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Abstract — The aim of this realization is to provide a demonstrator fed by a modular hybrid source and
validate the simulation work, which highlighted the interest of hybridization. We used a small robot
shown on figure 1; its mass is 30kg and its dimensions on the ground are 400x400 mm’. A 60W DC
brushless motor drives each front wheel; there are also two free rear wheels, so that the robot can move
forward, backward and turn round. The robot is controlled thanks to a manual joystick. The energy
source is composed of a battery and the fuel cell (FC). The fuel cell has been realised by the Commissariat
a I’Energie Atomique - C.E.A. Pure hydrogen and oxygen supply it. Its gross power is 250W and it is
composed of 14 cells. The battery is a 7 Ah Pb battery. A DC/DC converter has been inserted between the
FC and the DC bus in order to control the DC bus voltage, which should be 24V or so. We give
experimental results (current, voltage in the different components of the source) and compare them to the
simulated curves. The Matlab/Simulink model of the hybrid source is different depending on the
frequency of the phenomena that are considered. At last, we present some prospects such as validating
energy management strategies or optimising hybridisation according to the driving profile.

1. Introduction [1], [2]

The robot we used to build a demonstrator of an electric vehicle with a hybrid energy source
is rather small (400mmx400mm) and can easily work in a crowded environment. It is shown
on figure 1.

It can go forward, backward and turn round. The body is made of polyester fibre and it
initially supported the different mechanical and electrical devices: motors, reducers,
transmission, batteries, free wheels, power electronics and lid. For each driving wheel, there is
a 4-quadrant DC/AC converter and a 60 W DC brushless motor. The energy was initially
provided by a lead-acid 12V/25Ah battery. The main characteristics of the robot are given in
table 2.

The robot is piloted thanks to a manual radio control- joystick. An electronic card on the robot
allows the reception of the signals sent by the radio control. Thanks to a conditioning
interface, these signals are converted into two voltages (OV to 5V) which are control voltages
of the inverters.

Figure 3 sums up the initial electrical architecture of the driving train.
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Fig. 1: General structure of the robot

Table 2: Technical characteristics of the robot

Mass 30 kg

Nominal speed 0.5 m/s
Maximal speed 0.8 m/s
Maximal acceleration 1 m/s?
Quasi-static overstepping 20 mm
Maximal slope 10 %

Primary reducing (epicycloidal trains) 1/17.6
Secondary reducing (notched belt) 27/ 80

Motor 1
‘ -
Batteries
“ Voltage : 2 x 12V
Capacity : 2 x 25Ah
Motor 2

Fig. 3: Initial electrical architecture of the robot
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2. Hybridisation of the energy source thanks to a PEMFC

The batteries provide a DC bus voltage of 24V and the fuel cell allows their charging through
a DC/DC converter as shown on figure 4.
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Voltage : 2 x 12V
“ Capacity : 2 x 7Ah
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Motor 1

Motor 2
FC

Voltage : 14 to 7V
Power : 240W

Fig. 4: New electrical architecture of the robot

2.1 The PEMFC

The fuel cell has been realised by the Centre de 1’Energie Atomique of Grenoble. Pure
hydrogen and oxygen supply it; its gross power is approximately 250W, it is composed of 14
cells with an active area of 60 cm’. Fans do the cooling. The voltage range of the cell is
between 7V - maximal load — and 14V - without load. Figure 5 gives the polarisation curve of

the FC.
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Fig. 5: Polarisation curve of the robot - temperature range: 35°C-55°C

CESURA’03, Gdansk, June 4 — 6, 2003 3



2.2 The interface between the PEMFC and the batteries [3]

The DC-DC converter between the FC and the batteries allows the DC bus voltage control.
The input voltage can vary between OV and 14V while at the output it should be
approximately 24V. The input current has a maximum value of 40A.

We chose a Boost chopper structure. Input and output high frequency filters allow smoothing
the currents in the FC and in the batteries. The active power device is a MOSFET and the
operating frequency is 40 kHz so that the smoothing inductance is not too large, neither are
the commutation losses. The FC is protected against reverse currents with low conduction
losses thanks to a Schottky diode.

The converter has been realised in our Laboratory as such voltage and current ranges are
difficult to find as a commercial product.

FC protection

If the current from the fuel stack is greater than 35A, the output voltage tends to be smaller
than 7V; for voltage values of 3 or 4V, the high current in the FC may damage it. That is why
we imagined a device that disconnects the stack as soon as the output voltage is less than 7V.
Because of the great value of the current to be interrupted, we had to choose a power relay
able to cut off a nominal current of 30A and an instantaneous one of S0A. The stack voltage
supervision is realised thanks to the supervision of the voltage of each cell (14 such cells are
tested).

The control

The general structure of the DC-DC interface is presented on figure 6. An R-C parallel circuit
models the batteries.
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Fig. 6: The interface between the FC and the batteries.
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In order to control the bus voltage, we realised two control loops: the inner one regulates the
current and the outer one the voltage.

The current loop enables to determine the polarisation point of the FC. The controller is a PI
one. The MOSFET is driven thanks to a PWM signal.

The voltage loop controls the bus voltage thanks to a PI controller and generates the current
reference for the current loop.

3. Modelling of the driving train [4]

Depending on the phenomena which are studied the model of the elements of the train may be
different. For example, if the simulation is performed on duration lasting for a few tenths of
milliseconds up to some milliseconds, then the converter will be modelled thanks to a
topological model taking into account the PWM chopping frequency (40kHz). With such a
configuration, the current ripples and the HF disturbances can be observed and the filters can
be dimensioned.

If the duration of the simulation is some seconds, then a “medium frequency” model will be
used which allows the calculation of the controllers. The third kind of model (low- frequency
one) is useful to study the energy distribution in the different parts of the train on driving
cycles of several seconds.

3.1 High frequency modelling

The aim is to compare the simulated results to the experimental current and voltage of the
cell. As the working frequency is 40 kHz, we need high frequency models; we will
concentrate on the FC and the converter; a resistor models the following part of the train. The
FC is modelled thanks to its static polarisation curve with an inductance in series. The DC-DC
converter is modelled at a given cyclic ratio and the switch losses are taken into account; the
control loops have not been considered. We used Power System Blockset Library from
Matlab-Simulink to perform the simulation. Figure 7 gives the Simulink scheme for our
model.
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Fig. 7: Simulink scheme for the modelling of FC, converter and load.
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3.2 Low-frequency modeling

We want to be able to study current, voltage, pressure and temperature characteristics of the
components on a given driving cycle lasting for a few seconds

In that case, we use a static semi empiric polarization curve for the model of the cell. The
expression of the voltage versus the current is:

U =oq +ayl+a312 + 04 T+0asT? + 0TI+, TIn(Py,) +agTIn(Py, ) + ag TIn(I) + oo Tn(T)

= [is the FC current, U the voltage, T the temperature, Po, the oxygen pressure and Py
the hydrogen pressure

We chose average models for the Boost chopper as well as for the inverters. The model of the
motors is a simplified dynamic one, which does not need too much time during the
simulation.

4. Experimental results and comparison with the simulation

4.1 High frequency current and voltage curves

It is interesting to know how the fuel cell behaves when it is used with other devices such as
power electronics and filters. On figure 8(a), we show the experimental curves of output

voltage and current of the stack when the DC-DC chopper is connected to a simple resistive
load.

There is a slight ripple for the current but this can be improved by optimising the filter at the
input of the Boost converter. The phase shift between the FC current and voltage shows its
inductive behaviour.

Figure 8(b) presents the output current for the batteries, the chopper and the load when the
current and voltage control loops are implemented. The ripple of the load current is due to the
fact that the load is composed of a resistance as well as a parasitic inductance.
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Fig. 8(a): Output current and voltage of the Figure 8(b): Output current for the
FC batteries, the chopper and the load

Thanks to the high frequency model of the same train, we got the following results (figure 9).
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Fig. 9(a): Simulated current and voltage of Figure 9(b): Simulated current for
the FC batteries, chopper and load

The simulated shapes and values for the FC quite match with the experimental ones; the
shapes of the output currents of batteries, load and chopper are slightly different as the
simulated load is a pure resistance.

4.2 Current and voltage FC responses to a driving cycle

Some tests have been led at the CEA with a stack composed of 12 cells only. The oxygen and
hydrogen pressures were 4 bars, the stoechiometric coefficient was 2. The “driving” cycle
consisted in current variations for the FC. The experiment was done with the whole driving
train of the robot (inverters and Brushless DC motors). The FC current, its voltage, anodic and
cathodic pressures as well as the average temperature were collected. Figure 10 shows the
results we got.
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Fig. 10: Experimental FC curves for a “driving” cycle.
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In order to simulate such an operation, first we had to determine the different o; coefficients
of the semi empiric polarisation curve of the stack (1) thanks to a given experiment plan.

Figure 11 compares the output voltage of the FC to the simulated one.
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Fig. 12: Experimental and simulated FC output voltage.

The curves match quite well; it may be interesting to study the influence of the different o
coefficients.

5. Conclusion and prospects

The different elements of the driving train have been tested on their own first and then,
altogether. Associating the FC and the Boost chopper did not create any disturbance.

The demonstrator is now ready to operate with all its elements, controls and protections. We
intend to perform different driving cycles in order to collect experimental results thanks to a
logger and simulate these operations in order to test and improve our models.

We will also implement supercapacitors in the hybrid source in order to test some energy
management strategies that we have already studied [5] thanks to simulation.
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