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Nonlinear adaptive sliding mode control of a
powertrain supplying Fuel Cell Hybrid Vehicle

M. D. Bougrine, A. Benalia
LACoSERE Laboratory, University of Laghouat
Laghouat, ALGERIA

Abstract-- This paper presents an adaptive sliding mode
based switching scheme for controlling DC-DC hybrid
powertrain for propulsion of a Fuel Cell / Supercapacitor
hybrid vehicle. After modeling the powertrain, a new approach
to determine a nonlinear sliding surface ensuring stability of
the DC/DC Boost converter is discussed. This was achieved
without introducing the equivalent control aspect after
transforming the instantaneous model of the Boost in a suitable
form. The presented technique is also applied for trajectories
tracking in the entire powertrain, which includes a dc/dc Boost
converter associated to Fuel Cell stack and another
Bidirectionnel dc/dc converter associated to the supercapacitor
bank, which are both working in parallel to provide electricity
propelling the vehicle. The control scheme is tested with
driving cycle example through simulation.

Index Terms- Sliding mode control, Fuel cell vehicle, hybrid
powertrain, dc/dc converter.

L INTRODUCTION

The transport domain remains among the most projecting
areas that would benefit from hydrogen. The vehicles
considered are recognized with Fuel Cell Vehicles (FCV).
Although this fuel cell, which serves to produce electricity
by oxidizing hydrogen, provides a durable energy source for
the vehicle, this one misses providing a fast and reversible
source for managing load current peaks and recuperation of
energy fluxes resulting from braking. This leads to the
necessary use of reversible secondary source as a battery or
supercapacitor working in parallel with the fuel cell block.

As each vehicle with a hybrid propulsion source, the fuel
cell hybrid vehicle gives rise to an additional degree of
freedom for its traction. This requires defining an energy
management law in order to determine in each time interval,
the current distribution between different sources to meet
correctly its propulsion [1]. The goal is generally to
minimize the consumption of the Hydrogen during the
tracking cycle with respect to the constraints related to state
of charge limits of the secondary source, and the response
time limit of the Fuel Cell. [2],[3]. In this context, the
regulation problem of switched power converters used on
hybrid electric vehicles or more generally on any hybrid
power supply has received remarkable attention in recent
years. However, in [4] interleaved Boost topology was
presented with PID based control scheme to guarantee the
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trajectory tracking in the DC/DC powertrain. Other control
schemes as sliding mode and flatness control are also tested
[5],[6]. The surface used in sliding mode was linear, and the
design is done thanks to the linearized model of the Boost,
what practically affects the robustness of the control.
Moreover, these techniques are generally averaged model
based, which requires passing through PWM to convert
continuous data of duty cycles generated by the controller to
a switching values.

The Boolean character of switching systems in power
electronic makes sliding mode better suited compared to
conventional control techniques with continuous algebra
(PL, PID, linear / nonlinear state feedback) [5]. Except of
under-actuated systems, the sliding mode allows a finite
time convergence to the equilibrium point through a surface.
Inside that surface, which is a manifold with lower order
than the system, the trajectory earns more robustness
compared if trajectory evolution was in the complete state
space [7].

The development of this new sliding mode based
technique in this paper, tailored towards dc-dc converters, is
motivated by the search for high performance controller.
Section II begins with modeling a simple dc/dc Boost and
dc/dc Bidirectional converter and finishes with illustrating
the instantaneous model of the entire powertrain. In section
III, a control design for the boost connected to the FC using
sliding mode and its stability analysis are presented, the
section is completed with adaption of surface’s coefficients
for best performance, followed in section IV bye simulation
results obtained for the dc/dc Boost connected to the fuel
cell and then, the entire powertrain propelling the vehicle.

IL DESIGN AND MODELING OF THE VEHICLE
POWERTRAIN

As shown in Figure I, the conversion chain is composed
of two dc/dc blocks, a boost converter associated to the fuel
cell stack used to impose a fixed voltage on the dc output
bus. Another bidirectional dc/dc converter is associated to
the reversible source. It operates in Boost mode when we
provide current to the motor and in Buck mode when
current resulting from braking and/or from the fuel cell is
received to the stock. We have to select that in similar
hybrid powertrains, one of converter circuits is controlled in
output voltage to impose a specific value on the dc bus. The



other converter(s) is (are) controlled in current mode, that
wants to say the input current and consequently the output
current on each converter current controlled are forced to
track a specified trajectory, which is the result of a power
management algorithm. The current circulating in the
voltage-controlled converter is inevitably imposed by the
architecture. Let us say, it is equal to the difference between
the load current and the sum of other output currents.
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Fig. I. FC/ Supercapacitor hybrid powertrain

In control engineering, we can consider three manners to
present a state space model reflecting the control/states
relationship in power converter circuits: (i) averaged
continuous models (ii) instantaneous models (generally
discontinuous) and (iii) hybrid models (continuity by
modes). Some are compatible with some control techniques
and not with others. Therefore, the choice of the control
technique depends strongly on the choice of modeling
method.

In the recent work, we present a nonlinear sliding mode
based control of the presented powertrain. Regardless of
hybrid modeling, sliding mode control allows the use of the
exact discontinuous model, which is not the case of many
conventional techniques. The advantage is that Pulse Width
Modulation (PWM) is not needed, but instead, the
instantaneous switching states are directly deducted from
state measurements. In the present paper, we adopt the exact
discontinuous model. Thus, high frequency dynamics are
not neglected.

A. Modeling the DC/DC Boost connected to the FC

A system such as a boost converter can be described as a
nonlinear discontinuous system. The form bellow represents
the instantaneous state vector of the boost when the diode
D is always active.

X = %(Ufc *171)‘2)

)

. 1
X2 =E(”1x1 —[1)
With x= [iﬂf Ve ]T e M7 is the state vector; u, € {O,I}is a

Boolean switching variable and ;:{0,1}—> {O,l} is the Not

function.

Alike, the bidirectional DC/DC associated to the
supercapacitor pack is modeled. Nevertheless, depending on
the sign ofi,, , the converter operates Boost or Buck. For
each of both modes we associate a corresponding model. In
this case, the dynamic of x,could be assumed constant

when we want to do a separated control scheme.
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same nature as u; .

u, and u;have the

B. Modeling the entire DC/DC powertrain

Both dc/dc converters are merged in one compact state
model representing the control/states relationship of the
entire powertrain. The sign of x;indicates the operating
mode of the Bidirectional dc/dc converter, and consequently
the entire powertrain. Hence, the hybrid modeling concept is
also introduced. To do, we just apply the Kirchoff current
law at the output node to appear /; instead /; .

if x;>0
if x;<0
Finally, we are about to show the total powertrain state
model.

UrX
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X3 = Z(Usc‘ - u3x2)

Fig. 2. Instantaneous state model of the hybrid powertrain



III. CONTROL DESIGN OF THE BOOST CONNECTED TO THE
FC

The restriction of the input control in the Boolean space
prevents the use of a continuous feedback function. We can
find for example a control with the form:

u, = heaviside (o(x)) with: Heaviside: % — {0,1} is a
Boolean defined multivalued function.

0 if x<O0
Vx e R, heaviside (x)es1 if x>0 4)
o} if x=0

We call sliding surface, the manifold defined in the phase
space as:

S: e /o(x)=0] (5)

The Heaviside function means that we switch between 0
and 1 depending on the sign of o(x). As it is known, the

major difficulty in that type of control is the choice of a
surface that ensures local stability of the origin. Where the
minimal required locality is stated by all possible initial
states.

In this section, we show a simple approach that permits to
obtain a nonlinear sliding surface that leads the system to
the origin. The choice is made in two steps: (i) Find a local
diffeomorphism transforming the system in a suitable form
(the diffeomorphism is generally nonlinear); and (ii)
synthesize a linear surface in the new frame. Here, we will
see how the demonstration of the origin stability is less
complicated in the new frame, and this, without introducing
the equivalent control concept.

A. Transforming the state model in a suitable form
The objective is to find a local diffeomorphism ®(x)
such that Eq (1) has the following form:

Z) =2y

. (6)
Zy =(z1,22) + ¢ (21,20
Let us consider z; = @, (x), then we can write:
0P 0P (7)
Z =—— —
1 Ox, : 0x, :

By replacing x,and x, from (1) we obtain:

Z-lzﬁ&_f_l@m{iaﬂxl_i&xz} ®)
L ox, C ox, C ox, L ox,

To get rid of u, from the previous equation we just make
an appropriate choice of ®;. Then, @, should check the
following equation:

=Ly ="l ©)

Then, the first part of the diffeomorphism is given as
follows:

From (3) we have:

We just obtain z, by derivation of (11), the system is
written in the new frame as:
Z‘l = Zz

0,0 212 _(ZUfc 21, J (12)
= - + _ul xZ +_x1
L

Z)

L C

B. Surface design and stability analysis

Let us consider the following linear surface o :

o, =k0, + k5, (13)
With;
Oy =21 —Zjy And 0, =2, — 25,0 =2

Since the surface contains the origin, we show two

sufficient conditions for the stability of the origin. (i) The
sliding surface contains a locally finite time stable subset
containing the origin; and (ii) the origin is stable in that
subset.
In [8], [9] a sufficient condition inspired from Lyapunov
theorem of stability, which allows concluding on the
asymptotic stability of the surface. This one becomes
sufficient for the finite time stability, if the vector field
function is nonlipschitzian on the surface, which is indeed
the case in sliding mode control since the feedback function
is discontinuous on the surface.

If we consider a Lyapunov functionV), = 0'12 of the
system (12), that is null on the surface S and strictly positive
outside.

S is asymptotically stable if:
U cR?/S:V,=016,<0 VSéeU

This condition means that all points in U converge
asymptotically to the surface, which is not sufficient to the
existence of sliding mode. In [10], [11] a stronger and
sufficient condition ensuring that all points in U reach in
finite time the surface.

Therefore, with the same Lyapunov function V), , S is finite
time stable if:

JU <R?/S,3n > 0:sgn(o))o; <—n VoeU
So;



2U 21
kS k| —L =)+ (1-x)| if <0
ke Z[L< )+ 1)] 1
sgn(oy)o; = 2 2

W,
kS, + k| —L +%

if o0,>0
(14)

Which is verified in a neighborhood of the origin by
simple choice of k;and k,two negative real numbers.
Knowing that the condition above is not necessary, the
stability of the surface is verified geometrically in the phase
space. Fig .3 illustrates some trajectories of the boost with
different initial states. The surface colored in blue seems
stable for all possible initial states. The dotted area presents
the region where (14) is not verified. However, in that
region we have sgn(o,)o, >0, nonetheless, the trajectories
entering the dotted region leave it to another one wherein
(14) is verified.
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Fig. 3. Trajectories of sliding mode controlled Boost for
different initial states.

The second condition for the stability of the origin by
sliding mode is also verified. In the literature, we were
accustomed to evaluate the equivalent control, the averaged
value of u; which acts on the surface to make it invariant.

However, this task is no longer necessary after transforming
the system by the diffeomorphism®, which is all its
significance. If the surface is locally finite time stable, it
implies that we reach it after a certain time called “settling
time” [11]. Then, we can write:

o, =k, +ky0,=0 (15)

From (15) and (12) we obtain:
5, =6, =——16, (16)

Showing that the origin is exponentially stable inside the
surface S with a dynamic sensitive to k; and k, . In practice,
the origin is not exponentially stable with sliding mode but
rather there are an exponential convergence to a limit cycle
around the origin. This is because the existence of a dead
time between measurement and switch control, which
lets the Heaviside function having hysteresis effect.

The choice of k;and k,is not very delicate task since we

require that the two constants are just negative to ensure an
exponentially stable origin in the surface. The dynamic of
the system into the surface is governed by the ratio between
kyand k,. Therefore, it is common to choose it very high,

but under that choice, the transient regime is affected, and a
high absolute value of k, versus k,results in an important

peaks of current and voltage. For what, we fixek, to
constant value (|k2| =1) and £k, is controlled regarding the
distance from the origin. Indeed, £ starts relatively small in

absolute value, and becomes continually greater when the
state is closer to the origin. Fig .5 shows the adaptation of
k,regarding the distance from the origin measured in the

what makes the

square of Euclidian norm "x—x,.ef )

surface adaptive.
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Fig. 4. Adaption of the coefficient k,according to Euclidian
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IV. SIMULATION RESULTS

A. The Boost connected to the FC

Fig 4 shows the I-V characteristics in the operating range
of the Fuel Cell under standard conditions of temperature
and pressure. (See [12] for more detail).
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Fig. 5. I-V characteristics of the Fuel Cell used for the
simulation.
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Fig. 6. Output Bus and Fuel Cell voltages of the controlled
boost with load change at t = 0.4s (See Fig. 7)

B. Control of the entire powertrain

In this sub-section, we are about to show all state
feedbacks. The bidirectional converter is also controlled by
sliding mode, so the difference we show compared to the
converter associated to the Fuel Cell block is the no
consideration of the output voltage in the surface.
Respecting the singular perturbation theory in power
systems [14], we just interest to the fast dynamic, which is
the supercapacitor current. Thus, the choice of the surfaces
is intuitive and the stability of reference trajectory is
obvious.
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Fig. 7. Load and Fuel Cell currents of the controlled Boost
(Load changes from 20 to 40A at t = 0.4s)
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2 2
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Fig. 9. Different voltages in the powertrain simulated with
power cycle example (See Fig. 10.)
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V. CONCLUSION

In this paper, was presented a new adaptive nonlinear
sliding mode approach, applied to powertrain for hybrid
Fuel Cell vehicle. The surface was chosen linear in another
nonlincar frame obtained by application of a
diffeomorphism to the system. The goal was to master the
dynamic of the Boost on the surface without introducing the
equivalent control concept. By simulation of the Boost and
the entire powertrain of an FCV in Matlab/SIMULINK
environment, results was very satisfactory with respect of
abrupt load variation.

The next step in this research project is the
implementation and experimental validation in the
laboratory of the proposed strategy and control laws in
reduced voltage test station,. It is also important to
emphasize that a complete hybrid autonomous system is
under study, adding another sources, with the possibility of

the

generation of the control laws by introducing the

concept of flatness.
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