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Adaptive passivity-based control of PEM fuel cell/battery hybrid

power source

Abstract. In this paper, a DC hybrid power source composed of PEM fuel cell as main source, Li-ion battery storage as transient power source and
their power electronic interfacing is modelled based on Euler-Lagrange framework. Subsequently, Adaptive Passivity Based Controllers are
synthesized using the energy shaping and damping injection techniques. In addition, the power management system is designed in order to manage
power flow between components. The results show that the outputs of hybrid system have good tracking response, low overshoot, short settling time

and zero steady-state error.

Streszczenie. Przedstawiono hybrydowy zrédto DC skfadajgce sie z ogniwa paliwowego typu PEM, baterii litowej i uktadu elektronicznego.
Przeprowadzono synteze adaptacyjnego pasywnego sterownika przy wykorzystaniu techniki ksztattowania energii i tumionego wtrysku. Dodatkowo
kontroluje sie przeptyw mocy miedzy komponentami. Otrzymano uktad hybrydowy z dobrym $ledzeniem obcigzenia, matym przeregulowaniem i
krétkim czasem ustalania. (Adaptacyjny, bierny sterownik dla hybrydowego Zrédta mocy)
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l. Introduction

Distributed Generation (DG) has the advantages of low
investment, low pollution, high efficiency, and high
reliability. Fuel cells (FCs) are mostly being used due to
some merits compared to the other types of DG sources [1].
However, one main disadvantage of fuel cell is its slow
dynamics [2]. Hence, hybrid power sources are introduced
to make the best use of its advantage and elimination of the
aforementioned disadvantage [3-5]. Batteries are a
secondary source which can supply power under transient
conditions [6].

Fuel cells act as converters which convert the chemical
energy into electrical energy [7]. Proton Exchange
Membrance (PEM) fuel cell is a prime candidate for hybrid
systems, because it has higher power density and lower
operating temperature than the other types of FC systems
[8].

Power electronic converters have a significant role in the
hybrid systems [9]. These are interface between DG
sources and other parts of hybrid system [7, 10]. Recently,
some of researchers have concerned on control of hybrid
power sources [11-13]. The methods of controller design
classifies into two categories: linear and nonlinear. The
linear methods performed relying on locally linearized
models. Hence, their performance will not remain the same
under any changes on equilibrium points. The PI controller
is a main linear controller which is being used in DG
applications [14-16]. The dynamic equations of the power
electronic converters have a nonlinear nature due to the
multiplications of the state variables by the control inputs
[17,18]. Therefore, the nonlinear methods such as robust
[19], feedback linearization [20], sliding mode [21], and
passivity-based control [22,23] are used for control of
converters. In particular, a passivity-based control method
has taken into consideration in various industrial
applications.

The Passivity-Based Control (PBC) was introduced, by
Ortega et al.,, as a controller design methodology which
achieves stabilization by passivation [24]. Two theories for
PBC were developed which are: Euler-Lagrange (EL)-PBC
[25] and Interconnection and Damping Assignment (IDA)-
PBC [23]. These methods have been mostly used for
control of induction motors [26], and switching power
converters [27,28].

Lee has used EL-PBC for control of three phase AC/DC
voltage source converter [29]. Also, a single phase PWM
current source inverter control with applying IDA-PBC has

been implemented by Komurcugil [30]. The control of fuel
cell/ultracapacitor hybrid system has been achieved based
on IDA-PBC by Ayad et al.[31].

In the most of hybrid systems, the value of the resistive
load is constant but unknown. Therefore, adaptive type of
controllers has been used to handle this type of uncertainty.
Sira-Ramirez et al., has developed adaptive input-output
linearization controller [32], and adaptive passivity based
controller [33] for DC/DC converters.

The study in this paper is concentrated on the
lagrangian modeling of fuel cell/battery DC hybrid power
source, that the fuel cell is a main power source and battery
storage is used as a transient power source. The control
signals are achieved by adaptive passivity-based control.
Power flow between hybrid system components is managed
in the power management unit.

The paper is organized as follows. Section Il introduces
the hybrid DC power source and explains the suitable
model of each component which is applied on hybrid
system. Section |ll presents Euler-Lagrange model of DC
hybrid power source. Adaptive passivity-based controllers
design is achieved in section 1V. Section V describes power
management system. Section VI validates the proposed
model by simulation results and section VIl concludes the
paper.

Il. Proposed System Description

The proposed hybrid power source is depicted in Fig. 1.
This power source consists of a PEM fuel cell, Li-ion battery
storage, DC/DC converters, adaptive passivity-based
controllers, resistive load, and a power management center.

A. PEM Fuel Cell Dynamic Model

A fuel cell is a static energy conversion device that
converts chemical reaction of fuels directly into electrical
energy. This energy conversion occurs whenever a fuel
(hydrogen-rich gas) reacts chemically with the oxygen of air
[3].
The suitable dynamic model of PEMFC is utilized in this
study. Its equivalent circuit is depicted in Fig. 1 [1].

B. Lithium-lon Battery Model

Storage devices are used as energy storing in the hybrid
power sources [34, 35]. The batteries store energy in the
electrochemical form. Li-ion batteries are preferable to other
types of batteries because they have high energy density,
high operating voltage levels and long cycle life [36].
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In this study, the dynamic model of Li-ion battery is
utilized. That is a suitable model for Li-ion battery which
predicts battery runtime and |-V performance accurately
[37]. The aforementioned model of the Li-ion battery has
been depicted in Fig. 1

Boost DC/DC Converter

C. DC/DC converter

The amplitude of DC output voltage of the fuel cell depends
on both the internal electrochemical reaction and the
external load impedance.
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Fig. 1. Structure of proposed hybrid DC power source

Therefore, the boost DC/DC converter is used to
regulate the output voltage of the fuel cell. Also, a

bidirectional DC/DC converter is used to control the
charging and discharging of the battery storage.
lll. Euler-Lagrange Model of Hybrid Power Source

In the previous sections, a suitable model for

components of hybrid power source has been presented.
In this section, the EL description of them is expressed.
The Lagrangian /'(g,q) of the system is the difference of

the magnetic co-energy of inductive elements, denoted
byZ (¢,q), and the electric field energy of capacitive

elements, denoted by V(). i.e.

where ¢ is the vector of electric charges and 4 is the vector

of flowing current. The EL modeling equations with
consideration of circuit constraints is [25]:

d oL
e

oL D
Ay (q,q))—afq(q,q)— 2 (D+ADA+ F,

)
A9)"4=0

where 7)(g)is the Rayleigh dissipation function, and 7" is

the vector of generalized forcing functions.
In our case, the elements of the vector g, 4 consist electric

charges dc rc'Yc Ba -and 4; rc*491 Ba'9L DC corresponding

to the fuel cell and battery DC/DC converter capacitors, and
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fuel cell, battery DC/DC converters and DC link inductors,
respectively.

In the view of the hybrid system configuration represented
in Fig. 1, the following EL equations:

1 ) ) .
(3) 7 = E(LFquiFC + LBazqziBat + Lchszc)

1.1 1
(4) V= E(EFC qéjc + EB qgﬁsm)
1 .2 .2
D= EFFCqLiFC +§ B9l Bar

1 ) . . 2
+§RL [(]_usaz)qk&n +4; pc _qchat]

(6) j; :[VFC Ve 0 0 O]T

where rl_and L, is resistance and inductance of boosting
inductor, respectively and C, is the capacity of the DC side
filter capacitor, whichj=FC,Bat denote fuel cell and
battery DC/DC converter, R, is load resistance.

The constraint equations are given by the Kirchhoff's
current law, hence, the constraint matrix will be:

@) A=[-(-uy) 0 1 1 0f

With definition g =[g, .

91 Bu 91 pc 9c rc 9c Ba ]T
and considering (2) and (7), the EL equations are expanded
as a set of scalar differential equations (8-12).
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d of . oL . oL .
(8) — (= (qLiFC’ qLﬁFC)) I e— (qLiFC! qLﬁFC) Il om— (qLiFC) —(I=up )+ Ve
dt 04, pc %, rc oy rc
d oL . oL . oL .
©) E(@%Bm (quBat’quBat ) _m(‘hjan‘hjm) == aq.LiBat (quBat)—i_ Vs
d 0oL . 9] ) o .
(10) —(= (qLiDCﬂqLiDC))_7(qL7DC’qL7DC) =_.7(qL7DC)+/1
dt aQLJ)C aquDc a‘]LJ)C
d, oL . %) ) o .
(11) — (= (QCJC,‘IQFC))_ (QCfFC’quFC) = (‘Ichc)"‘/1
dt aqf'CjC a‘Ichc a‘Ichc
d 0oL oL oD
(12) . 7 > t - 7 at > at == ] at
dt(achm (inBat dc Ba ) achm (‘Ich dc s ) aq.CiBat (QCfB )

After a straightforward calculation of (8-12) with the EL
parameters (13-17), the EL model equations are yielded in
the following form:

.. ) 1
(13) LFCqL_FC + Vel re +(1_MFC)7qC_FC =Vec
Cre
. . 1
(14) LBathiBat + rBathiBat + (1 _uBat)iinBat = VBat
CBal
(15) Lycq —q - q 0
pc9L pc — Cc_FC C_Bat —
h Cre Cpu  ~
(16) _(l_ch)quc +q’L7DC +q’C7FC =0
.. ) . 1
17) (l_uBal)qLiBal +4. pc 49 Ba _EQCJM =0
Which results with
. . . T
z= [ZFC g Ipc Vic VDC]
T
: {q Qive dve ——de e ——q }
=14L rc L_Bat L_DC c_FC C_Bat
- N N Cre Cpu

in the state equation:

(18) Lpcz +reczy +(L=upo)zy =V
(19) Lyozy + 132, + (I=ug, )25 =V,
(20) Lpczy—z,+2z5=0

21) Crczy—(l=up )z +2,=0
(22) Cous — (1 =1uy,)2, — 2, + ;75 =0

L

The aforementioned equations represent in the matrix form
as:

(23) Mz+T (w)z+Rz=F
M = diag {LFC; Ly Lpes Cres Cg, }
. 1
R=diagirec; 1 0, 0, —
RL
(24) 0 0 0 I-u, 0
0 0 0 0 I-u,,
7 = 0 0 0 -1 1
—(I~ug) 0 1 0 0
0 ~U-u,,) -1 0 0

where M is a positive-definite diagonal matrix, 7 is the
interconnection matrix, R is the dissipation matrix, and Fis
the vector consisting of voltage sources. The total energy
function is:

(25) jf(t):f-i-’)/:ézTﬂ/z

where satisfies the energy balance equation:

(26) H(T) - H (0)+ IOTZTdez‘ - joTszaz

Which describes that the sum of the stored energy and
dissipated energy equals the supplied energy.

The control objective for this hybrid system is a DC
value of the output voltage of both DC/DC converters equal
to a DC bus constant voltage.

Substitute z,, =z, =, in the dynamical equations (18-

22) after some calculations the equilibrium vector is
expressed as:

va
(27) Zy4 :[Zld Zya  Z3d¢ Zaa ZSd]
In whichzid,l‘:],z ,,,,, 5, denote the desired constant
equilibrium states of the closed loop system. Where

1
Za = T[VFC = Wi = 4recVyz5
C

F

(28)

1 vV 4
Zu = |:VBar _\/VBzal _4erVd(Rd_Zjd):|, Z4a :Rid
L

2rp, L

IV. Adaptive Passivity-Based Controller design

It is assumed that the resistive loads of hybrid system
are constant, but are unknown. Therefore, to handle this
type of uncertainty, adaptive passivity-based control is
developed, on the other hands, the main objective is the
load supplying only by the DC source. Therefore, the
DC/DC converter of fuel cell is controlled to maintain the DC
bus voltage to a constant value. The battery storage has
been considered for instantaneous loads and whenever the
load power exceeds the fuel cell rated power. Hence, in this
condition, the DC bus voltage will be constant with
controlling of DC/DC converter of battery storage.
The resistance load can be estimate by adaptation
approach. Let

(29)

where @is the estimation value of@, O is the estimation

error.
Also, consider the error state vector:
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~_ [~ ~ ]T
z=\z, z, z; z, zj
7
= [Z1 TZia 277234 Z37Z33 24724 Zs _Z5d]
error dynamic equation is expressed as:

(B0) Mzi+7 Wi+ RZ=F-(M:,+7 (u)z, +Rz,)

,The

Adding R 7 to both sides of equations (30), the error
dynamics with desired damping is:

(31)
By considering the following desired error dissipation

matrix:

(32) R =R+R,

where & from (24) rewritten as:
(33) R = diag{ch; Psus 05 05 é}

where the injected damping

(34) Ra:diag{ral; rns 0, 0 0}

Supposing that the right-hand side of the equation (31) is:

(35) Mz+T WZ+R, %=y
where
(36) w=F-(Mz:,+7 (uz, + R, - R7)

Consider the total energy, (37), where y is the strictly
positive constant, as a Lyapunov function:

(37) H) =1z LG
2 2y

For (37) the asymptotic stability of the error dynamic is

achieved due to the positive definiteness of the matrix M
and satisfying its derivative:

H =3 M+ LG5 -5 Rz

(38) .

+{(25 —Z54)Zs54 +5}§
y

Hence, the adaptive law:

(39) (25 —250)254 + 0=0

Using the above equation and the fact thatgzé, the
adaptive law will be:

(40) 6= _J. [(Zs —Zs54)Zs, ]dt

Under this condition

(41) H(0)=-F"RZ <-a (1)

where ¢ is the strictly positive constant.
It is concluded that the error dynamics (35) are
asymptotically stable towards the equilibrium point located
atZ4d =z, =V,
Thus, in order to obtain desired error dynamics, and
comparing (31), (35):

(42) w=F-M:, -7 (uz, - R, + Rz

Using (28), (39) supposed:
(43) w=b 00 0 7,

M+ T Wi+ R, Z=F-(Mz,+7 W)z, + R, - R7)

Equation (42) is extended to the following scalar differential
equations:

(44) Vie =LipcZiy —recziy = (I=tpe)zyy +1,(2,—2,,) =0
(45)  Viau = LpuZog = TguZoa — (U= tpy)Zsq +1,0(2, —24) =0
(46) —LpcZsy+240 =25, =0

(47) —CreZyy +(—ttp)zyy — 25, =0

48)  —Cpiay +(mtty)zsy 42y — = (0- 1)z,

L L

The control objective of this study is the adaptive
passivity-based control of DC output voltage, but the direct
control is not feasible due to its lack of stability, see [38],
hence, the indirect control is used for the regulation of
output DC voltage to a constant equilibrium value.

Consider the equations of the boost DC/DC converter of
fuel cell (44) and (47), the desired constant value for the
fuel cell current (converter input current) is Z from the

first equation (44), the control variable Uy €an be solved as:

1
Urc ZI_T[VFC —TrcZig 7, (2 _Zld)]
4d

(49)

Substituting (49) into the Eq. (47), after a straightforward
calculation, the controller state, z,,(t), can be achieved as:

. z d
(50) Z4a = ~ 23 +L(VFC —FreZig 1, (2) _Zld)):|
FC Z4a

Also, consider the equations of DC/DC converter of
battery storage (45) and (48), the desired constant value for
the battery current issz’ the control variable U, CaN be

solved from the second equation as:
1
[VBat = TsuZaa F T2 (2, = 254 )]
5d

(51) U, =1-

Then substituting the control variable 4, into the Eq. (48),
yields the controller state, z_, (¢),

1

A z
2y, —0z5, +A(V8az = TguZag T T (2, _sz))}

Z., =
s5d
Cha Zsq

(52)

0=-y(z5s —25.)25,
Calculation of controller states, Z4d(¢)and z,,(0) depends

ongz,,, which can be achieved as:

1

(53) Zyy = [Z4d _ZSd]
L
e

V. Power Management System

In the proposed hybrid DC power source, the fuel cell
and the battery storage have cooperation to supply the
load. Hence, the Power Management System (PMS) needs
to control the power flow between the fuel cell, battery
storage and the load.
The power management system acts based on certain
strategies; subsequently all of PMS strategies are
explained:
(In this study, operation of battery storage has been
considered based on SOC% situation between 40% and
80%)

1. Compute P, (P,

= PFC7 rated ~ PLaad)
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2. |If P, is positive and SOC %= 80%, then the fuel cell

rated power is more than the load power. Also, the
battery storage is in charge
mode (PFc;gen =Pouts Py = PFcJazed - PLoad) :

3. If Peis positive and SOC %> 80%, then the fuel
cell rated power is more than load power. Also, the

battery storage is not in safe charge
mode (PFCigen =FBoias Pou =0)-

4. If pis negative and SOC %2 40%, then the fuel
cell rated power is less than load power. Also, the

battery storage is in discharge
mode (PFCigen = PFCirmed’ })Bat = 1)Load - PFCﬁmled) )

5 If Pﬁis negative and SOC %< 40%, then the fuel

cell rated power is less than load power. Also, the
battery storage is not in safe discharge mode.
Therefore, PMS apply load shading, and only
supply load power based on rated power of fuel

cell (PLaad = PFCfmted s PBat = 0) )
VI. Simulation results and discussion

The propose of this paper is to address the Euler-
Lagrange framework modeling and adaptive passivity-
based control of FC/Battery hybrid power source.
MATLAB/Simulink environment is used to investigate the
performance of the adaptive passivity-based control on
FC/Battery hybrid power source. The mathematical model
of each component in the DC hybrid power source has
been presented in the previous sections. It consists of
dynamic model of fuel cell Stack, dynamic model of Li-ion
battery, nonlinear models of DC/DC boost converter and
bidirectional DC/DC converter, adaptive passivity-based
Controllers and power management system. The
specifications of SR-12 fuel cell Stack is shown in Table 1.
The specifications of Li-ion battery storage are given in
table 2. The DC/DC converters specifications are given in
Table 3.

Table 1. Specifications of PEM Fuel Cell (SR-12) [1]

Parameter Value Parameter Value
A (cm?) 62.5 7,(V) 20.145
Poz (atm) 1.0 PHZ (atm) 1.5
a (VK™ -0.1373 b (VK™ 7.48.10°
B (V) 0.15 I (m) 25.10°
ns 48 Rc (ohm) 0.0003
Jmax (MACM™®) 672 C (F) 48
R (Jmol'K™) 8.3143 F (Coulom™) 96487
Table 2. Specifications of Li-lon Battery [39]
Parameter Value
Capacity (mAh) 850
Nominal Voltage (V) 3.7
Max. Charge Voltage (V) 4.23
Number of series Cell 6
Number of parallel strings 4
Table 3. Specifications of DC/DC Converters
Parameter Value | Parameter | Value
Lrc(mH): 23.2 Lgat (MH) 16
Crc (uF) 330 Ceat (UF) 87
rec (Q) 0.03 et (Q) 0.07

These simulations are achieved in the two cases:

168

. The DC bus voltage reference is constant;
moreover the initial SOC% of the battery storage is
70 (first case).
Il The DC bus voltage reference changes; the initial
SOC% of the battery storage is 85 (second case).
The rated power of PEM fuel cell is 500 watt.

A. First Case

The step change in resistance load is given in Fig. 2-a.
The DC bus voltage reference is 100 Volt. The system
response to change in resistance load is presented in the
following Figs. The DC bus voltage (7, ), load voltage

(V,) and voltage reference are shown in Fig. 2-b.
Fig. 2-c presents load current(/ ). The response of the DC

voltage and load current exhibits a smooth and fast
transient to a step change in the resistance load.

Resistance (Ohm)

Voltage (V)

Current (A)

(C) Time iSec.)

Fig. 2. (a). Load resistance, (b). DC bus, load voltage and DC
bus voltage reference, (c). Load current

Voltage (V)

Current (A)

SOC %

|
|
|
05 1 15 2 25 3
(c) Time (Sec.)

Fig. 3. (a). Battery voltage, (b). Battery current,
(c). SOC of battery
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Fig. 5. Estimated value of ;/p,

This means that the hybrid system has a very good
dynamic response to resistance load disturbance.

In this case, the fuel cell has a rated output. Therefore,
voltage and current of the fuel cell is constant.

The battery storage voltage (¥, )and current (7, )are

shown in Figs 3-a and 3-b. According to PMS algorithm, the
battery storage supply load in the transient conditions. Also,
it supplies the remained load power when the load power is
greater than fuel cell power rating.

Fig. 3-c presents the SOC of battery storage that the
charging and discharging modes are demonstrated. In this
case, the initial SOC% of battery storage is 70. Therefore,
battery storage is in the discharging mode between (t=0.5
and t=2 sec, t=2.5 and t=3sec.). Because the load power
exceeds from the fuel cell power rating. Therefore, the
generated power of fuel cell is maximum. That is evident in
Fig. 4.

The estimated value of resistance load is shown in Fig. 5.

B. Second Case

In the second case, the DC bus reference is not
constant. Also, the initial SOC% of battery is 85. The step
change in the resistance load is given in Fig. 6-a.
Fig. 6-b presents the system response to change in the DC
bus voltage reference and load resistance. The DC bus
voltage (V,..)and load voltage (V,.) track well the voltage

reference. It has zero steady state error. The load current
(1,)is shown in Fig 6-c.

The fuel cell voltage (VFC)and current(]Fc)are shown in

Figs. 7-a and 7-b. Fuel cell have a rated power generation
(between t=1.5 and t=3 sec.).

SOC% of the battery storage has been limited between 40
and 80. Therefore, based on PMS algorithm, it has no
charging mode in this case. Figs. 8-a and 8-b present the
battery storage voltage (¥, )and current(/, ). The SOC%

of battery storage is presented in Fig. 8-c.

The power flow between components is shown in Fig. 9.
Based on, it is evident that the transient power and the
exceeded power from the fuel cell rated power are supplied
by the battery storage. Moreover, it has no charging mode.

The estimated value of resistance load is shown in Fig. 10
which demonstrates that the estimated value converges
very close to the true values.

Resistance (Ohm)

Voltage (V)

Current (A)

(C) } Time (ASecA)

Fig. 6. (a). Load resistance, (b). DC bus, load voltage and
DC bus voltage reference, (c). Load current

Voltage (V)

Current (A)

(b) Time (‘Sec,)
Fig. 7. Fuel cell voltage (a) and Current (b).
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Fig. 8. (a). Battery voltage, (b). Battery current,
(c). SOC of battery
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Fig. 9. Load, FC and battery power
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Fig. 10. Estimated value of ;/g,

In this study, it can be seen that the adaptive passivity-
based controllers usage is reasonable for faster damping on
FC/Battery system outputs due to the different
disturbances, i.e. load resistance and DC bus voltage
reference, see Fig. 9.

Similar results with aforementioned cases have been
presented in [18] for adaptive passivity-based control of
boost DC/DC converter. Also the results of quasi-resonant
converter control via adaptive passivity-based control have
been documented in [40] which demonstrate to verity of this
study results.

VII. Conclusion

In this paper, the Lagrangian modeling of a hybrid DC
power source composed of a PEM fuel cell as main source,
Li-ion battery storage as transient source and interfacing
DC/DC converters have been presented. Subsequently,
according to energy shaping and damping injection method,
adaptive passivity-based controllers have been designed to
control the interfacing DC/DC converters. Control of power
flow between components has been done in the power
management unit.
The proposed model has been validated by simulation
results. Two cases have been studied, constant DC bus
voltage reference and SOC%=70%, in this case, the battery
storage, based on the load power situation, has cooperation
to supply power to the load and absorb power from the fuel
cell. In the second case, the DC bus voltage reference
changes and SOC%=85%, therefore, the battery storage
only supplies power to load.
The outputs of hybrid system in the both cases have low
overshoot, short settling time and zero steady-state error.
The aforementioned results demonstrate to the sufficiency
of the proposed controllers.
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