Journal of Donghua University (Eng. Ed. ) Vol. 41, No. 6 (2024) 677

DOI: 10. 19884/j. 1672-5220. 202310004

Adaptive Droop Control for Circulating Current Suppression in Microgrid Based on

Fuzzy Logic

WANG Ziping, SHAN Yinghao "

College of Information Science and Technology, Donghua University, Shanghai 201620, China

Abstract; Circulating currents in a microgrid increase the
power loss of the microgrid, reduce the operational
efficiency, as well as affect the power quality of the
microgrid. The existing literature is seldom concerned with
methods to suppress the loop currents using fuzzy logic
control. In this paper, a method based on fuzzy control of
droop coefficients is proposed to suppress the circulating
currents inside the microgrid. The method combines fuzzy
control with droop control and can achieve the effect of
suppressing the circulating currents by adaptively adjusting
the droop coefficients to make the power distribution
between each subgrid more balanced. To verify the
proposed method, simulation is carried out in Matlab/
Simulink environment, and the simulation results show that
the proposed method is significantly better than the
traditional proportional-integral control method. The
circulating currents reduce from about 10 A to several
nanoamperes, the bus voltage and frequency drops are
significantly improved, and the total harmonic distortion
rate of the output voltage reduces from 4. 66% to 1. 06%. In
addition, the method used in this paper can be extended to
be applied in multiple inverters connected in parallel, and
the simulation results show that the method has a good effect
on the suppression of circulating currents among multiple
inverters.
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0 Introduction

A microgrid is a small-scale power network
composed of various distributed generations ( DGs ),
storage devices, protection devices, etc. The microgrid
can operate in two modes; grid-connected and islanded.
Typically, it operates in conjunction with the public grid,
but it can switch to the islanded mode if it needs to
operate independently or if there is an issue with the
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external grid''’. In the islanded mode, the microgrid
functions as an independent system that ensures its
stability. To convert the direct current ( DC) power
generated by new energy sources into alternating current
(AC) power, a microgrid requires multiple inverters
connected in parallel. However, because the parameters
of each module in the system are not identical, voltage
differences between the modules will occur. Even a
minor voltage difference can lead to a large circulating
current between the modules, affecting the microgrid’ s
stability due to the small line impedance"* .

The definition and characteristics of circulating
currents in parallel inverter systems have been extensively
studied. Two types of circulating currents in two inverter
systems were defined and then extended to circulating
currents in multiple inverter systems'®’. The circulating
current suppression method of the DC microgrid operating
in the islanded mode was provided with a secondary
leakage integral controller based on adaptive linear
impedance'"’. A circulating current suppression method
between parallel battery energy storage systems in the DC
microgrid was proposed, involving the estimation of line
impedance through mathematical calculation®’. The
concept of an equivalent feeder to compensate for the
difference in feeder impedance was developed, where a
control method combining improved droop control and
adaptive virtual impedance control was involved'® .

Wei et al. " proposed a method for suppressing
circulating currents based on a distributed control method
that adjusts the original current reference for three-phase
voltage source inverters ( VSIs). An adaptive virtual
impedance control method for distributed generation units
in the microgrid to compensate for the circulating currents
caused by mismatched branch impedance was
designed'®’. A repetitive control method was developed
to reduce the harmonic circulating currents between
modules in the modular multilevel converter'” . A control
method for modular multilevel converter-high voltage DC
under unbalanced grid conditions was studied, in which
the proportional resonant ( PR) controller was used to
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suppress circulating currents' .

In recent years, fuzzy control has gained
popularity as an effective method for microgrid
control'"". As opposed to traditional control methods
which rely on a specific mathematical model of the
controlled object, fuzzy control simulates the thinking
and the judgment of the human brain through computer
simulation'®’. This allows the system to achieve
control without the need for a specific mathematical
model and can overcome the influence of nonlinear
factors in the system'"”'. By leveraging the power of
fuzzy logic, fuzzy control can achieve more robust and
reliable control of microgrid systems. Additionally,
fuzzy control can be easily adapted to different types of
microgrid systems, making it a versatile option for a
wide range of applications.

Fuzzy control is used for the energy management
system of an intelligent microgrid in a residential area'""’.
It designs two types of fuzzy control, where the
membership functions define the power transmission
amount and direction from and to the main grid. A virtual
synchronous generator ( VSG) control method based on a
fuzzy logic controller (FLC) was proposed to adjust the
governor’ s power by changing the voltage phase angle
and frequency to increase inertia'”’. A fuzzy quadratic
controller-based VSG control scheme was presented to
improve voltage and frequency regulation, as well as the
dynamic performance of the microgrid''®’. A multitask
fuzzy control that only acted on quadratic control was
proposed to allow for frequency and voltage regulation in
both islanded and grid-connected modes''"'. A fuzzy
control method for distributed generation units and their
loads operating in the islanded mode was presented ' |
where black-box nonlinear optimization techniques were
utilized to adjust the membership functions. Fuzzy
control was used for the energy management system of a
residential microgrid operating in grid-connected mode to
minimize grid power fluctuations'”’. A fuzzy control
scheme for the microgrid and distributed energy sources
was proposed to use a nonlinear FLC to control the
reactive power reference, and the robustness of the
system was improved ™. An enhanced fuzzy control
method was proposed to stabilize the microgrid by
reducing the circulating currents between the DC loop and
the energy storage system'”" .

To sum up, there is already a considerable amount of
literature on separately investigating circulating current

suppression and fuzzy control in the microgrid. However,
research regarding the utilization of fuzzy control to
achieve circulating current suppression in the microgrid is
still inadequate, particularly through the alteration of
droop control coefficients. In this paper, according to the
droop control, the difference in power distribution
between two inverters can be reduced by changing the
droop coefficients; fuzzy control can adaptively adjust the
droop coefficients, which in turn reduces the circulating
currents in the system, and the power difference between
the two inverters will become smaller and smaller to
realize the equal distribution of active and reactive power.
Thus, this paper aims to conduct comprehensive research
on this subject. The microgrid configuration studied
herein is depicted in Fig. 1.

Figure 1 illustrates two DGs that are connected via
an AC bus to supply local and common loads. The main
circuitry of the DG is powered by a photovoltaic (PV)
DC source and includes a three-phase full-bridge inverter
with a passive filter (L,, C,, L). The system control
loop is split into two main parts; power sharing and
voltage & current dual loop. In the power sharing part,
the inverter output’ s active power P and reactive power
Q are determined by sampling the three-phase voltage
u,, U, and U,, and current I, I, and I, at the
inverter output side. [, is the output current. In addition,
f., U,, P,and Q, in this part are the reference values for
frequency, voltage, active power and reactive power,
respectively. These values are then substituted into the
active power-frequency ( P-f) and reactive power-
terminal voltage ( Q-U) droop equations to obtain the
frequency and output voltage amplitude references of the
inverter. The voltage & current dual loop is then used to
adjust the inverter output voltage using pulse width
modulation (PWM).

This paper makes the following main contributions.
1) Fuzzy control is used to adaptively adjust droop
coefficients, which leads to the suppression of circulating
currents. 2) Power allocation is proportionally distributed
while suppressing circulating currents, and the waveform
quality is significantly improved.

The organization structure of the remaining part of
this paper is as follows: Section 1 introduces the inverter
control of the microgrid; Section 2 designs an FLC and
introduces it to the circulating current suppression;
Section 3 conducts simulation analysis and result
discussion; Section 4 provides the conclusion.
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Fig. 1 Configuration of microgrid

1 Inverter Control of Microgrid

1.1 Droop control

Droop control is widely used due to its advantages of
no interconnection and plug-and-play. It simulates the
droop characteristics of synchronous generators in
traditional power systems to control inverters, resulting in
stable frequency and voltage. P-f droop and Q-U droop
characteristics are shown in Fig. 2. When the microgrid
is in steady state operation, the two operating points of
the inverter (f,, P,, U,, Q,) and (f,, P,, U,, Q,) are
taken. To understand the principle of droop control and
power transmission, a simplified parallel equivalent
circuit that incorporates two inverters is utilized as shown
in Fig. 3.

In Fig. 3, U, L ¢, and U, £ ¢, are the no-load output
voltage of inverters 1 and 2, respectively; ¢, and ¢, are

the no-load output voltage phases of inverters 1 and 2,
respectively; E £ 0 is the parallel bus voltage; Z, 2 6,=
R.+jX, is the sum of the output impedance and line
impedance of the inverter, with i = 1, 2; 6, is the
impedance angle, which is equal to 6, =arctan (R,/X,) ;
Z, is the common load impedance; I, is the common bus
current; [;, and [, are the output currents of inverters 1
and 2, respectively.

(b)

Fig. 2 Curves of droop control characteristics; (a) P-f; (b) Q-U
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U/ ¢ Ur/ 9,

Fig. 3 Diagram of parallel equivalent circuit with two inverters

The inverter’ s active power P and reactive power Q
can be obtained as

1
P=—
i ‘ Z

i

[(EU.cos ¢, — E*)cos 6, + EUsin ¢.sin 6.1, (1)

1
Q, = ‘7[(EUL.COS @, — E*)sin 0, — EUssin ¢,cos 6., (2)

where | Z, | is the impedance magnitude corresponding to
the ith inverter; E is the voltage amplitude of the
inverter; ¢, is the phase angle of the no-load output
voltage of the ith inverter.

\Z|= /R + X} . (3)

When Z, 2 0, is inductive, the droop control formula can
be derived as

0, =w;, —mP,

4
U, = Ui* - nQ,, (4)

where @, and U, are the frequency and amplitude of the
unloaded output voltage, respectively; m and n are the
corresponding droop coefficients, respectively.

As P and Q of the DG increase, the operating point
moves from point A to point B (Fig. 2). For small phase
angles 6 (or power angles) between the inverter and the
grid, the droop control gives the following relationship;

{f=fn —m(P =P,
U=U,-n(Q-0Q,),
In the power control module, the instantaneous

power output of the inverter is

{P Suyl, tul

(5)

9797
Q= uqid - udiq s (6)
where u, and u_ are the instantaneous inverter voltages on
the grid side, respectively; i, and i, are the instantaneous
inverter output currents, respectively.
1.2 Model of VSIs and coordinate transformation
There are two types of three-phase inverters: voltage
source and current source. VSIs are more commonly used
due to their faster current regulation and ability to react
quickly to changes. VSIs use a three-phase full-bridge

2

2 : . 2w ) 20
X, =«/?|:dem(wt) + X,,sm(a)t - ?) + XL,Sln(wt + ?) } ,

topology with an LC filter to produce the three-phase
output voltage. Converting three-phase abc coordinates
into dg rotating coordinates simplifies controller design
and control algorithms, allowing for easy separation of
DC and AC components. According to the Clarke
transform, converting three-phase abc coordinates into
components that reside in the stationary of coordinate
system. Next, according to the Park transforms, the of3
stationary coordinate components are transformed into
components in the dg rotational coordinate system, and
the purpose of multiplying by 2/3 is to keep the
amplitude of the currents before and after the
transformation constant.

1 T
r o2 22 (7)
abc—of 3 O @ _\/E ’
2 2
_| cos(wt)  sin(wt)
TaB*dﬂ_ |:— sin( wt) C()S(wt):l ’ ®)

where w is the angular frequency; ¢ is the time.
1.3 Voltage and current dual closed-loop control
system

To synchronize voltage and frequency between the
microgrid and the main power grid, a dual closed-loop
control system was used. The reference voltage amplitude
was compared with the inverter’ s real-time output voltage
by the voltage outer loop control, which used
propotional-integral ( PI ) control to stabilize the load
voltage. The current inner loop control system used PI
control to improve the system response speed and PWM
to control the inverter. The dual closed-loop control
diagram is shown in Fig. 4. In Fig. 4, U, and U, are
reference voltages on the d axis and g axis after voltage
synthesis, respectively; U, and U, are the bus voltage
on the d axis and q axis, respectively; [, and [, are the
corresponding current flows.

I Oabe

Fig. 4 Dual closed-loop control diagram

The components of voltage and current on the dg
axis are obtained by performing the Park transformation
of AC voltage and current. The Park transformation
equation is

(9)

. 2T . 21T
Xq = [—| - X, cos(wt) - X,sin|wt - 3 - X sin|wt + EWAE

3



Adaptive Droop Control for Circulating Current Suppression in Microgrid Based on Fuzzy Logic 681

2 Design of FLC and Application in
Circulating Current Suppression

2.1 Fuzzy variables and membership functions

Figure 5 depicts the control flow diagram of the
FLC, with the following basic control rules.

1) Select input & output fuzzy set; convert inputs to
fuzzy variables.

2) Define input & output membership function:
determine fuzzy linguistic values and select membership
functions. Variables are scaled according to membership

functions.

3) Design fuzzy rule: based on experience, a fuzzy
rule base is established, containing control relationships
for fuzzy variables.

4) Establish fuzzy control form: implements decision-
making based on membership functions and rule base.

5) Fuzzy reasoning; process control quantity
obtained from inference in reverse and convert it to a
control output.

6) Unite fuzzy: applying the fuzzy output values
obtained from the fuzzy control system to the real
controlled model.

[Select input & output fuzzy set ]—b[

Define input & output
membership function

]—P[ Design fuzzy rule ]

[ Thite fuzzy H

Fuzzy reasoning

]4—[ Establish fuzzy control form ]

Fig. 5 Control flow diagram of FLC

Fuzzy control is a smart and nonlinear control
method that mimics human thinking to control the system
without the need for a specific mathematical model of the
object. The rule base is important and affects the control
effectiveness. A detailed rule base reduces steady-state
errors but increases complexity, while a smaller rule base
increases steady-state errors but simplifies the calculation.
Fuzzy process has three steps: fuzzification, fuzzy
inference and defuzzification.

In the microgrid, four values (u,, u,, i, and i ) are
obtained by transforming three-phase voltages. These data
are then input into an FLC which fuzzifies the input and
performs inference based on a knowledge base. The
inference process depends on the controller’ s design rules
and membership functions. The output is obtained by
defuzzifying the output fuzzy variables. To adaptively adjust
the P-f and Q-U droop coefficients in one DG, two FLCs
are needed based on the designed microgrid model. Figure 6
displays the membership functions for both controllers.

In Fig. 6, the same membership functions are used
for the inputs and outputs of the two controllers in this
study. The basic domain of the inputs and outputs is
[ -6, 6], and the basic domain of the fuzzy control input
and output variables are quantized within the fuzzy sets

{—6, -4, -2, 0,2, 4, 6}. The corresponding linguistic
variable sets are {negative big (NB), negative medium
(NM) , negative small (NS), zero (0), positive small
(PS), positive medium (PM) , positive big (PB) | .

£ 105 NB NM NS 0 PS PM 4 PB

3 08|

§ o6f

g

g 04

8 02

g 0

A ! ! ! ! ! )
-6 4 2 0 2 4 6

Range

Fig. 6 Fuzzy variables and their membership functions

2.2 Fuzzy inference and defuzzification

Fuzzy rules rely on binary fuzzy relationships. The
rule follows the format “if x is A, then y is B”, with A
representing the premise of the fuzzy rule and B
representing the conclusion derived through fuzzy
inference. A and B can be NB, NM, NS, 0, PS, PM
and PB. The effectiveness of fuzzy control is directly
influenced by the rule base. Table 1 displays the fuzzy
rule base created using the expertise of engineers and
technicians with control experience.

Table 1 Fuzzy rule

P’ "q

? NB NM 0 PS PM PB
NB PB/NB PB/NB PB/NM PB/NM PM/NS 0/0 0/0
NM PB/NB PB/NB PB/NM PB/NS PM/NS 0/0 0/0
NS PM/NB PM/NM PM/NS PM/NS 0/0 NS/PS NS/PS
Ae,, Ae, 0 PM/NM PM/NM PS/NS 0/0 NS/PS NM/PM NM/PM
PS PS/NM PS/NS NM/PS NM/PS NM/PM NM/PB
PM 0/0 0/0 NM/PS NB/PS NB/PM NB/PB NB/PB
PB 0/0 0/0 NM/PS NB/PM NB/PM NB/PB NB/PB
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To interpret Table 1, e, and e, represent the error
between the actual output and the expected output,
respectively ; Ae, and Ae, represent the error rate between
the actual output and the expected output, respectively;
m, and m, represent the degree of membership. For
instance, if e, and e are NB and Ae, and Ae, are also
NB, then m, takes PB, and m, takes NB. Other cases
follow similar rules. In total, there are 49 rules. The
selection of rules is based on finding a balance between
the complexity of the FLC and the estimated error. The
inference mechanism uses Mamdani’ s max-min method
and defuzzification utilizes the center of the gravity
method to produce m, and m_, as described in this paper.
The output obtained through fuzzy inference needs to be
defuzzified. There are many methods for defuzzification,
including the centroid method, the weighted average
method and the maximum membership degree method.
The method of defuzzy requires that the results of the
operation of the output affiliation function can be well
calculated. The centroid method is to find the gravity
center of the area enclosed by the horizontal coordinate
axis and the curve of the affiliation function and use this
center of gravity as the output value of the fuzzy
inference. The centroid method has a smoother output
operation. Even if it corresponds to a small change in the
input signal, the output will change accordingly. The
corresponding fuzzy logic rule surface plot is provided in
Fig. 7.

Output 1

Fig. 7 Fuzzy logic rule surface plot

2.3 Microgrid circulating current characteristics
The parallel operation of multiple DGs can realize
large-capacity and redundant power supply of the
microgrid, improve the flexibility and reliability of
system power supply, and have a broad application
prospect. To ensure a stable microgrid and
interconnected system operation, it’ s important to
control the circulating current between inverters.
Traditional droop control can result in different output
voltages of inverters due to differences in hardware,
software, line impedance, filtering parameters and DC
source output voltage. Therefore, traditional droop
control always causes circulating currents between
inverters, decreases transmission efficiency, destabilizes
the system, and compromises its safety. Next, an
equivalent schematic is used to analyze the system’ s

circulating currents, which includes two or more parallel
DGs. Figure 8 shows the equivalent schematic of two
parallel inverters.

Fig. 8 Equivalent schematic of two parallel inverters

In Fig. 8, when local loads are not considered, let
I,, and I,, be the output currents of inverters 1 and 2,
respectively :

I, = s A, = . (10)

According to Millman’ s theorem, we can get:
_ (Ul/Zl)+( UZ/Z2) _Z()< U1Z2+U2Z])
(1/Zl)+(1/zz)+(1/zn) lez+ZZ+len.

2770

(11)
The circulating current I, is defined as
1
1 =?(lu -1,), (i,k=1,2;i# k). (12)

Then the circulating currents between inverters 1 and
2 are expressed by

1

]111 =?(1L1 _ILZ) ,
1 (13)
]HZ =?(1L2 _]u)'

It can be seen that the magnitude of the circulating
currents between inverters 1 and 2 is equal, but the
direction is opposite.

I, =1, +1,. (14)
By combining Egs. (13) and (14), we get:
I, =1, - %]0,
1 (15)
I, =1, - 7]0.

After rearrangement, circulating currents between
the two inverters are expressed by

_Z,(U, - E) - Z,(U, - E)
me 27,7, ’
_Z,(U, - E) = Z,(U, - E)
H2 T 2Z1Z2 .

(16)

From the above equations, it can be seen that the
magnitude of the circulating currents is related to the
output voltage of the inverter and the line impedance.
When the output voltage amplitude and phase of the two
inverters are the same and the line impedance is
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consistent, the circulating current is zero.
Figure 9 shows the equivalent schematic diagram of
n parallel inverters. The output current of the kth (k=1,
2, ---, n) inverter I, is given by
U, -E
I, =
VA

. (17)

;
Again, according to Millman’ s theorem, we can
get;

u U, U, " U,
7] + — 4+ . + z
Zl Zz Zn i=1 Zz
E = = . (18)
1 1 1 1 |
— 4+ — 4+ e + — 4+ — z JE—
Zl Zz Z,, Zo i=0 Zl

The total circulating current of inverter k I, is given by

1
I, =1, -—1I,, (19)
n

HEk Lk

where I, =1, + [, + -+ + 1.
By combining Egs. (18) and (19), we get:

n(Uk—E)f[Zi— i[(Ui —E)f[zj]

i#k j#i

I, = . (20)

nll[Zl.
i=1

This is the expression of the circulating current for
the kth inverter.

Fig. 9 Equivalent schematic diagram of n parallel inverters

2.4 Circulating current suppression using fuzzy
control
The input signals of the FLC are P and Q outputs by
the inverter. Based on the structure of droop control, the
following formula can be obtained :

{f :fn - al(P _P”)Bl[fuzzy] ,
U=U, - a,(Q - Q,)B,[ fuzzy].

The output of the FLC consists of f and U which are
subtracted from the grid frequency f, and the voltage U,
respectively. The gains of the input and output signals of
the FLC are denoted by «,, «,, B, and B,. The active
and reactive powers are subtracted from their respective

(21)

references to generate input signals e, and e . Their rates
of change are represented by Ae, and Ae, , respectively.
The fuzzy control diagram is shown in Fig. 10.

Fig. 10 Fuzzy control diagram

3 Simulation and Analysis of Microgrid
and Circulating Current Suppression

To test the practicality and the efficiency of the
adaptive adjustment method for the droop coefficient in
fuzzy control, and its potential use in circulating current
suppression, we established and analyzed a microgrid
model wusing the MATLAB/Simulink simulation
platform. The microgrid’ s operating parameters are listed
in Table 2.

Table 2 System setting and control parameter

Parameter Value
Source voltage/kV 1
C/wF 250
AC filter
L/mH 0.9

m, =3/70 000, n, =4/110 000;
m,=3/80 000, n,=1/3 000
o, =0.1, a,=0.1; B,=10, B,=10

Droop coefficient

Fuzzy gain coefficient

Assuming that the microgrid is initially operating in
islanded mode, load 3 (20 kW) is connected to the
microgrid at =1 s, and then disconnected at t=2 s. This
allows us to observe the circulating current variation of
the microgrid during this period.

3.1 Circulating current characteristics of microgrid
based on fuzzy control

PI control is widely used with the droop control of
the inverter, and the selection of its parameters directly
affects the control effect of the inverter. The parameter
setting of PI control is more complicated, and the fixed
parameters are less flexible and adaptable in response to
changes in external operating conditions with greater
limitations. However, fuzzy control avoids this, and the
parameters can be adjusted in real-time, with good
dynamic performance. In Fig. 11 (a), the black line
shows the circulating currents between the two inverters
when only PI control is implemented with P=2 and /=
50. The red line represents the circulating currents
between the two inverters when applying fuzzy control at
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the droop coefficient.

Figure 11 (b) presents a magnified view of the
circulating current achieved with fuzzy control. The
image clearly shows that the circulating current is nearly
zero, indicating a successful suppressing effect. The peak
value of the circulating current has been effectively
reduced from 8 A to almost zero, demonstrating that
fuzzy control significantly suppresses the circulating
current.

— PI control
Fuzzy control

12

—_
B~ o o o

Circulating current/A

,2 1 1 1 1
0 1 2 3 4 5

Time/s

(a)

Circulating current/A
-
T

Time/s
()
Fig. 11  Circulating current; (a) PI control and fuzzy
control; (b) magnified view of fuzzy control

Changes in the active and reactive powers are
observed as the load varies. During the islanded
mode, load 3 is connected to the microgrid at t=1s
and then disconnected at t=2 s. The simulation results
of the two inverters DGl and DG2 are shown in
Figs. 12 and 13.

According to the droop control characteristics, when
load 3 is connected to the microgrid from the period of 1s
to 2 s, this results in the drop of the terminal voltage and
frequency, as shown in Figs. 14 and 15.

When traditional droop control is used, the active
and reactive powers cannot be evenly distributed, and the
circulating current is mainly caused by the uneven
distribution of powers. As the increase of load, the
circulating current also increases accordingly.

Voltage/v

Frequency/Hz

— DGl

50 - — DG2

40

30V \

PkW

0 1 2 3 4 5
Time/s

Fig. 12 Active power sharing of PI control

O/kW

Time/s

Fig. 13 Reactive power sharing of PI control

3804} —DGl
—DG2
380.2

380.04
| S P |

379.81

379.6

37941+

379.2

379.0F

Time/s

Fig. 14 Bus voltage amplitude of PI control

502
500
49.8 1488
496|
494}
492
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488
486
484
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480 - - - L

0 1 2 . 3 4 5
Time/s

489 —DGI
——DG2

Fig. 15 System frequency of PI control
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The fast Fourier transform ( FFT ) is used to
calculate the total harmonic distortion ( THD ) of the
output voltage U, resulting in 4.66%, as shown in
Fig. 16. It is clear that the main harmonic in the inverter
and system is the 2nd harmonic.

_ THD is 4.66%
6 L
§
=
5
£
54l
g
=
Gt
=]
o
EE
2
g
jas
0 L IHHHHHHHHHHWW
0 100 200 300 400 500 600 700 800 900 1000

Frequency/Hz

Fig. 16 FFT analysis of PI control

3.2 Circulating current characteristics of microgrid
based on fuzzy control droop coefficient

Fuzzy control is utilized to adaptively adjust the
droop coefficient, reducing the difference in power
distribution between two inverters and thereby reducing
circulating currents. This leads to a reduction in the
power difference between the two inverters DGl and
DG2, thereby achieving an equal distribution of active
power and reactive power. After implementing fuzzy
control, the active power and reactive power outputs of
DGl and DG2 are shown in Figs. 17 and 18,
respectively. It can be seen that after the fuzzy control
adjustment, the power outputs of the two inverters DG1
and DG2 are more balanced, the power difference is
reduced, and the circulating current problem is effectively
mitigated.

50
—DGI
—DG2
18 19 20 21
25+
20 L L L L
0 1 4 5

) 3
Time/s

Fig. 17 Active power sharing of fuzzy control

The use of fuzzy control significantly reduces the
voltage and the frequency drop amplitude. The bus
voltage amplitude and system frequency are shown in
Figs. 19 and 20, respectively. It can be seen that after
the application of fuzzy control, the fluctuation amplitude

of the voltage and frequency of DGl and DG2 is
significantly reduced, and the stability of the system is
significantly improved.
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Fig. 18 Reactive power sharing of fuzzy control
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Fig. 19 Bus voltage amplitude with fuzzy control
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Fig. 20 System frequency with fuzzy control

The simulation results show that fuzzy control
effectively improves the power distribution in the system.
Under the condition that the control parameters of both
inverters are completely identical, the power is reasonably
evenly distributed. The THD value is recalculated in this
section by performing an FFT transformation on the
output voltage U. The recalculated THD value is 1. 06% ,
as shown in Fig. 21.



686 WANG Ziping, SHAN Yinghao

0.20
0.18 |
0.16
0.14 +
012 +
0.10 -
0.08 +
0.06 +

o L it

0 100 200 300 400 500 600 700 800 900 1000
Frequency/Hz

THD is 1.06%

Harmonic of fundamental/%

—

Fig. 21 FFT analysis of fuzzy control

Figure 21 displays an FFT analysis with fuzzy
control. The main harmonics in the inverter and the
system are identified as the 4th and 8th harmonics. Under
previous droop control, the THD of the output voltage
reached 4. 66% , while after incorporating fuzzy control,
the THD of the output voltage was reduced to 1.06%.
Both THD values are less than 5%, but the THD after
adding fuzzy control is significantly lower, indicating an
improved output voltage waveform.

3.3 Circulating current characteristics of n (n>2)
inverters in parallel

Based on the generalization from two inverters in
parallel, applying PI control and fuzzy control to n (n>2)
inverters in parallel and the circulating current of each
inverter is observed. Figure 22 shows the circulating
currents between each inverter controlled by PI when
n=3. Figure 23 displays the circulating currents between
each inverter when fuzzy control is applied to the droop
coefficient.
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Fig. 22 Circulating currents of three inverters controlled by PI.
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Then, paralleling n=3 inverters is further explored,
and n=4 is analyzed to investigate the circulating current
in the system. When n = 4, the circulating currents
between each inverter controlled by PI are shown in Fig.
24. Figure 25 shows the circulating currents between each
inverter when the droop coefficient is subjected to fuzzy
control. By using the proposed fuzzy control method, it
has been proven that circulating currents can be
effectively reduced when several inverters ( three, four,
or more) are linked in parallel.

6
2< 8
.‘—E% 3 AN\
5L 2
o° 1 | | , | | ,
0 1 2 3 4 5
Time/s
(a)
&<
&E
— 0
ss
O° 1 | 1
0 1 2 3 4 5
Time/s
(b)
5 6
2< 3
SE 2
GO 1 1 1 1 Il
0 1 2 3 4 5
Time/s
6 (©)
?—D<C 5—‘*‘ A
£% 44
=8 3
(6 1E 1 1 . I 1
0 1 2 3 4 5
Time/s
(d)

Fig. 24  Circulating currents of four inverters controlled by PI:
(a) inventer 1; (b) inventer 2; (c) inventer 3;
(d) inventer 4
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4 Conclusions

This paper presented a method to suppress circulating
currents in a microgrid using fuzzy control. The droop
control in the microgrid was adaptively adjusted by
applying fuzzy control to the droop coefficient through 49
defined rules based on engineer experience. MATLAB/
Simulink was used to develop the microgrid model and to
compare the circulating currents under two conditions;
with conventional PI control and with the proposed fuzzy
control applied to the droop coefficient. Results showed
that the proposed method effectively reduced circulating
currents between inverters, evenly distributed the active
and reactive power outputs of the microgrid, and
significantly decreased the THD of the output voltage,
resulting in improved voltage quality. It is also advisable
to use the proposed fuzzy control to effectively decrease
circulating currents when multiple inverters are connected
in parallel.
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