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Abstract—In an autonomous droop-based microgrid, the sys-
tem voltage and frequency (VaF) are subject to deviations as
load changes. Despite the existence of various control methods
aimed at correcting system frequency deviations at the second-
ary control level without any communication network, the chal-
lenges associated with these methods and their abilities to simul-
taneously restore microgrid VaF have not been fully investigat-
ed. In this paper, a multi-input multi-output (MIMO) model ref-
erence adaptive controller (MRAC) is proposed to achieve VaF
restoration while accurate power sharing among distributed
generators (DGs) is maintained. The proposed MRAC, without
any communication network, is designed based on two meth-
ods: droop-based and inertia-based methods. For the microgrid,
the suggested design procedure is started by defining a model
reference in which the control objectives, such as the desired
settling time, the maximum tolerable overshoot, and steady-
state error, are considered. Then, a feedback-feedforward con-
troller is established, of which the gains are adaptively tuned by
some rules derived from the Lyapunov stability theory.
Through some simulations in MATLAB/SimPowerSystem Tool-
box, the proposed MRAC demonstrates satisfactory perfor-
mance.

Index Terms—AC microgid, communication-free secondary
control, droop-based method, inertia-based method, model refer-
ence adaptive controller (MRAC), simultaneous voltage and fre-
quency restoration.

1. INTRODUCTION

UE to concerns over global warming, rising electrical

energy consumption, and the depletion of fossil fuels,
renewable energy sources (RESs) have received significant
attention. Microgrid, a relatively new concept, offers a
means to integrate RESs into existing distribution networks.
Microgrids are small power networks that can operate in ei-
ther islanded or grid-connected mode [1]. In the islanded
mode, it is crucial to maintain system voltage and frequency
(VaF) close to their nominal values to ensure a continuous
power supply to local loads. To achieve a safe and efficient
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operation, the active and reactive power including load pow-
er should be shared precisely among distributed generators
(DGs) based on their power ratings. The control of an island-
ed microgrid is a challenging and complex task, as multiple
control objectives must be achieved simultaneously.

To enhance the intelligence and flexibility of microgrids, a
hierarchical control structure comprising three levels, i.e., pri-
mary control, secondary control, and tertiary control, has
been extensively employed in microgrid control [2]-[4]. The
primary control level is responsible for ensuring VaF stabili-
ty and providing control over active and reactive power shar-
ing among DGs [5]. The secondary control level is designed
to address the VaF deviations introduced by the primary con-
trol level [6], [7]. The tertiary control level manages power
flow between the microgrid and the main grid and facilitates
economically optimal operation [8], [9]. The main objective
of this paper is to address the simultaneous VaF restoration,
which is included in the secondary control level.

The primary control usually consists of a droop controller,
inner voltage and current control loops, and a virtual imped-
ance [3], [7]. In order to improve power quality and power
sharing, a virtual impedance method is proposed [10]-[12],
where the output impedance is characterized as resistive, in-
ductive, or complex impedance. Inner voltage and current
control loops along with the droop controller are responsible
for VaF stability and power sharing, respectively. The active
power-frequency (P-w) and reactive power-voltage ampli-
tude (Q-F) droop control method has been identified as supe-
rior in primary control due to its high flexibility, reliability,
and power sharing capability without relying on communica-
tion links among DGs [13]. However, the conventional
droop control method is afflicted by a significant issue relat-
ing to VaF deviations, which are caused by the inherent
trade-off between power sharing accuracy and the rate of
voltage regulation. To mitigate VaF deviations resulting from
droop control, secondary control methods are proposed [14],
[15], which are typically classified into centralized, distribut-
ed, and decentralized ones. Detailed information about the
secondary control methods is provided in [16]-[18].

To achieve secondary frequency control (SFC) only using
local variables of DGs and eliminate the need for communi-
cation links among DGs, decentralized methods have been
proposed. These SFC methods can be categorized as either
proportional-regulator-based or proportional-integral-regula-
tor-based methods depending on the type of controller used,
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which are defined as P-SFC and PI-SFC methods, respective-
ly. In [19] and [20], the P-SFC methods produce the same
compensation value, thereby preserving the active power
sharing attained by the primary controller. Nevertheless, the
employed methods cannot completely restore the frequency
to its desired value. To cope with this problem, the PI-SFC
methods are suggested for the frequency restoration without
any communication links. A practical PI-SFC method for the
virtual synchronous generator (VSG) [21] and the decentral-
ized optimal secondary controller [22], in which the parame-
ters of PI controller are selected by finding the solution of a
Riccati equation, is proposed to regulate the frequency.
Nonetheless, these methods are ineffective if the DGs have
different parameters or start-up conditions. Since there is no
communication among the DGs, they follow their own local
references, which leads to conflicts among DGs. Each DG
endeavors to regulate the system frequency based on its set-
tings, causing the power sharing to gradually deteriorate.

In [23], a small AC-signal injection technique is proposed
to improve the accuracy of active power sharing among DGs
and restore the frequency of the system. Although this tech-
nique addresses the issue of imprecise power sharing by in-
jecting an additional AC signal into the output voltage of the
DG and reconstructing the droop control, it is achieved by
sacrificing the accuracy of the voltage performance. A
switched secondary controller that combines the advantages
of P-SFC and PI-SFC methods is proposed in [24]. This con-
troller involves adopting P-SFC and PI-SFC methods in a
predefined time protocol to achieve frequency restoration
and real power sharing simultaneously without relying on
communication links. However, the effectiveness of this con-
troller is heavily reliant on the accuracy of the event detec-
tion strategy. Hence, any failure in the event detection mech-
anism can lead to deteriorated system performance.

Model reference adaptive systems (MRASs) are used to
design adaptive controllers for different classes of uncertain
dynamic systems. The fundamental concept is to adjust the
controller parameters in such a way that the system output
tracks a reference model output, acting as the desired trajec-
tory [25]. Due to the existence of various types of uncertain-
ties and unknown/unmodelled dynamics, the MRASs can be
systematically applied in autonomous AC microgrids. The
main challenge considered in this paper is to achieve simulta-
neous VaF restoration of AC microgrids while ensuring accu-
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rate power sharing among DGs without any communication
links based on local measurement. To this end, an multi-input
multi-output (MIMO) model reference adaptive controller
(MRAC) is proposed, which can be based on two methods:
droop-based and inertia-based methods. Furthermore, the pro-
posed MRAC is independent of the parameters of the feeder
line or the output impedance of DG. Consequently, it guaran-
tees accurate power sharing among DGs. The significant contri-
butions and key features of the proposed MRAC are as follows.

1) The proposed MRAC can be flexibly applied to two
different AC microgrid types, i.e., droop-based and inertia-
based microgrids.

2) Since the parameters of the controller are directly ad-
justed, there is no need to estimate the parameters of the sys-
tem model. Therefore, this leads to a reduction in the compu-
tational burden.

3) The selected reference model has a fully decoupled
structure, which enables the independent control of active
and reactive power through two entirely separate control
loops even in the presence of uncertainties.

4) The proposed MRAC offers the potential to attain ap-
propriate power sharing with high droop coefficients in a
droop-based AC microgrid without causing instability.

The rest of this paper is as follows. Section II describes
the small-signal modeling of DGs. Section III describes the
design procedure of the proposed MRAC. In Section IV, sim-
ulation results of the proposed MRAC in an autonomous AC
microgrid are evaluated. The conclusion of this paper is pre-
sented in Section V.

II. SMALL-SIGNAL MODELING OF DGS

The diagram of a DG equipped with the proposed MRAC
is shown in Fig. 1, where each DG consists of three-phase
voltage source inverters (VSIs) connected through an LC fil-
ter. The DG is connected to the point of common coupling
(PCC) via a feeder line and supplies power to a local load.
PWM is short for pulse width modulation. Figure 1 presents
a detailed control schematic of the DG using a communica-
tion-free MIMO adaptive controller. The proposed MRAC
generates compensation signals, indicated by u; and u,,
which are added to the measured active and reactive power
to simultaneously restore the VaF of DG. Additionally, the
accurate power sharing is guaranteed by implementing droop
control and virtual impedance.
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Fig. 1. Diagram of DG equipped with proposed MRAC.
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A. Droop Control

The output active power P and reactive power Q of invert-
er can be formulated as [26]:

3 .
P=—"—(RE*-REVcos5+XEVsind 1
R2+X2 ( ) ( )
0= Rzin (XEZ—XEVcosé—REVsiné) 2)

where V' and E are the amplitudes of the AC bus voltage and
the inverter output voltage, respectively; R and X are the re-
sistive and inductive components of the feeder line, respec-
tively; and ¢ is the power angle.

If the line impedance is highly inductive (R=0), the out-
put active and reactive power of inverter can be reformulat-
ed as:

EV .
P= 751n5 3)
0= E(E—)I;cos 0) @)

Since ¢ is relatively small, sind~J and cosd=1. Thus,
the well-known droop-based method (P-® and Q-E) can be
rewritten as:

a):a)*—kp(P—P*) 5)
E=E -k, (0-0") (6)

where k, and k, are the droop coefficients of frequency and
voltage, respectively; P* and Q" are the active and reactive
power references, respectively; and " and E are the fre-
quency and voltage references, respectively.

By assuming small disturbances around the equilibrium
point defined as (J,, £, V), (1), (2), (5), and (6) can be lin-
earized as (7)-(10), respectively.

AP= kpeAE + kpdA5 7
AQ= kquE + kqué ®)
Aa)zAw*—kpAP+kpAP* 9
AE=AE" -k, AQ+k ,AQ" (10)
3RE 3XE? 3XE
Where kPe: R2+X2; sz R2+X2; qe= R2+X2; and kqdz
—3RE?
R*+X*

Assuming that ", E*, P, and Q" are constant, the devia-
tion terms in (9) and (10) can be ignored. To filter out the
high-frequency components in the measured power compo-
nents caused by load unbalance, low-pass filters (LPFs) are
typically used in power control loops. These LPFs introduce
a multi-time-scale separation between the inner voltage and
current loop and the outer power loop, where the latter is
more than ten times slower than the former [27], [28].
Hence, the inner loop is often ignored in the modeling pro-
cess of microgrids [29], [30]. This paper exclusively focuses
on the design of an adaptive controller for the power loop.
Since the proposed MRAC is an adaptive one, it can com-
pensate for adverse effects of uncertainties including unmod-
eled dynamics due to ignoring the dynamics of the inner
loop. The steady-state values of the frequency and voltage
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magnitude are achieved through static droop control. There-
fore, the local control method of the DG, known as the
droop control method (P-w and Q-F), can be written as:

A=k 22

“w= ps-i—wp (11)

AE=—f s AQ (12)
‘*s+wq

where @, and o, are the cut-off frequencies of the active
and reactive power loops, respectively.

By defining the state vector x(f)=[Ad(), Aw(t), AE®)],
the state-space representation of the studied system is ex-
pressed as:

x(t)=Ax(t)+ Bu(t)
{y(r>=Cx(t) )
where p(f) and u(f) are the system output and the control in-
0 1 0
put, respectively; 4= | —k,w k, -o, —k,o.k,, | B=
“kowky 0 Ao, +kwk,)

T
{0 ko, 0 };andcz[o 1 0}
0 0 ko, 00 1

According to (13), the studied system is a two-input two-
output (TITO) system; hence, the control inputs can indepen-
dently regulate two outputs. To investigate this issue, the
functional controllability of the system can be used. The
transfer function matrix G(s) of (13) is obtained as:

G(s)=C(sI-A'B=

0.003s>+ 1.046s 80.89
S S
g(s) 2 g(s) (14)
—0.26s 0.041s>+1.2835+296.5
g(s) g(s)

where g(s)=s’+385.5s*+1.838 x 10*s+2.745 x 10°% and I is
the unit matrix.

Definition Consider the transfer function matrix G(s)
with m-input /-output. G(s) is functionally controllable pro-
vided that the normal rank of G(s) is equal to / [31].

Based on the above definition, the necessary and suffi-
cient condition for the functional controllability of (14) is
|G(s)\ #0. Using the parameters of the studied system [3], as
given in Tables I-1V, it can be concluded that the system is
functionally controllable since |G(s)\ #0; therefore, it is pos-
sible to achieve two independent objectives. In this paper,
the control objective is the VaF regulation of the AC mi-
crogrid associated with accurate power sharing.

TABLE I
ELECTRICAL PARAMETERS OF STUDIED SYSTEM

Parameter Value
DC voltage V4, (V) 690
Switching frequency f, (Hz) 1650
Nominal frequency o, (rad/s) 100m
Nominal voltage amplitude £, (V) 220V2
Cut-off frequencies w,, w, (rad/s) 314,314
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TABLE 1T
DG SPECIFICATION OF STUDIED SYSTEM

Parameter Value
DGs 1 and 2 DGs 3 and 4

Resistance of LC filter R; () 0.1 0.1
Inductance of LC filter L, (mH) 1.35 1.35
Capacitance of LC filter C; (uF) 50 50
Feeder resistance R () 0.03 0.03
Feeder inductance L (mH) 0.35 0.35

k, 9.4x107° 12.5%107°

ky 13x107 1.5x107°

TABLE III

INNER-LOOP CONTROL PARAMETERS OF STUDIED SYSTEM

Value
Parameter
DGs 1 and2  DGs 3 and 4
Proportional coefﬂcu?nt of voltage 01 0.05
controller gain K,
Integral coefﬁment' of voltage 420 390
controller gain K,
Proportional coefficient of current
: 15 10.5
controller gain K
Integral coefficient of current 20000 16000

controller gain K.

TABLE IV
LINE PARAMETERS OF STUDIED SYSTEM

Line Resistance (Q) Inductance (nH)
Line 1 0.23 138
Line 2 0.30 600

B. Inertia Control

Droop-based microgrids are generally inertia-less and sen-
sitive to faults. Control methods such as using VSGs and vir-
tual synchronous machines (VSMs) have been suggested to
provide inertia support [21], [32]. These methods emulate
the transient characteristics of synchronous generators (SGs)
by mimicking their basic swing equation. VSGs add virtual
inertia to the system, improving the stability and perfor-
mance of microgrid. As the inertia response is caused by the
rotation of heavy mass and is proportional to the rotor
speed, VSGs can directly enhance the frequency response.
Inadvertently, the usage of LPFs introduces virtual inertia to
the DG, similar to the VSG [33]. The swing equation for the
VSG control can be expressed as [32], [34]:

-1

A= —————
@ Jw,s+D,

15)
where J and D, are the virtual moment of inertia and the vir-
tual damping factor in the active power loop, respectively.
Paying attention to (11), the droop control with an LPF is
equivalent to the VSG control. The relations between them
can be stated as:
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J= !
wk,0, 16)
1
D, = T

The droop control (non-inertial) can be considered as a
specific case of the inertial one, i.e., J=0 or w =o. There-
fore, it is possible to represent both using a general model.
In this paper, the droop control with the LPFs is selected as
the representative.

III. DESIGN OF PROPOSED MRAC

The block diagram of the proposed MRAC is presented in
Fig. 2. The main components of the proposed MRAC struc-
ture include the reference model, controller, and adaptive
mechanisms. All control objectives are taken into account in
the designed reference model, after which the adaptive mech-
anisms change the parameters of controller to ensure that the
closed-loop control system functions like the reference mod-
el. The rest of this section explains the design procedure of
the MRAC for the studied DG in detail.

Reference model

] E0 A5 (B0

) Controller

HKx(t)x(t)JrKr(t)r(t) }"—(t){ HO=Ax()y Bt X

Adaptive mechanisms
{Kx(t)=BTPe(t)xT(t)Fx
K()=B"Pe()r' (0T,

Fig. 2. Block diagram of proposed MRAC.

A. Reference Model Design

Since the state-space representation in (13) is third-order,
the following reference model is considered:

-a,, 0 0 0 0
x,®=| 0 -a, 0 |x,®O+|a, 0 |r@)=
0 0 -a, 0 a.,
A, x. (O)+B, 1) 17

where x () and r(¢) are the state variable vector and the in-
put vector of the reference model, respectively; and a,,, @
and a,; are three positive real numbers that have been select-
ed based on time-domain performance criteria such as set-
tling time, rise time, overshoot, and frequency-domain speci-
fications, including phase and gain margins. The reference
model (17) has a fully decoupled structure that can provide
acceptable performance even in the presence of unknown dy-
namics. The tracking error e(¢) is defined as:

e(t)=x,, (1)—x(r) (18)

The problem is to design a controller for (13) such that
e(?) asymptotically tends to zero, even though A is unknown.
Remark 1 As the design parameters (k,, k,, @, and w,)

are chosen by the designer, B is known. In contrast, 4 is un-
known since it depends on the parameters of feeder line.

m2>
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B. Controller Structure Selection

A general feedback-feedforward structure is considered for
the adaptive controller as:

u()=K, (0)x(t)+ K, ()r(7) (19)
where K, (f)e R** and K, (tf)e R**? are the feedback and
feedforward gains, respectively.

To track the reference model by the closed-loop system, it
is sufficient to select K, (1)=K and K (1)=K, where K
and K are ideal gains that are obtained from:

A+BK'=A_ (20)
BK' =B, 21)

The necessary and sufficient condition to have a solution
for the pole placement problem (20) is the controllability of
the pair (A4,B). By constructing the controllability matrix
®.=[B AB A’B], it can be observed that it is full-rank,
and consequently, this condition holds. Since some parame-

ters of the system are unknown, adaptive mechanisms are
needed to estimate the controller parameters K, and K.".

C. Adaptive Mechanism Design

The Massachusetts Institute of Technology (MIT) rule and
the Lyapunov-based approaches are typical for designing the
adaptive mechanism [35]. The MIMO MRAC is designed us-
ing the latter technique since the stability of the closed-loop
system is guaranteed. To this end, the error dynamics are
found using (13), (17), and (19) as:

0=x,, () -x%(1)=A,e()- BK, ()x(0)- BK, ()r()  (22)
where K, (1=K, (1)~ K. and K.(1)=K.(/)- K. Now, consider
the following Lyapunov candidate function:

V(@) K, (0. K, (0)=e" ()Pe()+ (K, (O K (1) +

(KO K () (23)

where tr(X) is the trace of the square matrix X; I' =
I''eR and I''=I" € R*? are two positive-definite adap-
tation rate matrices for K, (f) and K, (¢), respectively; and P=
P" e R¥ is the unique positive-definite solution of the fol-
lowing Lyapunov equation:

AL P+PA =-Q,, (24)
where @, =Q! e R*** is a positive-definite matrix. Since all
the eigenvalues of A, are strictly positive, (24) has a unique
positive-definite solution.

The time derivative of the Lyapunov candidate function is
expressed as:

V(e@). K, (0).K.(0)=—¢" Q)+
2u(K, (t(—x(0)e" ()PB+T,' K 1))+

2tr(K, (1)(—r(0)e” () PB+ T K (£))) (25)
The following adaptive laws are selected:
K, ())=B" Pe()x" (1)I", (26)
K_()=B"Pe(t)r" ()T, (27)
And we have:
V(e). K, (1), K, ()=—€" ()0, e(t)<
ia @) e[ }<0 (28)
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where 1.,,(0,,) is the smallest eigenvalue of Q.. It can be
concluded that e(?), I~(x (), and I~(r (t) are bounded due to
V(e(t), Kx @), IZ’r (#))<0 [35]. To investigate the asymptotic sta-
bility of e(?), the following two Lemmas are presented.

Lemma 1 (Barbalat’s Lemma) If the differentiable
function f(#) has a finite limit as #— oo and f (#) is uniformly
continuous, then f (tH)—>0 as t—> oo [25].

Lemma 2 If /(¢) is bounded, then f(7) is uniformly contin-
uous [35].

We can compute:

lim V(e(0). K, (1). K. ()=
V(ey 0. K o (0. Ky (0)~ 1 (@) | eO) |

where the subscript 0 represent the initial values.
Thus, V(e(t),K,(¢),K.(?) has a finite limit as #—> oo. Since
|| e() ||2 exists, e(t)e L, L., but || 0] || e L, where L, is the
set of all signals for which the integral of their squared mag-
nitudes over the entire domain is finite; and £, is the set of
bounded signals. V(e(?), K, (¢), K, (f)) can be shown to be uni-

formly continuous by evaluating if its derivative is bounded.
V(e). K, (0. K, (1) =—¢" (0Q,e) " (0Q,,é(1)=

—e' (1(Q,A+A47Q,,)e(t)-2¢'Q,, (A, e(t)-

BK. (0)x(t)~ BK., ()r(1)

(29)

(30)

Since e(7), K, (¢), and K, (¢) are bounded, V(e(?). K, (¢). K. (1))
is bounded. Consequently, V(e(t), IZ’X (t),f(r (t)) is uniformly
continuous. Using Lemma 1, e(f) is asymptotically stable.
Theorem 1 summarizes the stability property of the closed-
loop system.

Theorem 1 If (A4,B) is controllable and for any positive-
definite Q,,, the system (13) under the structure of adaptive
controller (19) and the adaptive laws (26) and (27) asymptot-
ically follow the reference model (17).

The main design steps of the proposed MRAC are illus-

trated in Fig. 3.

‘ Select the desired reference model (17) ‘

]
| Construct the control law (19) |

>
Specify 0,

| Solve Lyapunov equation (24) |

Does a solution exist?
Y{

‘ Select I, and I,
]
| Compute adaptive laws (26) and (27) |

Is performance
verified?
Y
d

Fig. 3. Main design steps of proposed MRAC.

1
‘ Readjust I', and I,
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IV. SIMULATION RESULTS

The single-line diagram of the studied microgrid is shown
in Fig. 4. The proposed MRAC in two scenarios, i.e., droop-
based and inertia-based MRAC, is applied to an autonomous
AC microgrid consisting of four different DGs that supply
three local loads.

Load 1

Load 2 Load 3

Fig. 4. Single-line diagram of studied microgrid.

Remark 2 The proposed MRAC can be applied to two
different types of microgrids: droop-based and inertia-based
ones. Droop-based microgrids demonstrate fast dynamic re-
sponses due to their inertia-less characteristics. Since inertia-
based microgrids prioritize emulating the inertia and kinetic
energy of traditional generators to enhance grid stability
[34], this type of microgrid is associated with slow dynam-
ics. Paying attention to the different dynamical properties of
droop-based and inertia-based microgrids, the key parame-
ters a,,-a,,, and Q,, are selected to achieve different perfor-
mance criteria. For example, for droop-based microgrids,
larger values of a,,-a,,, are selected in comparison with iner-
tia-based microgrids. Furthermore, Q,, determines the conver-
gence rate of the desired closed-loop system. In the inertia-
based microgrids, unlike the droop-based one, this parameter
is deliberately set to be a low value to establish a desired
closed-loop system characterized by a slow dynamic re-
sponse.

A. Droop-based MRAC

In this subsection, the ability of the droop-based MRAC
to regulate the VaF of microgrid to their desired values is
evaluated. To design the MRAC with the desired settling
time of approximately 0.1 s and rise time of 0.06 s, without
any overshoot, the parameters of (17) are set as a, =
35, a,,=40, and a,,;=30. The input vector of reference mod-
el is r(t)=[100m, 220 V27" To attain the control objectives
with desired performance, the design parameters are consid-
ered as I', =diag(100, 600, 100), I'.=diag(600, 100), and Q, =
diag(2500, 5000, 2500), respectively. It is assumed that at 7=
0.3 s, loads 1 and 3 with values of S,=(10+j2.5 kVA and
S;=(8+j2.5 kVA are applied to the system, respectively.
The changes for load 2 are: during 0.3<¢<0.6 s, S,=(22+
j17) kVA; during 0.6 s<¢<0.9 s, S,=(12+j12)kVA; and dur-
ing 0.9s<r<1.2s, S,=(20+j20)kVA.

The frequency and voltage of DGs 1-4 with conventional
droop controller are shown in Fig. 5(a) and (b), respectively.
The conventional droop controller suffers from a steady-state
error. Figure 6(a) and (b) shows the frequency and voltage
of DGs 1-4 during load changes with the droop-based
MRAC, respectively. The droop-based MRAC quickly re-
stores the frequency and voltage of microgrid to 50 Hz and

1199

2202 V under the sequential variations of the load, respec-
tively. The active and reactive power of DGs are shown in
Fig. 6(c) and (d), respectively, where the accurate power
sharing is achieved by the droop-based MRAC without any
communication infrastructure. For DG 1, the time evaluation
of the controller parameters is shown in Fig. 7. These param-
eters do not converge to their ideal values in (20) and (21).
This fact coincides with the results obtained by Barbalat’s
Lemma [25], [35]. While the closed-loop system achieves
the desired control objectives, the parameters of the droop-
based MRAC remain bounded.
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To demonstrate the superiority of the droop-based MRAC,
a comparison is conducted with an average-based distributed
secondary controller. Detailed information about the design
procedure of this controller can be found in [7] and [36].
Figure 8 shows the active power of DGs 1-4 with the aver-
age-based distributed secondary controller, clearly highlight-
ing the presence of time delays in the zoomed-in plot. Un-
like the droop-based MRAC (see Fig. 6(c)), which operates
without requiring a communication infrastructure and thus re-
mains unaffected by time delays or communication distur-
bances, the distributed secondary structure rely on data trans-
mission through communication infrastructure, making them
vulnerable to these factors.
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Fig. 8. Active power of DGs 1-4 with average-based distributed secondary
controller.

B. Inertia-based MRAC

In this subsection, an inertia-based MRAC is designed to
restore the VaF of microgrid. The VSGs are used to virtually
inject inertia into the system, thereby enhancing the system
stability margin. To achieve the desired closed-loop system,
with a settling time of approximately 2.5 s and rise time of 1.5
s, without any overshoot, the reference model parameters in
(17) and the design parameters of the controller are selected
as a,, =3, a,,=1.5, a,;=0, I’ =diag(9, 15,9),
I',=diag(15,9), and Q, =diag(25,45,25). At t=1 s, loads 1
and 3 with values of S§,=(10+j2.5kVA and S,=@8+
j2.5 kVA are connected to the PCC, respectively. During
1s<t<10s and 10s<¢<20s, the values of load 2 are §,=
(12+j12)kVA and S,=(22+j17)kVA, respectively. The fre-
quency and voltage of DGs 1-4 with the inertia-based
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MRAC are shown in Figs. 9(a) and (b), respectively. As can
be observed, after some fluctuations around their nominal
values, the frequency and voltage are restored to the nominal
values with settling time of 2.5 s and 0.65 s, respectively.
Figure 9(c) and (d) shows the active and reactive power of
DGs 1-4 with the inertia-based MRAC, respectively. The ac-
curate power sharing is achieved in the absence of communi-
cation links. In addition, applying the inertia-based MRAC
significantly improves the maximum rate-of-change-of-fre-
quency (RoCoF) compared with the droop-based one, which
means the system is less sensitive to faults [1], [34].
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Fig. 9. Simulation results of DGs 1-4 with inertia-based MRAC. (a) Fre-
quency. (b) Voltage. (c) Active power. (d) Reactive power.

C. Impact of Design Parameters

The effects of the design parameters on the frequency of
DG 1 are investigated in this subsection. Frequencies with
the droop-based and inertia-based MRAC are shown in Figs.
10 and 11, respectively. It is assumed that a load of 5 kW is
given to the system at 0.2 s and 1 s. The performance indi-
ces under various values of y and ¢, with droop-based and
inertia-based MRAC, are reported in Tables V and VI, re-
spectively. By choosing larger values of ¢, it is apparent that
both the convergence rate of the closed-loop system and the
nadir frequency are significantly improved. In contrast, in-
creasing the adaptation rate y has a minor effect on enhanc-
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ing the convergence rate and the nadir frequency. Conse-
quently, the selection of ¢ has a more significant impact on
the overall system performance.
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TABLE V
PERFORMANCE INDICES OF DROOP-BASED MRAC UNDER
VARIOUS y AND g VALUES
Parameter Value Settling time (s) Nadir frequency (Hz)
50 0.12 49.9986
V 300 0.12 49.9989
600 0.12 49.9991
250 0.14 49.9880
q 500 0.11 49.9920
2000 0.07 49.9980
TABLE VI
PERFORMANCE INDICES OF INERTIA-BASED MRAC UNDER
VARIOUS y AND ¢ VALUES
Parameter Value Settling time (s) Nadir frequency (Hz)
1 4 49.956
7 10 4 49.957
15 4 49.958
5 7 49.938
q 10 5 49.943
30 3 49.954
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D. Eigenvalues Analysis

The trace of eigenvalues for DG 1 with conventional
droop-based controller and proposed droop-based MARC is
depicted in Fig. 12, where k, is varied from 9.4x 107 to
9.4x107.

Conventional

o 1000y iZeaoi N\ 5
g 500 1000 : i
£ 500 1000 ! 2%
£ 201510505
190960 -300 -200 -100 0
Real axis
Fig. 12.  Trace of eigenvalues with increasing k, from 9.4 x 107 to 9.4x

107,

By increasing k,, the eigenvalues of the open-loop system
move towards the right-half plane (RHP), and at
k,=6x 107, the system becomes unstable. However, with
the droop-based MARC, the DG can remain stable even un-
der this condition.

V. CONCLUSION

This paper proposes an MIMO MARC for simultaneous
regulation of VaF in autonomous AC microgrids without re-
lying on a communication network. The suggested MARC is
designed based on two methods: droop-based and inertia-
based methods. The design procedure for the MARC in-
volves three main steps. First, a reference model is construct-
ed using control objectives such as desired settling time,
overshoot, and steady-state error. Next, a feedback-feedfor-
ward structure is considered for the controller. Finally, two
adaptive laws are computed based on Lyapunov’s stability
theory to achieve the desired closed-loop performance. The
effects of the designed parameters on the system perfor-
mance are investigated in detail, demonstrating that they can
be tuned with predictable outcomes. Simulation results con-
firm the effectiveness of the proposed MIMO MRAC in si-
multaneously restoring VaF while ensuring accurate power
sharing among the DGs.
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