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ABSTRACT brane conductivity and durability, the supplied reactants requEe
A membrane-based gas humidification apparatus was em- humidification. However, excess water can condense and afféct

ployed to actively manage the water vapor entrained in the reac- fuel cell performance [2], requiring accurate and fast control &f

tant gas supplied to a fuel cell stack. The humidification system the gas humidity supplied to the fuel cell [3].

utilizes a gas bypass and a series of heaters to achieve accurate  geyeral humidification strategies have been considered Eor
and fast humidity and temperature control. A change in fuel cell f,e| cell reactant pre-treatment, including bubblers or sparg-
load induces a reactant mass flow rate disturbance to this humid- g [4], and passive membrane-based humidifiers integral to fhe
ification system. If not well regulated, this disturbance creates pgnEC stack [2,5,6]. For active humidity and temperature cola-
undesirable condensation and evaporation dynamics, both to the | of the reactants supplied to a PEMFC stack, a stand-alafie
humidification system and the fuel cell stack. Therefore, con- memprane-based humidification system was designed and exger-
trollers were devised, tuned and employed for temperature ref- imentally validated [7]. The humidification apparatus decouplgs
erence tracking and disturbance rejection. The coordination of e passive membrane humidifier from the PEMFC cooling |00|§5
the heaters and the bypass valve is challenging during fast tran- \yith the addition of an external gas bypass and a separate wﬁter
sients due to the different time scales, the actuator constraints, sjrculation system, (PEMFC reactant exhaust streams could &so
and the sensor responsiveness. Two heater controller types werépe ysed), to provide a controllable reactant relative humidity &t
explored: on-off (thermostatic) and variable (proportional inte- 5 requlated temperature. This humidification system apparagus
gral), to examine the ability of the feedback system to achieve the jg conceptually similar to that proposed by [8]. The operatioi‘l
control objectives with minimal hardware and software complex- o the humidifier consists of a dry reactant gas and liquid water
ity. This controller tuning methodology is useful for optimizing  gejivered to opposite sides of a membrane humidifier to produge
response time versus heater parasitic losses. a saturated gas. Another stream of dry reactant gas bypasses the
1 INTRODUCTION humidifier. The combination o_f the saturatec_i and dry_gas stre_a_ms
produces a reactant-vapor mixture at a desired relative humidity.
A diagram of the humidification system is provided in Figure 1.

L¥8/L

For the advancement of polymer electrolyte membrane fuel
cell (PEMFC) systems, achieving adequate thermal and humidity
regulation remains a critical hurdle [1]. To maintain high mem- The humidification system control strategy in [8] relied on

a relative humidity sensor for feedback control of an electronic

bypass valve. Due to the strong coupling between gas humid-

“Funding is provided by the U.S. Army Center of Excellence for Automo- ity and temperature, thermal regulation must also be consid-

tive Research (DAAE07-98-3-0022) and the National Science Foundation (CMS ered. We are unaware of any achievement claiming active con-
0625610).
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. Tabp. 2 HUMIDIFICATION SYSTEM OVERVIEW
yhmi ahm'w The humidification system hardwarvas installed in the

Z — Fuel Cell Control Laboratory at the University of Michigan. The,
system was designed to deliver moist air to the cathode ofa
500W fuel cell stack between 265° C and 50%-100% relative
humidity at dry air mass flow rates between 0-40 sim.

The humidifier system consists of five control volume
namely the water heater, humidifier, reservoir, bypass, and mi
shown in Fig. 1. For nomenclature, the lethrin (kg/mol) is
used to denote molar mag3jn (Pa) for pressureQ in (W) for
heat added to a control volumefor the fraction of the total air
flow, T in (K) for temperatureW in (kg/s) for mass flow rate,
SRREEEEE o5 EEECEE - and the symbolp for relative humidity. Subscripts are used t
indicate first the substance of interest, wharis for air, b for
bulk materialsg for gas mixture| for liquid water ands for wa-
ter vapor; secondly the control volume suchkgsfor bypass,
cafor cathodegv generically for control volume, for reservoir,
fc for fuel cell, wh for water heaterhm for humidifier, andmx

Water Heater
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2
5
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T - ,MX,
e N dgmx, for mixer; finally ani or o indicates the control volume inlet or
—Weo L outlet. Superscripts are usedsa for saturationp for nominal
Fuel Cell values, and for desired values.
E“’W When coupled with a fuel cell, the total dry air mass rov?g"
through the humidification systei,, depends on the amount
Figure 1. Overview of the control architecture for the external humidifi- of current produced by the fuel cell and is a system diSturbanEe-
cation system. Dashed lines indicate controller, C, input temperatures. The fraction of air supplied to the bypas"@p, or humidifier,

rnm, iS controlled with mass flow controllers that regulate th
bypass and humidifier air mass flow ratmbp., andW, pmi.
The humidifier produces a saturated air stream at a temperat@re
Tghmo, dependent upon the supplied liquid water temperaturﬁe

trol of the reactant humidity and cathode inlet temperature us- Ti hmi. Air bypassing the humidifier is heated with a SOW heate§,
ing a membrane-based humidification system suitable for auto- Qop. The saturated air stream from the humidifier and dry arr
motive applications. In developing our control strategy, critical stream from the bypass are combined in the mixer to prodLg:e
steps were accomplished by properly selecting the controller ref- & desired air-vapor mixture relative humidi@mxo, to be sup- 2
erences used for temperature feedback; employing a static feed-p“ed to the fuel cell. A 52W resistive heatdmy, is used in
forward mapping for humidity control to eliminate the need for the mixer for temperature control and to minimize condensatign
an expensive and slow relative humidity probe for feedback con- during the mixing of the saturated and dry gases.

trol; and providing a thorough comparison of the use of on/off hL|qU|d Wztf]r is ((:jlr;:ulated fromthe reszrvmrthr;)li]gh tlhe Wﬁe
versus variable gas heaters in achieving thermal regulation. terheater and humidifier using a pump and manual throttie va
The reservoir is shared with the fuel cell coolant, shown with dn

Controllers were designed and a reproducible methodology input to the reservoir at the fuel cell coolant temperatiirgs o. ?c’,
for controller tuning is presented to coordinate the three resistive The humidification system is designed to heat the supplied re&C-
heaters as well as the mass fractional split of air flow between tants to the temperature of the coolant leaving the fuel cell staﬁk
the humidifier and air bypass. These controllers must regulate If the water system is well insulated and well controlled, the
the temperature of the dry air leaving the bypass and joining the waste heat from the fuel cell stack is used to maintain the water
saturated air leaving the humidifier. Should the temperatures of reservoir temperature. However, a 1000W resistive he@igay,
these two gas streams not be well regulated during air mass flowis used to heat the liquid water before entering the humidifier to
disturbances due to the fuel cell system load demand, condensa-mitigate thermal disturbances and offset heat losses to the ambi-
tion or dehydration will occur. Similar problems arise in engine ent. Note, this water heater power should be chosen based on the
thermal management systems employing either a valve or servofuel cell electrical subsystem design to ensure that the heater is
motor to bypass coolant around the heat exchanger [9, 10]. The supported during thermal transients.
coordination of these heaters and the bypass valve is challenging—
during fast transients due to the different time scales, the actuator  Designed in collaboration with the Schatz Energy Research Center at Hum-
constraints, and the sensor responsiveness. boldt State University
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3 MODELING SUMMARY

This section summarizes the humidification system model-
ing effort that was experimentally validated in [7]. Applying the

conservation of mass and energy, the resulting state equations are

expressed for the bypass,

dT, 1
da’tbp = MosCop [Qbp+WabpiCp.a(Tappi — Tabpo)
*h_bZamlqprbZamb,bp(Ta,bp - Tamb)] ; (1)
the water reservoir,
daT 1
dltr _m rCIr [\M fmcpl(TI fc,o— TI,r,o)
AW whiCp, (Tinmo — Tiro) — Mo Azor (Tir — Tor)]
(2a)
dTbr 1
L = ~T
dt " moiCor (P2t A (Tie — Toyr)
_ﬁbZamhrAbZamhr (Tb.r - Tamb)} 3 (Zb)
the water heater,
dTI wh 1
dt m,thI,w [\M hmi'>p,| ( l,r,o— I,hml)
+ho2 whAb2l wh(Towh — Tiwh)] » (3a)
dT 1
(;)j[Wh = TowrConn [Quwh — P2t whAb2l wh(Towh — Tiwh)
- ﬁbZamh,whAbZamhwh(Tb,wh - Tamb)] > (3b)
the humidifier,
daT 1
Oll’thm :m7hnp|¢hm W hmiCpy (Ti,hmi — Ti hmo)
- IZQ,hmAl Zg,hm(TI,hm— Tg,hm) —N,hmocp,ng,hmo
—hi2ambhmA 2ambhm(Ti.hm — Tamb)] , (4a)
dT, 1
Sihm :mg,hmcg.hm [Wa,hmicp,a(Ta,hmi - Tg,hmo)
‘|‘HIZg,hmAI Zg,hm(TI,hm_ Tg,hm)] ; (4b)
and the mixer,
dTg mx 1
dt n\g.mXCg,mx [ a,bp,i p,a( abpo g,m)go)
+(Wa hmiCp,a +W,hmoCp.v) (Tg,hm,o —Tgmxo)
+ﬁb29,mxAb29,mx(Tb,mx_ Tg,mx)} ) (Sa)
dT 1
gimx = mo,m)écb,mx [me— ﬁbZQ,mxAbZQ,mx(Tb,mx— Tg,mx)
*ﬁbZamhmxAbZamhmx(TbAmx* Tamb)] . (5b)
3

A list of the parameter values was given in [7]. The relative
humidity of the mixer outlet gas is estimated by
Pg,mxo
Pg.hmo — Fbp Pg.hmo pé?ﬁm,o

t
pSﬁmo
gmxo
(6)
Due to the inability to measure the internal temperatuée

states, approximations were employed to relate the internal sta_izes
to the measurable outlet temperatures and are summarized by

Qg,mxo = Pghmo 'hm

1) papeojumoq

Ta7bp.o :Zpr - Ta7bp.,i ) (7a) ‘;%
Tl,wh.,o :ZTI,wh - TI 1,09 (7b) %
Tl,hmo :2TI,hm_TI,hmi7 (7C) %
Tiro=Tir, (7d) %
Ta.hmo :ZTa,hm - Ta,hmi ) (79) “_2’71
Tg,mx :Tg,mxo- (70 E

The locations of the measurements and disturbances gre
shown in Figure 1. The inputs to the system are heater power,
Q, and the mass fraction of air diverted through the bypags, :g
the states are the respective temperatdrgte disturbances are 3
the total dry air mass flow rat#, the air temperature supplied?
to the systemTanmi and Tabp., and the ambient temperature;
Tamb, and the system output is the air relative humidity Ieavmg
the mixer,@qmxo-

LS/L¥8/L8LEY/

4 CONTROLLER ARCHITECTURE
With the model of the external humidification system pres
sented in Section 3, controllers were designed and tuned to go-
ordinate the heaters as well as the fraction of air supplied to ﬂje
humidifier and bypass. The three heaters must be well coorgli-
nated to regulate the system temperatures and mitigate the effect
of disturbances. This section introduces the nonlinear static fegd-
forward mapping devised for air mass flow control along with thg
reference temperatures used for thermal regulation.

4.1 Nonlinear Feedforward for Air Mass Flow Control

Direct relative humidity feedback control requires either
water vapor mass flow rate or relative humidity measurememt
at the mixer outlet. In practice, both measurements are pr-
hibitively expensive. Although an observer based relative ha-
midity feedback estimation could be employed, the coupling bg
tween humidity and temperature poses a performance tradeoff
between these two control objectives, motivating the rationale
for feedforward humidity regulation.

To calculate the desired split of dry air mass flow between
the humidifier and the bypass, mass conservation is applied. As-
suming that in steady-state the mass flow rate of water vapor
and air entering the mixer are equal to the mass flow rates leav-
ing the mixer, and applying the definition for the humidity ratio,

w= %, the required fraction of air supplied to the hu-

Jasn uebiyol o
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midifier, r, = Wa hmi/Wa, can be expressed as humidification system was designed to regulate the cathode
@ o P mxo(pg hmo — %hmopéaﬁmo) air supplied to an 8-cell PEMFC stack with an active area of
: — o (8) 300cn?. Applying a 0.3A/cm electric load to this PEMFC stack
@, hmopg hmo(pg mxo — @ mxoPgHhxo) requires 0.6 g/s of air at an air stoichiometry of 250%. The§e
where a superscript has been used to denote desired reference nominal conditions were selected to approximate the mldpomt

values. The commanded air mass flow rates through the humidi- of the expected stack operating range.
fier and the bypass are: Transfer functions from the heater inputs to the outlet terﬁ

peratures were then derived and the sensitivity of the pole loga-

I'hm =

Ve mi =FhmWa, (%3) tions on total air mass flow rate was examined. Table 1 sumnia-
Wabpi =Wa —Wahmi- (9b) rizes the open loop time constants and DC-gains for this rar%e
of air flow for each of the three systems. The total air mags
4.2 Reference Temperatures flow rate range considered4=0.3-0.9 g/s, represents a humidig

To properly coordinate the heaters using feedback control, fication system disturbance for PEMFC stack electrical loads ke-
reference temperatures must be established for the mixer, by-tween 0.15-0.45A/cf The linear and nonlinear systems weré
pass and humidifier air outlets. The error, or difference between compared, both to steps in heater inputs and air mass flow rafes,

the reference and actual measured temperatdees,dT* — 0T indicating that the linear system response well approximates the
whered indicates a deviation from nominal conditions, can then nonlinear system for small deviations from nominal conditionsg
be foSrmuIatIed ]into control objectives Lor. each o_f trfle hﬁatersi Table 1.  Open loop characteristics for Wy=0.3-0.9 g/s. 5
everal reference temperature choices exist for thermal reg- . . 8
ulation of the humidification system, depending upon the re- System DC-gain(°C/W) | Time Constant(sec) z
sponse times of the bypass, mixer and water circulation systems. 5;%“0 ls=0 ®
These reference temperatures have drastically different implica- . . = 3
tions with respect to controller performance. For example, if the | Water Circulation| 0.10-0.08 123-59 £
. ; : o 2
vyater circulation, byp:_:lss and mixer system_s had 3|mllqr response | gynass 6.93-3.32 1490-1195 E
times, they could be independently coordinated, motivating the 8
selection of the desired cathode inlet temperature as the refer- | Mixer 1.01-0.52 714-498 &

ence temperature for all three systems. It will be shown later,

in Section 5, that the intermediate step of heating liquid water TLansfer f“';]Ct'onT can also be expressed frohm the air ﬂ(ﬁ"’f
to raise the humidifier gas temperature causes the slowest ther-disturbance to the outlet temperatures. However, the DC gaingo
mal response of the three systems. Because both the mixer anothese transfer functions indicate that there is a very small cha@e
bypass systems are faster than the water circulation system, con." the steady- s:atehheat re?uwed ffor 3fchangde in air massﬂflgw
densation or evaporation can be avoided upon gas mixing if both rate. As a result, the use of static feedforward to reject air flgy
the mixer and the bypass track the temperature dynamics of the disturbances does not significantly improve temperature regufa-

water circulation system. The resulting reference temperatures, 1on- Therefore, only transfer functions from the heater inputs ©
the temperature outputs will be presented here.
T*

gmxo = Tghmos  Tghmo = Teais  Tabpo = lghmo, (10) The first order analytical transfer function from the bypa@
heater input to the bypass air outlet temperature, assuming §he

JISIAI

will result in a slower system thermal response but will main-

. . . - . . dry air mass flow rate is constant, is expressed as g
tain the desired relative humidity. Figure 1 shows the location y 5 P 2
of these reference temperatures with the measured states and re- Tabpo - Bo.op , (1) 2
spective control volumes clearly indicated. 3Qbp S+ Pop 3
5 PLANT LINEARIZATION AND POLE SENSITIVITY where the numerator coefflc:lentzand pole location are defined %y

The system of ordinary differential equations, shown in Sec- bobp = , R
tion 3, was expressed analytically in state space where the con- MppCop
trol volume outlet temperatures represented the states, the heater M. .C

. N iCpa+ Ny

actuators represented the system inputs, the air mass flow rate Pop = abpi=Pa béambprbzamhbp ~0.013.
represented the system disturbance, and the liquid water mass Moptbp
flow rate and ambient temperature were assumed to be constant.
Using this state space representation, the system was linearizedThe bypass pole location (denoted pyp) is a function of the
about a set of nominal conditions whe\r@—o 6 g/s,rp=0.7, air mass flow rate through the bypass which will influence the
Tabmi=Tabpi=20°C, V\/I mi=30 9/s,T3.=27°C, pgpm=102.57 system response time and DC-Gain as indicated in Table 1.
kPa abs, andyy,, ,;=Tyhm=55°C. As previously dlscussed the A transfer function from the water heater actuator input to

4 Copyright © 2008 by ASME



the humidifier air outlet temperature is expressed as control is the cycling of the actuator due to the repeated on-off
8Tghmo bo(s+2z1) action resulting from sensor noise. To reduce this cycling, hys-

3Qum  (S+ Prwn) (St Prm) (S+ Panm) (S+ prr)(5+ pb’az’ teresis is often incorporated to construct a region about the @e

sired temperature for which no control act|0n takes place. <
where the coefficient in the numeratds, and the pole and When the temperature errag,= T* —T, is less than the &
zero locations can be analytically represented as functions of lower error bounde < —es, the heater is on (@ Qma). When =
the heat transfer coefficients and the control volume massesthe temperature error is greater than the higher error boug;;ld
and specific heats. At the nominal conditiomg=3.38x10° e > e, the heater is off (= 0). For errors within the error £
and the poles and zero are locatedoghm=1.23, p hm=0.292, bounds, there is hysteresis such that the heater is either orﬁ or

P r=0.090, pp,=8.2x104, p| wh=0.014, andz=0.0094, with a off depending upon the previous state of the heater. In summ@y,

response time. As with the bypass, the water circulation system
response time increases for increasing air mass flow rates.

The mixer thermal dynamics are described by a two state
system including the air-vapor mixture and the bulk materials. 2 o ) g
At the nominal conditions, the pole associated with the gas state duced I|m|t.cycle oscillations will depend on the system thegr
is located at s=-0.132 while the pole associated with the bulk ma- mal dynamics and the error bounds, at which the heater is 2
terials is located at s=-0.0017, indicating a significant bandwidth SWitched on or off. The error bound will be selected to keep t@e

separation between these two states. As a result, assuming tha?rrorsilgc/:lttrrllmt?\Ssp:riglregcllT]gscyglicir?rp“gd%oth A describ
ing thi un@s, i ivi ib-
m—0 a first order analytical transfer function from the mixer 9

h t t1o th Het t ‘ db ing function methodology as well as a simulation based strate@y
ea erinputto the gas outlet temperature, is expressed by were employed to tune the thermostatic controllers for the thrge

OTgmxo _ bomx (13) resistive heaters, as detailed in the following subsections. -
3Qmx S+ Pmx ble 2 shows the amplitude and, where applicable, the limit cycte

period for each of the three regulated systems evaluated at %1e

nominal conditions.

pole-zero cancelation betweerpy wv=0.016. The fastest con-  the discrete time thermostatic control law is represented by, g
trol volume response time (pole location furthest from the origin Qmax for e(k) < —es, §-
on the complex s-plane) is the humidifier air, followed by the uk)=140, for es < e(k), (14) 3
liguid water volumes, with the bulk volumes having the slowest uk—1), for—es<e(k) <es. E
S
m

Some degree of temperature overshadet,> |es|, is expected
after the heater turns on or off; thus, the steady temperature ge-
sponse is oscillatory. The frequency and magnitude of these in-

0713N4/4P

where,

bO,mx :ﬁgzgmxAngmx/ BB,mx 5

Table 2.  Summary of thermostatic control results.

6.1 Water Circulation System Tuning with Describing
Comparing the nonlinear full order model to this linear reduced Function Method
order model of the mixer thermal dynamics during step changes Describing functions have been used to quantify the ampﬁ-
in mixer heat shows an insignificant difference between the two tude and frequency of limit cycles induced in relay feedback sy5
dynamic models. Clearly, the mixer pole location is a function tems [11, 12], and subsequently used in the tuning of proce?‘ss
of the air mass flow rate, either directly, or indirectly through controllers [13]. A describing function that approximates the b&-
the heat transfer coefficient (between the bulk materials and the havior of an ideal relay with hysteresis£u+Qmay) was derived
gases) or the water vapor mass flow rate. As expected, by com-in [14]. The physical heater actuators employed, however, do
paring the DC-Gains of the bypass and mixer, more energy is not allow negative heat to be added to the control volume. As

required to raise the mixer temperature due to the larger air massa result, the describing function in [14] was shifted and scaled,
and the presence of water vapor in the mixer. resulting in

B =FozamameAmx - Fbog mdozg mx System Error Bound | Amplitude | Period 'f
BZ,mx = (Wa?cp,a +W hmocp,v) s -%
Ba.mx =MbmComx ([32 " ﬁgzg Ao mx) ’ Bypass 0.38°C 0.5°C 2 sec %
Bl mxBZ mx+ ﬁb2amlqmxAmxﬁgzg mxAbZQ,mx Mixer 0.38C LoC n/a é.

P = Bamx Water Circulation| 0.21°C 0.5°C 58 sec ;

g

, (15)

6 Thermostatic Control Qmax &\2 e

A widely used, simple and inexpensive control strategy em- ~ N(@,8) = 5= | | \/1~ (g) —l )t
ploys thermostatic (two position or on-off) control to cycle a
heater. A commonly recognized disadvantage to thermostatic wherea* is the desired temperature limit cycle amplitude.

5 Copyright (© 2008 by ASME



In a relay feedback system, the output temperature of the
thermal processdT (s) = G(s)0Q(s) where G(s) denotes the
plant transfer function (shown in Section 5), oscillates with a
temperature amplitude @fand frequencyo. Assuming there is

no change in the reference temperature and no disturbances to the

system, the error bound and the resulting frequency of oscillation
can be determined for a given desired amplitude by satisfying
both the real and imaginary parts @f jw)N(a*,es) = —1+0j.

As the differential gap expands, the resulting limit cycle oscilla-
tion amplitude increases and the frequency decreases.

If the desired limit cycle oscillation is not known, it can be
calculated using the following steps based on a combination of
the smallest achievable output amplitudgea, (Which occurs
for an ideal relay with no hysteresis), and the temperature mea-
surement noise.

1) A describing function for a shifted ideal relay is formulated
by settinges=0 in Equation 15.

1) The resulting output amplitude which corresponds to the
smallest achievable amplitudage, is calculated by solv-
ing G(jw)N(a" = ajgeal, & = 0) = —1+0j.

2) The standard deviation in the measurement output nojse,
is quantified.

3) A combination of the smallest achievable output amplitude
and the measurement noise is constructed, sucéi as
dideal + 30n.

The smallest achievable humidifier air outlet temperature os-
cillations areajgeaiwh ~0.2°C. As a result, the desired output
amplitude for the water circulation systema§. ~0.5°C. From

evaluation of%(jw)N(a\’;wes,wc) = —1+0j, the resulting
error bound ises wc ~0.2°C which induces a limit cycle of fre-
quencywy,c ~0.11 rad/s (corresponding to an oscillation period
of 58 seconds).

6.2 Bypass and Mixer Tuning by Simulation

For first order plants, the describing function methodology
cannot be employed to analytically calculate the thermostatic er-
ror bounds. The Nyquist plot of a first order plant remains in
the right hand plane. Thus, no intersection exists between the
describing function, which accounts for the fundamental com-
ponent of the nonlinear relay element, and the plant Nyquist.
Instead, simulations of the non-ideal relay feedback system are
used to examine the resulting temperature limit cycles for the
bypass and mixer systems.

To tune the thermostatic error bounds using a simulation
based approach, first the error bound is set equal to the de-
sired amplitude of the output temperature oscillations. The error
bound is then incrementally reduced until the simulated temper-
ature error is less than the desired amplitude. This process is
summarized as follows.

1) The desired output amplituda’, is selected.

2) The initial temperature error bounds are chosen to be equal
to the desired temperature output amplitude, suchetfrat .

3) The closed loop non-ideal relay feedback system response
is simulated using the nonlinear plant model evaluated at tgle
nominal operating conditions. g
The simulated temperature error signal is compared to t§|e
desired amplitude. 2

If the simulated temperature error remains smaller than tf

desired amplitude throughout the simulation, then the seargh
is terminated. Otherwise, the temperature error bounds ére
reduced and steps 3-5 are repeated. :

ape:

4)

5)

0800E:

Of course, in the physical system, the thermostatically cogi-
trolled water heater will induce humidifier gas outlet temperatuge
oscillations that influence both the bypass and the mixer, as tgn-
puts and/or dynamic reference temperatures. Therefore, it is rgc-
ommended that the bypass and mixer thermostatic controllersthe
tuned in a manner that accounts for the water circulation syst&m
performance. By first selecting the water heater error boundséas
discussed in Section 6.1, the error bounds for the bypass regay
feedback system can be determined using the simulation baged
iterative approach described above. Then given the error bousds
for the bypass and water heater, the error bounds for the mixer
relay feedback system can be determined via simulation. E

In selecting the desired amplitudes for the bypass and mixgr,
consideration of the system dynamics must be made. As with the
water heater, the desired bypass temperature limit cycle améli—
tude was selected to t& =0.5°C. Because the mixer receivess
air and water vapor from the humidifier, oscillations in the hug
midifier will cause oscillations in the mixer even when the mixes
heater is off. As a result, the mixer amplitude was selected tolﬁe
amy=1.0°C to account for the 0% amplitude fluctuations due §
to the water circulation system. g

Applying this iterative and sequential simulation based tuig-
ing approach, at the nominal operating conditions, the bypassi@r—
ror bound was found to b& ,=0.38C to achieve a temperature%
limit cycle amplitude ofagp=0.5°C and the mixer error bound%
was es m=0.38C to achieve a temperature limit cycle ampli®
tude ofagpzl.(PC. Although the error bounds for the bypass angl
mixer are the same, the two systems produce different tempeta-
ture limit cycle amplitudes. <

Aq

2c0og sunr

7 PROPORTIONAL INTEGRAL CONTROL
The thermostatic controllers, designed in Section 6, are in-
expensive to implement and are capable of regulating tempera-
ture to within PC of the desired cathode inlet temperature. If,
however, zero steady-state temperature error is required or the
limit cycle temperature oscillations are undesirable, a more so-
phisticated controller is needed. With the addition of controller
integrator states, zero steady-state error to a step command in

the reference temperature can be achieved. As a result, propor-
tional integral (PI) control was considered due to the simplicity
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of tuning with time domain constraints and guarantee of zero turbance rejection [15]. Using the linearized model of the water
steady state error. Note, however, that in contrast to thermostatic circulation system, shown in Equation 12, the PI controller was
control, Pl control requires the heater actuators to be capable oftuned to achieve a fast response with less than 20% overshoat,
producing a variable heat transfer rate. Thus, there is a tradeoff A summary of the final controller gains and resulting settlin%
between regulation capability and hardware and software com- times to a step in the reference temperature is shown in Table*i_3

plexity. along with the gain and phase margins. To prevent mtegra&r
The PI controller is expressed in the frequency domainas ~ windup, a logic based case structure was employed which @n
Ki.cv ables or disables the integrator while the actuator is saturated at
0Q = <chv+ ) ) (16) Qcv(t) =0 or Qey(t) = Qmaxcv-

Table 3. Proportional-integral controller gains and system response

wherepy is the open loop pole location. The PI controller gains

can be tuned upon inspection of the characteristic polynomial of § CONTROLLER PERFORMANCE COMPARISON
this closed loop transfer function. For tuning the controller gains, To compare the thermostatic and PI controller responses ﬁ)r
two of the following three time domain constraints are selected, 3 step in the cathode inlet reference temperature from nomngal
from 1) the proportional controller gain, 2) response time, and 3) conditions, a closed loop experiment was conducted, as shogvn
the damping coefficient (overshoot). in Figures 2-5. It is important to note that the fuel cell stack i
The mixer and bypass proportional gains are selected basednot connected to the water reservoir during these experimergs,
on the expected maximal actuator heater power (at steady-statethus waste heat from the fuel cell is not being used to maintain

where the proportional and integral controller gains are denoted g:’
by kpcy andk; v, respectively, for each control volume. By sub- Heater keov | Kiev | tsettle | GM | PM g
stitution into Equations 11 and 13, the mixer and bypass closed (s) (dB) | (deg) S
loop transfer functions from the reference to the actual tempera- é
ture is described by, Bypass 15 3.25| 9.4 0 142 a
OTg.cvo _ bo.cvkp.ev(S+Ki cv/Keey) 17) Mixer 25 022 | 256 | w 145 E

oT* P+ (bo,cka,bp + Pev)S+ Do, cvki bp o

Water Heater| 263 | 1.60 | 176 20 138 ,5

over the range of operating conditions) suppl@designcy, for a the reservoir water temperature. As a result, significantly moge
specified temperature err@esignev, such that energy is required to heat the liquid water supplied to the fugl
Qdesigney cell stack than would be expected during normal operation. %
Kpov = m : (18) Using thermostatic control, the desired @shumidifier air %

outlet temperature limit cycle amplitude was achieved, see Fig-
Given an expected error Ojesignev=1.0K (corresponding  yre 2. Additionally, the time required to transition from the ming
to a'=0.5K used for thermostatic controller tuning) and jmum to maximum limit cycle temperature, approximately 34
the maximum steady-state heater power @fesignop=15W seconds, closely matched the expected value. Note, a 68 secdnd
and Qqesignmx=25W, the proportional gains atie,,=15WIK, period would have resulted if the free and forced response tinges
kem=25W/K. For a critically damped response, the resulting in- - ere the same. For the water circulation system PI controllér,
tegral controller gains can then be calculated. Note, if the heater the resulting overshoot following the step in the reference terg,_
power were reduced due to limitations of the electrical subsys- perature is larger than predicted in simulation but still within thg
tem, the closed loop thermal response time would increase ac-designed 20%. g
cordingly. The bypass responses to this reference step is shown in I%g-
The closed loop transfer function from the desired humidi- ure 3. The resulting temperature limit cycle amplitude is appr0§-
fier air outlet temperature to the actual temperature is sixth order; imately 0.8C, as designed. Throughout the experiment, the Rl
therefore, time domain design constraints (overshoot, settling controller tracks the dynamic reference humidifier air outlet terk-
time, etc.) cannot be used analytically to specify the controller perature with approximately zero steady-state error. The mixer
gains. Instead, iterative pole placement was used to achieve aresponses to the temperature reference step is shown in Figure 4.
desired closed loop response. From inspection of the open loop The limit cycle amplitude was found to be slightly less than the
water circulation system poles and zeros, a stable slow pole is designed 4C. The mixer Pl controller performed as expected
located on the real axis at approximatsty-0.0008. This pole throughout the experiment. The mixer outlet relative humidity
could be shifted or canceled by a carefully tuned PI controller. response for this temperature reference step is shown in Figure 5.
Because the humidifier water circulation system has an air flow Because the actual mixer outlet temperature response is approx-
input disturbance and the model parameters were well identified, imately sinusoidal using thermostatic control, the relative hu-
a pole shifting controller was employed for improved input dis- midity also exhibits an approximately sinusoidal response. Both
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in simulation and in the experiment, the maximum excursion in | . d d for ch i th for-
the mixer air outlet relative humidity is approximately 10% for oop experlment_was conducted for ¢ anges In the ;ystem reter
both controllers. Note, the mixer gas outlet relative humidity ences (ca}thode inlet tempgrature and relative hum@ty) and the
presented here is an estimation based on physical measurementgyStem dlsturl_aarjces (ambient temperature, total air mass flow,
applying Equation 6. _and a reservoir fill event). As expected the PI controller r_esults
in zero steady-state error. The overshoot and response time fol-
9 PICLOSED LOOP DISTURBANCE RESPONSE lowing step changes in reference temperature is approximately
Using feedforward control of the air mass flow rate and pro- €equal to the response the controller was tuned to achieve.
portional integral control of the resistive heaters, another closed Figure 6 shows the humidifier air outlet temperature re-
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sponse to disturbances. Interestingly, the cathode inlet referenceshown in Figure 7. Again, the intent of the bypass controller is
temperature step results in an increase in the air flow supplied to to track the humidifier air outlet temperature. The bypass ad-

the humidifier, causing an initial decrease in the humidifier air

equately tracks the humidifier air outlet temperature excursiogs

outlet temperature which resembles a non-minimum phase re- well due to the difference in closed loop response times of th@ée
sponse but is actually due to the feedforward regulation of air two systems. There is an insignificant difference between t@e

flow. The rapid 10C increase in ambient temperature increased
the humidifier air outlet temperature, requiring the humidifier
heater power to decrease to regulate the air temperature. A de-
crease in total air flow resulted in a decrease in the fraction air
supplied to the humidifier, in turn increasing the humidifier air
outlet temperature. The reservoir fill event, which injects cold
water into the reservoir, causes a dramatic decrease in the hu-
midifier air outlet temperature that initially saturates the water
heater. Finally, the decrease in desired cathode inlet relative hu-
midity decreases the humidifier air flow in turn increasing the air
outlet temperature.
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Figure 6. Humidifier air outlet response to disturbances using Pl control.

bypass and humidifier air outlet temperatures throughout the %x
periment.

Figure 7. Bypass air outlet response to disturbances using Pl control.
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When the humidifier air outlet temperature initially de
creases following the increase in the cathode inlet temperatére
reference, the mixer heater turns off and then proceeds to track
the humidifier air outlet temperature, as shown in Figure 8. Eﬂ
general the ability of the mixer to track the humidifier is ades
quate. Additionally, the mixer outlet relative humidity is wellS
regulated throughout the experiment. Although the relative hu-
midity at the mixer outlet was relatively well regulated with ther-
mostatic control, the temperature oscillations may not be desir-
able depending upon the operating conditions of the PEMFC
stack to which the air is supplied. To eliminate these oscilla-
tions, proportional-integral (P1) control is recommended to guar-
antee zero steady-state temperature error. If variable heaters are
available with no cost or reliability penalty with respect to con-

-
c

The response of the bypass system to these disturbances igrol implementation, then the PI controllers are recommended.

9
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state thermal regulation and hardware and controller simplicity,
a critical consideration for automotive applications.
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An experimentally validated model of the humidification
system thermal dynamics was employed to design and tune
controllers for thermal and humidity regulation. Thermostatic
and proportional-integral controllers were considered for ther-
mal regulation, and a static nonlinear feedforward map was em-
ployed to control the air split between the humidifier and bypass.
For constant disturbances, the humidification system dynamics
are approximately linear enabling linear control theory to be ap-
plied for controller tuning. As expected, thermostatic control of
the humidification system, tuned using either a describing func-
tion or simulation based methodology, resulted in temperature
and relative humidity limit cycle oscillations. PI control, how-
ever, allowed for adequate control of both temperature and hu-
midity with zero steady-state temperature error, while satisfac-
torily minimizing excursions in temperature following changes
in the disturbances. Therefore, a tradeoff exists between steady-
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