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Abstract — Nowadays, the energy management of the hybrid system is becoming an interesting and the challenging
topic for several researchers. The wise choice of the energy management strategy allows not only the best distribution
of power between different sources but also reduce system consumption, increase the lifetime of the used sources and
ensure the energy demand that involve the autonomy of the electrical vehicle. In this paper, the control and the energy
management using the passivity control is adopted to the multiconverters multisources system, in particularly, Fuel
Cell/SuperCapacitor (FC/SC) hybrid system. In the proposed system, the FC represents the main source and the SC is
used for the transient of power where they can absorb or supply powers peaks. The proposed system is validated by
experimental results. The obtained results prove the efficacy and the feasibility of the proposed approach for a real
electrical vehicle.
Keywords— Electric vehicle, Fuel cell, Supercapacitor, Multi-source, hybrid system, Passivity Based Control
(PBC).
I. INTRODUCTION

The global average temperature of the planet has been rising since the beginning of the industrial era (1880-1899).
The greenhouse gases created by the transport sector accelerate this phenomenon. In 50 years, the number of cars will
be increased by 160 % [1],[2]. Cleaner means of transport must be proposed. By using hydrogen, Fuel Cell (FC) vehicles are a promising solution to reduce greenhouse gases. The FC converts the chemical hydrogen energy into electrical
energy to supply an electric traction motor. With a full tank of H2 (generally 5.5 kg of H2 pressurized at 700 bar) [3]),
a driver can expect to travel about 500 km, against 200 km for a regular battery electric (e.g. 2016 Nissan Leaf) car
and 1,000 km for a conventional thermal vehicle. Moreover, the hydrogen tank is filled up in a few minutes in station
whereas a full regular charge of a battery electric vehicle lasts several hours (In France, 350 bars is the standard hydrogen pressure for FC car). However, FCVs have to face some issues.
FC systems offers a limited dynamics. Fast power transients can lead to a gas starvation, which can permanently
damage the FC [4]. Furthermore, the energy flow of FC systems is unidirectional, which does not allow recovering
braking energy [5]. Hybridization of FC with other Energy Storage System (ESS) devices can thus improve the vehicle
performances [6]. A battery can be used as a secondary source to handle the power transients, to recover braking
energy, to extend its lifetime and to reduce its cost. With their Mirai and Tucson car, Toyota and Hyundai have chosen
this technology using Ni-Mh and Li-Poly battery packs, respectively [7]. Hybridization of a FC with SuperCapacitors
(SC) as energy/power buffer represents another interesting solution. With its high specific power and power density,
SCs can easily assist FC to meet the high power requirements [5],[9]. Further, while a cycle life of 1,000 can be
expected for battery [10], SCs can last from 500,000 to 1,000,000 cycles [11]. With its 2002 FCX, Honda has first
chosen this technology to supply addition power to its vehicle. The new 2014 FCX clarity use a FC/battery configuration. Indeed, in recent years, batteries made significant progress. In addition, batteries are well known to manufacturers,
as they are used for their hybrid models (e.g. Toyota Prius). Henceforth, industrial applications are taking advantages
of both battery and SC to assist FC vehicles.
Depending on technical and financial specifications, direct or indirect FC/SC/battery configurations are possible
[12],[13],[14]. In this paper, an indirect FC/SC configuration is chosen (see Fig.1). The secondary ESS is then the SC,
which is lighter, more robust and has a higher power density than batteries. The use of two converters allows managing
the sources according to a specific energy management strategy. This can be based on fuel consumption or source
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degradations arguments [14], [15].
The control of FC vehicles using SC must take into account the constraints related to this association. First, these subsystems are strongly coupled. Both sources are indeed connected through a DC bus. For example, the FC or the SC
cannot independently meet the requested traction energy and power flows. For that, it is necessary to control and
manage the interaction and the coupling between the both sources. Numerous studies have discussed on the control
and energy management of FC/SC vehicles using PI controllers [16], [17], flatness control [9] and fuzzy logic controllers [18]. However, most of these propositions have been evaluated only in simulation. Secondly, all of the vehicle
components have nonlinear behaviors [19],[20]. These constraints affect the system stability. In this way, the previously mentioned works well managed the FC/SC system, but did not ensure the stability, especially where saturation
occurs [16]. It is well established that nonlinear behaviors affect the system stability [19]. Instability can cause energy
losses and potentially damage on the vehicle. To solve this issue, several authors have proposed to use energy-based
Lyapunov control theory for the controller design [21], [22], [23], [24], [25], [26]. In [27], the energy management is
proposed for FC/SC system in order to minimize the hydrogen consumption and to limit the current fluctuation for FC.
The considered energy management is based on Fuzzy logic controller and filter is used to increase the FC lifetime[27].
Furthermore, the genetic algorithm is used to solve the optimization problems for fuzzy energy management strategy
[27]. The simulation results showed a good power distribution and the optimization goals were achieved. However, the
stability proof is not given, the results is limited on simulation and the considered energy management is complex.
Another work on energy management proposed by [28] and is achieved as a two levels control structure. One is based
on PI controller and is addressed to the inner control loop for FC/SC currents and DC bus voltage. The second level is
based on Equivalent Consumption Minimization Strategy (ECMS) in order to regulate the FC power considering the
minimization of the hydrogen consumption. The proposed strategies lack the stability proof and validation on real
hybrid system [28]. The authors of [29] have proposed to study the hybrid system composed of FC and SC. The considered energy management strategy combines the optimal control and Marcov chain to predict the required power.
Two constraints at extreme driving conditions are taken into account namely the high power and high speed. The
obtained simulation results have shown that the importance to add the Marcov model in limitation of the problem of
slow FC dynamic response and to maintain the SC state of charge. In [30], the authors have used the combination
between PBC and Fuzzy logic strategies to control the FC/SC hybrid system. The PBC technic is used to control the
power source however the Fuzzy logic method is employed to estimate the desired SC current according to its state of
charge and hydrogen level. In [30], the seventh order state space model is studied and the proposed controller is validated using the simulation. The proposed energy management for FC/SC system in [31] is based on a frequency distribution technic. The authors have implemented the experimental data of FC and SOC of SC parameters to emulate
the real behavior of the used sources. A dynamical management of the energy required between FC and SC is achieved
while operating the sources at their best operating points. In other hand, the undesired phenomena that degrade the FC
performance are avoided [31]. The authors of [32] have focused on IDA-PBC energy management strategy of FC/SC
hybrid system. The overall studied model in [32] was of a third order. In this work, five scenarios have been proposed
according to the SC SOC, hydrogen consumption and braking mode. The validation of the proposed control has been
evaluated in Matlab/Simulink software. In [32],[33], the studied control strategy for FC/SC hybrid system is based on
IDA-PBC. The control design has the objective to regulate the FC voltage to track the DC bus voltage and to control
the SC charging/discharging. In these studies [32],[33], the control strategy structure is composed on three subsystems,
that are: two inner current loop controllers for FC and SC based on PI controllers, where duty cycle parameters are the
outputs. The third subsystem is the outer loop based on IDA-PBC to control the DC bus voltage and SC SOC. Another
work has been focused on the energy management of FC/SC hybrid power system using the flatness control algorithm
[34]. The used method principle is based on knowing the trajectories of the flat output variable to obtain the trajectories
of the state and control variable [34]. Among the hybrid power system studied in [35] the FC/SC hybrid system. The
authors of [35] have chosen the nonlinear control approach based on Lyapnov theory in order to ensure the regulation
of DC bus voltage and tracking the SC current to its reference. The proposed energy control is applied during the steady
state phase, transient phase and start up condition.
Table1: Advantages and drawbacks of different control strategies
Method
Advantages
Lyapnov control theory
- Asymptotic stability was ensured.

- 3rd order state space model.

Drawback

- Validation only in simulation

Reference

[22]
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- Four inputs are necessary for the
control.
Fuzzy logic based on the
differential flatness

Fuzzy logic+low pass filter
controller

- The proposed control was vali- - Stability proof was missing
dated in simulation and experi- - Three converters are used, more
mentation.
expensive.
- Real time implementation
- The control method is complex.
- Constraints consideration in the - Validation only in simulation.
sources.
- Stability proof missing.
- Source lifetime improvement
- Combination of two controllers,
- Real time implementation
so more complex.

Frequency based distribution

- Real time implementation.
- Validation only in simulation
- Different load profiles are used.
- Complex control strategy (re- Increase the lifetime of the sources
quiring of nested loops).

Our strategy
IDA-PBC

- The whole system is modeled un- - Constraints consideration in the
der 5 order state space model.
sources is missing but it can be
- Proof stability is given
done using an appropriate choice
- The proposed control is experiof ISCref (future work).
mentally validated.
- Few measures are required for
system control (VFC,VDC).
- Despite that the load power profile
is changing, the DC voltage is stable and come back each time to its
desired reference.
- Simple implementation of the proposed control.

[18]

[27]

[31]

[this article]

The principal idea of this work is to control the hybrid system composed of FC and SC using the nonlinear Passivity
Based Control (PBC) control. The remainder of the paper is organized as follows: The Section 2 presents the problem
formulation of this study. In this part, the authors stated the main objective of this study and the interest of Interconnection and Damping Assignment-Passivity Based Control (IDA-PBC) strategy. The Section 3 is dedicated to describe
in one hand the FC/SC system structure and the other hand the system representation in form of state equation, where
the five order system is proposed. In the same Section, the Port Controlled Hamiltonian (PCH) of the whole system is
presented and the control laws obtained from IDA-PBC are given. The Sections 4 is devoted to explain the test bench
of the system. In the Section 5, the obtained results from the experiment are presented and discussed. The Section 6 is
dedicated to the conclusion.
II. PROBLEM FORMULATION

The main objective of this study is the load power control by splitting the power into DC bus voltage control through
the DC-DC FC boost converter and the DC-DC current bidirectional SC converter. Furthermore, the SC voltage (consequently the state of charge) is controlled to its nominal value (see Fig.1). In this work, the FC ensures the mean load
demand in the permanent phase. However, the role of the SC, as an auxiliary source, is to supply the load in the transient
phases. The excess power production or the braking phase energy recovery can be stored in the SC. To achieve these
goals, the authors propose an effective energy management strategy based on PBC.
In this work, the nonlinear control named IDA-PBC is used with the PCH structure that allows exhibiting important
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structural properties like the total system energy, the damping and the states interconnections [25]. The IDA-PBC
method is a powerful nonlinear technique dealing with important system information like the system’s total energy and
it is considered as a general way of stabilizing a large class of physical systems [37].
III. HYBRID FC SYSTEM STRUCTURE

In this work, the studied hybrid system is composed of the FC as a primary source, the SC as a storage system and
the DC/DC converters, the unidirectional converter is linked to the FC and the bidirectional is connected to the SC.
The load is represented by RLE circuit. Furthermore, the proposed structure that allow combining these different
sources is the parallel structure (see Fig.1).

Fig.1. FC/SC system structure
The hybrid system is written in form of state space equation by choosing the state space variable as follow:
𝑥 = [𝑥1 , 𝑥2 , 𝑥3 , 𝑥4 , 𝑥5 ]𝑇 = [ 𝑖𝐹𝐶 , 𝑉𝐷𝐶 , 𝑖𝑠𝑐 , 𝑉𝑠𝑐 , 𝑖𝐿 ]𝑇
Therefore, the studied model is a five order system given by:
1
𝑥̇ 1 =
[𝑉 −µ 𝑥 ]
𝐿𝐹𝐶 𝐹𝐶 1 2
1
𝑥̇ 2 =
[µ 𝑥 − 𝑥5 + µ2 𝑥3 ]
𝐶𝐷𝐶 1 1
1
(1)
𝑥̇ 3 =
[𝑥 −µ 𝑥 ]
𝐿𝑆𝐶 4 2 2
1
𝑥̇ 4 = −
𝑥
𝐶𝑆𝐶 3
1
𝑥̇ 5 =
[𝑥 −𝑅 𝑥 − 𝐸𝐿 ]
𝐿𝐿 2 𝐿 5
µ1, µ2 are the modulation ratios of the FC boost converter and the SC control of the buck-boost converter, respectively.
After simple calculations, the equilibrium trajectory are given as:
𝑑
𝑥̅ = [𝑥̅1 , 𝑥̅2 , 𝑥̅3 , 𝑥̅4 , 𝑥̅5 ]𝑇 = [𝑥̅1 , 𝑉𝑑 , 𝑥̅3 , 𝑉𝑆𝐶
,

𝑉𝑑 − 𝐸𝐿 𝑇
]
𝑅𝐿
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𝜇̅1 =

𝑉𝑓𝑐
𝑥̅2

;

𝜇̅ 2 =

𝑑
𝑉𝑆𝐶
𝑥̅2

(2)

The desired closed loop energy function is given by:
1
𝐻𝑑 = 𝑥̃ 𝑇 𝑄𝑥̃
2

(3)

With 𝑥̃ = 𝑥 − 𝑥̅ is defined as the error between the state 𝑥 and its equilibrium value𝑥̅ . Moreover, 𝑄 is a diagonal matrix.
The model is rewritten using the new state space (error dynamic)
𝑥̃̇1 =
𝑥̃̇2 =

1
[−𝜇1 𝑥̃2 + 𝑉𝐹𝐶 − 𝜇1 𝑥̅2 ]
𝐿𝐹𝐶

1
[𝜇 𝑥̃ + 𝜇2 𝑥̃3 − 𝑥̃5 + 𝜇1 𝑥̅1 − 𝑥̅5 + 𝜇2 𝑥̅3 ]
𝐶𝐷𝐶 1 1
1
[−𝜇2 𝑥̃2 +𝑥̃4 − 𝑥̅4 − 𝜇2 𝑥̅2 ]
𝑥̃̇3 =
𝐿𝑆𝐶
1
[𝑥̃ − 𝑥̅3 ]
𝑥̃̇4 = −
𝐶𝑆𝐶 3
1
𝑥̃̇5 = [𝑥̃2 − 𝑅𝐿 𝑥̃5 +𝑥̅2 − 𝑅𝐿 𝑥̅5 − 𝐸𝐿 ]
𝐿𝐿

(4)

The error dynamic equations are expressed using the gradient of the desired energy as follows:
(5)

𝑥̃̇ = [𝐽 − 𝑅]∇𝐻𝑑 + 𝜉

[𝑱 − 𝑹]
𝑇 (𝜇)

𝛁𝑯𝒅

𝝃

is a skew symmetric matrix defining the interconnection between the state space and R=RT≥0 is a
𝐽(𝜇) = − 𝐽
symmetric positive semi definite matrix defining the damping of the system.
With control laws chosen as:
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{

𝜇1 = 𝜇̅1
𝜇2 = 𝜇̅2 − 𝑟𝑥̃3

(6)

Where r is a positive design parameter.
The choice of µ1 allows the control of the DC bus voltage despite the variation of the FC voltage (see eq (2)) and the

choice of µ2 allows the control of the current (x3) and the SC voltage to its desired and nominal value (see eq (2)).
The origin of the closed loop system with the control laws with radially unbounded energy function is globally stable.
Proof: the system stability in closed loop is given by:
𝑥̃̇ = [𝐽(𝜇) − 𝑅′]∇𝐻𝑑

With 𝑅′ = 𝑑𝑖𝑎𝑔 {0; 0;

𝑟
𝐿2𝑠𝑐

; 0;

𝑅𝐿
𝐿2𝐿

(7)

} = 𝑅′𝑇 ≥ 0

The time derivative of the desired energy along the trajectory is:
𝐻̇ 𝑑 = ∇𝐻𝑇𝑑 𝑥̃̇ = −∇𝐻𝑇𝑑 𝑅′ ∇𝐻𝑑 ≤ 0
The Fig.2 gives the bloc scheme of the IDA-PBC principal
itot1

Fig. 2. IDA-PBC principles
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Fig. 3. Studied FC/SCs vehicle architecture
IV. REAL-TIME VALIDATION
A. Experimental setup

Based on the traction characteristics of the test bench low speed Nemo electric vehicle of the Hydrogen Research
Institute (UQTR Canada) (Fig. 4) a reduced scale validation is proposed on an experimental platform From Fig.7, it is
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composed of a 500 W Horizon PEMFC (c), a bank of Maxwell SC (f), two 2 kW adjustable self-contained Zahn choppers (a), a DC bus capacitor (b) and a 500 W programmable DC load (d) to emulate the traction subsystem (see Fig.7).
The programmable DC load is then chosen as a load drive with a power reduction of 60 compared to the full scale
studied vehicle. In addition, the regenerative braking phases are not considered because the programmable load only
provide positive power. Only mechanical braking are considered for the braking phases. However, a DC bus voltage
variation is considered allowing thus to recover the excess power to recharge the SC pack. Voltages and currents are
measured with classical LEM transducers and voltage probes (g). No additional numerical filters have been added.

Fig. 4. Nemo electric vehicle
Table 2. Parameters of FC/SC vehicle test bench
Components
FC
SCs
DC bus capacitor
Boost choppers
Power load

Full-scale FC/SC EV
15-32 V / 500 W
32 V, 29 F
80 V / 100 mF
2 kW
current or voltage control
500 W

An on-road urban driving cycle has been carried out with the Nemo vehicle at the Université du Québec à TroisRivières, on and around campus (Fig.5). The studied driving cycle is composed of a repetitive sequence of constant
speed (20 m/s), acceleration and braking phases. This results on a full scale traction power profile (Fig.5). In this
section, the on-road power profile is reproduce by the programmable load with a scale reduction of 60 while limiting
to positive power demand. The developed control objective is to supply the emulated traction system while distributing
the power flow between the FC and the SC.
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itot1

Fig. 5. Full scale Nemo vehicle speed and power from an on road test drive
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Fig. 6. Experimental setup organization
The developed control is build and implemented in a National Instrument NI PCI-6229 controller through LabVIEW
software (h). The FC system, the SC system and the programmable load are connected together by mean of three 40 A
contactors Kfc, Ksc and Kload, respectively (Fig.6). The management of the contactors allows three operation modes:
1) Mode 1: DC bus initialization. Kfc is closed. Ksc and Kload are open. The FC chopper control the DC bus voltage at
40 V.
2) Mode 2: SC charge. Kfc and Ksc are closed. Kload is open. The FC chopper control the DC bus voltage at 40 V and
the SC chopper control the SC current. The FC then maintain the DC bus voltage and charge the SC to 24 V.
3) Mode 3: Vehicle operation. Kfc, Ksc and Kload are closed. The emulated traction load is connected to the DC bus.
The developed control manage the system during the vehicle operation.
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Fig.7. Experimental platform
(a) Converters; (b) DC bus; (c) FC; (d) contactors; (e) programmable load; (f) control unit; (g) SC module; (h) sensors; (i) acquisition system;

V. EXPERIMENTAL RESULTS AND DISCUSSION

(a)

(b)

Fig. 8. Experimental results of (a) the SC current and its reference; (b) zoom on a part of the curve (a)
Fig.8 (a) presents the SC current and its reference. It can be seen that the SC current tracks exactly the reference with
no overshoots and this at all time. This is clearly demonstrated in the Fig.8 (b) that corresponds to the zoomed region
from Fig.8(a). It also should be mentioned that the SC is used only to absorb or supply the transient power.
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𝑑
𝑉𝑆𝐶

𝑑
Fig. 9. Experimental results of the SC voltage Vsc and the desired voltage of SC 𝑉𝑆𝐶

Fig.9 shows the SC voltage and the desired voltage of SC. The SC voltage tracks its reference quite good, the deviations
from the reference are due to the contribution of the SC. Indeed, when the SC contribute to power the load (current
control) they are discharged and consequently the voltage decreases. Also, if there is an excess of power, the can absorb
the negative current and consequently they are recharged and their voltage increase. This reflect exactly the imposed
scenario for the SC.

(a)
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(b)
Fig. 10. (a) DC bus voltage VDC and the desired voltage Vd , (b) voltage control error
Fig.10 (a) presents the response of the system to the desired DC bus voltage step change. The value of the DC bus
voltage 42 V corresponds to the new standard voltage for automobile system (see [38]). The DC voltage follows exactly
its reference at all time. At 424s, a change in the desired voltage is made from 42 V to 36 V and the DC bus voltage
tracks rapidly with almost no overshoot the desired reference illustrating the performance of the IDA-PBC controller.
Fig.10 (b) shows the error of DC bus voltage that tends to zero.

Fig. 11. Experimental results for powers
Fig.11 represents the load power demand, the FC power and SC power. It can be seen that the FC ensure the majority
of the load demand. However, the SC supplies and absorbs the transient power peaks. It is also clearly shown that the
load power is the sum of the SC and FC power at each moment. Fig.11 demonstrates also the discharge of the SC that
corresponds to the negative SC power for example at t = 120s to 130s, in this case the FC charge the SC (Fig.12).
Furthermore, this figure shows the complementary role between FC and SC to supply the load and this corresponds to
the period between 370s to 375s (see Fig.13) .This figure is important and reflects exactly the proposed scenario and it
illustrates the advantages of the power control between FC, SC and the load.
Fig.12 shows the negative power of SC (SC charge).
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Fig. 12. Experimental results for powers showing the negative power of SC
Fig.13 shows the complementary role between FC and SC

Fig. 13. Experimental results for powers showing the complementary role between FC and SC
VI. CONCLUSION

This paper presents an experimental study on the energy management of a DC hybrid sources system composed of
FC/SC. In this system, the FC is used to supply the main load demand at permanent regime and the SC, as auxiliary
source, is used in the transient phases. The energy management strategy used in this work is the nonlinear control called
IDA-PBC. A mathematical model of the hybrid system is given and the stability proof is presented. Thereafter, the
IDA-PBC control is used to intelligently govern the distribution of power between the sources and the load. The experimental results obtained show the effectiveness of the proposed control and this by tracing the plotted curves.
Table 3. Parameters definition
Parameters
𝐿𝐹𝐶
𝑉𝐹𝐶
𝑉𝑑
𝐶𝐷𝐶

Definition
FC inductance
FC voltage
Desired DC bus voltage
Converter capacity
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𝐿𝑆𝐶
𝐼𝑆𝐶
𝐼𝑆𝐶 𝑟𝑒𝑓
𝑑
𝑉𝑆𝐶
𝐿𝐿
𝐸𝐿
𝑅𝐿
𝑟
𝑃𝐹𝐶
𝑃𝑆𝐶
𝑃𝑙𝑜𝑎𝑑

SC inductance
SC current
SC current reference
SC voltage desired
load inductance
f.e.m of load
resistance of load
damping parameter
FC power
SC power
load power
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