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a  b  s  t  r  a  c  t

The  energy  conversion  system  considered  in  this  work  consists  of  a fuel  cell  connected  to  a  DC-bus
through  a switching  converter.  Particularly,  the  paper  deals  with  the  control  of  the  electrical  variables
of this  system.  The  control  problem  is  addressed  using  tools  of  variable  structure  systems  theory.  The
dynamic  behavior  of  the  system  is first  analyzed.  Then,  sliding  mode  algorithms  to  control  electrical
variables  according  to different  power  management  objectives  are  developed.  Thus,  different  control
eywords:
uel cells
ower control
liding modes
ydrogen

strategies  such  as  fuel  cell  voltage/current  regulation,  maximum  power  point  tracking  and/or  load  current
regulation  can  be followed.  After  studying  their  stability  properties,  these  algorithms  are  combined  to
achieve a globally  stable  control  over  the  whole  electrical  operating  locus  of the  fuel  cell.  Experimental
results  on  a test  circuit  are  presented.

© 2012 Elsevier B.V. All rights reserved.
ower converters

. Introduction

Fuel cell knowledge and technology are currently undergoing an
mpressive development, motivated in part by environmental con-
ern [1,2]. Much research activity has been oriented to investigate
he electrochemistry and some technological aspects with the goals
f costs reduction and efficiency improvement [3].  On the other
and, potential applications of fuel cells ranging from low power
evices (mobile phones, laptops) to high power systems (electric
ower stations), also deserve great interest from the research com-
unity. Another issue that is now receiving increasing attention is

uel cell control because of its prime importance in reliability and
exibility. Fuel cell control is a very challenging topic. It is ham-
ered by dynamic complexities, intertwines between variables and
ubsystems, scarcity of measurable variables, perturbations and
ncertainties. Many internal variables and subsystems such as tem-
erature, hydration, pressure of gases, breathing subsystem, etc.,
ust be controlled to avoid degradation and irreversible damages

4–7].
Fuel cell outputs, namely voltage and current between elec-

rodes, depend on both the electrochemical reaction and the
xternal load. Naturally, electric power flow should match the load

emand. Therefore, there are essentially two ways of controlling
he power extracted from the cell: controlling the electrochem-
cal reaction or controlling the load. In the first approach, the

∗ Corresponding author. Tel.: +54 221 425 9306; fax: +54 221 425 9306.
E-mail address: deba@ing.unlp.edu.ar (H. De Battista).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.012
electrochemical reaction is controlled by manipulating the feed
flows. The dynamics of the electrochemical reaction taking place
in the fuel cell are extremely fast. The problem is that the power
control system bandwidth is limited by the dynamics of the feed,
breathing, heat management, etc. Additionally, the power control
loop strongly interacts with the rest of the fuel cell control system.
Moreover, some conflicting control objectives may arise. The sec-
ond approach consists of adjusting the load impedance effectively
seen from the fuel cell terminals without the need of manipulating
the electrochemical reaction [8–11]. This is performed by inter-
facing an electronic converter between cell and load. The fuel cell
power is transferred to the load periodically by switching at high
frequency the conduction state of some semiconductor devices.
Converter input and output powers are ideally equal, but voltage
and current are not. The impedance effectively seen from the cell
terminals can therefore be modified by adjusting the duty cycle
of the converter. The main advantage of this approach is that the
power control dynamics are decoupled from the remaining dynam-
ics of the fuel cell. This provides the flexibility to pursue different
control objectives, namely

- Fuel cell current (or voltage) regulation.
- Load current (or voltage) regulation.
- Combined regulation capabilities.
The energy conversion system considered in this paper consists
of a fuel cell connected to a DC-bus and loads through a step-down
electronic converter. Attention is focused on the control of the
electronic converter according to the different control objectives

dx.doi.org/10.1016/j.jpowsour.2012.01.012
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:deba@ing.unlp.edu.ar
dx.doi.org/10.1016/j.jpowsour.2012.01.012
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Fig. 1. Energy conversion system.

entioned above. This task is addressed from a variable structure
ystem (VSS) approach. A VSS is composed of various continuous
ubsystems with a switching logic. A particular mode of opera-
ion is achieved when switching occurs at a very high frequency,
deally infinite, constraining the system state to a sliding surface.
his kind of operation is called sliding mode (SM). Its most dis-
inctive feature is that the SM dynamics is not the average of the
ubsystem dynamics, they are actually completely different. Also,
M exhibits reduced-order dynamics and it is robust to parameter
ncertainties and external disturbances [12]. Electronic converters
nd, therefore, the energy conversion system considered here fall
ithin the definition of VSS. Furthermore, the energy conversion is
erformed by switching the converters topology at high frequency.
hereby, they are natural candidates to SM control. The literature
nd practical experience about SM control of electronic converters
s vast [13]. Interestingly, the application of SM concepts to con-
rol fuel cell systems offers new problems and perspectives. This
s due to the fact that the converter dynamics in fuel cell appli-
ations differ significantly with respect to conventional uses such
s uninterrupted power supply. For instance, multiplicity and local
nstable dynamics may  appear because of nonlinearity in the fuel
ell polarization curve.

Keeping this in mind, the system dynamics are first analyzed by
nvestigating the sliding motions on natural sliding surface candi-
ates to fulfill the control objectives. Particular attention is focused
n convergence to the sliding surface, SM existence and stability
onditions under control input constraints. Furthermore, algo-
ithms combining these sliding motions are developed to achieve a
ore flexible and globally attractive control of the fuel cell system.
Theoretical and numerical results are validated experimentally

n a test system composed of a step-down converter, a control
ircuit and a fuel cell emulator.

. Energy conversion system

Fig. 1 shows a schematic diagram of the energy conversion sys-
em considered in this paper. It consists of a fuel cell, a DC/DC
tep-down electronic converter and a DC-bus to which different
oads and sources can be connected.

.1. Fuel cell

Fuel cell modeling is a hot research topic, and a wide variety
f models, of control-oriented models to be more specific, can be
ound in the literature. Depending on the control objectives, mod-
ls are devoted to represent the behavior of different parts of the

rocess [6,14,15]. For instance, a pair of control-oriented models
f different complexity are available for Matlab®/Simulink® users
16].1

1 These models are not used here because they do not describe the
urrent–voltage behavior over the whole operating range.
Fig. 2. Typical fuel cell polarization curve. Solid: voltage vs. current. Dashed: power
vs.  current.

Regarding the electrochemical behavior, it is typically modeled
by means of four static equations and one dynamic equa-
tion relating electric current to partial pressures of gases. This
model suffices for analysis and design of the electric power
control developed in this paper. The static equations describe
the reversible thermodynamic potential, the activation, ohmic
over-voltage and concentration over-voltages, which lead to the
following current–voltage characteristic of the fuel cell [8]

v = Eoc − i · r − A · ln(i) + m · exp(n · i) (1)

where v: fuel cell potential, Eoc: open-circuit voltage, i: current
density, r: area-specific resistance, A: slope of the Tafel line, m and
n: constants in the mass-transfer over-voltage.

Thus, from the electrical terminals, the fuel cell is represented
by its polarization curve, such as that plotted in Fig. 2 [3,17].  The
open-circuit voltage of fuel cells is very low, around 1.2 V. Output
voltage falls below this value because of different losses. At low
current level, voltage drop is caused by activation losses. Ohmic
losses predominate in the linear part of the curve. At high cur-
rent level, voltage falls abruptly because of the reduction in gas
exchange efficiency (gas transport losses).

Conversion efficiency (�) is a very important issue in fuel cell
operation and control. It is usually defined as the ratio of output
power to fuel input. Since fuel consumption is proportional to cur-
rent density, conversion efficiency increases linearly with fuel cell
potential v and decreases with current density i [18]. For a given
power demand, efficiency can be improved, for instance, increas-
ing the air flow rate and pressure. From this point of view, the fuel
cell should be operated to the greater possible air flow rate and
pressure. However, if the compressor power consumption is con-
sidered, an optimal combination of these variables can be obtained
for each load current [19,4].

The polarization curve exhibits a maximum, called maximum
power point (MPP), that lies in the transition between the ohmic
and concentration regions. At this point, the cell is operated with its
maximum power capacity. Then, for a given power demand below
MPP, there are two  possible operating points located at both sides of
the MPP. The desired operating locus is the portion of the polariza-
tion curve located to the left of the MPP, where efficiency is higher.
Within this region there is an operating point that is optimum in
terms of economics, i.e. taking also capital costs into account.

Several fuel cells are usually connected in series to increase out-
put voltage and then in parallel to gain in power capacity. The static

relationship between voltage and current of the fuel cell stack is
denoted here as

vFC = fFC (iFC ) (2)
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aturally, the graphical representation of fFC on the plane (vFC, iFC )
as the same shape as the polarization curve of the individual fuel
ells (Fig. 2).

.2. Electronic converter: steady-state analysis

The electronic converter consists of a capacitor C, an inductor L,
n electronic switch SW and a free wheel diode DFW. The capacitor
nd inductor are the input and output storage devices, respectively.
he electronic switch performs the energy transfer from input to
utput. The free wheel diode provides a path to the inductor cur-
ent when the switch is off. In this application, a fuel cell stack is
onnected to the converter input whereas the converter output is
onnected to a DC-bus. DC-bus voltage is imposed by a battery pack
r a large capacitor. Here, the purpose of the DC-bus is to provide
he peak power demands, so that the fuel cell does not need to be
versized.

In normal operation, converter switching occurs at very high
requency. Then, an average model of the switch can be used to
erform a steady-state analysis of the converter dynamics. A key
ole in this analysis is played by the duty cycle of the converter (ı),
efined as the fraction of time that the switch is on. By definition,

 < ı < 1. In steady state, input and output variables are constant and
elated via the duty cycle. In fact, it is quite easy to infer that

FC = ı · iL (3)

eglecting losses, input and output powers are equal, i.e. iFCvFC =
LvDC . Then, it follows that

DC = ı · vFC (4)

utput voltage is lower than input voltage in steady state, hence
he name step-down converter. In turn, input current is lower than
utput current. Then, the impedance effectively seen from the fuel
ell terminals is higher than the load impedance. The operating
oint of the cell moves along the polarization curve as ı is varied.

t is convenient to design the system so that the DC-bus voltage is
ower than the MPP  voltage of the fuel cell. Thus, the fuel cell can
e controlled all along its desired operating locus.

.3. System dynamics

The above analysis is valid in steady state. The average model
an still be used to investigate the slow dynamics of the converter
s well as to control it using ı as control variable. However, much
ore efficient control algorithms, for instance SM control, can be

esigned from an instantaneous model of the switch.
The structure and dynamics of the system change dramatically

ith the switch position. When the switch is on, the resulting LC
ircuit exhibits an oscillatory second-order dynamics. Conversely,
hen the switch is off, two isolated circuits with first-order dynam-

cs arise. Let u be a discrete variable representing the switch
osition, i.e. u = 1 when the switch is on, and u = 0 otherwise.
ynamics of both converter structures can be combined into a

ingle second-order model:

i̇FC = 1
Cf ′

FC (iFC )
(iFC − iLu)

i̇L = 1
L

(fFC (iFC )u − vDC )

u ∈ {0, 1}

(5)

here f ′
FC is the derivative of fFC with respect to iFC.

Trajectories on the state plane, for both switch positions, can

e obtained numerically after eliminating the time variable in (5).
ig. 3 depicts the state portraits. When the switch is off, the fuel
ell current decreases as the input capacitor charges up to the open-
ircuit voltage of the fuel cell. Meanwhile, the load current vanishes
iF C [A]

Fig. 3. State portrait for both positions of the switch (solid: u = 1, dashed: u = 0).

linearly. Both switch and diode are unidirectional, meaning that
load current cannot be reversed. Thus, all trajectories converge to
the origin P0 = (0, 0). On the other hand, when the switch is on,
the state trajectories are damped spirals centered at the point P1 =
(f −1

FC (vDC ), f −1
FC (vDC )). Again, neither load current nor fuel cell current

nor capacitor voltage can be negative because of unidirectionality
of switch and diodes.

Remark: For the sake of clarity, the mathematical model (5)
neglects switch and diode nonlinearities. Nevertheless, they are
taken into account when plotting the state trajectories in Fig. 3
and when investigating the convergence properties of the control
algorithms in the next section.

Remark: The dashed line labeled with C in Fig. 3 depicts the
power curve of the fuel cell normalized by the DC-bus voltage.
This curve characterizes the power balance locus of the electronic
converter (iLvDC = iFCvFC ).

3. Sliding mode control

3.1. Background on sliding mode

Let us consider a scalar switched system of the form{
ẋ = f (x) + g(x)u
y = h(x)

(6)

where h(x) is an output of relative degree equal to 1, i.e. 〈∇ h, g〉 /= 0
with ∇h being the gradient of h(x). Furthermore, suppose without
loss of generality that 〈 ∇ h, g〉 < 0. Let the switching law be:

u = sign(h) :=
{

1 if h > 0
0 otherwise

(7)

Suppose that, as a result of this switching law, the reaching condi-
tion

h · ḣ < 0 (8)

locally holds around the manifold S = {x | h(x) = 0}. That is, all state
trajectories originated close enough to S will locally point toward
it. Then, the control action will switch at (ideally) infinite frequency
as the state trajectory crosses the manifold in both directions. This
particular mode of operation is called sliding regime or sliding
mode. For obvious reasons, SM is a powerful approach for analysis
and design of electronic circuits commanded by switches [20,13].

Among other attractive features, SM exhibits robust properties and
reduces the order of the system dynamics [12]. Note that the output
of the system (h(x)) is set to zero, i.e. no dynamics are present in the
output evolution once the sliding regime is established. Moreover,
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ero regulation error is maintained despite all kinds of distur-
ances provided the reaching condition (8) holds. Therefore, the
M dynamics coincide with the zero-dynamics. Hence, a minimum
hase behavior is needed to obtain stable sliding motions.

From the surface invariance conditions h = 0 and ḣ = 0, a ficti-
ious smooth equivalent control action can be defined [12]:

eq(x) = − 〈∇h, f 〉
〈∇h, g〉 . (9)

y replacing u in (6) with (9),  the SM dynamics is obtained. A nec-
ssary condition for ueq to be well-defined is that the system has

 relative degree equal to one. The necessary and sufficient condi-
ion (8) for SM existence can be written in terms of the equivalent
ontrol as follows:

 < ueq(x) < 1. (10)

Actually, a VSS comprises another mode of operation: the reach-
ng mode (RM). When there are no restrictions on the control effort,

 continuous control action can be designed to reach the sliding
urface with a prescribed reaching dynamics. However, the conver-
ence of all state trajectories to the surface is, generally, not assured
or bounded inputs. Sometimes, several changes of structure may
ccur before the sliding regime is finally established. In this paper
e investigate the domain of attraction of the proposed sliding sur-

aces and the sliding domains, i.e. the regions of the sliding surfaces
here SM exists.

In real applications, switching frequency is deliberately
ounded to avoid undesirable effects and losses. A simple method
onsists in incorporating hysteresis to the switching law. A
onstant-amplitude ripple on the controlled output is therefore
btained whereas the switching frequency is kept bounded.

The dynamical model (5) of the fuel cell system under consider-
tion takes the affine form (6),  where x = [ iFC iL ]T is the system
tate and u denotes the switch position taking discrete values {0, 1}.
n the normal operating region of the system (i.e. for iL > 0, iFC > 0
nd vFC > 0), the drift and controlled vector fields are

 (x) =

⎡
⎣ iFC

Cf ′
FC−vDC

L

⎤
⎦ g(x) =

⎡
⎣

−iL
Cf ′

FC
fFC (iFC )

L

⎤
⎦ .
The controlled vector field g(x) has its two components different
rom zero on the normal operating region. Hence, both the fuel cell
nd load currents are relative-degree-one outputs of the dynamical
odel. Then, any of these variables can be set to a reference value
0 0.3

l and (b) load current regulation.

through an SM control. Next, we investigate the local SM existence
and the global convergence properties. In particular, the domains
of attraction of the sliding surfaces, and of the stable equilibrium
points, are discussed.

Hereinafter, some control objectives are considered which can
be fulfilled by different sliding mode control loops.

3.2. Fuel cell current regulation

The first control objective consists in regulating the fuel cell
current to a reference value. The fuel cell voltage or power can
be regulated in a similar fashion because of the static relationship
between them through the function fFC. This way, the operating
point of the fuel cell can be adjusted. For instance, the fuel cell can
be controlled to operate at its nominal point or at the MPP.

This control goal can be achieved by establishing a sliding regime
on a fuel cell current dependent switching surface. A natural sliding
surface candidate is

SFC = {x|hFC = iref
FC − iFC = 0} (11)

The sliding function hFC satisfies the transversality condition 〈 ∇ hFC,
g〉 < 0. From the invariance condition (hFC = 0, ḣFC = 0), the equiv-
alent control yields:

ueqFC = iref
FC

iL
(12)

Then, according to (9),  the sliding domain is

DFC = {x ∈ SFC |iL > iFC } (13)

In other words, sliding mode exists on the sliding surface just above
the line � = {x|iL − iFC = 0} drawn in Fig. 3.

The first-order SM dynamics is determined by replacing u in (5)
with (12):

˙iL = −vDC

L
+ fFC (iref

FC )iref
FC

LiL
(14)

Fig. 4a plots this equation on the plane (iL, i̇L) where a single and
stable equilibrium point PFC can be identified. This point is the inter-
section between the sliding surface SFC and the normalized fuel
cell power curve C.  Its coordinates are PFC = (iref

FC , (fFC (iref
FC )iref

FC /vDC )).

Two situations may  arise. First, PFC belongs to the sliding domain
DFC . In this case, the state converges asymptotically to it by sliding
on SFC . Second, PFC does not belong to DFC , i.e. it is located below
the line �. So, the state slides on SFC until leaving the surface when
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ig. 5. State trajectory for SM fuel cell current regulation (converter initially at rest).

he SM existence condition is violated. Consequently, fuel cell cur-
ent control makes sense only for current references iref

FC < f −1
FC (vDC )

hat also satisfy the step-down condition vDC < vFC . Note that this
esult is independent of the control algorithm, but inherent to the
onverter restrictions.

Remark: Since curve C is the power balance locus of the sys-
em, all possible equilibrium points necessarily lie on this curve,
articularly between P0 and P1.

The existence condition investigated above is only local. How-
ver, it can be inferred from the state portrait of Fig. 3 that
onvergence to the sliding surface is global. On the one hand, all
rajectories originating from the right of the surface point toward
t because fuel cell current decreases with time when u = 0 (recall
he first equation of (5)). All trajectories originating from the left
f the surface and above line � also point to the surface. In fact,
he fuel cell current increases as u = 1 and iL > iFC. Conversely, tra-
ectories from the left of the surface and below line � do not point
oward the surface (that is why SM does not exist below �). In any
vent, the state evolves upwards and crosses �, finally reaching the
urface in finite time.

Fig. 5 shows the state trajectory when the fuel cell is connected
o the converter initially at rest and controlled to regulate the input
urrent (iFC) at a constant value. The sliding surface and its sliding
omain are plotted with dashed and solid lines, respectively. Fig. 6
isplays the corresponding time evolution of currents and voltages.
otice that the sliding regime is not established the first time the
tate trajectory reaches the surface because that point does not
elong to the sliding domain. In fact, the surface is crossed causing
he undershoot in Fig. 6a. However, sliding mode exists from the
econd time the surface is reached. During SM,  the fuel cell current
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is kept constant at its reference value. That is, the first-order sliding
dynamics is observed in the inductor current but hidden from the
output variable (in this case iFC). This is an interesting feature of the
sliding mode approach.

3.3. Load current regulation

Now, a different control objective is considered, which consists
in controlling the current (power) supplied to the load. Thus, the
fuel cell system is operated as a controlled current source. This can
be achieved by means of sliding mode control of the inductor cur-
rent iL. The analysis and design procedure are similar to the fuel cell
current control case. First of all, we  corroborate that the line

SL = {x|hL = iref
L − iL = 0} (15)

qualifies as a sliding surface. In fact, the transversality condition is
(−vFC/L)  < 0. The equivalent control in this case is:

veqL = vDC

vFC
(16)

Therefore, the sliding domain results 0 < vDC < vFC , which in terms
of the state variables is

DL = {x ∈ SL|iFC < f −1
FC (vDC )} (17)

In other words, a sliding mode exists on the sliding surface to the
left of the x-coordinate of P1.

The first-order SM dynamics is determined by replacing u in (5)
with (16):

i̇FC = 1
CfFC (iFC )f ′

FC (iFC )

(
iFC fFC (iFC ) − iref

L vDC

)
(18)

Eq. (18) may  exhibit two, one or zero equilibrium points, depending
on the reference current. The equilibrium points are characterized
by the power balance iFCvFC = iLvDC . So, if the load power demand
iLvDC is higher than the maximum power that can be produced by
the fuel cell (at the MPP), then no equilibrium point exists and an
unstable sliding mode occurs. Conversely, if the load power demand
is lower than the power limit of the fuel cell, then two equilib-
rium points arise. They are placed on curve C at both sides of the
maximum power point.

Fig. 4b illustrates this situation on the plane (iFC, i̇FC ). It indi-
cates that the leftmost point PLl is stable, whereas the rightmost
point PLr is unstable. Because of the presence of multiple equilibria
on the sliding domain, global attraction cannot be guaranteed. The
domain of attraction can be determined from the state portrait. All
trajectories reaching the sliding surface to the left of the unstable
equilibrium (PLr) will evolve toward the stable one (PLl). So, by solv-
ing the inverse response from PLr for u = 0 and u = 1, the boundary
of the domain of attraction can be computed. In Fig. 7, this bound-
ary is labeled with ∂DA and the region to the left is the domain of
attraction of PLl. The sliding surface and its corresponding sliding
domain are the horizontal dashed line and the superimposed solid
line, respectively.

Fig. 7 also illustrates a pair of state trajectories for initial condi-
tions inside and outside the domain of stability. From the leftmost
initial condition, the state evolves toward the surface where a
stable sliding regime is established. Once in SM,  the output (induc-
tor) current is kept constant whereas the fuel cell current evolves
asymptotically toward its steady state value. Fig. 8 shows the time
response of currents and voltages for the stable behavior.

On the other hand, when the converter is initially at rest (iL =
0, vFC = 0), the state trajectory reaches the sliding surface to the left

of P1 but to the right of the unstable point PLr. That is, the sliding
domain is reached, but an unstable sliding regime is established.
Therefore, the SM cannot be sustained as input voltage vFC falls
below the output voltage (vDC ). Since then, the sliding surface is
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bandoned, the switch keeps closed (u = 1), and the state trajec-
ory evolves oscillatory toward the undesired equilibrium P1. The
orresponding time responses are depicted in Fig. 9.

.4. Combined current regulation

For some designs and load demands, the stability domain of
he previous output current regulation strategy may  cover all the

egion of interest. However, this is not always the case as was
llustrated in Fig. 7. In spite of that, undesirable responses can
e avoided with little effort by implementing additional switch-

ng logic. For instance, global convergence can be guaranteed by
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combining the sliding surface SL (15) with the sliding surface SFC

(see (11)) to attract the state trajectories originated outside the
domain of attraction of PLl. This situation is illustrated in Fig. 10a.
Note in particular that the previous unstable trajectory now con-
verges to the desired equilibrium PL. Global convergence is actually
achieved. Furthermore, it is not difficult to infer that global conver-
gence is achieved even when the output power reference exceeds
the maximum deliverable power. Now being the equilibrium point
at the intersection of the curve C with the surface SFC . This situation
is illustrated in Fig. 10b.

4.  Results and discussion

4.1. Experimental set-up

The proposed control strategies have been implemented on a
test circuit comprised of a 4 W fuel cell emulator, a DC/DC step-
down converter and a 6 V battery. The fuel cell emulator uses a PC
and a real-time data acquisition board. The PC runs the fuel cell
model in Matlab®/Simulink® environment. The DAQ provides the
input to the model running in the PC and handles its output. This
model output commands a linear current amplifier that works as
a power supply for a DC/DC converter. A block diagram is depicted
in Fig. 11.

Fig. 12 shows the implemented converter and controller. At the

bottom, there is a picture of the power converter prototype. It is a
10 W DC/DC step-down converter using an IRFZ44N MOSFET tran-
sistor as the switch device, 1N5822 schottky diodes, an L = 5 mHy
inductor and a C = 470 �F capacitor. Two  MAX4080 current
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Fig. 11. Fuel cell emulator.

ensors are used to measure the converter input and output cur-
ents, whereas a voltage divider is constructed to sense voltage.
ilters for the measured signals are also included. The switching
ransistor is driven by an isolated high frequency triggering circuit
on the left of Fig. 12). Two Schmitt-triggers, one for each current
liding mode control, were constructed using TLV3501 high-speed
omparators. They provide the switching signal as a function of
he corresponding current error, where their hysteresis bands are
esigned to limit switching frequency below 40 kHz. An ADuc841
icro controller is also available to enhance the control func-

ionalities of the analog circuitry, for MPP  tracking, supervision,
onitoring, etc., and can be seen in the circuit in the upper-right

ortion of Fig. 12.

.2. Experimental results

In the first experiment the operating point of the fuel cell was
hanged from a point of high power capacity to a point of higher
fficiency. Initially, the reference was iref

FC = 210 mA  and the system
witched around the sliding surface (11). At t = 0 the set-point was
hanged to iref

FC = 115 mA.  Fig. 13 shows the time response of the
ontrolled current over a 200 ms  time window and the state tra-
ectory on the state space. The transistor switched off immediately
fter the reference step in order to reach the new sliding surface.
nce it was reached, a sliding regime was established around it, so

hat the system state evolved within the hysteresis band designed
o properly bound the switching frequency. During sliding mode,
he fuel cell current was effectively regulated at its desired value
espite model uncertainties. Note in the zoomed-out plot the fast
esponse of the control system.

In the second experiment the controller was  aimed at regulat-
ng the load current at iref

L = 280 mA,  that corresponded to a 1.7 W
ower supply. Initially, the system was in steady state and the

ransistor was in conduction state. That is, the fuel cell was con-
ected to the DC-bus and the DC load current was  zero. At t = 0 s,
he controller was activated. The transistor switched off to charge

Fig. 12. DC/DC converter and control circuits.
Fig. 13. Experimental results for SM fuel cell current regulation: (a) time response,
and (b) state trajectory.

the inductor until the reference current was  reached. Immediately
after that, transistor commuted at fast frequency constraining the
inductor current within a hysteresis band. Meanwhile, the fuel cell
current evolved with the hidden sliding dynamics toward its steady
state value. Note that there was no need of implementing a com-
bined sliding controller since the initial condition belonged to the
stability domain DA (Figs. 13 and 14).

4.3. Other results

Further results are presented here, which have been obtained
by numerical simulation using the toolboxes of Simulink®. The
parameters of the fuel cell used in simulations were PN = 1.25 kW,
VN = 24 V, IN = 52 A, �N = 46%. The converter parameters were
L = 0.3 mHy, C = 2000 �F and E = 12 V.

4.3.1. Maximum power point tracking
Since the MPP  may  not be precisely known and varies with non-

electrical variables, it is often convenient to implement a robust
control strategy for its tracking. Based on the previous fuel cell
current regulation method, an MPP  tracking was  developed.

The reference current to the sliding mode controller (see (11)) is
provided by an outer loop that periodically updates the reference

as a function of the fuel cell power deviations. Fig. 15 displays the
flow chart of the proposed updating algorithm, which is based on
the perturb and observe technique. Basically, this method consists
in producing a small perturbation to the reference value and then
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state trajectory.
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bserve what happens with the output power. If it increases after
he perturbation, then a further perturbation in the same direction
s produced, otherwise the reference is perturbed in the opposite
irection. To avoid interactions, the outer loop should be much
lower than the inner one.

Fig. 16 shows the time response of the MPP  tracking algorithm.
he fuel cell was initially regulated at its nominal point (24 V, 52 A).
he algorithm run from t = 5 ms,  periodically updating the current
eference. Reference current was updated every 1 ms,  and the ref-
rence step was 3 A, whereas the switching frequency was  limited
o 40 kHz by means of a hysteresis band around the sliding surface.
t t = 20 ms,  the MPP  was reached.

The use of a sliding control as proposed here has a very impor-
ant advantage: the reference fuel cell current is reached in finite
ime rather than asymptotically. An upper-bound for this conver-
ence time can be derived from model (5).  Furthermore, fuel cell
ower is kept constant – as current is – during sliding mode. Then,

rovided the updating time is higher than the convergence time
rom one sliding surface to the next, the inner and outer control
oops do not interact at all.
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Fig. 16. Time response of the MPP  tracking control.
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Fig. 17. Time response of the load tracking control (and air pressure control).

4.3.2. Time-varying power demand tracking
In this case, the SM load current control tracked a stepped power

demand, whereas a slower feedback loop adjusted the motor com-
pressor voltage to keep efficiency close to its nominal value.

Fig. 17 shows the time response of the control system. The fuel
cell operated initially under nominal conditions. At t = 50 ms,  a step
in the power demand occurred. The SM load current controller
reacted immediately, reaching the new set-point extremely fast.
Fig. 18 shows how the operating point of the fuel cell, initially
at q1, moved along the polarization curve rightwards, increas-
ing current and fuel consumption, whereas efficiency and voltage
dropped. After a transient, the new operating point q2 was  reached.
At t = 150 ms,  the compressor controller was  activated, increasing
the air flow pressure. The fuel cell, with a much slower dynamic
response than the load current one, converged to the operating
point q3 on the polarization curve that corresponded to the final
air pressure pO. At this point, efficiency was similar to the nominal
2
one and higher than that obtained at q2. It is interesting to remark
that the SM load current controller was completely insensitive to
the fuel cell dynamics.
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Fig. 18. Trajectory of the fuel cell operating point during load tracking control.
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.4. Discussion

Figs. 13a and 14a confirm the fast response of the SM algo-
ithms to changes in the corresponding current set-point, whereas
igs. 13b and 14b put in evidence the strong robustness of the algo-
ithms to model uncertainties. In fact, fuel cell (Fig. 13)  and load
Fig. 14)  currents were successfully regulated at their desired values
espite poor regulation of the DC-bus voltage (that raised with the

nput power), and voltage drops and losses in the converter devices
recall that the design of the 10 W converter prototype did not take
osses into account). These uncertainties explain the mismatches
etween the real (steady state) operating points and the theoret-

cal ones on the polarization curve. However, these uncertainties
ere completely rejected by the SM controllers.

The implementation of the proposed sliding mode current con-
rollers was extremely simple and low cost. Excellent dynamic
esponse and robustness properties were achieved. These features
ake the current controllers particularly attractive to implement
PP  or optimum efficiency tracking algorithms as those presented

n the previous section. Figs. 16 and 17 show that the SM con-
roller was insensitive to the dynamic response of other loops in
he control system.

The proposed SM controller approach exhibits significative
dvantages with respect to open-loop control, that will not be able
o reject disturbances, and to classical control tools like PID. On
he one hand, PID implementation is more complicated that SM
ne because a pulse width modulator is required to convert the
ontinuous controller output into a switching logic. There are also
roblems inherent to differentiation of a noisy signal and wind-up
aused by input constraints, which may  require careful filtering and
nti-windup compensation. Tuning of the PID controller to achieve

 satisfactory dynamic response, that will be of third order, is not
mmediate because of nonlinearity of the polarization curve. On
he other hand, SM implementation and tuning is very simple, and
ero steady state error in the controlled variables is achieved after

 very fast transient response.

. Conclusions

The use of sliding mode theory provides tools for designing very

imple control algorithms for fuel cell systems. It is shown in the
aper that SM controllers for input or output current regulation
re carried out with single loop feedback configuration, making the
ransient response very fast and simplifying the stability analysis.

[

[

[

er Sources 205 (2012) 281– 289 289

Furthermore, the SM controllers can be easily combined, resulting
in simple switching logics, in order to improve the performance
of the individual sliding regimes. Thus, global stability is accom-
plished. Because of its strong stability and robustness properties,
the proposed SM current control is suitable to take part of more
complex control systems. The main features of the SM controllers
are validated through numerical and experimental results.
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