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Abstract: In the application of microgrid systems that include wind power, photovoltaic systems,
diesel generators, and battery storage, the cooperative control and optimisation of power distribution
between power sources is a major issue. Recently, the droop control has been used widely in
microgrids. However, droop control relies mainly on the line parameter model between the grid
and the load. Therefore, to improve the performance of the microgrid, the optimal control of
microgrid operation based on the fuzzy sliding mode droop control method is considered in this
paper. To begin, system parameters were obtained by modeling droop control with self-learning fuzzy
control strategy. Then, to improve the accuracy of the power distribution in the multi-micro source
system, the nonlinear differential smoothing control method was employed. Finally, by comparing
the self-learning fuzzy sliding mode control based on drooping strategy and the traditional droop
control method, it was demonstrated that the method proposed can effectively reduce the fluctuation
of the bus voltage and improve the output voltage quality of the microgrid system.

Keywords: microgrid; droop control; fuzzy control; sliding mode control

1. Introduction

When a microgrid is operated in the island state, the distributed power source often adopts a
maximum power tracking strategy to improve the power generation efficiency. Generally, single energy
storage may not satisfy the grid demand. Thus, multiple energy storage systems are equipped to ensure
the power balance of the whole grid. Recently, the overall system operation control of microgrids often
uses droop control for power allocation.

The droop control relies mainly on the line parameter. Recently, many researches have drawn their
attention to droop control. In the research of Krishnamurthy and Khorrami [1] and Mousa et al. [2] the
traditional droop control method has been used to deal with the power distribution of the microgrid.
In addition, droop coefficient adjustment parameters are proposed in the power droop control. In [3],
by adding the correlation derivative, an improved droop control algorithm has been designed to
improve system performance. Later, to realize the rational distribution of active power and reactive
power, a control strategy based on droop control and load reactive power compensation has been
proposed in [4]. In this way, the connection of communication equipment is reduced. In [5], to improve
the accuracy of power allocation with different line impedance, a complicated impedance method has
been proposed. In [6], a power allocation control strategy based on low-bandwidth communication has
been proposed. In this paper, power weighting function is used to calculate accurate power allocation,
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and when data transmission fails, the source side is required to re-use the droop control method
to share the load. Recently, an improved reactive power control strategy has been proposed in [7].
Moreover, to improve responsive power distribution, the integral link has been introduced into the
system droop control strategy. More recently, the authors of [8] have introduced virtual impedance
into loop control, by which the power distribution is enhanced.

As is well known, it is difficult to achieve fast dynamic response, high stability, and robustness
when the existing results are applied to power supply systems with the characteristics of multi-power
supply. Therefore, a self-learning fuzzy control theory is proposed in this paper to model the traditional
power-voltage droop control system. While considering the uncertainties of the unmatched parameters,
a novel optimal control strategy based on fuzzy sliding mode droop control is proposed. A sliding
mode droop controller with fast response is designed. The desired smoothing output trajectory is used
to describe the state and control variables of the system. Moreover, the robust control of voltage and
the accurate distribution of power are realized. Finally, the effectiveness of the method is demonstrated
by a practical example.

2. Traditional Droop Control

A diagram of a conventional droop control used in a three-phase full-bridge inverter is shown in
Figure 1. The traditional droop control mode uses an inductive capacitor (LC) ilter. It can be seen from
Figure 1 that the droop control can be divided into two parts that include the primary circuit and the
voltage and current double closed-loop control.
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Figure 1. Block diagram of traditional droop control used in three-phase full-bridge inverter.

bc/dq0
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2.1. Droop Power Control

In power calculation, the output voltage and the current instantaneous values of the inverters
measured by the corresponding sensors can be used. Firstly, park transformation of the current and
the voltage can be carried out to obtain the instantaneous power values. After low-pass filtering,
the instantaneous power is subtracted by the given power order to get the power difference. Then,
under droop control, the required frequency reference and voltage reference can be obtained. Finally,
the voltage synthesis is performed to obtain the three-phase reference voltage. The traditional droop
power control structure is shown in Figure 2.
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Figure 2. Traditional droop power control structure.

The droop control is described as follows:

w = m(P* _Pref) + Wref,

¢y
U=n(Q - Qref) + uref'

2.2. Voltage and Current Control

The capacitor current reflects the instantaneous change of the inverter output voltage and the
load disturbance. Therefore, the capacitor current is selected for the inner current-loop control.
It is shown in Figure 3 that the capacitor voltage should satisfy the following relationship:

du, .
Cf_to =1 — 1. (2)
When the filter resistor, R fr is small, it may be ignored. In addition, the inductor current satisfies

the following relationship:

Lf_ = —Z\_/IVdC — Up. (3)

Figure 3. The structure of the LC filter.

According to Equations (2) and (3), the voltage-current dual closed-loop controller design is
shown in Figure 4.
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Figure 4. Dual closed-loop control of voltage and current.
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3. Modeling and Analysis of a Traditional Droop Control System Based on a Fuzzy
Self-Learning Algorithm

3.1. Self-Learning Fuzzy Algorithm

A structural diagram of a self-learning fuzzy controller (SLFC) is shown in Figure 5. The self-learning
fuzzy control system can learn sample information from the external environment and from its own
control processes [9].

Reference
model

E erformance E' -
—e® i ®

function N

Figure 5. Self-learning fuzzy controller structure.

In this paper, a single variable system is taken as an example to improve the fuzzy relations, R.

(1) Domain normalization

Domain normalization randomly selects the input, r(k), and the output, y(k), at the time, k.
The corresponding error is:

e(k) = r(k) = y(k). 4)

The change of the error is:

ec(k) = e(k) —e(k—1). (5)

The normalized quantities are ¢* and ec*. Normalizing the measurements ¢ and ec gives:

-1 e < —¢, -1 ec < —ec”,
es =1 e/et le| <e, ecs =1 ec/ec® lec| <ect, 6)
1 e> ¢, 1 ec > ec*.

(2) The fuzziness of determined quantity
A and B are denoted as error and error variation. The fuzzy subsets on the domain are A; and

Bi(i,j=1,2,3,... m). When m = 7, the membership function is shown in Figure 6 (in figure: NB:

negative big, NM: negative middle, NS: negative small, ZO: Zero, PS: positive small, PM: positive
middle, PB: positive big).
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Figure 6. Normalized membership function.

It can be written as:

di(r) = Cpe X (Cp = |r + (4-1)/3]) . , )

or r=ecs

where C, =1/(1/3~-1,) =3/(1-3rp) and C, = 1/3~1,/2 = (2-3r,) /6.
Changing 7, (i.e., e, or ecp), the distribution of membership functions can be changed. u4,(es) and

up, (ecs) will also change as the normalized quantities e* and ec* change.

0 d;(es) <0,
uf}l.(es) = di(es) 0<dj(es) <1 ®)
1 di(es) > 1,
0 di(ecs) <0,
uli" (ecs) = ¢ di(ecs) 0<dj(ecs) <1, )
1 d;(ecs) > 1.

(3) Learning of fuzzy rule relation R

C is denoted as the linguistic variable u. When the fuzzy subset on domain U is Cj, then the rule

can be expressed as: R: if A; and B; then C;.
R = U. A X B; X Cy, (10)
~ T sij<7 P

When the rule relationship in Equation (10) is considered, there are 49 rules. The corresponding
fuzzy rules are shown in Table 1.

Table 1. Rule Table.

- - NB NM NS 7O PS PM PB
1
NB NB NB NB NS NS NS Z0
NM NB NB NS NS NS ZO PS
NS NB NS NS NS Z0O PS PS
Z0 NS NS NS Z0O PS PS PS
PS NS NS Z0O PS PS PS PB
PM NS ZO PS PS PS PB PB
PB ZO PS PS PS PB PB PB

The domain U is provided with m discrete values uy (k = 1,2,..m),

gl:{ugl(uk)/uk k=1,2,...,m } (11)
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The mean control amount is:

up = [Z M(N:l(uk)/uk]/kz1 ugl(uk)- (12)

k=1

Which is normalized to:
U, = /u’, (13)

where u* = max{|u;|}. The original output control amount scale factor is set to k,; after normalization,
the scale factor is as follows:
Kiysus = Kyu,Kys = Kyu/us = K,u'*. (14)

Thus, solving the ambiguity, a direct fuzzy relation RD is obtained. According to Equation (14),

we have:
A;:\B;,: NB NM NS ZO PS PM PB

NB -1 -08 -06 -04 -02 -01 O

NM -08 -06 -04 -02 -01 -0 01
R — NS -06 -04 -02 -01 -0 01 02 (15)
~D ZO -04 -02 -01 -0 01 02 04

pPS -02 -01 -0 01 02 04 06

PM -01 -0 01 02 04 06 08

PB -0 01 02 04 06 08 1

(4) Learning fuzzy rules
Direct fuzzy control rule:

Rij: if A; and B; then (us)ij (i, j=12.. ) (16)

where (us); j is the determined direct control quantity, and the fuzzy state is established. es and ecs are
two amounts for fuzzy intersection A;NB;. The membership function relationship is determined.

(5) Rule Establishment Degree
The control rule (Equation (16)) is used to express the uncertainty of whether a rule is established
or not. Accordingly, it can be defined as the degree of the rule establishment.

3.2. Modeling the Traditional Droop Control based on a Fuzzy Algorithm

Self-learning fuzzy control has fast dynamic responses. For uncertainties of multi-power
systems and distributed energy sources, the self-learning fuzzy droop control method can achieve a
rapid response.

Through the above analysis, the droop control system for the fuzzy drooping frequency module
and voltage module can be described as:

wp = wo — k1 (Pr — Po) = ka2 (Pn — Po), (17)

Vi = Vo —ku1(Qn = Qo) — k2 (Qn = Qo), (18)

where k;;1,ky0,kq1, and k;» are the correction factors.
The frequency blur droop control module is shown in Figure 7.
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Figure 7. Frequency fuzzy droop control system diagram.

The voltage amplitude fuzzy droop control module is shown in Figure 8.
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Figure 8. Voltage fuzzy droop control system diagram.

Through the voltage amplitude and frequency self-learning fuzzy droop control module,
the voltage amplitude and frequency stability can be achieved correspondingly. The self-learning fuzzy
control algorithm domain is normalized, and it is necessary to select the appropriate membership
function. The fuzzy control rules are first designed, and then the appropriate defuzzification method
is chosen.

The fuzzy subset takes the form of a triangle membership function. The fuzzy subset is divided
as follows: NB, NM, NS, ZO, PS, PM, and PB. The first three elements represent the negative direction
deviation. ZO is the deviation close to zero, and the last three items represent the positive direction
deviation. The fuzzy drooping frequency module is the same as the voltage module fuzzy set; k,;; and
ky1 are replaced by k; instead of k2 and k.

Through the analysis of the operating environment and the collection of experimental data,
the fuzzy control rules of the droop coefficients k; and k; are shown in Table 2. The design principle is to
reduce the time required for the system to reach stability while minimizing the steady-state error [10].

Table 2. Fuzzy control rules of ky/ky.

e
ec

NB NM NS Zz0 PS PM PB

NB PB/NB PB/NB PM/NB PM/NM PS/NM Z0/Z0O Z0/ZO
NM PB/NB PB/NB PM/NM PM/NM PS/NS 70/Z0 Z0/Z0O
NS PM/NM PM/NM PM/NS PS/NS Z0O/ZO NS/PS NS/PS
Z0 PM/NM PM/NM PS/NS Z0/ZO NS/PS NS/PS NM/PM
PS PS.NS PS/NS Z0O/Z0O NS/PS NS/PS NM/PM NM/PM
PM Z0/ZO Z0O/ZO NS/PS NM/PM NM/PM NB/PB NB/PB
PB Z0/Z0O Z0/Z0O NS/PS NM/PB NM/PB NB/PB NB/PB

The standard Mamdani type [11] inference algorithm is chosen. The fuzzy control rule of if e and
ec then k1 and if e and ec then k; is adopted.
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According to the defined fuzzy input, output, and triangle membership function rules, the fuzzy
logic designer is used to model the fuzzy drooping. The output surface of the fuzzy droop control
coefficients kj and k is shown in Figure 9.

4. Design of Fuzzy Droop Controller Based on Sliding Mode Algorithm

Sliding mode control (SMC) is also called variable structure control. A nonlinear control strategy
method [12,13] is used by establishing a sliding surface. The sliding mode has invariance [14]. To reflect
whether the system is away from the switching surface or not, the constant velocity approach law and
the exponential approach law [15] are used.

(a) Surface map of k. (b) Surface map of £, .

Figure 9. Surface map of k; and k.
Sliding Mode Droop Control System Design

The precise control of power distribution and voltage stability are the goals of fuzzy droop control
strategy; where Au. = u; —u. and AQ, = Q* — Q. The error is integrated and the integral sliding
surface is set as follows:

m= Au. + kmfAucdt, (19)
n=AQ+ky [ AQdt,
where k;, and k,, are constants.
U =0y + 0y, (20)

where vy is the aching process and vy, is the sliding process. The sum of the two is the sliding mode
control rate.
Among them, the design, vy, is designed as:

{ Vgy = —am — bsat(m),

Uge = —Ccm — dsat(n), @)

where a, b, ¢, d are constants.

The parameters a and ¢ determine the speed of the approach. The parameters b and d determine
the ability to overcome the disturbance. The larger the a and ¢ values are, the faster the reaching speed
and the dynamic response is achieved; the smaller the b and d values are, the less the chattering of the
sliding mode control can be reduced. The saturation function is expressed by the following equation:

1
sat(x) =4 R <A, (22)
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where A is the error bandwidth.
The joint formula is expressed as

. kuLAP
esdy = —WLisq + Usq — Tug Y
o kIAQ  LO" (23)
esqy = ZULlSd + usq - W - m,
The following equation can be obtained
{ Usd = Udx + €sdy, (24)
Usq = Uqx + €sqy-

Finally, through the Lyapunov stability criterion, the stability and convergence effects of the
proposed control strategy are verified. The following functions are constructed:

V =m?+n (25)

Equation (25) shows that V > 0 is constant. Substituting Equation (19) into Equation (25), it can be

obtained that
av

dt
Equation (26) shows that v is always negative, and the system will reach the sliding surface at a
particular time and reach a steady state.
As shown in Figure 10, a self-learning fuzzy droop control structure diagram based on the sliding
mode control is proposed.

= m[—am — bsat(m)] 4+ n[—cm — dsat(n)], . (26)

i
AC ‘ "
— 9 Power supply a—
e module Uge
* Uape
P
—P
P > @/dq Valve level | Uy,
u . equation(17) control system
—% plequation(18)| P X
u lSd sd ®"sq
dc
abc/dq
A
T ) A 4 Cagref
* * » equation(37) <
0 —>0 /1.5u, >

Figure 10. Self-learning fuzzy droop control structure based on sliding mode control.

5. Self-Learning Fuzzy Droop Control Strategy Simulation Based on Sliding Mode Control

To verify the effectiveness of the optimal method, the microgrid included a photovoltaic energy
storage battery, reactive power compensation equipment, and load. The total installed capacity of the
600 kW wind turbine and the photovoltaic system was 500 kW, which was divided into five branches
and simulations. In the simulation, when the five chapters were equivalent to one office, the capacity
was the sum of the five branches. The capacity of the diesel generator was 500 kW, and the multi-energy
storage unit, using lithium batteries, had a capacity of 1000 kW/h. The reactive power compensation
device was composed of 10 sets of 20 kVar capacitors. The line impedance was equivalent to a lumped
parameter. The initial load was 800 kW. The specific parameters of the microgrid platform are shown
in Table 3. The microgrid model is shown in Figure 11.
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Table 3. Specific parameters of the microgrid platform.

Object Parameter Types Values
Cut-in wind speed (m/s) 4
. Cut-out wind speed (m/s) 25
Wind Rated wind speed (m/s) 12
Power factor 0.60
Power-temperature coefficient 0.043%
Photovoltaic (PV) Photovoltaic array panel t.emperature standard situation (°C) 45.5
Open-circuit voltage (V) 37.5
Short circuit current (A) 15
. Rated power (kW) 500
Diesel
lesel generator Minimum output (kW) 40
Nominal capacity (kWh) 5002
Energy storage SOC min 0.2
SOC max 0.9
Charge/discharge power (kW) 500/500

Storage Wind power PV power Diesel
sy stem system system enerator

drooping strategy based on self-learning fuzzy method
and sliding mode control

( voltage quality) (power distribution)

Figure 11. System microgrid model.

Experiment 1: Nonlinear load

10 of 14

Simulation process: The system was run in normal operation mode with a balanced three-phase

linear load, while a nonlinear load was added when the time reached 0.2 s.
Simulation Results and Analysis:

A simulation waveform diagram of the system, incorporating a nonlinear load, is show in Figure 12.
It shows the output voltage of the source side unit using traditional droop control. The steady-state bus
voltage is 305.4 V before the load changes, while the system preset voltage is 311 V, and the deviation

is about 5.6 V. Moreover, the voltage waveform shows a significant distortion at 0.2 s.

— b MAT1] =z [MAT1]=o [MAT1]

100y Al

o 008 o o1s 0z 028 03 0385 04 n.as

Figure 12. Output voltage waveform under droop control.
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The voltage wave based on the fuzzy sliding mode droop control strategy is shown in Figure 13.
At first, the bus voltage is 305.4 V in steady state before load change and is 302.8 V after load change;
the deviation is 2.6 V. Then, when the load changes at 0.2 s, the output voltage distortion becomes
smaller. Finally, the moving point of the system reaches the sliding surface quickly, and the system
reaches a stable state.

—Va—vb—wve

PR O R O B R I (05 Y B B R % (¥ Y. G S B/ 0 (6 O [ B R0 % | SO (7 B B (RF B N IS thE RO BB B S TR oY (G R RRIER S S8 SR Y/ R, R B R S %, (O o
oo {-kp-bp-p LA LA L LG L CA L L L L D L L E R L R LA R L L LA L R L L L LR

o 008 0.1 0.18 0.2 08 [:X] 038 04 045 05

Figure 13. The voltage waveform of the fuzzy droop control strategy under sliding mode control.

When a nonlinear load is connected to the distribution network, it will cause harmonics that affect
the normal operation of the electrical equipment. Moreover, it will cause equipment damage and
economic loss. This method has an effect on the reduction fluctuation range of the voltage and on the
improvement of the output voltage.

It can be seen from Table 4 that the fuzzy sliding mode droop control proposed in this paper can
effectively reduce the voltage harmonic distortion rate under the influence of the load disturbances.
The setting effect is better than the traditional droop control, which ensures a better output voltage that
satisfies the requirements of the power quality.

Table 4. Harmonic variation rate of output voltage under two control methods.

Control Method Voltage Distortion Rate
Droop control 8.14%
The sliding mode algorithm under fuzzy droop control 0.83%

The current waveform under the traditional droop control is shown in Figure 14. When a nonlinear
load is added to the system at 0.2 s, the current waveform is severely distorted, causing circulating current.

—la [MAT]=1b [MAT]=1¢ [MAT1]

Figure 14. Current waveform under non-linear load.
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Experiment 2: Unbalanced load

Simulation process: The system was run in normal operation mode, operating with a linear load
in balanced three-phase mode. An unbalanced linear load was added when the time reached 0.2 s.

Figure 15 is the waveform diagram when the system is added to the three-phase unbalanced load.
Figure 15 is the output voltage waveform of the source side unit under the traditional droop control.
It can be seen that the amplitude of the output three-phase voltage waveform is not equal at 0.2 s.

—\a=—b—Ve

0 005 04 045 0z 025 03 035 04 045 0s

Figure 15. Output voltage waveform under droop control.

Figure 16 shows the voltage waveform of the source unit under the fuzzy sliding mode droop
control. After adding a three-phase unbalanced load, the output voltage waveform is smooth and the
degree of deviation from the preset voltage value of the system is small. Moreover, the voltage can be
maintained at the moment of inputting the load, which greatly improves the bus voltage fluctuation
caused by the traditional droop control method.

—Va—b—Ve

400

o oos 04 018 0z 026 03 038 04 045 05

Figure 16. The voltage waveform of fuzzy droop control strategy under sliding mode control.

The output power experiment should be tested to verify the effectiveness of power distribution
based on the self-learning fuzzy sliding mode droop control strategy.

Simulation process: During normal operation, the system was run in three-phase balance mode
with a linear load. Then the load was changed at 0.2 s.

Figure 17 shows the power curves when traditional droop control is applied. The red curve
is a vanadium redox flow battery (VRFB) unit with a rated power of 3kW. The green curve is the
power of the diesel generation unit with 3 kW. The purple curve is the super-capacitor (5C) unit power
with 1.5 kW. When the load changes at 0.2 s, the system needs 0.15 s to adjust the power, and the
system reaches stability at 0.35 s, which has a low power distribution accuracy. It can be seen that the
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traditional droop control is insufficient when the system is affected by the uncertainty of the microgrid
parameters because of the low speed response and large power fluctuation.

—F_WRFB=—F_§C—P_diesel

Figure 17. Power regulation curves using traditional droop control.

Figure 18 shows the power adjustment curves when the self-learning fuzzy sliding mode droop
control is applied. The red curve represents the super-capacitor (SC) unit power control curve with a
rated power of 1.5 kW. The blue curve is the vanadium redox flow battery (VRFB) unit power control
curve with a rated power of 3 kW. The green curve represents the power control of the diesel power
generation unit with a rated power of 3 kW. When the load changes at 0.2 s, the power adjustment
time is only 0.1 s, and the system reaches stability at 0.3 s. It is shown that the power overshoot of the
inverter output is small. In addition, the active power output value can track the reference command
value better. Hence, there is a lower oscillation degree. Moreover, the setting time is shorter. Therefore,
the output power of the system is optimized under the proposed method, by which the stability of the
system and power distribution accuracy is improved.

—P_SC [MAT3] = P_VRFB [MAT3] = P_diesel [MAT3]

22

Figure 18. Power regulation curves using the self-learning fuzzy sliding mode droop control.

6. Conclusions

In this paper, the optimal control of microgrid operation based on the fuzzy sliding mode droop
control method was considered. The method implemented double closed loop control. For the inner
loop, slide mode control with integral sliding mode surface was designed, which can reduce chattering
of the sliding mode. For the outer loop, a self-learning fuzzy droop voltage and power controller was
implemented. According to the instantaneous value of the power and its reference, the controller can
guarantee the stablility of the bus voltage with high accuracy and good power distribution.
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Moreover, the control algorithm can adjust the parameters online, the calculation accuracy is
high, and the inverter output voltage reference value can be compensated in real time. When load
fluctuation occurs, the method proposed can reduce voltage error and improve power distribution
accuracy as well.
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