller 20 converts the
poWer request to a current demand for the fuel cell stack 12.
FIG. 2 is a graph With stack current on the horizontal axis and
stack voltage on the vertical axis shoWing a polarization curve

25

36 for a neW fuel cell stack and a polarization curve 38 for an

old fuel cell. If the vehicle operator requests 48 kW of poWer
from the fuel cell system 10, the poWer controller 20 Will
determine hoW much current the stack 12 needs to provide

30

based on the voltage that the stack is currently able to produce
for that poWer request, and set the compressor speed and the
hydrogen ?oW accordingly for that current. In this example,
the neW stack produces about 320 volts, Which requires a
stack current of about 150 amps. HoWever, for the old stack,
Which is only able to generate about 290 volts, the compressor
speed and the hydrogen How Would need to be set for about
163 amps of stack current to meet the 48 kW of requested
poWer.

40

45

50

SUMMARY OF THE INVENTION
55

In accordance With the teachings of the present invention,
a method for revising the current/voltage relationship of a fuel

The qualitative behavior of the voltage/current relationship
of a fuel cell stack is Well knoWn from electrochemistry. FIG.
3 is a graph With cell current density on the horizontal axis and
average cell voltage on the vertical axis shoWing a typical
polarization curve or voltage/current relationship for a fuel
cell stack. There are three impact factors that determine the
voltage/current relationship of a fuel cell stack. At loW stack
loads and current densities, the stack voltage is high, and a
kinetic or activation polarization loss is dominant at region 30
because electronic barriers have to be overcome prior to cur
rent and ion ?oW. Activation losses shoW some increase as

current increases. At mid-range stack voltages and current
densities, the polarization curve is linear and ohmic polariza
tion losses at region 32 vary directly With current. The ohmic
polarization losses increase over the Whole range of stack
current density because cell resistance remains essentially
constant. At high stack loads, the stack voltage is loW and the

current density is high. At this location (region 34) of the
polarization curve, mass transport losses are dominant. Mass
transport losses occur over the entire range of current density,

cell stack over time is disclosed. The method includes de?n
ing a reference polarization curve of the stack When it is neW
60

but these losses become prominent at high limiting currents
Where it becomes dif?cult to provide enough reactant How to
the cell reaction sites.

current of the stack. As the stack ages, the polarization curve

is revised based on the changing relationship betWeen the
stack voltage and current. When the stack is operating at loW
load and current density Where kinetic voltage losses of the
stack dominate, a ?rst adaptation value is revised as the dif
ference betWeen the actual stack voltage and the stack voltage
of the reference polarization curve. When the stack is oper

cation for fuel cell system including a fuel cell stack and a
management algorithm can also be used to revise a stack
polarization curve for a stack in a system that does not include
a battery.

current relationship of the stack as it ages. Therefore, tWo
parameters have to be adapted based on only one actual pair
of current and voltage, Which leads to an in?nite number of

that identi?es the relationship betWeen the voltage and the

The folloWing discussion of the embodiments of the inven
tion directed to a method for determining the current/voltage
relationship of a fuel cell stack by revising a reference polar
ization curve as the stack ages is merely exemplary in nature,
and is in no Way intended to limit the invention or its appli
cations or uses. For example, the poWer management algo

rechargeable energy storage system. HoWever, the poWer

dency betWeen stack voltage and current. The resistance
value and the idle voltage of the voltage source need to be

solutions. To address this problem, the knoWn poWer algo
rithms sloW doWn the adaptation of the parameters, Which
leads to using the actual current/voltage pair as Well as pairs
of recent time steps.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

rithm of the invention discussed beloW has particular appli
35

In some fuel cell system designs, a voltage source and an
internal resistance of the source are used to model the depen

continuously changed in order to adapt to the actual voltage/

ization curve for a fuel cell stack; and
FIG. 4 is a graph With current density on the horizontal axis

Normally, fuel cell stacks operate beloW the current density
that Would result in severe mass transport losses. Neverthe
65

less, it is possible that due to degradation, an increase of the
mass transport loss Will take place, Which means that the

voltage loss Will be higher With increasing current density.

US 7,682,719 B2
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Over time, the ohmic resistance Will stay more or less con

voltage equal to the average cell voltage of the reference

stant if, for example, no severe corrosion of the bipolar plates
occurs. However, the kinetic losses Will increase so that the
polarization curve Will move to loWer voltages over time. The

polarization curve for that current density, as discussed
above. This ensures a good prediction of the actual voltage at
other currents than the actual current. The algorithm can

shape of the curve Will not change signi?cantly When the
mass transport related portion of the total voltage loss is

adjust the voltage model Umodel each time the stack current
density is in the kinetic or ohmic region of the polarization

negligible.

curve, or can periodically provide the calculation based on

Besides these degradation effects, there are several operat

some applicable time frame.

ing conditions that in?uence the stack voltage. Increasing
temperature, cathode stoichiometry and pressure Would
improve the voltage, Where the polarization curve shifts

At loW stack loads, ohmic voltage losses Will be negligible
and at higher stack loads, kinetic voltage losses Will be neg

ligible. By measuring the cell voltages at different stack
loads, calculating the average cell voltage, and then compar

toWard higher voltages. Humidi?cation of the reactant gases

ing the average cell voltage to the expected or reference
average cell voltage, the adaptation values C1 and C2 can be
determined. Thus, the poWer management model can be

should be controlled in a Way that guarantees a suf?cient
humidi?cation of the membranes so as to reduce the ohmic

resistance, and prevent Water condensation Within the stack
12, Which prevents liquid Water from entering the reactant gas
channels in the stack 12. OtherWise, the ohmic resistance Will
increase, and hence the slope of the polarization curve Will
increase. If Water condenses Within the How channels, the
mass transport loss could increase severely so that the cell

revised so that the model and the actual polarization curve
Will match as the stack 12 ages. In one embodiment, the
reference polarization curve is stored as a series of values in
20

voltage could drop dramatically.

are revised in the manner as discussed above so that a polar

ization curve representing the actual current/voltage relation

The present invention proposes an algorithm that deter

mines the actual quantative behavior of the voltage/current
relationship of the stack 12 using a reference polarization
curve that gives the voltage/current characteristics and as feW
and as simple as possible adaptation parameters to meet the
actual polarization curve of the fuel cell stack 12. Particularly,
the present invention proposes an algorithm that models

changes in the voltage/current relationship of the stack 12 as
the stack 12 ages by considering the fact that the shape of the

ship of the stack 12 can be derived as discussed above.

FIG. 4 provides an illustrative example of modifying the
25

curve for a neW fuel cell stack. Graph line 42 represents a
30

According to the invention, tWo adaptation values are
de?ned. A ?rst offset adaptation value C1 covers changes in
35

age losses), and a second adaptation value C2 covers voltage
losses at high stack loads for ohmic/mass transport losses

stack polarization curve Where only ohmic voltage losses
(linear losses) have occurred, particularly 40 mVcmZ/A as a
result of stack aging. As discussed above, the adaptation value
C2 is used to modify the reference polarization curve for
linear losses, and thus, Will subtract 40 mVcmZ/A to the
reference voltage model URe?rence. Graph line 44 represents a
stack polarization curve Where only kinetic voltage losses
(static losses) have occurred, particularly 40 mV, as a result of
stack aging. As discussed above, the adaptation value C1 is
used to modify the reference polarization curve for static
losses, and thus, Will subtract 40 mV to the reference voltage

(linear voltage losses). The algorithm is calibrated With a
reference polarization curve de?ned by a reference voltage
model UReference When the fuel cell stack 12 is neW, and the

reference polarization curve in response to linear and static
voltage losses as the fuel cell stack 12 ages, according to the

invention. Graph line 40 represents the reference polarization

polarization curve remains substantially the same to the ref
erence polarization curve When the stack 12 is neW.

the open circuit voltage for kinetic voltage losses (static volt

a look-up table Where interpolation is used to proved the curve
betWeen the values. As the stack ages, the values C1 and C2

40

model URe?zrence. Graph line 46 represents a stack polariza

?ed to be a polarization curve voltage model Umodel by the

tion curve Where both ohmic and kinetic voltage losses have
occurred, particularly 40 mVcm2/A+40 mV, as a result of

adaptation values C1 and C2 as the stack 12 ages.

stack aging.

reference polarization curve voltage model UR eference is modi

45

The present invention uses conservative parameters for the
poWer management control at system start-up. When the fuel
cell stack 12 operates at loW loads, Where the stack current is

less than a predetermined threshold, i.e., lact<lthmhold, the
poWer controller 20 Would adjust the parameter C1 so that the
actual stack poWer Uact and the voltage model Umodel are the

ization curve.
50

same. Particularly, the poWer controller 20 measures the volt

added to the calculated average cell voltage to be equal to the
average cell voltage for the reference polarization curve. In
one non-limiting embodiment, the current threshold Ithmho id
is about 0.2 A/cm2.
When the stack 12 operates at medium and high loads,
Where the stack current is greater than the threshold, i.e.,
Iact>Ithmh0 1d, the poWer controller 20 Would adjust the
parameter C2 so that the actual stack poWer Uact and the
voltage model Umodel are the same. The poWer controller 20
changes the parameter C2 to make the calculated average cell

Alternatively, the look-up table for the reference polariza
tion curve could be replaced With an arithmetic expression of
the current/voltage relationship based on an empirical model

age of each fuel cell in the stack 12, calculates the average cell
voltage for all of the cells, and compares the average cell

voltage to the average voltage for the reference polarization
curve at that particular stack current density. The algorithm
then changes the parameter C1 so that enough voltage is

The control algorithm for the fuel cell stack 12 Would
attempt to prevent operation in the mass transport region of
the polarization curve. HoWever, if the stack 12 did operate in
the mass transport region for Whatever reason, the algorithm
of the invention Would prevent adaptation of the stack polar

such as:
55

VAT, P, P02, #1) =

(2)

.

60

65

P

"10, P, P02, s@)XeXp[n(T, P, P02, We] — MT, P, P02, When?)
2

Where V8 is the voltage at current ie, V0 is the open circuit
voltage, T is the absolute temperature, p is the total pressure,
p 02 is the partial pressure of oxygen, 4) is humidity, and b, R,
m and n are empirical equation constants. The adaptation
values C1 and C2 Would be revised in the same manner.

US 7,682,719 B2
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Taking the special characteristic of the fuel cell stack 12
into account, the reference polarization curve makes the
adaptation of the model to the actual behavior of the system

are dominant, Where the kinetic voltage losses are dominant
beloW the threshold and the ohmic voltage losses are domi
nant above the threshold.

easier and more stable because the parameters can be adapted

3. The system according to claim 2 Wherein the predeter
mined threshold is about 0.2 A/cm2.
4. The system according to claim 1 Wherein the reference
polarization curve is the current/voltage relationship of a neW
fuel cell stack.
5. The system according to claim 1 further comprising a

independent of each other. This enables an advanced, i.e.,
more stable and precise, poWer management, especially for
vehicles With a boostless HV architecture. Further, the

method of the invention for revising the stack polarization
curve over time can be used in any fuel cell system that

requires such changes of the stack polarization curve. For fuel
cell hybrid vehicles, the fuel cell system may include a fuel

rechargeable energy storage device to supplement the fuel
cell stack poWer.
6. The system according to claim 1 Wherein the controller

cell stack and rechargeable energy storage system (RESS)
directly coupled to a high voltage bus line, a fuel cell system

prevents the reference polarization curve from being revised
When the stack is operating in a region of the reference polar

including a DC/ DC converter coupling the battery to the high
voltage bus line, or a fuel cell system that uses ultra-capaci
tors and other devices to couple the RESS to the high voltage
bus line.
The discussion above refers to the reference polarization
curve as being the polarization curve for the fuel cell stack
When it is neW. In an alternate embodiment, a reference polar

ization curve Where mass transport voltage losses are domi
nant.

7. The system according to claim 1 Wherein the reference
20

ization curve can be for a ?rst stack in a series of stacks, and

9. The system according to claim 1 Wherein revising the
reference polarization curve includes using the equation:

aging and operating conditions of the stacks and also produc
tion tolerances of one stack to the next stack in the series. For
25

ence polarization curve can be identi?ed for a ?rst fuel cell

stack in a series of fuel cell stacks being produced, and that
reference polarization curve can be adapted to the other fuel
cell stacks Without having to do end of line testing to de?ne
the polarization curve for each fuel cell stack.

30 current.

10. The system according to claim 1 Wherein the reference

polarization curve and the revised reference polarization
curve are de?ned by the arithmetric expression:
35

What is claimed is:

1. A fuel cell system comprising:

40

a fuel cell stack providing output poWer at a particular

current density; and
a poWer controller for controlling the output poWer of the
fuel cell stack, said poWer controller storing a reference
polarization curve that de?nes the current/voltage rela
tionship of the fuel cell stack, said poWer controller

45

m and n are empirical equation constants.

11. The system according to claim 1 Wherein de?ning a
reference polarization curve at a ?rst point in time includes
de?ning a reference polarization curve for a ?rst fuel cell
stack of a series of fuel cell stacks being manufactured, Where
the reference polarization curve is used for all of the stacks in
the series.
a fuel cell stack providing output poWer at a particular

by changing a ?rst adaptation value and revising the
reference polarization curve to match the actual polar
ization curve of the stack When the stack current density
is above a predetermined threshold by changing a sec
55

Wherein the ?rst adaptation value de?nes an absolute volt
age difference betWeen the predicted average cell volt
age of fuel cells in the stack and the average cell voltage
of the reference polarization curve for a particular stack

current density, and the second adaptation value de?nes
a current dependent voltage difference betWeen the pre
dicted average cell voltage of fuel cells in the stack and
the average cell voltage of the reference polarization

Where V8 is the voltage at current ie, V0 is the open circuit
voltage, T is the absolute temperature, p is the total pressure,
p 02 is the partial pressure of oxygen, 4) is humidity, and b, R,

12. A fuel cell system comprising:

revising the reference polarization curve to match an
actual polarization curve of the stack over time When the
stack current density is beloW a predetermined threshold

ond adaptation value;

Umodelu): UReference(I)+C1+c2 *1

Where Umodel is the revised reference polarization curve,
UReference is the reference polarization curve, C1 is the ?rst
adaptation value, C2 is the second adaptation value and I is

The foregoing discussion discloses and describes merely
exemplary embodiments of the present invention. One skilled
in the art Will readily recognize from such discussion and
from the accompanying draWings and claims that various
changes, modi?cations and variations can be made therein
Without departing from the spirit and scope of the invention as
de?ned in the folloWing claims.

8. The system according to claim 1 Wherein the reference
polarization curve is stored as an arithmetric expression.

the algorithm described above can be used to address the

example, during the manufacturer of fuel cell stacks, a refer

polarization curve is stored as a plurality of values in a look
up table.

current density; and
a poWer controller for controlling the output poWer of the
fuel cell stack, said poWer controller storing a reference
polarization curve that de?nes the current/voltage rela
tionship of a neW fuel cell stack, said poWer controller
revising the reference polarization curve to match an
actual polarization curve of the stack over time When the
stack current density is either beloW or above a prede
termined threshold and Wherein the predetermined
threshold de?nes a transition betWeen Where kinetic

60

voltage losses are dominant and Where ohmic voltage
losses are dominant, Where the kinetic voltage losses are
dominant beloW the threshold and the ohmic voltage
losses are dominant above the threshold.

curve for a articular stack current density.

mined threshold de?nes a transition betWeen Where kinetic

13. The system according to claim 12 Wherein the poWer
controller revises the reference polarization curve When the
stack is experiencing only static voltage losses or When the

voltage losses are dominant and Where ohmic voltage losses

stack is experiencing additional linear voltage losses.

2. The system according to claim 1 Wherein the predeter

65
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14. A fuel cell system comprising:

19. The system according to claim 14 Wherein the refer

a fuel cell stack providing output poWer at a particular

ence polarization curve is stored as a plurality of values in a

current density; and
a poWer controller for controlling the output poWer of the
fuel cell stack, said poWer controller storing a reference
polarization curve that de?nes the current/voltage rela
tionship of the fuel cell stack, said poWer controller

look-up table.
20. The system according to claim 14 Wherein the refer
ence polarization curve is stored as an arithmetric expression.

21. The system according to claim 14 Wherein revising the
reference polarization curve includes using the equation:

revising the reference polarization curve to match an
actual polarization curve of the stack over time When the
stack current density is beloW a predetermined threshold

Umodel I):UReference(I)+c1+C2*I

by changing a ?rst adaptation value and revising the

Where Umodel is the revised reference polarization curve,

reference polarization curve to match the actual polar
ization curve of the stack When the stack current density
is above a predetermined threshold by changing a sec

UReference is the reference polar1zat1on curve, C1 1s the ?rst

ond adaptation value;

22. The system according to claim 14 Wherein the refer
ence polarization curve and the revised reference polarization
curve are de?ned by the arithmetric expression:

Wherein the predetermined threshold de?nes a transition
betWeen Where kinetic voltage losses are dominant and
Where ohmic voltage losses are dominant, Where the
kinetic voltage losses are dominant beloW the threshold
and the ohmic voltage losses are dominant above the
threshold.

15. The system according to claim 14 Wherein the prede
termined threshold is about 0.2 A/cm2.
16. The system according to claim 14 Wherein the refer
ence polarization curve is the current/voltage relationship of

adaptation value, C2 is the second adaptation value and I is
current.
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a neW fuel cell stack.

17. The system according to claim 14 further comprising a

rechargeable energy storage device to supplement the fuel
cell stack poWer.
18. The system according to claim 14 Wherein the control

ler prevents the reference polarization curve from being
revised When the stack is operating in a region of the reference
polarization curve Where mass transport voltage losses are
dominant.
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Where V8 is the voltage at current ie, V0 is the open circuit
voltage, T is the absolute temperature, p is the total pressure,
p 02 is the partial pressure of oxygen, 4) is humidity, and b, R,
m and n are empirical equation constants.

23. The system according to claim 14 Wherein de?ning a
reference polarization curve at a ?rst point in time includes
de?ning a reference polarization curve for a ?rst fuel cell
stack of a series of fuel cell stacks being manufactured, Where
the reference polarization curve is used for all of the stacks in

the series.

