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1  Introduction 
 

Renewable energy resources are desirable for 
electrical power generation due to their environmen-
tally-friendly nature. Among the renewable energy 
resources, solar energy is now widely used because it 
is free, abundant, and pollution-free (Kwon et al., 
2006). 

It is estimated that about 80% of all photovoltaic 
(PV) systems are used in stand-alone applications 
(Duryea et al., 2001). Furthermore, the generated 
power of the PV system depends on weather condi-
tions. For example, during cloudy periods, and at 
night, a PV system would not generate any power (Yu 
and Yuvarajan, 2006). Hence, hybrid power sources 
are introduced to make the best use of solar energy (Lu 

and Agelidis, 2009; Dali et al., 2010). Batteries are a 
secondary source which stores solar energy and is 
used when needed under hybrid system constraints 
(Glavin et al., 2008; Golkar and Hajizadeh, 2009; 
Lagorse et al., 2009). 

Power electronic converters play a significant 
role in the hybrid systems (Carrasco et al., 2006). 
These are interfaced between the distributed genera-
tion (DG) sources and the other parts of the hybrid 
system (Lagorse et al., 2009). Recently, some re-
searchers have concerned themselves with the control 
of hybrid power sources (El-Shatter et al., 2006; 
Moreno et al., 2006; Jiang et al., 2007). The methods 
of controller design are classified into two categories: 
linear and nonlinear. The linear methods are per-
formed with a reliance on locally-linearized models. 
Hence, their performance will not remain the same 
under changes to any of the equilibrium points. The 
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proportional-integral (PI) controller is a main linear 
controller which is being used in DG applications 
(Kwon et al., 2008; Wang and Chang, 2008; Timbus 
et al., 2009; Uzunoglu et al., 2009). The dynamic 
equations of the power electronic converters have a 
nonlinear nature due to the multiplications of the state 
variables by the control inputs (Sira-Ramirez et al., 
1998). Therefore, the nonlinear methods such as ro-
bust (Mazumder et al., 2002), feedback linearization 
(Kim and Lee, 2007), sliding mode (Vmquez et al., 
2003), and passivity-based (Leyva et al., 2006) con-
trol are used for control of converters. In particular, a 
passivity-based control (PBC) method is taken into 
consideration in various industrial applications.  

PBC was introduced by Ortega et al. (2002) as a 
controller design methodology which achieves stabi-
lization by passivation. Two theories for PBC were 
developed: Euler-Lagrange (EL) PBC (Ortega et al., 
1998; Scherpen et al., 2003) and interconnection and 
damping assignment (IDA) PBC (Ortega et al., 2002). 
These methods have been used mostly for control of 
induction motors (Dòria-Cerezo, 2006) and switching 
power converters (Kwasinski and Krein, 2007; Wang 
et al., 2008). 

Lee (2004) has used EL-PBC for control of 
three-phase AC/DC voltage source converters. Also, a 
single-phase pulse width modulated (PWM) current 
source inverter control with applying IDA-PBC has 
been implemented by Komurcugil (2010). The control 
of a fuel cell/ultracapacitor hybrid system has been 
achieved based on IDA-PBC by Ayad et al. (2010). 
Becherif et al. (2007) used IDA-PBC for energy 
management of the solar energy system and battery. 

This paper is concentrated on the port-controlled 
Hamiltonian form and Lagrangian modeling of 
PV/battery stand-alone hybrid power source. PV 
system is the main power source. Whenever the gen-
erated power of PV, with consideration of weather 
conditions, is less than the load power, the battery 
storage is used as a secondary power source. The 
dump load consumes the excess power of the PV 
system whenever the generated power is more than 
the load power, and the battery storage does not need 
to charge. The control signals are achieved by PBC. 
Power flow between hybrid system components is 
managed in the power management unit. 

 

2  The proposed system description 
 

The proposed hybrid power source is depicted in 
Fig. 1. This power source consists of a PV system, 
Li-ion battery storage, DC/DC converters, and load. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1  Solar energy system 

A solar cell is the fundamental component of a 
PV system, which converts the solar energy into 
electrical energy. A solar cell consists of a p–n junc-
tion semiconductor material. A PV panel consists of a 
certain number of solar cells connected in series/ 
parallel combination to provide the desired voltage 
and current. A PV array consists of a number of pan-
els connected in series/parallel combination (Kim et 
al., 2006). The equivalent circuit of a solar cell is 
depicted in Fig. 2. 
 
 
 
 
 
 
 
 

The circuit mainly consists of a current source IL 
whose amplitude depends on irradiance and temperature, 
a diode D, and internal shunt and series resistances RSh, 
Rs. The V-I characteristic of the solar cell is highly 
nonlinear, given by the following equation: 
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Fig. 2  Solar cell equivalent circuit 
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where VPV and IPV are the solar cell voltage and cur-
rent respectively, I0 is the diode reverse saturation 
current, q is the electron charge, A is the ideality 
factor of the p–n junction, K is Boltzman’s constant, 
and T is the cell temperature (Koutroulis et al., 2001). 

The power delivered by the PV module depends 
on the solar irradiance, cell temperature, efficiencies 
of the system components, etc. Thus, it is necessary 
that the maximum power be drawn in different con-
ditions. The usual approach for maximizing the power 
drawn from PV arrays under varying atmospheric 
conditions is to use a maximum power point tracker 
(MPPT) algorithm that provides a reference voltage 
or current for the DC/DC converter (Scarpa et al., 
2009). Several techniques for MPPT have been pre-
sented in the literature (Esram and Chapman, 2007).  

In this study, the maximum power is drawn from 
PV arrays with implementation of the perturbation 
and observation (P&O) method (Sera et al., 2006).  

2.2  Lithium-ion battery model 

Storage devices are used as energy storing in the 
hybrid power sources (Jeong et al., 2005; Khateeb et 
al., 2006). The batteries store energy in the electro-
chemical form. Li-ion batteries are preferable to other 
types of batteries because they have high energy den-
sity, high operating voltage levels, and long cycle life 
(Durr et al., 2006).  

In this section, the dynamic model of Li-ion 
battery is introduced which is used in the simulation 
program. Chen and Rincon-Mora (2006) proposed a 
suitable model for Li-ion battery which accurately 
predicts battery runtime and I-V performance. The 
aforementioned model of the Li-ion battery is depicted 
in Fig. 3.  

 
 
 
 
 
 
 
 

 
 

The model consists of two separate circuits 
linked by a voltage-controlled voltage source and a 
current-controlled current source. The runtime and 
state of charge (SOC) of the battery are calculated 

using the left side circuit. The equivalent internal im-
pedance simulates the internal resistance and transient 
behavior of the battery. Hence, RSer is responsible for 
voltage drop in battery voltage, and the components 
of the RC networks are responsible for short- and 
long-time transients in the battery internal impedance. 
The elements of the equivalent internal impedance are 
a function of SOC, and can be achieved as 
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2.3  DC/DC converter 

The amplitude of DC output voltage of the PV 
system depends on the solar irradiance delivered to 
PV arrays. Therefore, the boost DC/DC converter is 
used to adjust the output voltage of the PV system. 
Also, a bidirectional DC/DC converter is used to 
control the charging and discharging of the battery 
storage. The boost DC/DC converters are depicted in 
Fig. 4.  
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Fig. 3  Li-ion battery electrical circuit model 
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3  Port controlled Hamiltonian model 
 

Port controlled Hamiltonian (PCH) systems 
were introduced by Dalsmo and van der Schaft (1998) 
for network modeling of lumped-parameter physical 
systems with independent storage elements (Ortega et 
al., 2002). 

Consider the nonlinear system given by 
 

( ) ( ) ,f g= +x x x u                         (3) 
 

where x∈ún is the state vector, f(x) and g(x) are lo-
cally Lipschitz functions, and u∈úm is the control 
input. The PCH form of Eq. (3) is (Ortega et al., 2002) 

 

( )

T

( )( ) ( ) ( ) ,

( )( ) ,

H g

Hg

∂⎧ = − +⎪⎪ ∂
⎨ ∂⎪ =
⎪ ∂⎩

xx J x R x x u
x

xy x
x

      (4) 

 
where H(x): ún→ú is the energy (or Hamiltonian) 
function, J(x)=−J(x)T∈ún×m is the interconnection 
structure matrix, and R=RT≥0∈ún×m is the dissipation 
matrix. 

The energy-balancing, passivity, and stabiliza-
tion of the PCH system have been discussed by Or-
tega et al. (2002). Also, to solve the passivation 
problem they proposed the IDA-PBC methodology. 

3.1  IDA-PB controller design 

The main idea of IDA-PBC is to assign the de-
sired closed-loop energy function via the modifica-
tion of the interconnection and dissipation matrices 
(Wang et al., 2008). Therefore, a PCH system with 
consideration of desired target dynamic is of the fol-
lowing form: 

 

( ) d
d d

( )( ) ( ) ,H∂
= −

∂
xx J x R x

x
              (5) 

 
where Hd(x)=H(x)+Ha(x) is a new energy function 
that has a strict local minimum at the equilibrium xd, 
and T

d d( ) ( )= −J x J x  and T
d d( ) ( )=R x R x  are tar-

geting interconnection and damping matrices,  
respectively. 

The partial derivative equation (PDE) with 
chosen matrices Jd(x), Rd(x) and a vector function 

a d( )( ) H∂
=

∂
xK x

x
 will be satisfied as 
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such that (Ortega et al., 2002; Márquez-Contreras et 
al., 2008): 

(i) (Structure preservation) 
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(ii) (Integrability) K(x) is the gradient of a scalar 

function: 
T( ) ( ) .∂ ∂⎛ ⎞= ⎜ ⎟∂ ∂⎝ ⎠

K x K x
x x

                    (8) 

 
(iii) (Equilibrium assignment) when x=xd, 

 

d d

d a .H HH

= =

∂ ∂∂⎛ ⎞= + =⎜ ⎟∂ ∂ ∂⎝ ⎠x x x xx x x
0          (9) 

 
(iv) (Lyapunov stability) 
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4  Euler-Lagrange model of the hybrid power 
source 
 

In previous sections, a suitable model for 
DC/DC converters and other components have been 
presented. In this section, their EL description is  
expressed. 

The Lagrangian ( , )L q q  of the system is the 
difference of the magnetic co-energy of the inductive 
elements, denoted by ( , ),T q q  and the electric field 
energy of the capacitive elements, denoted by V(q), 
i.e., 

( , ) ( , ) ( ),L T V= −q q q q q                 (11) 
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where q is the vector of the electric charges and q  is 
the vector of the flowing current. The EL modeling 
equations with consideration of circuit constraints is 
(Scherpen et al., 2003) 

 

T

d ( , ) ( , ) ( ) ( ) ,
d

( ) ,

L L D F
t

λ
⎛ ⎞∂ ∂ ∂

− = − + +⎜ ⎟∂ ∂ ∂⎝ ⎠
=

q
q q q q q A q
q q q

A q q 0

 (12) 

 
where λ is the Lagrange multiplier, ( )D q  is the 
Rayleigh dissipation function, and Fq is the vector of 
generalized forcing functions. 

In our case, the elements of vectors q and q  
consist of electric charges qC_PV, qC_Bat and qL_PV, 
qL_Bat, qO corresponding to capacitors of the PV and 
battery DC/DC converters and the inductor of the PV, 
battery DC/DC converters, and load, respectively. 

In the view of the hybrid system configuration 
presented in Figs. 2–4, we have the following EL 
equations: 
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T
PV Bat[ ,  ,  0,  0,  0] ,V V=F                         (16) 

 
where RO and LO are load resistance and inductance, 
respectively. The constraint equations are given by 
Kirchhoff’s current law, which implies that A(q) does 
not depend on the charge q and thus is a constant n×c 
matrix, where c is the number of constraints. Hence, 
the constraint matrix is 
 

T
PV Bat[1 ,  1 ,  1,  1,  1] ,u u= − − − − −A      (17) 

 
with q=[qL_PV, qL_Bat, qO, qC_PV, qC_Bat]T. Considering 
Eqs. (12) and (17), the EL equations are expanded as a 
set of scalar differential equations: 
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After a straightforward calculation of Eqs. (18)–(22) 
with the EL parameters given by Eqs. (13)–(17), the 
EL model equations are yielded in the following 
form: 

PV L_PV PV L_PV PV PV(1 ) ,L q r q u Vλ+ + − =      (23) 

Bat L_Bat Bat L_Bat Bat Bat(1 ) ,L q r q u Vλ+ + − =      (24) 
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C_PV PV ,q C λ= −                     (26) 

C_Bat Bat .q C λ= −                     (27) 
 

From Eqs. (26) and (27), it is evident that the voltage 
of the filter capacitor of boost circuits is equal. 
Therefore, the results with L_PV L_Bat L_O[ ,  ,  ,q q q=z  

C_PV PV/ ]q C  in the state equation are as follows: 
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The aforementioned equations can be repre-
sented in matrix form as 
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⎪
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where M is a positive-definite diagonal matrix, T is 
the interconnection matrix, R is the dissipation matrix, 
and E is the vector consisting of voltage sources. The 
total energy function is 
 

T1 ,
2

H T V= + = z Mz                     (34) 
 

where satisfies the energy balance equation 
 
T T

0 0
( ) (0) d d ,H H t t− + =∫ ∫z Rz z E

γ γ
γ        (35) 

 
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 boost DC/DC 
converters equal to a DC bus constant voltage.  

Substitute z4d=Vd in the dynamic Eqs. (28)–(31). 
Hence, the equilibrium vector is expressed as 

 
T

d 1d 2d 3d 4d[ ,  ,  ,  ] ,z z z z=z                 (36) 
 

in which zid (i=1, 2, 3, 4) denote the desired constant 
equilibrium points of the closed-loop system. 

After some straightforward calculations, the 
constant value of z3d is Vd/R. From Eqs. (28), (29), and 
(31) the following equation is achieved: 

 
2 2 2

PV 1d Bat 2d PV 1d Bat 2d d O/ 0.r z r z V z V z V R+ − − + =   (37) 
 

With a suitable assumption for one of z1d and z2d 
equilibrium points, the other can be achieved from 
Eq. (37). 
 
 
5  Passivity-based controller design 
 

In the proposed stand-alone hybrid system, the 
main objective is the load supplying by only the PV 
system whenever it has some power generating. 
Therefore, the DC/DC converter of the PV system is 
controlled to maintain the DC bus voltage to a con-
stant value. The battery storage has been considered 
for conditions in which the load power exceeds the 
generating power of the PV system. Hence, in this 
condition, the DC bus voltage will be constant with 
the controlling of the DC/DC converter of battery 
storage.  

5.1  IDA-PBC 

Consider the dynamic model of a boost power 
converter which has been depicted in Fig. 4. The state 
equations of the converter are 

 

L
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⎨
⎪ = − −
⎪⎩

           (38) 

 
where u is the continuous output signal which repre-
sents the duty cycle of the DC/DC converter, and the 
positive constants C, L, RO, r, and E0 are the capaci-
tance, inductance, load resistance, equivalent resis-
tance of the inductor, and voltage source, respectively. 

The PCH form of the boost converter is 
 

( ) ( )( , ) ( ) ( ) ,H g E∂
= − +

∂
xx J x u R x x

x
      (39) 

 
where x1 is the magnetic flux through the inductor, x2 
is the electrical charge in the capacitor, and 
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Also, H(x) is the total energy of the system: 

 
2 2
1 2

1 1( ) .
2 2

H x x
L C
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The equilibrium points for the desired output 

capacitor voltage Vd are given by xd=[x1d, x2d]T and ud: 
 

2
2 d
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  (42) 

 
It is evident that ud is not constant, but depends on x1d. 
Therefore, ud depends on load resistance. 

Consider the injected damping matrix as 
 

{ }a a O adiag ,  1 / ,   0.r R R R= − + − >R  
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Assuming u=β(x2) and Ja(x)=0, to simplify the proc-
ess of solving the PDE (6), define  
 

[ ]T a
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As β is a function only of x2, the integrability 

condition Eq. (8) reduces to the simple ODE: 
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( ) ( ) ,

( ) 1 ,
1 ( ) 1 ( )1 ( )

K K
x x

R r x x
L x RC xRC x

β
β ββ

∂ ∂
=

∂ ∂
−

− = − −
− −−

x x

(44) 
 

which can be easily solved by the separation of the 
variables method to obtain u. 

 

2 2
a

2

( ) 1 ( ) .
1 ( )
x x RC R r

x L
β
β

⎛ ⎞= − − −⎜ ⎟− ⎝ ⎠
          (45) 

 
Defining a1 ( ) / ,RC R r Lα − −  the controller will 
be 

1 21 ,u c xα= −                          (46) 
 

where c1 is a constant which is chosen to assign the 
equilibrium condition Eq. (9): 

 

2 2

d a 0.
x x x x

H HH
x x x= =

∂ ∂∂⎛ ⎞= + =⎜ ⎟∂ ∂ ∂⎝ ⎠
         (47) 

 
This yields c1=(1−ud)/(CVd)α. Hence, the IDA-PB 
controller of the boost converter is 

 

d 2 2d1 (1 )( / ) .u u x x α= − −                 (48) 

5.2  EL-PBC design 

In this subsection, the EL-PB controllers are 
designed based on Eq. (33). Consider the error state 
vector 

 

T
1d 2d 3d 4d

T
1 1d 2 2d 3 3d 4 4d

[ , , , ]

[ , , , ] .

z z z z

z z z z z z z z

=

= − − − −

z    
    

 

 
The error dynamic equation is expressed as 

 

d d d( ) ( ).+ + = − + +Mz T u z Rz E Mz Tz Rz    (49) 
 

Adding aR z  to both sides of Eq. (49), the error dy-
namics with desired damping is 

 

d d d a( ) ( ).+ + = − + + −Mz T u z Rz E Mz Tz Rz R z (50) 
 

Consider the following desired error dissipation  
matrix: 

d a ,= +R R R                       (51) 
where 

{ }a a1 a2diag ,  ,  0,  0 .r r=R              (52) 
 

Suppose the right-hand side of Eq. (50) is zero, i.e., 
 

( ) .+ + =Mz T u z Rz 0                 (53) 
 

Consider the total energy, H=0.5zTMz, as a Lyapunov 
function. For Eq. (53) the asymptotic stability of the 
error dynamics is achieved due to the positive defi-
niteness of matrix M and satisfying its derivative 
 

T
d d( ) 0, .H t = − ≤ ∀ ≠z R z z 0            (54) 

 
It is concluded that the error dynamics Eq. (53) is 

asymptotically stable to zero.  
Thus, to obtain desired error dynamics Eq. (53), 

compare Eq. (50) and Eq. (53): 
 

d d d a( ) .+ + − =Mz T u z Rz R z E           (55) 
 

The above equation is extended to the following 
scalar differential equations: 

 

PV 1d PV 1d PV 4d a1 1 1d PV(1 ) ( ) ,L z r z u z r z z V+ + − − − = (56) 

Bat 2d Bat 2d Bat 4d a2 2 2d Bat(1 ) ( ) ,L z r z u z r z z V+ + − − − =  (57) 
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O 3d O 3d 4d 0,L z R z z+ − =                     (58) 

PV Bat 4d PV 1d Bat 2d 3d( ) (1 ) (1 ) 0.C C z u z u z z+ − − − − + =   
(59) 

 

In this work, the control objective is the PBC of 
DC output voltage, but the direct control is not feasi-
ble due to its lack of stability (Escobar et al., 1999). 
Hence, the indirect control is used for the regulation 
of the output DC voltage to a constant equilibrium 
value. 

Consider the equations of the boost DC/DC 
converter of the PV system (56) and (59). The desired 
constant value for the PV current (converter input 
current) is z1d. From Eq. (56), the control variable uPV 
can be solved as 

 

[ ]PV PV PV 1d a1 1 1d 4d1 ( ) .u V r z r z z z= − − + −      (60) 
 

Also, consider the equations of the DC/DC converter 
of battery storage Eqs. (56) and (59). The desired 
constant value for the battery current is z2d, and the 
control variable uBat can be solved from Eq. (57) as 

 

[ ]Bat Bat Bat 2d a 2 2 2d 4d1 ( ) .u V r z r z z z= − − + −    (61) 
 

Substituting Eqs. (60) and (61) into Eq. (59), after a 
straightforward calculation, the controller state, z4d, 
can be achieved as 
 

( )

( )

1d
4d PV PV 1d a1 1 1d

PV Bat 4d

2d
Bat Bat 2d a 2 2 2d 3d

4d

1 ( )

( ) .

zz V r z r z z
C C z

z V r z r z z z
z

⎡
= − + −⎢+ ⎣

⎤
+ − + − − ⎥

⎦
      

 (62) 

 
Calculation of the controller state z4d depends on z3d, 
which can be achieved as 

 

3d 4d 4 O( ) / .z z Rz L= −                     (63) 
 
 
6  Power management system 
 

In the proposed hybrid DC power source, the PV 
system and the battery storage have cooperation to 
supply the load. Hence, the power management sys-
tem (PMS) needs to control the power flow among the 
PV system, battery storage, and the load. 

The PMS acts based on certain strategies. In this 
study, the PMS strategies have been considered as the 
following: 

1. The PV is the main source to supply power to 
the load. 

2. The battery storage is a secondary source to 
supply load when either the PV system has not any 
power generation or the load is more than the gener-
ated power of the PV system. 

3. The battery storage is charged by the PV when 
the load power is lower than the generated power of 
the PV system. 

According to the abovementioned strategies, the 
PMS algorithm is as shown in Fig. 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7  Simulation results and discussion 
 

The purpose of this study is to address the port- 
controlled Hamiltonian and EL framework modeling 
and PBC of a stand-alone PV/battery hybrid power 
source. MATLAB/Simulink environment is used to 
investigate the performance of the PBC on the 
PV/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 the model of the PV cell in which the re-
lated parameters have been calculated based on the 
Walker model (Walker, 2001), the dynamic model of 

Start

 

  

Receive PLoad, PPV, PDL, t,   t, tStop
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N Pe>0 Y
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Fig. 5  Flowchart of the proposed power management 
system 
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Li-ion battery, the nonlinear model of the DC/DC 
boost converter and bidirectional DC/DC converter, 
the dump load consisting of resistors connected in 
series with switches (Sebastian and Quesada, 2006), 
PB controllers, and the PMS. The Simulink model of 
the converters and controllers is illustrated in Fig. 6. 
Table 1 shows the specifications of the PV system, 
which consists of a combination of two modules in 
parallel and four modules in series. The specifications 
of the Li-ion battery storage are given in Table 2. The 
DC/DC converter specifications are given in Table 3.  

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Our simulations are achieved in two cases: (1) 
the initial SOC of the battery storage is 70%; (2) the 
initial SOC of battery storage is 85%. 

The rated power of the PV system is 680 W; the 
solar irradiance is the same for these two cases  
(Fig. 7a). The load consists of series combination of 
inductance (L=10 mH) and resistance (Fig. 7b). The 
DC bus voltage reference is 100 V. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

7.1  First case 

Variance of load resistance occurs on three 
stages at 2.5, 4.5, and 6.5 s. The load voltage (VDC) 
and current (IO) are shown in Fig. 8. It is evident that 
the PB controllers exhibit a smooth and fast transient 
to a step change in the load resistance, and particu-
larly the solar irradiance. The comparison of load 
voltage and current based on both types of PB  

Table 1  Specifications of the BP 485J photovoltaic module*

Parameter Value Parameter Value
Maximum power (W) 85 Open circuit voltage (V) 22.2
Voltage at MPP (V) 17.8 Module efficiency 13.1%
Current at MPP (A) 4.8 Number of modules in 

series  
4 

Short circuit current 
(A) 

5.1 Number of strings in 
parallel  

2 

* Specifications of 85 W photovoltaic module, http://www.amere-
coslar.com/SolarSite/ProductsAndSolutions/SolarPanels/BPSolar/85
WattPanel.aspx. MPP: maximum power point 

Table 2  Specifications of Li-ion battery* 
Parameter Value 

Capacity (mA·h) 850  
Nominal voltage (V) 3.7  
Maximum charge voltage (V) 4.23  
Number of series cells 11 
Number of parallel strings 8 

* Specifications of polymer lithium ion battery, model: PL-383562 

Table 3  Specifications of DC/DC converters 
Parameter Value Parameter Value 
LPV (mH) 23.2 LBat (mH) 100  
CPV (µF) 330 CBat (µF) 87 
rPV (Ω) 0.03 rBat (Ω) 0.07 
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Fig. 6  Simulink models: (a) Euler-Lagrange passivity- 
based control (EL-PBC) and boost converter; (b) inter-
connection and damping assignment passivity-based 
control (IDA-PBC) 

Fig. 7  Solar irradiance (a) and load resistance (b) 
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controllers demonstrates to this fact that the 
IDA-PBC does not have a zero steady-state error, but 
the steady-state error of the EL-PBC, which is 1.5 V, 
is clear in Fig. 8a (t=4.5 s). Also, the overshoot of the 
IDA-PBC is higher than that of the EL-PBC. 

Fig. 9 shows the PV system voltage (VPV) and 
current (IPV). These are obtained based on the P&O 
MPPT algorithm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The battery storage voltage (VBat) and current 

(IBat) under the change of solar irradiance and load 
resistance are shown in Fig. 10. The battery voltage 
and current based on EL-PBC have less overshoot 
than those based on IDA-PBC, but the steady-state 
error of load voltage and current based on EL-PBC 
demonstrates itself on the voltage and current of bat-
tery storage, which is evident from Figs. 10a and 10b. 

Fig. 10c presents the SOC of the battery storage 
to demonstrate the charge and discharge modes. In 
this case, the initial SOC of the battery storage is 70%. 
Therefore, the battery storage is in the discharge mode 

between 6.5 s and 8 s. Moreover, the load power ex-
ceeds the generated power of the PV system, which is 
evident from Fig. 11. 

Fig. 11 shows the power flow among hybrid 
power source components based on both controllers. 
The EL-PBC (Fig. 11b) settles to the steady-state 
value faster than IDA-PBC (Fig. 11a), but it has a 
steady-state error which differs from those from the 
delivered power of load with IDA-PBC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Control signals of the DC/DC converters of the 
PV system and the battery storage are presented in  

Fig. 8  Variation of load voltage (a) and current (b) 
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Fig. 12. In this case, the DC load supplied by the 
hybrid power source based on the EL-PBC has a low 
overshoot and short settling time towards the 
IDA-PBC. 
 
 
 
 
 
 
 
 
 
 
 

7.2  Second case 

In the second case, the initial SOC of battery 
storage is 85%. It is out of the range that has been 
defined on the PMS strategies. In other words, it is not 
in the safest charge mode in this case.  

Fig. 13 presents the battery storage voltage and 
current based on both types of PB controllers. Ac-
cording to Figs. 13a and 13b, the voltage and current 
of battery storage have fluctuations whenever the load 
resistance changes or the other transient condition 
occurs. In Fig. 13c, the SOC illustrates to discharge of 
battery storage that occurs between 6.5 s and 8 s. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Considering the battery storage limitations, 
whenever the power generated by the PV system 
exceeds the load power, the dump load consumes 
excess power from the PV system (Fig. 14). The 

power consumed by dump load is variable; its value is 
specified by PMS strategies between 0.2 s and 6.5 s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
The comparison of Figs. 14a and 14b demon-

strates that, the steady-state error of IDA-PBC is zero 
but there is considerable error for EL-PBC. The ad-
vantages of EL-PBC towards IDA-PBC are shorter 
settling time and lower overshoot. 

It is evident that the hybrid power source with 
the proposed controllers is more reasonable towards 
the solar irradiance and the load resistance changes. 
The IDA-PBC and EL-PBC have some advantages 
and disadvantages with respect to each other, as have 
been presented in the above explanations. 
 
 
8  Conclusions 
 

A stand-alone hybrid PV/battery power source 
and the power electronic interface based on port- 
controlled Hamiltonian systems and Euler-Lagrange 
framework have been modeled. Corresponding to the 
method of modeling, the PB controllers have been 
designed. The PV system, battery storage, and load 
constraints have been considered to manage power 
flow between them. 

The proposed hybrid PV/battery power source 
exhibits excellent performance for the load resistance 
and solar irradiance changes. To investigate the  

Fig. 14  Variation of load, PV, dump load, and battery 
storage power: (a) interconnection and damping assign-
ment passivity-based control (IDA-PBC); (b) Euler-
Lagrange passivity-based control (EL-PBC) 
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validity of the proposed system, two cases have been 
simulated based on SOC of battery storage. The bat-
tery storage, based on the load power situation, has 
cooperation to supply power to the load and absorb 
power from the PV system in the first case where 
SOC is 70%. But in the second case where SOC is 
85%, the battery storage only supplies power to the 
load. The remaining power of the PV system is con-
sumed by the dump load. 

The results of the proposed hybrid system in 
both cases demonstrate that the EL-PBC has a lower 
overshoot and a shorter settling time towards the 
IDA-PBC. In contrast, the steady-state error of 
IDA-PBC is zero, but there is considerable error for 
EL-PBC. 
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