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Background and Objectives: The microgrid voltage and frequency are
strongly affected by active and reactive load fluctuations. Load change in
microgrid may result in the lack of balance among generation and
consumption and as a result change in output voltage and frequency. If load
change is great enough, distribution generation cannot stabilize the
microgrid. The main objective of this article is to control the distribution of
active and reactive power related to an inverter-based distributed
generation (DG) in the microgrid using intelligent methods.

Methods: In this study, frequency and voltage of an active generator
connected to the microgrid is also controlled with applying adaptive the
fuzzy sliding mode control (AFSMC) and the droop control Methods To solve
the problems related to design of the sliding mode controller, a
compensator control system is suggested. A rule based on the Lyapunov
stability theory is also introduced to ensure the stability of closed loop
system.

Results: Using MATLAB/SIMULINIK software, simulation results are provided
for the proposed controller and its performance under different conditions
for a typical power system is evaluated. Simulation of the considered power
system is done to track different values of active and reactive power.
Conclusion: The provided simulation results show the effectiveness of
suggested method to regulate active and reactive power and to control
voltage and frequency of the microgrid.

©2019 JECEI. All rights reserved.

Introduction

method is proposed in [5]-[6]. To improve the

Recently, microgrid and distributed generation (DG) are
two well-known concepts in the power distribution
system. The microgrid is collection of distribution
generations which work together for safe and economic
power transmission. Some new challenges about
operation of microgrid and control of voltage and
frequency are presented in [1]-[3] . The effects of energy
storage tools on microgrid dynamic response are studied
in [4]. To regulate voltage and frequency of microgrid in
connected mode, direct-quadrature current control

Doi: 10.22061/JECEI.2020.6606.329

performance and the stability of the power system,
various control methods are usually introduced [7]. A
disturbance observer method is used in [8] to overcome
the weaknesses of droop control strategy for load
sharing and voltage stability in a DC microgrid. For
control of power system, the intelligent algorithms such
as artificial neural networks (ANN) are also used
frequently [9][10]. In [11], ANN is used to assess voltage
stability. Using intelligent techniques such as fuzzy logic
(FL) and ANNs, control of power systems is reported
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in [12]. Despite multiple advantages, microgrid leads to
new problems such as change of power flow pattern,
increase of high frequency harmonics due to using
inverter-based DG, and increasing frequency and voltage
fluctuations resulted from the changing nature of
renewable energy sources [13]. Renewable energy
sources are usually connected to microgrid by power
electronic interfaces such as inverters. In islanding mode
of microgrid, voltage source inverter (VSI) is used
more [14]. In this case, microgrid frequency and voltage
are controlled through local control loops. To avoid from
flow circulation among parallel inverters connected to
microgrid, control strategies based on droop
characteristic are usually applied [15]. Different methods
are recommended to control inverters output power
along with power management in past years. Many
researchers have also worked on design of controller.
For instance, proportional-integral controller (PI) in [16]-
[17], proportional resonance in [18][19], fuzzy control
in [20]-[21] and predictive control in[22]-[23] can be
observed. The conventional Pl is a simple controller with
easy performance but it is so sensitive to change of the
system parameters. In addition, Pl regulation is complex.
One way to control active power of the generator is the
sliding mode control that has a high speed in compared
with Pl. The sliding mode control is a robust method
which is effective in uncertainties and external
disturbances [24]. At the time of microgrid islanding,
appropriate control structure is required to achieve
objectives such as voltage and frequency control [25].
The reduction of total harmonic distortion (THD) in
output voltage of the inverter is another goal [26]. In the
present paper, AFSMC method is introduced to control
voltage and frequency in microgrid. In the following,
different types of droop control methods including
conventional and generalized droop control are
described in next section. The generalized droop control
method based on adaptive fuzzy-sliding mode is then
suggested and it is introduced in the third section. To
evaluate performance of the proposed method, the
simulation results are then presented. Finally, the paper
is concluded in the last section.

Droop Control
A. The conventional droop control

A simple microgrid depicted in Fig. 1 is considered
here in which the DG is connected to load through a line
with Z impedance. As illustrated from this figure, active
and reactive power in S point can be stated as follows:

V2 VsV,

P=— cos O - —— cos(9+6) (1)
V4 Z
V2 VsV,

Q= ;sin 9- %sin (9+6) (2)

where @ is angle related to the line impedance.
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Considering Zejﬁ=R+jX, (1) and (2) can be written as
follows:

Vs .
p= PERY [R(Vs-V, cos §)+XV, sin 6] (3)
Vs )
Q= Tl [-RV, sin & +X(Vs-V, cos 6)] 4)

The above equations show that output voltage of
inverter and the power angle (6) depend on active and
reactive powers. Assuming X>>R and a very small power
angle, we have:

5= XP VeV _XQ
Vv, » Ve (5)
Vi £0 Vi /-6
Prime DC I
Mover T AC RX
Battery  Inverter S L
interface Load
/7

Fig. 1: A simple microgrid with inverter.

With regard to (5), it is illustrated that P must be
controlled to regulate & while Vs can be controlled
through Q for an inductive microgrid. In other words, the
reactive power controls output voltage of the inverter
and active power controls system frequency. These
control strategies are known as Q/V and P/ff,
respectively. With considering the above issues, two
ordinary equations can be defined for controlling Q/V
and P/f with applying linear approximation:

ffo=-kp(P-Po) (6)

Vs-Vso=-kq(Q-Qp) (7)

where f, and Vs, are the rated voltage and frequency of
the microgrid, and k, and k, are droop coefficients of
DG’s active and reactive power. With regard to (6) and
(7), if inverter’s frequency or voltage changes for any
reason, this effect can be observed in active and reactive
power of inverter output. The appropriate deviation
value of frequency and voltage can be obtained through
droop characteristics. This primary control provides a
quick control action to maintain moment balance
between production and consumption. Despite of
changes in the frequency index and the pulse wide
modulation (PWM) voltage of generator, microgrid
voltage and frequency are kept in the nominal range. For
a resistant microgrid (X<<R), (5) is modified as follows:
RQ PR

6=-rm, Vs-Vi= (8)
VsVi Vs

The relationship between reactive power and power
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angle and also between active power and voltage are
illustrated in (8). By frequency regulation, power angle is
controlled automatically. Therefore, in resistant
microgrid, droop control techniques of Q/f and P/V are
required to control voltage and frequency, respectively.
These methods are based on independency of voltage
changes and frequency deviation. It is noted that these
two factors (voltage and frequency) are dependent on
the line parameters.

B. Generalized droop control

Generally, both R and X should be considered for the
droop control [9]. As a result, the corrected active and
reactive powers are stated as follows:

p=2plq (9)
zZ Z

a=2p%0 (10)
zZ Z

With defining Kz equals to R/X and using (6), (7), (9)
and (10), the following equations are resulted:

X

p'= > [KfAf+PO—KRKVAVs'KRQO] ()
., R . X

Q =7 P =7 [KRKfAf+KRP0+KVA VS+QO] (12)

where K=-1/k,, K,=-1/k, and Af and AV; are frequency
deviation and inverter voltage, respectively. In (11) and
(12), Kz index is defined to show resistance line
percentage. This index helps us to understand
simultaneous control of voltage and frequency. After
performing algebraic calculations on (11) and (12), the
following expressions are obtained:

Af: 1<)Z(P'P) Kev 1y KRQ (13)

=— (PP ) +—— AVs+—2Q, 13

Ky Ky Ky

v (ZQ'Q) KRKfAf K p (14)
Sk,\x T 0) Tk, Tk, 0

From (13), it is obvious that K influences on weighted
coefficients of AV and Q, (the second and third terms,
respectively). So, to avoid from unwanted impact of K;
on AVs and Qq (in the second and the third terms of
(13)), K; should be selected the unit. Similarly, Ky (in the
second and the third terms of (14)) is assumed to be 1.
Then, relationship for the generalized droop control
(GDC) can be achieved as follows:

17,
AF?()_(P'PO) +KrKAVs+KrQ, (15)
s
17,
ave=—r (_ Q 'QO) -KeKsf-KzPo e
Ky \X

The block diagram related to (15) and (16) is depicted
in Fig. 2.

Fig. 3 shows the conventional block diagram for a VSI.
The LCL output filter is also added to prevent from
resonance effect in network output. Also, LCL damps the

distortion of output sinusoidal waveform and reduces
high frequency harmonic resulted from VSI switching.
Therefore, it is used in output of inverter to keep
appropriate quality for output current and bus-voltage
during connection to a weak network. Active and
reactive powers pass from low-pass filter as follow:

wC wC

stw,

P=——P, Q=

S+HW, (17)

where w, is the cutoff frequency of low-pass filter. The
power controller calculates the required active and
reactive power and it produces P' and Q' for
simultaneous control of voltage and frequency.

0
. (B : 1
0 —% T
X + K,
Fig. 2: The GDC block diagram of voltage and frequency
control.

The GDC Based on AFSMC

The main weakness point of the GDC method
described in previous section is its high dependency to
line parameters (R and X). This matter results in weak
performance of the control method in the case of failure
to accurately identify the line parameters. Therefore, a
new method based on AFSMC is introduced here to
eliminate it. In this method, the GDC block with
suggested controller which is shown in Fig. 4 is replaced.
Hence, the dependency to line parameters is removed.
In other words, the most important factor in the
proposed method is the non-dependence on line
parameters. Therefore, the proposed method can be
used for any DG in a microgrid system without the need
to identify the microgrid. In this figure, e parameter
which is selected as an input for the suggested controller
is defined as follows:

ep=Py-P (18)

i

EQzao'Q (19)
The output of controller (u) for e, and eq errors are Af

and AV, respectively.

A. Description of sliding mode

Assume that an interconnected power system can be
modeled as follows:

X(O=f(x(1))+Bu(t)+y (1) (20)
where x (t)€R" and u (t)éR™ are state and control
vectors, y(t) ER" is external disturbance, BER" is a fixed
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matrix. The aim of control is to track x; command
through x state using an appropriate control signal. So,
we define:

(21)

To design the controller, the first stage is to select a

e=X-Xy

PWM

Inverter
DG
Source

-
>
L —

Gale Bus

sliding surface defines as follows:

s(t)=k1e(t)+ftk2e(r) dt (22)

0
where k; and k; are constants greater than zero.

Z=R+j X |

I
L

Power control

]

!

—| Vi = Asin(2nft)

.
\
U 1
U 1
z [P @ |P |
- [
X | s+, ..:.
I
| Power : Load
( t—
i, . Calculator | )
Mg Yz @ c (@ |
I x|l | ste !
Kg f c 1
\ !
Sy A ——— S L

Fig. 3: Microgrid with conventional block diagram for VSI.

iyz(6)

L Sliding | S(t) 1

Fuzzy

Surface Controller

AFSMC

Compensator

Controller

Fig. 4: Suggested controller block diagram.

Assuming that dynamic of system is known, ideal
control system can be defined as follows:

« 1 o
u'= 2 L0+ kre-koey ()] (23)
With substituting (23) in (1), we will have:
é+k,é+k,e=0 (24)

With correct selection of k; and k,, (25) shows the
Horowitz stable. Since the system dynamic cannot be
estimated easily, the law of ideal control of (23) is not
applicable. Therefore, the suggested AFSMC is
implemented to follow the ideal control law.
B. The AFSMC implementation

With regards to Fig. 4, it can be written:
uz'jfz"'uvs (25)

where the control rule (u*) is done through the main
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tracker controller or the fuzzy controller (i) and the
difference among u* and Uy, is compensated through the
compensator control system (u,). If o is a variable
parameter, we will have:

ug(s,a)=a’€
E= [fy fz I"'/fm]

parameters and regression vectors that & is written as
follows:

(26)

where and  a=[a;,a,..a,] are

Wi

fi= m

i=1 Wi

(27)

where w; is the weight of ith law. Based on [25], it is
possible to write an optimal fuzzy control system

(u;z(s,a*)) for structure proposed in (26) as follows:
u(D=ug(s,a")+e=a"Tt+e (28)

where € shows the error of approximation and it is
assumed that it is limited by |e|<E. With applying the
considered fuzzy control system to approximate u*(t),
we have:

(29)

where & is approximation vector of a*. With substituting
(29) in (30), the following equation is resulted:
%(0)=f(x(1))+B[AgHuys | +r (D) (30)

Using (20), (23) and (24), error equation related to the
closed loop system can be derived as follows:

~ A AT
(s, a)=a'¢
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kie(t)+k, f e(1) dr+kse()=B[0g,+u,s-u"]=5(t) (31)
0

And g, will be as follow:
U, =0p,-u"=0,-[up+e] (32)
For simplification, &@=a-a" to derive new form of (32)
from (28) and (29).
Up=a (e (33)

To make zero s(t) and &, the Lypunov function is
defined as follows:

Vo(©=5 (04 s
=— +—
' 2s 21, aa (34)
where n; is a positive constant. With differentiation from
(34), we have:
. . B ~TA
V,()=s®)st)+—a a
2n,
A~ * B ~TA
=s(t)B(ufz+uvs—u )+2—a a
e (35)
~T B ~TA
=s(0)B(a'¢+u,€)+—a'a
2n,

=Ba’ (s(t)(+ ni &) +s()B(uys-€)

1
To achieve V,(t)<0, how to change the parameters

related to the fuzzy controller and output of the

compensator controller can be obtained as follows:

a=a=-n,s(t)¢ (36)

u,=-E sgn(s(t)) (37)
where sgn indicates to the sign function. Then, (35) can
be rewritten as follows:

V,(£)=-E|s(t)|B-es(t)B<-E|s(t)|B+|e||s(t)|B
=-(E-le])Is()|Bs0
It means that V,(t)
function. And,
Q()=(E-leD)|s(t)|Bs-V, (1) (39)
Since V,(t) is limited and V,(t) is incremental and
limited, we have:

(38)

is a negative semi-definite

t
f QD) drsV, (t1)-V, (t)<os (40)
0

With regard to the rule of Barbalet introduced in [26],
the below condition can be followed:

lim a(H)=0 (41)
In other word, s(t)>0 when t->o. Therefore, stability

of the proposed AFSMC can be guaranteed.

Simulation Results

A. Standard power system

In this section, performance of the proposed
controller under different conditions of the power

system depicted in Fig. 1 is evaluated. Simulation of the
considered power system is done to track different
values of active and reactive power. If the parameters k;
and k, are selected correctly, desirable dynamic of the
system including rise time, overshoot and settling time
can be obtained easily. In addition, n; and E are selected
to achieve to the best transient response with regard to
stability constraint and the control output. The controller
parameters required for simulation are summarized in
Table 1. It must be added that a separate AFSMC
controller is used to control active and reactive power.

Table 1: Controller Parameters

Controller E ky ki m
Active power controller 12 5000 2 12
Reactive power controller 9 1000 2 9

When changing the reference active power, the
generator response for the proposed AFSMC and the
discussed SMC controller are obtained and they are
compared in Figs. 5 and 6. As it observed in these
figures, the speed of the discussed SMC is a little more
than the suggested AFSMC but chattering domain in the
SMC is about 0.02 pu that is a relative large value. This
chattering can affect the power system dynamic, power
loss and stability. In contrast, the chattering is so low for
the response of microgrid when the suggested AFSMC is
applied. In addition, steady-state error for active power
in the presence of suggested method is small. In Fig. 6,
the frequency of microgrid has been shown for change
of active power. It is clear that the performance of the
proposed AFSMC controller is much better than the
discussed SMC method. In Table 2, dynamic
performance of the considered microgrid has been
compared for the two controllers. It is observed that the
dynamic performance of suggested method is better
than the SMC method. Furthermore, THD value in the
inverter output voltage is very little in the presence of
the suggested method.

SMC
AFSMC
12 Ref
1t VR
£}
=
5 08f \
3
a 0.96
g 0.6} [
3 ;
< 0.95| ‘
04} ‘
0.94
0.2} 0.1 0.101

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(s)

Fig.5: Generator output active power.
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50.02

SMC
50011 || \ AFSMC |-
I Ref

s\ A
4999

49.98

Frequency (Hz)

49,971
4996 ||

49.95

49.94
0

025 03 035 04 045 05

Time(s)

Fig. 6: The microgrid frequency.

015 02

Table 2: The dynamic response of different methods

Method Steady-state Settling Rise THD
error time time [%]
(%] [s] [s]

SMC 1.64 0.01 0.001 0.91

AFSMC  0.22 0.01 0.005 0.01

For the second case study, it is assumed that the grid
voltage is reduced from 1 pu to 0.7 pu in t=0.2s and it is
then increased to | pu again at t=0.4s. The active power
of generator, microgrid frequency, reactive power and
bus voltage have been shown in Figs. 7-10, respectively.
With regard to Fig. 7, it is observed that there is a
significant value of chattering in microgrid response for
the discussed SMC controller. As observed in Fig. 8, the
change of network frequency is damped faster using the
proposed AFSMC controller. It is also illustrated from
Figs. 8 and 9 that the reference active power and
reactive power are well tracked by the microgrid. It is
clear from Fig. 10 that the bus voltage response of
microgrid has significant overshoot for the SMC while
there is a satisfactory dynamic response for the
suggested AFSMC controller.

used. All loads

and lines are modeled as series RL

branches.

50.03

50.02

50.01F

49991

Frequency(Hz)

49.98

49.97

I

SMC
AFSMG |
Ref

i i i i

49.96

025 03 035 04 045 05

Time(s)

005 01 015 02

Fig. 8: The microgrid frequency.

SMC
AFSMC
Ref

Reactive power (p.u)
o o o o
N o D =

o
T

|
o
N

Bus voltage (V)
w w w B
= [+2) o o
= e = =2

w
]
o

0.25 03 035 04 045 0S5

Time(s)

005 0.1 0.15 02

Fig. 9: Generator output reactive power.

SMC
AFSMC

0

025 03 035 04 045 05
Time(s)

Fig. 10: The microgrid bus voltage.

005 0.1 015 02

1.4
- 1.5¢
SMC =
AFSMC N
12 Ref L — ‘\
1 0.5
- 04 0401 0.402
a
5 0.8f
=
o
° 0.6
® 064
-% 0.95
= AANAMAARNT
0.4 g HUUUUUUUY
02 0.93
0.3 0.3005 0.301
o ] i i i ] i i i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time(s)

Fig. 7: Generator output active power.

B. The four-bus four-DG microgrid

To demonstrate the effectiveness of the suggested
secondary controller, a 380 V, 50 Hz four-bus four-
inverter-based DG islanded microgrid shown in Fig. 11 is
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The simulation scenario of this part is defined as
follows:

1. The proposed secondary control is activated at t=1.5s.
2) Load #1 is increased at t=2s.

3) Load #3 is disconnected at t=3s.

4) Switch S in Fig. 11 is opened at t=3.5s.

In order to show the effective performance of the
proposed secondary control, following the process of
islanding at t=0s, the proposed secondary control is
deliberately disabled. Fig. 12 shows the response of the
microgrid such as voltage, frequency, active power and
reactive power to the aforementioned fault. As seen in
this figure, the terminal voltage of the DGs and the
frequency of the microgrid deviate from their nominal
values by their droop controller. Hence, the secondary
control loop should restore the frequency and voltage of
the microgrid. After the activation of the proposed
secondary loop controller (i.e. AFSMC) at t=1.5s, the
microgrid’s voltage and frequency are quickly restored to
the nominal values as seen in Figs. 12 (a) and (b). When
load#1 is increased at t=2s, the proposed controller
shows good tracking and robust performance against the
increase of load#1 and exactly restores the voltage and
frequency of the microgrid. To highlight the robust
performance of the proposed secondary controller, it is
assumed load #3 is removed at t=3s. It is clear from Fig.
12 that the suggested secondary controller can restore

the microgrid’s the voltage and frequency rapidly.
382 o

¥
Z arst .
» -—-DB—DG DG, —— DG,
76
:‘
=
c:'
- = = DG, DG, DG, 06, |
8
- 8k = -
=
~ !
< o = .
2 . L .
(c)
&
.
4 +

=]

Q(kVar)
B
]
j
i
1
1
I
i
s | R

15 2 25 3 35 4
Time(sec)

(d)
Fig. 12: The response of the microgrid to a multiple fault, (a)
terminal voltage of DGs; (b) Frequency of DGs; (c) Active power
of DGs; (d) Reactive power DGs

Next, the performance of the proposed controller is
evaluated under disconnecting and reconnecting of DGs.
For this purpose, DG#4 is disconnected at t=2s and
reconnected at t=2.5s. Fig. 13 depicts the response of
the microgrid to this fault. After disconnecting DG#4
from the microgrid, the remaining DGs increase power
generation to return the amount of power to the
generated power before disconnecting. Therefore, the
power generation of the remaining DGs increases, while
the power generated by DG#4 drops to zero during
disconnecting as shown in Fig. 13.c. Besides, at t=2.5s,
the process of the synchronization is activated and DG#4
is reconnected to the microgrid. In spite of disconnecting
and reconnecting of DG#4 (except for the transient
state), AFSMC can also control accurately the voltage
and frequency before, during, and after disconnecting
and reconnecting as seen from Fig. 13. Here, a
comparative study is conducted between the proposed
AFSMC and the secondary control loop proposed in [27].
It should be noted that the controller proposed in[27] is
an asymptotic controller that ensure the global
asymptotic stability of the microgrid. Fig. 14 displays the
simulation results for when voltage and the frequency of
DG#1 are restored using the two controllers.

A

- - - oG,

oG, 0G,

oG,

Time(sec)
(d)

Fig. 13: The response of the microgrid to the disconnecting and
reconnecting of DG#4, (a) terminal voltage of DGs; (b)
Frequency of DGs; (c) Active power of DGs; (d) Reactive power
DGs.
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For simplicity, only the frequency response and
voltage of the one of DGs are indicated. The results can
be concluded: 1) compared to the proposed method in
[27], our proposed method quickly reaches to the
nominal value and it shows more accurate performance
for activating the controller, the reconfiguration of the
structure and load variations, 2) the proposed method
provides better disturbance rejection properties in the
reconfiguration and load variations.

Conclusion

A solution for droop control based on generalized
droop control was introduced to regulate simultaneously
voltage and frequency in islanded microgrid. A
generalized droop control method based on
conventional voltage and frequency droop control was
presented first but it was shown that this method
depends seriously on power system configuration and

transmission line parameters. To solve the problem, an
independent generalized droop control method was
suggested that was independent from the model of the
microgrid. The suggested controller simulates the
dynamic behavior of the generalized droop control. In
this suggested intelligent controller, the abilities of the
sliding mode controller and fuzzy controller are
combined to introduce an appropriate adaptive
controller. In order to ensure the stability of the closed
loop system, an effective algorithm based on the
Lyapunov stability rule was also established. To reduce
the chattering phenomenon, a compensatory controller
was used for the suggested controller. This proposed
controller was applied to a typical microgrid for control
of voltage and frequency. The simulation results showed
great ability of the suggested controller to keep micro-
grid stability in various conditions.

381 =
380
— V—
> 379t & e T T Sty | -
Twarsl - j\/ 3 |
376} T x
27ua) - [- = = Proposed Method [27] l
375 ; l I : l
= . 5% B 35 4
Time (s)
(@)
50.2
50
e 49.8 kY
496 R TETETETET) -
[- = = Proposed Method [27] l
: , :
25 3 3.5 4

Time (s)

(b)

Fig. 14: The comparative study results.
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Abbreviations

f

Measured frequency

o Standard grid frequency set point

P Active power output

P, Active power set value

Vabe Three-phase voltage

V,, Ve Clark voltage

Labe Three-phase current

VoV Park voltage

Q, Reactive power set value of the generator

Q Reactive power output

K, Voltage droop setting

K Frequency droop setting

v Voltage of coupling point
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