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Abstract- A Fuel Cell-Supercapacitor Electric Vehicle (FC-SC-
EV) with only one power converter generally uses the FC as an
average power unit and the SC as a peak power unit. This array
requires operating the power converter linked to the FC in
operation regions rather than single operation point; as a result
traditional averaged modeling and control methods are no
longer valid. In this paper, a hybrid control technique is
proposed to control the power converter, which is cable to work
in operation regions and it can use any inductor current in the
converter as a feedback; meanwhile it achieves an excellent
output voltage control under disturbances either from supply
voltage, load voltage or other perturbations. Experimental
results are given for a IkW Nexa® power module and
interleaved boost converter taken as a benchmark.

L. INTRODUCTION

Different electric vehicle (EV) traction configuration has
been proposed in literature, for example battery (B) EV, fuel
cell (FC) EV, photovoltaic (PV) EV; and several arrays of B,
FC and PV linked with supercapacitors (SC), for a
comprehensive comparison refer to [14-20]. In particular, FC-
EV configuration has received a lot of attention due to the
following characteristics:

1. It produces current just when it is supplied by its
fuel.

2. It achieves a high energy efficiency between 40-
60%, which its load dependent.

3. The Proton Exchange Membrane (PEM) is the best
candidate for vehicular applications due to its high
power density, small volume and low temperature.

4. FC produces zero or almost zero pollution and noise.

However its load dependency, incapacity to accept
regenerative energy, intolerance to the input ripple current,
start-up time, and slow load response; makes unviable the
single use of FC in traction applications. Therefore different
FC-SC-EV configurations has been proposed, Fig. 1 shows
the most common configuration. It is necessary to say that a
comprehensive fair comparison between different FC-SC
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configurations is out of the scope of this paper. In this paper
configuration j) is taken as a benchmark and its
characteristics are listed to follow:

1. It uses only one power converter.

2. It uses SC as a peak power buffer during EV
acceleration.

3. The SC accepts the regenerative power for the EV
breaking period.

4. There is an inherent decoupling between the peak
and averaged EV power. As a result the power
converter just deals with the averaged power. This
behavior is translated in a small size and weight of
the power converter.

5. The power converter needs to operate in a wide
input voltage operation region caused by the FC load
dependency.

6. It is necessary to implement a Power Management
Strategy for the appropriate operation of the overall
system.

It can be found in literature several papers that deal with
characteristic 1-4 and 6 [1-5]. In particular, this paper focuses
with characteristic number five of this traction configuration.
It has been reported different power converter that can be
used as a step-up/down converter for the selected traction
configuration. For example Boost, Buck/Boost, Boost
interleaved, Half Bridge, Full Bridge, Full Bridge Zero
Voltage Switching (ZVS) and/or Zero Current Switching
(ZCS) or Push-Pull [6]. Their main differences are the
conversion ratio, power ratio, current ripple, uni/bidirectional
capacity, efficiency and isolation, in this work the interleaved
boost converter was selected as a benchmark [7]. Previous
studies have considered that interleaved boost converter is
operated in single operation point and standard linear
techniques have been applied to its analysis, which limit the
viability to use this configuration in operation regions [8].

This paper in an extension of the hybrid-time controller
reported in [9-13], this controller is suitable to the new
demands of DC-DC converters such as multiple operation
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Fig. 1 Different FC-SC-EV configurations have been reported in literature.

points and constant power loads. In this paper the proposed
hybrid controller guarantees stability in the selected operation
region, meanwhile it achieves an excellent output voltage
control under disturbances either from supply voltage, load
voltage or other perturbations. The paper is organized as
follows. Section II presents preliminaries of the converter,
description and implementation considerations of the
proposed controller. Section IIT shows the general response of
controller during transient and steady state using numerical
simulations, the experimental test bed is reported in Section
IV. Conclusion and final comments are presented in the last
section.

1L DESCRIPTION OF CONVERTER AND CONTROLLER

STRUCTURE

An interleaved boost converter connected to a boost
converter and SC is shown in Fig. 2. This arrangement let us
to decouple the power needed by the EV in two dynamics:
one average (slow dynamic) power supported by the FC and
other peak (fast dynamic) maintained by the SC section.
Advantages of this configuration are a FC size reduction,
increment of power density, and an inherent tolerant-fault
capability [8].
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Fig. 2 Proposed fuel cell electric vehicle architecture.

The proposed hybrid controller in this paper it is based on
a particular switched control technique and applied to single-
cell boost DC-DC converters, introduction and overall
description and results are reported. Following this trend,
application in single cell DC/DC buck converter is presented
in [10], extension of the proposed hybrid controller in
interleaved buck and boost converter are given in [11]-[12],
respectively. Application of the switched control technique in
a three stage cascaded boost converter with single switch
applied in FC is reported in [13]. Reference [13] demonstrates
that the proposed switched control technique regulates the
desired output voltage by using as a current feedback any of
the three possible inductor current; and in spite of variations
in the input voltage, load, and dynamic reference voltage.

A further application step of the proposed switched
technique is reported in this paper. Here it is shown that he
proposed controller can be directly applied in FC-EV
application with no regrets in the inherent inductor current-to-
duty cycle transfer function minimum phase characteristic.
Furthermore, the proposed controller is able to regulate the
output voltage and limit input current at the same time, which
extend the FC useful working life

Inspired in [10], [12], in this paper, a two loop controller is
modified to make the current loop robust against voltage
input variations that can be originated by hydrogen income
flux changes in the fuel cell. The structure of the controller
can be observed in Fig.3. Firstly, it is can be noticed that the
inner loop is constituted by a switching controller which uses
constant switching surfaces whose value is defined by the
outer loop. Two symmetrical surfaces are defined to confine
inductors currents within a prescribed region. The value of
these surfaces depends strongly on two things: Maximum
desired rippling and the hydrogen income flux to the FC.
Since the variation of this flux strongly affects the FC output
voltage (equivalently, the input voltage in the converter), the



voltage conversion radio is dramatically affected, leading in
most cases to a fail in accomplishing the converter output
voltage regulation. A way to adapt this switching controller to
converter input changes is to know in advance the changes in
the voltage conversion radio. In this case, a pre-operating
identification task must be performed based on hydrogen flux
changes that must be measured. Such strategy would be very
involved, would require of additional flux measurement and
still will not be sufficient to face load changes (changes in
power vehicle requirements).
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In this paper, we propose the use a robust linear controller to
define the switching surfaces. Based on the converter output
voltage regulation error simple proportional plus integral
action is able to face uncertainty in the voltage conversion
radio map from multiple sources (e.g. hydrogen flux or load
changes). The integral action is tuning to be a slow
compensating action with respect to converter dynamics, but
with a dynamics comparable with that of fuel cell; leading, in
this way, to an efficient voltage tracking. Notice that
additional contributions of this work with respect to existing
strategies [21] are i) simplicity of the controller (i.e. not
involved tuning methods or delay computation are required)
(i1) the stability of the controller can be ensured using hybrid
control tools (see [10]).

In order to introduce this last contribution, we stated as in
[10], that if the nominal frequency (//RC) is small compared
to the design switching frequency (fs), the output voltage
remains constant for short times (i.e. @ (I/fs)). Hence the
inductor current evolves describing a piece-wise linear
traj ectory with Slopes Mofrj = (Vout,FC'Vout,conv)/Lj <0, and Mo,
= Vouwrc/L; >0, for j =1, 2. Furthermore, the output filter of
the converter serves as a time-scale separation between the
current dynamics and the voltage dynamics. Hence if the
current is confined by the switched controller in a bounded
region of measure f, e.g. B(i’, ) (i.e. a ball centered at i’ and
radius f), voltage trajectories will be confined in an other
bounded region, which size depend on parameters R, C.

The main contribution is summarized in the following
theorem:

Theorem 1. Let 2a>0 be the maximum desired current
ripple, and i,,r a be symmetric switching surfaces, if m,; for
i> i, +a for and m,, for i> iyr—a With iyer =K;(Voutcony ~Virep
+K>(Voutconv -Vreddp, hence voltage and current trajectories
are B-bounded, with  a design parameter and there exists a
finite time 7 such that for all # > T, i} € B(ij rr , @), I, €
B(iz ref» @) and Vo cony € B(Vref', B).

The theorem above states that any current value in a domain
D, can be leaded to a neighborhood of [ie;, ivef2, V,ef]T in
finite time ¢ > 7. In this way, the sets B(i; rf , 0), B(iz rer , @)
and € B(Vref , ) are globally attractive and system
trajectories will lead to such sets asymptotically. Moreover,
the switching rule in Theorem 1 defines a family of switching
sequences such that trajectories of converter trajectories are
confined for ¢ > 7, and maximum ripple current converter is
guaranteed.

The proof of the theorem can be performed using notions of
practical asymptotic stability for switched systems. By
showing that every desired voltage can be generated by a
linear combination of slopes m,; and m,, . Such fact actually
implies that every desired current and therefore voltage, can
be generated by finite switching sequence. More over global
attractivity of the set B(Vref', ) can also be proved along the
same idea.

In the following section, illustration of the results stated
before are performed using numerical simulations.

III. NUMERICAL RESULTS

Besides the complexity of the converter (2n, where n = 2),
only one loop was used to control the input and ripple current
loops; it was used a proportional (K,) and integral gain (K;) in
the current loop (set to /.4 and 0.6 respectively); and one
voltage loop with K, = 0.4 and K;= 0.3 to control the output
voltage. The controller gains were remained constant for the
overall set of experiments. Fig. 3a) shows the output voltage
in closed-loop with a dynamic reference V;, maintained



constant in 50V, and the Fig. 4b) shows the input current
reflected to the FC in the same working condition. It is
observed the characteristic current in each cell, which are in
contra phase. This response is obtained due to the adaptive
digital controller slides on the initial equilibrium surface of
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Fig. 4 Proposed fuel cell electric vehicle architecture.

the reference voltage. As a result is produced a maximum
variation of 0.2% of the desired voltage.

On the other hand, Fig 5 shows the performance of the
proposed controller under dramatic hydrogen consumption of
FC, leading to a corresponding voltage variation. In this case,
the input voltage varies as a ramp changing from 50 to 44 v

under a very short period of time (t = 0.12 sec). It can be
observed that the controller is able to regulate the output
voltage by changing the corresponding current reference in
face of power consumption. Moreover, observe that suitable
current distribution is achieved in every converter branch.

I\A CONCLUSIONS

This paper shows the viability of the hybrid controller to
control an interleaved boost converter into a FC-EV
application. A simple controller scheme has been proposed
that is able to shown stability in operation regions rather that
operations points. This characteristic is extremely important
in application such as FC- EV, where some devices such as
ICE traction motor are turned off and on in terms of the
power management strategy. As a consequence of this
working mode, the reflected converter’s load changes are
seen as impulsive loads, which can become on unstable
behavior in traditional controllers based on averaging
techniques. The controller has the feature of being robust
against system uncertainty and easy to implement. Its
capabilities have been illustrated via numerical simulations.
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Fig. 5 Control performance under dramatic changes on the
FC output voltage.
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