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Introduction

Hydrogen fuel cells are a well-known and broadly applied
power technology. Chosen for their high power density, FCs have
provided electric power to both vehicles (space missions, city
buses, submarines, tram, or locomotives), as depicted in Fig. 1,
and power-plant applications (home and network) [1,2].

The PEMFC hydrogen utilization U is directly proportional to the
current ] and can be defined as:

I
Ufn'mnF

(1)

where m is the hydrogen flow rate, and nF is the charge flow
between the anode and the cathode. Therefore, the hydrogen

* Corresponding author. Tel.: +66 2 913 2500x3332; fax: +66 2 587 8255.
E-mail address: phtt@kmutnb.ac.th (P. Thounthong).

utilization closely follows the FC current and increases significantly
at higher load currents.

For clarity, Fig. 2 presents a PEMFC stack (0.5 kW) used for test-
ing. The oscilloscope waveforms in Fig. 3 depict the dynamic char-
acteristics of the PEMFC (Fig. 2), illustrating the FC voltage and
current. It shows the FC current transients due to variations in the
power demands of the load. Because a PEMFC (like other FCs) is not
arigid voltage source, its voltage level decreases with an increase in
the current demand. As depicted in Fig. 3, a voltage drop occurs in
the voltage curve in Fig. 3(a) that is not observed in Fig. 3(b)
because fuel flows have difficulties following a current step [3].
This behavior in the FC stack is called the “Fuel Starvation
Phenomenon” [4,5]. This operating condition is evidently harmful
to the FC stack, as demonstrated in [5], degrading the cell perfor-
mance and ultimately shortening the life of the stack. Thus, to uti-
lize an FC in dynamic applications, its current or power slope must
be limited, as shown in Fig. 3(b).
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Fig. 1. Fuel cell-powered vehicle.

As a result, FCs must be combined with, at least, an intermedi-
ate energy storage element that possesses sufficient energy and the
capability to deliver large amounts of power. Previous research has
shown that FC hybridization with a battery or a supercapacitor
(ultracapacitor) provides cost, performance, and operational
improvements, as well as fuel economy benefits that are attractive
and should be considered [6,7]. A battery is not the best choice for
integration with an FC in a power quality system because of its
sensitivity to temperature, maintenance issues, and its limited
cycle life. For this application, supercapacitors are chosen as the
energy storage device.

The cost effectiveness of the hybrid systems between FC/sup-
ercapacitor power source and FC/Li-lon battery power source has
been detailed by Thounthong and Raél [7]. It is beyond the scope of
this paper to present the economic issue here. In this paper, the
power converter structures and control methods are presented as
follows. Power electronic converters play a significant role in
electric systems. An FC is usually connected to the dc bus by a boost
converter [8], and a storage device is connected to the dc bus by a
two-quadrant dc/dc converter [9]. This type of system is a multi-
converter structure and exhibits nonlinear behavior. Con-troller
design methods can be placed into one of two categories: linear and
nonlinear [10,11].

With most control techniques, a mathematical model of the sys-
tem is used to obtain a solution to the feedback regulation prob-
lems. The most common structure is a linear structure in which
the properties of a linear control system can be used. If the system
in question is nonlinear, obtaining acceptable results is possible
using various linearization techniques around different operating
points [12,13]. However, there are situations in which this tech-
nique offers limited performance. Such situations may include a
requirement for tight tracking of the reference signal in spite of
large and sudden load variations or fast and smooth equilibrium-
to-equilibrium transfers of the converters.

In recent years, the study of small-signal and large-signal stabil-
ities of power switching converters based on its nonlinear nature

Fig. 2. PEM fuel cell (0.5 kW, 50 A, 16 cells in series) (in the GREEN Lab, Université de Lorraine, France) developed by the ZSW Company, Germany.
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Fig. 3. PEMFC dynamic characteristics to: (a) current step and (b) controlled current slope.
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Fig. 4. Experimental results: comparison of the flatness-based control law with a
linear PI control law for a dc bus voltage regulation during a step of dc bus voltage

set-point zgysgerat t = 200 ms from 200 V to 240 V [15].

has become one of the most important and complicated topics in
the field of power electronics. The differential flatness theory was
introduced by Fliess et al. [14] in 1995. More recently, these ideas
have been used in a variety of power electronic systems and power
systems [15,16]. One major property of differential flat systems is
that all state and input variables can be expressed in terms of the
flat output and a finite number of its derivatives without integrat-
ing any differential equation.

At least, Fig. 4 shows a comparison of the flatness-based and
traditional linear proportional-integral (PI) control methods (vec-
tor control), which uses a dc bus voltage regulation in a three-phase
voltage source converter (AC-to-DC converter) to step a dc
bus voltage reference vgusrer, a5 demonstrated by Song et al. [15].
The parameters of the linear controller were tuned to obtain the
best possible performance. Fig. 4 shows the real experimental
results obtained for both controllers during a set-point step. The
flatness-based control shows good stability and an optimum
response during dc bus voltage regulation. Using this data, one can
conclude that the flatness-based control method provides bet-ter
performance as compared to the classic PI controller.

Recently, several researchers [17-19] have proposed power
electronic control design methods based on the fuzzy control
theory which provides an alternative approach for collecting
human knowledge and dealing with nonlinearities or uncertain-
ties. The fuzzy control principle has succeeded in controlling
complex nonlinear, incompletely modeled or uncertain systems
that are not amenable to conventional control techniques [20,21].
Moreover, a Takagi-Sugeno (T-S) fuzzy model uses a set of fuzzy
rules to approximate a nonlinear system in terms of a set of local
linear models which are smoothly connected by fuzzy membership
functions. The T-S fuzzy model has recently found extensive
applications because its consequence part is an affine dynamic
model rather than a fuzzy set.

In this paper, an intelligent-control (T-S fuzzy logic) law based
on a differential flatness estimate of the system is proposed. This
approach will provide a significant contribution to the field of
hybrid power plants, particularly in nonlinear power electronics
applications. The remainder of the paper is structured as follows:
the next section describes the hybrid energy system and the power

plant model that are studied in this work. In Section ‘Control of a
hybrid power source’, a proof of the flat system consisting of the FC
energy power plant, the fuzzy logic control law for DC link reg-
ulation and the supercapacitor charging strategy are presented. In
Section ‘Experimental validation’, the test bench results for the
proposed system are presented. Finally, this paper ends with con-
cluding remarks for further study in Section ‘Conclusion’.

Fuel cell/supercapacitor hybrid power plant
Proposed converter structure

There are many possible structures with which to connect a
main source and a storage device to the utility dc bus [22,23]. For
example, Fig. 5 presents the power converter circuits in the Toyota
Camry Hybrid MY2007. It composes of a main source con-verter
(connected with an AC generator), a motor inverter (as a load) and a
classical 2-quadrant converter for Ni-MH battery. The total mass,
volume, cost and efficiency (optimization) of the propulsion system
are studied. One useful method is depicted in Fig. 6 [24,25], which
consists of an FC converter and a supercapac-itor converter. This
power converter connection is the good solu-tion when comparing
the mass, volume and cost.

Multi-segment converters (Fig. 6) are proposed for high power
applications [26]. The converters are connected to the output of
the FC stack and the supercapacitor banks, which are subsequently
connected in parallel to share the load. In high power applications,
the number of parallel converter modules N would depend upon
the rated power of the stack and the supercapacitor modules,
where the subscript f is the number of parallel converters in the
FC converter and c is the number of parallel converters in the sup-
ercapacitor converter. The use of parallel power converters (multi-
phase converters in parallel) with interleaving may offer better
performance [27]. For the interleaving method, the converter mod-
ules all operate at the same switching frequency. Their switching
waveforms are displaced in phase with respect to one another by
27/N radians over the switching period, with N being the number
of converters working in parallel.

For clarity, Fig. 7 shows the functional diagram of a two phase
interleaved boost converter (N = 2). It is simply two boost convert-
ers in parallel operating 180° out of phase. The switching functions
are generated by pulsewidth modulators PWM; and PWM,, where
Ts is the switching period. The modulation signals 7c; and 7, are
generated by a control circuit (the current control or power con-
trol loop). The carrier signals are triangular or saw tooth signals
shifted by 180° (called the interleaving technique) and running
at the same switching frequency fs (= 1/Ts). The input current iy
(FC current or supercapacitor current) is the sum of the two induc-
tor currents i;; and ij,. Because the inductor’s ripple currents are
out of phase, they tend to cancel each other and reduce the input
ripple current caused by the boost inductors. The best input induc-
tor ripple current cancellation occurs at 50 percent duty cycle. The
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Fig. 5. Power converter circuits in the Toyota Camry Hybrid MY2007.



Inverter

P¥co

pLoad

Psco PBus

g =P prc IFuel Cell Converter _ | = Prco If _____ |
z irc| i L Dei ) DC Bus itoxg | !
£ Y YN - - A I
: ol |
9 Vec : Bus| 1
3 | |
< |
s = | -
=
= |
‘I VBus
|
I
ih
tl
ih
i
) |
) _ |
I
|
| ] =
| —
| =
|
|
|
|
I
2 =P psc ISupercapacitor Converter || = psco
g vt
= gavsc |
E | ol |
] ! |
o I |
3 |
= L | |
W
& |
= |
w

/‘|‘\ Chus

PBus = Prco +pSCO = PLoad

PBus= dEBus/dt = EBus

\.

Sty 82, 83, 84, S5, Se

111111

Information

y

Control Algorithm
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respectively.

benefits of this technique are associated with harmonic cancella-
tion among the cells and include a low ripple amplitude and a high
ripple frequency in the aggregate input and output waveforms
[27].

For safety and high dynamics, these converters are primarily
controlled by inner current regulation loops [26]. These current
control loops are supplied by two reference signals: the superca-
pacitor reference current, iscger, and the FC current reference igcrgr,
which are generated by the control algorithm presented in the next
section.

Converter modeling

We assume that the FC and supercapacitor currents follow their
reference values exactly. Thus,

p . Drc _ Prcrer

Ifc = IFCREF = —— = (2)
Vic Vic

. . Dsc _ Pscrer

Isc = iscReF = ——= = —-——. (3)
Vsc Vsc

In these equations, the FC generator and the supercapacitor
storage device function as controlled current sources. We assume
that there are only static losses in these converters, and rgc and
rsc represent the static losses in the FC and supercapacitor convert-
ers, respectively.

Because energy stored in the capacitor is much larger than that
in the inductors, the electromagnetic energy stored in the induc-
tors is neglected. The dc bus capacitive energy Eg,s and the sup-
ercapacitive energy Esc can be written as:

(4)

1 2
EBus = jCBus VBu57

1
Esc = §Cch§c- (5)

The total electrostatic energy Et stored in the dc bus capacitor
Cgys and the supercapacitor Csc can also be written as:

1 1
Er = 5 CpusVays + 5 CscVac (6)

The dc bus capacitive energy Eg,s iS given versus prco, Psco, and
DLoad by the following differential equation:

EBus = Drco + Dsco — PLoad (7)
where
2
Drco = Prc — T'rc <€_£E) ) (8)
2
Dsco = Psc — Tsc(ﬁj—ii) ) 9)
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Control of a hybrid power source
Control algorithm

To manage the energy exchanges between the dc bus, the load,
the FC main source, and the supercapacitor storage device, three
operating modes (or states) can be identified [7].

(1) Charge mode, in which the main source supplies energy to
the storage device and to the load.

(2) Discharge mode, in which both main source and storage
device supply energy to the load.

(3) Recovery mode, in which the load supplies energy to the
storage device.

The hybrid source control strategy presented hereafter is not
based on the state definition, so naturally it presents no problem
of chattering near state borders. We propose to function superca-
pacitors, which are the fastest energy source available for the

proposed system, to supply the energy for the dc bus [26]. It is to
say the dc bus energy regulation. The FC (as the slower dynamic
device) functions to supply energy to both the dc bus capacitor Cgys
and the supercapacitors Csc to maintain their charge. It is to say the
supercapacitor energy regulation.

As a result, there are two voltage variables or two energy vari-
ables to be regulated [7]:

e The dc bus energy Egys is the most important variable.
e The supercapacitor storage energy Esc is of secondary
importance.

Thus, in this system, there are two energy controllers. The first
one is the dc bus energy controller and the second one is the sup-
ercapacitor energy controller. These two controllers generate the
power references: the supercapacitor power reference pscrer and
the FC power reference prcrer, Which are presented in the following
paragraph.

In this study, the flat output [27] y = [y1, ¥-]7, the control variable u
=[uy, u>]", and the state variable x = [x;, x]" are defined as:

E Y
y:[ Bus]7 u:|:pSCREF:|7 X:[ Bus:|

Er Drcpem Vsc
where pscrer is the supercapacitor power reference (set-point) and

Drcpem 1S the FC power demand.
From (4)-(6), the state variables x can be written as:

(12)

X1 = Ci:%(yﬂ, (13)
20, -y
X0 =222 gy, ). (14)
Ne
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Fig. 9. Rule base and membership functions, (a) input membership function, (b)

output membership function and (c) rule base.
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From (6)-(11), the input control variables u can be calculated
from the flat output y and its time derivatives (inverse dynamics):

Yﬁq / CB s “ILoad —PFCo

T——

U = ZPSCMaX' 1- - PscMax (151)
=1 (V1,¥1) = Dscrer
ur =y1+ CBHS fLoad — Prc (15.2)
=Y1(V1,Y1) = Dscrer rrc=0, rsc=0
.Vzﬂ/ lLuad
Uz = 2wz |1 |1 |~ (16.1)

- :11/2(,ylvy2)

= Prcpem
aved FC converter (1200 W).



u2:y2+\/%'imad (162)
=1 (¥1,¥2) = Prcpem lrpeo
where
12
DPscvax = FSSCC’ 17)
2
Drevax = FFFCC (18)

In this case, pscmax and Prcmax are the limited maximum power of
the supercapacitor and FC sources, respectively.

Thus, it is clear that x; = ¢1 (1), X2 = $2(¥1, V), U1 = ¥1(¥1,¥1), and
u; = (¥, ¥2). Consequently, the proposed reduced order sys-tem
can be studied as a flat system [28,29].

DC bus energy regulation based on fuzzy logic

A fuzzy logic controller (FLC) can be decomposed into three data
processing parts: fuzzification, rule evaluation (inference engine),
and defuzzification. The controller is based on fuzzy reasoning
mapping between real-world information and numerical informa-
tion [20,21]. As shown in many applications [30,31], the Mamdani
inference method is the most commonly used inference technique.
However, this method requires high performance in the computa-
tion process because the centroids of the membership functions
must be obtained. In contrast, the Takagi-Sugeno (T-S) method
with a singleton output provides a faster evaluation time, which has
been used effectively in various studies [30,31]. It is also appro-
priate for real-time applications that need high-speed computing
hardware, such as a DSP card or dSPACE. The control objective is to
regulate the dc bus voltage v, or the dc bus energy Egys (= y;). The
controller contains a Takagi-Sugeno inference engine and two fuzzy
inputs: the energy error e;(= yger — ¥1) and the dif-ferential energy
error é1, which are carefully adjusted using the proportional gain Kp
and the derivative gain Kp, respectively. In addition, the fuzzy
output level can be set by the proportional gain Ko, as shown in Fig.
8.

Triangular and trapezoidal membership functions are chosen for
both of the fuzzy inputs, as shown in Fig. 9(a). There are seven
membership functions for each input, including NB (Negative Big),
NM (Negative Medium), NS (Negative Small), Z (Zero), PB (Positive
Big), PM (Positive Medium) and PS (Positive Small). For the single-
ton output membership function, the zero-order Sugeno model is
used, where the membership functions are specified symmetri-
cally, as follows: NB = —1, NM = —0.66, NS = —0.33,Z=0, PB=1,
PM =0.66, and PS = 0.33, as presented in Fig. 9(b).

For the rule base, expert suggestions, an experimental approach
and a trial and error technique were used to define the relation-
ships between the inputs and the output. The data representation
was in the form of an IF-THEN rule, as shown in the following
example:

IF(ey;) is NS and éy; is NS
THEN (z; : output) is NB.(19)
As shown in Fig. 9(c), the total number of rule bases is therefore

equal to 49 rules. To obtain the output of the controller, the center
of gravity method for the COGS of the singletons is utilized as:

N 7.
U = LW (20)
i Wi
where the weights (w;) can be retrieved from
w; = max(e“,é”). (21)

Fig. 13. Four-phase parallel interleaved supercapacitor converter (3000 W).

Table 1
Converter parameters and semiconductor devices.

Fuel cell converter:

Inductors Lgy = Lgp = Lg3 = Lea
MOSFETS Sg1 = Sr2 = Sp3 = Ska
Diodes Dgq = D, = Dg3 = Dpg

396 pH
IRFP264N: 250V, 38 A
RURG3020: 200V, 30 A

Supercapacitor converter:
Inductors Ley = Loz = Les = Leg
MOSFETS Sc¢1 =Sc2 =Sc3=Scq =
=S¢1=Sc2 = Sc3 = Sta

150 puH
IRFP264N: 250V, 38 A

Table 2

DC-bus energy control loop parameters.
UBusREF 60V
Chus 12,200 pH
Kp 0.15
Kp 0.15
Ko -200
T'sc 0.01Q
Pscmax +3750 W
Pscmin —3750 W
Vscmax 32V
Vscmin 15V
IscRrated 150 A

Charging supercapacitor

For supercapacitor energy regulation, the desired reference for
the total energy is represented by y.rer (= Vrtrer). Because
the supercapacitor has an enormous energy storage capacity
and the supercapacitor energy variable is defined as a slower
dynamic variable than the dc bus energy variable, the total energy
control law is defined as:

(V2 — Yarer) + K21 (¥, — Yorer) = 0

If we define e; = ¥, — yger and Kz = 1/7s, we obtain:

(22)

Table 3

Charging supercapacitor control loop parameters.
USCREF 25V
Csc 100 F
Kz 0.1
Trc 0.1Q
Prcmax 600 W
Prcmin ow
Ircmax (Rated) 46 A
Ircmin 0A
Wn 04rads!
¢ 1p.u
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Ts-€+e; =0. (23)

Substituting the expression for y, from (20) into (16.1) gives the
equation for the closed-loop static state feedback FC power, as
follows:

. [y, .
Varer+K21 (Varer—Y2)1+ cé/iuls‘lLoad
Uy = 2pFCMax T= 1=

(24)

PrcMax

= Prcpem

Conclusion of the control algorithm

The multivariable control of the FC/supercapacitor hybrid
power source detailed above is portrayed in Fig. 10. The dc bus
energy-control law (the intelligent fuzzy logic) generates a sup-
ercapacitor power reference pscrer. This signal is subsequently
divided by the measured supercapacitor voltage vsc and limited
to maintain the supercapacitor voltage within an interval [Vscuin,
Vscmax] by limiting the supercapacitor charging current or dis-
charging current, as presented in the block “SuperC Current Limi-
tation Function” [32]. This results in the supercapacitor current
reference iscger.

The supercapacitor energy control law generates the FC power
demand pgcpem. It must be limited to maintain the FC power within
an interval [prcmin, Premax] and must also be limited in slope, which
enables the safe operation of the FC with respect to the dynamic
constraints that are associated with the FC stack. Therefore, to limit
the transient FC power, a low-pass filter (second order) is
employed such that the power demand pgcpem from the external
loop is always limited (desired trajectory planning) by:

t
—e 1[1)

- (25)

Prcrer(t) = Prcpem (t) - (1 — e -

where 71 is the control parameter.

Experimental validation
Platform description

To validate the proposed control algorithm and control laws, a
small-scale test bench of the hybrid system was implemented in
our laboratory, as presented in Figs. 11-13. The FC system used
in this effort was a PEMFC system (1.2 kW, 46 A; Ballard Power
Systems Company). The supercapacitor module (100F, 32V;
Maxwell Technologies Company) consisted of 12 BCAP1200 cells
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(1200 F; 2.7V) connected in series. The FC converter (1.2 kW,
4-phase interleaved) and the supercapacitor converter (3 kW,
4-phase interleaved) (refer to Fig. 6) were both constructed in
the laboratory, as presented in Figs. 12 and 13 and Table 1.

Control description

The FC current igc, the supercapacitor current isc, the load cur-
rent ipyaq, the dc bus voltage g, the FC voltage v, and the sup-

ercapacitor voltage usc were measured by zero-flux Hall effect
sensors. The FC and supercapacitor current regulation loops were
constructed using analogue circuits functioning at a high band-
width. The parameters associated with the dc-bus energy regula-
tion loop and the charging supercapacitor regulation loop are
presented in Tables 2 and 3, respectively. The FC power dynamic
delay is shown in Table 3. This value was experimentally shown to
have the highest power slope for this FC system at which no fuel
starvation occurs. It must be noted that for the small-scale test
bench, the maximum FC power prcvax Was set at 600 W, and the

rated FC power considered in this experiment was 1200 W. These
two energy control loops, which generated the current references
ircrer and iscrer, Were implemented in the real-time dSPACE
DS1104 card using MATLAB-Simulink at a sampling frequency of
25 kHz.

Experimental results

The dc bus voltage of 60 V was connected to an electronic load
and a traction motor that was coupled with a small inertia flywheel
and a powder brake, which is independent of the mechanical speed.
The oscilloscope waveforms in Fig. 14 portray the steady-state
characteristics of the four-phase interleaved FC converters at
different FC current demands. It demonstrates the dc bus volt-age,
the FC voltage, the FC current, the first, second, third and forth
inductor currents. Fig. 14(a) and (b) presents the characteristics at
the average FC current reference of 8 A and 44 A, respectively. One
can observe that the FC current is the sum of the inductor currents
and that the FC ripple current is 1/N the individual inductor ripple
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Fig. 16. Experimental results of the dynamic characteristics of the hybrid source during a step load from: (a) 0-600 W and (b) 0-750 W.

currents. So, the FC ripple current of the four-cell interleaved con-
verter is nearly zero. It means that the FC mean current is close to
the FC rms current.

The waveforms that were obtained during the motor drive cycle
are presented in Fig. 15. The data show the dc bus voltage, the fuel
cell voltage, the motor speed, the load power (=the motor power),
the supercapacitor power, the fuel cell power, the supercapacitor
current, the fuel cell current, and the supercapacitor voltage (or
the supercapacitor SOC). At the initial state, the load power is zero
(the motor is stopped), and the storage device is fully charged, i.e.,
vsc = 25 V; as a result, both the fuel cell and supercapacitor powers
are zero. At t = 6 s, the traction motor speed accelerated to its final
speed of 560 r/min. The following observations are made:

e The supercapacitor, which supplies most of the power that is
required during motor acceleration, remained in a discharged
state after the start of the motor because the steady state load
power (friction load) is greater than the FC-limited maximum
power.

e Simultaneously, the final FC power increased with a limited slope

[refer to (23)] to its limited maximum power of 600 W.

Next, at t = 35 s, the motor speed accelerated from 560 r/min to
its final speed of 880 r/min. Because the FC power was at its limited
maximum power of 600 W, the supercapacitor supplies most of the
power that is required during motor acceleration and was deeply
discharged.

At t= 45 s, the supercapacitor voltage is equal to 18.5 V,
which means that the supercapacitor supplies its stored energy Esc
to the dc bus. This energy Esc_supply is estimated to be:

Escsuppy =3 Csc-Véc(t=65) =3 Csc- vi(t=455)
=3.925 Wh

The motor speed then decelerated to a stop with a peak load power
of approximately —600 W. As a result, the supercapacitor changes
from discharging to charging and demonstrates the following four
phases:
o First, the supercapacitor is charged by the fuel cell (600 W) and
the motor (the regenerative braking energy).
e Second, the load power is zero, and the supercapacitor is only
charged by the fuel cell at 600 W.

e Third, at t = 62 s, the supercapacitor is nearly fully charged, i.e.,
vsc = 23.0 V. As a result, the fuel cell power is reduced with lim-
ited power dynamics.

e Finally, at t=89s, the supercapacitor is fully charged, i.e.,
Usc = Uscrer = 25 V. After slowly decreasing, the fuel cell and
supercapacitor powers are zero.

It is evident that the dc bus voltage waveform is asymptotically
stable during the large load cycles (the motor drive cycles), which
is of major importance when using a supercapacitor to improve the
dynamic performance of the whole system using the proposed
fuzzy-logic controller for DC link regulation.

To demonstrate dc bus voltage control by the intelligent fuzzy-
logic controller (refer to Fig. 8), the oscilloscope waveforms in Fig.
16 show the response of the dc bus voltage dynamics (represent-
ing the flat output y;) to the large load power demands
(disturbance) from 0 to 600 W and from 0 to 750 W when the dc
bus was loaded with an electronic load. The oscilloscope screens
show the dc bus voltage (the state variable x4, representing the flat
output yq), the supercapacitor voltage (the state variable x;), the
load power, and the supercapacitor power (the control input
variable u,).

The fuel cell power dynamics were purposely limited (see
Fig. 3), forcing the supercapacitor to supply the transient load
power demand. The proposed fuzzy-logic controller shows good
stability and an optimum response (no oscillation and short settling
time) for the regulation of the dc bus voltage to the desired refer-
ence of 60 V.

Note that there are some losses (static and dynamic) in the sup-
ercapacitor converter (see Fig. 6) because the converters are hard-
switching converters; therefore, a power difference can be
observed between the supercapacitor power and the load power,
for example, in the 40 to 200 ms range. To improve the converter
efficiency, soft-switching converters may be an effective solution
for future projects.

Conclusion

This paper proposes an intelligent control law for DC link regu-
lation for a power plant supplied by an FC main source and a sup-
ercapacitor supplementary source for hydrogen vehicle
applications. In particular, we do not restrict ourselves to linear



control techniques at an equilibrium point. The main contribution
of this paper is the implementation and experimental validation of
T-S fuzzy control based on the differential flatness approach for dc
bus voltage control (energy balance). We study a simple control
system for the power plant based upon the physical structure of
the model. This study represents novel work in this domain.

Experimental verification with a small-scale power plant (Nexa
Ballard FC power generator: 1.2 kW, 46A; Maxwell supercapacitor
storage device: 100 F, 32 V) demonstrated excellent performance
by the whole system and validates the proposed energy-manage-
ment principle. Nevertheless, the proposed control law requires a
current-load measurement to calculate the load power. For future
work, a load observer will be used to avoid a direct measurement
of the load current, as was explored in [16], which is called a sens-
orless load observer.
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