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Abstract

Reducing the dependency of the control system on communication in the microgrid increases the reliability and flexibility
of an islanded microgrid. This paper presents a local secondary control approach to provide a fast response to power
change and accurate frequency restoration. It is based on a control scheme that uses a secondary controller involving
a time-controllable parameter for a Low pass filter. The high value of the time-varying parameter is placed to satisfy
excellent performance regarding fast active power sharing, and the time-controllable parameter decreases after achieving
power-sharing based on a time protocol to ensure accurate steady-state frequency restoration. This paper also describes
the criteria for control parameter selection and stability analysis based on a precise modeling approach. The MATLAB
environment is used to simulate and test the proposed control scheme, and the results have been obtained that show
the validity and high performance of the proposed controller in terms of dynamic response to active power change and
steady-state restoration under different operation conditions.
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I. INTRODUCTION

The distribution of parallel inverter’s energy to the system
load is a primary goal of the microgrid control system, and
this goal is achieved by using the droop control method in
the islanded operation of the microgrid [1-4]. The frequency
deviation occurs at a steady state due to the droop control
method. This steady-state deviation can be corrected using a
secondary control strategy, where the secondary control layer
modifies the droop equation to ensure accurate restoration
while keeping the power-sharing. Many secondary control
strategies are used to provide accurate steady-state frequency
restoration, such as centralized and distributed communica-
tion approaches (see [5, 6]). These strategies require data
exchanges between Distributed generators to provide accurate
power sharing with accurate frequency restoration.

The centralized communication approach is the conven-
tional approach for correcting the frequency deviation. The
microgrid central control measures and compares the bus vari-

ables with their reference values. The standard PI controller
calculates the secondary term and then distributes it to all
DGs connected to the microgrid [7]. The problem with the
one-to-all communication approach is the dependency on the
single point to calculate control action, leading to a single
failure point problem [8,9].

The distributed communication approach overcomes this
limitation by using an all-to-all or neighbor-to-neighbor com-
munication system [10], where each DG determines the sec-
ondary term locally based on local and neighbor informa-
tion [11]. Generally, the distributed secondary control elim-
inates the dependency on the central controller. The averag-
ing technique is one of the distributed secondary control ap-
proaches, which involves high-traffic data exchange between
DGs, leading to an all-to-all communication system [12]. In
this approach, the average frequency is calculated at each lo-
cal controller by collecting the frequencies of other DGs, and
the frequency error is estimated and manipulated via a stan-
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dard PI controller. Another approach to distributed secondary
control is the consensus algorithm, which is based on MAS
and uses a neighbor-to-neighbor communication system [13].
The consensus algorithm reduces the number of communica-
tion links between DGs, increasing the microgrid system’s
flexibility and reliability. However, centralized and distributed
communication approaches require a communication system
to compute the secondary control action.

The limitations of using a communication system refer
to time delays, high-traffic scheduling, transmission period,
sampling and quantization scheme, and the difficulty of phys-
ical implementation, especially when the number of DGs
increases [14,15].

To overcome the communication problems and increase

The proposed scheme validation was tested using the MAT-
LAB environment. This paper is classified as follows: Section
II discusses Paper Contributions, and Section III describes the
review of the DG control structure for the islanded microgrid.
Section IV discusses the proposed control scheme (secondary
control based on a time-controllable parameter via a Low Pass
filter) with stability analysis and parameter design, and the
simulation results are reported in Section V. Finally, Section
VI shows general conclusions.

II. PAPER CONTRIBUTION

The proposed control scheme’s major contributions include
the absence of communication links between DGs and elimi-

the flexibility of the microgrid control system, the communication-nating dependency on MGCC. It balances transient response

free control system is used where each DG controller calcu-
lates its correction term. Only local information is used to
satisfy active power sharing and frequency restoration [16-22].
The communication system is necessary for a multi-layer con-
trol scheme, especially in the tertiary layer or during the black
start processes. However, reducing dependency on communi-
cations in each layer of the control system increases system
reliability. The traditional no-communication approach uses a
standard PI controller at each DG unit, the estimated local fre-
quency compares with the nominal frequency value, leading
to local frequency restoration. Unfortunately, this approach
suffers from a hunting problem due to the parallel operation
of the PI controller in each DG unit. The instability issue is
introduced by referring to hunting phenomena that occur as
a result of the integration action of the controller. There are
many potential solutions to satisfy stable local restoration.

In [23,24], the multi-layer control system without com-
munication can operate with either grid-connected or grid-
forming converters proposed; the local frequency restoration
based on modifying the droop equation via controlling virtual
impedance is described in [25].

This paper presents a communication-free secondary con-
trol system based on event-driven with time-controllable pa-
rameters. The instability problem is compensated using an
adaptable low-pass filter with a proper mechanism to avoid a
hunting phenomenon. The proposed control scheme involves
two cases: the large value of the time-varying parameter to
ensure a fast dynamic response and the small value to provide
an accurate steady-state restoration.

This approach provides the following advantages: (1) ac-
curate and fast response for active power changes, (2) accurate
steady-state restoration, and (3) improvement of the flexibility
and reliability of the microgrid control system. (4) Elimi-
nating the dependency on the central controller. Only the
communication approaches can simultaneously ensure accu-
rate active power-sharing and accurate frequency restoration.

to active power changes and steady-state frequency restora-
tion. Table I summarize the major contribution of our work.

II1. DISTRIBUTED GENERATOR CONTROL
REVIEW

In grid-connected mode, the control scheme is implemented
to control on a grid-following converter, where the utility
grid feeds the active power. Then, the converter behaves as a
power-controlled current source. The grid-forming convert-
ers must be used when the microgrid disconnects from the
main grid [26]. The hierarchical control scheme controls the
microgrid grid-forming converters in islanded mode. The
overall microgrid structure is shown in Fig. 1. The droop
control method is considered the basic method for providing
power sharing and stabilizing frequency and voltage ampli-
tude. The steady-state frequency deviation occurs due to the
droop control method. The steady-state deviation is corrected
using a secondary control layer [27,28]. The tertiary layer
manages and optimizes the power flows to satisfy economic
considerations [29-33].

A. Voltage and Current Representation Frame

Natural reference frame representation of voltage and cur-
rent leads to difficulties in the control system. Three control
channels are required to control and synchronize three-phase
quantities. Transformation of the measured voltage and cur-
rent of the three-phase inverter into the stationary reference
frame facilitates the control process. Control improvement
refers to reducing the number of control channels, which are
two separate channels. These quantities are controlled us-
ing a proportional-resonant controller (PR), the proportional-
resonant controller is discussed in the paper [34]. The syn-
chronization is necessary to convert the three-phase signal
from the natural reference frame (abc-reference frame) to two
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TABLE I.
COMPARISON BETWEEN PROPOSED CONTROL SCHEME WITH PREVIOUS WORKS

Control startegy | Active power sharing | Frequency restoration | Depedency on MGCC | Communication netwrok
Paper [9] accurate accurate strong High
Paper [12] accurate accurate not required High
Paper [13] accurate accurate not required Moderated
Paper [16] accurate not accutare not required not required
Our Work accurate accurate not required not required
controlling the output active power (P), and the output reactive
power (Q) is reduced to regulate the voltage amplitude (V).
The operation of the droop method is summarized in (1) and
Vb (2), where w, represent the reference angular frequency, v,
'\ /" Va represents the reference voltage amplitude, and m and n are
/ the droop gains since (i=1,2,3....N), where N represents the
3 // number of DGs connected to the microgrid. Fig. 5. shows the
] ) // linear relationship between active power and frequency.
v

Fig. 3. Natural reference frame and a stationary reference
frame vector representation

orthogonal components. A phase-locked loop (PLL) synchro-
nizes the local voltage with the microgrid bus voltage. The
mathematical transformation from a natural reference frame
to a stationary reference frame is called the Clarck transfor-
mation. In a natural reference frame, each phase is delayed
by 120° from another phase, while in a stationary reference
frame, the phase o and 3 are separated by 90°.

2 1 _1
Va 3 3 3 Va
vg| =10 = —-=| v
o I PORVER
4 303 3 4L

B. DG Control Scheme

In an islanded microgrid, the primary control layer is the
upper layer and the fastest layer in the multi-layer control
strategy. This control layer performs active power-sharing
and frequency stabilization.Fig. 4. shows the overall primary
control scheme. A droop control method is a conventional
approach that is used to regulate the angular frequency (w) by

—m;P, ey

Wi =Wy

Vi =V, —n;Q; ()

The low pass filter is necessary to separate between dynamics
of control layers, where LPF filters the instantaneous active
and reactive power with a cutoff frequency wy.

Wd
s+wy

3

—n;0; 4

The frequency is a global variable of the microgrid. The
power-sharing between converters is done equally when the
droop coefficient m has the same value for all DGs connected
to the microgrid. The droop method can be improved to en-
sure accurate steady-state active power-sharing with accurate
frequency restoration. This modification is done by using a su-
pervisory control layer, and accurate reactive power-sharing is
challenging to achieve due to dependency on the voltage pro-
file, where the voltage is a local variable that leads to creating
a trade-off between reactive power-sharing and voltage pro-
file, leading to established small voltage deviation. However,
This paper focuses on active power sharing and steady-state
frequency restoration, compensating voltage deviation, and
ensuring reactive power sharing is out of the scope of this
paper. The reference sinusoidal signal is created using the
droop equations’ angular frequency and voltage amplitude.
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The reference sinusoidal signal generated at each converter is
described by (5)

Vref = Visin(w; xt) — 2o 5)

The voltage amplitude was produced by a droop equation at
each converter v; represent the amplitude of the reference si-
nusoidal signal, the angular frequency w; modify to fastest the
transient response of active power during changes, this modi-
fication is done by adding feed-forward gain to the nominal
frequency, the derivative term used to improve closed-loop

pole locations and increasing damping features.

d
Wi =wy —m;P; — mip?f (6)

The virtual impedance term is necessary to improve the droop
method functionalities by reducing the effects of circulating
current and reducing distortion. The virtual impedance in-
volves two terms R, and L, , the modification of reference
sinusoidal signal as shown in (7).
. . di,

Vier = visin(wit) — (Ryi, + LVE) @)
The main function of the voltage control loop is to track the
converter’s output voltage with reference AC sinusoidal volt-
age signal generated by the sinusoidal Reference generation
stage. The voltage represented by the stationary reference
frame leads to established two control channels. Each control
channel involves two compensators to provide full tracking
with reference ac sinusoidal signal v, , the first compensator
is used to track the fundamental component of AC sinusoidal
reference voltage. In contrast, the harmonic compensator at-
tenuates the harmonic components of a sinusoidal reference
voltage. Both compensators behave as a bandpass filter with a
narrow band of frequencies of interest [35]. The FLL is used
to adapt the cutoff frequency for these filters. This adaptation
improves the performance of these compensators, especially
when a significant deviation occurs in the microgrid. The
output current of the converter is entered as a feed-forward
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signal to the voltage control loop to accelerate the transient
response during fast changes.

The current control loop receives the AC reference current
from the voltage tracking control loop. Then, the current
tracking loop tracks the output current of the converter with
the reference current generated by a voltage control loop. This
control loop uses the same producer used with the voltage
control loop and has some additional features. The design
considerations of these compensators include (1) ensuring
the high sensitivity of the Bandpass filter and (2) separating
the bandwidth of control loops, where the bandwidth voltage
control loop must be slightly lower than the current control
loop, to avoid overlap and ensure fast voltage tracking.

The secondary control action is done by modifying the
droop equations and adding an extra termdto the basic droop
equations. The modified equation is as follows:

wi=w, —mP+6 (8)

Several secondary control approaches can be used to calculate
the secondary term. These approaches are classified accord-
ing to using communication systems. The centralized and
distributed control approaches are based on communications
to calculate secondary action [36, 37]. However, some ap-
proaches, such as event-driven strategy, do not require com-
munication to determine secondary action.

C. Synchronization Unit of the Microgrid Control Scheme
The local controller of each DG is involved PLL unit to syn-
chronize the output voltage of the converter ( v,) with micro-
grid voltage (v). A PLL does not operate when the converter
disconnects from the microgrid; the operation of a PLL starts
when the converter is ready to connect to the microgrid. The
phase increment d¢ produced by a PLL feeds to the basic
equation of reference voltage, the modified reference signal
after applying this term to the basic equation of reference
voltage shown in (9)

di

Viep = visin(wit — mp;P; +d®) — (Ryip + L, d—:) 9)
Accurate implementation of PLL is necessary to avoid high
current overshoot when the switch is closed. The cross-
product approach is the simple synchronization method used
for implementing a PLL, where the cross-product signal must
be reduced to zero.Equation (10) shows the mathematical rep-
resentation of cross product approach in a stationary reference
frame
(10)

2 _
vc == vO(XVB - V()ﬁle

A sinusoidal AC signal may produce harmonics and noise. A
low-pass filter is necessary to prevent any noise coming from

Cross product

Equation (10)

Fig. 6. Block diagram of the internal PLL structure.

the cross-product operation. The standard PI controller is used
to reduce the cross-product signal to zero. Fig. 6. shows the
block diagram of PLL internal components.

IV. PROPOSED CONTROL STRATEGY

The first-order low-pass filter is used for determining the
secondary control term according to the following equation

Ws
= Wr
s+ kwyg

—wj) arn

Where k is the control parameter of the low pass filter, and wy
represents the cutoff frequency of a low pass filter.

From (8) and (11), the steady-state frequency error can be
expressed as follows:

kmP
1+k

Both (11) and (12) show that both deviation equation and
steady-state error depend on the control parameter k. The pro-
posed control strategy allows for a design trade-off between
dynamic response and steady-state accuracy. The value of k
undergoes the time protocol for controlling the bandwidth of
the low pass filter, the large value of parameter k leads to a
fast transient response with inaccurate steady-state frequency
restoration during a defined period, and the small value of
parameter k leads to accurate frequency restoration with low
speed of transient response. The event-triggering mechanism
of a secondary control system involves three basic stages:
event detection stage, time-protocol activation, and deviation
calculation stage. Fig. 7. shows the block diagram for calcu-
lating the secondary term using an event-driven mechanism.

12)

Css = Wr —W; =

A. Switching State of Secondary Term

The time-varying parameter takes a large value called k4 to
satisfy the fast dynamic response during the power-sharing pe-
riod, this refers to the high value of parameter k, which means
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. Deviation
Time - k . 5
4 Event calculation
. dependent .
detection Equation
protocol

(11)

Fig. 7. Block diagram for event-driven mechanism.

a high bandwidth of a low pass filter. After that, the value
of parameter k must slightly decrease to a minimum value
called k,,;, for achieve accurate steady-state frequency restora-
tion. The low bandwidth of a low-pass filter is associated
with a minimum value of parameter k. The values of k;,,, and
kmin should be selected carefully to avoid problems related
to stability in transient response and the hunting phenomena
during the steady-state period; the design considerations are
discussed in another section.

HIEVW(Wr _Wi) Sfor k> kiyin

6= :
T (we—wi)  for k= kpin

(13)
B. Event-Triggering Strategy

An event detection strategy is necessary for the proposed
control scheme. Using an event detection strategy improves
the performance of the proposed control system, especially
with multi-event scenarios. The send-to-delta is the most
common approach to detect the changes based on threshold
value [38]. The active power of each voltage source inverter
must be checked locally, and the sampling should be done
over each converter’s active power. When the percentage of
active power changes exceeds the threshold value, then the
event is triggered. The threshold value increment should be
designed carefully to ensure accurate change detection and
avoid unreal events. The event detection conditions can also
depend on the change in frequency to catch the event. In
this paper, the event detection strategy uses the change in
active power as an inductor to the event, which refers to this
approach as more appreciable, leading to easier to identify.

C. Time-Dependent Protocol
Once the event occurs, the parameter k varies according to a
specific pattern. A time protocol with some constraints drives
this pattern. Fig. 8. shows the time protocol of single-event
and multi-event scenarios.

At the beginning of the pattern, at (t=f,) the maximum

value of k, namely k., must assigned to ensure a fast tran-
sient response with a high steady-state error during a time
period called 7, , at (t=t.) the parameter k changes from it is
maximum value k,;, to minimum value k,,;, during period
called 7, , during the linear transition from k4 to kyina low
steady-state error is ensured with a low speed of transient
response, at (t=t,) the parameter k is adjusted to the mini-
mum value until the next event occurs. (14) summarizes the
behavior of the k parameter in the time-dependent protocol.

Kmax ift, <t <t,+T,
Komin — k n
k(t) = kmax+u(f—%—7}7) ifr,+T,<t<t,+T,+7, (14)
.
Kmin ift>1,+T,+7T,

D. Design Guidelines

The design involves the parameters of the proposed secondary
approach that are represented by (1) the maximum value of
parameter K (k4 ), minimum value of parameter k (kyyin),(3)
power-sharing interval in a time-dependent protocol 7}, ,(4)
steady-state restoration interval in time-dependent protocol
T,) , (5) the threshold value of the event detection mechanism
Ap.

Firstly, a very high value of parameter k leads to overshoot-
ing in power-sharing, while a low value leads to a slow tran-
sient response. According to (12), the parameter k4, should
determine the allowed maximum frequency error e yqx

) €ss5,max

s)

kimax =
€ss,max

where P, represents the maximum power delivered by DGs
in a microgrid, selecting of parameter k,,;, is a critical issue.
The fault in frequency restoration may occur referring to a
large value of ki, , when ki, close to zero, the integral action
of the filter is dominated, leading to hunting problems due
to the parallel operation of the voltage source inverter. The
frequency error in a steady state must have a small value e 4
, the parameter k,;, should determine the desired steady-state
frequency error. From (12), the formulation of ,,;, shown as
below

miBa ~ €sd (16)

kmin = e
ss,d

The changes in active power should exceed the threshold value
Ap to activate the time-dependent protocol, the threshold value
should be designed suitably to ensure accurate event detection.
The changes are not detected when the large threshold value
is assigned, and the small value considers the measurement
noise and oscillation that may lead to a lying event being
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Fig. 8. Time-dependent protocol: (a) single event scenarios, (b) multievent scenarios

triggered. Once the event is fired, the maximum allowed error
is assigned

m;
— pi(t, 17
1+kmaxpl(e) (17)

€ss,max —

The desired steady-state error is assigned at the restoration
period

B pi) (18)

Co = ——-
ss,d l+kmax Pi

From (17) and (18), the maximum error change is

dy, = Ap——"— = €y max — 19
s pl T Koo €ss,max — €ss,d (19)
The threshold value should be takes upper bound
m;
Ap < (degy) —— 20
P_( SS)1+kmax (20)

The overall interval of the time-dependent protocol is defined
by T;, whereT, is a combination 7, and 7, , this value should
be more significant than the primary layer response. The fast
transient response of active power is done by increasing the
k parameter to it is the maximum value for a period defined
as T, , T, is the time interval for achieving accurate power

sharing, the value of 7}, is specified according to the desired
settling time of the transient response of active power, the
slope interval 7,.should be equal to or larger than the power-
sharing period 7}, to balance operation between power sharing
and a steady state frequency restoration, the total time re-
sponse of primary layers is 1 sec, the better choice is to select
T.=10 sec , to provide an excellent trade-off between power
sharing and frequency restoration, the same value assigned to
T, and 7,.Our assumption of time period values as T, =T,= 3
sec.

E. Stability Analysis
Fig. 9 shows the equivalent circuit of the DG with microgrid
bus voltage. The output voltage of the converter is defined as

v(t) = Vsin(wt + @)
and the bus voltage is represented as
Vius (1) = Vpus sin(wt)

The DG unit connects to the main voltage bus via coupling
impedance Z. The coupling impedance can be calculated
by considering the output impedance of DG and the virtual
impedance. If inductive behavior is dominant in coupling
impedance with assuming the angle ¢ close to zero (sin(@) ~
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¢), the output active power of the converter can be calculated
as below:

_Evvbus
P=377

ey

The variable parameter k significantly influences micro-
grid stability. Since instability can occur due to a combination
of stable systems, the ordinary stability method that depends
on the location of closed-loop poles is inefficient [39].

The Lyapunov function can represent the desired range
of parameter k. The plant and control laws are described as
follows:

X =Ax (22)

The closed-loop state matrix is represented by matrix A,
and the state vector x is defined as [P,0,q]. The following
procedures are used to formulate the closed-loop state matrix.

From (3) and (21), the output active power is described as
below:

:é W4 vaus
2s+wy Z

P(s) (23)
The inverse Laplace transform is used to transform active
power

(24)

The inverse Laplace transform is used to transform the
proposed secondary control equation that is described by (11):

% = mwysgn(k)P —ws(1+sgn(k))6 (25)

It is known the angular frequency represents the derivative of
the phase angle

W= T dt =wrt dt
_de
w—w, = (26)
From (26) and (8)
d—(p =-mP+§6 27)

dt

DG
unit
v(t)
Vhus (t)

Fig. 9. Equivalent circuit of an interface of DG system to
microgrid.

The closed-loop state transfer matrix can be written ac-
cording to (24), (25), and (27).

0 3 Vvpys

—Wy 577 Wd
A= [mwy; —ws(l1+k)sgn(k) 0 (28)
—m 1 0

The Lyapunov function for parameter-varying linear sys-
tems is represented as follows:

V(x) =x" Mx (29)

For the specific range of k parameter values should be
determined, with M satisfying

ATM+MA <O (30)

For the values of k that are limited from 0.01 to 0.4, these
values make the matrix M a positive definite matrix

0.00005 -0.02 —-0.23
M=| -002 364 23.1
—0.23 23.1  11873.5

V. SIMULATION RESULTS

The MATLAB Simulink environment is used to implement
the microgrid scheme shown in Fig. 1. The switches state
sequence as follows: DG1 directly connects to the microgrid
with global load, and after (5 sec) DG3 and load2 are entered
by closing switch 2, then load sharing begins. At 10 sec,
switch 1 close, connecting DG2 and loadl. Finally, load2
leaves the microgrid at 30 sec.
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TABLE II. ELECTRIC PARAMETER OF MICROGRID
SCHEME

Parameter Symbol Quantity
Reference angular frequency W, 27 x 50 rad/s
Reference voltage amplitude Vief 110xv2V
Filter inductor Ly 5SmH

Filter capacitor Cyr 10 uF

Line impedance 1 Z 0.065+ j27 x 10730
Line impedance 2 7 1.2x7,Q
Line impedance 3 Z3 1.2x7Z,Q
Sampling time T; le=® sec
Global Load ZglobaleL 20+ j27m x 0.05Q
Load 1 Zioad1 5kW

Load 2 Zioad? 10 kW

A. Primary Control Layer Test

The parameter design involves the primary control parame-
ters that are represented by droop gain m and feed-forward
gain mp , and the virtual impedance loop. Firstly, the droop
gain for active power m is selected to satisfy accurate active
power-sharing according to the angular frequency of each DG.
Equation (31) shows the calculation of a droop parameter for
active power, where P, represent the maximum active power
delivered by each DG and dw; the steady state frequency error.

dW,'

i = 31

" Prar ©1)
dW,‘

nj = (32)
2Qma)c

accurate active power sharing is done by adjusting m; P, =
my P> = m3P; at steady state, the better droop gains value of
the frequency droop equation to achieve accurate power shar-
ing is chosen as the same values for each local controller
my = my = m3 = 130 % 10~%rad /(watt sec) , the same pro-
ducer with the voltage regulation droop equation, the design
of the n parameter does not ensure accurate reactive power-
sharing due to the voltage variety for each DG, accurate re-
active power sharing is not an issue in this paper. The in-
stantaneous active and reactive power is filtered by using a
first-order low-pass filter with a cutoff frequency wy , the
value of wy is selected to ensure the separation of the primary
from other control layers in a multilayer control scheme. In
this paper, the cutoff frequency of power of a low pass filter is
adjusted as 37wrad /second . The feed-forward gain m,, should
be selected as a small value to avoid the overshooting in tran-
sient response during the power-sharing interval; the very
large value of feed-forward gain leads to a delay in transient

response and destroys the sinusoidal waveform. In this pa-
per value of a parameter m,, is selected as 10 107 rad/watt,
Fig. 10. shows the sinusoidal reference voltage with different
values of feed-forward gain. The virtual impedance must be
modified to satisfy pure inductive behavior, the inductive ef-
fect must be dominant to achieve excellent compensation, and
the design equations of virtual impedance focus on increasing
the impedance angle O to larger than 65°.

L
6 =tan~! <W,R> > 65° (33)

Where L consists of two terms the virtual inductance com-
bined with microgrid inductance (L, 4 Lg), and R is the combi-
nation of virtual resistance and microgrid resistance (R, +Ryg).
The microgrid system operates with a primary control layer
only. According to (1) and (2), accurate active power shar-
ing refers to dependency on frequency. The results in Fig.
13. The primary control layer is presented. The time scope
of microgrid operation with the primary layer is described
as follows: At the start of microgrid operation in Islanded
mode, the DG1 connects to the microgrid with the global load,
which generates the maximum active power of about 7800
watts. The DG3 connects to the microgrid with load2 after
5 sec is passed, and the active power sharing is done, where
the value of the microgrid active power decreases to 4350
watts. DG2 enters the microgrid at 10 sec. The active power
is stabilized at 3400 watts until reached at 30 sec with 3100
watts, where the frequency restoration takes ranges between
49.7 Hz and 50.1 Hz, the first second approximately the fre-
quency is adjusted to 49.80 Hz, and after passing 5 sec the
frequency slightly changes 49.9 Hz, the value of 49.95 be
dominating for a period from 10 sec to 30 sec, finally at 30
sec the frequency be closer to 50 Hz. The deviation value
is approximately about 0.05 for each power change in active
power. The compensation of this steady-state deviation is
necessary by using a supervisory control layer.

TABLE III. PRIMARY CONTROL PARAMETERS

Parameter Symbol Quantity
Active power droop gain m 130 x 1076 wf‘;m
Reactive power droop gain n 1x1074 %'];
Feed-forward gain mp, 10 x 1076 %
Virtual impedance Zy 0+ j2m x 0.001Q
Proportional gain of voltage compensator kpy 0.1
Integral gain of voltage compensator kiv 0.1
Damping rate of voltage compensator &, 0.01
Proportional gain of the current compensator kpi 12
Integral gain of the current compensator kii 200
Damping rate of the current compensator & 0.01
Primary cutoff frequency Wq 0.3 x27m x 50%‘:
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Fig. 10. The reference voltage signal (a) with (m,, = 10* 10 3rad /watt),(b)with (m,, = 10* 10~rad /watt).

B. Proposed Secondary Control Scheme Test

Testing with a secondary control layer based on the param-
eter varying via a low-pass filter was performed. The same
frequency droop gain parameter was selected for all DGs
connected to the microgrid.

1) Testing without Time-Dependent Protocol

Assuming the maximum allowed frequency error is equal to
the desired error at a steady state ey 0x = €454 = 0.15, then
the maximum value of parameter k will be assigned k = k4,
the primary control layer test shows that the maximum active
power of DGs is 7840 watts, the value of k=0.4 according to
(15), by applying the maximum value of k along the transient
response time of the secondary control layer without consider-
ing the time-dependent protocol, the proposed control system
will provide accurate power sharing without any frequency
restoration. Fig. 12. shows that once the event is triggered,
the fast transient response of active power is done accurately;
on the other hand, the frequency deviation is not compensated
during the operation of the secondary control layer. At 5 sec,
DG3 enters the microgrid with load2 to share its power with
DGl1, and both DGs cooperate to contribute 4800 watts to
the load. At 10 sec, DG3 is connected to a microgrid, and
then the droop method of the local controller operates to share
its power with other DGs to contribute 3400 watts to the Is-

landed microgrid. On the other hand, steady-state frequency
restoration is not done. For a period (0 to 5 sec), the frequency
deviation is approximately 0.15. After that, the deviation de-
creases to 0.13 as a result of connecting DG3 to the Microgrid.
At 10 sec, the frequency deviation is stable at 0.11, as shown
in part (b) from Fig. 12.

2) Testing without Time-Dependent Protocol (k= 0.01)

Assuming the small value assigned to the k parameter value
k = kmin = 0.01 irrespective of time-dependent protocol, as
shown in part (c) from Fig. 13, then the desired steady-state
error becomes e, 4 ~ 0.01. By applying the minimum value
of k along the timescale of the secondary control layer without
considering the time-dependent protocol, the proposed control
system will restore the frequency for each change that occurs
in a microgrid. On the other hand, the slow transient response
leads to the failure of accurate power sharing. Fig. 13. shows
that once the event is triggered, the steady state frequency is
compensated accurately; on the other hand, power sharing
is not satisfied during the operation of the secondary control
layer due to a slow dynamic response. At 5 sec, DG3 entered
the microgrid with load2 and synchronized with DG1, the
settling time of transient response elapsed 2 sec, and a similar
problem occurred at 10 sec when DG2 was connected, as
shown in part (a) from Fig . 13. The steady-state error is
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Fig. 11. (a) Active power-sharing of the primary control layer,
and (b) frequency restoration of the primary layer.

closer to zero along microgrid operation, as shown in part (b)
from Fig. 13.

3) Testing with Time-Dependent Protocol (0.01 <k <0.4)

The time-dependent protocol is activated based on the event
detection mechanism, assuming the allowed maximum fre-
quency error during a power-sharing period is 0.15, while
the desired frequency error at a steady state period is 0.01.
According to (15) and (16), the parameter k takes two values
(kmax = 0.4)and (kpin = 0.01), the maximum value will be
assigned during the transient response period (7,), and the
minimum value of parameter k is assigned during the steady-
state restoration period (7). According to (20), the threshold
value should be larger than 0.0003. Fig. 14 shows that once
the event is triggered, the fast transient response provides
accurate active power sharing irrespective of a steady-state
error. After passing 3 sec, the speed of the transient response
gradually decreases while frequency restoration starts until it
reaches its nominal value through 2 sec only. At 5 sec, DG3
entered the microgrid with load2 and synchronized with DG1.
Here, the settling time of transient response is very short as
a result of the High Bandwidth of the low-pass filter due to
time-protocol execution. At the same time, the steady-state
error decreased from its maximum value to zero during 3 sec,
as shown in part (b) from Fig. 14. The producer of time
protocol, which is shown in part (c) from Fig. 14 repeated for
each change in active power.

active power sharing
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Fig. 12. (a) Active power-sharing of the proposed control
scheme for k=0.4,(b) frequency restoration of the proposed
control scheme for k=0.4, (c) time-dependent protocol of
parameter k.

VI. CONCLUSION

This paper proposes a local no-communication secondary con-
trol approach for islanded microgrids. The proposed control
scheme is based on a time-driven protocol to change the fil-
ter bandwidth of the low-pass filter when the changes occur.
The proposed time protocol maximizes the value of the time-
varying parameters during the transient interval and decreases
to a minimum value during the steady state period. With
this suggested system, the reliability and flexibility of the
microgrid are increased. The results show the ability of the
proposed control scheme to ensure balancing between fast
transient response and accurate steady-state restoration de-
pending on time protocol. In general, the design guidelines
for the parameters of the proposed control system are pre-
sented, and the stability analysis based on Lyapunov criteria
is presented. The validation of the proposed control is tested
by using MATLAB/ Simulink.

Future work will focus on using the second or higher-
order low-pass filter to calculate the deviation term, which



447 | Shamkhi & Jasim
active power sharing 10000
10000 T T I | DGt
DG1 DG2
% §§§ DG3
2 5000 1 000 |
) r
OD 5 10 1‘5 2‘0 2‘5 30 35 0 [ ;
: ’ 0 5 10 15 20 25 30 35
Offset=0
(a) (a)
s . Frequelncy Restlorahon ‘ 50.2 . . . T T T
DG1 DG1
B T
N 50 DG3
) 50 DG3 jeud
-
49.8
. 49.8
0 5 10 15 20 25 30 35
0 5 10 15 20 25 30 35
(b)
0.011 k) (b)
kit)
0108

()
Fig. 13. (a) Active power-sharing of the proposed control
scheme for k=0.01, and (b) frequency restoration of the
proposed control scheme for k=0.01, (c) time-dependent
protocol of parameter k.

would improve the transient characteristics of the proposed

first-order low-pass filter.
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