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Abstract—In this paper, a passivity-based control (PBC) theory
is applied to control a battery energy storage system (BESS) un-
der current control mode by employing a bidirectional buck-boost
DC-DC converter. The proposed controller guarantees globally
exponentially stability for the system under closed-loop conditions
via proportional control design. An averaging model of the buck-
boost DC-DC converter is employed to represent the dynamics
of the system via port-Hamiltonian (pH) structure. Simulation
results show that a unique control law can be used to the charging
or discharging battery process. MATLAB/SIMULINK software
is employed to validate the proposed control methodology.

Index Terms—Battery energy storage system (BESS), bidi-
rectional buck-boost DC-DC converter, charge/discharge battery
operating modes, current control mode, Lyapunov stability,
passivity-based control (PBC).

I. INTRODUCTION

Solid-state electronics has changed the conventional struc-

ture of the electrical networks composed mainly by big

generation centrals, robust transmission and sub-transmission

systems, urban and rural distribution networks and passive

loads, for active and smart electrical networks, known as smart

grids and microgrids [1]. According to the U.S Department

of Energy, “a microgrid is a group of interconnected loads

and distributed energy resources with clearly defined electrical

boundaries that acts as a single controllable entity with respect

to the grid and can connect and disconnect from the grid to

enable it to operate in both grid-connected or island modes”

[2], [3].

A distributed energy resource interconnected to a microgrid

corresponds to dynamical subsystem, which can be controlled

inside of the microgrid to help its dynamical performance and

improve the global efficiency of the system. The most classi-

cal distributed energy resources are composed by renewable

energies [4] and energy storage technologies [5].

Chemical energy storage system emerge as one of the most

promissory energy storage technology for long term operation,

since these technologies can support critical loads for several

hours, when the main grid is not available for external events

[6], [7] or to supply isolated loads in conjunction with photo-

voltaic or wind systems [8], among others. The most important

chemical technologies for batteries are Lithium-Ion [9], Lead-

Acid [10], Nickel-Cadmium or Nickel-Metal-Hydride [11].

The electrical model of each chemical technology as well as

their dynamical model can be found in [12], [13].

Different control strategies have been proposed in spe-

cialized literature for controlling battery energy storage sys-

tems (BESS) integrated with bidirectional buck-boost DC-DC

converters, in this sense, a classical PI control approach is

highly used due to its simplicity [3], there is also sliding

methodologies [14], fuzzy logic controllers [15] and model-

predictive controllers [16] and some passive approximations

[17].

Unlike the aforementioned works, in this paper explores

the interconnection of a (BESS) by using a bidirectional DC-

DC buck-boost converter in DC microgrids. The proposed

approach considers stability conditions in closed-loop in the

sense of Lyapunov via passivity-based control (PBC) theory

from the point of view of the dynamics of the error.

The remain of this document is organized as follows: the

section II presents the dynamical model of the buck-boost

bidirectional DC-DC converter by using a port-Hamiltonian

representation. In the section III a passivity-based control

approach in presented via Lyapunov analysis by exploiting

the bilinear structure of the dynamical model. In the section

IV the general control law for the system is obtained, as

well as, the desired trajectories of the non-controlled state

variables. In the section V the test system parameters and

MATLAB/SIMULINK implementation is showed; while in

section VI the simulation results are presented with its corre-

sponding analysis in comparison with a classical PI approach.

Finally, the section VII presents the main conclusions and

suggested future works, followed by the acknowledgments and

reference list, respectively.
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II. DYNAMICAL MODEL

The electrical interconnection of a BESS system by a

bidirectional buck-boost DC-DC converter to the equivalent

DC grid is depicted in Fig. 1.

The dynamical model of this electrical system can be

obtained by applying first and second Kirchhoff’s laws for

any closed trajectory composed at least one inductor and for

any node that contains at least one capacitor. The resulting

dynamical model is given below:

L1
d
dt iL1 = vb − uvC1,

C1
d
dtvC1 = uiL1 − iL2 − iD,

L2
d
dt iL2 = vC1 −RdciL2 − vdc,

(1)

where L1 and L2 are the battery and grid inductances, C1 is

the capacitance of the buck-boost converter at grid side, u is

the average control input, iD is the current demanded at the

point of common coupling, iL1 and iL2 are the inductance

currents, vC1 is the voltage in the capacitance, vb and vdc are

the battery and grid voltages, respectively, and Rdc emulates

the Thevenin equivalent at the point of common coupling.

The dynamical system (1) can be represented as a port-

Hamiltonian system as follows:

Dẋ− (J0 + J1 (u))x+Rx = ζ, (2)

where:

D =

⎡
⎣ L1 0 0

0 C1 0
0 0 L2

⎤
⎦ , R =

⎡
⎣ 0 0 0

0 0 0
0 0 Rdc

⎤
⎦ ,

J0 =

⎡
⎣ 0 0 0

0 0 −1
0 1 0

⎤
⎦ , J1 (u) =

⎡
⎣ 0 −u 0

u 0 0
0 0 0

⎤
⎦ ,

x =
(
iL1 vC1 iL2

)T
, ζ =

(
vb −iD −vdc

)T
.

The matrix D is known as inertia matrix, J0+J1(u) is the

interconnection matrix, R is known as damping matrix, which

is positive semidefinite, x is the vector of the state variables

and ζ corresponds to the vector of the external inputs.

The dynamical model presented by (2) has the nominal

form employed by passivity-based control theory, which makes

it the most natural way to control this system, as will be

presented in the next section.

Notice that the dynamical model defined by (2) can be

used to control the battery current iL1 or the voltage at

the point of common coupling vC1. In this paper we are

interested to control the battery current via passivity-based

control technique, which implies that the objective of control

can be expressed as:

lim
t→∞(iL1 − iL1�) = 0, (3)

taking into account the following considerations:

• The current iL1� is known.

• The current iL2 and the voltage vC1 at the point of

common coupling of the buck-boost DC-DC and its local

demand iD are measurable.

• All parameters are defined positive and well-known.

III. PASSIVITY-BASED CONTROL APPROACH

In this section a globally exponentially stable passivity-

based controller via proportional gains from the point of view

of the dynamics of the error is presented.

Let us consider the dynamical system presented below as

function of the error dynamics, this is, x̃ = x − x� and ũ =
u − u�. This dynamical system it is obtained by substituting

these definitions on (2),

D ˙̃x = (J0 + J1 (u))x̃−Rx̃+ (J1 (ũ))x�, (4)

where the desired dynamics is defined as:

Dẋ� − (J0 + J1 (u�))x� +Rx� = ζ. (5)

Let us define the following Lyapunov candidate function

and its temporal derivative.

V(x̃) = 1

2
x̃TDx̃ & V̇(x̃) = x̃TD ˙̃x. (6)

When it is substituted (4) in (6), we obtain:

V̇(x̃) = −x̃TRx̃+ x̃TJ1(ũ)x� (7)

To guarantee that (7) is negative definite, we define the next

relation:

J1(ũ)x� = −kpx̃, kp = kTp � 0. (8)

If we define K = R + kp, it is easy to prove that for β ≤
λmin(D−1K), the dynamical system given by (4) is globally

exponentially stable in the sense of Lyapunov.

IV. CONTROLLER DESIGN

The definition of the general control law depends of the

control requirement of the BESS system, in this sense, the

objective of control proposed in this paper is to control the

current flowing through the battery, this is, iL1. To obtain

the control input and the admissible trajectories the set of

equations (5) and (8) are solved, which produces:

Control law
The desired control input is obtained from (4) as follows:

u� = v−1
C2�

(
vb − L1

d

dt
iL1�

)
, (9)

where vC2� is the desired trajectory of the voltage at the

common coupling point and iL1� is the desired reference for

the battery current, in other words, it is the objective of control.

The signal control that minimizes tracking error is obtained

from (4) as presented below:

ũ = v−1
C2�kp1 (iL1 − iL1�) , (10)
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Fig. 1. BESS connection via bidirectional buck-boost DC-DC converter

where kp1 is a positive feedback proportional gain.
It is necessary to remember that the control input u is

defined by the algebraic sum of (9) and (10).
Admissible trajectories
Admissible trajectories correspond to the trajectories fol-

lowed by the non-controlled state variables, when the dynam-

ical system is under-actuated, as is the case of the BESS

system. In this sense, if the desired trajectory of iL1 is defined

by iL1�, then, the dynamical behavior of vC1 and iL2 are given

by vC1� and iL2�. These trajectories are obtained by solving

(5).

C1
d
dtvC1� = u�iL1� − iL2� − iD,

L2
d
dt iL2� = vC1� −RdciL2� − vdc.

(11)

The differential equations given in (11) correspond to

the desired dynamical behaviors of the non-controlled state

variables, in this sense, the proposed controller corresponds

to a dynamic controller, which is continuously corrected as

function of the desired states. For this reason, it is important

to point out that the solution of (11) is indispensable to fulfill

the control objective. One of the most important situation in

this context corresponds to the initial conditions of the desired

states, which are carefully selected to avoid singularities in

the control law (see (10)). These initial conditions are selected

different from zero and limited by the operative characteristics

in the electrical components of the network to improve the

dynamical performance of the proposed controller.

V. TEST SYSTEM AND MATLAB/SIMULINK

IMPLEMENTATION

The proposed electrical connection for the BESS showed in

Fig. 1 is employed as test system. The electrical parameters

are given in Table I.
The design and implementation of the test system is made

on MATLAB/SIMULINK 2017a by using a desk-computer

INTEL(R) Core(TM) i5− 3550, 3.50 GHz, 8 GB RAM with

64 bits Windows 7 Professional. This implementation and its

corresponding controller are presented in Fig. 2.

VI. SIMULATION RESULTS

The numerical validation of the proposed controller is made

by two simulating scenarios. The First scenario shows the

capacity of the proposed controller to tracking an arbitrary

desired trajectory for the battery current; while the second

scenario shows the possibility to make load tracking.

A. Parametrization and simulating conditions

All simulation was made bu using MATLAB/SIMULINK

2017a software and SimPowerSystem library by using the

circuit diagram presented in 2. As switching frequency, we

select 5 kHz. The proportional gain for the PBC approach

is kp = 1000, while in case of classical PI control the

proportional an integral gains were selected in kp = 0.2 and

ki = 110, respectively.

For the implementation of the PI control we use the software

available in [18] provided by [3].

B. Battery’s current control

The control of the battery current is made by selecting

an arbitrary desired current reference iL1� such that, has

positive and negative values as well as ramps and step changes.

Additionally, for this simulating scenario, we consider that

iD = 0 without loss of generality.

In Fig. 3 the desired current and the battery current are

depicted; besides, the tracking error is also shown.

Notice that, in case of references with changes given by

ramps the tracking error holds around to zero, this is, the

desired and output currents are close as can be seen in Figs.

3a and 3b from t = 0 to t = 1; however, when the reference

current experiments step changes, the output current is limited

by the battery characteristics, which implies that its rate of

change is limited, producing an appreciable tracking error (see

Fig. 3 from 1 ≤ t ≤ 1.1). In this sense, we can concluded that

the rate of change for any current reference need to be limited

by the battery features to avoid unnecessary control efforts.

Comparing the dynamical response given by the conven-

tional PI controller and the proposed PBC approach, it is clear

that both controllers make the control task; nevertheless, the

TABLE I
ELECTRICAL PARAMETERS OF THE TEST SYSTEM

Parameter Symbol Value Unity

Battery inductance L1 40e−3 H
Grid inductance L2 10e−3 H
Grid resistance Rdc 1 Ω
Capacitance C1 1200e−6 F
Battery nominal voltage vb 12 V
Battery nominal Current ib 10 A
Battery state of charge SoC 80 %
Grid voltage vdc 48 V
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Fig. 2. MATLAB/SIMULINK implementation of the test system and the proposed controller

PBC controller has less tracking error (see Fig. 3c), mainly

when the reference curve is a ramp type.

On the other hand, in Fig. 4 the dynamical behavior of

voltage in the capacitor and the grid current are presented.

In Fig. 4 it is clear that the dynamical behavior of the voltage

in the capacitor is defined by the total current flowing through

the inductance and resistance of the grid, which implies that

under steady state conditions the this voltage differs from vdc
in the voltage droop caused by the resistance, and they are

equals only when iL2 is zero. In addition, the PI controller

produces oscillations with more amplitude, in comparison with

the proposed PBC approach.

C. Load tracking

The proposed controller can be used to make load tracking,

this is, that the battery supports all current demanded for the

load iD. In this sense, to define the current reference iL1�, the

following relation needs to be fulfilled:

iL1� =
vC1

vb
iD. (12)

Notice that (12) is the relation of transformation of the buck-

boost DC-DC converter.

In Fig. 5 the desired and battery current as well as grid side

current are depicted.

Recall that after the initial transitory (t < 1s), the desired

current depicted in Fig. 5a and battery current showed in Fig. 5

have the same behavior, in other words, the proposed control

allows to achieve iL1 to iL1� defined by (12). This implies

that the current supplied by the grid holds around zero value

as shown in 5c. Additionally, due to the commutation losses

in the buck-boost converter (non-modeled in this paper), there

exist a small error between the power demanded by the load

(vD1iD) and the power generated by the battery (vbiL1). This

difference is compensated dynamically by the grid side current

iL1, specially when the reference variates as ramp curve, as

can be seen during the period of time comprehend from t = 4s
to t = 8s in Fig. 5c.

It is important to mention that in the case of load tracking

the classical PI control and the proposed PBC approach present

a quite similar dynamical behavior, which occurs since the

load has soft changes minimizing the transitory effects in the

controller performances.

Finally, in Fig. 6 the battery variables are presented for the

load tracking case.

In Figs. 6a and 6b are shown the dynamical behaviors

of the battery voltage and its corresponding state of charge

for classical PI proposed PBC controller approaches. Notice

that both dynamical behaviors follow the same trajectory with

reduced oscillations fulfilling the control task adequately.

D. General comments

In terms of dynamical performances of the proposed PBC

method and classical PI approach they present a quite similar

behavior; nevertheless, the passivity-based control method
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Fig. 3. Desired and battery currents: a) reference value iL1�, b) battery’s
current iL1, and c) tracking error
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Fig. 4. Grid side state variables: a) vC1 and b) iL1

requires only one control gain to achieve the control objective,

while the conventional PI control requires two control gains,

which difficult its parametrization when in compared to the

proposed approach.
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Fig. 5. Dynamical behavior of the system currents: a) battery’s desired current,
b) battery’s current, and c) grid side current
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Fig. 6. Grid side state variables: a) vC1 and b) iL1

The test system analyzed in this paper is only validated via

simulation scenarios, for this reason, there are not discussed

practical issues about experimental validation; however, for

this purposes the general characteristics of BESS and its
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integration in DC power grids can be studied in [3].

VII. CONCLUSIONS AND FUTURE WORKS

An exponentially stable controller was designed to operate

a BESS system integrated to DC grid with a buck-boost bidi-

rectional converter via passivity-based proportional controller.

The proposed controller uses a unique control law to charge or

discharge the BESS system with only one control parameter,

which simplifies the controller design in comparison to the

classical PI approach.

The proposed controller can be used for photovoltaic ap-

plications integrated with boost unidirectional converters, due

to the dynamical model of the boost converter is identically

to the dynamical model presented in this paper for the buck-

boost bidirectional converter, which implies that the control

input designed can be used to operate a PV array under current

control mode.

A modification of proposed PBC approach can be made to

control the voltage profile in the grid side of the buck-boost

converter, to support dynamical loads in isolated distributed

energy resource applications. Additionally, integral actions can

be added to the proposed controller to minimize steady state

errors preserving asymptotic stability in the sense of Lyapunov

via passivity-based PI control theory.
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