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Rue Ernest Thierry Mieg, F-90000 Belfort, France

bFCLAB, Univ. Bourgogne Franche-Comté, UTBM, CNRS
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Abstract

This paper proposes an advanced aging-tolerant control for a fuel cell/super-capacitor hybrid sys-

tem applied to a commercial vehicle. The controller is designed with the Interconnection and

Damping Assignment - Passivity-Based Control (IDA-PBC) method to solve the converters coor-

dination problem, where the state-of-charge of the super-capacitors and all current limitations are

considered into the non-linear controller. The aging of the fuel cell is estimated in real-time by

an extended Kalman filter and is integrated in the controller in order to preserve the stability of

the whole system. Finally, a hardware-in-the-loop platform based on an INTEL/ALTERA FPGA

is designed in order to validate the real-time operation of the algorithms for a specific case study

with a fuel cell vehicle.

Keywords: Fuel cell, super-capacitors, power management, port-controlled Hamiltonian systems,

Interconnection and Damping Assignment - Passivity-Based Control (IDA-PBC),

Hardware-in-the-loop platform, INTEL/ALTERA FPGA.

1. Introduction

Using hydrogen and fuel cells (FCs) is a promising way to deal with environmental problems and

fossil fuels shortage. As electric and hybrid vehicles are becoming more and more popular, fuel cell

vehicles (FCVs) are also considered due to their fast recharge time, low weight and controllability.

For several decades, FCVs have been developed with the goal of decreasing air pollution, oil

dependence as well as greenhouse gases emissions. However, high costs, limited durability and

reliability are among the aspects that need to be improved for such vehicles.
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Among the various types of FC systems, Proton Exchange Membrane Fuel Cell (PEMFCs)

have been found to be especially suitable for hybrid energy systems because of their high power

density and low operating temperature. However, PEMFC systems have a limited lifetime because

of multiple impairments that prevent their widespread deployment.

As a consequence, prognostics and health management (PHM) of PEMFCs is mandatory for

industrial applications. PHM allows extending the life of such electrochemical converters using

monitoring [1], diagnostics [2], [3], prognostics [4], and corrective actions. The indicators of the

state-of-health (SoH) of an FC system can be built by selecting specific features from sensors [5].

This allows the planning of preventive maintenance at the right time, resulting in reduced costs.

In the field of energy management, knowing the SoH and remaining life of an energy source (e.g.,

batteries and PEMFCs) can help improve the power and energy distribution among the different

components in the system.

In order to maximise their useful life, FCs must have slow power dynamics and a hybrid source

system is, therefore, necessary for FCVs. Usually, in a FC hybrid system, the FC is the main

power source and batteries (BTs) or super-capacitors (SCs) are transient power sources. A FC is

also usually associated with SCs for their high dynamics, as batteries sometimes cannot sustain

very high power charge and discharge conditions. SCs are often considered as the best choice for

fast power demands due to their ability to operate well at low temperatures, and are industrially

manufactured.

Many research studies on FC/SCs or BTs/SCs hybrid systems have been published [6, 7, 8, 9, 10]

. One more element is sometimes added, such as a battery [11, 12, 13, 14, 15, 16] or a wind turbine

[17, 18] for microgrid applications [19]. Fuzzy logic, passivity-based control [6, 20, 21, 22], flatness

based control [23], Lure-Lyapunov theory [24], Lyapunov-based nonlinear control [25, 26], adaptive

second order sliding mode control [27], adaptive control [28], Model Predictive Control (MPC) [13],

regular controllers or optimization algorithms [29] are typically used in the controller design of such

systems. These controllers are based on the same principle, i.e. to decide the power and energy

sharing between the sources. However, a perfect coordination of the sources is rarely studied in

normal conditions [30], and even more during abnormal working conditions, such as with power

limitations due to aging phenomena or current limitations of the FC or SCs with rigorous stability

analysis of the closed-loop system under all constraint situations.
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In this paper, an energy management strategy is first realized by the Interconnection and Damp-

ing Assignment - Passivity-Based Control (IDA-PBC) method, based on a significant extension of

previous work [31, 32]. The new IDA-PBC controller integrates components constraints and shows

that: i) The SCs reference current can be a function of the SCs voltage. Here, a good choice of

a tuning parameter (r2) allows modifying the SCs reference current according to the state of the

SCs. ii) When the SCs voltage is low or too high, parameter r2 is different from zero and impacts

the FC current. Therefore, the FC can compensate for the power that the SCs cannot provide. iii)

A controlled charge is activated in order to dissipate the extra power during a regenerative mode

when the SCs voltage is too high.

Firstly, all these new ideas are introduced in the proposed controller based on passivity. The

energy management system guarantees that all the power sources respect the components con-

straints and the closed-loop stability is analysis for all the mode of operation. Secondly, an Ex-

tended Kalman Filter (EKF) based on [33, 34] provides the actual and forecast SoH of the FC in

real-time in order to compute the maximum current and power that the FC can deliver. Based on

such information, it is guaranteed that the closed-loop power management system cannot diverge.

This paper is divided into four sections: Section 2 describes the hybrid model of a specific case

study and the aging of the FC. The proposed passivity-based controller is detailed in sections 3

and 4. In section 5, a ageing-tolerant controller is described and results are provided in section 6

based on a Hardware-In-the-Loop (HIL) platform representative of a commercial vehicle under a

NEDC driving cycle.

2. Hybrid System Modeling and Control Structure

2.1. Aging Model of the PEMFC

In this research, a static model of FC is employed. It is described with the following equation

[33, 34]:

vfc = n

(
E0 −ATfc ln

(
jfc
j0

)
−Rjfc −BTfc ln

(
1− jfc

jL

))
(1)

where jfc =
ifc
S is the input current density, ifc the FC current and S the activation surface

of the FC. This relation is used to model the polarization curve vfc = f(ifc), where vfc is the

FC voltage, n the number of cells, E0 represents the maximum theoretical potential, Tfc is the

operation temperature, A and B represent the activation and concentration constants, R is the
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Figure 1: V-I and P-I curves of the FC at 80◦C

global resistance related to membranes, electrodes and connectors, j0 is the exchange current

density and jL is the limiting current density. All parameter values are listed in Table 1.

In order to study the effect of aging on the parameter values of (1), a 175-hour continuous

experimental test was performed on an 8-cell FC stack under an automotive load profile with a

surface of 220 cm2, provided by the French Atomic Energy and Alternative Energies Commission

(CEA) (see [35] for more details about the FC operating conditions). Using a fitting technique,

a set of model parameters were extracted from these curves [33]. It was observed that only the

resistance value R and the limiting current density jL change significantly. Based on the above

studies, an empirical degradation model has been developed and is described as follows:

R(t) = R0(1 + α(t)), jL(t) = jL0(1− α(t)) (2)

α(t) =

∫ t

0
β(τ)dτ (3)

where α(t) is the SoH indicator, β(t) is the rate of change of the parameter α(t), i.e. β(t) =

dα(t)/dt, and R0 and jL0 are the initial resistance and limiting current density extracted from the

first polarization curve. Note that α(t) and β(t) are unknow time varying parameters and that is

the role of an observer to estimate its in real-time (see section 5). SoH α(t) is set equal to zero

at the beginning (i.e., no degradation), and increases to αmax = 0.3 at the considered End-of-Life

(EoL) of the FC. A value of αmax equal to 0.3 represents a reduction of around 10% of the nominal

power of the FC at 0.5 A/cm2 (see [33, 34, 35] for more details).
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Figure 2: Two-converter structure and control architecture

Fig. 1 shows the polarization curve and power at 80◦C for the considered application example

with different SoH levels, where the number of cells of one FC module has been fixed at 53. For

the purpose of the case study, two FC modules in series and eight in parallel were connected in

order to obtain a total power of 85 kW for a healthy new FC. Based on the right plot of Fig.

1, it is apparent that the controller needs to know the maximum current that the FC

can deliver over time. Without that knowledge, the whole hybrid closed-loop system

diverges, leading to an unstable system because of FC reference current runaway. In fact,

due the FC power characteristic (see Fig. 1), if the FC reference current becomes greater than

the maximum FC current, the power delivered by the FC decreases leading to an increase of the

FC reference current. The maximum current of the FC over time is obtained in two steps. First,

the SoH is estimated by an EKF. Second, the maximum power point (MPP) of the FC can be

determined from the P-I curve of the FC. The limitation of the FC reference current is set to 80%

of the MPP and sent to the power management controller in order to protect the FC from overload.

2.2. Hybrid System Modeling

A two-converter parallel structure of a FC/SCs system is applied in this work, as shown in Fig.

2, where the architecture of the power management control as well as the aging-tolerant control
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and the architecture of the power converters are represented.

In this system, SCs are connected to the DC bus through a reversible boost converter. The

load is modeled by a variable current source in order to model generative and motor conditions.

Moreover, an additional dissipative charge is added and activated in the case of limitation of the

SCs during a generative mode of the load. Without this protection, the DC bus voltage can rise

significantly and the dissipative charge is used to prevent such circumstances, such as in railway

or automotive applications.

The complete system is represented by the following 4th order non-linear state space model:

d
dtvb(t) =

(1−α1(t)) ifc(t)+(1−α2(t)) isc(t)−il(t)−i∗d(t)
C

d
dtvsc(t) = − isc(t)

Csc

d
dt ifc(t) =

−(1−α1(t)) vb(t)+vfc(t)
Lfc

d
dt isc(t) = −(1−α2(t)) vb(t)+vsc(t)

Lsc

(4)

with state [vb(t), vsc(t), ifc(t), isc(t)]
T , the duty cycles as control inputs [α1(t), α2(t)]T , and mea-

surements vb(t), vsc(t), vfc(t), ifc(t), isc(t), il(t) and id(t). Variable α1,2(t) represents the duty cycle

of the converters, vb(t) is the DC bus voltage, vfc(t), vsc(t) are the FC and SCs voltage, ifc(t), isc(t)

are the FC and SCs current, il(t) is the DC current consumed by the load, and i∗d(t) a controllable

current source that represents the current consumed by the dissipative resistance load to protect

the system. The definitions and values of the parameters are given in Table 1.

Because of the difference of time scale between the voltages and the currents, the system is

called a singular perturbed system (see appendix B.3 of [36]). In fact, parameters Lfc and Lsc are

small compared to parameters C and Csc [20], therefore, the 4th order non-linear state space model

can be reduced to a 2nd order system to design the outer loop controller as follows:

d
dtvb(t) = 1

C

(
vfc(t)
vb(t) i

∗
fc(t) + vsc(t)

vb(t) i
∗
sc(t)− il(t)− i∗d(t)

)
d
dtvsc(t) = − i∗sc(t)

Csc

(5)

with xr(t) = [x1, x2]T = [vb, vsc]
T , control inputs ur = [i∗fc, i

∗
sc]

T , and measurements yr =

[vb, vsc]
T .

In order to protect the equipment, controlling the current is mandatory for industrial applica-

tions. Therefore, the control is composed of two parts: two fast inner current control loops and

two slower outer voltage loops, where the first controllers are based on Integral-Proportional IP
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controllers associated with anti-windup [37] (see Table 1 for the gain values), and the DC bus

voltage and state-of-charge of the SCs are controlled by IDA-PBC.

2.3. Vehicle modeling and load current computation

A case study based on a commercial vehicle, a Renault Master [10], is considered in this work.

The load current il(t) is calculated by:

il(t) =
Pvehicle(t)

vb(t)
(6)

where the electrical power Pvehicle demanded by the vehicle is

Pvehicle = FtractionVvehicle(ηtraction)k (7)

with k = 1 if Pvehicle < 0 and k = −1 if Pvehicle > 0. Ftraction is the traction force, Vvehicle is the

vehicle velocity and ηtraction is the transmission efficiency. Next, according to Newton’s second law

of motion, we have:

Mtot
d

dt
Vvehicle = Ftraction − Fres (8)

where the total amount of resistant forces Fres is represented by a quadratic function of the vehicle

speed [10]:

Fres = F0 + FaV
2
vehicle (9)

Here, F0 is the road slope and rolling resistant force and Fa is the aerodynamic drag resistance,

which can be calculated by [38, 39]:

F0 = mgfr (10)

fr = 0.01

(
1 +

Vvehicle
100

)
(11)

Fa =
1

2
ρCxSvehicle (12)

where Svehicle is the vehicle front area, ρ is the air density, and Cx is the vehicle aerodynamic drag

coefficient.

3. Controller Design Using IDA-PBC

Rewriting the open-loop function (5), the plant can be defined as:

ẋr = f(xr) + g(xr)ur + d (13)
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with

xr = [vb, vsc]
T (14)

ur = [i∗fc, i
∗
sc] (15)

f(.) =

 0 0

0 0

 (16)

g(.) =

 1
C
vfc
vb

1
C
vsc
vb

0 − 1
Csc

 (17)

d(.) =

 −il − i∗d
0

 (18)

where time dependence has been omitted for simplicity.

Assume that there are matrices Jd(.) = −J td(.), Rd(.) = Rtd(.) ≥ 0 and g⊥(.) a full-rank

annihilator of g(.), i.e. g⊥g = 0 and a function Hd : <n −→ < that verify the partial differential

equation (PDE)

g⊥(xr)f(xr) = g⊥(xr)[Jd(xr)−Rd(xr)]∇Hd (19)

The closed-loop system (13) takes the desired Port-Controlled Hamitonian (PCH) form

ẋr = [Jd(xr)−Rd(xr)]∇Hd (20)

with the control law ur as

ur =
[
gT (xr)g(xr)

]−1
gT (xr) {[Jd(xr)−Rd(xr)]∇Hd − f(xr)− d} (21)

where the desired Hamiltonian function Hd is first selected (a quadratic function in the error terms,

i.e. Hd = 1
2(Cṽ2

b+Cscṽ
2
sc)) and Jd(.) andRd(.) are free tuning matrices of the closed-loop dynamics.

This IDA-PBC procedure refers to the algebraic IDA-PBC technique in order to avoid the difficult

resolution of PDE (19) of the non-parameterized IDA-PBC technique (see [40] for more details).

The application of LaSalle’s theorem to Hd [41] proves the asymptotic stability of the closed-loop

system [40, 42]. The development of (21) leads to the following non-linear control law:

δẏ = −y + il/vb, δ > 0 (22)

i∗fc =
vb
vfc

(
yv∗b − γṽsc − r2

vsc
vb
C2
scṽsc + i∗d + (

vsc
vb
γ − r1C

2)ṽb

)
, γ > 0 (23)

i∗sc = −γ ṽb + r2C
2
scṽsc (24)
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with

Jd =

 0 J12

−J12 0

 , Rd =

 r1 0

0 r2

 , ∇Hd =

 C ṽb

Csc ṽsc


where J12 is set equal to − γ

CCsc
, γ > 0 (to simplify notations) and the current load il is filtered

by an estimation of admittance y [31]. Parameters γ and δ are positive tuning parameters of the

controller and the admittance estimator, respectively (see Table 1).

4. Advanced Power Management Strategy

4.1. Objective

The objective of the new controller is to define appropriate values of parameters r1 and r2 with

the equation used to calculate the controllable dissipative load i∗d (see (23)) in order to preserve the

stability of the whole closed-loop system while ensuring the limiting constraints of the components.

Compared to the proposition in [31] (see also [31] for a comparison with regular PI controllers)

r2 is possibly different from zero thus integrating the state-of-charge of the SCs directly in the

controller (see (24)).

4.2. Normal Operation

During normal operation of the FC and SCs, i.e., with less than the maximum values of currents

and voltages, the dissipative load current i∗d is equal to zero. In order to increase the lifetime of the

FC, it does not seem sensible that the FC current participates in the control of the DC bus voltage,

nor that we dissipate energy in the controllable load. Therefore, the term
(
vsc
vb
γ − r1C

2
)
ṽb in (23)

is set to zero, which leads to r1 equal to vsc γ
vbC2 . As for the control method proposed in [43], the DC

bus voltage is managed only by the SCs, so r2 is set equal to zero (see (24)).

4.3. SCs Voltage Limitation

In practice, the SCs voltage usually fluctuates within range [vscL, vscH ]. If the SCs voltage

exceeds these limits, constraints are added to limit the charge or discharge of the SCs depending

on the mode of operation. Fig. 3.a shows a specific saturation function that represents these

limitations [43].

This saturation is integrated directly into the controller to preserve the stability property of

the passivity controller as follows:
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Figure 3: Saturation functions of the reference current i∗sc and evolution of r2 according to the SCs voltage.

• When the SCs voltage is low (vscL < vsc < vscl), the discharge of the SCs is limited during a

discharge operation. r2 > 0 then has a linear relationship with ṽsc. From this, we also benefit

from an acceleration of the SCs charge when the system is operating in generation mode.

• When the SCs voltage is high (vsch < vsc < vscH), the charge is limited if the load is in

generating mode. r2 > 0 then has a linear relationship with ṽsc. It also follows that the

discharge is accelerated during a discharge operation.

• Otherwise (vscl ≤ vsc ≤ vsch), r2 is equal to zero, so that the controller operates as described

in Section 4.2.

Fig. 3.b shows the value of r2, which is always positive because Rd(x) is a positive semidefinite

symmetric matrix. The value of r2 is calculated so that Csc(CJ12 ṽb + r2Csc ṽsc) = 0, i.e., i∗sc = 0

when vsc = vscL or vsc = vscH . Implicitly, this does not allow vsc to be lower than vscL or greater

than vscH . It follows that:

• At vsc = vscL:

r2 = −CJ12 ṽb
Csc ṽsc

= − CJ12

Csc(vscL − v∗sc)
ṽb = −σL ṽb (25)

with

σL =
CJ12

Csc(vscL − v∗sc)
, σL > 0 (26)

• At vsc = vscH :

r2 = −CJ12 ṽb
Csc ṽsc

= − CJ12

Csc(vscH − v∗sc)
ṽb = σH ṽb (27)

with

σH = − CJ12

Csc(vscH − v∗sc)
, σH > 0 (28)

The different values of r2 can be summarized with several modes of operation as follows (see

Fig. 4):
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1. mode SCs 0: no limitation of SCs charge or discharge, i.e., vscl ≤ vsc ≤ vsch, so r2 = 0

2. if vsc < vscl:

(a) mode SCs 1: if ṽb < 0 then r2 = −σLṽb vscl−vscvscl−vscL in order to limit the discharge of the

SCs gradually as a function of the SCs voltage.

(b) mode SCs 2: if ṽb ≥ 0 then r2 = σLṽb
vscl−vsc
vscl−vscL in order to increase the charge of the SCs

compared to the previous control.

3. if vsc > vsch:

(a) mode SCs 3: if ṽb < 0 then r2 = −σH ṽb vsch−vsc
vsch−vscH in order to increase the discharge of

the SCs compared to the previous control, as well as to increase the convergence of vb

to v∗b .

(b) mode SCs 4: if ṽb ≥ 0 then r2 = σH ṽb
vsch−vsc
vsch−vscH in order to limit the charge of the SCs

gradually as a function of the SCs voltage.

The major theoretical results of the controller are as follows:

• In order to counteract the non-injection of current in the DC bus by the SCs when the SCs

voltage is lower than vscl, the FC current is naturally increased based on (23) with the new

term r2
vsc
vfc
C2
scṽsc, which consequently preserves the stability of the whole closed-loop system.

• Therefore, during modes SCs 0 to 4, the dissipative resistance load does not need to be

activated, which means i∗d = 0.

• As mentioned in Section 4.2, r1 is set to vsc γ
vbC2 , so that the FC does not control the DC bus

voltage.

• The new term r2 also integrates an implicit saturation function of the SCs current while

preserving the stability of the whole closed-loop system. This property was not guaranteed

with the controller in [31] and the a posteriori saturation function shown in Fig. 3.a.

• An additional benefit of the new term r2 is that it allows a boost charge or

discharge of the SCs when the required operating conditions are satisfied.

In summary, when there is no limitation (mode SCs 0), the control law is simplified with r2 = 0

(see Section 4.2). For the situation of SCs voltage limitation (mode SCs = 1, 2, 3 or 4) the control
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law is summarized as follows:

δẏ = −y + il/vb, δ > 0 (29)

i∗fc =
vb
vfc

(
yv∗b − γṽsc − r2

vsc
vb
C2
scṽsc

)
, γ > 0 (30)

i∗sc = −γ ṽb + r2C
2
scṽsc (31)

i∗d = 0 (32)

4.4. SCs Current Limitations

If the SCs reference current exceeds the maximum allowed current (−iscmax), it will be limited

at this value, which is called mode SCs 5. It follows that the dissipative load needs to be activated.

The operation of the dissipative load is detailed in Section 4.6.

If the SCs current exceeds the maximum allowed current iscmax , it follows that the DC bus

voltage falls. In such a case, the sizing of the system would need to be changed. However, it is

possible to use the last term of (23) to take into account ṽb in the FC current equation. For that,

r1 is equal to µ vsc γ
vbC2 , with µ > 1, which leads to:

i∗fc =
vb
vfc

(
yv∗b − γṽsc − r2

vsc
vb
C2
scṽsc +

vsc
vb
γ(1− µ)ṽb

)
(33)

with i∗d = 0, that is called mode SCs 6. This option is not recommended because it can possibly

lead to fast variation of the FC current which in turn further degrades the FC remaining lifetime.

4.5. FC Current Limitations

If the FC reference current exceeds the maximum (ifcmax), a flag mode FC is set to 7, where

the FC current is limited at its maximum value. The mode FC 8 is used when the FC current is

saturated at 0 (i∗fc = 0). The dissipative load is activated according to (23), which is detailed in

the next subsection.

4.6. Dissipative Load Operation

According to Sections 4.4 and 4.5, the dissipative load is activated when the current of the SCs

or the FC is limited by its lower value (i.e., mode SCs = 5 or mode FC = 8). The dissipative load

is expected to consume the extra energy. From (23), setting r1 equal to µ vsc γ
vbC2 , we have:

i∗d =
vfc
vb
i∗fc − yv∗b + γṽsc + r2

vsc
vb
C2
scṽsc +

vsc
vb
γ(µ− 1)ṽb (34)
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The value of i∗fc and µ depends on the mode of SCs and FC. Three different situations are detailed

as follows:

1. mode SCs = 5 and mode FC 6= 8:

In this situation, since the FC power decreases slower than the load power, the SCs have

to absorb power to stabilize the DC bus voltage. However, the SCs current is limited at its

maximum value (−iscmax) when it exceeds this value. Here, i∗fc is represented by (30), which

leads to:

i∗d =
vsc
vb
γ(µ− 1)ṽb (35)

Since the SCs are not capable of stabilizing the DC bus voltage in this case, the dissipative

load has to take over the role of SCs. A good choice for µ is 1+ i∗∗sc−i∗sc
γṽb

where i∗∗sc is the output

of the saturation function of the SCs current, i.e., i∗∗sc = −iscmax . We then have:

i∗d =
vsc
vb

(i∗∗sc − i∗sc) (36)

Reference current i∗d represents the SCs current that could not be absorbed seen from the

DC bus.

2. mode SCs 6= 5 and mode FC = 8: In this situation, i∗fc is set to 0, so only SCs, the dissipative

load and the load in a generative mode are operating. Considering the energy efficiency, it

seems natural to absorb all the load current by the SCs. Moreover, it is clear that if the

dissipative load is set to zero, it is impossible to control the DC bus and SCs voltages at the

same time. Therefore, in such case, two options appear:

• vsc ≤ vsch: Here r2 is equal to zero and it can be shown that (31) leads to a steady state

error in the DC bus voltage equal to ṽb = − vbil
γvsc

.

To counteract this issue, an integral term can be added without deteriorating the pas-

sivity properties [44] and leads to:

i∗sc = −γṽb − xc with ẋc = −kiṽb (37)

• vsc > vsch: Although the SCs are still able to recharge from the DC bus, the extra

energy from the load needs to be dissipated. In such circumtances, it is impossible to

control at the same time the DC bus and SCs voltages. By setting i∗fc = 0 in (30), we

have:

i∗d = −yv∗b + γṽsc + r2
vsc
vb
C2
scṽsc +

vsc
vb
γ(µ− 1)ṽb (38)
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Therefore, the term
(
γṽsc + vsc

vb
γ(µ− 1)ṽb

)
is set to zero, which leads to µ equal to(

1− vbṽsc
vscṽb

)
. Then i∗d is:

i∗d = −yv∗b + r2
vsc
vb
C2
scṽsc (39)

3. mode SCs = 5 and mode FC = 8: In this situation, both the SCs and FC currents are limited,

i.e., i∗∗sc = −iscmax , i∗fc = 0, and r2 = 0. Based on (34) and the previous method, we set µ

equal to to
(

1 + i∗∗sc−i∗sc
γṽb

− vbṽsc
vscṽb

)
, which leads to:

i∗d = −yv∗b +
vsc
vb

(i∗∗sc − i∗sc) (40)

In summary, the effect of this dissipation strategy is to keep the DC bus voltage close to its

reference level. While this impacts the energy efficiency, it guarantees the system stability, which

is the main concern of short-term control.

Finally, all the detailed cases are summarized in Fig. 4.

5. Aging-Tolerant Control of PEMFC

As mentioned earlier, the FC performance tends to decrease over time, due to mechanical and

electrochemical degradations. These phenomena reduce the FC’s capacity for generating electric

power (see Fig. 1). If the controller does not consider the aging of the FC, overload may happen

and unstable behavior can be observed. For instance, when the FC SoH is 0.5, the FC maximum

current is decreased by a factor of two (see Fig. 1). However, if this change inside the FC system is

not considered, the top limit of the current saturation is still equal to 1500 A. If the load demand

is high, then overload may occur and the control could diverge. Therefore, the estimation of the

FC SoH should not be neglected and PHM of FCs is necessary. In this section, an aging-tolerant

control of PEMFC is thus proposed, where the estimation of the SoH is realized by an EKF.

5.1. State-of-Health Estimation

An EKF is applied in this research to estimate the global SoH αk and the speed of degradation

βk at instant k, as shown in Fig. 2. If the speed of degradation βk is assumed constant between

two successive discrete time steps, the SoH is linearly increasing, i.e., α(t) = βt+ α(0) and α[k] =

α[k−1]+β[k−1]Ts. To handle changes in the speed of degradation, some slight random variations
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Figure 4: Flowchart of the proposed controller

of the speed of degradation must be allowed. This hypothesis leads to the two-dimensional discrete-

time state space model [33, 34]:

xk|k−1 = Axk−1|k−1 +

 0

1

wk−1 (41)
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with

A =

 1 Ts

0 1

 (42)

yk = g(xk|k−1, uk) + vk (43)

where the state vector of the system is xk = [αk βk]
T , uk represents the vector of the current and

temperature inputs, yk is the output voltage, Ts is the sampling period fixed at 1 s and wk and vk

are the noise of process and observation assumed to be Gaussian with zero mean.

SoH αk is set equal to zero at the beginning (i.e., no degradation), and increases to αmax = 0.3

at the considered End of Life (EoL) of the FC [33, 34], representing a reduction of around 10% of

the nominal power of the FC at 0.5 A/cm2. At that time, the FC could continue to operate and

the control can indicate that a maintenance is mandatory.

This threshold value αmax depends on the type of FC, and is either specified by the FC designer

or by governmental rules. The US DOE target for 2020 is 5000 h of durability with cycling, with

less than 10% of reduction of the nominal power at 1− 1, 5 A/cm2 [45]. Based on this considered

value (10%) and the nominal current density, the value of αmax can be defined.

Since the voltage drop ∆V is not physically measurable and is caused by the concentration

losses, activation losses and ohmic losses, the state vector is estimated from the stack voltage vfc.

Based on (1), g(xk, uk) is expressed in discrete form as follows at time t = kTs:

g(xk|k−1, uk) =n
(
E0 −AT ln

(jk
j0

)
−R0(1 + αk|k−1)jk

−BT ln
(

1− jk
jL0(1− αk|k−1)

)) (44)

The EKF steps are then as follows:

- Initialization:

x0|0 = E[x(t0)], P0|0 = V ar[x(t0)]

- Prediction:

xk|k−1 = Axk−1|k−1, Pk|k−1 = APk−1|k−1A
T +Q

- Correction:

Kk = Pk|k−1H
T
k (HkPk|k−1H

T
k +R)−1
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with Hk = ∂g(xk,uk)
∂xk

Pk|k = Pk|k−1 −KkHkPk|k−1

xk|k = xk|k−1 +Kk(Vstk − g(xk|k−1, uk))

5.2. Maximum Power Point (MPP) of the FC

The FC SoH αk|k and its derivative are estimated in real-time using (44). Then, the FC power

can be expressed as a function of the load current so that the maximal power of the FC can be

determined at each instant. Based on the simulation results using (44), it can be noted that the

influence of the temperature is negligible. Therefore, the maximum current of the FC can be

calculated by function ifcmax
[k] = f(αk|k), which describes the relationship between the SoH αk|k

and the maximum current. The function is fitted for an average FC temperature of 80◦C as follows:

ifcmax
[k] = −1452.8αk|k + 1516 (45)

The aging-tolerant control is realized based on the EKF associated with the MPP algorithm

and a dynamic saturation function of the FC reference current, as shown in Fig. 2.

6. Algorithm validation and discussion

6.1. Simulation with a Modified NEDC Driving Cycle

The proposed system is tested via a simulation of the vehicle and the electrical components

taken from [10] and [46]. Table 1 lists the parameter values used in the simulation.

The selected New European Driving Cycle (NEDC) is assumed to represent the typical usage

of a car in Europe. Since the NEDC original cycle is not capable of meeting every case of limitation

to test the correct operation of the proposed controller, a modified NEDC driving cycle is applied

with the simulation. Here, the driving cycle includes four NEDC cycles during the first 80 s. One

of these cycles is modified (between 40 s to 60 s) while the rest of the curve is unchanged, as shown

in Fig. 5.a.

As the dynamics of power management and FC degradation are very different (degradation is

typically observed over hundreds of hours), in this scenario, FC aging is artificially accelerated from

60 s to 100 s. The saturation of the FC current is updated dynamically based on the estimation
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Figure 5: Simulation with a modified NEDC driving cycle

of the SoH shown in Fig. 5.b. We can notice that when the FC current is nil (or low in practical

applications), the estimated parameters are not updated because the system is unobservable (60 s

to 70 s). In order to protect the FC system, the saturation of the FC current is set to 80% of the

MPP current (see Fig. 5.f).

Due to the term (−γ ṽb(t)) in the control law of SCs reference current (see (24)) which represents

the interconnections between elements, the FC supplies the energy at steady state while the SCs

respond quickly during load power transients to stabilize the DC bus voltage (Fig. 5.c). The FC

therefore has a smooth response, which increases its lifetime.

From 45 s to 50 s, the FC current is limited by the saturation function and the SCs supply

the rest of the energy. This shows that when the power demanded by the load is greater than

the maximum power of the FC, the FC power should be limited in order to protect the FC from

overload and also ensure the whole controller stability. Without such algorithm, the system would

not operate correctly.

The voltage of the SCs is limited between 119 V and 128 V, and vscl and vsch are fixed at

118 V and 127 V. The SCs current is limited to 500 A for the first 60 seconds and then to 50 A,

respectively, for the purpose of the test. At 50s, due to parameter r2 in the control law, modes 1
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Figure 6: Hardware-in-the-loop scheme

and 2 are engaged when the SCs voltage is too low. This results in the limited drop in the DC bus

voltage. After that, the vehicle speed decreases to zero, and it follows that the FC stops generating

and SCs are charging from around 50 s to 55 s. Then, the SCs current goes to zero when the SCs

voltage exceeds the limitation (mode 4) at around 55 s. There is also the limitation of SCs charging

current (mode 5) at 75 s, 90 s and 98 s, as well as the limitation of the discharging current (mode

6) around 110 s. When the SCs charging current is limited (mode 5), or when the FC current is

limited to zero (mode 8), the dissipating resistive load is activated to consume the extra energy

and protect the system (see Fig. 5.j), according to (39).

6.2. Hardware-In-the-Loop Results

To further validate the real-time operation of the proposed passivity-based control and prog-

nostic algorithm, an implementation and experiment was conducted using a HIL platform where

the variation of the parameters of the FC model to emulate the aging is obtained from experi-

mental data, as described in Section 2.1. The equipment under test is a control board based on

a DE1 SoC INTEL/ALTERA FPGA board, where the algorithms are implemented in a NIOS II

microcontroller.

Fig. 6 shows the structure of the HIL platform based on two equipments: 1) dSPACE boards

to emulate the hybrid system and communicate with the controller, and 2) a DE1 SoC board for

the implementation of the controller and EKF algorithms.

The DS1006 dSPACE board computes (1), (2), (3) and (4) every 50µs via a Runge-Kutta

algorithm. The designer can modify the load profile, FC temperature and speed of degradation

(β(t)) of the FC. All the data necessary for the control and SoH estimation is sent to the ALTERA

board with 32-bit serial ports (in 32Q14 format, i.e., 14 fractional bits) to emulate CAN converters.

The data encoders are implemented in a VHDL black box from XSG (Xilinx System Generator).

The 3 Pulse Width Modulation (PWM) signals generated by the ALTERA FPGA are decoded in
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Figure 7: HIL scheme: 1) computation time of Timer 0, 2) computation time of Timer1, 3) FC PWM, 4) SCs PWM

the DS5203 dSPACE board to retrieve the duty cycle of the 3 converters.

The DE1 SoC ALTERA FPGA board is composed of 3 blocks: 3 PWMs, 6 data decoders and

a NIOS II microcontroller. The algorithms are executed in 3 Interrupt Service Routines (ISR),

based on 3 timers configured with a sampling time equal to 50µs for the current loops and PWMs,

500µs for the energy management, and 1 s for the EKF algorithm. Timer 0 for the current loop

control uses a timeout pulse of one clock cycle in order to reset the PWM counter and therefore

synchronize the ISR and PWM signals.

The 3 ISRs for the current loops, energy management, and EKF algorithm use vectorized

interrupts. The computation times are respectively equal to 7.20µs, 9.84µs and 117µs, as shown

in Fig. 7.

The implementation of the proposed IDA-PBC does not introduce additional difficulty com-

pared to regular controllers [31]. The only requirement is that the sampling time of the outer loop

must be less than 5 ms [32]. That is the reason why a value equal to 500µs is selected for energy

management.

The sampling time of the EKF is fixed at 1 s for the purpose of the validation of all the

algorithms in real-time. In a real context, a sampling time equal to 1 h seems sufficient in order to

capture the evolution of FC degradation.

Fig. 8 shows the main data computed in the emulated system with the same scenario as in Fig.

5, where the aging speed of the FC is excessively increased for obvious practical reasons. Firstly, we

can notice that the HIL results are similar to the ones in the Matlab/Simulink simulation. Secondly,

we can observe in Fig. 8 that the FC current is well controlled by the NIOS II microcontroller and
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does not exceed the maximum current fixed at 80% of the limit FC current. It means that the

speed of degradation and the SoH of the emulated system are well estimated by the EKF algorithm

computed in the NIOS II microcontroller, which guarantees that the maximum FC current follows

(45).
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Figure 8: Hardware-in-the-loop platform results

6.3. Discussion

Firstly, Fig. 1 show that the FC power and maximum FC current are time dependent and that

the aging of the FC is dependent on the industrial application. The lifespan of a PEMFC is still

rather limited nowadays, with 2,500 hours on average under transportation operating conditions,

which is inferior to the prerequisites from [45, 47]. As a consequence, PHM of FCs is mandatory

for industrial applications.

PHM enables the planning of preventive maintenance at the right time, which can reduce

costs due to irreversible damage. In other words, PHM can extend the life of such electrochemical

converters using corrective actions, as proposed in this paper. This approach is therefore mandatory

for the development of future FC vehicles.

Secondly, the decrease of FC maximum power over time directly impacts the power that the SCs

need to provide, thereby reducing the closed-loop power management performance. It follows that
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the design of the components needs to be made for long-term usage of the system. Consequently,

the power management system needs to be evaluated with simulation and/or a hardware-in-the-

loop platform during operating conditions where the FC is new and used before going to real

experimental tests.

7. Conclusion

In this paper, an advanced controller was designed to manage power and energy between

a hydrogen FC and SCs. The proposed passivity-based controller integrates some component

constraints directly into the controller equations. In addition, an aging-tolerant control of the

FC was also proposed and realized using an EKF. Simulation results showed that the controller

proposed in this work ensures the integrity and an efficient exploitation of the components while

preserving the locally asymptotic stability of the whole closed-loop system, and also protecting

the system from overload. Finally, all the proposed algorithms were implemented in a soft-core

NIOS II microcontroller in order to validate their operation in a real-time context before real

experimentation tests.
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Fuel cell parameters

FC current ifc [A]

FC voltage vfc [V]

FC current density jfc [A/cm2]

FC temperature Tfc [K]

Number of cells n 53

Maximum FC voltage E0 57.50

Activation surface S 220 cm2

Global resistance R 0.001 [Ω]

Activation constant A 0.6× 10−4

Concentration constant B −1.5× 10−4

Exchange current density j0 9.4174× 10−4 [A/cm2]

Limiting current density jL 1 [A/cm2]

Number of FC packs in series Nfcs 2

Number of FC packs in parallel Nfcp 8

Vehicle parameters

Vehicle velocity Vvehicle [m/s]

Transmission efficiency ηtraction 0.95

Vehicle weight (without passengers) Mvehicle 1820 [kg]

Front surface Svehicle 3.664 [m2]

Gravitational acceleration g 9.8 [m/s]

Aerodynamic drag coefficient Cx 3.664

Air density ρ 1.225 [kg/m3]

Hybrid system parameters

DC bus voltage vb [V]

SCs voltage vsc [V]

SCs current isc [A]

Load current il [A]

Controllable load current i∗d [A]

DC bus capacity C 9× 10−3 [F]

SCs capacity Csc 63 [F]

FC inductance Lfc 200 [mH]

SCs inductance Lsc 200 [mH]

Controller parameters

γ 10

δ 2

IP controller proportional gain 0.384

IP controller integral gain 184.32

Current sampling time 50 [µs]

Voltage sampling time 500 [µs]

EKF parameters

State of health α(t)

Speed of degradation β(t)

EKF sampling time Ts 1 [s]

R 10−3

Covariance matrix Q diag(0, 3×10−6)

Initial matrix P [0|0] diag(0, 0)

Table 1: Nomenclature and system parameters.
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