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Abstract—In this paper, a droop control based state-of-charge
(SoC) balancing method in autonomous DC microgrids is
proposed. Both charging and discharging process have been
considered. In particular, in the charging process, the droop
coefficient is set to be proportional to SoC", and in the
discharging process, the droop coefficient is set to be inversely
proportional to SoC". Since the injected/output power is in
inverse-proportion to the droop coefficient, with the proposed
method, the energy storage unit (ESU) with higher SoC absorbs
less power in the charging process and delivers more power in the
discharging process. Meanwhile, the ESU with lower SoC absorbs
more power in the charging process and delivers less power in the
discharging process. Eventually, the SoC and injected/output
power in each ESU are equalized. The exponent n for SoC is
employed to regulate the balancing speed of the SoC and
injected/output power. It is demonstrated that with higher
exponent n, the balancing speed is higher. Simulation model
comprised of three ESUs is implemented by using
MATLAB/Simulink. The proposed method is verified by the
simulation results.

Keywords — distributed energy storage unit; droop control; dc
microgrid; state-of-charge

I. INTRODUCTION

With the development of modern electric grid, sustainable
energy has gained more awareness nowadays. At the same
time, in order to electrify the remote area and efficiently
integrate different kinds of renewable energy sources, the
concept of microgrid was proposed several years ago [1] and
has been intensively studied in the recent years [2]-[14]. Since
the conventional electric grid is implemented based on ac
system, ac microgrids have drawn more attention [2]-[7].
However, various sources and loads in a microgrid have dc
couplings, e.g. photovoltaic (PV) panels, batteries, LEDs, etc.
Hence, it is a simpler and more efficient way to connected
them with dc-dc converters to form a dc microgrid. In contrast
to ac microgrids, dc microgrids do not have the problems
caused by harmonics and reactive power, and can operate with
higher efficiency [8]. Considering the above advantages, there
is an increasing research interests on dc microgrids recently

[91-[14].

In order to connect the renewable energy sources and the
loads to the point of common coupling (PCC), power
electronics converters are usually employed as the interfaces
[15]. Power sharing between different interfacing converters is
a key problem in the control system of microgrids [1]-[7], [9],
[11]-[14]. Different approaches have been proposed in the
literatures, e.g. master-slave control [16], 3C control [17],
average current control [18], droop control [1]-[7], [9], [11]-
[14], etc. Since the sources and loads are connected to the
common bus dispersedly, droop control and its variants as
decentralized methods have been widely studied [1]-[7], [9],
[11]-[14]. In a dc microgrid, droop control is achieved by
linearly reducing the dc voltage reference value as the load
increases, and vice versa. Hence, the output power of each
interfacing converters can be automatically equalized by
regulating the dc output voltage.

Although renewable energy sources have many advantages,
their output power possesses the stochastic and intermittent
properties. In order to solve these problems, the energy storage
units (ESUs) should be employed to restrain the power
fluctuation [19]. Considering the distributed connection of the
sources and loads in a microgrid, distributed energy storage
units (DESUs) are commonly used. An ESU is usually formed
by series connected battery cells, and the string of battery cells
is connected to the common bus. Hence, the control system of
the ESUs is comprised of two parts. They are battery
management system (BMS) and power converter system (PCS),
respectively [14]. The function of BMS is to monitor the state
of each battery unit in an ESU, and to balance the state-of-
charge (SoC) of each unit. The function of PCS is to control
the output voltage and current, and also to reach the proper
load power sharing. In order to efficiently use the DESUs and
prolong their life, two requirements regarding SoC should be
satisfied. First, the SoC of each cell in the battery string of an
ESU should be balanced. Second, the SoC of the whole ESU
should be balanced among different ESU modules. The first
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requirement can be achieved by using the BMS, and the
second can be achieved by using the PCS.

This paper is a continuous work of [14]. Aiming at PCS, the
decentralized control system based on droop control is
developed to balance the SoC of each ESU and equalize the
injected/output power of each corresponding interfacing
converters. In [14], only the discharging process is studied.
Here, double-quadrant operation modes are under
consideration. In particular, in the charging operation mode,
the droop coefficient is set to be proportional to the n™ order
of SoC. Since the injected power of the interfacing converter
for the ESU is inversely proportional to the droop coefficient,
the injected power can be inversely proportional to the n™
order of SoC. It means that the ESU with higher SoC is
charged with less power, while the ESU with lower SoC is
charged with more power. Hence, the SoC can be gradually
balanced, and the injected power of each ESU is thereby
equalized. In the discharging operation mode, the droop
coefficient is set to be inversely proportional to the n™ order of
SoC. Since the output power is also inversely proportional to
the droop coefficient, the output power is set to be
proportional to the n™ order of SoC. It means that the ESU
with higher SoC delivers more power, while the ESU with
lower SoC delivers less power. As same as the condition in the
charging mode, the SoC of each ESU can be gradually
balanced, and the output power is equalized. It should be
noticed that the exponent n is employed in the above method
to regulate the power sharing speed. It can be demonstrated
that with larger exponent n, the SoC balancing and power
sharing speed is enhanced.

Il. DOUBLE-QUADRANT SOC-BASED DROOP CONTROL
METHODS

A. Principle of the proposed method

The configuration of the autonomous dc microgrid is shown
in Fig. 1, which is comprised of three parts: (I) sources, (II)
loads, and (I11) DESUs. Part | is formed by the distributed
renewable energy sources, which operate in MPPT mode and
inject power into the common bus. Part Il is formed by the
loads, which absorb power from the common bus. As
mentioned above in Section I, considering the stochastic and
intermittent property of the sources in Part | and also the load
changing in Part Il, DESUs should be employed in the dc
microgrids, as shown in Part I1l. When the power generated in
Part | is higher than the power consumed in Part I, sufficient
power is supplied in the system and the DESUs operate in the
charging mode. On the other hand, when the power generated
in Part | is lower than the power consumed in Part II, the
power in the system is not enough to feed the loads. Hence, the
DESUs operate in the discharging mode to match the power
difference.

As aforementioned, the charging and discharging operation
modes with SoC balancing and inject/output power
equalization are the efficient status to guarantee the reliable
operation of the DESUs. Considering the decentralized
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configuration of the ESUs in dc microgrids, droop control as a
kind of distributed control method is selected as the basis of
the proposed method. The conventional droop curve in the
first quadrant can be extended to obtain the double-quadrant
droop curve, as shown in Fig. 2. The part of the droop curve in
the first quadrant represents the discharging process, and the
part in the second quadrant represents the charging process. It
is seen in Fig. 2 that in the charging mode, with higher droop
coefficient the injected power is lower, and with lower droop
coefficient the injected power is higher. In the discharging
mode, with higher droop coefficient the output power is lower,
and with lower droop coefficient the output power is higher.

The expression of droop control in dc microgrids can be
shown as:

Vi = Ve =M, - Py @)
where Vg , m; and Pg; are the reference of dc output voltage,
droop coefficient and filtered power by the low-pass filter
(LPF) of converter #i respectively, vq is the reference of dc
output voltage at no-load condition (i =1, 2, ... , k, and K is
the number of the ESUs in the dc microgrid).

It should be noticed that Py; is positive in the discharging
process, while it is negative in the charging process.

In order to meet the requirement of SoC balancing, in the
charging operation mode, the droop coefficient is set:

m, =m, -SoC; )
where m, is the droop coefficient for charging process when
the ESU is fully charged, n is the exponent of SoC which is
involved to regulate the speed of SoC balancing.

The IEC-60228 has shown the line resistance of the power
cable [20]. It can be found that for the power cable whose
cross-sectional area is larger than 8 cm?, the line resistance is
less than 0.04 Q/km. Assuming that the voltage level of the
system is 600 V, when the power of 1 kW flows through the
power cable of 1 km, the voltage drop across the line is less
than 0.067 V, which is much smaller than nominal voltage
level of the system. Hence, the voltage drop across the power
cable can be neglected. Therefore, it yields:

Vier & Va2 & & Vi ®)

Considering the ideal voltage controller is used, the actual
dc output voltage is equal to its reference value. Combining (1)
—(3), it is derived:

PP, P, = t 1.1 4)
SoC]' SoC, SoC,

DC-DC . DC-DC
Converter Converter

= = +

Part I11:
Absorb/Inject
Power
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Fig. 1. The configuration of the autonomous dc microgrid.
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Fig. 2. Curve of the double-quadrant droop control.

It is concluded from (4) that in the charging operation mode,
if S0C;i>SoC; (i,j =1, 2, ..., K), then |Pqi| < [Pyl It means that
the increasing speed of SoC; is lower than SoC;. Hence, SoC;
and SoC; are gradually balanced. Meanwhile, the injected
power P; and P; are thereby equalized.

In the discharging operation mode, the droop coefficient is
set:

Pocz Pocl

m, = (5)

' SoC/

where myq is the droop coefficient for discharging process when

the ESU is fully charged, n is the exponent of SoC which is
involved to regulate the speed of SoC balancing.

As same as the condition in the charging process, the
voltage drop across the power line can be neglected. Therefore,
the expression in (3) is also satisfied. Combining (1), (3) and
(5), it is reached:

P,:P,:--:P,=S0C/ :SoC; :---:SoC, (6)

It is concluded from (6) that in the discharging operation
mode, if SoC; > SoC; (i, j = 1, 2, ..., K), then Py > Py It
means that decreasing speed of SoC; is higher than SoC;.
Hence, SoC; and SoC; are gradually balanced. Meanwhile, the
output power of ESU #i and ESU #;j is equalized.

Assuming the coulomb counting method is used to obtain
the SoC of each ESU, the method can be shown below:

S0C, = SoC, ., —Ci [t

()

where SoC; - is the initial SoC; at the starting time, Cei and i
are the capacity and output current of the ESU #i.

Meanwhile, considering the power balancing in the input
side and output side of the interfacing converter, it yields:

poi ~ poei =Voeiioei (8)

where p,; is the injected/output power of converter #i without
low-pass filtering, poei, Voei and iqe are the injected/output
power, voltage and current of ESU #i.

Since the output voltage of the ESU almost keeps constant
in a large range of SoC, it is assumed that v, is a constant
value in (8). Hence, combining (7) and (8), it is derived:

SoC, = SoC, ., — 9)

J. poidt

Meanwhile, since the injected/output power changes slowly,
the real power (p,) and the power after the LPF (P,) are
almost the same. Considering the power matching in the

system, it is reached:
k

k
Preq :Ps_PIoad:ZporzZ or
r=1

r=1

(10)
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where P is the required power in the system which is equal
to the difference of the total power supplied by the sources (Ps)
and the total power needed by the loads (P)gaq)-
Combining (9) — (10) and the proportion shown in (4) and
(6), it yields that in the charging operation mode,
1

P n
SOC, = S0C, ., —— = ksoidt (11)
Ceivoei Z 1
SoC/

r=1
In the discharging operation mode,

Peq J‘ SoC/’ dt (12)

SoC, =SoC, ., — c v

eivoei zsocr”

r=1

Take the distributed energy storage system (DESS) with
three ESUs as an example. By solving the sets of the equations
(10) and (11), the numeric solutions of SoC and injected
power in the charging operation mode can be obtained, as
shown in Fig. 3. Meanwhile, by solving the sets of equations
(10) and (12), the numeric solutions of SoC and output power
in the discharging operation modes can be obtained, as shown
in Fig. 4. The system parameters are shown in Table I. Here,
the exponent n is selected as 6 as an example. It is seen in Fig.
3 and 4 that the SoC and injected/output power of each ESU
gradually becomes equal respectively.

B. Speed regulation of the SoC balancing and injected/output
power equalization

As mentioned in Section I, the exponent n is employed in
the proposed control method to reach the speed regulation of
the SoC balancing and injected/output power equalization.
Here, two variables &g r and &y 1 are involved, which are used
to define the error of SoC and injected/output power after the
time period T. The variables satisfy the following expressions:

_ _ i 13
e = X £80C,}- min {50C,}f (13)

6= (14)

LR OIS SR O

where SoC; =t and p,i =7 are the SoC and injected/output
power whent=T.

Also take the DESS with three ESUs as an example. By
using the same parameters in Table I, the SoC and
injected/output power with different exponent n is shown in
Fig. 5 and 6. It is found that in both charging and discharging
modes, when the larger exponent n is selected, the final errors
of SoC and output power become smaller after the same time
period.

TABLE | System Parameters
Iltem Symbol Value Unit
Initial SoCq SoCi t=0 90/60 %
Initial SoC, SoCa =0 80/50 %
Initial SoCs S0Cst=0 70/40 %
Converter Output Voltage Vo 600 \Y%
Converter Input Voltage Vin 200 \Y%
Load Power Preg -3/3 kw
Max. Povgzrns::;;\? of Each D 25 KW
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(n = 6). (a) Waveforms of SoC. (b) Waveforms of injected power.
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Fig. 4. Waveforms of SoC and output power in the discharging operation
mode (n = 6). (a) Waveforms of SoC. (b) Waveforms of output power.

C. Limitations of the parameters used in the control diagram

In the starting period, with larger exponent n, the proportion
between different initial SOC" becomes larger, which results in
larger difference in the initial injected/output power. Hence, in
order to avoid the unsuitable power which is either too large to
exceed the maximum power rating or too small to influence the
normal operation of the converter, the exponent n should be
limited within the acceptable range. As shown in Fig. 7 (a), in
the charging process, the difference of the initial injected
power becomes larger. It should be guaranteed that the
injected power should not cross the upper and lower
boundaries, which are 2.5 kW and 0.2 kW respectively. In the
given conditions in Table I, the maximum exponent n should
be 6, as marked in Fig. 7 (a). Meanwhile, in the discharging
process, the difference of the initial output power also
becomes larger with higher exponent n, as shown in Fig. 7 (b).
By considering the two boundaries, the maximum exponent n
should be 9. Hence, the final upper limit of the exponent n
should be selected to meet the requirements in both charging
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and discharging modes. Concretely, it should be selected to be
less than 6.
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Another important issue is the dc output voltage. In order to
ensure the normal operation of the system, the dc voltage
deviation should be neither too large nor too small. If the dc



voltage deviation is too large, the stability of the system cannot
be guaranteed. Meanwhile, since droop control works with the
dc voltage deviation, if it is too small, the performance of
droop control will be influenced. Hence, the following
inequalities should be satisfied. Here, the exponent n derived
above is used.
In the charging process,
m,SoC.. - P,
m,SoCy. P = Av, .
where SoCa and SoC, are the maximum and minimum
values of SoC, Pomax and Pgmin are the maximum and minimum
values of injected/output power, AVgcmax and Avgmin are the
maximum and minimum values of dc voltage deviation.
In the discharging process,

max < AVdcmax

(15)

mdn ! Pomax < AVdcmao(

SOCmin (16)
mdn : Pomin 2 AVdcmin

SoC

Assuming that 35% < SoC < 95% and 0.2 kW < P, < 2.5
kW, (15) and (16) can be solved. It is derived that 5.4x10 <
M < 6.5x1073, 7.4x10° < my < 8.8x10™°,

I1l. SIMULATION VALIDATION

Simulation model comprised of three ESUs is implemented
by using MATLAB/Simulink to validate the proposed double-
quadrant SoC-based droop control method. Different cases are
studied to test the feasibility of the proposed method.

In the charging operation, the waveforms of SoC and
injected power when the exponent n equals 2 and 6 are shown
in Fig. 8 () and 9 (a), respectively. Compared the results in
the above two figures, when n equals 2, e 1 is reduced from
20% to 6%. Meanwhile, when n equals 6, & 7 is reduced from
20% to almost zero over the same time period. Hence, it is
seen that the SoC balancing speed is enhanced in the charging
process by increasing the exponent n. The similar results can
be found in the waveforms of injected power in Fig. 8 (b) and
9 (b). When n equals 2, gy 1 is reduced from 0.8 kW to 0.13
kW. When n equals 6, &y, 1 is reduced from 2.02 kW to almost
zero over the same time period. Hence, the speed of injected
power equalization is also enhanced with higher exponent n.

In the discharging operation, when n equals 2 and 6, the
waveforms of SoC over the same time period are shown in Fig.
10 (a) and 11 (a), respectively. When n equals 2, gy 1 IS
reduced from 20% to 4.2%. Meanwhile, when n equals 6, &xc T
is reduced from 20% to almost zero. For the output power, the
waveforms over the same time period are shown in Fig. 10 (b)
and Fig. 11 (b). When n equals 2, gy,  is reduced from 0.48
kW to 0.23 kW. When n equals 6, &y, 7 is reduced from 1.35
kW to almost zero. Therefore, it is seen that the speed of SoC
balancing and output power equalization is enhanced with
higher exponent n.

IV. CONCLUSION

In this paper, the SoC-based droop control method is
proposed to reach the proper power sharing between different
ESUs. Both charging and discharging operation modes are
taken into account. In the charging process, the droop
coefficient is set to be proportional to the SoC", while in the
discharging process, the droop coefficient is set to be inversely
proportional to the SoC". It is demonstrated that with the
proposed double-quadrant SoC-based droop control method,
SoC bhalancing and injected/output power equalization can be
achieved in both charging and discharging modes. The
exponent n is employed to adjust the balancing speed. It is
found that with higher exponent n, the balancing speed is
enhanced. Limits of the parameters in the control scheme are
discussed by considering the boundaries employed by the
initial power distribution and dc voltage deviation. By
selecting the reasonable parameters, the stability of the control
system is ensured.
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