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Abstract——The unbalanced state of charge (SOC) of distribut‐
ed energy storage systems (DESSs) in autonomous DC mi‐
crogrid causes energy storage units (ESUs) to terminate opera‐
tion due to overcharge or overdischarge, which severely affects 
the power quality. In this paper, a fuzzy droop control for SOC 
balance and stability analysis of DC microgrid with DESSs is 
proposed to achieve SOC balance in ESUs while maintaining a 
stable DC bus voltage. First, the charge and discharge modes of 
ESUs are determined based on the power supply requirements 
of the DC microgrid. One-dimensional fuzzy logic is then ap‐
plied to establish the relationship between SOC and the droop 
coefficient Rd in the aforementioned two modes. In addition, 
when integrated with voltage-current double closed-loop con‐
trol, SOC balance in different ESUs is realized. To improve the 
balance speed and precision, an exponential acceleration factor 
is added to the input variable of the fuzzy controller. Finally, 
based on the average model of converter, the system-level stabil‐
ity of microgrid is analyzed. MATLAB/Simulink simulation re‐
sults verify the effectiveness and rationality of the proposed 
method.

Index Terms——DC microgrid, distributed energy storage sys‐
tem, fuzzy droop control, state of charge (SOC) balance, stabili‐
ty analysis.

I. INTRODUCTION 

DISTRIBUTED generation technology has attracted con‐
siderable attention from researchers because of its ad‐

vantages of environmental friendliness and high energy effi‐
ciency. However, when distributed energy resources are di‐
rectly connected to the existing power system, the probabili‐

ty of power imbalance is increased. Therefore, the concept 
of a microgrid has been proposed [1] - [3]. Compared with 
AC microgrid, DC microgrid has the advantages of simple 
structure, fewer energy conversion links, and low system en‐
ergy loss. In addition, reactive power and harmonics are not 
considered [4], [5].

As the output of distributed energy resources such as pho‐
tovoltaic and wind power is intermittent and random, it is 
difficult to balance the supply and demand power of the mi‐
crogrid. In other words, the bus voltage is unstable, which 
severely affects the output power quality. Therefore, distribut‐
ed energy storage systems (DESSs) with certain capacities 
should be configured to absorb or release electrical energy 
to solve these problems [6]-[8]. Compared with setting a sin‐
gle energy storage unit (ESU), setting multiple ESUs is 
more conducive to capacity expansion and standardization. 
However, when multiple ESUs are present in a DESS, if an 
state of charge (SOC) balance in ESUs cannot be achieved, 
deep charge and excessive discharge will occur in some ES‐
Us, which will affect the service life of the DESS and stable 
operation of the microgrid [9]-[11].

The control strategies for rational load power distribution 
among ESUs include centralized control, decentralized con‐
trol, and distributed control. Centralized control is performed 
through a central controller to collect the information related 
to the integration and processing of each unit following the 
issuance of control instructions. In [12], the information of 
rated power and SOC of different ESUs is used to design an 
energy management system that could monitor and correct 
relevant variables to ensure power sharing among ESUs in 
the event of a converter failure and fault crossing in a mi‐
crogrid. In [13], a master-slave control structure is adopted 
to achieve SOC balance in ESUs in a DESS. The master 
controller provides the current reference value for each mod‐
ular unit while ensuring bus voltage stability and the SOC in‐
formation to the slave controller to achieve SOC balance. 
Decentralized control involves the transmission of collected 
information from each unit to the local controller and imple‐
mentation of the control, where the main type of control is 
droop control. In [14], a droop control method is proposed 
that considers the differences in line impedance, initial SOC, 
and capacity, which could ensure the bus voltage stability 
and SOC balance in ESUs. In [15], a quasi-sliding mode cur‐
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rent control strategy based on discrete time is proposed to re‐
alize the cooperative operation of energy storage converters 
and SOC balance in a DESS. In [16] and [17], control meth‐
ods for SOC exponential and SOC power function droops 
are proposed, respectively, both of which could ensure the 
reasonable power distribution of DESS. Distributed control 
is implemented by adding a communication mechanism 
based on a local controller [18]. References [16] and [17] 
show that the relationship between the SOC of each ESU 
and its corresponding droop coefficient Rdi can be expressed 
using a variety of mathematical models. However, it can just 
as easily be expressed using the fuzzy control rules de‐
scribed by natural language. Fuzzy control is an intelligent 
control method with good robustness and adaptability and is 
often combined with traditional control methods to realize 
the automation of complex systems [19], [20]. Therefore, 
this paper integrates fuzzy control based on current-voltage 
droop control (called I-U droop control), that is, SOC fuzzy 
droop control. All the control methods designed in the afore‐
mentioned studies can realize the SOC balance in ESUs. 
However, the research on balance speed is rarely mentioned. 
Realizing the SOC balance in ESUs in a short time will be 
more conducive to improving power quality and ensuring 
the safe and stable operation of microgrid. The SOC fuzzy 
droop control with acceleration factor proposed in this paper 
is based on this viewpoint.

Many studies have been conducted on the stability of mi‐
crogrid that contains a DESS, and various stability analysis 
methods have been used. The equivalent models and stabili‐
ties of DESS are discussed in [21], including an average 
model that uses an AC voltage source instead of a switch, a 
DC link model that uses a DC voltage source instead of an 
energy storage and converter, and a detailed model that in‐
cludes all components and control circuits. References [22]-
[24] establish generalized model, average model, and low-or‐
der equivalent model of DESS, respectively. They then study 
the stable operation areas of microgrid under the conditions 
of relevant parameter changes based on the aforementioned 
models. In [25], the small-signal model theory is used to ana‐
lyze the effects of supercapacitor voltage on system stability 
in a hybrid energy-storage DC microgrid. In addition, a coor‐
dinated control method is proposed to ensure that the mi‐
crogrid has both a high amplitude margin and phase angle 
margin. In [26], the Lyapunov method is applied to derive 
the stability criterion of the DC microgrid drop control form 
and is compared with the mixed potential energy function to 
verify the validity of the criterion. Based on various equiva‐
lent models of converters such as the average model, small-
signal model, and large-signal model, the aforementioned 
studies apply nonlinear system theory to study the stability 
of microgrid in terms of time and frequency domains. It is 
noteworthy that the aforementioned models can be trans‐
formed into any of the others. The average model is a contin‐
uous-time model by which it is relatively easy to conduct 
principle analysis and controller design. The model also has 
strong applicability [27]. Therefore, a stability analysis based 
on the converter average model is applicable to the design 
of the microgrid in this paper, but the possibility of using 

other models cannot be excluded.
A DESS in a DC microgrid can ensure that the energy 

supply of the system will not fluctuate significantly under 
load switching, circuit failure, or environmental change. 
However, it is necessary to consider a reasonable distribu‐
tion of load power among all ESUs to ensure a consistent 
SOC and to avoid early withdrawal of some ESUs due to 
overcharge and overdischarge. These problems are described 
in [28]-[32]. To realize a fast SOC balance in ESUs in a DC 
microgrid, an SOC fuzzy drop control method with an accel‐
eration factor is proposed, and the system stability is studied 
based on the average model of converters. The contributions 
of this paper are as follows.

1) The relationship between the SOC deviation of each 
ESU and the corresponding droop coefficient is established 
through one-dimensional fuzzy logic. The droop coefficient 
can be automatically adjusted according to the changes in 
the external environment, which greatly simplifies the com‐
plexity of the system control structure.

2) When the SOC of the ESUs tends to be consistent, an 
exponential acceleration factor is added, which improves the 
balance speed and precision to a certain extent.

3) Based on the average model theory, the frequency do‐
main stability of a DC microgrid with DESSs is studied, and 
the obtained results can provide relevant guidance for sys‐
tem parameter design.

II. SYSTEM STRUCTURE OF A DC MICROGRID WITH A 
DESS 

DESS should be configured with a specific capacity to 
provide energy support and increase system redundancy, 
thereby ensuring safe and stable operation of the DC mi‐
crogrid [33] - [35]. Figure 1 shows the system structure of a 
DC microgrid with a DESS. 

The system is mainly composed of renewable energy 
sources (RESs), DESS, loads, various converters, and their 
control circuits. The photovoltaic panel and wind turbine 
transmit power to the DC bus through unidirectional DC/DC 
and AC/DC converters, respectively. Each ESU in the DESS 
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Fig. 1.　System structure of a DC microgrid with a DESS.
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absorbs or releases power to the DC bus via a bidirectional 
DC/DC converter. Loads are the main power-consumption 
components in a DC microgrid, which can directly or indi‐
rectly access the DC bus through the converter. When RES 
produces more power than the load consumption, DESS ab‐
sorbs the excess power in the form of a charge. When RES 
produces less power than the load consumption, DESS gener‐
ates a power deficit in the form of a discharge.

When the DESS operates, the load power of each ESU 
should be balanced, i.e., should have SOC balance, to avoid 
the premature exit of some ESUs due to overcharge or over‐
discharge, which may affect the service life of DESS and 
the stable operation of DC microgrid [36], [37]. Therefore, 
designing reasonable control algorithms to realize fast SOC 
balance in each ESU in a DESS has important theoretical re‐
search value and practical engineering significance.

Droop control has the advantages of high reliability and 
strong flexibility while offering plug-and-play capabilities 
and easy implementation. It can be used in the control pro‐
cess of ESU energy storage converters [38], [39]. This paper 
focuses on the droop control strategy of a DESS in a DC mi‐
crogrid. The corresponding control structure is shown in Fig. 
2, where PWM is short for pulse width modulation. Here, 
the voltage source Us, including the internal resistance Rs, 
and switch S are introduced to simulate the power change in 
the microgrid to simplify the control structure and subse‐
quent research. The circuit changes the charge and discharge 
modes of the ESUs by switching S on and off.

In Fig. 2, Bi represents the ith battery; Ubi and ibi are the 
output voltage and output current of the ith battery, respec‐
tively; Li and Ci are the filter inductance and filter capaci‐
tance of the energy storage converter for the ith battery, re‐
spectively; iLi is the current flowing through Li; ULi is the ter‐
minal voltage of Li; iCi is the current flowing through Ci; idc 
and Udc are the current and voltage of the DC bus, respec‐

tively; R is the load; and Udci and idci are the actual output 
voltage and current of the energy storage converter for the 
ith battery, respectively.

III. IMPROVED DROOP CONTROL STRATEGY 

A. I-U Droop Control

DESS in DC microgrid often adopts the I-U droop con‐
trol, which can be expressed as:

Udci =Urefi -Rdiidci (1)

where Urefi and Rdi are the reference output voltage and virtu‐
al resistance, i.e., droop coefficient, of the ith energy storage 
converter, respectively.

The operation of two ESUs in parallel is used as an exam‐
ple to illustrate the basic principle of I-U droop control. Fig‐
ure 3 shows the corresponding Thevenin equivalent circuit.

In Fig. 3, r1 and r2 are the line impedences of the two ES‐
Us, respectively; and iload is the current flowing through the 
equivalent load. According to the figure, the corresponding 
Kirchoff’s voltage law (KVL) equation can be expressed as:

ì
í
î

ïï

ïï

Udc1 =Uref1 - ( )Rd1 + r1 idc1

Udc2 =Uref 2 - ( )Rd2 + r2 idc2

(2)

Since Udc1 = Udc2 and the reference voltage of the energy 
storage converter is usually determined by the DC bus volt‐
age reference value, Uref1 = Uref 2, the relationship between the 
output currents of two ESUs can be obtained by:

idc1

idc2

=
Rd2 + r2

Rd1 + r1
(3)

When Rd1 < Rd2 and r1 < r2 are assumed, the droop curve 
considering the effects of line impedance can be generated, 
as shown in Fig. 4.
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In Fig. 4, DU and DU ′ represent variations in voltage, and 
DI and DI ′ represent deviations of current distribution. As 
Fig. 4 shows, the greater the virtual resistance, the smaller 
the effects of line impedance, the higher the distribution ac‐
curacy of the current, and the higher the voltage drop, and 
vice versa. Therefore, when the droop coefficient in the I-U 
droop control is fixed, the DC bus voltage cannot be ade‐
quately stabilized.

When the line impedance is significantly less than the vir‐
tual impedance, its effect on the line impedance can be ig‐
nored. Equation (3) can then be simplified as:

idc1

idc2

»
Rd2

Rd1
(4)

Thus, the relationship between output power P1 and P2 of 
the two ESUs can be obtained as:

P1 Rd1 =P2 Rd2 (5)

Equation (5) shows that the output power of ESU is in‐
versely proportional to its droop coefficient. Therefore, when 
the droop coefficient in the I-U droop control is fixed, the 
output power of each ESU remains unchanged, and the load 
power cannot be automatically and reasonably allocated ac‐
cording to its own characteristics to achieve SOC balance.

In addition, the voltage drop DUi can be expressed by the 
virtual resistance as:

DUi =Urefi -Udci =Rdiidci (6)

The voltage drop is proportional to the virtual resistance, 
and the value range of the virtual resistance can be obtained 
by:

| Rdi | £
||DUim

Iim

=
||Urefi -Udci

Iim

(7)

where DUim is the maximum allowable voltage deviation; 
and Iim is the full-load current of the ith energy storage con‐
verter.

B. SOC Fuzzy Droop Control

The defects in the I-U droop control lead to its inability to 
meet the DESS control requirements, which are mainly re‐
flected in the uneven load power distribution and difficult 
SOC balance in ESUs. If the relationship between the bat‐
tery SOC and droop coefficient Rd is established using fuzzy 
logic, Rd will automatically adjust according to the battery 
SOC. This dynamic adjustment to the output power of each 
ESU results in a consistent SOC.

Common methods for estimating battery SOC include the 
ampere-hour integral method, open-circuit voltage method, 
internal resistance method, extended Kalman filter method, 
and neural network method [40], [41]. Among them, the am‐
pere-hour integral method, also known as the Coulomb 
counting method, is widely used because it is simple and 
fast operated.

The calculation for estimating the battery SOC using the 
ampere-hour integral method is:

SOCi(t ) = SOCi(0) - 1
Cei
∫

0

t

ibi dt (8)

where SOCi (t) and SOCi (0) are the current and initial SOCs 
of the ith battery, respectively; Cei is the rated capacity of the 
ith battery; and ibi is the output current of the ith battery, 
which is positive when discharged and negative when 
charged.

We can take the derivative from both ends of (8) to obtain:

SOC'i (t ) =- ibi

Cei
(9)

Equation (9) shows that the rate of change in the battery 
SOC is directly proportional to the output current. Specifical‐
ly, during ESU charge, the higher the charge current, the 
higher the SOC growth rate. During ESU discharge, the 
higher the discharge current, the higher the SOC decline rate.

It is difficult to quantify the relationship between the bat‐
tery SOC and Rd. However, it can be effectively expressed 
through a fuzzy logic relationship. Figure 5 shows the SOC 
fuzzy droop control scheme, where PI is short for proportion‐
al integral.

In Fig. 5, fa and fb represent the input and output vari‐
ables of the fuzzy controller, respectively; and f (u) indicates 
the functional relationship. The fuzzy controller in this paper 
adopts the Mamdani type, and its basic structure is shown in 
Fig. 6.

In Fig. 6, μ, R, and fd denote libraries for the membership 
function, control rule, and defuzzification method, respective‐
ly; D/F denotes the fuzzification; R is the approximate infer‐
ence; F/D denotes the defuzzification; and Fa' and Fb' are 
the input and output fuzzy quantities, respectively. The de‐
sign principle of the fuzzy controller is described as follows.
1) Determine Structure of Fuzzy Controller

To ensure that the SOC of each ESU achieves regular con‐
sistency, fa and fb should be selected as the variables associ‐
ated with the SOC and Rd:

ì
í
î

ïï
ïï

fa = f ( )SOCi = SOC n
i - SOC n

A

fb =Rdi

(10)

where SOCA is the average SOC of all ESUs; and super‐
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Fig. 5.　SOC fuzzy droop control scheme.
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script n denotes a constant. Equation (10) shows that the 
SOC of each ESU eventually tends toward an average 
SOCA, and the value of n can be changed to properly adjust 
the equilibrium speed.

The SOCs of the ESUs during DESS operation are not dif‐
ferent. Therefore, the numerical domain of the input variable 
fa is [-0.50.5]. To ensure the effect of drop control, the nu‐
merical domain of fb is determined using (7), and the range 
of fb is [05].
2) Define Fuzzy Distribution of Input and Output Variables

Seven fuzzy subsets {NB, NM, NS, ZO, PS, PM, PB} are 
selected to cover the fuzzy domain of fa, and all fuzzy sub‐
sets are selected as triangular membership functions. NB, 
NM, NS, ZO, PS, PM, and PB represent negative large, neg‐
ative medium, negative small, zero, positive small, positive 
medium, and positive large, respectively. The membership 
function expression for fa is given by (11). Similarly, seven 
fuzzy subsets {NB, NM, NS, ZO, PS, PM, PB} are selected 
to cover the fuzzy domain of fb, and all fuzzy subsets are se‐
lected as triangular membership functions. The membership 
function expression for fb is given by (12). The distributions 
of the membership functions of fa and fb are shown in Fig. 
SA1 of Supplementary Material A.

μi( fa) =

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï
ï

ï

0 fa < ( )i - 1 wfa

fa - ( )i - 1 wfa

wfa
( )i - 1 wfa £ fa < iwfa

-
fa - ( )i + 1 wfa

wfa

iwfa £ fa < ( )i + 1 wfa

0 fa ³ ( )i + 1 wfa

   (11)

μj( fb) =

ì

í

î

ï

ï

ï
ïï
ï
ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

0 fb < ( )j - 1 wfb

fb - ( )j - 1 wfb

wfb
( )j - 1 wfb £ fb < jwfb

-
fb - ( )j + 1 wfb

wfb

jwfb £ fb < ( )j + 1 wfb

0 fb ³ ( )j + 1 wfb

   (12)

where i and j are the numbers of fuzzy subsets of fa and fb, 
respectively; μi( )fa  and μi( )fb  are the membership degrees 

of fa and fb, respectively; and wfa and wfb are the distances 
between the center points of adjacent membership functions 
in input and output membership functions, respectively. Fuzz‐
ification is the process of identifying the relative fuzzy sub‐
sets of fa and their membership functions.
3) Establish Fuzzy Rules

The purpose of establishing fuzzy rules is to select an ap‐
propriate Rdi according to the different inputs fa. For an ESU 
with a high SOC (where the corresponding input fa is larg‐
er), a smaller Rdi should be allocated during discharge to in‐
crease the discharge power, and a larger Rdi should be allo‐
cated during charge to reduce the charge power. For an ESU 
with a low SOC (where the corresponding input fa is small), 
a larger Rdi should be allocated during discharge to reduce 

the discharge power, and a smaller Rdi should be allocated 
during charge to increase the charge power. The SOC bal‐
ance in ESUs can be realized by meeting these requirements.

The change from NB to PB in the fuzzy subset corre‐
sponds to a change in the language variables from small to 
large. Therefore, linguistic fuzzy rules can be obtained. For 
example, when ESU is discharged, fa is PB (large) and Rdi 
is NB (small), and so on. The fuzzy rules are obtained by 
sorting the obtained linguistic fuzzy rules, as shown in Table 
I, where Fa and Fb are fuzzy input and  output variables, re‐
spectively.

4) Approximate Inference
The process of reasoning in a signed syllogism is as fol‐

lows: ① major premise: Fa ( )fa ®Fb ( )fb ; ② minor prem‐

ise: Fa′ ( )fa ; and ③ conclusion: Fb′ ( )fb .

The ith fuzzy relation Ri determined by the ith fuzzy rule 
Fai®Fbi is given by (13). When the control rule base con‐
tains n fuzzy rules, the total fuzzy relationship is expressed 
by (14).

Ri( fafb) = μFai
´Fbi

( fafb) = μFai
( fa)∧μFbi

( )fb (13)

R = ∪
i = 1

n

Ri (14)

where μ is the membership degree.
The fuzzy set Fb' in the conclusion is determined by us‐

ing the minor premise Fa', as shown in (15), and the corre‐
sponding fuzzy membership function is given by (16).

Fb'=Fa'R =Fa' ∪
i = 1

n

Ri (15)

μFb'( )fb = ∨
i = 1

m é

ë

ê
êê
ê ù

û

ú
úú
úμFa'( )fa ∧( )∨

i = 1

n

μFai
´Fbi

( )fafb (16)

where  represents the compositional operation; and m is the 
number of active rules.
5) Defuzzification

The output obtained by the approximate inference is a 
fuzzy set Fb', which must be converted into an exact numeri‐
cal quantity fb to control the controlled object, i.e., defuzzifi‐
cation. When the area-center method is used for defuzzifica‐
tion, fb is expressed as:

TABLE I
FUZZY RULES

ESU charge (idc < 0)

Fa

NB

NM

NS

ZO

PS

PM

PB

Fb

NB

NM

NS

ZO

PS

PM

PB

ESU discharge (idc > 0)

Fa

NB

NM

NS

ZO

PS

PM

PB

Fb

PB

PM

PS

ZO

NS

NM

NB
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fb =
∫μFb'( )fb ·fbd ( )fb

∫μFb'( )fb d ( )fb
(17)

Following this process, a one-dimensional fuzzy relation‐
ship between fa and fb is obtained. The relationship between 
fa and fb during the charge and discharge of the ESU is 
shown in Fig. SA2 of Supplementary Material A.

C. Design of Acceleration Factor

Under the gradual SOC balance process, the SOC differ‐
ence among ESUs becomes increasingly smaller. The fuzzy 
input fa of each ESU tends to be the same. Therefore, the 
fuzzy output fb, i.e., Rdi, also tends to be the same. Accord‐
ing to (4) and (5), the output current and power of each 
ESU change slowly, which are not conducive to load power 
distribution and greatly reduce the speed and accuracy of the 
SOC balance.

To solve this problems, an acceleration factor is added to 
the late stage of the SOC balance. The value of the fuzzy in‐
put fa is dynamically changed mainly by multiplying it with 
other functions to improve the resolution between the SOC 
and Rd of each ESU. The designed acceleration factor K is 
expressed as:

K =
m1

exp ( )m2 || fa
=

m1

exp ( )m2 || SOC n
i - SOC n

A
(18)

where m1 and m2 are the constants.
Equation (18) shows that K is related to m1 and m2, and 

fa = SOC n
i - SOC n

A. Figure 7 shows the relationships among 
the different variables.

Figure 7(a) shows that when m1 is fixed, K gradually de‐
creases with an increase in m2, and K first increases and 
then decreases with an increase in fa, reaching the maximum 
when fa is zero. Figure 7(b) shows that when m2 is fixed, K 
gradually increases with an increase in m1, and the variation 
trend of K with fa is consistent with that shown in Fig. 7(a). 
In the balance process, the SOC of each ESU gradually 
tends toward SOCA. In other words, | SOC n

i - SOC n
A | slowly 

approaches zero; thus, K gradually increases to m1.
The change process of K from small to large not only can 

avoid the excessive output current of some ESUs caused by 
the large difference in the droop coefficient in the early 
stage of equalization, but also can ensure the resolution of 
the droop coefficient in the late stage of equalization to im‐

prove the SOC balance speed and accuracy. The modified 
fuzzy input fam can be expressed as:

fam =K·fa =
m1( )SOC n

i - SOC n
A

exp ( )m2 || SOC n
i - SOC n

A

(19)

IV. STABILITY ANALYSIS OF MICROGRID 

A. Average Model of ESU

The converters in the DESS are bidirectional DC/DC con‐
verters, and their specific circuit structures are shown in Fig. 
2. The average model of the ith bidirectional DC/DC convert‐
er can be expressed as:

{ULi =Ubi -D1iUdci

iCi =D1iiLi - idci

(20)

where D1i is the average duty cycle of the upper bridge arm 
switch tube S1i; and Ubi is the equivalent voltage of the ith 
ESU.

The calculation for the inductance voltage and capacitance 
current in circuit theory is:

ì

í

î

ïïïï

ï
ïï
ï

ULi = Li

diLi

dt

iCi =Ci

dUCi

dt

(21)

where UCi is the terminal voltage of Ci.
Equation (21) can be substituted into (20), and an inverse 

Laplace transform can be applied to obtain the average mod‐
el expression of the bidirectional DC/DC converter in the fre‐
quency domain.

ì
í
î

ïï

ïïïï

iLi = ( )Ubi -D1iUdci ( )Li s

UCi = ( )D1iiLi - idci ( )Ci s
(22)

A structural block diagram of the bidirectional DC/DC 
converter derived from (22) is presented as Fig. 8.

The control of the bidirectional DC/DC converter has a 
double-loop control structure, in which the outer and inner 
loops adopt droop and voltage-current double closed-loop PI 
controls, respectively. A control block diagram of the bidirec‐
tional DC/DC converter is given in Fig. 9.

In Fig. 9, D2i is the average duty cycle of the lower 
bridge arm switch tube S2i, D2i = 1 -D1i; and Gui( )s  and 
Gii( )s  are the transfer functions of the voltage and current 
controllers, respectively, which are expressed as:

ì

í

î

ï
ïï
ï

ï
ïï
ï

Gui( )s = kupi +
kuii

s

Gii( )s = kipi +
kiii

s

(23)
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Fig. 7.　Relationships among different variables. (a) K, m2, and fa. (b) K, 
m1, and fa.
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Fig. 8.　Structural block diagram of a bidirectional DC/DC converter.
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where kupi and kuii are the proportional and integral coeffi‐
cients of the voltage controller, respectively; and kipi and kiii 
are the proportional and integral coefficients of the current 
controller, respectively.

Figure 9 shows the closed-loop output impedance of the 
ith ESU in the frequency domain as:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïïï

ï

ï

ï

Zi =
Udci

idci

= Zi1 = Zi2

Zi1 =
( )Rdi( )SOC Gui( )s GAi( )s D1i - 1 ( )Ci s

1 +Gui( )s GAi( )s D1i ( )Ci s
    idci > 0

Zi2 =-Zi1    idci < 0

(24)

where Zi1 is the equivalent output impedance during dis‐
charge; Zi2 is the equivalent output impedance during charge; 
and GAi( )s  is the equivalent transfer function in the simplifi‐
cation process, which is expressed as:

GAi( )s =
Gii( )s Udci ( )Li s

1 +Gii( )s Udci ( )Li s
(25)

In addition, the closed-loop transfer function of the ith 
ESU Goi( )s  can be obtained as:

Goi( )s =
Udci( )s
Urefi( )s

+
Udci( )s
idci( )s

=
Gui( )s GAi( )s D1i ( )Ci s

1 +Gui( )s GAi( )s D1i ( )Ci s
+

( )Rdi( )SOC Gui( )s GAi( )s D1i - 1 ( )Ci s

1 +Gui( )s GAi( )s D1i ( )Ci s
(26)

The impedance characteristics and the ESU stability can 
be analyzed using (24) and (26), respectively.

B. Stability Criteria of Microgrid

Impedance ratio analysis is commonly used to study the 
stability of a microgrid. The steps are as follows. First, the 
microgrid is divided into multiple submodules, each of 
which can be regarded as a two-terminal network. Then, 
each two-terminal network undergoes an equivalent treat‐
ment based on the Thevenin theorem. The two-terminal net‐
work is represented by the series form of the voltage source 
and resistance. Finally, the impedance ratio of the system is 
calculated using the circuit equivalent principle, and the sta‐
bility of the microgrid is determined based on the Nyquist 
curve of the impedance ratio. The DC microgrid with a 
DESS as shown in Fig. 2 is equivalent to the circuit form 
shown in Fig. 10. In Fig. 10, Zr is the equivalent impedance 
of the load.

The microgrid is often equivalent to the power supply and 
load subsystems. This equivalence enables system stability 
to be analyzed under the disturbance of each frequency 
band. When switch S is turned off, each ESU is in the 

charge mode, which is regarded as a load and integrated into 
the load subsystem. When switch S is turned on, each ESU 
is in the discharge mode, which is regarded as a micropower 
supply and is integrated into the power supply subsystem. 
This process is illustrated in Figs. 11 and 12.

In Fig. 11, Zso and Zli are the equivalent output impedanc‐
es of the power supply and load subsystems, respectively. 
The calculations for Zso and Zli during DESS charge and dis‐
charge are given by (27) and (28), respectively.

ì

í

î

ïïïï

ïïïï

Zso =Rs

1
Zli

=
1
Z1

+
1
Z2

+ +
1
Zn

+
1
Zr

=∑
i = 1

n 1
Zi

+
1
Zr

(27)
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�

+

+
�

+

�

+
+

�
1

Fig. 9.　Control block diagram of a bidirectional DC/DC converter.
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Fig. 12.　Unified circuit model of a microgrid.
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ì

í

î

ïïïï

ïïïï

1
Zso

=
1
Z1

+
1
Z2

+ +
1
Zn

=∑
i = 1

n 1
Zi

Zli = Zr

(28)

In Fig. 12, Uso is the output voltage of the power supply 
subsystem. When Uso is accompanied by disturbance ûso, Udc 
generates disturbance ûdc, and their relationship can be ex‐
pressed as:

ûdc

ûso

=
1

1 + Zso Zli
(29)

Equation (29) shows that the DC bus voltage is directly re‐
lated to the system impedance ratio Zso Zli. Simultaneously, 

the stability criterion of the microgrid can be obtained under 
the following condition: when the Nyquist curve of Zso Zli 

does not contain point (-10), the microgrid is in stable oper‐
ation.

V. SIMULATION VALIDATION 

A. Parameter Settings

Droop control methods based on the SOC exponential and 
SOC power functions are proposed in [16] and [17], respec‐
tively. The specific expressions for droop control in these 
two methods are respectively given as:

Rdi(SOCi ) =
ì
í
î

ïïïï

ïïïï

RDexp ( )p ( )SOCi - SOCA       idc < 0

RDexp ( )-p ( )SOCi - SOCA     idc > 0
(30)

Rdi(SOCi ) = ì
í
î

RD·SOC n
i      idc < 0

RD SOC n
i     idc > 0 (31)

where RD is the droop coefficient of the energy storage con‐
verter at full-load current; and p is a constant. The ESU is 
charged when idc < 0 and is discharged when idc > 0.

These two methods are compared with the proposed meth‐
od. With two ESUs used as examples to conduct the simula‐
tion research, the specific parameter settings are listed in Ta‐
ble II.

B. Stable Charge and Discharge

When the output power of RES exceeds the load demand, 
the DESS is in a stable charge mode. This situation can be 
simulated by closing switch S, as shown in Fig. 2. Figure 13 
shows the DESS state (SOC and output power P) during 

steady charge. Notably, j-ESUi (i = 12, j = 123) in the fig‐
ure is the ith ESU of the jth droop control method, j = 1 is the 
SOC exponential function droop control in [16], j = 2 is the 
SOC power function droop control in [17], and j = 3 is the 
method proposed in this paper. In addition, SOC differences 
and power differences are defined to reflect control perfor‐
mances when DSOC = SOCESU1 - SOCESU2 and DP =PESU1 -
PESU2.

Figure 13 shows that during the period [050]s, when the 
SOC exponential function drop control is adopted, DSOC 
and DP between ESUs decrease from 2% to 1.1% and from 
15.1 kW to 9.2 kW, respectively. When the SOC power func‐
tion droop control is adopted, DSOC and DP between ESUs 
decrease from 2% to 0.2% and from 25.3 kW to 21.2 kW, re‐
spectively. When the SOC fuzzy droop control is adopted, 
DSOC and DP between ESUs decrease from 2% to 0 and 
from 196.2 kW to 0 kW at 41.5 s, respectively. These results 
show that in terms of the rapidness and accuracy of the SOC 
balance and load power distribution, the best performance is 
achieved by the SOC fuzzy droop control, followed by the 
SOC power function and SOC exponential function droop 
controls.

The DESS state during steady discharge under different 
droop control methods is shown in Fig. SA3 of Supplementa‐
ry Material A.

C. Changes of Charge and Discharge Modes

When the power of the supply and demand sides of the 
DC microgrid is not equal, the charge and discharge modes 
of the DESS change. The supply- and demand-side power re‐
fers to the output power of the RES and power consumed by 
the loads, respectively. In this paper, the simulation duration 
is 60 s, and the state of switch S is changed from closed to 
open at 30 s to simulate a power change situation. Figure 14 
shows the DESS state when charge and discharge modes 
change.

As Fig. 14 shows, the balance time of the SOC exponen‐
tial function droop control exceeds 60 s, whereas those of 
the SOC power function and SOC fuzzy droop controls are 
55.2 s and 48.6 s, respectively. The superiority of the SOC 
fuzzy droop control in terms of the SOC balance and load 
distribution is further explained. The SOC fuzzy droop con‐
trol requires the shortest time to complete the balance, indi‐
cating that this method still performs better when the DESS 
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Fig. 13.　DESS state during steady charge. (a) SOC. (b) Output power.

TABLE II
PARAMETER SETTINGS

Parameter

Reference value of DC bus voltage

Bus voltage fluctuation range

ESU1: L1, C1, kup,1(kui,1), kip,1(kii,1), SOC1

ESU2: L2, C2, kup,2(kui,2), kip,2(kii,2), SOC2

m1, m2, n

Load

Value

400 V

±5%

0.3 mH, 300 μF, 2(20), 3(3), 60%

0.3 mH, 300 μF, 2(20), 3(3), 58%

50, 20, 3

8 kW
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charge and discharge modes change. In addition, the DESS 
state under a sudden change in load is shown in Fig. SA4 of 
Supplementary Material A.

D. Effect of Acceleration Factor

The acceleration factor is introduced to improve the reso‐
lution of the SOC differences among the ESUs. This enables 
a fast equalization speed to be maintained in the later stages. 
The duration of the simulation is 40 s, and the state of 
switch S is changed from closed to open at 20 s. According‐
ly, the SOC fuzzy drop control method is simulated with and 
without the acceleration factor. Figure 15 shows the corre‐
sponding changes in the DESS state, where a-ESUi and b-
ESUi denote ESUs without and with an acceleration factor, 
respectively.

As Fig. 15 shows, the balance time of the SOC fuzzy 
droop control without an acceleration factor exceeds 40 s, 
whereas that with an acceleration factor is 35.2 s. The SOC 
fuzzy droop control with an acceleration factor is clearly bet‐
ter than that without an acceleration factor with respect to 
SOC balance speed, which shows that the design of the ac‐
celeration factor is reasonable and effective.

The design method for the acceleration factor is not 
unique and mainly consists of an exponential function, loga‐
rithmic function, power function, and other basic functions. 
The exponential and logarithmic functions are suitable for 
describing the change laws of fast and slow growth rates, re‐
spectively, and the power function resides between the two 
and is thus suitable for describing the change law of the gen‐

eral growth rate. Therefore, several types of the acceleration 
factors are designed as:

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï
ï

ï

ï

ï

K1 =
m1

ln ( )m2 || fa

K2 =
m1

( )m2 || fa
e

K3 =
m1

exp ( )m2 || fa
=K

(32)

Different types of acceleration factors have different ef‐
fects on the SOC balance speed and power distribution accu‐
racy. Under the condition in which the charge and discharge 
modes of the DESS change, i. e., where the charge mode 
changes to the discharge mode at 30 s, the SOC fuzzy drop 
control under different types of acceleration factors is simu‐
lated. The DESS state under different acceleration factors is 
shown in Fig. 16.

As Fig. 16(a) shows, when the SOC fuzzy droop control 
with acceleration factors K1, K2, and K3 is adopted, the 
DSOC between ESUs changes from 2% to 3.16%, 1.95%, 
and 0.05% during the period [030]s, and it continues to 
change to 1.98%, 1.25%, and 0 during the period [3060]s. 
The SOC fuzzy drop control with K3 reaches an SOC bal‐
ance at 42.4 s, whereas the that with K1 and K2 has a bal‐
ance time of more than 60 s, indicating that the performance 
of the SOC fuzzy droop control with K3 is optimal. Notably, 
the SOC fuzzy drop control with K1 increases the DSOC be‐
tween ESUs during the period [04.2]s, which is mainly 
caused by the change rate characteristics of the logarithmic 
function.

As Fig. 16(b) shows, the power distribution imbalance of 
the SOC fuzzy droop control with K1 during the periods 
[14]s and [3336]s, i. e., ESU discharges and charges with 
lower and higher SOCs, respectively, causes the equilibrium 
rate to slow down, while that with K2 shows little change in 
DP between ESUs during the period [060]s. A longer period 
is required to achieve SOC balance. DP of SOC fuzzy droop 
control with K3 shows a higher resolution during the period 
[060]s and therefore achieves a better balance rate and accu‐
racy during the entire period.
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E. Comparative Analysis of Performance Index

To obtain an accurate evaluation of how well the fuzzy 
controller performs with the added exponential acceleration 
factor and to assess the performances of the other control‐
lers, the performance index J is introduced, as shown in 
(33), where J reflects the SOC balance accuracy of multiple 
ESUs at a specific time during the DESS balance process. A 
smaller J indicates better controller performance, and faster 
SOC balance can then be achieved.

J (t ) = SOCi( )t - SOCj( )t
SOCi( )0 - SOCj( )0

(33)

where SOCj( )t  and SOCj( )0  are the current and initial SOCs 

of the jth ESU, respectively.
Table III lists J under different control methods. In Table 

III, M1, M2, and M3 represent the ith droop control method 
for SOC exponential function droop, SOC power function 
droop, and SOC fuzzy droop, respectively. In addition, K0 is 
the SOC fuzzy drop with no acceleration factor. Finally, M3 
and M3-K3 are the methods proposed in this paper. The sim‐
ulation conditions for Situations 3 and 4 are set as the same; 
that is, DESS changes from the charge mode to discharge 
mode at 30 s.

As Table III shows, J with method M3-K1 under Situa‐
tion 4 shows a trend of first increasing and then decreasing 
with time, whereas those with the other methods under vari‐
ous working conditions gradually decrease with time. This 
shows that method M3-K1 reduces the SOC balance speed 
between ESUs but eventually achieves SOC balance. It also 
shows that all methods can achieve the control goal of 
SOC balance. Moreover, under the same operation condi‐
tions, J with methods M1, M2, and M3 decreases succes‐
sively at specific time, indicating that method M3 performs 
better than methods M1 and M2. Under Situation 4, taking 
J with method M3-K0 as the benchmark, J values of M3-
K1, M3-K2, and M3-K3 are greater than, less than, and far 

less than those of M3-K0, respectively. This shows that the 
design of the acceleration factor is reasonable and that the 
proposed method can significantly improve the SOC bal‐
ance speed.

F. Run More than Two ESUs

The DESS is set to contain three ESUs with initial SOCs 
for the three ESUs of 60%, 58%, and 56%, respectively. The 
DESS changes from the charge mode to discharge mode at 
30 s. Figure 17 shows the DESS state under the aforemen‐
tioned conditions.

As Fig. 17 shows, during the period [0, 60]s and when 
the SOC exponential function droop control is adopted, 
DSOC between ESU1 and ESU2 and that between ESU2 
and ESU3 decrease from 2% to 1.04% and 1.05%, respec‐
tively, and DP between ESU1 and ESU2 and that between 
ESU2 and ESU3 decrease from 13.45 kW and 16.39 kW to 
7.28 kW and 8.34 kW, respectively. When the SOC power 
function droop control is adopted, DSOC between ESU1 and 
ESU2 and that between ESU2 and ESU3 decrease from 2% 
to 0.91% and 0.93%, respectively, and DP between ESU1 
and ESU2 and that between ESU2 and ESU3 decrease from 
11.57 kW and 14.11 kW to 12.52 kW and 12.69 kW, respec‐
tively. When the SOC fuzzy droop control is adopted, ESU2 
and ESU3 reach a balance at 21.5 s, whereas ESU1, ESU2, 
and ESU3 reach a balance at 48.4 s. Compared with the 
SOC exponential and SOC power function droop controls, 
the SOC fuzzy droop control still has the highest balance 
speed when the number of ESUs increases, which further re‐
flects the advantages of the proposed method.

G. Stability Analysis 1: ESU

Equation (24) shows that the closed-loop output imped‐
ance of the ESU is related to the droop coefficient, voltage 
PI controller parameters, current PI controller parameters, fil‐
ter capacitance, and filter inductance. This paper focuses on 
the effects of the droop coefficient on the closed-loop output 
impedance of the ESU, and the corresponding Bode diagram 
is shown in Fig. 18.

As Fig. 18 shows, when the frequency is less than 50 rad/s, 
the closed-loop output impedance of the ESU increases with 
the droop coefficient, i.e., the proposed method can improve 
the power response capability of the ESU in the low-frequen‐
cy band. When the frequency is in the range of 50-108 rad/s, 
the droop coefficient has little influence on the closed-loop 
output impedance of the ESU. When the frequency exceeds 
108 rad/s, the droop coefficient has an insignificant influence 
on the closed-loop output impedance of the ESU.

Equation (19) shows that an increase in acceleration factor 
K leads to the increase of fam, which resolves fb =Rdi. The 
numerical domain of fb is determined by the range of Rdi, as 
shown in (7). The output of the fuzzy controller is bounded 
[37], [38]. Therefore, the effects of the acceleration factor on 
the system stability can be explained by showing that the 
system stability is within the range of the droop coefficient. 
The effects of the droop coefficient on the ESU stability is 
shown in Fig. 19 via (26).

TABLE III
J UNDER DIFFERENT CONTROL METHODS

Situation

1. Stable charge

2. Stable 
discharge

3. Change of 
charge and 

discharge modes

4. Effects of 
acceleration 

factor

Method

M1

M2

M3

M1

M2

M3

M1

M2

M3

M3-K0

M3-K1

M3-K2

M3-K3

J

t=10 s

0.895

0.820

0.295

0.875

0.720

0.250

0.895

0.820

0.295

1.000

1.580

0.970

0.295

t=20 s

0.800

0.640

0.100

0.745

0.450

0.055

0.800

0.640

0.100

0.995

1.585

0.945

0.100

t=30 s

0.715

0.460

0.025

0.620

0.200

0.010

0.715

0.460

0.025

0.990

1.580

0.915

0.025

t=40 s

0.635

0.285

0.005

0.500

0.015

0

0.630

0.205

0.020

0.880

1.390

0.805

0.020

t=50 s

0.565

0.120

0

0.390

0

0

0.540

0.015

0

0.755

1.195

0.690

0
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As Fig. 19 shows, when the frequency is less than 2 ´ 107 
rad/s, the amplitude margin of the closed-loop transfer func‐
tion of ESU increases with the droop coefficient. When the 

frequency is greater than 2 ´ 107 rad/s, the variation in droop 
coefficient has little effect. In addition, with a change in the 
droop coefficient, the phase angle margin of the closed-loop 
transfer function of ESU is always positive, indicating that 
the ESU is stable when the droop coefficient changes within 
the range expressed in (7). Therefore, the ESU is always sta‐
ble under the action of an acceleration factor.

Because the bandwidth of the voltage PI controller is 
much smaller than that of the current PI controller, the ef‐
fects of the voltage PI controller parameters on ESU stabili‐
ty are more obvious. The corresponding Bode diagram is giv‐
en as Fig. SA5 in Supplementary Material A.

H. Stability Analysis 2: DC Microgrid

The DC microgrid with DESS in this paper has two work‐
ing modes. ① Mode 1: when the output power of the RES 
is greater than the load power, the DESS is in the charge 
mode. ② Mode 2: when the output power of the RES is less 
than the load power, the DESS is in the discharge mode. If 
the DC microgrid is stable under both working modes, the 
overall system is stable.

A DC microgrid with two ESUs is next taken as an exam‐
ple. The equivalent output impedances of the power and 
load sides of the microgrid in Modes 1 and 2 are given by 
(34) and (35), respectively.

ì
í
î

ïïïï

ïïïï

Zso =RS

Zli =
Z1 Z2 Zr

Z1 Z2 + Z1 Zr + Z2 Zr

(34)

ì
í
î

ïï

ïïïï

Zso =
Z1 Z2

Z1 + Z2

Zli = Zr

(35)

Equations (34) and (35) show that Zso Zli of the microgrid 

in Modes 1 and 2 can be obtained, respectively. Figure 20 
shows the Nyquist curves of system impedance ratio of mi‐
crogrid in Modes 1 and 2.

-100

-80

-60

-40

-20

20

0

M
ag

n
it

u
d

e 
(d

B
)

R
d
=1.5; R

d
=3.0; R

d
=4.5; R

d
=6.0

100 102 104 106 108
90

180

270

360

P
h

as
e 

(°
)

Frequency (rad/s)

Fig. 18.　Effects of droop coefficient on closed-loop output impedance of 
ESU.

-100

-80

-60

-40

-20

20

0

M
ag

n
it

u
d

e 
(d

B
)

100 102 104 106 108
90

180

270

360

P
h

as
e 

(°
)

Frequency (rad/s)

R
d
=1.5; R

d
=3.0; R

d
=4.5; R

d
=6.0

Fig. 19.　Effects of droop coefficient on ESU stability.

ESU1; ESU2; ESU3

Time (s)

S
O
C

 (
%

)

0 20 40 60

Time (s)

(a) (b)

0 20 40 60
56

57

58

59

60

61

62

63

S
O
C

 (
%

)

56

57

58

59

60

61

62

63

Time (s)
0 20 40 60

Time (s)

(c) (d)

0 20 40 60

S
O
C

 (
%

)

56

57

58

59

60

61

62

P
 (

k
W

)

-100

-50

0

50

100

Time (s)
0 20 40 60

Time (s)

(e) (f )

0 20 40 60

P
 (

k
W

)

-600

-400

-200

0

200

P
 (

k
W

)

-100

-50

0

50

100

Fig. 17.　DESS state with three ESUs. (a) SOC of M1. (b) SOC of M2. (c) 
SOC of M3. (d) Output power of M1. (e) Output power of M2. (f) Output 
power of M3.

1213



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 4, July 2024

As Fig. 20 shows, the Nyquist curves do not include the 
point (-10), indicating that the microgrid is stable in Modes 
1 and 2 and thus verifying the stability of the microgrid sys‐
tem.

In addition, the smaller amplitude and phase angle mar‐
gins in Modes 1 and 2 are at the lower limits, ensuring the 
stable operation of the microgrid (Gmin = 12.9 dB, Pmin = inf 
at 0.0372 rad/s). Thus, the conditions of the system input 
and output impedances for ensuring the stable operation of 
the microgrid can be obtained when || ZLi > || Zso + Gmin and 

the phase angle of ZLi is not subject to any constraints. 
When the aforementioned conclusions are applied, it is nec‐
essary to obtain the amplitudes and phase angles of the in‐
put and output impedances of the system , as shown in 
(27) and (28). Then, a calculation must be performed to de‐
termine whether the condition || ZLi > || Zso + Gmin is satis‐

fied. If the condition is satisfied, the designed microgrid is 
stable; otherwise, the parameters of the microgrid must be 
redesigned.

VI. CONCLUSION

Autonomous DC microgrids usually contain multiple ES‐
Us for maintaining bus voltage stability and power balance. 
Therefore, reasonable power distribution and fast SOC bal‐
ance in ESUs are critical. An SOC fuzzy droop control with 
an acceleration factor is proposed, and the system stability is 
investigated based on the average model of the converter.

The following conclusions are obtained. ① The SOC 
fuzzy droop control has a faster balance speed and accuracy 
as compared with the SOC exponential and SOC power func‐
tion droop control. ② The design of the acceleration factor 
can resolve the SOC between ESUs in the entire equaliza‐
tion process, particularly in the later stages, and this can in 
turn improve the balance speed. ③ The transfer function of 
the ESU in the droop control mode is derived, and this pa‐
per shows that the ESU continues to operate in a stable man‐
ner when the droop coefficient changes. ④ A stability criteri‐
on for the DC microgrid with DESS is given, which can pro‐
vide a reference for parameter design.

In future research, we will address the following challeng‐
es. ① The main variables affecting the variation in droop co‐

efficient will be analyzed, and a multidimensional fuzzy log‐
ic relationship will be constructed. ② The effects of differ‐
ent fuzzy membership functions and their distributions on 
the SOC balance performance will be studied to obtain a bet‐
ter fuzzy controller. ③ The form of the acceleration factor is 
not unique, where a combined acceleration factor is devel‐
oped to achieve autonomous control of the balance speed. ④ 
Various modeling theories are used to analyze the stability 
of the microgrid, and a reasonable application range of the 
corresponding criteria is provided.
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