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ABSTRACT
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In this article, in order to maintain the voltage and frequency of a multi-bus island microgrid, a
robust control strategy is proposed. The microgrid under study is a medium voltage distribution

Distributed Generation (DG),
Grid-forming/Grid-following
control structure,

Adaptive Backstepping.

system consisting of several inverter-based distributed generation (DG) units, and a combination of
balanced and unbalanced local loads. Based on the Grid- forming/Grid-following structure, a robust
voltage controller is designed based on the adaptive backstepping control method to keep the voltage
and frequency of the Grid-forming unit at predefined values. In addition, to adjust the
Article History: active/reactive powers of the Grid-following units, a direct power controller based on adaptive
Received: 26 June 2024; input-output feedback linearization control method is proposed. The negative sequence component
Revised: 19 July 2024; of unbalanced local loads current is compensated by the proposed power controller. Only local
Accepted: 11 August 2024. measurements are used in designing of the controllers; therefore, the proposed method is
Article type: independent of the topology of microgrid, the parameters of the system, and the dynamics of loads.
Research Article The controllers presented in this article are robust and stable against various disturbances and
parameter uncertainties. after outage of Grid-following unit, the power generated by the Grid-
forming unit is adaptively adjusted so that the absence of generation at PC2 is offset. In addition,
despite the mismatched filter resistance and accidental outage of Grid-following unit, even under
non-local unbalanced load condition the proposed voltage controller robustly regulates the voltage
waveform of MG with a reasonable transient. Validity and effectiveness of the proposed control
strategy are shown based on time domain studies in MATLAB/Simulink environment.
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1. Introduction
1.1. Problem statement

Microgrids (MGs) are low- or medium-voltage local networks that include clusters of loads as well as distributed generation (DG)
units [1-5]. Depending on the conditions, MGs can be operated both in grid connected mode and in islanded mode. In the mode of
connected to the grid, the voltage of the buses and the frequency of the system are dictated by the main grid, and each DG unit
generates predetermined values of active/reactive power [6-7]. Considering MG's performance as an independent system in islanded
mode, it is necessary to perform a proper voltage and frequency control. To enhance the reliability of the MG, this process should
be performed robust, fast, and locally [8-9].

1.2. Literature Review

Several methods have been presented so far for the voltage/frequency control of islanded MGs [3-15, 19-25]. The main control
strategies reported so far are methods based on Droop characteristic, and methods based on Grid-forming/Grid-following control
structure [10]. Droop characteristic technique is the most well-known control strategy for MGs [3-15]. All DG units, in the methods
based on Droop characteristic, participate in the voltage/frequency regulation of MG [11]. In this method, the total active/reactive
power demand is shared locally among the DG units without using any MG communication. However, MG voltage and frequency
deviations are unavoidable in this method [12]. In Grid-forming/Grid-following methods, the task of voltage and frequency
regulation in MG is assigned to a DG unit, which usually has the highest power rating [14]. The name of this unit is called Grid-
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forming. Other units in MG, which are called Grid-following units, are responsible for generating predetermined active/reactive
power.

Through appropriate control strategies, in addition to the main control purpose, the power quality of system can also be enhanced
[15]. Voltage imbalance is the most common phenomenon among various power quality issues. Connection of unbalanced loads is
the main cause of voltage unbalance in MGs. In actual distribution systems, due to the installation of a large number of unbalanced
loads in different phases, the severity of overall load imbalance is not significant [16]. However, in MG systems, the problem of
unbalanced loads is much more common and is caused by the unequal connection of unbalanced loads to the phases [17]. So, MGs
are expected to be operated in such a way that they can perform properly even under unbalanced load conditions [18].

Therefore, both in the Droop and Grid-forming/Grid-following methods, to improve the dynamic behavior and achieve a
disturbance rejection performance, the control scheme should be robust and fast in the island MG [19,23]. In the technical literature,
various techniques have been reported for strong control of island MGs [19-24]. In [19], to improve the performance of MG, a
changeable control structure in integration with the Droop characteristic technique is presented. A hierarchical two-stage control
method is used in [20], which provides a centralized control strategy based on the cluster-oriented cooperative control strategy. By
using this controller, it has been tried to optimize the sharing performance of power components in a multiple-MG system. However,
the local controllers provided at the primary control level are based on the traditional droop method. In [21,22], the load dynamics
is modeled with an RLC network and used in controller design process to achieve a suitable dynamic in the MG. Nevertheless, the
stability and robustness of presented controllers cannot be cannot guaranteed against uncertainties in load configuration and
dynamics.

In [23], a robust controller is proposed based on H_, control technique, to voltage/frequency control of a single-bus elementary
MG. Using the Grid-forming/Grid-following structure, the load disturbance is measured in real-time and the Grid-forming unit's
controller uses it as a measurable external disturbance. However, because of high-bandwidth communications needed between the
Grid-forming unit and all further loads in multi-bus MGs, for real-time measurement of the instantaneous load currents, the presented
scheme in [23] can be impractical. The Grid-following unit is connected to some load buses to participate the demand of load.
Although it is explained in [23] that the Grid-following unit is operated based on vector control method, no description is presented
in this case. Moreover, the Grid-following unit during load disturbances is disconnected and the performance of the Grid-following
units has not been studied against load disturbances. In addition, there is no guarantee for the stability and effectiveness of the
control structure due to the parametric uncertainties of the system.

In [24] a combination of proportional-integrating-based (PI) and proportional-resonance-based (PR) methods are used to
respectively control of the positive-sequence (PS) voltage and compensate the negative-sequence (NS) current components. Two
equivalent circuits are presented in [24] for PS and NS load currents. However, since both the PS and NS voltages are linear functions
of both the PS and NS currents, the presented equivalent circuits are coupled and cannot be used separately. In [25], a robust control
strategy is presented for a multi-bus MG. In the control system presented in [25], the voltage regulation of MG is fulfilled by a
sliding-mode voltage controller for the Grid-forming unit. However, the power controller designed for the Grid-following unit only
regulates its own output power and does not play a role in compensating the effects of the imbalance of its local loads. This causes
all the burden of load imbalance compensation to fall on the Grid-forming unit.

1.3. Research gap

According to the conducted research, we realize that none of them used the adaptive backstepping control method to control the
network. Also, few articles have designed their proposed controller based on unbalanced load control.

1.4. Main contribution and innovations

The main contribution of this paper is to propose a robust voltage controller, based on adaptive backstepping control method, to
force the voltage and frequency of the Grid-forming unit to track the relevant references, in the Grid-forming/Grid-following control
structure of a multi-island MGs.

In addition, a direct power controller is proposed based on adaptive input-output feedback linearization (IOFL) for the Grid-
following units, to control the PS active/reactive powers generated by these units. The presented power controller is designed to be
able to compensate the NS current components (NSCCs) caused by unbalanced local loads. The presented control strategy is based
on local measurements and is independent of topology, parameters and dynamics of microgrid loads. Performance of the presented
control system have been shown through simulation studies in the MATLAB/Simulink.

2. Microgrid Structure Description

Figure 1 shows the single-line diagram of the studied MG, including three radial feeders [24-25]. MG is fed by two 0.6 kV DG
units with capacity of 3 MVA (DG1) and 2 MVA (DG2), respectively. The DG units are modeled with a DC source that connected to
medium voltage (MV) feeders through a power converter, an LC filter, and step-up transformers. A combination of balanced and
unbalanced loads is also connected to MV feeders F1, F2 and F3 through step-down transformers. In this paper, MG operates in
island mode. Table 1 shows the parameters of MG.
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3. DG Unit Modeling

Figure 2(a) depicts an inverter-based DG unit connected to a microgrid interface through an LC filter. Taking into account the
parameters under nominal conditions, the dynamic Equation (1,2) of output voltage and current can be derived in the synchronous
($dq$) reference frame, as shown in Figure 2(b).

CB
- Microgrid
= 20kV/63kV
PCC
0.6kV/20kV B F1 F2 20kV/0.6kV
DG1 == = — ¢ I DG2
3MVA 2MVA
PC1 PC2
20kV/0.4kV Line 20kV/0.4kV

A combination of A combination of
balanced and uobalanced ‘balanced and nnbalanced

3
n 20kV/0.4kV if Losd 2

Load 3

Figure 1. Schematic diagram of studied MG.

Table 1. Parameters of the studied system.

Parameter Value
Grid-forming DG nominal power 3 MVA (Spase)
Grid-following DG nominal power 2 MVA
VSC terminal voltage (line to line) 600 V (Vipase)
Rq, Ry, (Series filter resistance) 0.002 Q
Lg, Ly, (Series filter inductance) 500 uH
Cp, Cp, (Filter capacitance) 400 pF
Ziner (5.7 km overhead line) 0.7+j1.57 Q
Ziinez (4 km overhead line) 0.5+j1.25 Q
Ziines (2 km overhead line) 0.1+j0Q
V. (DC bus voltage) 1500 V
fs (System frequency) 50 Hz
fsw (Switching frequency) 2 kHz
DG Unit
[ Snenini hY

1
1
1 vi vi
! Rf Lf : Reminder
'=—vac| VSC 1 To of
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] }
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Figure 2. (a) Schematic diagram of a DG unit, (b) virtual synchronous reference frame.
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d €
a|f=a<Vi—blf—Vf)+a)olf, @
1
B =c(If — 1)+ Vi, 2
where the values of a = % ,b=Rf and c= Ci represent the parameters in nominal conditions; the symbols in bold denote
f f

V =[VgVy ]T and | =[ly Iq]T. Additionally, the superscript “ | ” indicates a 90° lag with respect to the original vector. By
deviating the system's parameters with respect to nominal values, Equations (1,2) can be rewritten as Equations (3,4):

L1t =a(V;-blg = Vi )+ aplf +©;, ©)
vy =c(ly —1o)+mpVi +6,, G
The lumped uncertainties, denoted as ©; =[®;4®jq I" and ©, =[O By 1", can be expressed as Equations (5,6):

©; =Aa(V; —bl{ — V¢ )—(a+Aa)Abl¢ +A;, ©)
Oy =Ac(Iy —To)+ Ay, ©6)

where A denotes deviation from the expected value. In Equations (5,6), the terms A; and A, are introduced to address system
dynamic disturbances and other unmodeled uncertainties.

4. Control Scheme

Based on Grid-forming/Grid-following control strategy in the context of a MG, DG, is specifically assigned the task of voltage
control as a Grid-forming unit, and DG, has the specific role of generating predetermined levels of both active/reactive power
components, as a Grid-following unit. In order to improve transient response and achieve desirable disturbance rejection and
reference tracking performance, a robust voltage controller is specifically developed based on adaptive Backstepping for the Grid-
forming unit. Additionally, a direct power controller has been developed based on adaptive IOFL. This controller ensures robust
regulation of both active/reactive power levels that need to be supplied by Grid-following unit. In the subsequent subsections, a
detailed explanation of the control design procedure is provided.

4.1. Adaptive Backstepping Control of Grid-forming Unit
The primary control objective for the Grid-forming (DG1) unit is to accurately follow the predefined voltage trajectories. Let’s
denote the voltage tracking error as Equation (7):

E, =V —vy, @
and denote the error between the lumped uncertainties ®, and its estimated value év as Equation (8):
0,=06,-0,. ®
A Lyapunov function can be expressed as Equation (9):
1 1 ©

T AT A
W, :EEV Ey +E®VYV®V:

where diagonal matrix y, consists of positive entries that are the estimation coefficients. Let’s differentiate W; with respect to
time as Equation (10):

T ST &

Wy =By (SE, )+ 007, ($6y). (10

considering (7), (8) and (4), one can be shown as Equation (11):
d _ T d .\, ref 1 AT d - an
UL (avf —c(lt —lo)—aVi -0, |+6y & )

Choosing the estimation law as Equation (12):
ddo — -1 12
E(av =-y Ev, (12)

d .

awl can be reduced to Equation (13):

a3

T f 1 A
dw,; =] (%v{e —c(lg —1o)- Vi —@)V).
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For E, to be stable, it is required that %Wl definitely be negative. By choosing Equation (14):

ref /g ref 1 A a4
el =1, +E(avf —opVf -0, +k,Ey),
where diagonal matrix K, consists of positive constant elements, then, it can be obtained as Equation (15):
d T T
Wi =—K.EyE, +CEE; as
With Equation (16):
ref
Ei=I1F —1; (16)

It can be concluded from Equation (15) that the system is not yet made fully stable. According to Backstepping control theory
[26], the control input V; should be designed in the next step to make %Wl negative definite. Hence, the following positive definite
function can be chosen as Lyapunov function Equation (17):

1 1.7 ~ 17
W, =W1+EEiTEi+E®iTYi®i, an

With Equation (18):

0; =0, -0,, a1s)
where (:)i is the error between lumped uncertainties ®; and its estimated value é)i . Time derivation of W, is obtained as
Equation (19):

d d T[d ~T ( d ~ ] 19)
—W, =—W,+E {—E; } +O; y;| —0O; |.
dt 2 gt L I{dt |} i7i gt |
Considering (16), (18) and (3), it can be shown as Equation (20):
d T T T/ et L 57, [ A ¢ (20)
Vo =K EVE, +OEVE +E 1 ~a(V; ~bl Vi )l —@i}+®i Al 5 |
If the estimation law is selected as Equation (21):
d 4 -1
@i =i Ei, 21
where y; is a diagonal matrix with positive constant elements, then %Wz becomes as Equation (22):
d T T d | ref 1A 22)
W2 =KEVE/ +E {cEV ! ' —a(Vi bl —Vy ) -yl —@i}.
If the following control law is selected as Equation (23):
1 d yref L& (23)
V; =V +bl; +g(cEv +E|rfe — a7 — O +kiEi)
where ki is a diagonal matrix with positive constant elements, then %Wz can be obtained as Equation (24):
d 24

e = —k,ETE, —KETE; <0.

It is shown that the time derivative of the Lyapunov function W, is strictly negative, therefore it implies that the proposed
voltage control system is asymptotically stable.

4.2. IOFL Control of Grid-following DG Units
4.2.1. Power controller design
For Grid-following units, the primary control objective is to manage the active/reactive power supplied by the generation units.

In the subsequent sections, it will delve into the detailed design procedure of the presented power controller. The instantaneous
active/reactive power components produced by the DG unit can be mathematically represented as Equations (25,26) [28-29]:

P=Vi It =Vl +Vigltg (25)
1
Q=Vi.ly =Viglyg Vil (26)
In Equations (25,26), the symbol “ - ” represents the inner product of two vectors, and the superscript “ | ” indicates a phase lag

of 90° with respect to the original vector. Based on Equations (25,26), the matrix form of instantaneous power equation of DG units
can be expressed as Equation (27):
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S=E¢l; 27)
With Equation (28,29):
s=[P QI', (28)
Via  Vig 29
t {qu Vg }

By differentiating (27), it can be obtained that as Equation (30)
d (30)
ddtS=dthf |f + Ef a |f

If %Vf dq and % I ,dgq are substituted into Equation (31), it can be expressed as Equation (31):

31
ES=G+H+aEfVi+YS, ( )

dt
With Equation (32):
G C(Ifd—lod)+a}0qu C(Ifq—loq)—a)o\/fd (32)
= £
¢(11q—log)— @V1g —C(|fd—|od)—a’onq
(33)
a(bl fd +Vfd )—Cz}ol g
H =-E; ,
a(bl fq +qu)+(1)0| fd
34
Oy Oy Oig  Ojq ©9
YS = | ft Ef )
®vq _®vd ®iq _®id

where the vector 1’y represents the lumped uncertainties affecting the dynamics of S. Based on the IOFL control theory [27],

by choosing the control input V; as Equation (35):

Vi=LUP(-G-H+U), @)
where U; should be determined as a new control input, %S can be expressed as Equation (36):

d

SS=Ui+Y, (36)
Letting the tracking error denoted by Equation (37):

E,=5" —s, (37)
and the error between the lumped uncertainties 15 and its estimated value Y s denoted by Equation (38):

Yo=V-1s, 8
a positive definite Lyapunov function can be chosen as Equation (39):

1 (39)

T leg
W3 :EES =N +EY5 7sY¥s,
where Y¢ is a diagonal matrix with all positive constant diagonal entries which are the adaptation law gains. Differentiating

W3 with respect to time gives Equation (40):

d 7(d o7 d - (40)
—W,o=E; | —E. [+ Y — Y |
dt 3 s(dt sj s?’s(dt S\J

By selecting the adaptation law as Equation (41):
d . 1 (41)
at Y =—ys Eg,

then, %Ws can be given by Equation (42):
d T d ref - (42)
—W,=E; | —S~ -U;-Y, [.
dt 3 S ( dt i s

Now by choosing the control input Ui as Equation (43):

A 43

ui:%sref ~ T +keEs, “3)

where Kgg is a diagonal matrix consisting positive constant elements, %Wg can be written by Equation (44):

:
LW; = —kgsE{Es <O0. (44)

Hence, the time derivative of the chosen Lyapunov function is negative definite, indicating asymptotic stability of the power
control system.
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4.2.2. Compensation of unbalanced load current

In Figure 1, it is considered that a combination of both balanced and unbalanced loads is connected to the Grid-following unit’s
PC buses. In addition to generate pre-specified powers, the control objective is to compensate the effect of an unbalanced load by
injecting required NSCCs by the corresponding Grid-following unit. For this purpose, the instantaneous power reference of Grid-
following unit is determined as Equation (45):

f —set
gref _ gpre—se +%Ef|r|1 (45)

where, IE is the NSCCs of local load of Grid-following unit. In order to regulate the active/reactive of Grid-following unit and
to generate the NSCCs of the local load, the obtained power reference is robustly tracked by the proposed direct power controller.

5. Simulation Results

To assess the effectiveness of the proposed control strategy, the MG depicted in Figure 1 is simulated using the MATLAB/Simulink
software environment. The system parameters can be found in Table 1. In the studied MG, the Grid-forming (DG,) unit utilizes the
proposed voltage controller, while the Grid-following (DG,) unit employs the proposed power controller. The study includes four
simulation cases, each detailed in the subsequent subsections. The case studies provide insights into the MG performance under
various scenarios, including parametric uncertainties, the black start process, energization with unbalanced loads, and the accidental
outage of Grid-following units. It’s important to highlight that across all case studies, the parameters and topology of the controllers
remain consistent.

5.1. Microgrid Black-Start

The objective of this case study is twofold: 1) MG Black-Start Capability: It aims to showcase the MG’s ability to black-start, which
refers to the process of restoring power to the system after a complete shutdown. 2) Robustness of Proposed Control Strategy: The

study evaluates the robustness of the proposed control strategy in the face of parametric uncertainties within the MG. In studies, the

Grid-forming unit is black-started with V;ef =0, while the power reference of Grid-following unit is set to Pzref =0 and Qgef =0

. Subsequently, V¥ef is increased to 1 p.u. with an exponentially trajectory. In this study, the robust performance of the proposed

controllers is assessed under parametric uncertainties. Specifically, a 20% step-mismatch is introduced in the filter resistance
starting from t=0.3 s.

At t=0.4 sand t=0.8 s, the active/reactive power components of the reference signal of DG2, are exponentially increased to
0.4 p.u. and 0.3 p.u., respectively, with 0.005 s time-constant. The response of MG to explained events is depicted in Figure 3. The
voltage magnitude of DG1 is indicated in Figure 3(a). This quantity can be obtained by Equation (46):

V = V)7 + (V) (46)

According to Figure 3(a), the filter voltage exhibits a stable and rapid response as it closely follows its reference command.
Notably, this behavior demonstrates strong robustness even in the presence of parametric uncertainties and during the black-start
process of the Grid-forming unit. The active/reactive power components of DG2 and DG1 are depicted in Figure 3(b) and (c).
According to Figure 3(b), the active/reactive powers of the Grid-following unit closely track their respective reference signals.
Notably, there are no observable transients or inter-channel interactions. In Figure 3(d), the voltage magnitude at the point of
common coupling (PCC) can be observed. Additionally, Figure 3(e) and Figure 3(f) provide zoomed views of the voltage waveform
at the PCC for periods around t=0.4 s and t=0.8 s, respectively. Based on the information provided, the transients of the PCC
voltage are practically insignificant. This case study serves as a demonstration of the robust performance of the proposed control
strategy. Despite uncertainties in system parameters and the black-start process of the Grid-forming unit, the strategy effectively
tracks reference commands and maintains system stability. Additionally, it validates the MG’s black-start capability under the
presented control method.

5.2. Unbalanced Load Energization

5.2.1. Energization of Unbalanced Load1

In this case study, the focus is on demonstrating the robust performance of the proposed voltage controller under unbalanced
load conditions. Despite the challenges posed by varying loads, the controller aims to maintain stability and effectively regulate the
system. In this case study, we consider the following scenario: 1 (The MG system initially operates under the conditions described
in Subsection 5.1. 2) At t=1.7s, an unbalanced load is connected to the low-voltage side of feeder F;. In this case study, the
unbalanced load connected to the MG system consists of a series RL circuit between phase-b and phase-c. Specifically: the load
resistance is 3.6Q and the load inductance is 8.6mH .
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Figure 3. Black-start of Grid-forming unit and energization of a Grid-following unit: (a) magnitude of output voltage of DG1, (b) and (c) active/reactive

power components of DG2 and DG1, (d) PCC voltage magnitude, and (e) and (f) instantaneous PCC voltage around t = 0.4sand t=0.8s.

Figure 4(a)-(g) indicated the instantaneous current of load, the load current magnitude, output power components of DG1 and
DG2, the voltage magnitude of the PCC and filter, and the PCC bus's instantaneous voltage, in a time-period around t=1.7 s; and
depicts the dynamic response of MG to energization of the explained unbalanced load. As shown in Figure 4(a) and (b), when Load;
becomes unbalanced, a notable NSCC appears in the load current. This results in an increase in the current unbalance factor (CUF)—
the ratio of NS to PS components—rising from zero to approximately 33.3% . As depicted in Figure 4(b)-(d), the NSCC of the load
current becomes evident through double-frequency oscillations (DFOs) observed in both the magnitude of the load current and the
instantaneous active/reactive power components of the Grid-forming unit. As depicted in Figure 4(c) and 4(d), even with the
unbalanced load energization, the instantaneous active/reactive power components of the Grid-following unit exhibit robust tracking
of their reference values. Notably, there are no observable transients or double-frequency oscillations (DFOs) in these components.
Figure 4(e), (f) and (g) provide confirmation that even under unbalanced load conditions, the proposed voltage controller effectively
and robustly regulates the voltage waveform of the MG. In this case, the voltage unbalance factor (VUF)—which represents the ratio
of the NS to PS components of the filter and PCC voltage—is 0.08% and 0.19%, respectively. These values fall well within the
IEEE Standards requirement for voltage imbalance, which specifies a limit of below 2% for sensitive equipment. This case study
serves as verification of the stability and robustness of the proposed voltage controller under unbalanced load conditions and in the
presence of parameter uncertainties.

5.2.2. Energization of Unbalanced Load2

In this case study, the purpose is to assess the effectiveness of the presented power controller against load unbalance. In this case
study, the MG initially operates under the same conditions explained in Subsection 5.1. In this case, an unbalanced load is energized
through the low-voltage feeder of F, at t=1.7 s. The unbalanced load is composed of a resistor and an inductance connected in
series with parameters of 3.6(2 and 8.6 mH, connected between phase-b and phase-c.
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Figure 4. Energization of unbalanced Load1: (a) instantaneous load current, (b) load current amplitude, (c) active power component of DG1 and DG2,

(d) reactive power component of DG1 and DG2, (e) and (f) amplitude of the PC1 and PCC voltage, and (g) instantaneous voltage of PCC bus.

In Figure 5, the system’s response following the connection of the described unbalanced load can be observed. The time period
of interest is about t = 1.7 s. Figure 5(a)-(b) indicate the load current in instantaneous form as well as magnitude form. As shown
in Figure 5(a), since the Load2 becomes unbalanced, the load current is imposed with a significant NS component, such that an
increase of about 33.3% has occurred in the load current CUF index. When analyzing the load current, the NSCC becomes evident
through DFOs in the detected amplitude of the load current, as indicated in Figure 5(b). These oscillations are a result of the
unbalanced load conditions that discussed earlier.

In Figure 5(c)-(d) the active/reactive power of both DG units are shown. From these plots, it can be observed that the average
active and reactive power values of the Grid-following unit closely follow their respective references, even when dealing with load
switching and unbalanced load conditions. However, under unbalanced load conditions, the instantaneous values of the
active/reactive powers of Grid-following unit are influenced by DFOs. The DFOs related to DG2 is directly affected by NSCC of the
load. The sudden variations observed in the average powers of Grid-forming unit are a result of step demand variation of the loads.
Figure 5(e)-(g) shows the magnitude as well as the instantaneous voltage of PCC bus and filter. They indicate that when the load
become unbalanced, the voltage waveform throughout the system is robustly regulated by the presented control structure. The VUF
of both the filter and PCC voltage in this case are less than 0.01%. This case study demonstrates that subject to unbalanced load
conditions, the control system designed in this paper is stable and robust.
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Figure 5. Energization of unbalanced Load2: (a) instantaneous load current, (b) load current amplitude, (c) active power component of DG1 and DG2,
(d) reactive power component of DG1 and DG2, (e) and (f) amplitude of the PC1 and PCC voltage, and (g) instantaneous voltage of PCC bus.

5.3. Unexpected disconnection of Grid-following Unit, under unbalance conditions

The purpose of this case study is to verify whether the proposed voltage control structure can ensure the stability of the MG
following an unexpected disconnection of the Grid-following unit. This outage is considered a large-signal disturbance. The only
condition for stability is that the demand of the MG must can be met by the Grid-forming unit. Before the Grid-following unit
disconnection, the MG system operates according to the conditions outlined in Subsection 5.2.2. At t=2 s, the Grid-following unit is
disconnected from the MG and the loads of feeder F2 are supplied by the Grid-forming unit. Figure 6(a)-(g) shows the load current
magnitude, the instantaneous active/reactive power of the both DG units, a zoomed view of Ppg; and Qpg , amplitude of the filter
and PCC voltage, and instantaneous value of PCC voltage. Considering these plots, it can be seen that after outage of Grid-following
unit, the power generated by the Grid-forming unit is adaptively adjusted so that the absence of generation at PC2 is offset. In
addition, despite the mismatched filter resistance and accidental outage of Grid-following unit, even under non-local unbalanced
load condition, the proposed voltage controller robustly regulates the voltage waveform of MG with a reasonable transient, as
indicated in Figure 6(e)-(g).

6. Conclusions

In this paper, a robust control structure is presented for islanded operation of a MG comprises several buses fed by multiple inverter-
based DG units. In this proposed control strategy, the Grid-forming/Grid-following structure is utilized. Specifically, an adaptive
Backstepping control method is employed to ensure that the voltage magnitude and frequency of the Grid-forming unit closely follow
predefined trajectories. This approach aims to enhance stability and reliability in the operation of the multi-bus microgrid. In this paper,
an adaptive direct power controller using the IOFL control method is also presented that its purpose is to regulate the active/reactive
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power supplied by the Grid-following units. The effectiveness of the proposed control scheme is demonstrated through various simulation
case studies conducted in the MATLAB/Simulink software. These simulations confirm the robust and stable performance of the control
scheme, even in the presence of MG parameter uncertainties, black-start scenarios, unbalanced load energization, and sudden accidental
outages of Grid-following units under unbalanced load conditions. The important results of the article are summarized as follows:

. The proposed control scheme is designed based on local measurements and is operated independent from the MG loads
characteristics.

. The lumped uncertainties respectively effects on dynamics of voltage as well as power of Grid-forming and Grid-following units,
containing disturbances and parameters variations, are compensated by an adaptive estimation method.

. These adaptive terms enhance the system’s robustness against measurement errors and modeling inaccuracies.
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Figure 6. Accident outage of Grid-following unit: (a) load current amplitude, (b) active power component of DG1 and DG2, (c) reactive power
component of DG1 and DG2, zoomed view of (d) PDGl and QDGl , (e) amplitude of the PC1 voltage, (f) amplitude of PCC bus voltage, and (g)

instantaneous voltage of PCC bus.
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