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The air supply to the polymer electrolyte membrane fuel cell (PEMFC) stack is crucial for

the performance of a PEMFC system. To enable modular and transient testing of the stack

during development, a novel dynamic gas conditioning system is presented. To meet the

requirements of transient stack testing, different hardware concepts for the testbed are

evaluated and an experimental setup is realised. The thermodynamic states of this system

are coupled through various relations and represent a nonlinear multivariate control

problem. For controller design a dynamic nonlinear model of the system is derived and

parameterised with measurements from the testbed. To decouple the system and achieve

a good transient response the model-based nonlinear control concept of exact input-

output linearisation is applied. Based on the decoupled system, a Two-Degree-of-

Freedom (2DoF) controller is designed. The application of this nonlinear control concept

on the realised hardware setup shows that accurate trajectory tracking during dynamic set

point changes is ensured. Experimental results are presented to validate the control

performance.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The limitation of global warming to less than 2 �C represents

the greatest challenge of our era [1]. In order to meet 21st
.at (J. Kancs�ar).

ons LLC. Published by Els
Conference of the Parties (COP21) objectives, a clear transition

from carbon-based energy sources towards renewables is

mandatory. Hydrogen as a green energy carrier com-

plementing electricity will play the key role for this transition
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in all sectors (mobility and transport, industry, agriculture and

households) [2].

Global transport is estimated to double between now and

2050 under a business-as-usual scenario whereas, automotive

emission regulations are getting more stringent [3]. Electrifi-

cation and hybridisation are essential technologies to meet

these challenges [4]. Hydrogen powered fuel cell electric ve-

hicles (FCEVs) [5e7] are a promising alternative to conven-

tional powertrains, since polymer electrolyte membrane fuel

cells (PEMFC) allow an energy-efficient, resource-efficient and

emission-free conversion of regenerative produced hydrogen

and offer the potential to achieve low costs in mass produc-

tion. However, several key issues regarding degradation, cold-

start performance, efficiency, dynamic response and costs

have to be solved to achieve an increasingmarket penetration

[8].

To obtain a high power output, single fuel cells are com-

bined to fuel cell stacks. In order to operate the stack properly,

pressure, temperature, mass flow and humidity of reaction

gases have to be controlled by balance of plant (BoP) compo-

nents, e.g. humidifier, blower, anode recirculation etc. within

tight limits. This combination of stack and BoP components is

often referred to as a fuel cell system. PEM fuel cell systems

are complex and highly integrated mechatronic systems.

Automotive applications of fuel cells are challenging due to

variable operating conditions, load cycles, start-up and shut-

down cycles, humidity cycles, freeze-thaw cycles and air

contamination. Moreover, automotive fuel cell systems are

operated dynamically, which means that the set points are

changed continuously during operation. In order to success-

fully integrate the fuel cell system into the electric power train

and to prevent degradation and thus prolong lifetime, it is

important to understand the transient behaviour of the fuel

cell stack. In addition, current development processes are cost

and time intensive due to missing cross-links between stack

and BoP-component development. In consequence, the risk of

unexpected interactions and necessary modifications in-

creases significantly and potentials regarding durability, effi-

ciency and performance remain unused.

At present, turnkey solutions for modular test infrastruc-

ture are hardly available. Most systems are proprietary in-

house solutions of automotive manufacturers or research in-

stitutes, since hardware design and the development of

appropriate control strategies, in particular, are challenging.

First and foremost, the understanding of dynamic char-

acteristics of fuel cells is important to efficiently design,

operate and optimise the fuel cell system as well as speci-

alised test infrastructure [9]. Hence, the dynamic behaviour of

fuel cells has been the focus of many studies. In the presented

literature various tests regarding dynamic behaviour of fuel

cells were performed.

Wang et al. [10,11] presented dynamic three-dimensional

fuel cell models and estimated time constants for different

transient phenomena such as electrochemical double-layer

discharging, gas transport through gas diffusion layer (GDL)

and membrane hydration. Their results show that the time to

reach steady-state operation after a step change is in the order

of ten seconds. Kang et al. [12,13] developed a membrane

humidifier model. They investigated the influences of

inflowing air and humidity during load changes on the
performance of PEMFCs. Their results show that the model

can be used to optimise the inlet air humidity.

Although simulations give a good insight into phenomena,

which are not measurable, novel control strategies require

experimental validations on physical fuel cell stacks which is

challenging [14] and therefore rare in literature.

Migliardini et al. [15] investigated how different humidifi-

cation methods affect the performance of a fuel cell stack.

They performed steady statemeasurements with internal and

external humidification. Their data show that the change of

humidity takes about 2e3 min to reach steady state. In Refs.

[16e18] the authors investigated the start-up behaviour of fuel

cells. They stress the importance of understanding transient

phenomena for the optimisation of design and operational

strategy. Zhang et al. [19] studied the effects of back pressure,

relative humidity and air stoichiometry variations on the

overall performance. Although they investigated different set

points, they neglected the transients during set point change.

Santarelli et al. [20,21] analysed the effect of different oper-

ating variables on the polarisation curve. Transition between

set points was neglected and steady-state performance was

evaluated. They used a ramp to change the set point, waited

until steady state was reached and then performed their

measurements. Corbo et al. [22] used dynamic driving cycles

to analyse the effect of dynamic conditions on a fuel cell.

Based on measurements they deduced a management strat-

egy for automotive PEMFC systems. Their experimental ana-

lyses show that excursions outside the optimal working

region are acceptable if they last for times comparable to

those of fast acceleration phases (10 s as order of magnitude).

In additional studies tests regarding dynamic behaviour of

PEMFCs were performed [23e28]. However, due to specific

hardware setups some input variables (e.g. humidity) could

only be varied slowly and tests were performed with constant

values of this variable. The transient control of testbeds is

complex and requires sophisticated control methods such as

nonlinear multivariate control. Kancs�ar et al. [29] studied the

concept of flatness-based feedforward control to operate a

dynamic fuel cell testing environment. Such concepts are also

implemented as control strategies in fuel cell systems. Danzer

et al. [30,31] applied a flatness-based control concept for the

regulation of oxygen excess ratio and cathode pressure, and

H€ahnel et al. [32] applied nonlinearmodel predictive control to

deal with nonlinear characteristics of the fuel cell. Fang et al.

[33] studied the temperature regulation of a fuel cell test

bench. They designed a sliding-mode-based coolant regula-

tion, which accounts for occurring time delay and heat

generated by the fuel cell stack.

In this paper the issue of transient stack testing is

addressed and a novel concept (hardware and control strat-

egy) for dynamic gas conditioning is provided. Different

possible hardware concepts, which are suitable for transient

testing, are evaluated. Based on the evaluation a test setup is

constructed and a nonlinear multivariate model is derived,

which describes the coupling of the thermodynamic quanti-

ties in the system. To yield a valid system description a

method for proper model parameterisation with measure-

ments performed on the testbed is given. Based on the dy-

namic model a nonlinear multivariate control concept, which

deals with the coupling of the thermodynamic quantities, is
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applied. Finally, the control performance is evaluated experi-

mentally on the testbed.

This paper is structured as follows: General requirements

of fuel cell stack testbeds are discussed in Section “Re-

quirements for transient stack testing”, different hardware

concepts are evaluated in Section “Hardware concept” and an

experimental test setup is assembled. The coupling of ther-

modynamic quantities is discussed and a dynamic multivar-

iate model of the testbed is derived in Section “Nonlinear

multivariate control of testbed” and parameterised with

measurements. Based on the dynamic model a nonlinear

multivariate control concept is applied, which deals with the

coupling of the thermodynamic quantities. Finally, the control

performance is evaluated with measurements in Section

“Results and Measurements” and conclusions are given in

Section “Conclusion”.

Flow
Control

Thermal
Management Humidification Fuel Cell

Stack
Back Pressure
Control

Fig. 1 e Schematic of functional blocks.

p1 p2T1

OPPC

(a) Concept AF

F

FV

(b) Concept BF

p1 p2

CV

(c) Concept CF

Fig. 2 e Flow control concepts.
Requirements for transient stack testing

In the following, requirements of fuel cell stack testbeds

regarding reactant gas conditioning are discussed and the

main challenges are highlighted. The focus of this paper lies

on cathode air conditioning; however, the presented concepts

can also be adapted for the anode.

The dynamic operation of fuel cells under automotive

boundary conditions requires set point changes and response

times faster than 700 ms. Consequently, the gas conditioning

system at stack testbeds must provide the adequate amount

of reaction gases at specific pressure, temperature and hu-

midity instantaneously, since these thermodynamic quanti-

ties determine the performance and degradation of the fuel

cell stack.

First, a sufficient supply of reactants has to be provided in

order to avoid reactant shortage (hydrogen and oxygen star-

vation) during operation, which reduces the lifetime of the

fuel cell significantly [34,35]. Second, the reactant gas pressure

must be controlled within tight limits and depending on the

operation point [36], since the power output of the stack is

affected. Moreover, the system pressure regulation is crucial

for the lifetime of the fuel cell stack, since a significant pres-

sure difference between anode and cathode as well as pres-

sure pulses can damage the membrane [37]. Third, the

humidity of the inflowing gas has to be controlled to avoid

dry-out or swelling of the membrane, which causes degrada-

tion and thus reduction of the lifetime of the fuel cell [38].

Finally, the temperature of the reactants has to be controlled

in the range of 60 �C.
In order to achieve a fast response of the gas conditioning

system, the hardware components for heating and cooling,

humidification as well as for pressure and flow regulation

have to be designed specifically. From the aspect of control

theory the challenge is twofold. First, the physical processes,

governing the dynamics of the testbed, have to be modelled

and parameterised with measurements from the testbed.

Second, the thermodynamic quantities (pressure, tempera-

ture, humidity and massflow) are physically coupled by

various relations, and thus changing one quantity affects the

others. These circumstances yield a coupled nonlinear

multivariate system, which has to be decoupled and the
desired output quantities have to be controlled in a way that

good trajectory tracking and disturbance rejection are

ensured.
Hardware concept

In order to meet the discussed requirements and constraints

of fuel cell stack testbeds, the hardware concept of the con-

ditioning system is designed to enable the independent

adjustment of the thermodynamic quantities pressure, tem-

perature, humidity and massflow. Therefore, the system is

divided into the following four functional blocks: flow control,

thermal management, humidification and back pressure

control, see Fig. 1.
This chapter gives an overview on different possible solu-

tions for each function and presents a comparative evaluation

and the actual hardware implementation.

Flow control

The following three concepts for mass flow control have been

investigated with special regards to the requirements of the

actual application (see Fig. 2).
In concept AF (Fig. 2a) the mass flow is regulated by an

orifice plate (OP) and can be described as a function of pres-

sure ratioP ¼ p2=p1, inlet temperature T1, cross-sectional area

A of the orifice plate and thermo-physical properties of the

medium (isentropic exponent k, specific gas constant R).

Consequently, the mass flow is controlled by varying the inlet

pressure p1 by a remote actuated pressure regulator (PC). The

descriptive nonlinear flow equation for an isentropic change

of state is shown below [39].

_m ¼ Ap1

ffiffiffiffiffiffiffiffi
2

RT1

s
j;

j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

k� 1

�
P

2
k �P

kþ1
k

�r
; P ¼ p2

p1
:

(1)

The function j has its maximum value at the so-called

critical pressure ratio, which is given by

Pcrit: ¼
�
p2

p1

�
crit:

¼
�

2
kþ 1

� k
k�1

: (2)

From this, jmax for the critical flow derives as
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jmax ¼
�

2
� 1

k�1
ffiffiffiffiffiffiffiffiffiffiffi
k

r
: (3)
kþ 1 kþ 1

Above the critical pressure ratio Pcrit: the massflow given

by Eq. (1) becomes independent of the downstream pressure

p2 and is linearly dependent on p1. This physical property is

utilised by concept AF. In concept BF (Fig. 2b) the mass flow is

set by a flow controller, consisting of a flow measuring

transducer (F) (e.g. coriolis flow meter) and an actuator (FV)

(e.g. proportional valve). In concept CF (Fig. 2c) themass flow is

controlled by changing the opening profile and respectively

the flow coefficient of a proportional valve (CV).

In comparison to concept AF, concept BF shows poor

response time as well as unstable and imprecise measure-

ments as consequence of the slowermass flowmeasurement.

Furthermore, results of various tests pointed out that the

regulation of themass flow via the inlet pressure in concept AF

instead of the opening profile of a regulating valve in concept

CF is more expedient due to the occurring pressure ratio. The

mass flow _m set with concept AF is linearly dependent on the

inlet pressure in a large range of the characteristic diagram,

which facilitates the control and therefore is preferred over

the others.

Heating

The twomain concepts AH and BH for thermalmanagement of

a gas flow are shown in Fig. 3a and b. In concept AH the

required temperature is set by dynamic heating (heat

exchanger (HEX)), respectively cooling of a single gas stream.

In concept BH the required temperature is provided by mixing

of two streamswith different temperature in a specific ratio to

reach a predefined temperature. In Fig. 3a (concept AH) the

target temperature T2 depends on the inlet temperature T1,

the mass flow _m and the thermal power flow _Qin.
T1 T2

HEX

(a) Concept AH

T1 T2

T3

T4

HEX1

HEX2

(b) Concept BH

T1 T2 T4

HEX
CV1

CV2

(c) Concept CH

Fig. 3 e Thermal management concepts.

Water

P
D1

Boiler

Saturated Overheated
SteamSteam

HEX
CV

p1 p2

Humidified
Air

Air flow

Fig. 4 e Humidification by steam boiler.
Especially the thermal inertia of the heat exchanger and

the dependence of the mass flow temperature T2 on the mass

flow itself involve great challenges regarding the dynamics of

the heat exchanger. This relation is given by Eq. (4) for ideal

gases.

T2 ¼
_Qin
_m þ cp;1T1

cp;2
: (4)

In contrast, the intended gas temperature T4 in Fig. 3b

(concept BH) is largely unaffected by the total mass flow _m as

long as the heat exchangers provide enough power to keep the

temperatures T2 and T3 constant. In this concept the tem-

perature depends on the valve position z ¼ _m2= _m3 that defines
the mass flow ratio of both streams. The corresponding

equation is given by

T4 ¼ zcp;2T2 þ cp;3T3

ðzþ 1Þcp;4 ; z ¼ _m2

_m3
: (5)

Both concepts were field-tested in the course of the testbed

development. Results pointed out that concept BH allows a

faster adjustment of the temperature. The reason for that is

not only the quick variation of the mass flow ratio z, but also

the possibility to vary the temperature T2 of the warmer

stream up to a level of 200 �C. Subsequently, concept BH is

chosen and further developed for the specific requirements.

The wide mass flow range requires a certain valve size to

limit the pressure loss at high flow rates. Consequently, the

control range is reduced at low mass flows and the tempera-

ture can be controlled only with little precision. Field tests

with a three-port valve confirm this trade-off, and thus it has

been replaced with two control valves ðCV1Þ and ðCV2Þ.
Furthermore, on the basis of the required temperature range

of 40e80 �C, it is not necessary to build in the heat exchanger

ðHEX2Þ in the colder gas path (ambient temperature below

40 �C at all times) although it would increase the dynamics.

The final concept for temperature regulation is shown in

Fig. 3c (concept CH).

Humidification

Various humidification methods like saturated steam injec-

tion, liquid water injection and ultrasonic humidifiers are in-

dustrial standard in different applications. They have been

evaluated theoretically with regard to the existing technical

and economic boundary conditions and subsequently, only

the saturated steam injection was further considered. This

method provides the necessary steam mass flow and pres-

sure, while at the same time having a low technical effort and

lower costs compared to other methods. Furthermore, it al-

lows a highly dynamic and precise injection of steam and it

minimises, at the same time, the risk of unintended droplets

in the humid air.

The applied humidification method is shown in Fig. 4 and

consists of an electrical pump P that feeds liquid water into

the steam boiler ðD1Þ. Subsequently, a heat exchanger (HEX)

superheats the steam up to a temperature level of 160 �C.
Finally, the amount of steam fed to the air is controlled via a

sliding gate control valve (CV). All pipes and valves are insu-

lated and heated.

https://doi.org/10.1016/j.ijhydene.2017.09.076
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Fig. 6 e Gas conditioning system model applied for

nonlinear control.
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This concept has the advantage, that it can easily be scaled

to the application and that the pressure in the steam boiler

can be chosen such that a critical pressure ratio is ensured for

steam injection, which facilitates control.

Back pressure control

The stack pressure is controlled in a range from 1.1 to 3 bar(a).

Two concepts, shown in Fig. 5, have been evaluated theoret-

ically. First, the pressure p1 is adjusted by a back pressure

regulator (BPC) (Fig. 5a, concept AP) and second, a sliding gate

control valve (CV) is used (Fig. 5b, concept BP). Two re-

quirements are essential for the control of the back pressure.

First, the back pressure valve should not introduce additional

dynamics through an underlying control loop. Second, the

back pressure valve should be able to be actuated indepen-

dently of the system pressure. Concept BP fulfils both re-

quirements, therefore it was chosen.
p1

BPC

Vent

(a) Concept AP

p1 p2

CV

Vent

(b) Concept BP

Fig. 5 e Back pressure control concepts.
Fuel cell stack

An applied measuring section represents the fuel cell stack as

part of the hardware construction. It includes sensors for

pressure p, air temperature T, humidity 4 and mass flow _m. A

real fuel cell stack would act as an additional pressure resis-

tance, which is in series with the back pressure valve.
Nonlinear multivariate control of testbed

In the following, a model is derived from the hardware

concept introduced in Section “Hardware concept”. Based on

this model a nonlinear control concept [29] is introduced,

which deals with the coupling of the nonlinear multivariate

system. Further, the implementation of this nonlinear multi-

variate control concept to the fuel cell stack testbed is shown

(Fig. 6).

Dynamic model of hardware setup

A schematic of the hardware setup introduced in Section

“Hardware concept” is shown in Fig. 6. The hardware com-

ponents described in Section “Hardware concept” are repre-

sented by the blocks Gas (Concept AF, Fig. 2a), Heater (Concept

CH, Fig. 3c) and Steam (Fig. 4). From this, the system dynamics

can be derived. The gas mass in the system is defined by

m ¼ mG þmS; (6)
where mG represents the gas mass and mS the steam mass.

The mass balance equations of the gas components are given

by

d
dt
mG ¼ _mG; in � _mG; out;

d
dt
mS ¼ _mS; in � _mS; out;

(7)

where the first terms represent the inflowing gas streams, and

the second terms represent the outflowing mass streams. The

outflowing gas streams are given by the mass fraction of the

total outflowing mass stream:

_mG; out ¼ mG

m
_mout; _mS; out ¼ mS

m
_mout; (8)

where _mout is given by Eq. (1). The temperature dynamics can

be derived from the energy balance of the system [29]. To

account for the thermal inertia of the system, the additional

factors gG to the gas component and gS to the steam compo-

nents are introduced. The thermal inertia of the system arises

mainly from the hardware realisation of the testbed (e.g.

piping material and cross sections/volume), which affects the

system dynamics. The resulting equation yields

d
dt

T ¼ 1
mGcv;G þmScv;S

$

�
gG _mG; incp;GTG; in þ gS _mS; in

�
cp;STS; in

þ r0
�� 1

m
_mout

�
gGmGcp;GTþ gSmS

�
cp;STþ r0

��
� gG

d
dt
mGcv;GT� gS

d
dt
mSðcv;STþ r0Þ

�
; (9)

where T is the temperature in the system, cv;G and cv;S are the

heat capacities at constant volume, cp;G and cp;S are the heat

capacities at constant pressure, TG; in is the temperature of the

inflowing gas mass stream, TS; in is the temperature of the

inflowing steam mass stream and r0 is the latent heat of

steam.

The system pressure p can be determined by using the

ideal gas law

pV ¼ ðmGRG þmSRSÞT; (10)

where V represents the volume and RG and RS are the gas

constants. Here it is to be noted that the volume includes all

piping in the hardware setup. Therefore, by reducing the

piping volume, the dynamics of the system will change.

The relative humidity in the system is given by

4 ¼ X
RG
RS

þ X
$

p
ps
WðTÞ; X ¼ mS

mG
; (11)
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Fig. 7 e Parameterisation of nonlinear flow equation with

measurements of the aperture. Plot shows measured data

points and the (best) fit result.

Fig. 8 e Characteristics of the Heater (concept CH, Fig. 3c)

obtained from stationary measurements. Data points
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where X represents the vapour content in the gas and ps
WðTÞ

represents the saturation partial pressure given by Magnus'
formula:

ps
WðTÞ ¼ pm$e

C1$T
C2þT: (12)

The parameters pm, C1 and C2 for Eq. (12) are taken fromRef.

[40].

The dynamics of the actuators are included in themodel as

first order lag elements with time constants t1�4. These

additional differential equations are given by

ti
d
dt
xi ¼ ðxi � uiÞ; i ¼ 1;…;4 (13)

with

x ¼ 	 _mG; in;TG; in; _mS; in;ANozzle


T
; (14)

u ¼ ½ _mG; u;Tu; _mS; u;Au�T; (15)

where ANozzle represents the nozzle opening of the back-

pressure valve and u represent the control variables for the

Gas block, Heater block, Steam block and backpressure valve

shown in Fig. 6. The so obtained coupled set of differential

equations (Eqs. (7), (9) and (13)) and coupled output equations

for temperature, pressure, relative humidity and mass flow

represent the fact that the physical quantities at the testbed

are coupled.

Implementation on testbed

The model derived in Section “Dynamic model of hardware

setup” is independent of the realised hardware concepts dis-

cussed in Section “Hardware concept”. By changing one sub-

component (e.g. heater) or implementing a different sub-

concept (e.g. concept BF instead of concept AF) the nonlinear

control concept can easily be adapted by adjusting the corre-

sponding time constant t in Eq. (13).

To implement the derived control concept on the current

test setup, the control variables given by Eq. (15) have to be

mapped to the actuator signals available at the testbed. This is

done by a combination of cascade controllers and character-

istic maps obtained from measurements of the realised con-

cepts discussed in Section “Hardware concept”.

To obtain the inflowing gas mass stream (Gas block, Fig. 6),

the orifice plate (concept AF, Fig. 2a) has beenmodelled by the

nonlinear flow equation given in Eq. (1). The opening area A of

the orifice plate has been obtained by performing stationary

measurements and applying an offline optimisation. The

result is shown in Fig. 7. The different colours show the

different pressure set points of the stationary measurements,

and the dashed lines show the nonlinear flow equation with

the optimised areaA. By inverting the nonlinear flow equation

(Eq. (1)), the pressure signal for the pressure regulator can be

calculated as a function of the desired massflow and the

measured backpressure.

The steam (Fig. 4) and backpressure valves (concept BP,

Fig. 5b) are modelled similarly by Eq. (1), but by changing the

valve stroke the opening area A of the valves will change. To

obtain the nonlinear opening area of the steam and back-

pressure valves as function of the valve strokes, similar

measurements, as for the orifice plate, have to be performed
for different valve stroke positions. To perform these mea-

surements the valve stroke is increased in 5% increments and

the stationary flow is measured. An offline optimisation cal-

culates the opening area for this valve stroke. To obtain the

opening area as a function of the valve stroke the points are

linearly interpolated. For the steam valve this characteristic

map can further be used to calculate the valve stroke as

function of the desiredmassflow andmeasured pressure drop

across the valve. For the backpressure valve the nonlinear

opening area is directly used in the model derived in Section

“Dynamic model of hardware setup”.

As described in Section “Heating”, the heating (Heater

block, Fig. 6) of the inflowing gas is implemented with a

heating element and a bypass path (concept CH, Fig. 3c). The

heater is controlled with a cascade controller. This has the

advantage that this component can easily be exchanged

without the need to remodel and recalculate the nonlinear

multivariate controller. The heater characteristic is shown in

Fig. 8. This figure has been obtained from stationary mea-

surements. The plot showsmeasurements for opening and for
taken for opening and for closing of the bypass.
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Table 1 e Model parameters estimated from
measurements.

Parameter Value

Volume 2972.34 cm3

TS 106 �C
gG 0.003

gS 0.01

t1 0.08 s

t2 2.5 s

t3 0.3 s

t4 0.3 s
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closing of the bypass-path. The hysteresis behaviour is caused

by the thermal inertia of the Heater. To increase the temper-

ature dynamics of the gas, the flat part in Fig. 8 can be elimi-

nated by adapting the valve control of the valves in Fig. 3c. To

further improve the dynamics, the characteristic map of Fig. 8

can be used as a feedforward signal. Since the valves imple-

mented in the Heater have no feedback signal, the output

temperature is given as reference value for the control signal.

Model parametrisation from measurements

The model equations Eqs. (7), (9)e(11) and (13) need to be par-

ameterised on the testbed to yield a valid system model. This
Fig. 9 e The measured step response of the system shows coupl

response of the output y, and plot (b) shows the corresponding s

input has an effect on all four outputs.
can be done by a combination of physical parameters taken

from literature and measuring step responses of the system to

various input steps and performing a multivariate optimisa-

tion offline. The so obtained parameters are listed in Table 1.

The heat capacities cp;G and cp;S are taken from Ref. [41].

An exemplary step response of the system is given in Fig. 9.

The plot clearly shows the coupling of the physical quantities

in the system.

The control variables are shown in Fig. 9c. It can be seen

that the first three control variables are kept constant while

the opening of the backpressure valve is varied. The effect of

the variation of this single input on the multivariate system is

shown in Fig. 9a. Due to the coupling of the system, the vari-

ation of one control variable affects all output variables. To

achieve both, good trajectory tracking and disturbance rejec-

tion, the controller needs to account for these couplings.

The model parameters given in Table 1 enter into the

model equations and affect the dynamic behaviour of these

differential equations in various ways. E.g. the parameter

Volume affects the pressure dynamics of the system. For a

series of mass flow changes a system with a large volume

needs longer to build up the pressure than a system with a

small volume. In Fig. 10 a comparison of the obtained para-

meterised model with measurement data for the system

pressure dynamics is shown.
ing of the system outputs. Plot (a) shows the measured step

ensor signals of the control variables u. The variation of one
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Fig. 10 e Comparison of parameterised model with

measurement data.
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Nonlinear control design

The model equations Eqs. (7), (9) and (13) are of the structure

_x ¼ fðxÞ þ
X4
i¼1

giðxÞui;

yj ¼ hjðxÞ; j ¼ 1;…;4

(16)

where the state vector x, input vector u and output vector y are

given by

x ¼

2
664
mG

mS

T
x

3
775; u ¼

2
664

_mG; u

Tu

_mS; u

Au

3
775; y ¼

2
664

T
p
4
_mout

3
775: (17)

For nonlinear systems, which have the form of Eq. (16), the

method of exact input-output linearisation [42,43] can be

applied. This method uses the so-called Lie derivatives to

define a nonlinear transformation, which transforms the

coupled nonlinear multivariate system into a set of decoupled

linear systems. Due to the linearity of the resulting systems

linear control methods can be applied.

To obtain a relation between the inputs u and the outputs y,

the output functions are derived with respect to time:

_yj ¼
vhj

vx
dx
dt

¼ vhj

vx

 
fðxÞ þ

X4
i¼1

giðxÞui

!

¼ LfhjðxÞ þ
X4
i¼1

LgihjðxÞui;

(18)

where Lf and Lg represent the Lie derivatives of the scalar

output function hðxÞ with respect to fðxÞ and gðxÞ. If

Lgi hjðxÞ ¼ 0; ci, then the time derivative _yj is independent of u.

In that case the time derivative is applied again to the output

function. Assuming that dj is the smallest integer for which at

least one input appears, then y
ðdjÞ
j is given by

y
ðdjÞ
j ¼ L

dj

f hj þ
X4
i¼1

�
Lgi L

dj�1

f hj

�
ui: (19)

dj is called the relative degree of the output yj. The system Eq.
(16) is said to have relative degree of D ¼P4
j¼1dj. Applying this

to all outputs of the system one obtains

2
6664
yðd1Þ
1

yðd2Þ
2

yðd3Þ
3

yðd4Þ
4

3
7775 ¼

2
664
€y1
€y2
€y3
_y4

3
775 ¼

2
6664
L2f h1ðxÞ
L2f h2ðxÞ
L2f h3ðxÞ
Lfh4ðxÞ

3
7775

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
lðxÞ

þJðxÞ

2
664
u1

u2

u3

u4

3
775; (20)

where JðxÞ is the so-called decouplingmatrix and is required to

be regular for control. The elements of thematrix are given by

Ji;kðxÞ ¼ LgkLf hiðxÞ; i ¼ 1; 2;3;
J4;kðxÞ ¼ Lgkh4ðxÞ; k ¼ 1;…;4:

(21)

As a result of the dimension of the state vector x

(dimðxÞ ¼ n ¼ 7), the relative degree of the outputs (d1;2;3 ¼ 2,

d4 ¼ 1) and the complex couplings in the output functions the

resulting expression in Eq. (20) are large and are not insightful.

For the reason of readability, the detailed calculations of the

Lie derivatives are not given.

Since
P4

j¼1dj ¼ dimðxÞ ¼ n holds for the system given in Eq.

(16) the system has so-called full relative degree. For such sys-

tems the nonlinear transformation TðxÞ, which transforms it

into a linear decoupled system, is given by

z ¼ TðxÞ ¼

2
666666664

h1ðxÞ
Lfh1ðxÞ
h2ðxÞ
Lfh2ðxÞ
h3ðxÞ
Lfh3ðxÞ
h4ðxÞ

3
777777775
: (22)

This leads to the new state space representation of the

system, which has the form

_z ¼ Aczþ BcbðxÞ�1ðu� aðxÞÞ; (23a)

u ¼ aðxÞ þ bðxÞn; (23b)

with aðxÞ and bðxÞ defined as

aðxÞ ¼ �bðxÞlðxÞ; bðxÞ ¼ J�1ðxÞ: (24)

By inserting Eq. (23b) into Eq. (23a) the system transforms

into

_z ¼ Aczþ Bcv (25)

where Ac and Bc are matrices in controllable canonical form

[44]. Eq. (25) represents a decoupled linear system with the

new synthetic input vector n. For the transformed system linear

control methods can be applied. Additionally, the choice of

the state feedback control Eq. (23b) transforms Eq. (20) to

2
6664
yðd1Þ
1

yðd2Þ
2

yðd3Þ
3

yðd4Þ
4

3
7775 ¼

2
664
€y1
€y2
€y3
_y4

3
775 ¼

2
664
n1
n2
n3
n4

3
775; (26)

which represents an input-output behaviour of the new syn-

thetic inputs n1�4 to the outputs y1�4 as chain of d1�4 integrators.

For additional control the tracking errors can be defined as

ej ¼ yjðtÞ � rjðtÞ; j ¼ 1;…; 4 (27)
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Table 2 e Hardware components used for setup.

Component Hardware type Specifications

Fig. 2a, PC Pressure regulator T90 < 0.1 s

Fig. 2a, OP Orifice plate Ø 2.5 mm

Fig. 3c, CV1 Seat valve Cvs 0.92

Fig. 3c, CV2 Seat valve Cvs 1.39

Fig. 3c, HEX Heat exchanger 800 W

Fig. 4, D1 Saturated steam boiler 42.5 kg h�1 at 6 bar(a)

Fig. 4, CV Sliding gate valve Cvs 1.27

Fig. 5b, CV Sliding gate valve Cvs 9.24
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where rjðtÞ is a reference trajectory, which the system output

yjðtÞ should follow. The tracking error vector can be expanded

by the additional terms

ej;0 ¼
Z t

0

ejðtÞdt; ej;1 ¼ ej; ej;2 ¼ _ej; (28)

which can be used to design a Two-Degree-of-Freedom (2DoF)

controller. The new synthetic input n can be written as a

combination of a feedforward part, which exploits Eq. (26),

and a PID controller:

nk ¼ r€k � KI;k ek;0 � KP;k ek;1 � KD;k ek;2; k ¼ 1; 2; 3
n4 ¼ _r4 � KI;4 e4;0 � KP;4 e4;1 � KD;4 e4;2;

(29)

where r€ and _r represent the time derivatives of the reference

trajectory and KP;1�4, KI;1�4 and KD;1�4 are the gains of the four

PID controllers.

The resulting 2DoF controller is shown in Fig. 11. The S�1

block represents Eq. (23b) and performs the decoupling of the

system. The decoupling is a nonlinear function of the state

vector x and, therefore, requires the current states. In the

presented model, the property of differential flatness [45,46] of

the system can be used to calculate the state vector x from the

reference trajectories r offline and use it as input for the

decoupling block S�1.
Fig. 11 e Block diagram of the Two-Degree-of-Freedom

(2DoF) controller. To each decoupled linear system a PID

controller is applied.

Fig. 12 e Schematic of control setup on testbed.

Table 3 e 2DoF control parameters for measurement.

Output KP KI KD

T 2 0.001 15

p 6 3 0

4 5 1 5
_mout 1 0.1 0
Together with the testbed the S�1 block forms four

decoupled linear systems. Each of these linear systems has a

feedforward control and a feedback controller given by Eq.

(29).

Observer design

The used coriolis sensor for the mass flow measurement

shows a measurement inaccuracy in the measurement range

and has additionally a measurement lag, which makes it not

suitable for transient measurements. Therefore, a Luenberger

Observer [47] for the mass flow, based on the dynamics of the

decoupled system given by Eq. (25), was designed for control.

Formass flow transients the observer gain is set to zero, which

prevents the observer from being affected by the measure-

ment lag. This proved to achieve good results for control. An

alternative approach would be using just the feedforward

control during mass flow transitions.
Results and measurements

Experimental studies were conducted in order to validate the

hardware concept, the thermodynamic model and the

implemented nonlinear multivariate control concept.

The selected hardware components used for the test bed

are listed in Table 2. The coriolis sensor used to measure the

mass flow has been chosen such that the pressure drop is

minimal and, therefore, the accuracy at lower mass flow

ranges is limit. Hence the observer, as introduced in Section

“Observer Design”, has been used as reference signal for the

controller.

Mechatronic setup

A schematic of the experimental control setup is shown in

Fig. 12. The control algorithm is implemented in Matlab/

Simulink and uploaded to a dSpace MicroAutoBox II 1511/

1512, where it runs in a real-time environment. The depicted

programmable logic controller (PLC) is mainly used for signal

conversion and to provide basic safety measures. The fuel cell

stack is represented by an applied measuring section. It in-

cludes sensors for pressure p, air temperature T, humidity 4

and mass flow _m. The application of a real fuel cell stack

would introduce an additional pressure resistance, which is in

series with the back pressure valve, and would act as a

disturbance on the control.
The used parameter configuration of the four 2DoF con-

trollers are shown in Table 3.
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Fig. 13 e Plot (a) shows the decoupled system following the reference trajectories. Plot (b) shows the corresponding sensor

signals of the control variables.
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Experimental results

For validation of the controller, four different random refer-

ence trajectories rðtÞ have been generated and loaded onto the

system. The results are shown in Fig. 13. Fig. 13a displays the

reference trajectories in blue and themeasured sensor signals

in red. The standard deviation is indicated in dashed blue

lines. As discussed in Section “Observer Design”, the 2DoF

control of themass flow is based on an observer. In the bottom

plot in Fig. 13a, both measurement and observer signals are

shown.

In Fig. 13a it can be seen that the controller successfully

decouples the system and the outputs y can independently

follow their desired reference trajectories.

The resulting control variables u are shown in Fig. 13b. Due

to the high thermal inertia of the system, the 2DoF control for

the gas temperature has been parameterised such that the

time constant is very small, and therefore it behaves almost
Table 4e Standard deviations for stationary and dynamic
measurements.

Output sstat sdyn

T 0.16 �C 0.21 �C
p 0.03 bar(a) 0.03 bar(a)

4 2.60% 2.75%
_mout (Obs.) 0.17 kg h�1 0.50 kg h�1

_mout (Sens.) 1.79 kg h�1 2.20 kg h�1
like a two-point controller. This leads to the control perfor-

mance shown in the second plot in Fig. 13b. The control input

variation is very fast, but the output functions given in Fig. 13a

show a good performance.

The numeric values of the standard deviations obtained

from stationary and dynamic measurements are presented in

Table 4. The first column shows the measurement results for

the reference trajectories if they are kept constant. The second

column shows the measurement results for dynamic opera-

tion. The values for dynamic operation are calculated based

on the measurement given in Fig. 13.
Conclusion

This paper presents a novel approach for a dynamic testbed

for PEMFC stack testing. Different approaches have been

evaluated to provide the stack with an inflowing gas mass

flow, gas temperature, relative humidity of the inflowing gas

and stack pressure. Based on the evaluation, a test setup was

constructed and a nonlinear multivariate model, based on the

hardware setup, was derived. In order to achieve a better dy-

namic response, the actuator dynamics were incorporated as

first order lag elements. To yield a valid system description,

the derived model has been parameterised with measure-

ments performed at the testbed.

Due to the coupling of the thermodynamic quantities in

the system and the nonlinearity of the model, a nonlinear
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multivariate controller has been designed, which is based on

themethod of exact input-output linearisation. This leads to a

decoupling of the system and allows for the implementation

of a 2DoF controller, which has feedback and feedforward

control for each of the system outputs.

The performance of the realised hardware concept was

demonstrated, and it showed that the applied nonlinear

control concept ensures trajectory tracking during dynamic

set point changes. The presented measurement results vali-

date the control performance.
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