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Abstract—Nowadays, DC microgrids by linking DC sources
such as renewable resources directly to the DC loads and
offering higher efficiency due to the elimination of conversion
stages are gaining more and more popularity. In DC microgrids
with renewable resources, there are stochastic behavior and
uncertainties. Thus, energy storage use is unavoidable. Droop
control as a well known method is used as the basis of the
power sharing among different parallel voltage sources and
battery energy storage systems (BESSs). In order to extend the
lifetime of BESSs and avoid the overuse of a certain battery,
the State of the Charge (SoC) of BESSs should be balanced.
This paper presents a review on three different droop control
based methods for balancing SoCs of different BESSs in DC
microgrids. Moreover, the paper proposes a new droop control
method for SoC balancing to overcome the drawbacks of the
mentioned methods. The mathematical model of these different
methods are derived using small signal state space modeling for
a Photovoltaic (PV) grid-interactive DC microgrid consisting of
two BESSs. Then, a comparison study has been performed for
the mentioned four methods using MATLAB/Simulink.

Index Terms—DC microgrid, Droop Control Method, Battery
Energy Storage System (BESSs), State of the Charge (SoC)
Balancing

I. INTRODUCTION

Department of Energy (DoE) defines microgrid as ”a group
of interconnected loads and distributed energy resources within
clearly defined electrical boundaries that acts as a single
controllable entity with respect to the grid. A microgrid can
connect and disconnect from the grid to enable it to operate
in both grid-connected or island-mode.”

In existing AC PV microgrids, PV generates DC voltage,
this DC voltage is inverted to AC through a grid-tied inverter
and on the load side the AC voltage is converted to DC once
again. This AC power system requires two energy conversion
steps, DC/AC conversion at the PV side and AC/DC conver-
sion at the DC load side. Renewable energy sources like solar
and fuel cells generate DC power, on the other hand a large and
increasing portion of loads use DC voltage internally. There
is a possibility to eliminate the costly and inefficient power
inverters and install a DC network linking DC loads to the
DC sources- i.e., DC microgrid- [1]- [4]. PV and fuel cells are
DC resources and they are connecting to the power grid by

978-1-5090-6684-1/18/$31.00 ©2018 IEEE

DC/DC and DC/AC converters. DC/DC converters are mainly
used to provide a controlled output voltage under different
load variation [5].

BESSs are key elements of a DC microgrid due to the
uncertainties in the nature of the renewable sources. Moreover,
in order for obtaining a redundant system, there is need for
multiple BESSs with power sharing capability [6].

When more than one BESS are utilized in a DC microgrid,
some of them might be exposed to deep-discharging or over-
charging if there is no control on the power sharing among
them [6]. Therefore, it is necessary to design a controller that
can dynamically change the power shared between the BESSs
to keep their SoCs at the same level.

To achieve power sharing among BESSs, droop control meth-
ods have been proposed [7]. Droop control method is a well
known method in DC microgrids, where the reference voltage
of each source is calculated using its nominal output voltage,
output current and a droop coefficient. The droop control
methods can be modified to balance the SoCs besides the
power sharing.

It is desirable that, in the discharging mode of operation, the
BESS with higher SoC provides more power and accordingly,
in the charging mode of operation, the BESS with lower SoC
absorbs more power. To address this objective, some of the
recent works dynamically change the droop coefficients of
each BESS according to its SoC [4] - [12].

In [4], SoC balancing is achieved by comparing the SoC of
each BESS with the average SoC of the batteries and have the
BESSs with higher SoC to contribute more in discharging and
the batteries with lower SoCs to contribute more in charging.
There is another method for the SoC balancing which has been
widely utilized in several literature [8] and [9]. In this method,
the droop coefficient of a BESS is changed linearly according
to its own SoC.

Another droop control based SoC balancing method is pro-
posed in [11] to achieve SoC balancing of BESS with different
capacities. The advantage of this method is that the batteries
can have different capacities and their SoC will be balanced
despite their different capacities, which cannot be obtained in
other methods.
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Fig. 1: Schematic diagram of a simple DC microgrid.
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The paper is organized as following. In Section II, architecture
and control of a typical DC microgrid utilizing droop control is
discussed. Section III, describes different droop based control
strategies and a new droop control method for SoC balancing
is proposed to overcome the drawbacks of the other methods.
In Section IV, state space models of different cases are derived
and linearized using small signal method. Then in Section V,
a comparison study has been performed for the mentioned
four methods using MATLAB/Simulink. Finally, section VI
concludes the overall paper.

II. A TyrpicAL DC MICROGRID

A typical PV DC microgrid consists of grid-tied converter,
BESSs, PV arrays and loads connected to the common DC
bus, as shown in Fig. 1.

Since the focus of this paper is on the control of BESSs, the

rest of the system including PV, grid-tied converter and loads
are considered as variable current sinks/sources and BESSs of
the system regulate the DC bus voltage.
Block diagram of a BESSs and its three layers of control
including: droop controller, voltage and current controllers
are shown in Fig. 2. The primary controller, i.e., the voltage
and current controllers, of each BESS is designed with the
knowledge of its topology, switches, power source, and output
capacitance such that it is stable under any external load
fluctuations within the limits of its power rating. The sec-
ondary controller is responsible to handle energy management
between BESSs and consists of droop control based SoC
balancer followed by a SoC calculator which is responsible
to monitor the SoC of BESSs and feed the SoC to the SoC
balancer for modifying the droop coefficient. The procedure
of designing the controllers has been discussed in details by
the authors of this paper in [13].

The SoC of a battery is calculated based on its initial SoC,
output current and capacity using the following equation

1
SOCi = SOCiO — Cf /Il(t)dt (1)
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Fig. 2: Control block diagram of the battery charge controller.
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Fig. 3: Change of current due to the change of droop coeffi-
cient.

where, SoCjo is the initial SoC of i*" battery, C,; is the
capacity of the battery in As and I;(t) is the output current
of the battery.

The calculated SoC from Eq.1 can be used to modify the
droop coefficient of the battery and adjust its output power.
Fig. 3 shows the I-V characteristic of a BESS with different
droop coefficient. This figure shows that how the output cur-
rent of the battery varies with change in its droop coefficient.
Therefore, by modifying the droop coefficient of each BESS,
its contribution in voltage regulation can be controlled. For
instance, by decreasing the droop coefficient, the BESS output
current increases and discharges faster consequently.

Hence, the droop coefficients of paralleled BESSs shall be
modified according to their SoCs. The control objective of this
modification is to keep the SoC of all BESSs at the same level
and avoid deep discharging and over charging of a particular
battery. This is achieved by forcing the BESSs with higher SoC
contributes more in discharging and the BESSs with lower SoC
contributes more in charging.

There are different methods for adjusting the droop coeffi-
cients of BESSs based on their SoCs. In the following section,
three possible methods for SoC balancing is discussed and a
novel control method is proposed to overcome the drawbacks
of the other methods.

III. POSSIBLE SOC BALANCING METHODS

In order to balance the SoCs of BESSs in a DC microgrid,
the BESSs that have higher SoC should discharge faster and
charge slower than the others. In this paper, it is assumed
that the paralleled BESSs are utilizing voltage droop control
for power sharing. And the basis of all the SoC balancing
methods that will be discussed in the following, is updating
the droop coefficient of the BESSs.
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Method 1: In this method, the droop coefficient is modified
as following [4]

Ry = RBdL Discharging )
R3 = Ra, B Charging

where, Rg:”“ is the modified droop coefficient, 4, is the
initial droop coefficient and 3; is defined as
SoC;
% 2hie1 SoCk
where, n is the total number if BESSs in the system.

In this equation, SoC; corresponds to SoC of i*" battery and
is changing with time as following

Bi = 3)

SoCy = SoCi(0) — Ci / (1)t )

It can be seen from Eq. 2, that if the SoC of it" battery is
greater than the average of SoC of all BESSs, j3; is greater
than 1 and if the SoC is less than the average of SoCs, [; is
less than 1. Thus, the BESSs with higher SoC with respect to
the average would have smaller droop coefficient which results
in higher discharging current. The same analysis is valid for
the case when the batteries are charging.

Method 2: In order to achieve SoC balancing of BESSs
with different capacities, the droop coefficient can be modified
as following [11]

Rpew = 41 = Kgo050C;)
Rgew —

%(Ksocsoci — 1)

where, Kg,c is a factor that can be selected arbitrary. From
the above equation, it can be seen that the objective of forcing
the BESSs with higher SoC to discharge at the higher rate,
is achieved by increasing the corresponding droop coefficient
and reducing the output current.

This method unlike the other methods, takes the capacity of
BESSs into consideration as well as the SoC itself. According
to Eq. 5, the BESS with higher capacity discharges at a higher
rate and charges at a lower rate than the others.

Method 3: In this case, the droop coefficient is divided by
the SoC of BESSs for the discharging operation mode and
multiplied by the SoC of BESSs for the charging operation
mode. This method is very common and used in many
literature [8] - [9]. The droop equations for the discharging
and charging operation modes are as follows, respectively:

new _ _Ra;
Rd - SOC@
Rgew = RdiSOCi

Discharging 5)
Charging

Discharging ©)
Charging

The advantage of using this method is that each BESS’s
droop coefficient relates to its own characteristics, Rg; and
SoC;. In other words, the droop controller is not dependent
on the SoC of other BESSs and hence there is no need
for communication between batteries or central controller for
broadcasting the information of batteries.
This method increases (decreases) the droop coefficients of all
the BESSs for balancing the SoCs in discharging (charging)

operation mode. Therefore, there is a possibility that the DC
bus voltage doesn’t remain in the desired range. One way to
address this issue is to limit the voltage variations by limiting
the currents of BESSs. However, the battery converters are not
fully utilized in this method. The previous method also suffers
from this drawback.

Proposed Method: To address the discussed drawback,
we propose a droop control based SoC balancing. In this
method, the new droop coefficient R} is calculated using
the deviation of its own SoC from the average SoCs of other
BESS:s.

The following equation shows how the droop coefficient of
each BESS is calculated with the proposed method.

Riew = (1— (SoC; — =225 )
Rrew = (1 - (M

Discharging

— SoC;)) Ry, Charging

(N
Eq. 7 shows that the droop coefficient of a BESS can be
decreased or increased in both discharging and charging mode,
depending on its SoC’s deviation from the average SoC of
other BESSs. This modification will help in keeping the
bus voltage in the desired range while increasing the battery
converter utilization.
The proposed method can be modified to reflect the capacities
of BESSs. The droop coefficient for different BESSs having
different capacities shall be normalized with respect to their
capacities. Thus, the new droop coefficient can be written as

. _ Ra,
Rj = =" ®)

Therefore, the proposed method can become applicable to
a system consisting of BESSs with different capacities with
minor modification as following

Ry = (1 — (SoC; — M))g—d Discharging
R;rjz::w — (1 _ (M — Soc’l))g? Charging
' )

IV. STATE SPACE MODELING OF A DC MICROGRID

In this section, state space modeling method is used to
model the DC microgrid. The state space description is a well
known method for describing a system in terms of mathemati-
cal model. This mathematical model can be simulated and the
behavior of the states of the system can be observed.

In order to obtain the state space model, different states of

the system should be defined. In a typical DC microgrid with
multiple voltage sources as parallel, the states can be defined
for the voltage sources of the system due to the dynamics that
exist in the converter and controllers.
In the given DC microgrid, the BESSs are the only voltage
sources of the system. Thus, the state variables shall be
defined for BESSs with their controllers. Then, the state space
models of all BESSs shall be combined together to form the
mathematical model of the DC microgrid. In this paper, for
simplicity and without loss of generality, we consider just two
BESSs as the voltage sources of the system.
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Fig. 4: Block diagram and state definition for a BESS with its controllers.

TABLE I: States definition of the first BESS as a voltage
source converter.

State Variable Description
11 Inductor Current
T12 Capacitor Voltage
13 Output of the Voltage Controller Intergrator
14 Output of the Current Controller Intergrator
x1s5 SoC of BESS

Fig. 4 shows the control block diagram of a BESS with its
controllers: droop controller, voltage controller, and current
controller. For this converter and set of controllers, the state
variables are defined in Table 1. In this paper all the battery
DC-DC converters are considered as bidirectional buck con-
verters.

The defined states are related to the first battery. For the
second battery, the states are defined the same, but their first
indices should be changed to 2.

It should be noted that when two BESSs are connected to the
DC bus as parallel, their output voltages should be the same.
Hence, for the second BESSs, the state corresponds to the
capacitor voltage is removed.

In the power electronics systems, the inductor currents and
capacitor voltages are considered as the state variables of
the system. In this paper, as the SoCs of batteries change
dynamically, they are considered as state variables and can

be defined as
1
i1 (0)dt
o [

By replacing 1 (t) with z1; and taking derivatives, we have
-1
Ce,

Using the defined state variables, the mathematical model
of the DC microgrid for different droop control based SoC
balancing methods presented in the previous section can be
obtained. The detailed model derivation are explained in the
following.

Method 1: From Fig. 4, x13 can be written as

15 = SOCl = SOCl(O) - (10)

SO.Cl = I.l5 =

(1)

T11

. new
213 = Viom — Ry " 211 — 12 (12)

Then, the droop coefficient is replaced with the modified one
presented in Eq. 2.

Zhoy — 21 (13)

1

T3 = Vnom -

For a system with two batteries, 51 can be written as
SOCl

= 14
A 1(SoCy + SoCy) 19
Then, SoC
Rd1 Rd1 oCo
= 1 15
52 VS, ()
Combining Eq. 13 and Eq. 15, we have
) R, R,
213 = Viom — den —T12 — 2d Ben (16)

To model the nonlinearity of Eq. 16 into standard model, the
small signal model obtained considering operating point as
Ill(O), 1’15(0) and 1’25(0).

ZI25 - I25(0) Tr11 0) 1’11(0):1725(0)
. T11 = x15(0)x11 + 215(0) Ta5 $%5(O) Z15
(17
From Eq. 17 and Eq. 16, x13 can be written as
R R R
Ti3 = Vnom_%(l'ﬁulQ)mll_le_ d12M131325+ d12u14 T15
(18)
where,
_ T 5(0) - IH(O) o CE11(0)I25(0)
R (1) B T (1) B A 1)
(19)

The other state variables can be defined in the same manner
to obtain the model of a single converter. The detailed deriva-
tion and modeling of a single converter in microgrids were
discussed by the authors of this paper in [13].

Method 2: From Fig. 4, x13 can be written as

. ’
213 = Viom — Ry, (1 = K15)w11 — 12
/ /
= Viom — Ry, 11 + KRy T11%15 — T12

R
where, R = le and K = Kg,c.

The term K Rdliilx15 is nonlinear and needs to be linearized
using small signal analysis as the following

KR:hl'nl‘lo = KR&IZ‘H(O)Z‘H) + KR&1$15(0)LL'11 (20)
Thus, the equation for x5 can be rewritten as

213 = Vom—(Ra, =K Rq, 215(0))z11 —212+K Rq, 211 (0)x15
(21)
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By taking the same procedure as in method 1, the state space
model for a single BESS can be found.

This state space model can be utilized for the other BESSs
of the system. It should be noted that since in this case the
droop coefficient of each BESS is modified based on its own
SoC, the state space model of two BESSs are completely
independent from each other. Therefore, the state space model
of a system with two BESSs is a block diagonal matrix
containing the state space matrix of BESS1 and BESS2 on
its diagonal elements.

Method 3: Similar to the previous methods, xi3 can be

written as
Ra,
—T11 — T12
T15
In the above equation, second term contains two state variables
and is nonlinear. Thus, it needs to be linearized using the same
procedure as the previous cases.
. Rd1 Rd1 Rdll'll(o)

= — 23
mE o™ o) e 3

By replacing this linearized term in Eq. 22, we have
1 - T Rdlzll(o)

— =711 — T2+ —5~—

215(0) 55%5(0)

This state space model can be utilized for the other BESSs
of the system. Since the droop coefficient of each BESS is
modified based on its own SoC, the state space model of a
system with two BESSs is a block diagonal matrix containing
the state space matrix of BESS1 and BESS2 on its diagonal
elements.

Proposed Method: The same as the previous methods, 13
is written as

(22)

1"13 = Vnom -

Z15

17.13 = ‘/nmn - R(h T15 (24)

213 = Voom — Ray (1 — @15 + z25)x11 — 212 (25)

The second term is nonlinear. Thus, it needs to be linearized
using small signal analysis.

(1 —Z15 + 9625)9611 =T11 — $15(0)$11 + x25(0)x11
—211(0)z15 + 211 (0) 25

By replacing the linearized term in the previous equation, we
have

213 = Vinom — Ra, (1 — 215(0) + 225(0)) 11 — 212
+ Rq,211(0)z15 — Ra, 211(0)x25

Using the same procedure as method 1, state space model of
the DC microgrid containing two BESSs can be derived. This
model can be found in the appendix.

V. SIMULATION RESULTS

In order to test the feasibility and effectiveness of the de-
rived mathematical models of the DC microgrid, the obtained
state space model of the system consisting of two BESSs are
simulated in MATLAB/Simulink. The simulation parameters
of the DC microgrid are listed in Table II. The following shows
the SoC balancing results for all of the discussed methods.

TABLE II: Specifications of the simulated DC microgrid.

Parameter Description Amount
L1, Lo Inductance of battery converter 5 mH
output filter
Cq, Cq Capacitance of battery converter 500uF'
output filter

Rg,, Rq, Voltage Droop coefficients 0.11
of the battery converters
Viom Output nominal voltage 380VDC
of the converters
Gy (s) Transfer function of converters | 0.25 + %
voltage controllers
Gr(s) Transfer function of converters 2.5+ %
current controllers
Pload Load power 30kW
Cey, Cey Capacity of the BESSs 10000 As

Fig. 5 and 6 show how the SoC balancing is achieved
using discussed balancing methods in the system with two
BESSs with different initial SoCs in charging and discharging
operation mode, respectively.

As it can be seen in this figure, the battery with higher SoC
contributes more in discharging and less in charging. Similarly,
the battery with lower SoC contributes less in discharging and
more in charging. All of the mentioned methods result in
convergence of BESSs’ SoCs. However, the convergence speed
varies from one method to another method.

In order to compare the convergence speed of the discussed
methods, initial SoCs of BESSs are considered 0.6 and 0.4,
respectively with capacity of 10000As for all BESSs. The
time of convergence of SoCs for different methods are shown
in Table III. It can be seen from this table that the proposed
method has highest speed of convergence among the other
presented methods.

The second important difference is the need for communica-
tion and ease of implementation. Some methods require central
controller and communication network between the controller
and BESSs. While other methods can balance the SoCs by
measuring the local quantities (distributed controllers).
Another important fact that shall be considered and discussed
is the amount of voltage variation. When there is no droop
coefficient modification based on SoC balancing, the voltage
drops from the nominal voltage according to the droop equa-
tion and will be Ryl = AV. When the droop coefficients
change according to the SoCs of batteries, the amount of
currents BESSs produce or absorb are being changed. Thus,
the amount of voltage variation will be changed accordingly.
The amount of voltage variation added to the system by the
droop control modification is summarized in Table III for
different methods.

The other difference between the discussed methods is the
applicability to the BESSs with different capacities. As it was
mentioned in the previous sections, in method 2 and 4, the
capacities of BESSs are considered in the modified droop
coefficients of batteries. Therefore, it is applicable in a DC
microgrid consisting of BESSs with different capacities.
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TABLE III: Comparison of different methods considering specifications in Table I.

Method

Method 1

Method 2

Method 3

Method 4

Required time for
SoC balancing

T

15T

L.IT

09T

Ease of implementation

Requires central controller
and communication network
between BESSs

Requires local
measurements
(distributed controller)

Requires local
measurements
(distributed controller)

Requires central controller
and communication network
between BESSs

Additional voltage variation

with different capacities

Discharging operation mode: 0 0.8AV 4.16AV 0
Charging operation mode: 0 0.6AV 1AV 0
Applicability to the BESSs No Yes No Yes

VI. CONCLUSION

To extend the lifetime of BESSs and avoid the overuse of
a certain battery in DC microgrids, the SoC of BESSs should
be balanced. This paper presents a review on three different
droop control based methods for balancing SoCs of different
BESSs in DC microgrids. Moreover, the paper proposes a
new droop control method for SoC balancing to overcome
the drawbacks of the mentioned methods. The mathematical
model of these different methods are derived using small signal
state space modeling for a Photovoltaic (PV) grid-interactive
DC microgrid consisting of two BESSs. Then, a comparison
study has been performed for the mentioned four methods
using MATLAB/Simulink. Moreover, these methods are com-
pared in terms of required time for SoC balancing, ease of
implementation, additional voltage variation, and applicability
to the BESSs with different capacities.
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Fig. 5: SoCs of BESSs in the charging mode of operation.
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Proposed Method:

VII. APPENDIX

(23] [eun @2 a3 ax a5 0 0 0 aig] [a] _kpiikpvl
1
xiQ a1 a2 0 0 0 a26 0 0 0 T19 0
xi3 aszi -1 0 0 ass 0 0 0 asg 13 1
Tia a4l G4z 043 0 a5 0 0 0 asgf |z kp,,
25| = ., 0 0 0 0 0 0 0 0 z15 | + 0 Vivom
z21 0 a2 0 0 ass ass asr aes Ggo| |T21 kPiZ’LkPU
$.23 0 -1 0 0 ars are 0 0 a9 T3 12
x24 0 a2 0 0 ags age asy ass aso| |T24 kp,,
@3] L0 0 0 0 0 FZ- 0 0 0] ] 0
7sz‘1 B kPq‘,l sz;lel (1 - 1‘15(0) + I25(O)) 7kPilka1
ail = L a2 = L
kpil klvl inl
a e — a =
13 I w=7
kp k —kp K
ais = Rdlxn(o)iPlL Pon ayg = Rdlxn(o)ipz Pon
1 1
1 -1
gy = ———r Qgp = ———
T+ O 2T R(CL + Cy)
1
- =—Ry (1— 0 0
a26 Ci + Gy asi dy ( x15(0) + 225(0))

ass = Rq,711(0)
ag1 = —1— kpledl(l - xlS(O) + LL‘25(0))
43 = kl

vl

asg = —kp,, Rq,x11(0)

—kp. k
ags = Rq, 3321(0)%
2
_ _kPiQka2
agr = I,
kp. .k
agy = Rd2$21(0)%
2

a7 = _Rd2(1 — .’E25(0) + 1'15(0))
agy = —kp,,
ags = —1 — kp,, R, (1 — 25(0) + 215(0))

agy = kp,, Ra,721(0)

1632

azg = —Rq,211(0)
as2 = —kp,,
ass = kp,, Ra,711(0)
—kp.k

agz = 713;2 L

_ —kp, —kp,kp,, Ra, (1 — 215(0) + 225(0))
age = T,

o kfm
agg = L,

ars = —Rg,221(0)

a79g = Rq,221(0)
ass = —kp,, Ra,x21(0)

agy = ki,

(26)



