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Abstract— Fuel Cells (FCs) are a good alternative for using
clean energy in most of residential and industrial applications.
Therefore, their slow dynamics and difficulty to respond to the
abrupt changes of load leads to the preference or the adoption
of the FC’s association with one or more power sources of high
dynamics, such as supercapacitors (SCs) or batteries. This
paper presents the study of a hybrid power sources system
using FC as a main source, a DC link and supercapacitor as an
auxiliary power source as well. The whole system is modelled in
state space equations. The energy management is reached by
using passivity-Based Control (PBC). PBC is a very powerful
nonlinear technique dealing with important system information
like the system’s total energy. A Fuzzy Logic System (FLS) is
used in this work to estimate the immeasurable desired
supercapacitor current which is necessary for controlling the
studied system by PBC. Stability proof and simulation results
are given.

Index Terms—Fuel cell, Supercapacitor, Passivity Based
Control, Interconnection and damping assignment, Port
Controlled Hamiltonian System, Fuzzy Logic System, Hybrid
System.

I. INTRODUCTION

The fuel cells advantages such as high efficiency, self-
contained unit, modularity capability, being clean make them
attractive to be used as autonomous DC power supplies in
some applications. However, their slow dynamics (mainly
due to their auxiliaries) and difficulty to cold start leads to
prefer the association of a fuel cell with one or more power
sources of high dynamics, such as supercapacitors or
batteries [1].

This work displays a design of a hybrid DC power source
using a Proton Exchange Membrane FC (PEMFC) as a main
energy source and supercapacitor as auxiliary storage device
[2-4]. Our interest is to control the system in such a way to
converge to its desired equilibrium points. That means that,
using our command, the controller is able to decide, at each
moment and according to the load power demand, which
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source has to supply or absorb the energy and eventually
define the ratio of using of different sources in the same time.
This goal is achieved by the choice of the adequate scenarios
defining the giving system equilibriums which are function of
the power/energy flow.

Recently, a feedback control methodology has been
developed which is aimed at modifying the closed loop
energy dissipation and potential energy properties of
nonlinear systems. This approach, passivity-based controllers
design, has been successfully used in the control of Euler-
Lagrange systems, such as robotic manipulators and electro-
mechanical energy conversion devices [5].

Fuzzy logic systems (FLSs) have been credited in control
system and applications as powerful tools capable of
providing robust controllers for mathematically ill-defined
systems that may be subjected to structured and unstructured
uncertainties. The universal approximation has been another
main driving force behind the increasing popularity of fuzzy
logic controllers as it shows that fuzzy systems are
theoretically capable of uniformly approximating any
continuous real function to any degree of accuracy [6, 7].
FLS is much closer in spirit to human thinking and natural
language [6], and preferred by control engineering
practitioners. In this paper, FLS is only used to estimate the
supercapacitor current /gc which is employed to specify
design requirements in PBC. This last, is able to cope with
this unreliability, uncertainty and lack of information, this is
the reason of their success in many works as in [8-10].

II. PASSIVITY BASED CONTROL OF THE SYSTEM

A. Port Controlled Hamiltonian System

PCH systems were introduced by Van der Schaft and
Maschke in the early nineties and had ever since drawn much
attention in electrical, mechanical and electromechanical
systems. Some of the advantages of expressing systems in the
PCH form are the fact that they cover a large set of physical
systems and capture important structural properties [4].
Consider the nonlinear system given by:

x=f(x) +g@u (M

where x € R" is the state vector, f(x) and g(x) are locally
Lipschitz functions and u € R" is the control input. A PCH
form of the system (1) is given by:

X =[3-R|VH; + g(x)u )
B. Structure of the Hybrid Power Source

The proposed hybrid power source include a DC link
supplied by a FC and a unidirectional DC-DC converter
which maintains the DC voltage Vp; to its reference value V7,
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and a storage device based on supercapacitor, which is
connected to the DC link through a current bidirectional DC-
DC converter, As shown in Fig. 1 [11, 12].

The role of the FC is to supply the mean energy to the
load [1, 4], whereas the storage device (as an auxiliary
source) is used to supply the load in the transient and steady
state.

'l
e
wm—— v | %Ll.

Structure of the hybrid source.

Figure 1.

1) Equations of the System: The energy management of
this system needs to manage the energy used in the whole
vehicle cycle. Hence, only the continuous main model of the
different converters will be used. The overall model of the
hybrid system is written in a state space model by choosing
the following state space vector:

x = [xq,%2, X3, Xg, xs]T = [IFCrVDL:VSCrISC:IL]T 3)

Let’s have Ugc the control of the FC boost converter and
Usc the control of the supercapacitor buck-boost converter.
Then the control vector is:

u= [Hpﬂz]T =[(1—=Upe), (1 - Usc)]T 4)

The fifth order overall state space model is then:

d;—:c = i [—11VpL + Vicl

dZ?L = i (1 lrc + palse + 1]

T = s 5)
d:% = i [—#2Vp + Vsc]

%L = i[VDL — R, I, + E;]

with  Vpe = Vpc(x1), PEMFC static model is given as
follows [13]:

Vec = Ey — A.log (?) — {Rm(ipc — in) +
B.log (1 - =) (6)

lLim
Hence Vi = f(ipc). E is the reversible no loss voltage
of the fuel cell, E is the measured open circuit voltage, iz is
the delivered current, i, is the exchange current, 4 is the
slope of the Tafel line, i;;,, is the limiting current, B is the
constant in the mass transfer, i,, is the internal current and R,
is the membrane and contact resistances.

In the sequel, Vi will be considered as a measured
disturbance, and from physical consideration, it comes that
Vic € [0,V,4], where V,; is the desired DC bus voltage.
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2) Equilibrium: The equilibrium state space vector is:
X = [x_lix_Z’x_Bﬂx_4!x_5]T (7)
At the equilibrium, the system of equations (5) becomes:

1.
X = —[—f1%; + Vil

Lrc
- 1 - _ _ o _
Xy = — [, + [, — Xs]
CpL
- 1 _
1% = [Tl (8)
- 1 R _
Xy = — [~ %, + %3]
Lsc
= 1 j— —_
(Xs = —[X — Ry %s + Ey]
L

After simple calculations, the equilibrium is defined as:
i = = V4-E
X = [IFCIVd!VSCIISC'%]T )

The Fig. 2 shows the global structure of our system where
the FC and SC supply the load and recover energy to charge
the storage device (SC). Hence, the desired supercapacitor
current Ig is determined by fuzzy logic system as function of
supercapacitor state of charge SoC and hydrogen quantity
OH,.

From the system (8), the equilibrium values of the control
signals are calculated:

=5 Ve = Leciy) (10)
fy = Vid (%3 — Lsc¥s) (11)
where

= [, E]" = [ = Upc), (1 = Us)]" (12)
and

X3 = _éf@"'vsco (13)
where Voo = Vsc(t = 0) = 12V.

The natural energy function of the system is:

H= %xTQx (14)

where Q = diag{Lpc;Cpy; Csc; Lsc; L} is a diagonal
matrix.

C. Problem Formulation

The main purpose of this work is the control of the hybrid
source by PBC where the equilibrium points are computed as
function of the desired supercapacitor current. The second
aim is to determine the desired supercapacitor current by the
fuzzy logic estimator FLE as function of supecapacitor state
of charge SoC and the hydrogen quantity QH, in order to
ensure the desired behaviour of the system. In the transient
and steady state the load has to be supplied by the FC and SC
sources according the desired supercapacitor current value.
So the controller has to maintain the DC bus voltage to
constant value and the SC current has to track its reference.
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Figure 2. Global structure of the control system.

D. Port Controlled Hamiltonian Representation of the System

In the following, a closed loop PCH representation is
given. The desired closed loop energy function is:

H, =1%TQx

N | =
=N

(15)

Where ¥ = x — X is the new state space defining the error
between the state x and its equilibrium value X.

. 1
X1 = — [~ %y + (A1 —U1)X;]
Lrc
2 1 = &~ o 11 )X- (1) X,
2= Cor (11 %y + pa%y — Xs + (11 — @1) %2 + (2 — [12)%4]
~ 1 v
X3 = E [—%4]
2 1 3 & 7. X
Xy = 7= ¥y + X3 + (fla—p2)%]
Lsc
2 1 ~ =
X5 = L_L[xz - RLxS]

(16)

The error dynamic (16) as function of the gradient of the
desired energy (15) and can be written as:

X =[3I() —R|VH, + A (17)
with
VHyq = [LpcXy; CpXo; CscX3; LscXas LLfs]T (18)
and
[S(w) —R] =
0o -2 0 0 0
CpLLFc
H1 0 0 U2 1
CpLLFc CpLLsc CpLLL
1
0 0 0 h CscLsc (19)
J— L 0 0
CprLLsc Csclsc
0 ! 0 _R
CpLLy, Ly
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;16 [(f —p1) %]
c_ll)L [ — @)%, + (U — 1) %]
0
i [(A—uz)x,]
0

Where J(uq, tz) = =37 (g, 11z) is a skew symmetric
matrix defining the interconnection between the state space
and R = RT > 0 is symmetric positive semi-definite matrix
defining the damping of the system.

(20)

The following control laws are proposed [4], to introduce
a parameter 7 in the damping matrix of the system:

{UFC = ch ) @1
Usc = Uge — 1%,y
with r is a positive design parameter.
E. Stability Proof
Using the control laws (12), (21)
¥=[3(W)—RNWH; + A (22)
where
[S(w) —R'] =
0o = 0 0 0
CpLLFc
H1 0 0 Uz 1
CpLLFc CpLLsc CpLLL
1
0 0 0 - CscLsc 23)
0 _ U2 1 _ﬂ 0
CpLLsc Csclsc L3¢
1 Ry,
0 0 0 -
CpLLp Ly
and
R’ = diag {0; 0; O;TZE;R—ZL} =R (24)
Lsc Ly
[ 0 1 0 0 O 0 0
réc4x4 [0 0 0 - rx:sc 0]
;| oL | _ DL
A—lol—ooo 0 0|VHa
l 0 J 0 0 O 0 0
0 0 0 O 0 0
A' = FVH, (25)
0 0 O 0 07
000 ——= 0
CpLLsc
0 0 O 0 0
[R'—F] = 26
000 Z¢ 9 (26)
Lsc
000 0o &
3]

The derivative of the desired energy function (15) along
the trajectories of (22) is non positive if and only if the
following matrix is non negative definite. [R" — F] > 0 [14].

Proof:
¥ =[3(u) —R'1WH, + FVH; = I(u)VH,; — [R' — F]VH,
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Hy = VHIX = VHISVH, — VHE[R' — F]VH,
Hy, =VHI[F —R']VH; <0

[F —R'] is negative semi-definite if and only if all
eigenvalues of [F — R'] are negative.

Mathematically, the eigenvalues of triangular matrices are
the diagonal elements. In our case, [F — R'] is an upper
triangular matrix so its eigenvalues are:

TV, R
{0; 0;0; — = ——
LSC LL

Then the eigenvalues of [F — R’'] are negative since r,
V4, Lsc, Ry and L; are positive constants.

Hence, the derivative of the desired energy function (15)
along the trajectories of (22) and the proposed control (21) is
negative semi definite. Consequently, the origin of the closed
loop dynamics (22) is stable.

III. Fuzzy LOGIC SYSTEM

A FLS needs to define both input and output membership
functions, fuzzication method, scaling factor values, type of
membership, rules, rule processing (Mamdani, Sugeno),
inference mechanism, t-norms, s-norms and defuzzication
method. A typical block diagram of a fuzzy control system is
detailed in [15].

A. Fuzzy Logic Estimator

The estimate function which is developed in the fuzzy
logic rule base system is shown in table II. The fuzzy logic
estimator input parameters are the supercapacitor state of
charge (SoC) and the remaining quantity of H, (QH,), the
fuzzy output is the desired supercapacitor current Ig-.The
dynamic behavior of the input parameters is represented by
the fuzzy logic membership functions.

1) Fuzzification Interface: In multi inputs and single
output Mamdani type fuzzy inference system, the
supercarpacitor SoC, is categorized into three different status
called SoC(Low), SoC(Avg) and SoC(High). Similarly, the
(QH,) is assigned into three regions QH,(Low), QH,(Avg)
and QH,(High). The non-fuzzy input space is mapped into
the fuzzy set U € R". Where U is the fuzzy set characterized
by membership functions u(SoC) and u(QH,).

2) Rule Base System: The fuzzy rule base is a set of
linguistic rules defined with IF-THEN conditions. The rule
base which has the M number of rules ( j = 1,2, ....M) is
shown in (27) [16].

RI:IF x, is Al and x, is is A and ...x, is is A,
THEN zis B/ 27)

xi(i = 1, 2, ..., n) are the fuzzy system input parameters
and the fuzzy output variables is denoted as z. The
membership functions p_ j(x;) and u_ j(x;) are

soc; QHa]

represented as the input linguistic term A{ . Bij is the linguistic
term for thefuzzy output. Equation (28) shows the first rule
assigned for the rule base system shown in TABLE II.
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RY:IF x, is Ksoc(Low) ANd X3 IS Uom, (Low)

THEN Iy is 0 (28)

If the supercapacitor SoC and the quantity of H, are in
low modes, then current of supercapacitor equals 0 mode. At
this stage only the FC supplies the load.

R*:IF X1 is Hsoc(avg) and X2 is HQH,(Low)

THEN I is PosB! (29)

At this stage the FC and SC simultaneously supply the
load.

R7:1F X1 IS Usoc(Low) ANA X, IS Uom, (High)

THEN Iy is NegB? (30)

At this stage the FC supplies the load and charges the
supercapacitor.

3) Fuzzy Inference Machine: The fuzzy inference
machine is a decision making logic which converts the fuzzy
rule base into the fuzzy outputs. The fuzzy output Iy, is
decided by the rules assigned for SoC and OH,.

4) Defuzzification Interface: In defuzzification interface,
the fuzzy output value in the fuzzy inference machine is
converted into a non fuzzy output value. The actual value of
the desired supercapacitor current Iy is obtained by centroid
defuzzification method.

IV. SIMULATION RESULTS OF THE HYBRID SOURCE

The different simulation parameters are shown in TABLE
I. The supercapacitive power peak unit is obtained by a series
association of six supercapacitors 3500 F. The rated voltage
of these components is 2.5 V. The initial value of the
supercapacitive power peak voltage is /2 V. A reference
voltage that the DC link voltage must follow it is imposed.
Fig.3 presents the system response to changes in the DC bus
voltage reference V,;, and load current I;. The DC bus voltage
tracks well the reference, a very low overshoot and no steady
state error are observed. Figs. 4 and 5 show the fuel cell Vg,
Izc and the supercapacitor Vg, I5- responses successively.
When the hydrogen quantity is decreasing, the supercapacitor
supplies with the fuel cell power to the load in transient and
steady state, if it is charged, by cons in the work [4], the SC
supplies the load just in transient. The SC current I tracks
well its reference which is considered as the steady state of
Is¢ in PBC. Fig. 6 presents the network boost controller, the
supercapacitor bidirectional converter controller. Up- and
Ugc are in the set [0,1]. Fig. 7 shows the variations of QH,
and SoC according to the FC and SC powers provided to the
load. At 5s the load resistance makes change at /5 Q as
shown in Fig. 8. Fig. 9 shows the powers transfer of the
system and the sum of the SC and FC powers given to the
load power.

! PosB: Positive Big
% NegB: Negative Big
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TABLE I. THE DIFFERENT SIMULATION PARAMETERS
Initialization, RLE load and controller parameters
Vse(V) VpL(V) Ry () | Ly(mH) EW) r
12, att=0s 42 10 10 20 0.01
TABLE II. THE RULE BASE SYSTEM
SoC(Low) SoC(Avg) SoC(High)
OH(Low) 0 PosB PosB
QH>(Avg) Neg Pos Pos
OH,(High) NegB 0 0
@) 45 \
% ol e v
>° 40 \
- g ' |
>E 35 Voo
_____ vy
30
0 1 2 3 4 5 6 7
t(s)
® *
3 V- /
/ \ J
@ 2 AN
1
0
0 1 2 3 4 5 6 7
t(s)
Figure 3.  (a) DC Link voltage and its reference. (b) Load current
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Figure 4. (a) FC Voltage. (b) FC current.
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Figure 5.  (a) SC Voltage. (b) Reference and SC currents.
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Figure 6.  (a) FC boost control. (b) SC converter control.
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V. CONCLUSION

In this paper, a modelling and the control principles of a
DC hybrid sources system, composed of a FC and a SC
sources, have been presented. This system uses the fuel cell
as mean power source and the supercapacitor as auxiliary
power source which supplies the load in transient and steady
state as function of SoC and QH,. PCH structure of the
overall system is given exhibiting important physical
properties in terms of variable interconnection and damping
of the system. The problem of the DC Bus Voltage control is
solved using simple linear controllers based on an IDA-PBC
approach. An intelligent Fuzzy Logic Estimation is adopted
to determine the desired supercapacitor current used in PBC.
Global Stability proofs are given and encouraging simulation
results have been obtained. Many advantages can be expected
from the proposed structure such that supplying the power
peaks in the transient and the steady state by using SCs.
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Many advantages follow from the energy storage principle in
electric double layer supercapacitors technology.
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