0-7803-9098-9/05/$25.00 ©2005 AACC

2005 American Control Conference
June 8-10, 2005. Portland, OR, USA

FrA14.2

Analysis of Non-Minimum Phase Behavior of PEM Fuel
Cell Membrane Humidification Systems

Dongmei Chen

Huei Peng'

Department of Mechanical Engineering
University of Michigan, Ann Arbor, MI 48109-2125

Abstract—A model for the transient behavior of a
membrane humidifier for PEM fuel cells is developed. This
humidifier uses the exhaust fuel cell cooling water to humidify
the dry inlet air. This model is based on thermodynamic
principles and captures temperature, relative humidity and
flow variables of the humidifier. Dynamic simulations show
that the humidification system exhibits a non-minimum phase
behavior with one zero located in the right half plane. The
physical reason why such a non-minimum phase zero exists is
explained. The effects of the humidifier design parameters on
the non-minimum phase zero location are studied and
discussed.

I. INTRODUCTION

The current generation of low-temperature Proton
Exchange Membrane Fuel Cells (PEMFCs) work well only
when the membrane humidity is properly controlled. The
PEMFC membrane humidity is affected by the membrane
properties, water generated during the fuel cell operation,
the stack temperature, and the inlet reactants’ humidity
condition. The membrane properties are fixed once the fuel
cell is designed and thus is not manipulatable in real-time.
The water generated during the operation is a function of
the stack current and cannot be changed freely. Finally, the
fuel cell temperature is usually kept around 80-90°C.
Therefore, only the inlet reactants humidity conditions can
be changed freely to influence the membrane humidity. In
order to achieve optimum performance during transients, a
properly controlled humidifier at the PEMFC inlet is
required. A humidifier can be installed upstream of the fuel
cell stack to change the reactants humidity. To design the
humidifier control algorithm properly, we first need to
develop a dynamic humidifier model.

Fuel cell water management was actively investigated in
the literature. A number of experimental studies were
conducted to understand the water transport phenomena
and to characterize the factors that affect the membrane
water content [1-4]. Innovative channel designs have been
proposed to better maintain the humidity [5, 6]. A number
of mathematic models have been developed to optimize the
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fuel cell design to maintain high humidity [7-14]. In
addition, several types of humidifiers have been designed
and analyzed to enhance the stack humidity [15-18]. The
main purpose of these works is either to understand the
system or to size the components. Few dynamic models
suitable for control design purposes exist.

A four-state thermodynamic model of a membrane
humidifier is developed in [19]. This model captures the
dynamics of flow rate, temperature, pressure and relative
humidity. This paper is a continuation of [19] and is
focused on the analysis of the humidifier dynamic
response, with the emphasis on its non-minimum phase
characteristics. The impact of the humidifier design
parameters on the non-minimum phase zero location is
subsequently studied which may be instrumental in the
design of future PEMFC humidifier systems.

II. Humidification System Modeling

A dynamic model for a membrane-based humidifier
system was developed by the authors in an earlier paper
[19]. This humidifier system uses the exhaust cooling water
from the PEMFC stack to humidify the dry inlet air. The
water and the dry air flow in two sides of a Nafion®
membrane, which allows water vapor transfer from the
water side to the gas side. The vapor transfer rate is
determined by the water and gases flow rates (convective
driving force), membrane pressure differential (diffusive
driving force), membrane thickness, and fluid temperatures.
The schematic diagram of a humidifier unit is shown in
Fig. 1. There are three channels in each humidifier unit: the
humidification channel marked with ‘A’, a heat transfer
channel marked with ‘B’, and the water channel marked
with ‘C’. The dry inlet air can be directed to go through
either channel ‘A’ or channel ‘B’. When the inlet air passes
through channel ‘A’, both heat and water vapor exchanges
with channel ‘C’ will occur. On the contrary, when the air
passes through channel ‘B’, only heat exchange will
happen. Depending on the position of the sliding plate, the
air will be directed to go through either channel ‘A’ to be
humidified, or channel ‘B’ to be heated only.

Based on the size and load of the fuel cell stack, the size
and number of humidifier units can be calculated.
Assuming there are N humidifier units, the number of units
designated as type ‘A’ is denoted as n’, which can be any
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number between 0 and N, depending on the desired relative
humidity of the exiting air. It should be noted that the
authority of the humidifier in reducing humidity is limited
(or non-existent, if heat exchange effect is ignores). For
example, when the inlet air has a non-zero relative
humidity, we will not be able to get 0% relative humidity at
the outlet even through no channel ‘A’ is used.

Graphite Fuel cell

walls cooling water
Water Kl
molecule

Graphite wall

Control

volume 1 Control

volume 2

Sliding plate Membrane

Dry air

Fig. 1: Structure of one humidifier unit

In order to derive the modeling equations, two control
volumes are defined as shown in Fig. 2. The air inlet mass
flow rate, pressure, temperature, and relative humidity
(RH) are denoted as M, ;,, P;n, T1.in, and @, ;,, and those for
the outlet flow are M ,u, Piouss 1T1.0ms and D, Denote the
water inlet mass rate, pressure, and temperature as M,
P, and T5;,, and those for the outlet as M., P; ., and

T, our- Finally, the membrane vapor transfer rate is n, .
M, 1out Pl,out Tl,our q)l,ouz M. 2,in B, Tz,x‘n

2,in
Water membrane
molecule l
Control volume 2
g) 8 ‘ MV.LT

Control volume 1 {
| o
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Fig. 2: Control volumes of one humidifier unit

The main equations used in [19] are summarized below.
Apply the 1* law of thermodynamics to Control Volume 1,
the energy equation is

Ma Uy y + Myt Uy +M,  Uag+ M, Uy = O+ Main h

a,in

M

. .
+ Myin hv,in +myu hmem — Maout ha,out — My out hv,out

Uy = J.CVkl T'1.ou hkl,kZ = Jcpkl lez hv,tr = J.va T mem

where Cv,, Cv,, Cp,, Cp, are the specific heats of the air
and vapor, subscript k/ is a or v, for air or vapor, k2=in or
out, representing inlet and outlet, subscript / represents
Control Volume 1, # represents membrane transfer. It is
also assumed that 7., equals 75 ;,.

Apply the 1% law of thermodynamics to Control Volume
2, the energy equation is

. o . o
mw,Zpr TZ"’”’ = _Ql +m2n hw,in —M2,0ut hw,out — My hmem

hw,kZ = '[pr TZ,kZ (2)

where Cp, is the specific heat of water. Subscript w

represents water, and 2 represents Control Volume 2. muq,

and m,, are calculated from

Ma,) = Main— Ma.out (3)
my1 = My,in +m v,tor — My out (4)
Mik2 = Mai2+ My k2 (5)
M Pv,k2
D2 T —— ©)
Mair Pa,k2
. 1 .
Majk2 = —Mk2,1 (7)
1+,

miou can be calculated from

Miour = Cr] })] P

fe,in (8)

is the fuel cell inlet pressure, and Cr is the

out

where P e in

nozzle constant which changes with orifice size and the gas

density and can be obtained through experiments. m.,> can
be calculated as

. . . .

Mw2 = M2in— My — M2 out (9)

The total vapor transfer through the membrane 1, is

obtained from
. Cc,-C
myy=D,——M A D,=D,e
t

m

1 1
(2416(5—5)) (10)

W

where D,, is the membrane coefficient of diffusion. c,
and ¢, are water concentrations of the membrane on the air
side and the water side, and are defined in Eq. (12). ¢, is
the membrane thickness. 7,, is the membrane temperature.
M, 1is the vapor molar mass. A4 is the mass transfer area.
The coefficient D, is determined empirically and has a

piecewise-linear form [7]
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1.25%107° A=>45
The water concentrations are
P P
=g o -, (12)
Mm,dry Mm,dry
where p,, dry is the membrane dry density and M m.dry is

the membrane dry equivalent weight. Water content 1, and

A, are calculated from

P
2, =(0.043+17.81a, —39.85a> +36.0a’) a, =—-
I)Mt,l (13)

A, =14
where P, is the vapor partial pressure of Control Volume
L. Py

is determined by

1 1is the saturation pressure of Control Volume 1, and

) 5.2
logy(Pygy 1) = 2.95-10 " T, ) =9.18-10 T, ., 0
7.2
+144.107 77, ~ 218

The vapor partial pressure of Control Volume 1 is obtained
from the ideal gas law.

Pv,chl - RVTlmv,l (15
Pa,chl = RaTlma,l (16)
Ar2=Bp2*Fak2 a7

where R, and R, are the air and vapor gas constant, V,; is

the volume of Control Volume 1, P, | =P, ;> P, =Py ou -

The heat transfer rate can be calculated from

Q1 =UAAT, (18)

where Ais the heat transfer area, U is the heat transfer
coefficient defined as

L Sy A R A VAT
1/ hy+1/hy) D, D,
where k, and k, are the air and water thermal

conductivities, Nup is Nusselt number and D;, is the channel
hydraulic diameter. AT, is the temperature difference
between the water and the gas. For counter flow,

(TZ,in _Tl,out )_(T2,out _Tl,in )

AT, = (20)
2/1 _ _
ln((TZ,in Tl,out ) /(T2,out Tl,in) )

The model is summarized as follows. The states

. T :
are.x:[ma,1 my 1 T our T2,out] .Possible measurements

. . . . T
include: y=[Q1 My Mo Prow Prou mz,om} . The control

w=—l].

N

input is: The performance variable is:

z=[mv,t,}, and the external disturbances include:

1,in 1,in 1,in 2,in 2,out 2,in

. T
W:|:m1,in T, P, [ P P, T }

II. DYNAMIC SIMULATION RESULTS

The model presented in the previous section is
implemented in the Matlab/Simulink environment. Among
the external disturbances of the humidifier system, the most
important ones are inlet air flow rate, temperature and RH.
The open-loop behaviors of the humidifier under the three
disturbances are presented below. Fig. 3 shows that when
there is a step increase in the inlet air flow rate, the
membrane vapor transfer rate increases, while outlet RH
decreases at steady-state. The total vapor rate is the sum of
the membrane vapor transfer rate and the inlet vapor rate,
which represents the amount of water content going into
the fuel cell cathode. Interestingly, all the three response
signals exhibit a non-minimum-phase behavior, which has
important implications on the overall control system
design—we will come back to this important phenomenon
later.

_ 008 26
>
E &
= 005 e
© S22
z 004 o8
[} |
T 003 5
8 5818
0.02 16
0 2 1 6 > 4 6
%10
0.86 26
w
T 084 2 24
z
2 o082 £ 22
Z o8 g 2
= =
3 ore T 18
=
076 16
0 2 4 6 0 2 1 6

Time (sec) Time (sec)

Fig. 3: System responses under a step increase of the inlet airflow rate

Fig. 4 shows that when there is a step decrease in the
inlet air temperature, the membrane vapor transfer rate
decreases and the outlet RH increases slightly at steady
state. More importantly, all the three response signals
exhibit an overshoot behavior that is quite unusual in
thermodynamic systems.

Fig. 5 shows that when there is a step increase in the
inlet air RH, the membrane vapor transfer rate decreases.
This is due to the fact that the membrane vapor transfer
rate, as described in Eq.(10), is a function of the RH
difference across the membrane. When the inlet air RH
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increases, the RH gradient across the membrane decreases,
therefore, the membrane vapor transfer rate reduces.
However, there is little change of the total vapor rate
because the membrane vapor transfer rate decrease is
compensated by the inlet air RH increase. For the same
reason, there is little change of the outlet RH before and
after the step disturbance.
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Fig. 4: System responses under a step decrease of the inlet air temperature
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Fig. 5: System responses under a step increase of the inlet air RH

In Fig. 3 and Fig. 4, there are no other sources of vapor
going into the system; the change in total vapor rate is
completely due to the change in membrane vapor transfer
rate. However, in Fig. 5, due to the inlet RH increases, the
inlet vapor rate increases. The total vapor rate goes into the
system equals the membrane vapor transfer rate plus the
inlet vapor rate.

III. NON-MINIMUM-PHASE ZERO ANALYSIS

Fig. 3 shows that the membrane vapor transfer rate
exhibits a non-minimum-phase (NMP) behavior when the
inlet air mass flow rate changes. NMP is an interesting and
important phenomenon because of the implied closed-loop
performance limit. This NMP zero is caused by the lag in

vapor mass rate response, 7.1, which is explained below.

The membrane vapor transfer rate is a function of air outlet
RH ® , which is defined as

R’ out
O =— (21)
Pvat
. . mv leaporTl out
SubStltllte Pmt = f (T'l‘aut) and Pv,(mt = > Eqn
volume
(21) becomes
m ) RV{Z OVT OU
q) — v,1 i 1,out (22)
f(Tl,out )Vvulume
Rva or ]11 out
Define C, = —*and gT = —>—, Eq. (22) becomes
volume f(n,nttt)
®=Cym,, gT (23)
The changing rate of the relative humidity is then
®=C, [mv,l gT+m,, gT} (24)

Eqn. (24) shows that @ is a function of

my,,gT ,m,, and gT'. These four variables’ responses

under inlet air flow rate step increase are plotted in Fig. 6,

where m..1 gT is noted as “Element 1" andm,, ; gT is noted

as “Element 2”. Fig. 6 shows that Element 1 reaches its
peak later than Element 2 does.
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Fig. 6: System responses under an inlet air flow rate step increase

The responses of RH and RH rate under a step increase
in the inlet air flow are shown in Fig. 7. It can be seen that

@ is positive before t=3.1sec and negative afterwards.
This causes @, the outlet air RH, to increase initially and
then to decrease. It also can be seen that the area under the

negative @ (from t=3.1 to infinity) is larger than that
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under the positive @ . This causes the steady-state value of
® to become lower than the initial value, thus exhibits a
NMP behavior as shown in plot 4 of Fig.7.
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Fig. 7: Air outlet RH and RH rate responses under an inlet air flow rate
step increase

We have explained the NMP behavior of ® , and will

establish the connection to the NMP response of m,,

is a function

next. The membrane vapor transfer rate m, .
of @, as explained in Egs. (10)-(14). Since the water
temperature changes slowly compared with other dynamic

variables of the humidifier, 7,,, is assumed to be

constant. In addition, since the membrane is submerged in
water, T, =T. Therefore, the membrane coefficient

2,out *
of diffusion D,, can be viewed as a constant, denoted as D..
Since water flows through Control Volume 2, A, equals 14
[19]. Substituting A,, D, and Eq. (12), Eq. (10) becomes

° DchApm,dry

My =
t,M, 4,

14-2) (25)

where PeMvA4Pnay is constant and m., depends on —A4,
th m,dry

linearly. The nonlinear relationship between A; and the

relative humidity @ is shown in Fig. 8. Since 4; is a

monotonic function of RH, if RH has a NMP response, 4;
, which

depends linear with 4;, will exhibit a NMP response.

The root locus plot of the linearized system shown in
Fig. 9 confirms this finding. Fig. 9 shows that there is a
slow dynamic mode corresponding to the slow pole-zero
pair. This slow dynamic mode arises from the water
temperature dynamics, which has a large thermal
capacitance. Assuming the water temperature is constant,
the state 73,, can be eliminated. The system order is then
reduced from 4 to 3. When the system input is the inlet air
flow rate and the system output is the membrane vapor

will also exhibit a NMP response. Therefore, m

v,tr

transfer rate, the linearized transfer function can be
expressed as

H(s) = k(s+z)(s+2z,)
(s+p)(s+p,)(s+p;)

where, p1, s, p3 and z; >0 and z, <0. The open loop system
has a NMP zero.
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Fig. 9: Root locus of the 4 states system with the inlet air flow rate as the
system disturbance

This NMP zero is not desirable because it imposes
fundamental limits on the achievable feedback control
performance, sensitivity, and robustness properties of a
linear time invariant feedback system [20]. It also places an
upper limit on the bandwidth achieved by the closed-loop.
The further the distance between the NMP zero and the
origin is, the higher the possible bandwidth will be [21].
The selection of system parameters, such as the membrane
thickness, channel cross section dimension and heat
transfer efficiency, could affect the NMP zero location,
which then determines the system available bandwidth.

Assuming all other system parameters are constant, the
effect of membrane thickness on the NMP zero location is
studied. The result is summarized in table 1. The membrane
thickness hardly affects the NMP zero value. However,
thinner membranes usually result in higher vapor transfer
rates and thus are preferred over thicker membranes.

TABLE 1: NMP ZERO VALUE VS. MEMBRANE THICKNESS

Membrane thickness (cm) NMP zero
0.005 21.08
0.0125 20.71
0.0175 20.64

Assuming all other system parameters are constant, the
effect of channel cross section dimension on the NMP zero
location is investigated. The results are summarized in table
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2, which shows that smaller hydraulic diameters are
preferred.
TABLE 2: NMP ZERO VALUE VS. HYDRAULIC DIAMETER

Hydraulic diameter (m) NMP zero
0.001 21.08
0.002 8.95
0.003 6.44
0.004 5.3

Next we relax the assumption that the humidifier is well
insulated and assume the insulation condition can be a
design factor. Eq. (18) becomes

0, =UAAT, i, (27)

where 177, represents the insulation efficiency (0<7,<l).
Assuming all other system parameters are fixed, the effect
of insulation efficiency on the NMP zero location is
analyzed. The results are summarized in table 3, which
shows that higher insulation efficiency is preferred. Higher
insulation efficiency can be achieved by better insulation of
the humidifier.
TABLE 3: NMP ZERO VALUE VS. HEAT TRANSFER EFFICIENCY

Insulation efficiency NMP zero
0.8 21.08
0.6 14.87
0.4 10.48

IV. CONCLUSIONS

A lumped thermodynamic model of membrane-based
humidifiers was developed. This model captures the
humidification behavior accurately and maintains its
simplicity. Dynamic simulation result shows that the
system exhibits a non-minimum phase behavior under inlet
air flow rate disturbance. This is due to the response lag of
the total vapor mass inside the humidifier. The humidifier
design parameters, which affect the non-minimum phase
zero location in the right-half plane are analyzed. The
results show that a system with smaller hydraulic diameter
and better insulation produces NMP zeros further away
from the origin, i.e., they impose less constraint on closed-
loop control performance.
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