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Abstract

Battery is considered the most dominant energy storage device for renewable
energy-based DC microgrid systems (RE-DCMG) because of its ability to
store energy for a longer duration. Here the power electronic converter plays
a vital role, which acts as a bridge between the energy storage system and DC
microgrid. One of the main reasons for the failure of battery systems due to
the failure of the power electronic converters. To improve the redundancy and
converter failure issues of battery energy storage systems (BESS), parallel
operation of multiple converters are required. However, the parallel operation
faces an issue of voltage imbalance between the converters which gives rise to
an input circulating current. To address these issues, in this paper, we propose
a nonlinear droop control based parallel DC-DC boost converter for battery
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energy storage system. The nonlinear droop control strategy ensures the
equal battery current sharing between the parallel converters and good output
voltage regulation. Moreover, SOC based controller avoids over-charging and
over-discharging of the battery and the parallel converters ensure the redun-
dancy in operation. The proposed system is designed and implemented in the
MATLAB/Simulink and compared with the existing linear droop control.

Keywords: Battery storage converter, non-linear droop control, circulating
current minimization, and converter redundancy.

1 Introduction

The importance of renewable energy sources has increased in recent years as
a result of advances in technology and research [1]. The energy is generated
and stored in the battery energy storage system (BESS) by employing power
electronic converters, especially in the domain of solar energy systems [2].
The energy emanated from the sun, which had to be stored in the BESS and
later on we can again feed to the DC microgrid [3, 4]. Between the load
and the storage, a parallel Bi-directional DC-DC converter is utilized for
power conversion. We need a converter to connect solar energy to supply
the loads as well as store it in the BESS. Due to the depletion of fossil
fuels, the importance of renewable energy sources has grown in recent years,
particularly in power generation [5] and electric vehicles [6].

The energy stored in the BESS should be utilized in hybrid electric
vehicles [7, 8]. For this application, we need a converter that converts the
stored energy in the BESS to drive the vehicles. So we needed a DC-DC
converter to convert the energy or store it in the BESS [9, 10]. Parallel
converters are employed to provide redundancy [11]. Further ensuring that the
power supply for the motor driver circuit to drive the vehicle is maintained.
When employing a single converter for power supply, the failure of power
electronics switch leads to the failure of power delivery to loads and results
in a power outage [12].

To avoid this parallel DC-DC bidirectional converter is being used. As
both the converters are of the same rating, even though one converter damages
the other converter will be able to supply the power to the load without any
interruption and the redundancy is obtained [13–15]. Because the parallel
converters will have equal loading, there will be no additional stress on the
switches. In addition, the use of centralized controller for parallel convert-
ers reduces the system redundancy, reliability and increases the complexity
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for multiple parallel connected DC-DC converter systems [16]. Hence in
this work a decentralized droop control is implemented to control each
DC-DC converter independently. The main aim of droop control is to regulate
the output voltage as well as to reduce the circulating currents between
the two inductors such that there won’t be any short circuits between the
switches [17].

In the conventional linear droop control, the circulating currents are not
minimized and the output voltage is not regulated properly [18–20]. This
is due to the improper voltage regulation and circulating current that exist
between the two converters [21–22]. To avoid this we are using a non-linear
droop control for two converters. This scheme enables the equal load sharing
between the two converters and regulation of output voltage at set point
[23–25].

A single converter based energy storage integrated DC microgrid systems
are presented in [26–28]. If any one of the converter failure occurs in the
system, then there will be a power mismatch in the supply and the load
demand. Such scenarios can be avoided by paralleling of the converters. It
improves the redundancy of the DC microgrid system and ensure continues
power supply without any interruption. Further if the BESS is continuously
charged beyond the state of charge (SOC) limit, it may reduce the life span
of the BESS [29, 30]. Hence a proper control of charging and discharging of
the BESS should be needed based on SOC.

This paper mainly focuses on the design of a parallel bi-directional
DC-DC converter for BESS. To realize the decentralized operation and ensure
the redundancy, a nonlinear droop control is designed and implemented. The
system is analyzed with different source and load variations and compared
with traditional linear droop control.

The proposed system configuration and designed is presented in Section-
2. The control strategy in explained in Section-3. The simulation results and
comparison of proposed strategy with conventional linear droop control is
presented in Section-4. The paper is concluded in Section 5.

2 System Configuration and Design

In this section, we will discuss the design of the parallel-connected DC-DC
boost converter with a BESS as shown in Figure 1. The parallel connected
bidirectional DC-DC boost converters share the total load demand equally.
The boost converters designing equation are obtained from [29], assuming
that the converters are operating in continuous conduction mode.
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Figure 1 Block diagram of parallel-connected bi-directional DC-DC converter.

2.1 Design of Bidirectional DC-DC Converter for BESS

Figure 2 shows the parallel-connected bi-directional DC-DC converter with
control strategy. Inductor value of L is used for both bi-directional DC-DC
converters and are evaluated by using the following Equations (1). The non-
linear droop is applied used to control the parallel converters independently.
The controller values for the each control loop is tuned properly using the
Single Input Single Output (SISO) tool/MATLAB [10] and the switching
operation is managed based on the SOC of the BESS. The major design
equations are as follows.

L1 = L2 =
VoD

∆Ilfs
(1)

Where fs is the switching frequency and D is the duty cycle. The L1 and
L2 represents the input inductance of the parallel connected bi-directional
DC-DC converters. Inductor ripple ∆Il is 5%. Similarly the output capacitor
of each bi-directional DC-DC converter is designed using the equation

C =
VoD

∆VoutRofs
(2)

Vo and ∆Vout output voltage and voltage ripple in output voltage. In this
analysis ∆Vout is 2%. The BESS system designed for handing the 144 W
power and providing output voltage is 24V. Battery input voltage is taken as
24 V and output designed for 48 V. The design value is given in Table 1.
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Figure 2 Circuit diagram of parallel connected bidirectional DC-DC boost converter with
non-linear droop control.

2.2 Modelling of Parallel Boost Converters

Both bidirectional DC-DC boost converters are identical and operating in
parallel. Hence the modelling is presented by considering single boost con-
verter [17]. The L, C, vc, V0 are the filter inductor, output filter capacitance,
capacitor voltage and steady state value of output voltage for boost converter
respectively. The boost operation is considered for design to accommodate
the effect of right hand zero in the boost converter [28]. The average equations
of voltage across inductor and current through capacitor for a particular
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Table 1 System parameters for simulation study
S.No Parameters Values
1 Battery input voltage Vin 12V
2 Load resistance 24 Ω

3 Boost converter inductance 2 mH
4 Output capacitance 470 µF
5 Switching frequency 20 kHz
6 Output voltage 24 V
7 Input inductance 2 mH

switching time is given below

L
dil
dt

= VDC − (1 −D)V0 (3)

C
dvc
dt

= (1 −D)il −
vc
R0

(4)

Based on the above equations state-space equations are obtained as
follows

[
i̇l
v̇c

]
=


0

−(1 −D)

L

(1 −D)

C

−1

R0C


[
il
vc

]
+

 1

L
0

 vDC (5)

Where vc and vDC represents the instantaneous voltage across the capac-
itor and input voltage. VDC is the BESS voltage D represents the duty cycle.
The output capacitor current equation is given Equation (4).[

i̇l
v̇c

]
=

[
1 0
0 1

] [
il
vc

]
+ DVDC (6)

The above equation are perturbed by using vc = VC + v̂c il = Il + îl,
vDC = VDC + v̂DC and D = d+d̂. After doing perturbations the steady-state
values to become zero because the steady-state voltage and current across the
capacitor and inductor is zero, then the following equation is obtained.

[
˙̂il
˙̂vc

]
=


0

−(1 − d)

L

(1 − d)

C

−1

R0C


[
îl
v̂c

]
+


Vc

L

−Il
C

 d̂ +

 1

L
0

 v̂DC . (7)
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The above-average model equations are used to calculate the transfer
functions for the converter.

(i) The duty cycle to the output voltage transfer function is obtained.

G v0
D

=
v̂0(s)

D̂(s)
=

((1 − d)V0 − LIls)R0

LCR0s2 + Ls + (1 − d)2R0
(8)

(ii) The duty cycle to inductor current transfer function is derived as

G il
D

=
îl(s)

D̂(s)
=

((CV0 + 2(1 − d)Il)R0

LCR0s2 + Ls + (1 − d)2R0
(9)

(iii) The inductor current to output voltage is derived from the above
Equations (8) and (9) as follows.

v̂0(s)

îl(s)
=

(1 − d)V0 − LIls

CV 0s + 2(1 − d)Il
(10)

3 Control Strategy

3.1 Design Control Strategy for BESS

The designed control strategy for the BESS is shown in Figure 3. The power-
sharing between the two converters and voltage regulating is achieved by the
nonlinear droop control with the help of PI controllers. G i

d
is the current

to duty cycle transfer function for the regulation of the current through

PI IL/d PI+
--

+V*REF
ILREF

VO IL

^^ Vo/IL 
^ ^d 

^
IL
^ VOVREF +

-

Droop

IOMAX ΔV 

VO

Figure 3 Controller block diagram with droop logic.
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Figure 4 The linear and nonlinear droop curve.

inductors. In the design of linear droop, a linear equation is considered i.e.
between the voltage and current by using the following equation [31].

VDroop = Vout − IL ∗RDroop (11)

VDroop = droop voltage
Vout = output voltage
IL = load current
RDroop = droop resistance
Where RDroop is calculated by the no-load voltage to Ipeak load current.

While designing the nonlinear droop equation, we consider the inverse
parabola equation for reducing the circulating currents among the converters
by using the following equation [3]. The below Figure 4 explains the non-
linear droop curve. The Equation (12) represents the nonlinear droop equation
based on the parabolic curve.

V = Vno − ∆Vout +

((
1 − i

Imax

)1/2
)

∗ ∆Vout (12)

Where;
∆Vout = designed droop voltage range.
Vno = no-load voltage set point.
Imax = maximum output current.
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In the designing of the inner current and outer current loop PI values,
bandwidth plays a vital role. While tuning the PI controller bandwidth of the
inner current loop is taken as 10 krad/sec to make the loop act faster compared
to outer loop. The outer voltage control loop is designed with bandwidth of
600 rad/sec.

The tuning of the PI controller is based on the phase margin and gain
margin concept by using the above voltage to control and current to control
transfer function by solving those above two equations we will get the kp and
ki values because the converter is identical so the same kp and ki values have
been used to both converters.

P Iz = Kzp +
Kzi

s
(13)

Where z represents the current loop and voltage loop PI values.

3.2 SOC Calculations and Application of SOC

In the switching of the converters are based on the BESS SOC and the
converter will act as bi-directional DC-DC converter. When the SOC is 80%
the BESS will supply the power. While the SOC is less than the 20% the
BESS will be charging from the DC microgrid. The SOC calculated from the
following equation [31, 32].

SOC (t) = SOC (t− 1) +
I(t)

Qn
∗ ∆t (14)

Where, SOC (t − 1) is the initial SOC at previous sampling, I(t) is the
discharging current, Qn is the nominal capacity and ∆t is the time interval.
The PI values derived for the inner current control loop with the help of the
SISO tool. The PI values obtained for the inner current loop is Kpc = 0.134
and Kic = 138. The phase margin without using any compensator is −90
degree at 0 dB line while after compensating with by proper tuning the phase
margin at the 0 dB line is −69 dB it indicates that the system is stable if it is
operated in that prescribed limits.

The outer voltage control loop is designed for 60◦ phase margin and
600 rad/sec band width. The PI values obtained for inner current loop is
Kpc = 0.05 and Kic = 61.125. The phase margin without using any compen-
sator is −94.6 degree at 0 dB line while after compensating with by proper
tuning the phase margin at the 0 dB line is −59.6 dB it indicates that the
system is stable if it is operated in that prescribed limits. The bode plots for
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Figure 5 Bode plot (a) inner current control loop (b) outer voltage control loop.

uncompensated and compensated system is shown in Figure 5(a) and 5(b).
It is clear from the bode plot that the compensated system have more gain at
low frequency and less gain at high frequency.

4 Simulation Results

The linear and non-linear droop designed for parallel-connected boost con-
verter of 144 W. The component ratings and design requirement are shown in
Table 1. The system is simulated by using the MATLAB/Simulink. By giving
the load variation and the source variation the performance of the controller
is verified.

4.1 Linear Droop

In linear droop, the equation has been derived as mentioned above Equa-
tion (11) and it’s stimulated with the help of MATLAB/Simulink. The output
voltage is regulated at 24 V. The DC bus voltage, the inductor currents and
circulating current waveforms are shown in Figure 6. In linear droop, the
circulating current is approximately 20 mA.

4.2 Nonlinear Droop

The nonlinear droop controlled parallel bidirectional DC-DC boost converter
is simulated in MATLAB/Simulink. In nonlinear droop Equation (12) is
utilized to reduce the circulating current in the inductors. The proposed
system is simulated for different scenarios such as load variation, source
variation and compared with linear droop. The result are as follows.
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Figure 6 Simulation results for linear droop: output voltage, input inductors, circulating
currents.

4.2.1 Load Disturbance
Three load variations are applied to the proposed system to verify the con-
troller operation under load variation. The disturbance are created at 0.2 sec,
0.5 sec and 0.8 sec. The total connected load is increased at 0.2 sec and 0.5 sec
and reduced at 0.8 sec. Figure 7 shows the output current through actively
connected load, output voltage, BESS voltage, BESS current of the converter.
At 0.2 sec load demand is increased by 25% as BESS current increasing from
8 A to 10 A. A sudden dip occur at the DC bus voltage and active load current
due to increase in load demand. At, 0.8 sec, the load is suddenly disconnected.
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Figure 7 Simulation results for nonlinear droop under load disturbance: output current in
actively connected load, output voltage, BESS voltage, BESS current.

As a result a sudden rise occur in the DC bus voltage due tot eh excess power
exist in the load side.

Figure 8 shows the circulating current, droop voltage and BESS SOC
during load disturbance. The circulating current, which is the difference
between the two inductors is 2(nA), which negligible current. The difference
between the two inductor is approximately zero which implies the circulating
current is approximately zero. The droop voltage which is added to the
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Figure 8 Simulation results for nonlinear droop under load disturbance: circulating currents,
droop voltage, soc (%).

reference and feeds back to regulate the output voltage to the rated value.
The SOC of the battery has linear characteristics in the operating range and
falls as the BESS gets a discharged.

Figure 9 represents the inductor current of two converters and the total
BESS current supplied to the converter at the time of load disturbance.



832 B. C. Chakrapani et al.

Figure 9 Simulation results for nonlinear droop under load disturbance: inductor current (1),
inductor current (2), BESS current.

Initially. the total BESS current is 7 A, and the inductor currents are 3.5 A
each. At the time of disturbance, the total change in load demand is shared
equally between two converters. As in the Figure it is seen that the converter
as suppling the equal amount to input current to satisfy the load requirement.

Figure 10 shows the power sharing in the system. The 8 ohm resistor
is the active load in the system. 24 ohm and 48 ohm are connected and
disconnected at different intervals. The load power demand of 8 ohm, 24 ohm
and 48 ohm are 72 W, 24 W and 12 W respectively. The load power increased
from 72 W to 96 W at 0.2 sec and again increased to 108 W at 0.5 sec. The
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Figure 10 Simulation results for nonlinear droop under load disturbance: power supplied by
BESS and power consumed by the different linear loads.

BESS supplies the total power demand. At, 0.8 sec, the power demand drops
to 72 W. The power sharing of battery and connected loads reveal that the
potential operation of proposed system.

In summary, the parallel connected bidirectional boost converter able to
mitigate the effect of circulating current and the total load demand is shared
between the two converters using proposed nonlinear droop control strategy.
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Figure 11 Simulation results for nonlinear droop under source disturbance: input voltage,
input current, output voltage, and output current.

4.2.2 Source Disturbance
As source disturbance can’t create by using the BESS, a controlled DC
source is connected instead of the BESS to verify the operation of proposed
controller. The disturbances are applied at 0.3 and 0.6 sec. Initially, the source
voltage is 12 V, load voltage is 24 V and load current is 3 A.

At 0.3 sec, source disturbance has been introduced by reducing the value
of the source voltage by 33% of rated source voltage. Figure 12 shows the
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Figure 12 Simulation results for nonlinear droop under source disturbance: input inductor
currents 1&2, input current, circulating current.

input voltage, input current, output voltage and output current at the time of
source disturbance. The DC bus voltage is stabilized with a mior dip at the
time of disturbance. The input current increased to compensate the reduction
in source voltage. The load current is maintained constant at 3 A. At 0.6 sec,
the source voltage is increased by 42% of rated voltage. The load is equally
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Figure 13 Simulation results for nonlinear droop under source disturbance: converter output
currents, total output current, and droop voltage.

shared among the two converters by minimizing the circulating current. The
source current is reduced to balance the power demand and load current is
regulated at 3 A.

Figure 12 shows the total input current, two inductor currents, and cir-
culating current, during the source disturbance. The total source current is
shared between the converters equally. At the time of disturbance, the total
load current is 9.6 A and is shared equally between the inductors as 4.8 A.
Also, it is important to note that the circulating current is in the order on
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Table 2 Comparison between linear droop and nonlinear droop
S. No Parameters Linear Droop Non-Linear Droop
1 Difference between inductors 20 mA 2 nA
2 Output voltage 23 V 23.8 V

nA rating. The difference between the two inductors current is approximately
zero, which implies that both the inductors are carrying the same amount of
current.

Figure 13 shows the total output current, output current of two converters
and the droop voltage. The total load current is 3 A. The output of each
converter is 1.5 A irrespective of the source variation. The droop voltage
is 0.45 V. The droop voltage is added to the reference voltage and feed to
the controller to minimize the error in independent controllers. Irrespective
of the operating conditions, the two converters share the power demand and
load current equally.

4.3 Comparison Between Linear and Nonlinear Droop

In this section, the detailed comparison between linear and nonlinear droop
is presented. While in the linear droop control, the circulating currents are
not minimized below 0.02 A. As a result, a part of the battery energy is
circulating in the parallel connected converter system. Further this circulating
current affects the dc bus voltage regulation and leads to drop in load voltage.
On the other hand, the proposed nonlinear controller for parallel connected
bidirectional DC-DC boost converter reduces the circulating current and
steady state error in DC bus voltage. The circulating current in nonlinear
droop control is 2 nA and the steady state error in 0.2 V. A summary of
the comparison is presented in Table 2. As a result, the proposed system with
nonlinear droop control shows enhanced performance compared to traditional
linear droop control.

5 Conclusion

In this work, a parallel bidirectional DC-DC converter is designed for BESS
with redundancy and reliability in operation to regulate the output DC bus
voltage. In conventional single converter based systems are lacking in redun-
dancy and they are always subjected to high current stress. The use of parallel
converter system improves the redundancy and protect the system from power
outage. However, the use of centralized controller reduces the redundancy
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and reliability in the system. The use of decentralized control improves the
reliability, however the linear droop control lacks in DC bus voltage regula-
tion and minimization of circulating current. This issues are addressed in this
work and proposed a nonlinear droop control structure that track the set point
voltage in parabolic path. The proposed system ensure equal power sharing
between the converters and better DC bus voltage regulation compared to
the conventional linear droop. Further, the simulation study reveals that the
proposed method reduces the circulating current considerably compared to
the traditional linear droop control. The SOC of the BESS is regulated with
in predefined limits. The transient and steady-state ripple in the voltage and
current have been in permissible limits. The redundancy is also implemented
and the switching actions are done based on the SOC of the BESS, while the
BESS charging and discharging have been controlled.
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