Iranian Journal of Electrical and Electronic Engineering 01. (2025) 3174

Iranian Journal of Electrical and Electronic Engineering

U ENGINELRING

Journal Homepage: ijeee.iust.ac.ir !

IUAST I
Iran University of
Science and Technology

A Dynamic Control Approach for AC Micro-Grids Including
Non-Inverter and Inverter Based Energy Resources

Z. Mobini-Serajy*, M. Radmehr**CA) and A. R. Ghorbani**

Abstract: Microgrids harness the benefits of non-inverter and inverter-based Distributed
Energy Resources (DER) in grid-connected and island environments. Adoption of them
with the various types of electric loads in modern MGs has led to stability and power
quality issues. In this paper, a two-level control approach is proposed to overcome these
problems. A state-space dynamic model is performed for Micro-Grids, for this goal, the
state-space equations for generation, network, and load components are separately
developed in a local DQ reference frame, and after linearization around the set point,
then combining them into a common DQ reference frame. In the first level, the control
of inverter-based DERs and some types of loads with fast response are activated, and in
the second level, the control of synchronous diesel generator resources with slower
response is used. In order to validate and evaluate the effectiveness of the proposed
control approach, numerical studies have been established on a standard test MG under
normal and symmetrical three-phase fault conditions. Finally, the simulation results are
summarized.
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networks. With the use of advanced telecommunication
1. Introduction 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 (DERs) 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

ODAY, the demand for electrical energy with high

reliability and proper quality is felt more than
previous years. Due to the depletion of fossil resources,
environmental pollution, depreciation of the existing
equipment of transmission, sub-transmission and
distribution networks, and the need to invest for 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.
The penetration of these resources in the distribution
network has led to the creation of active distribution
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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 power
networks occur due to variable power output of DERs,
load variations, demand and voltage fluctuations. For
frequency stability, a realistic approach for estimating
the non-synchronous inertial response is proposed which
allows the operator to select the best inertial response of
the system for stable operation. A proportional integral
and distributed proportional controllers are developed
for frequency synchronization in the power network [4].
Stability situations during voltage fluctuations for droop
control based on port Hamiltonian modeling are derived
in [5]. Distributed frequency and voltage control is
proposed in [6] for AC MG based on Primal-Dual
Gradient Dynamics. Several power flow strategies are
discussed in [7] for frequency synchronization 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
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 characteristics of the MG are
investigated in [15]. An approach is proposed to analyze
the inertia coefficient based on the theory of DGs close
to each other with same frequency. An approach is
presented in [16] for tracking the reference voltage of
MG for active loads synchronization. In addition, a MGs
is modeled and designed with islanding operation and
the impact of active loads on the frequency stability
levels of MG is cheeked. Stochastic frequency control of
grid-connected MGs was discussed in [17]. The robust
stability of an ac/dc hybrid MG including synchronous
diesel generator sources and inverter based DERs was
investigated in [18]. Main contribution of this paper is as
follow: 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
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
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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 divided
into three submodules: generation, network and load.
Park's transformation is used to map the ABC space to
the local DQ reference frame according to Eq. (1).

2z 2z
cos(at +6) cos((ot +6’—?j cos(a)t +¢9+?] 1)
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In the generalized model for MG system with non-
inverter and inverter-based DERs during island

operation, Indexes Ny ,N,pg,Npg,. N . N N, and

n,, are respectively defined as the number of 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,

(D-Q)is the common reference frame axis that is

rotating with the frequency (o_ ) 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 4

inverter-based DG wunit in local and the common
reference frame, respectively. The angular difference

between the mentioned reference frames (J;) 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.

i P ) ©

S, =_[(a)i — Wy )L, Vi 3)

and X, o are the state values of the ith

.....Local Control Section Power_Progessing Section 1G. Bus
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e ]

Power Sharing Vodgi

DG | Controller

Fig. 1 Model for each inverter-based DG unit in MG system

The power processing part includes a three-leg voltage
source inverter, LC filter and a coupling inductor, while
the control part can be divided into the power
distribution controller and the voltage and current
controller 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 (a) m) and reference voltage

(Vom,duvoq.,m) for the ith inverter-based DG unit are

given in Eqg. (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.
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Fig. 2 Outer loop of power dispatch controller
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In above relation, @, and V are the nominal setting
points of the d-axis output voltage and frequency,
respectively. Indexes My; and Mcy; are the active and

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

(Voqi,dr) is set to zero. In above relation, Vi, Vg, logi

and iOqi , are the output voltages and currents of the ith

inverter-based distributed generation unit in the local
DQ reference frame, respectively and W, 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
for the LC output filter. The voltage controller produces
the reference current vector of the filter inductance

(i;qi) while the current controller produces the

excitation voltage vector (v;qi) in the form of a pulse

width modulation module. In addition, the voltage
controller is necessary to create the voltage regulation
optimally, while the current controller is applied to form
the voltage of the two ends of the LC filter inductor.
Figure 3 shows the block diagram of the voltage and
current controllers of the inner loop which includes all
the forward and backward terms. Here, the voltage and
current controllers use standard proportional-integral
(PI) 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 va
KIV ! Kpi ’
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

K, and also feedforward gain F, which are

currents i,;qi are generated using the voltage controller
and are used as set point values for the inner Ioop of
current controller. In this regardy,, = I( L )dt

the reference output voltages V,tjqi are produced by the

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

. d-axis Current Controller

i d-axis Voltage Controller

g-axis Current Controller |

{ q-axis Voltage Controller

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

iy =K ( odi Voai ) F Ky —Voq @,Cr +Figy

) (10)
iI|:|| - K ( oqi -V oqgi )+ Kiv ¢q| +Vod| a)nC + FI (11)
Vi = ( Id '|d|)+Kii7di —ig oLy (12)
Vigi =Kpi (ilqi |q|)+Ku7q| g 0Ly (13)

The LC low-pass filter is combined with the coupling
inductance to create the output LCL filter. Coupling
inductance shapes the output impedance of the PWM
inverter in such a way that the coupling of active and
reactive powers is minimized. The dynamics of voltage
and current for the output LC filter and the coupling
inductance are given in Eq. (14) to Eq. (19) assuming
that the voltage source inverter in the inverter-based DG

unit produces the required voltage value (\/i :vi*).

e 1

logi = ?(Vodi —Vpai — Fologi )"' Wiy, (14)

e 1 . .

qui = f (Voqi - Vbqi - rl:loqi )+ Wy (15)

L1 ) .

hai = r(vidi —Vogi — i hai )"‘ @l (16)
f

‘e 1 . .

hgi = ' (Viqi —Vogi — i ligi )_ @l an
f

V ou =Ci(i|di —igg )+ oy +Ry [i‘ldi—i.odij (18)
f
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Vo za(llqi —igg )~ o +Ry (I Iqi—loqi) (19)

Here, V; and Vi* are the voltage and reference voltage
on the AC side of the voltage source inverter bridge,
respectively. The indices I, and I, are the parasitic

resistance of the inductors L, and L respectively. The
resistor Rd 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),
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 pi represent the state matrix of ith inverter-based

DG unit, B and B, are the input matrices of ith
inverter-based DG unit which are related to the voltage
and frequency inputs, respectively. The indices C,;

iwcom

and CIIDGWi are the output matrices for ith inverter-
based DG unit which are related to the output current

(AioDQ)and frequency (Aa)i ) respectively. The state

vector AXpg 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

ng in the common reference frame according to Eq.

(23) to Eq. (25). Also, according to Eq. (26) to Eq. (28),
we will have as bellow.

|:A X III.DGI :| [AIIDGI ]13 13 [AX 1IDGi ]13x1 + [B 1IDGI ]13><2 I:AV bDQi :|2><1 (20)

|wcom ]13 1 [AW com ]
C o by 21
{ } {[[C..DG } (Ao L. (21)
ODQI 1IDGi 2><13 3x13
AX 1IDGi I:A5 AP AQ A¢dq| A}/dqi AI Idgi Avudqi odql :I ( 2)

[AXGEN Ln L [Acen Lign, waan, [A%cen Lign, (23)
+ [BGEN ]13ng x2ng [AV bdq :|2ng 1 + [BGENW ]13ng x1 [AW com ]lxl

Aiog L, 2 =[Catne Lon aon, [BXcen L, (24)
[AW i Loy = [Coenn Lsan, [A%cen Loy, (25)
AXen :[Ax 10618% 106 1"+ AX jipgn, T (26)
AV po = [Av 5001V bpo 2 AV boan, ]T 27)
Niopg =[ Aiepgiisogs -+ Algpgr, ]T (28)

In above relation, AbEN is the state matrix for

generation submodule, By, and B, are the input

matrices for generation submodule which are related to
voltage and frequency inputs, respectively. The indices

Ceene and Cgpy,, 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 stability during off-grid operation
mode. The dynamic equations of ith line between nodes j
and Kk, shown in Fig. 4, are expressed in the common
reference frame DQ according to Eq. (29) and Eg. (30).
Eqg. (31) and Eqg. (32) represent the small signal linear
state space model based on Eq. (29) and Eg. (30).
Therefore, the linear state space model of the small

signal network submodule with N lines can be

expressed in the common reference frame based on Eq.
(33) and Eq. (34).

™ Bus , k" Bus
I UbDQj “linst Riinei UhDQk I
LY AN

I Uine DQjk I

Fig. 4 Configuration of line RL

St -R

lineDi = — el j L
L

Linepi T (VbDj — Vbok )+ Oljineqi

linei linei

(29)
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linei linei
20 _R inei H 1
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linei linei
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Liin Qi =—melA|nn Qi R VbQ' _Vka +|Iin DiAw m ( )
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|:AiLINEDQ :|2 . = [ANET ]Zanan [Ai LINEDQ :|2an1 (33)

+[BINET ]anxZnL [AVbDQ :|2nN X1 + [BZNET ]anxl [AW com ]lxl

[Ai LINEDQ mel = [CNET :|2an2nL [Ai LINEDQ ]Zanl (34)
. . . . U

Al LINEDQ — [A' IineDQlAI linedQ2 "~ Al lineDQn,_ ] (35)

T
AV g :[AV 6001V bpg2 "+ AV b, ] (36)

In the above relationships, Ayg; is the state matrix of

the network submodule, B, and B, are the input

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

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 connected

to the bus (ny) shown in Fig. 5 based on the DQ
reference frame are according to Eq. (37) and Eq. (38).

Bus ny
; LRioadi/ LR Lioadi/ LoPL /
IT”“Q’W oadr/ = ittoadt] " RRioadi/Rriioadi/Rcpri

Y Y AA-

1

I 1 Rload DQi [ RLIadDQi [ 1CPLDG

Fig. 5 Passive load configuration
The linearized state space model of ith passive load
small signal connected to the node nﬁ‘ in the common

reference frame is given according to Eq. (39).
Therefore, the linearized state-space model of a small-
signal passive load submodule that includes the passive

load N, in the common DQ reference frame is
expressed as Eg. (40) and Eq. (41).

.. —R,, .. .

loipi = PL loipi ¥ 7 Vipnn + @l gi (37)
Lo PLi

.t -R;, . 1 .

loLgi = PL loLgi + Vionn — @lp p; (38)
Loy Lo

|:A i PLDQI :l = [ALOADi ]2x2 [Ai PLDQI :|M (39)
2

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

|:A [ PLDQ L . = [APL ]anLxZnPL [Ai PLDQ :|2an x1 (40)

+[BlPL ]zn,,szan [AV bDQ :|2nN X1 + [BZPL ]2an1 [AW com ]1><l

In these relationships, PL represents the passive loads
R, RL and CPL. Also, R, =-T, COS,

XCPL =—Tep. Sina, and o is the delay angle of the
controlled rectifier. The index A oapis Biioapi» and

BZI_OADi are the state and input 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,

Bp. and B,y the input matrices of the passive load

submodule are related to the voltage and frequency input
respectively, the output of the passive load current is
given in Eq. (42).

I:Ai PLDQ ] = |:Ai PLDQlAI PLD2 "’ <A PLDQNp, :|T (42)

Today, with advances in power electronics, more loads
have active rectifiers. The power and active load control
sections with the rectifier interface are shown in Fig. 6.
The control section can be divided into the external DC
voltage controller, which is the DC voltage of the

capacitor (Cdc), and the internal AC current controller,

which controls the current through the inductor (L;).
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Fig. 7 shows DC voltage and AC current controllers of
rectifier interfaced active load. These controllers are
controlled 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, inductor.

Tde Teony

) "F'.Hbr [‘f ‘;.s,r.ubr‘ L“
Vae ' Rigaa Cae *‘ W‘D
T Ve ,IJ.F!{T ¢ r
* V*J' m’?( Viabe I
v

abc

V gabe

e
U by

DC Voltage
Control

Current
Control

dq

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

"d-axis AC Current Controller |

g-axis AC Current Cum,rul]er

Fig. 7DC voltage and AC current controllers of rectifier
interfaced active load

In addition, the AC current controller uses the measured
i,qu,_i for separation of DQ axis inductor currents. In
this case, d and q axes are separated by multiplying the
measured currents ilqu,_i with the system rated

frequency (@, ) and inductor ( L ;4. ), 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 n:qh 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 the state matrix of ith

rectifier interfaced active load. Indexes B, i, Ba.i

and B,,; as the input matrices of ith rectifier
interfaced active load are related to the voltage, control
and frequency inputs, respectively. The index CALI i
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 by

combining all the states N, are given in Eq. (47) and
Eqg. (48).

I:AIALI :|10 . = [AALi ]10><10 [AXALi ]10><1 (43)
+[BALui ]10><2 [AUALI ]2><1 [BALwi ]10><1 [AW com ]1><1

[Ay ALi ]3><1 = [CALi ]3><10 [AX ALi ]10><1 (44)
AX ALl = |:A¢AI| A}/quIi AI IdgAli Av cdgAli AI gdaAli Av deAli :| (45)
AU,y :‘:Avgci Ail;i :.T (46)

|:AXAL} :[AAL ]lOnALxlonAL [AXAL]lonALxl
100, 1

+[Bawy ]10nALx2nAL [AV bDQ an +[Baw ]10nALx2nAL [Au, ]ZnAL a #7)
+[B s ]10nAL><1 [AW i ],

[AY a0 ]3nALXl =[C. ]SnAL 4100, [A% ]10nAL><l (48)
[Ax, ]= [Ax AL A ]T (49)
[8Y 4 1= Al 41001V o184 510028V o+ Al gy, AV, ] (50)
[Au,, |= [AuALlAuAL2 AU, ]T (51)

In these relationships, index A, is the state matrix of

the active load module. Indexes B, ,, B, , and B,
are the input matrices related to voltage, control and
frequency, respectively. Also, C,, is the output matrix

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 = I’siiQsi + Lssi %-’— LITII d(iﬂ +a)Lsm Dsi +a)l‘ml Dri (52)
_ di gy di,
Vs = Filpsi + I‘ssi d_l13:s+ Lmi d_lir_wl‘sm IQ5| - m| Qn (53)
v +L dign +L Ol +s,0L iy, +5 0L, i, (54)
Qri 5| er i dt mi dt @ mi " Dri g mi * Dsi

vDri = I’riiDri i d;lin mi d;iSI =S wLm IQn =S a)Lml IQSI ( 5)
=( j( j QSI Drl _iDsi iQri ) (56)
=Ji d—(( -s))a) ®7)
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In these relationships, Iy and L are the resistance

and inductance of the stator, as well as I,; and L, are
the resistance and inductance of the rotor for ith load of
the induction motor. Indexes L ., S, and @, are the
dispersion inductance, rotor slip and stator angular
frequency, respectively. In Eq. (56) and Eq. (57), P,

T,; and J; are the number of poles, the load torque and

the combination of the load and the motor inertia,
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

Permanent
increase in
generation

correctly guaranteed. Fig. 8 shows the implementation of
the cooperative droop control for synchronous diesel
generators in the MG.

TGN ANEN B. B,
()m O bO o ot
- _ 1 pmié

‘ 7,5+l
Speed sensor |«

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
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.

generation

0\ ) \O®
-

N/ \/

F

ON A,
E' e
E\ /*-\ SF
{ G;(S) ]

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 low-pass
transfer function until these values have been used to
calculate the frequency and voltage drops as primary
control after synchronizing the frequency. The

formulation of this method in which the PI controller is
used to recover the frequency and voltage will be
obtained from Eq. (58) and Eq. (59), respectively.

50 =K, (@, ~0ye) +k, [ (@) —mue)dt+ A, (58)

OE =Ky (E, ~Eyo) +ke [(E, ~Eyo)dt  (59)
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3. Proposed Control Design

MGs often operate in on-grid and off-grid modes. In
the on-grid operation mode, upstream 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 microgrid under normal condition
No ¥

Contingency event is occurred?

Yes *

Yes Microgrid is No
connected to
upstream network?

Microgrid operates as castant Two levels prqposed
power mode for all IDGs and control approach in order to

maintain frequency and

synchroneous DGs voltage stability

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 are more than twice of DC
sources. The bridge series are made for modular and
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 1IDGs. 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 IIDGs
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 .4 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 IIDGs.
Fig. 12 shows the comparison of the carrier waves with
frequency m-1 and main voltage wave for the positive
and negative half-cycles at the above of the axis that the
generated pulses results are sent to the desired switches.
Standard proportional-integral (P1) regulators are used in
local inner loop voltage-current controllers of each 1IDG
in MG to achieve the reference voltage.
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Fig. 11 Structure of a three-level cascade bridge inverter
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Fig. 12 Generated pulses results to send the switches of multi-
level inverter

V, =V, -V

DGi(error,dq) DGi(ref ,dq) DGi(dq)
(60)

Vo | [coswt —sinwt |V (61)
(vﬂj - Lin wt  coswt }(VJ

(XJ ﬁ; _J; _;f m (62)

c

Standard integral (Kpi) and proportional (k) gains, as
well as feedforward (F ) gains are the parameters of ith

inner loop voltage-current controllers for 11DG 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 according to the Table. 1.

Table 1 Chromosomes structure based on standard integral and
proportional and feedforward gains

PI Coefficients (chromosomes in GA)
K. K. K. K F

ii pi iv pv

For each chromosome of the initial population, the MG
model is implemented using proposed control scheme
during normal operation, and the level of each harmonic
and total harmonic distortion is calculated for all the MG
buses. Therefore, for solving the mentioned optimization
problem, power quality improvement in addition to
maintaining the MG frequency and voltage stability by
use of the multi-level inverter has been considered.

Therefore, 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( )’ {szTHDBivi(t)+ Penalty® com }) (63)

VaVvbVe | Bi=l

Ts
Penalty®uon = 3 (THD,, (t) ~THD}"** ()| x10* (64)
t=0

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

Kii Kpi Ky, va F
K" Kpi" K" va" F"
¥
K" Kpi" K, va
i Kpi" K" va

Table 3 The mutation process structure for the offspring

chromosomes
Kii" KDi“ I‘<iv KDV
Kii" KDi" KivII KDV
4
K," K," K, K,
K," K, K," K,

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 using the
proposed control on IIDGs not only guarantees the
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frequency and voltage stability and zero offset
synchronous DGs after occurrence of random events, but
also improves the harmonic conditions for the buses of
MG.

4, Simulation Results

In order to validate and confirm the effectiveness the
proposed two-level control method with the aim of
stability and power quality improvement of MG,
numerical studies are performed on the test MG
according to Fig. 13. As can be seen from the figure,
under study MG includes four inverter interfaced DG
resources. This MG is connected to 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, 1IDG2, IIDG3 and 1IDG4 are 10kw + j6kvar,

15kw + jOkvar, 20kw + j12kvar and 25kw + j15kvar,

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 Npy s

Npys Ny, and Ny, are 166x10°, 1.11x10°, 8.33x10™
and 6.66x10, respectively.

Grid

. Constant Resistive
induction Active Load
Motor Load - toad
w Line 1 Line 2 Line 3
Bus 1 Bus3

Bus2 Busd
B sl

vt & vsi

4] @] [3

Fig. 13 MG structure in off-grid operation state

The output LC filter parameters of inverter-based
DERs such as |, c, and R, are equivalent to 1.35mH,

50uF and 0.1Q, respectively. The inverter switching
frequency f_ is equal to 8kHz. The cut-off frequency of

the output low-pass filter is 31.41rad/s, the nominal
frequency of the output voltage waveform of the
inverter-based DG sources is equal to 50.5Hz. The
resistance and inductance of the output inductor of
inverter-based DERs are equal to 0.03Q and 0.35mH,

respectively. The impedance of the Linel, Line2 and
Line3 in the under-study MG with off-grid operation are
equal to (0.23+j0.11) €Q, (0.35+j0.58) Q, and
(0.30+j0.47) 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 | 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, 010 L, 1.35 mH
fo 10 kHz C, 8.8 F
L. 0.93 mH K, 25000
Power 25kW RC 0.03Q
K. 150 W 31.41 rad/s
[\ C
K, 7 Ko 0.5
RiaL 40.833 Q R RLoad 6.347 Q/phase
o - Ve 700V

The power consumption, resistance per phase and
nominal voltage specifications for the resistive load at
bus4 are 25kw 6.347ohm 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 iterations,
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 study the
performance of off-grid MG under normal operating
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conditions for 0.5 seconds. The internal voltage-current e — ‘
loop coefficients of inverter-based DERs and control —

system feedforward coefficient has been optimally .
determined using the GA as shown in Table. 5.

Frequency(Hz)

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

K pv K iv K pi Kii F “
0.05 390 10.5 16000 0.75 4HSO DL‘)E Dl1 D‘|5 0‘2 0'25 0‘3 0‘35 0.4 D;S 0.5
t(sec)
Fig. 16 Operating frequencies of 1IDG1 to 1IDG4 in off-grid

The active and reactive powers of DG resources, their
operating frequency are shown in Fig. 14 and Fig. 15,
respectively. It can be seen that the active power oG,
generations of 1IDG1 to 1IDG4 after passing system O —aw|
transient fluctuations are fixed at 0.64 kW, 3.45 kW,
44.09 kW and 24.54 kW, respectively. Their reactive 200
power generations are fixed at 0.79 kvar, -1.76 kvar,
4.82 kvar and 11.89 kvar, respectively. The operating
frequencies of 11IDG1 to 1IDG4 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

MG (casel)

Voltage(V)
°

-10

and 49.72 Hz, respectively, that all these frequencies are N I A N S SO N A N
considered within the permissible range of frequency 0 00 o om0z Ry 00 oo ok o
changes in the power system. Fig. 17 Voltage of 11IDG1 in off-grid MG (casel)
50 500 IID‘G2
400
40
300
g 30 200
}; ; 100
§20 g, 0
% § -100
< 10
200
0 300
400
o]

o] 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 '500!)

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

Fig. 14 Active power generation of IIDGL1 to 1IDG4 in off- Fig. 18 Voltage of “DG;S?;) off-grid MG (casel)
grid MG (casel)

DG,

Reactive power(kVAR)

Voltage(V)
N
o 8
e

J

-800
o

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

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

Fig. 15 Reactive power generation of IDG1 to 11DG4 in off- Fig. 19 Voltage of IIDG3 in off-grid MG (casel)
grid MG (casel)
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Fig. 20 Voltage of 1IDG4 in off-grid MG (casel)
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The three-phase voltage waveform for the inverter-
based DERs are shown in Fig. (17) to Fig. (20),
respectively. It can be seen that the three-phase voltage
at the point of common coupling becomes completely
sinusoidal waveform after passing through the transient
state, and the magnitude of the output voltage of 1IDG1
to 1IDG4 are fixed at 338.6 V, 341.5 V, 339.4 V and
333.5V, respectively. The three-phase current of 1IDG1

to IIDG4 is shown in Fig. 21.
DG,
100 T T T T
80 —rll
ic(A)
60
40
%—E-‘ 20 4
LI ( < J):&Y‘\'*Y‘T‘T,.’f*1',:Q7*1*1‘1*1',‘1‘7*1‘1’*1‘\'.
20 ]
-40
-60
\

0 0.05 01 015 02 025 03 035 04 045 05
t(sec)

oG,

150 T

R oOvooooetRaReRteR

-100

Current(A)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
t(sec)

Fig. 21 The currents of IIDG1 to I11DG4 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 1IDG2 are fixed at 5.53A at the connection point with
the constant power load, similar to IIDG1 source
includes some order of harmonic. After small
fluctuations in a very short period of time, three phase
currents of 11DG3 for the steady state condition are fixed
58.83A at connection point with the rectified active load.
Similar to the IIDG1 and IIDG2 resources, currents of
1IDG3 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 1IDG4 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
busl are shown in Fig. 25 while this consumer draws a
current equal to 13.38A in steady state condition after
drawing a start-up current equal to 128.3A.

' I A a 1 A
sV ,I\,\,\l\l\l\l‘l\\ l“ nnhn
'\ v v v, v 7,1 1V VT

J

- DG,

E L

0.97!

0.45 0.455 0.46 0.465 0.47 0.475 0.48 0.485 0.49 0.495 0.5
t(sec)

Fig. 22 Three-phase voltage of IIDGs in MG (P.U.) (casel)
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Fig. 23 D-axis current of lines between 11DG in MG (casel)
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24 Q-axis current of lines between 1IDG in MG (casel)
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25 Three-phase stator current of Induction Machine load
at busl in MG (casel)

The speed and electromagnetic torque characteristics
for the induction motor load at busl in the under-study
MG are shown in Fig. 26 and Fig. 27, respectively.
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26 Speed characteristic of Induction Machine load
at bus1 (casel)
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Fig. 27 Torge characteristic of Induction Machine load
at busl in MG (casel)

As the above figures, the fluctuations of induction
motor speed and the electromagnetic torque after passing
through the transient state are damped and fixed at 47.7
Nm and 1465 rpm, respectively. The three-phase current
for the constant power load at bus2 is 25.77A for the
stedy state condition and it will have a sine waveform
without any harmonics as shown in Fig. 28. However,
the three-phase current waveform of the rectified active
load and the resistive load at bus3 and bus4 are shown in
Fig. 29 and Fig. 30, respectively.
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Fig. 28 Three-phase current of constant power load at bus2
(casel)
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Fig. 29 Three-phase current of RIAL at bus3 (casel)
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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.
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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). By
replacing the two-level inverters with three-level
inverters in DERs, performance of MGs under normal
off-grid conditions during time period 0.5 seconds has
been re-determined which is shown in Fig. (34a) and
(34b), respectively.
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From the above figures, it can be seen that the total e —
harmonic distortion for DERs equipped with two-level Yoo e
and three-level inverters during the simulation period are ——
determined by fix values 2.75% and 1.16%, respectively. =0

80

By replacing the three-level inverters with two-level
ones in DERs, the total harmonic distortion in phase-A

60

Active power(kW,

a0 -

at Busl is reduced from 2.75% to 1.16%. A significant

change can be seen in the order of harmonics, while the o

magnitude of harmonics has dropped drastically. Of o o1 ois 0z oz o3 oss  oa o4 05
course, it is necessary to state that in the design phase of Fig. 35 Active power generatic;;e:))f 1IDGL to 11DG4 in off-grid
MGs, the increase in costs due to the installation of MG (case2)

multi-level inverters for DERs should be evaluated 2

according to the amount of reduction in the total . — e,

— 2
- oG | |

harmonic distortion index for the bus's voltages.

4.2 Case2: Fault Occurrence Event Condition at
Bus2 with 1Q Resistance

In this case study, it is assumed that a short circuit

event with resistance 1Q is occurred at bus2 and

Reactive power(kVAR)

numerical results are evaluated for the response of off- - o5 ol ous ol Yos orbs——ola
grid MG during 0.2 seconds to 0.3 seconds using the oo
proposed dynamic model. Fig. 36 Reactive power generation of 1IDG1 to 1IDG4 in off-

o grid MG (case2)
Table. 5 Internal voltage-current loop coefficients of

inverter-based DERs and feedforward coefficient (case2)

K K K K F VY

pv iv pi ii 48|

0.82 15500 9.5 425 0.03 £ .

With the fault occurrence at bus2, it is expected that E ol
active and reactive power generation with 11DG2 will A=
significantly increase, and of course, the contribution of = ]

other resources will also increase for current injection to L—
fault_ location. After running the model, active an_d Fig. 37 Operating frequencies of IIDG1 to 1IDG4 in off-grid
reactive power results of IIDG1 to 1IDG4 and their MG (case2)

operating frequency under the new conditions are shown
in Fig. 35 to Fig. 37, respectively.

t(sec)

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
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power generation increases to 150.7 kW. Of course, the
increase in the reactive power generation in IIDGs
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.
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Fig. 38 Three-phase current 1IDG1 to 11IDG4 when three-phase
fault occurrence at Bus2

After fault clearing, frequencies of IIDG1 to 1IDG4

have fixed in the values of 49.94 Hz, 49.88Hz, 49.62Hz
and 49.72Hz, respectively. All these frequency changes
are within allowable range in the power system. The
simulation results for the three-phase voltage waveform
of IIDG resources under the new condition of short
circuit occurrence in bus2 during 0.2 to 0.3 seconds are
shown in Fig. 39.

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. 39 Three-phase current IIDG1 to 1IDG4 when three-phase
fault occurrence at Bus2
As can be seen in the Fig. 39 the three-phase currents
of 1IDGL1 to 1IDG4 during the three-phase short circuit at
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bus2 increase to the values of 136.5A, 274A, 104.9A
and 47.81A, respectively and after the fault clearance
return to nominal values. The three-phase current
waveforms of the IIDG resources are shown in Fig. 40.
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 1IDG in off-grid MG have been shown
in Fig. 41 and Fig. 42, respectively.
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Fig. 40 Three-phase voltage of IIDGs in MG (P.U.) (case2)
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41 D-axis current of lines between 11DG in off-grid MG
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42 Q-axis current of lines between IIDG in off-grid MG
(case2)

Fig.

As can be seen from Fig. 40 when a three-phase short
circuit occurs at bus 2, magnitude of stator current of
induction machine increases to 19.9A from 13.38A in
steady state condition.
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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
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 Busl (case2)
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Fig. 45 Speed characteristic of Induction Machine load at Busl
(case2)

As can be seen from Fig. 44 to Fig. 45 similar to casel,
both electromagnetic torque and the speed characteristics
of induction motor load after passing through the
transient time interval, their fluctuations are damped and
fixed at 47.7Nm and 1465rpm, respectively. When, a
three-phase short circuit occurs at bus2, both of the
mentioned variables undergo fluctuations, which return
to their nominal values after removing the fault.
Magnitude of electromagnetic torque and speed
fluctuations are high and very low, respectively.

o 0.05 0.1 0.15 0.2
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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. 47 Three-phase current for active load at Bus3
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Fig. 48 Three-phase current for resistive load at Bus4
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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
(50b). 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,
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 equipped with two-
level inverters under 3-phase fault condition
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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 two-level control approach is proposed
to improve the stability and power quality of MGs. A
dynamic model of MG is carried out using state space
equations. At the first level, internal voltage and current
control loop, local power distribution loop and power
processing section are applied to control the inverter-
based DERs. Then, a control scheme at the secondary
level, synchronous diesel generators are used to achieve
the minimum voltage and frequency offset in the MG.
To improve the harmonic conditions in the MG, ordinary
inverters are replaced with cascade bridge type multi-
level inverters 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
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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