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Abstract: Micro-Grids harness the benefits of non-inverter and inverter based Distrib
connected and island environments. Adoption them with the various type of electric l@ads i ern MGs has led to stability
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1. Introduction

oday, the dem
reliability and pro
previous years. Due to the
environmental pollution, dep
equipment of transmission,
distribution networks, and the
expansion of the power network as well as grantee the
costumers reliability, therefore, many countries in the
world move toward renewable energy resources
including wind turbines, solar power plants, micro
turbines, energy storage devices such as batteries, which
are the most important resources of electrical energy.
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The penetration of these resources in the distribution
network has led to the creation of active distribution
networks. With the use of advanced telecommunication
and control devices, active distribution networks were
able to provide their local load demands and convert to
Micro Grid (MG) that can operate grid-connected and
islanded modes [1]. Sometimes, in a MG, Distributed
Energy Resources (DERSs) provide significant amount of
active and reactive load demand, therefore, their
dynamic behaviors have strong effect on system voltage
and frequency during contingency events. Considering
the different dynamics of small DERs compare to large
power plants, their impact on the dynamics of the MG
will be different. Often, MGs face with the number of
stability issues including frequency stability, voltage
stability, and transient stability which are crucial for
ensuring the safe and reliable operation. Considering
stability issues, we can improve the performance of MG,
enhance their ability to integrate renewable energy
resources, and ensure their long-term viability as a
sustainable energy solution. With the high penetration of
non-inverter and inverter based DERs in form of MGs,
the power system inertia is compromised and causing
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stability issues. Several approaches for system inertia are
introduced such as virtual inertia support to suppress the
fast changes in frequency and DC voltages to enhance
the MG stability. In reference [2], a hierarchical
stochastic frequency constrained micro-market model
has proposed for isolated MGs. In reference [3], a
precise and very fine-tune hierarchical controls used to
manage the active and reactive power along with
scheduling of primary and secondary reserves to ensure
MG stability. Inverter based DERs can be correctly
regulated to compensate for harmonics and voltage
imbalance in the MGs. It is assumed that this instability
may occur due to system overload with bulk dynamic
load, power quality issues, unbalanced compensation for
critical buses and etc. The stability issues are divided
two categories based on the primary layer (consumer)
and the secondary layer (generation). The primary layer
deals with the power quality, reliability, and consumer
end price. The secondary layer represents voltage
stability, synchronization in frequency, and protection
system. Get to secondary layer stability in MGs can
ensure the stability of the primary layer, automatically.
The main goal of frequency control in MGs is to
synchronize the frequency of non-inverter and inverter
based DERs to a common set point (nominal frequency)
Frequency deviations in the MGs interfaced
networks occur due to variable power output
load variations, demand and voltage fluc

control based on po
in [5]. Distributed freq
proposed in [6] for AC
Gradient Dynamics. Several
discussed in [7] for frequency JSynchronization and
voltage control of islanded MGs. Detailed analysis of
frequency deviations due to voltage fluctuations (drops,
sags, collapse, and overvoltage) is discussed in [8]. For
frequency and voltage stability, decentralized control
strategies are chosen in [9] for Autonomous MGs. The
stability of hybrid AC-DC MGs is improved in [10]
using nonlinear centralized control in island
performance. A fully distributed control paradigm was
proposed in [11] for secondary control of islanded MG.
The MG system had droop controlled DG units with
predominantly inductive transmission lines and different
communication topologies and also the voltage and
frequency restoration for inverter-based DERs are
simultaneously addressed in spite of disturbances. A new

control is
Primal-Dual

approach for MG stability analysis is proposed in [12]
when MGs is connected to or disconnected from the
national grid. Also, linear and non-linear MG models in
different operating conditions, optimal design of the LC
filter, control parameters optimization and power
distribution coefficients have been analyzed in islanded
operation mode. A frequency control approach is
presented in [13] for MGs, in fact, it proposes a
secondary frequency controller that assumes the
weighted average of the frequency deviation in the load
as an input, and its output value is determined with
regard to generation reserves and distance of induction
loads. In [14], a linear control strategy for voltage and
frequency regulation is proposed for smart distribution
systems and MGs including different types of DGs. The
frequency and stability racteristics of the MG are
investigated in [15]. approach is proposed to analyze
the inertia coefficient theory of DGs close
to each other
presented in

ed in [18]. Main contribution of this paper is as
. A two-level controller is proposed with a very
fast response in the first level and a slower response in
the second level, respectively. Since, it is very important
to provide an accurate model for performance analysis,
control and stability of MGs during possible events such
as sudden load changes, short circuit and DGs failures
and disconnection from the upstream grid. Main goal is
maintaining the MG stability during off-grid operation
mode after dynamic events occurrence alongside
achieving the suitable power quality, simultaneously.
There are inverter and non-inverter based DERs and
loads with rectifier interface, constant power
consumption, constant and dynamic impedances in
under study MGs. Upstream national grid can exchange
active and reactive powers with MG in normal operating
mode. When, a fault occurs during the MG island
operation, stability and frequency control of the MG
cause to a challenge due to low ramping rates and the
moment of inertia of the shaft of the synchronous diesel
generators. Therefore, inverter-based DERs beside some
types of loads with very fast response can be used at first
level of our control scheme. However, switching process
of inverter-based DERs causes the harmonic injection
and power quality deterioration in MG, to overcome this
problem, multi-level inverter with a cascade bridge
structure is replaced with ordinary inverters. After the
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occurrence of dynamic events such as load change or
fault occurrence, redispatch of synchronous diesel
generators are used at second level of our control
scheme to remove the voltage and frequency offsets in
the MG. Therefore, the rest of paper is organized at the
contentious: In section2, the dynamic modeling of the
MG including inverter-based DERs and synchronous
diesel generators, network and static and dynamic loads
are performed using the state space method and common
DQ reference frame technique. In section3, the proposed
two-level control approach will describe by the goal of
MG transient stability and power quality improvement
during possible contingency events. In section4, in order
to the proposed model validation, numerical studies are
applied on a standard test MG under different conditions
such as fault occurrence, and disconnection from the
upstream network, simultaneously. In section5, the
simulation results are summarized and presented.

2. Dynamic Modelling of MG System

In this section, the general process of dynamic
modeling for the MG system including inverter-based
DGs and synchronous diesel generator with island
operation from upstream network in a common DQ
synchronous reference frame is described. In the
proposed modeling process, the MG system is di 3
into three submodules: generation, network
Park's transformation is used to map the A
the local DQ reference frame according to Eq.

cos(at +0) cos[a;t +€—2?”j cos[wt +0+2§j

[qu]:\/g —sin(at +06) —sin(a}t +¢9—2?ﬂj i 2;

In the generalized m
inverter and inverter-b

operation, Indexes n are

respectively defined as the num f nodes or buses,
inverter-based DG units and“ synchronous diesel
generators, lines, passive loads, active load and dynamic
induction motor loads.

2.1 Generation Sub-Module

The generation sub-module consists of modelling the
number of inverter-based DG units in their local DQ
reference frame. Since, there are many inverter-based
DG units in the inverter-based MG system with
islanding operation, the first reference frame of the
inverter-based DG unit is assumed as a common DQ
reference frame, and other inverter-based DG units are
transferred to this common DQ reference using the
conversion technique according to Eq. (2) [19]. Here,

LY

(D-Q) is the common reference frame axis that is
rotating with the frequency (g, ) while (d-q), is the

local reference frame axis for ith inverter-based DG unit
that is rotating with the frequency (@ ). In Eq. (2), the

indices X o and Xipo are the state values of the ith

inverter-based DG unit in local and the common
reference frame, respectively. The angular difference
between the mentioned reference frames () is defined

according to Eq. (3). The model of each inverter-based
DG unit includes power processing and local control as
shown in Fig. 1.

oS vl g @
8, = (@ — @y )dlt, Vi ®)

ing Section MG Bus

lodqi

LC filter and a coupling inductor, while
part can be divided into the power
on controller and the voltage and current
ler loops. DC bus dynamics of the voltage source
inverter are damped with this assumption that the DC
bus voltage fluctuations by the converter on the
generator side will feed from the DC voltage source
inverter [20]. In addition, the switching process of the
voltage source inverter is also neglected by realizing
high frequency switching (4-10 kHz) [21]. The outer
loop for power distribution controller is shown in Fig. 2
which can adjust the output frequency and voltage
magnitude of the inverter-based DG unit, respectively,
based on the characteristics of the active and reactive
power drop equal with a normal synchronous generator.
The reference frequency (0]4) and reference voltage
(Via o Vin ) for the ith inverter-based DG unit are given
in Eq. (4) and Eq. (5), respectively. The active and
reactive static power droop gains of ith inverter-based
DG unit for a certain range of frequency and voltage are
calculated according to Eq. (6) and Eq. (7), respectively.
The average value of the active p and reactive q

powers of ith inverter-based DG unit are the low-pass
filter output which are computed through Eq. (8) and Eq.
(9), respectively.

O g =@, —My P, (4)
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In above relation, o, and v, are the nominal setting

points of the d-axis output voltage and frequency,
respectively. Indexes m, and m, are the active and

reactive static powers, respectively. To facilitate the
voltage control, g-axis component of the voltage (Vias)

is set to zero. In above relation, v_, , N and fogi

are the output voltages and currents of the ith inverter-
based distributed generation unit in the local DQ

is the cutoff

frequency of the low-pass filter. The inner loop voltage
and current controllers are designed to eliminate high
frequency disturbances and provide sufficient damping

reference frame, respectively and W

current controllers use stan ortional-integral
(P1) regulators to control the output”voltage and output
current of filter inductor, respectively. The voltage and
current controllers dynamics of the inner loop ith
inverter-based DG unit shown in Fig. 3 includes
standard integral and proportional gains including K,

Ky Ko K and also feedforward gain F, which are
expressed as Eq. (10) to Eq. (13), respectively. Eq. (12)
and Eq. (13) show the dynamic equations of the inner
loop current controller. In these relations, the reference

currents j . are generated using the voltage controller

and are used as set point values for the inner loop of
current controller. In this regard Vo = [ (i~ the

reference output voltages v * . are produced by the inner

Idqi

loop of current controller, which are used as set point
values for the pulse width modulation inverter as shown
in Fig. 1.

d axis Vultage Controller

Vod \errot
—»@—» Ky +
+

. d-axis Current Controller

g-axis Current Cuntruller

Flg 3 Voltage and inner Ioop current controllers for ith
inverter-based DG unit

Ildl _K ( odi _Vodi)+Kiv¢d| Voqla)nC +FI (10)
i =Koy (Vog Vog )+ KtV oq 0,C; +Fi

odi ““n ogi (11)

idi f (12)
V* = L

iqi O, f (13)

The L combined with the coupling

output LCL filter. Coupling
output impedance of the PWM
way that the coupling of active and

current for the output LC filter and the coupling
nce are given in Eq. (14) to Eqg. (19) assuming
voltage source inverter in the inverter-based DG
unit produces the required voltage value (\/i =vi*).

e 1
logi = ?(Vodi — Vpgi — Il om)+ a)l (14)
it;qi = Li(voqi - Vbqi - rcioqi)_'_ a)iodi (15)
. 1 . .
lgi = f (Vidi —Vodi — I Ildi)+ Ol (16)
f
1
hgi = r(viqi —Voqi —F¢l |q|) a)lldl (17)
f
Vou =i(i|di —igg )+ oy +Ry (i.ldi i o J (18)
oF
1

W o +Ry (i' i —i oqi J (19)

Here, v, and v, are the voltage and reference voltage

\;oqi :C_f(ilqi _ioqi )—

on the AC side of the voltage source inverter bridge,
respectively. The indices r, and r, are the parasitic

resistance of the inductors |, and L respectively. The
resistor g is a damping resistor which is connected
with the filter capacitor C, in series form. The small

signal complete linear state space model of an inverter-
based DG unit is presented in Eq. (20) and Eq. (21),
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which consists of the combination of small signal
linearized state space models of the outer loop power
dispatch controller, inner voltage and current controller
and LCL output filter. In each model of the inverter-
based DG unit, there are thirteen state variables, three
inputs and two outputs (except for the first inverter-
based DG unit, whose reference frame is the common
reference frame, which has three outputs). In this regard,

A, TEPresent the state matrix of ith inverter-based DG
unit, g __ are the input matrices of ith

inverter-based DG unit which are related to the voltage
and frequency inputs, respectively. The indices ¢

and B iwcom

1IDGI

and ¢ are the output matrices for ith inverter-based

1IDGwi
DG unit which are related to the output current (Aiooq)

and frequency (Ag ), respectively. The state vector
AX,, INcludes the state space models of the external

power dispatch controller, inner current and voltage
controllers, and the output LCL filter which is
characterized by a thirteen-element vector according to
Eq. (22). Therefore, complete linear state space model of
the small signal generation submodule was written by
combining all the states of all inverter-based DG units
N, in the common reference frame according to Eq. (23)

to Eg. (25). Also, according to Eq. (26) to Eq,
will have as bellow.

AX pgi } =[Auoai Lisas [M woci Lz +[Buoei s [AV bDQi ]le

L 13x1

+[Biwco"ﬂ ]13><1 [AW com ]M

[ Aw, Cipewi 21
A . :| — [CIIDG ]1 13 [AX . ] (

L7 0DQi I3 [ 1IDGi ]2><13

AXjpgi =|:A5| AR AQ (22)
AXgey :|13 . = [AGEN 13n, x13n (23)

+[Boen Jon,can, [AVoa ]y, o *[B AW ],

[AioDQ ]2ng a- [Coene ]an><13ng [AX gy ]13ng vl (24)
(W)~ Co o, [ g @
AXgen =[ A 1pa i o+ AX og,, ]T (26)
AV =[AvbDQlAvbDQz AV poon, ]T (27)
Nigng =[ Algpgiisng, Ay, | (28)

In above relation, Agen is the state matrix for

generation submodule, g and g are the input

GEN

matrices for generation submodule which are related to

GENw

voltage and frequency inputs, respectively. The indices
Cem. aNd C are output matrices of the generation

submodule which are related to current and frequency
outputs, respectively.

2.2 Network Sub-Module

In the small signal modeling of a conventional power
system, network dynamics are generally neglected due to
the high time constant of rotating machines such as
generators and synchronous motors and their control
compared to the time constant of the network. However,
in inverter-based MGs, inverter-based DG units are
connected to each other through voltage source inverters
that have a very small time constant. Due to the small
time constant, network dynamics will have a significant
effect on the MGs stabjlity during off-grid operation
mode. The dynamic egffations of ith line between nodes j
and Kk, shown in Fig. ssed in the common

GENw

on Eg. (29) and Eg. (30).
space model of the small
dule with pn lines can be

k'™ Bus
Riine UbDQk I
A |

UineDQjk

Fig. 4 Configuration of line RL

: ~Riinei : 1 :
linepi = — L fine Liinepi +L7(VbDj _Vka)+ a"lineoi (29)
linei linei

LT — Riinei ; 1 i

IIineQi = tine IIineQi + 7( bQj _Vka)_ Oljjnepi (30)
I-Iinei I‘Iinei

P -R inei A &

Viinepi = L fine A'|ineDi +_(VbDj —Vipk )+||ineQiAa’com (31)
linei linei

L0 _R inei H

IIineQi = L I Al lineQi +L_(Vij _Vka )+ I IineDiAa)com (32)
linei linei

| T ol

+[BlNET ]Zanan [AV bbQ ]an 1 +[BZNET ]Zanl [AW com ]lxl

[Ai LINEDQ ]2an1 = [CNET ]anxan [Ai LINEDQ ]2an1 34)

. . . . U
Al LINEDQ — |:A| IineDQlAl lineDQ 2 Al lineDQn, ] (35)
1
Av bDQ — |:AV bDQlAV bDQ2 " -Av bDQny, :| (36)

NET is the state matrix of

and B

matrices of the network submodule related to the input
voltage and frequency.

In the above relationships, A

the network submodule, B are the input

INET 2NET
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2.3 Load Sub-Module

Different types of loads such as passive static loads
such as resistive load (R), inductive load (RL), constant
power load (CPL) and active loads and induction motor
dynamic load are connected to inverter-based MGs.
Here, it is assumed that dynamic and static loads are
connected to the MG at the same time. The
comprehensive small signal linear state space model for
a load submodule is obtained by dividing it into three
sub-modules including passive, active and dynamic.
Inductive loads including electric motors, solenoid and
toroid which can be modeled as RL type loads, may
require very large starting power. Incandescent lamps,
TV, radio, computer, laptop, and phone charger can be
modeled as resistive load or DC load. Resistive load can
also be modeled as a type of RL load with the
assumption that its inductance value is very small. A
constant power load (CPL) is a passive model of an
active load with a rectifier interface (RIAL). In the CPL
load, the instantaneous impedance value is always
positive and the increasing value of the impedance is
always negative, which cause to voltage decrement with
the current increment and vice versa. This increasing
negative impedance may lead to the instability of the
inverter-based MG system during off-grid operation
mode. Dynamic equations of ith passive load coa

Bus ny

. Liioadi/Lritoadi/ LopLi
I UpDQn

Y'Y

I H?i«v.-ID(Qi;’.IRLw'rn.:rED[J;,'f('PI_I‘Q‘
Fig. 5 Passive load confi
The linearized state space mo

load n, in the common DQ is

expressed as Eq. (40) and Eq. (41).

.t — Rl .

lpipi = TPLIPLDi +——Vppnn T Dlp g (37)
PLi PLi

. —Rpyi: .

logi = I—p:_ loLai +EVanN — Ol p; (38)

|:A i PLDQi :‘ = [ALOADi ]2><2 [Ai PLDQi :|2X1 (39)
2

+[BlLOADi ]2><2 |:AV bDQny ]le + [BZLOADi ]2><1 [AW com ]1><1

I:A I'pLpo :| = [APL ]anszn,,L [AI PLDQ ]anLxl
2np x1

+[BlPL ]zn,,szan [AV bDQ :‘ZHN 1 + [BZPL ]Zanl [AW com ]1x1

In these relationships, PL represents the passive loads
R, RL and CPL. AlSO, R, =-r_, cOS@» Xy =l Sinas

(40)

and o is the delay angle of the controlled rectifier. The
index o, B ,and B  are the state and input
LOADI 1LOADI 2LOADI

matrices for ith passive load, which are related to the
input voltage and frequency, respectively. In these above
relationships, A, is the state matrix of the passive load

submodule, B and B,n the input matrices of the

passive load submodule are related to the voltage and
frequency input respectively, the output of the passive

(42)

Today, with
have active reCtifi

ich is the DC voltage of the
d the internal AC current controller,

the current through the inductor (L, ).
shows DC voltage and AC current controllers of

lled by a standard PI controller. The DC voltage
controller determines the reference input for the AC
current controller, while the AC current controller
controls the current through the L

L inductor.

DC Voltage
Control

Fig. 6 The power and active load control sections with the
rectifier interface

VicaLi
RN

€ITor]|
+
UdeALi T’

DC Voltage Controller

"dlaxis AC Current Controller |

Fig. 7 DC voltagé'é"r{'d"AC current controllers of rectifier
interfaced active load
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In addition, the AC current controller uses the

measured . for separation of DQ axis inductor
IdgALi

currents. In this case, d and g axes are separated by
multiplying the measured currents with the

system rated frequency (¢, ) and inductor (L, ), which

is shown in Fig. 7. The small signal linear state space
model of ith rectifier interfaced active load with the
connected to the bus ny in the DQ reference frame is

given as Eq. (43) and Eq. (44). This model is obtained
by combining state space models of DC voltage
controllers and switching bridge AC current, LCL filter
of AC section, DC load and reference frame coupling.
This model has ten state variables including six inputs
and three outputs. In these relationships, index A, , is

FidgaLi

the state matrix of ith rectifier interfaced active load.
Indexes B and B, . as the input matrices of

ALvi ' BALui
ith rectifier interfaced active load are related to the
voltage, control and frequency inputs, respectively. The
index Ca is the output matrix of ith active load with

rectifier interface is related to the currents and DC
voltage. It is modeled according to Eq. (45) and Eq. (46).
The small signal linear state space model of the active
load submodule in the common reference frame b
combining all the states n, are given in Eq.

Eq. (48).
|:AIAL| i| = [AALi ]10><10 [AX ALi ]lel
1041

+[BALui ]10><2 [AuALi ]m + [BALwi ]10><1 [AW com ]lxl

[AY aii Ly = [Cati Lo [AX ai Jiga (44

AX :[A¢A“ A AV (45)
Auy =[Avy Ay ] (46)
] A,
ony 1

(B Jony san,, [AVbDQ ]ZnALx1+[BAL“] o (AU, at
+[Bav ]10nAL AW ]

[AY a ]3nALx1 =[Cu. ]3nAL <i0n,, [AX ]10nAL a (48)
[ ] = [ A A+ B, ] (49)
[AY 1 1= Al niogrAV 518 510028V o oAl ogn, AV oy ] (50)
[Au, ]=[Aug AU, A, T (51)

is the state matrix of

B

are the input matrices related to voltage, control and
frequency, respectively. Also, C, is the output matrix

In these relationships, index A,

the active load module. Indexes B and B

ALv ! ALu AlLw

for DC’s voltage and currents. Stator dynamic equations
as well as electromagnetic dynamic equations and rotor
load torque of ith induction motor (dynamic load) can be
presented in the common DQ reference frame as
follows:

di di
VQSi = rsi iQsi + Lssi diSI + Lmi din + wL55| ! Dsi + wLml I Dri (52)
di i
Vs = Filps +L dl:t)SI I‘mi dd%_a)l‘slem COL I (53)
di
vQri SI er +L d‘:” Lml dt +5 wLmIDn +5; a)Lmlle ( 4)
di Dri di Dsi ; : (55)
Vi =lilps + Ly ot +L,, ot =80l ig; —S;0L i

(56)
(57)

are the resistance
r,as well as r, and L, are

nce of the rotor for ith load of
ndexes L ., S, and @, are the

, rotor slip and stator angular
In Eq. (56) and Eq. (57), P, ,

respectively. It should be noted that in the inverter based
MG system, the stator frequency is controlled by droop
equations, and therefore, small signal deviations must be
considered before linearizing the machine equations.

2.4 Diesel Generator Sub-Module

Droop control method can be used to control the
performance of synchronous diesel generators in the
MG, so that, in addition to adjusting the frequency and
voltage in steady state, power redispatch can also be
correctly guaranteed. Fig. 8 shows the implementation of
the cooperative droop control for synchronous diesel
generators in the MG.

+
o QO "
= g . 3
q Speed sensor
g Am-am

Fig. 8 Cooperative droop control for synchronous diesel
generators in the MG
In the secondary control scheme, MG frequency and
voltage changes are considered as functions of active
power and voltage changes, respectively. The
importance of the secondary control of the MG is sensed
at the off-grid operation mode of MG because the

Iranian Journal of Electrical & Electronic Engineering, Vol. XX, No. X, December YYYY 7



frequency and voltage of the system suffer a steady state
drop over the time, which the primary control is not able
to compensate these drops. This difference is shown in
Fig. 9.

Permanent

A
dropin f
frequency

Permanent
increase in
generation

A._

generation

Voltage/Frequency Restoration Loop
(Secondary Control)

Fig. 9 Secondary control for off-grid MG

In the secondary control of an external loop, after
measuring the frequency and voltage of the MG buses
and calculating the frequency and voltage errors from
the reference values, errors pass through a Ig
transfer function until these values have beg
calculate the frequency and voltage drops™a
control after synchronizing the frequency
formulation of this method in which the PI contro
used to recover the frequency and voltage will
obtained from Eq. (58) and Eq. (59), respectively.

So=K,, (@  —oye)+ w‘[ (), voldi+ Ao, (58)

E=k,(E -E, (E" /S8 )t (59)

MGs
3. Proposed Control Desig

MGs often operate in on-grid ff-grid modes. In
the on-grid operation mode, stream network is
responsible to control and maintain the MG frequency
and voltage stability under various contingency events
such as short circuit, load change and etc. But, in off-
grid operation mode, MG frequency and voltage stability
is controlled by use of inverter-based DG resources,
controllable loads and also synchronous diesel
generators. In our proposed approach, two level control
processes are considered in the case of MG off-grid
operation mode, the first level has very fast response
again contingency events in order to maintain frequency
and voltage stability that depend on proper operation of
inverter-based DERs equipped with the power
processing section and local control. The secondary level
has slower response again contingency events depend on

the operation of the synchronous diesel generators and it
is used to active and reactive power redispatch and
remove the voltage and frequency offsets in MG system.
The flowchart of overall performance of the MG
adaptive control approach is shown in Fig. 10. To
implement the proposed control flowchart, the dynamic
modeling of the inverter-based MG system including
static and dynamic loads and the rectifier interface
adjustable load are investigated at the first level. The
control scheme of synchronous DG resource is presented
at the second level. Multi-level inverters (cascade bridge
type) replacement with conventional inverter in inverter-
based DERs is explained.

Start

Power flow on mig id under normal condition

No

Y

Two levels proposed
control approach in order to
maintain frequency and
voltage stability

astant
1IIDGs and

Fig.”10 Flowchart of overall performance of the MG adaptive
control approach
In this section, the control scheme of multi-level
cascaded bridge inverter is followed for replacement
with conventional inverter in inverter-based DERs for
improving the harmonic conditions of the MG.
Therefore, first the structure of multi-level cascade
bridge inverter is discussed and then, the optimal
controller is proposed for this type of interface using
genetic algorithm (GA). In the multi-level cascade
bridge inverter, if the number of DC sources is P, then
2P-1 levels are created in each phase voltage waveform.
For active power conversion, separate DC sources and
no additional capacitors are required. Fig. 11 shows the
structure of a three-level cascade bridge inverter. The
main applications of the cascade multi-level inverter
include the static generation of reactive power and
creating a suitable interface between renewable energy
resources. The most important advantages of the
inverter-based multilevel inverters with cascade bridge
structure are consisting of the modular structure, the
problem elimination for equal voltage sharing for
equipment with series connection. The possible numbers
of levels in the output voltage is more than twice of DC
sources. The bridge series are made for modular and
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packaged arrangement, which causes to the faster
production process and less investment cost. But, the
disadvantage of the cascade structure is the need for a
large number of isolated DC sources and a switching
counter device. As described in section (2), the voltage
and current controllers at the inner loop of the inverter-
based DG resources, in addition to rejection of high
frequency disturbances and providing sufficient damping
for the filter output, are responsible for generating the
filter reference current and reference voltage trough
generating the pulse width modulation command for
multi-level inverter in 11IDGs. The measured voltage of
IIDGs buses in MG after park conversion is applied to
produce the error signal and compare with reference
voltage produced by the inner loop current of 1IDGs
according to Eq. (60). After comparing and generating
the voltage error signal for the mentioned busses in the
reference frame dq , according to the Eq. (61) and Eq.
(62), the calculated error value is returned from gq to
op Space and .5 to abc space by use of the inverse of
Park and Clark transformations, respectively.
Considering time domain error signal, comparing several
carrier waves with the sinusoidal waveform
(MCPDPWM) is used to generate the switching
command pulse to the multi-level inverters of 11D
Fig. 12 shows the comparison of the carrier wa

local inner loop voltage-current controllers of each 1IDG
in MG to achieve the reference voltag

Fig. 11 Structure of a three-level cascade bridge inverter
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r
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Fig. 12 Generated pulses results to send the switches of multi-
level inverter

VDGi(error,dq) :VDGi(ref,dq) _VDGi(dq) (60)
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(62)

R Y
\Fl 2 2| °
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Standard mtegral (Kpi) and proportional (k , ) gains, as

c

well as feedforward (r,) gains are the parameters of ith

inner loop voltage-current controllers for 1IDG as can be
seen in Fig. 1. These parameters can be optimally
determined for better dynamic performance of the MG
using the GA. Therefore, the structure of the GA
chromosomes with regard to the five mentioned
independent variables is ageording to the Table. 1.

Table 1 Chromosomes sifucture based on standard integral and

or solving the mentioned optimization
quality improvement in addition to
intaining the MG frequency and voltage stability by
e multi-level inverter has been considered.
re, the value of the fitness function in the GA is
calculated based on proportional, integral and
feedforward voltage regulator in inner current loop
coefficients according to equation Eq. (63). The penalty
values due to violations from the standard total harmonic
distortion for the voltage wave in MG are imposed to the
fitness function according to Eq. 64.

OF =Min( Y {ib“THDB‘Vi )+ PenaltyBicnmm}) (€3)
VaVvbVe (Bi=l
Penalty®'shrom = Z(\THDV,(t) —THDL™* (1) <10 (64)

After calculating the chromosomes fitness, the
chromosomes are sorted from the highest fitness to the
lowest, and some of them enter the mating pool in pairs
with the probability of Pc to generate new child
chromosomes for the next iteration of the algorithm
according to Table. 2. After crossover process and
creating offspring from the pair of parental
chromosomes, the mutation process occurs with a
probability of pm in all the offspring, which is modelled
as Table 3.

Table 2 The pair of parental chromosomes structure for
creating offspring chromosomes
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Kii Kpi Kiv K pv
Kii" KPi" KivII KPV" F
) 4
KiiII Kpi" Kiv KPV F
Kii" Kpi" Kiv" va F
Table 3 The mutation process structure for the offspring
chromosomes
Kii" Kpi" Kiv KDV
Kii'I KDi" KivII KPV
4
K" K" Ky Ko™ F
Kii'I KPi"" KivII KPV F

In the first iteration of the algorithm, after the
population of mutated children is formed then all the
chromosomes are sorted based on their fitness. After that
the number of the predetermined population similar to
the first iteration is selected again from the
chromosomes of parents and children until the next
iteration of the algorithm is done. This process is
repeated until the algorithm gets to the convergence
condition i.e. the minimum amount of total harmonic
distortion without violating the power quality standard
for under study MG. Therefore, by adjusting these
coefficients, it can be ensured that the MG by usiaggth
proposed control on 1IDGs not only guara
frequency and voltage stability and
synchronous DGs after occurrence of random e
also improves the harmonic conditions for the b
MG.

4. Simulation Results

proposed two-level
stability and pow
numerical studies are
m the figure,
under study MG includes four r interfaced DG
resources. This MG is connected tg'the main distribution
network through a tie switch and 100kVA step-up
transformer with turn ratio of 415V/11kV at the point of
common coupling (PCC). MG can operate in off-grid
state when tie switch is open. The MG will operate
nominal voltage and frequency 230V and 50 Hz,
respectively. The nominal active and reactive powers of
IIDG1, IIDG2, 1IDG3 and IIDG4 are 10kw + j6kvar ,

15kw + jOkvar , 20kw + jl2kvar and 25kw + ji5kvar ,
respectively. The static droop gain of the active power in
term of radian/sec.watt for the inverter-based DERs
include m,,, m,,, my,, and m,, are 6.28x10",
418x10*, 3.14x10* and 2.52x10, respectively. The
static droop gain of the reactive power in term of

Volt/Var for the inverter interfaced DERs include n,,,

Ne,» Ny, and n,, are 1.66x10°, 1.11x10°, 8.33x10*

and 6.66 x10™, respectively.

Grid

st st

st 9 Vst

3] [4] [&

Fig. 13 MG struCture in

-grid operation state

rs of inverter-based
quivalent to 1.35mH,

. The inverter switching
Hz. The cut-off frequency of

output voltage waveform of the
sources is equal to 50.5Hz. The
inductance of the output inductor of
er-based DERs are equal to 0.03Q2 and 0.35mH,
ely. The impedance of the Linel, Line2 and
in the under study MG with off-grid operation are
equal to (0.23+j0.11) €Q, (0.35+j0.58) Q, and
(0.304j0.47) Q, respectively. According to the Fig. 13,
the loadl as an induction motor is connected to busl
with technical specifications of 400 volts, 50 Hz and 7.5
kilowatts. Stator resistance r, and inductance | are

equal to 0.7834Q and 127.1mH respectively, rotor side
resistance r, and inductance L, are equal to 0.7402Q

and 127.1mH, respectively. The magnetization
inductance L isequal to 124.1mH and the load torque

T, is equal to 47.75 Nm. The parameters of load2 as a

constant power load at the bus2 include a resistance,
power consumption and a power factor 13.224 Q/phase,
12 kVA and 0.85, respectively. The characteristics of the
active load with the rectified interface at bus3 are shown
in Table. 4.

Table. 4 The characteristics of the active load with the
rectified interface at bus3

R, 0.1Q L, 1.35 mH
fou 10 kHz C, 8.8 uF
L, 0.93 mH K 25000

Power 25kW Rr 0.03Q
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Kiv 150 W, 31.41 rad/s
K ; 7 K o 0.5
RRIAL 40.833 Q ReLoa 6.347 Q/phase
_ _ v be 700 V

The power consumption, resistance per phase and
nominal voltage specifications for the resistive load at
busd are 25kw 6.3470hm and 700v, respectively.
According to the given information, numerical studies
are evaluated for two case studies as bellow:

- Case studyl: normal operating condition for off-grid
inverter-based MG.

- Case study2: fault occurrence event condition at
bus2 with 1Q resistance.

The GA parameters for number of iteration,
population, crossover, and mutation probability are
defined as 200, 1000, 0.7 and 0.3, respectively. The
proposed model is implemented with the M-file format
in the MATLAB software environment, this software is
installed on a 5-core Asus Laptop with 2.4GHz
processor and 500GB external memory.

4.1 Casel: Normal Operating Condition for off-grid
Inverter-Based MG

The proposed dynamic model is used to stud
performance of off-grid MG under normal
conditions for 0.5 seconds. The internal vg
loop coefficients of inverter-based DERs and
system feedforward coefficient has been opt
determined using the GA as shown in Table. 5.

K K

pv iv

0.05 390

The active and reactive p
operating frequency are sho
respectively. It can be seen
generations of IIDG1 to 1IDG4/after passing system
transient fluctuations are fixed at 0.64 kW, 3.45 kW,
44.09 kW and 24.54 kW, respectively. Their reactive
power generations are fixed at 0.79 kvar, -1.76 kvar,
4.82 kvar and 11.89 kvar, respectively. The operating
frequencies of 1IDGL1 to IIDG4 are also given in Fig. 16
that after passing transient fluctuations, these
frequencies are fixed at 49.94 Hz, 49.88 Hz, 49.62 Hz
and 49.72 Hz, respectively, that all these frequencies are
considered within the permissible range of frequency
changes in the power system.

Active power(kW)

0 005 01 015 02 025 03 035 04 045 05
t(sec)

Fig. 14 Active power generation of IIDG1 to 1IDG4 in off-

Fig

=
51
>
=
o
>

grid MG (casel)

— DG |
—IIDG2
15 |- | s 1IDG,

—IIDG,

Reactive power(kVAR)

.50 05 ‘1 ‘v& 0‘25 0‘3 0‘35 0‘4 O‘AS 0.5
t(sec)
eactive/power generation of 1IDGL1 to 1IDG4 in off-
grid MG (casel)

e 1IDG,
DG,

oG, | 4
—IDG,

)

Frequency(Hz,

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
t(sec)

. 16 Operating frequencies of IIDG1 to I1IDG4 in off-grid

MG (casel)

IIDG1

-500 ‘
o

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
t(sec)

Fig. 17 Voltage of IIDGL1 in off-grid MG (casel)
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°

-200
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—_—a(v)

Fig. 18 Voltage of 1IDG2 in off-grid MG (casel)
— b(V) | |

i ;

Voltage(V)
°

LM
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Fig. 19 Voltage of IIDG3 in off-grid MG (casel)
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-800 ‘
o

DG,

Voltage(V)
°

o 0.45 0.5

0.05 0.1
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Fig. 20 Voltage of 1IDG4 in off-grid MG (casel)

respectively. It can be
at the point of com

state, and the magnitude of
to 1IDG4 are fixed at 338.6
333.5 V, respectively. The three-
to 11DG4 is shown in Fig. 21.

DG,

100

e 0 (A)
80 m=—=ib(A) | q
ic(A)

Current(A)

0 ’l*""'& ................................
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o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
t(sec)

1IDG,

100 B

005 01 015 02 025 03 035 04 045 05
t(sec)

Fig. 21 The currents of IIDG1 to 11DG4 in off-grid MG (casel)

After significant non-sinusoidal fluctuations, three-
phase currents of IIDG1 are fixed 1.64A at the
connection point with the induction motor load, but, due
to the presence of the active load at bus3, the currents of
this source will have some order of harmonics. After
severe fluctuations for steady state, three-phase currents
of 11IDG2 are fixed at 5.53A at the connection point with
the constant power load, similar to 1IDG1 source
includes some order of harmonic. After small
fluctuations in a very short period of time, three phase
currents of 11IDG3 for the steady state condition are fixed
58.83A at connection point with the rectified active load.
Similar to the 1IDG1 and IIDG2 resources, currents of
IIDG3 have infected with harmonics but their values are
much less than the two mentioned resources. After small
fluctuations in a very short period of time, three phase
current of 11IDG4 has been fixed at 36.3A at connection
point with the resistive load, and of course, the output
currents of this source have much less harmonic than the
other three inverter-based DERs. The D-axis voltages for
inverter-based DERs are shown in Fig. 22 and the
current of the three lines in the direction of D-axis and
Q-axis are shown in Fig. 23 and Fig. 24, respectively.
The three-phase stator currents of the induction motor at
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busl is shown in Fig. 25 while this consumer draws a o o

current equal to 13.38A in steady state condition after R e
- 20 X
drawing a start-up currents equal to 128.3A. i
1.01 T T T T T T T T 2 “l
[ R L T W W W O | D
sL YLy I A A | \ ) S
1.00: \, \' \.l \“l \"I \J’ ‘J \’ ‘I YRYRVYAY f::gza 3
1 H 4 -10
5 0995 -20
;73 0.99 | | | | | | | | | ‘
7300 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5
0.985 t(sec)
- Fig. 28 Three-phase current of constant power load at bus2
(casel)
0 97345 D,4l55 0.;6 0.4‘65 0,;7 0.4‘75 0,1‘38 D,4l85 0.;9 0.4‘95 0.5 |R|AL,|,¢
t(sec) 600 T T r T T T T T — -
Fig. 22 Three-phase voltage of IIDGs in MG (P.U.) (casel)
400 i) | 4
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200 ‘ ‘ ‘ rent of RIAL at bus3 (casel)
o 0.05 0.1 0.15 0.2 l(Dszz) 0.3 0.35 0.4 0.45 0.5 IR“’C
Fig. 23 D-axis current of lines between 1IDG in MG (casel) PN ]
= m m
TV T
L

—a(A)
s ib(A)
ic(A)

i
. . . . . . .
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Fig. 30 Three-phase current of resistive load at bus4 (casel)

As can be seen from the above current waveforms,
after passing the transient state, the magnitude of
currents drawn by the active rectified and the resistive
loads are equal to 79.93A and 39.53A, respectively. The
voltage and power waveforms for rectified active load
are also shown in Fig. 31 and Fig. 32, respectively.

o

025
t(sec)

Fig. 24 Q-axis curren

oMl },(&Tﬂﬁ'ﬂﬂﬂﬂmwﬂﬂ‘ Y

=
‘g 800 T T T T T T
-50 |- 4 X:0.2209
600 Y:695.8
100 1 % 500
-150 g’ 400
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 >
t(sec) & 300
Fig. 25 Three-phase stator current of Induction Machine load 200
at busl in MG (casel) .
The speed and electromagnetic torque characteristics . | N S U B |
for the induction motor load at busl in the under study oo e Ay 0 oo o e
MG are shown in Fig. 26 and Fig. 27, respectively. Fig. 31 Voltage magnitude of RIAL at bus3 (casel)
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Fig. 32 Consumption power of RIAL at bus3 (casel)

As can be seen from the above figures, due to the
switching losses of the rectifier, the power consumption
and DC voltage magnitude at the terminal of rectified
active load in steady state are equal to 695.8 volts and
57.42 kilowatts, respectively. As mentioned in the
section (3), in addition to the frequency stability for the
MGs based on inverter interfaced DERs, the proposed
control approach ensures the improvement of harmonic
conditions during island operation under normal
conditions and random events by replacing multi-level
inverters instead of the usual two-level ones. The
simulation results for harmonics and total harmonic
distortion of voltage waveform in phase-A at Busl under
normal off-grid conditions of MG with DERs equipped
with two-level inverters during time period 0.5 seconds
are determined as shown in Fig. (33a) and (33b
replacing the two-level inverters with
inverters in DERs, performance of MGs
off-grid conditions during time period 0.
been re-determined which is shown in Fig. (3
(34b), respectively.

FFT analysis FFT settngs.
Fundamental (50Hz) = 174.7 , THD= 2.74%

5

Mag (% of Fundamental)

a) Harmonics of voltage waveform in phase A at Busl
4 Scope3 x

@ - \1‘-_-‘/Q)I1L- D | 2= - w~|<_:-1~ & [ -

b) Total harmonic distortion of voltage waveform in phase A at
Busl

Fig. 33 simulation results for off-grid conditions of MG with
DERs equipped with two-level inverters
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a) Harmonics of voltage waveform in phase A at Busl
4] Scope3 >

@@ | S U&-PH- &F A -

distortion of voltage waveform in phase A
at Busl

results for off-grid conditions of MG with

equipped with three-level inverters

the above figures, it can be seen that the total
distortion for DERs equipped with two-level
and three-level inverters during the simulation period are
determined by fix values 2.75% and 1.16%,
respectively. By replacing the three-level inverters with
two-level ones in DERSs, the total harmonic distortion in
phase-A at Busl is reduced from 2.75% to 1.16%. A
significant change can be seen in the order of harmonics,
while the magnitude of harmonics has dropped
drastically. Of course, it is necessary to state that in the
design phase of MGs, the increase in costs due to the
installation of multi-level inverters for DERs should be
evaluated according to the amount of reduction in the
total harmonic distortion index for the buses voltages.

4.2 Case2: Fault Occurrence Event Condition at
Bus2 with 1€ Resistance
In this case study, it is assumed that a short circuit
event with resistance 1Q is occurred at bus2 and
numerical results are evaluated for the response of off-
grid MG during 0.2 seconds to 0.3 seconds using the
proposed dynamic model.

Table. 5 Internal voltage-current loop coefficients of
inverter-based DERs and feedforward coefficient (case2)

K K. K. Kii F

pv iv pi ii

0.82 15500 9.5 425 0.03

With the fault occurrence at bus2, it is expected that
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active and reactive power generation with 11DG2 will
significantly increase, and of course, the contribution of
other resources will also increase for current injection to
fault location. After running the model, active and
reactive power results of IIDG1 to 1IDG4 and their
operating frequency under the new conditions are shown
in Fig. 35 to Fig. 37, respectively.

160

— IIDG,

140 -

120 |

Active power(kW)
> o o B
& 8 & 8

N
S

o 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5
t(sec)

. 35 Active power generation of IIDGL1 to IIDG4 in off-grid
MG (case2)

Fi

=)

Reactive power(kVAR)

Fig. 36 Reactive power generation of IIDG1 to
grid MG (case2)

;E

Frequency(Hz)

Fig. 37 Operating frequencies of |1
MG (case2)

From the simulation results, it can be seen that the
active power generation of 1IDG1 to IIDG4 have
increased during fault occurrence. For IIDG2, active
power generation increases to 150.7 kW. Of course, the
increase in the reactive power generation in 1IDGs
resources is evident, especially the 1IDG2 whose
reactive power generation reaches to 20.52 kvar. As can
be seen in the Fig. 38, the frequencies of 1IDG3 and
IIDG4 have approximately remained constant and the
frequencies of 1IDG1 and IIDG2 get to 40.94Hz and
44.98Hz during fault occurrence according to the droopy
curve. After fault clearing, frequencies of 1IDG1 to
IIDG4 have fixed in the values of 49.94 Hz, 49.88Hz,
49.62Hz and 49.72Hz, respectively. All these frequency

1IDGA4 in off-grid

changes are within allowable range in the power system.
The simulation results for the three-phase voltage
waveform of 11DG resources under the new condition of
short circuit occurrence in bus2 during 0.2 to 0.3
seconds are shown in Fig. 39.

1

F=Tavay

X:0.2319 —vb(V)
400 Y:343.2 —c(V)

Voltage(V)

Voltage(V)

0.25 B . E E 0.5
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IIDG4

X: 0.2641
400 Y:333.1
-

Voltage(V)
o

ve(V)

o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
t(sec)

Fig. 39 Three-phase current IIDG1 to 11DG4 when three-phase
fault occurrence at Bus2
After three-phase short circuit at bus2, the three-phase
voltage at the connection point of the 1IDGs with the
MG is sinusoidal and the magnitude of the output
voltage of the 1IDG2 is only reduced to 322.2 volts.
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Fig. 42 Q-axis current of lines between 1IDG in off-grid MG
(case2)

As can be seen from Fig. 40 when a three-phase short
circuit occurs at bus 2, magnitude of stator current of
os induction machine increases to 19.9A from 13.38A in
steady state condition.

IIMahc(Statcr Induction Moto)

Current(A)

Fig. 39 Three-phase current 1IDG1 to
fault occurrence a

150

—ia(A)

As can be seen in the Fig. 39 the three-phase currents — )|
of IIDG1 to 11DG4 during the three-phase short circuit at
bus2 increase to the values of 136.5A, 274A, 104.9A 50 x: 02004 1
and 47.81A, respectively and after the fault clearance % o IAU R oo ,'-‘ Y ¥ 'I"f R St P 1 P P T
return to nominal values. The three-phase current S I&l&llll(ll&lr‘&‘&l&ll“
waveforms of the IIDG resources are shown in Fig. 40. il | 1
Under new condition, three-phase voltage of 1IDGs in
MG in term of per unit and Q-axis and D-axis currents
of lines between 11DG in off-grid MG have been shown T 005 o1 o015 o2 tf;'ii) 03 035 o4 oss os
in Fig. 41 and Fig. 42, respectively. Fig. 43 Three phase stator current of induction machine load at

Busl (case2)

Under the new condition of three-phase short circuit at
bus 2, the characteristics of speed and electromagnetic
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torque for the induction motor load connected to busl
are shown in Fig. 44 and Fig. 45, respectively.
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Fig. 44 Electromagnetic torque characteristic of Induction
Machine load at Busl1 (case2)
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Fig. 45 Speed characteristic of Induction Machip
(case2)

As can be seen from Fig. 44 to Fig. 45 similar to Cz
both electromagnetic torque and the speed characteristi€
of induction motor load after passing through the
transient time interval, their fluctuati damped and
When, a

o 0.05 0.1 0.15 0.2

mentioned variables un
to their nominal values the fault.
and speed
fluctuations are high and v w, respectively.
According to Fig. 43, The magnitude of three-phase
current for the constant power load connected to bus2 is
25.77A in steady state and have not any harmonics, but
this current decreases to 24.21A when short circuit is
occurred. The three-phase current waveform of the
rectified active load and the resistive load connected to
buses 3 and 4 of under study MG during three-phase
short circuit event at bus2 are shown in Fig. 46 to Fig.
48, respectively. As can be seen from Fig. 43 to Fig. 45,
the currents drawn by the active and resistive load
connected to buses 3 and 4 during the short circuit event
remain unchanged. Power consumption of the rectified
active load in presence of occurrence of the three-phase
short circuit at bus2 is shown in Fig. 49.
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Fig. 46 Three-phase current for constant power load at Bus2
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Fig. 49 Power consumption of the rectified active load in
steady state in presence of occurrence of the three-phase short
circuit at Bus2

As can be seen from Fig. 49, the power consumption
and DC terminal voltage of the rectified active load is
similar to casel in presence of occurrence of the three-
phase short circuit at bus2. The simulation results for
harmonics and total harmonic distortion of voltage
waveform in phase-A at Busl under normal off-grid
conditions of MG with DERs equipped with two-level
inverters are determined as shown in Fig. (50a) and
(50Db). For case2, it is assumed that three-phase fault is
occurred between 0.2 second to 0.3 second during
simulation time 0.5 seconds. Under same condition,

035 04 045 05
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harmonics and total harmonic distortion of voltage
waveform in phase-A at Busl has been determined in
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Fig. 50 Results for off-grid MG with DERs equifipee
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Fig. 51 Results for off-grid MG with DERs equipped with
three-level inverters under 3-phase fault condition

As can be seen from the above figures, the fault
occurrence and clearing causes an increase in the
distortion in the voltage waveform at busl, transiently,
which leads to an increase in the amplitude of the
harmonics and also the total harmonic distortion from
2.74% to 13.2% in the presence of two-level inverter
based DERs and from 1.16% to 10.49% in the presence
of three-level inverter based DERs, respectively.
Therefore, it can be concluded that the use of DERs
equipped with multi-level inverters provide a higher
ability to reduce the harmonic level and total harmonic
distortion of the MGs during normal and contingency
events such as short circuit, and etc.

5. Conclusion

In this article, a fwo-
to improve th

approach is proposed
ility and power quality of MGs. A
i d out using state space
, internal voltage and current

applied to control the inverter-
, a control scheme at the secondary

minimum voltage and frequency offset in the MG.
rove the harmonic conditions in the MG, ordinary

leveFinverters in the inverter-based DERs and switching
command are optimized with the internal current loop
coefficients of the reference voltage regulator using GA.
Finally, in order to validate the efficiency of the
proposed dynamic model and control scheme for the MG
in off-grid operation state, numerical studies on a test
MG have been investigated under normal operating
conditions and three-phase short circuit occurrence. In
the test MG, different types of loads including constant
power load, active rectified and resistive loads and etc
were studied, and their effect on the bus voltage
magnitude of the MG, the amount of active and reactive
power generation of DG resources and the amount of
power consumption by the loads have been considered.
The simulation results prove the fact that the proposed
dynamic model and proposed control scheme for the MG
can maintain the frequency stability under normal
conditions and short circuit events, and dispatch the
local load demand on inverter-based DERs and adjust
the controllable load consumption. From simulation
results, it can be seen that replacing the three-level
inverters with two-level ones in DERs cause to decrease
from 2.75% to 1.16% in the total harmonic distortion in
phase-A at Busl. In addition, the order of harmonics has
changed and their magnitude dropped drastically. Fault

al & Electronic Engineering, Vol. XX, No. X, December YYYY



occurrence and clearing result in the total harmonic
distortion increment in the voltage, transiently, from
2.74% to 13.2% in the presence of two-level inverter
based DERs and from 1.16% to 10.49% in the presence
of three-level inverter based DERs, respectively.
Therefore, it can be concluded that the use of DERs
equipped with multi-level inverters provide a higher
ability to reduce the harmonic level and total harmonic
distortion of the MGs during normal and contingency
events such as short circuit, and etc. Of course, it is
noted that the total harmonic distortion reduction for the
buses voltages causes to increase in planning costs of
MGs due to the installation of multi-level inverters for
DERs, which should be considered using cost-benefit
analysis.
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