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Adaptive Delay Compensator Based Model
Predictive Control for Paralleled VSG-SG
System 1n Islanded Microgrids

Mohammadreza Najafi, Hossein Aliamooei-Lakeh, Hessam Kazari, and Mohammadreza Toulabi

Abstract—The increasing integration of inverter-based renew-
able energy sources (RESs) has significantly reduced the power
grid inertia, leading to challenges in maintaining frequency sta-
bility. Virtual synchronous generators (VSGs), which emulate
the behavior of synchronous generators (SGs), can help address
this issue by providing synthetic inertia and improving system
stability during disturbances. The paralleled operation of VSGs
and SGs is particularly important in islanded microgrids,
where small SGs are commonly used for power generation. This
paper presents a comprehensive dynamic model of a paralleled
VSG-SG system and proposes a model predictive control
(MPC) strategy for VSG to enhance disturbance rejection and
improve dynamic performance. Additionally, an adaptive delay
compensator (ADC) is introduced to manage communication de-
lays between the control center and system. Simulation results
in MATLAB/Simulink demonstrate the effectiveness of the
MPC-based VSG control method in improving frequency con-
trol in various disturbance scenarios.

Index Terms—Frequency control, microgrid (MG), model pre-
dictive control (MPC), delay compensator, virtual synchronous
generator (VSG), synchronous generator (SG), renewable ener-
gy source (RES), inertia.

NOMENCLATURE
A. Variable

7, Amount of delay

O Phase angle difference between synchronous
generator (SG) and reference frame

056> Oy Phase angles of SG and virtual synchronous
generator (VSQG)

W56y O s Angular frequencies of SG and VSG

®, Frequency reference

() Reference signal
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Indices of d- and g-axis variables
Damping coefficient of SG

Damping coefficient of VSG
Electromotive force of SG

Electromotive force of VSG

Field excitation of SG

Electrical quantity like voltage and current
Current of SG line

Current of VSG line

Proportional coefficients in proportional-inte-
gral (PI) controller

Integral coefficients in PI controller
Active droop coefficient of SG

Active droop coefficient of VSG
Reactive droop coefficient of VSG

Integral controller coefficient of VSG
Inertia constant of SG

Inertia constant of VSG

Control horizon

Predicted horizon

A positive integer

Electrical output power of SG
Mechanical input power of SG
Reference active power of SG and VSG

Input active power of VSG
Output active power and reactive power of

VSG
Reference reactive power of VSG

Resistance and inductance of VSG line
Resistance and inductance of SG line
Virtual resistance and inductance of VSG

Resistance, inductance, and capacitance of
RLC filter for VSG

Resistance and inductance of RL load
Base capacity and voltage
Governor delay of SG

Open-circuit time constant of SG
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T, Governor delay of VSG

T. Time constant

V,i, Output voltage and current of VSG

v, Voltage of node b

v, Voltage of arbitrary node connected with VSG
W, Weighting factor

X Reactance of SG

X Transient reactance of SG

B. Matrix and Vector

A, B 'Y State, input, and output matrices

1 Identity matrix

u Predicted optimal control input vector over a
finite future horizon

X State vector

¥y Predicted output vector

1. INTRODUCTION

LIMATE change and excessive consumption of fossil

fuels have led to the widespread development of distrib-
uted generators (DGs) and renewable energy sources (RESs)
such as solar, wind, hydro, and biofuels [1]. These advance-
ments are primarily driven by the need to reduce greenhouse
gas emissions and mitigate air pollution [2]. In microgrid ap-
plications, inverters serve as vital power electronic interfac-
es, enabling the integration of DGs into the power system
[3], [4]. However, compared with traditional synchronous
generators (SGs), power grids dominated by inverter-based
RESs suffer from significantly reduced inertia and damping
characteristics [5], [6]. This reduction in inertia, particularly
with the high penetration of RESs, can lead to frequency de-
viations and instability under disturbances [7].

Control strategies based on virtual synchronous generators
(VSGs) have been proposed to overcome these challenges.
VSGs emulate the electromechanical behavior of traditional
SGs using advanced control algorithms and power electronic
interfaces. This emulation allows them to provide synthetic
inertia and damping, improving the frequency response and
dynamic stability of system. VSGs achieve this by emulating
the frequency and voltage control characteristics of synchro-
nous machines, either fully or partially, depending on the
configuration of grid-connected converters [8]-[11]. Various
VSG topologies and structures have been discussed in [12].

VSGs offer significant advantages over physical SGs, pri-
marily through tunable parameters that enhance the system
dynamic response and adaptability [13]-[15]. Recent research
has explored various control strategies to optimize the VSG
performance, addressing the limitations of traditional and ad-
vanced control strategies. Although the proportional-integral-
derivative (PID) controllers remain widely used, their perfor-
mance degrades under disturbances [16]. To overcome this
problem, adaptive strategies have been proposed, such as a
self-adjusting scheme for real-time active power regulation
[17] and an optimal frequency control method using adap-
tive dynamic programming for virtual inertia tuning [18]. Da-
ta-driven approaches such as an optimal inertia controller
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that adapts to system dynamics [19] and adaptive fuzzy neu-
ral network-based decoupling strategies [20] improve the ro-
bustness at the cost of increased complexity. Similarly, the
H_ control methods enhance active power regulation but in-
troduce trade-offs in overshoot and settling time compared
with droop control [21]. To mitigate the frequency devia-
tions under disturbances, fuzzy logic controllers with virtual
inertia have been introduced [22], [23]. Additionally, the ro-
bust control designs for extended VSGs [24] and state-feed-
back controllers [10], ensuring dynamic stable operation in
both grid-connected and islanded modes, have been investi-
gated, further advancing VSG reliability.

Model predictive control (MPC), which is an optimization-
based control strategy, has recently gained significant atten-
tion owing to its ability to predict system behavior and com-
pute control actions accordingly. MPC handles system con-
straints, manages multi-input multi-output (MIMO) nonlinear
dynamics, and offers robust performance under uncertainties.
MPC provides superior transient responses and disturbance
rejections compared with traditional control methods such as
PID and fuzzy logic. For example, [25] proposes a double-
loop cascaded MPC structure to improve frequency regula-
tion in islanded microgrids with multiple VSGs. This control
shows reduced settling time and lower frequency deviation.
Likewise, [26] introduces a fractional-order VSG controller
using MPC, demonstrating improved frequency nadir recov-
ery and smoother dynamics than conventional methods. Un-
like conventional feedback-based methods, MPC incorpo-
rates predictive capabilities, enabling the anticipation of dis-
turbances and appropriate action planning. In [27], an MPC-
based VSG framework is introduced for islanded microgrids
using energy storage systems, where the real-time frequency
detection is used to forecast the optimal power output. A cas-
caded MPC structure is proposed in [25], allowing flexible
control objectives to be achieved with vector selection and
minimizing the tracking error. In [26], a VSG-MPC control-
ler is presented to reduce the system order and mitigate ac-
tive power fluctuations. However, a critical challenge in ap-
plying MPC to frequency regulation lies in the presence of
communication delays. As discussed in [28], such delays can
arise from the type of communication medium, physical dis-
tance, or network load. If not considered, these delays can
degrade the control performance and even destabilize the sys-
tem, particularly in real-time control applications where feed-
back from a centralized controller is involved.

Islanded microgrids typically consist of DGs and one or
more backup SGs (e.g., diesel or gas SGs). As the paralleled
operation of VSGs and SGs becomes increasingly common,
the development of robust control strategies that explicitly
account for delay is essential particularly in isolated sys-
tems. Several studies have addressed the modeling of paral-
leled VSG-SG systems. In [29], a small-signal model of
VSG with governor dynamics is developed, producing a two-
zone system combining SGs and VSGs. The influence of
VSGs on damping low-frequency oscillations in the power
grid is compared with that of SGs. In [30], the damping
characteristics of a paralleled VSG-SG system are analyzed
through transient energy methods. However, these studies pri-
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marily offer experimental validation and lack a comprehen-
sive theoretical model. Moreover, they often ignore the ef-
fects of frequency regulation and rely on simplified assump-
tions such as purely resistive loads, whereas, in real systems,
load impedances are complex.

Although a wide range of studies have explored VSG-
MPC systems for frequency regulation in islanded mi-
crogrids, several significant knowledge gaps remain. First,
most studies neglect the influence of communication delays,
which are inherent in real-time control environments. These
delays caused by data transmission between the controller
and physical units can significantly impair the effectiveness
of MPC and potentially lead to instability. For instance, the
MPC approaches in [18], [25], and [27] assume ideal com-
munication links and fail to account for the practical impact
of data latency. Second, the integrated modeling frameworks
that simultaneously consider the physical characteristics of
both SGs and VSGs under non-ideal communication condi-
tions are scarce. Finally, although the simulation-based evalu-
ations are common, very few studies have proposed adaptive
delay mitigation techniques or compensators tailored for real-
time VSG-MPC applications. To address these limitations,
this study develops a comprehensive dynamic model for a
paralleled VSG-SG system in an islanded microgrid, explicit-
ly accounting for communication delays. An adaptive delay
compensator (ADC) is incorporated into the MPC frame-
work to mitigate the impact of latency. The MPC-based
VSG control method enhances system stability and improves
frequency control performance without increasing the com-
plexity of implementation, which makes it not only theoreti-
cally sound but also practically applicable in real-world mi-
crogrids. The key contributions of this paper are as follows.

1) Development of a detailed dynamic model for paral-
leled VSG-SG system that accounts for all relevant electrical
and control constraints.

2) Proposal of an MPC-based VSG control method for fre-
quency regulation that improves the dynamic response of
both the VSG and SG under various disturbances.

3) Introduction of an ADC integrated into the control
framework to counteract communication delays in real-time
frequency control.

4) Extensive simulations in MATLAB/Simulink demon-
strating the effectiveness of the MPC-based VSG control
method in different disturbance and delay scenarios.

The remainder of this paper is organized as follows. Sec-
tion II introduces the paralleled operation of VSG and SG.
Section III introduces the MPC-based VSG controller for fre-
quency regulation. In Section IV, the effectiveness of the
MPC-based VSG control method is evaluated through simu-
lations under various disturbance and delay conditions. Final-
ly, Section V concludes this paper.

II. PARALLELED OPERATION OF VSG AND SG

In this section, first, the dynamic model of SG is intro-
duced. Then, the dynamic model of VSG is developed using
the same approach. Finally, the paralleled operation of VSG
and SG is explained.
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A. Dynamic Model of SG

In this paper, to make a balance between the computation-
al efficiency and accuracy in capturing the key dynamics of
system, we employ the fifth-order SG model for system sim-
ulations. The fifth-order SG model is commonly used in sim-
ilar studies and provides a reasonable approximation of the
dynamic behavior of SG, capturing essential features such as
rotor dynamics, excitation system, and governor dynamics. It
is chosen for its ability to model the most critical aspects of
the system without introducing unnecessary complexity. In
terms of impact, the simplification to a fifth-order SG model
does not significantly affect the overall analysis of the dy-
namic performance for the specific focus of this paper,
which is on frequency regulation in a microgrid context.
Higher-order models could potentially offer more detailed
representation; however, the additional complexity would in-
crease the computational burden and may not lead to signifi-
cantly different results within the scope of the analysis per-
formed in this paper. The mathematical representation of this
dynamic fifth-order SG model typically takes the following
form [31], [32]:

O56= W5
Dy
Mg,

. 1
Wsg=— (wsc_wo)"'MiSG(Pm_Pe)

. 1 o
Eg,= T [-Eq,+(X 56, X 5G, )i 5G, ]

OAG/ (1)

) 1 .
E 56, 2 s, t E+(Xg6,— X556, Visc, ]

0564

. 1
pP,= Ti[_KSG(wSG_wO)_Pm-’-POM]

n

dg

The d- and g-axis terminal voltages of SG line are formu-
lated as:
Veo,=E SG,~ X, S,Gq i SG, )
VSGq =E SG, X, s'G}. G,
Additionally, the electrical output power of SG is ex-
pressed as:
P,=Vjis,+ VSquSGq

3)
The nonlinear model of SG can then be built using (1)-(3).

B. Dynamic Model of VSG

As depicted in Fig. 1, the VSG operates as an interface be-
tween all types of energy storage units, generation units, and
power grid. An inverter with current control is the founda-
tion of the VSG control. A vital component of the VSG is
the swing equation like SG [10], as illustrated by the stuc-
ture of VSG control strategy shown in Fig. 2. The swing
equation of VSG is represented as:

) D 1
wVSG:_ﬁll(a)VSG_COO)J'_M(Pin‘_Pout‘) 4)

It should be noted that the governor model uses the fre-
quency-active power droop characteristic to generate the in-
put active power of VSG. The dynamic equation for the in-
put active power of VSG is expressed as:
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Fig. 1. Conceptual structure of VSG.
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The excitation controller mimics the automated voltage
regulator and demonstrates the field winding characteristics
of SG. The voltage-reactive power droop characteristic and
an integral controller are used to control the reactive power
of the VSG. The state equation of VSG is expressed as:

_Kq] 1
B¢ 500 0) (©)

By making the ¢ axis paralleled to the direction of E |, the
d- and g-axis electromotive forces of VSG are expressed as:

E, =0
E, =E,

. 1
Pim: T[_Kpl(wVSG_wO)_Pi)11+PO,]
d,

E =

(7

In addition, using (7) and the output voltage of VSG, it is
possible to obtain the d- and g-axis output currents of virtual
impedance, whose state equations are expressed as:

. Eld—Vld—val,d—i-a)OLvlvq
i =

v, LV 5
. E, -V, -Rji,-oyL,i, ®)
lvq_ I

v
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As illustrated in Fig. 2, the state equations of the d- and g-
axis output voltages of virtual impedance are given by:

I/vd:](VIl (l.v(,_iod)

. 9
VV‘/:KIZ(ivg_ioq) ( )

Vod: Vvd+KP, (l.vd_iu{,)_CUOL/’io
o 10
V, =V, +K, i, ~i, )+ o,L, (10)

The output active power and reactive power of VSG are
determined using the output voltage and current of VSG as:

Pout, = Vo‘,lol,_'_ Vaqlaq
Qout, = Vo‘,loq - nglod

It should be noted that the oscillation in low-frequency ex-
periments is significantly slower than the inverter dynamics.
Therefore, ignoring the inverter dynamics has no impact on
the correctness of the model [10]. Consequently, the inverter
dynamics are not considered in this paper.

C. Paralleled Operation of VSG and SG

The equivalent circuit of the paralleled VSG-SG system,
which consists of VSG, SG, RLC filter, lines, and RL load,
is shown in Fig. 3. Through an RLC filter, each VSG is
linked to an arbitrary node i. A shunt capacitor and series
RL branch construct the RLC filter. The state equations for
the d- and g-axis output currents of VSG are expressed as:

(11)

: 1 . .
la(,: ff (Vo‘,_ Vlt,_leo‘,-i_ wOleoq)

1 (12)
i, = L—f (Vaq— qu —R_/iaq— woLi, )

7 {RLC filter !
o
CRL

Fig. 3. Equivalent circuit of paralleled VSG-SG system.

Besides, the d- and g-axis voltages of node i are ex-
pressed as:

. |

V= a(lod—llﬁwonqu)

. 1 (13)
qu_ a(lo _ilq_wochL,)

To obtain the system model using the transformation equa-
tions (14) and (15), the voltages and currents of both the
VSG and SG must be within a common reference frame. As
shown in Fig. 4, dq s is set as the common reference frame
for the system, and the variables in this frame are in upper-
case with subscripts D and Q.

F —si F

FD _ [cgs@ sm@] d (14)
0 sin@ cosf || F,

]I;d _ [ cqsﬁ sinﬁ}liFD} (15)
P —sinf cos ]| Fy
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qysc

qsc

WysG
A

dVSG

Fig. 4. Relationship between reference frame of VSG dg ., and reference
frame of SG dg.

where 6 is the angle difference between dgq,s; and dqgg,
which is calculated as:
0=0.,—0
{ ) .SG ‘VSG (16)
0=056—0y56=0o (05— Wys5)
For the VSG, V| and [, in the common reference frame
(i.e., the D and Q axes) are produced using the transforma-
tion matrices in (14) as:

Vi, =", 17
V=V (17
IlDzild a8)
[1Q:i1q

Similarly, the D- and Q-axis terminal voltages and cur-
rents of SG line are given by:

Vsg,=Vsg, €080~V sin6

. 19
Vsg,= Vs, sin0+ Vg cost
Ig =ig;, cosO—ig; sinf

. " 20
Isg,=1isg,5M0+is cosO (20)

In addition, the state equations for the d- and g-axis cur-
rents of VSG line are expressed as:

: 1 ) .
L= f(VU_ Vb(,_Rllld-i_wOLlllq)
1

.1 @h
i), = T(qu_ Vbq_Rlilq_wOLlild)
1

Similarly, the state equations for the D- and Q-axis cur-
rents of SG line are expressed as:

. 1
I, = i Vs, =V, Ridsg,+ a)OLxISGQ )
1 22)

jsq,: f(VSGQ_ V, _R,\’]SGQ_wOLxISGD)

0

Furthermore, the state equations for the D- and Q-axis cur-
rents of RL load at node b are expressed as:

. 1
]L,,: ' (Vbn_RL]LD+ wOLLlLQ)
o (23)
1, = 7. (VbQ_RL]LQ_ oL, 1;)
‘ L

The following equations are obtained using Kirchhoff’s
current law (KCL) at node b in Fig. 3 as:

]LD=IID+ISGD
{I%leg*'lsc;g 24
By differentiating (24), we have:
{ IL :1:1” +1:SG” 25)
ILQ=]1Q+ISGQ

Equation (23) can be rewritten based on (24) and (25) as:

.. 1
IID+1SG[,: f[Vb[)_RL([]D+ISGD)+CUOLL(I]Q+[SGQ)]
L

o | (26)
I +1,= f[VbQ_RL(]1Q+ISGQ)_wOLL(11,,+ISGD)]
L

By substituting (21) and (22) into (26), we have:

1

fl (Vlt, - Vb

a

1 . .
Z WV, ~ R, G +1g )+o,L, (llq+ISGQ)]_

. . 1
R]lll,+w0Llllq)_ i Ve, = VbM_Rx]SGD—i_wOLxISGg):O

x

1 . . 1
' [Vbq_RL (llq+1SGQ)_w0LL (llt,""]scp )N- Li(Vlu_ Vbq_
3 1
. . 1
Rlllq_woLllL,)_ A (VSGQ_ Vbq_RX[SGQ_wOLxISGD)zo

X

27)

The above system of equations must be solved to deter-
mine the voltage of node b, i.e., V,. By utilizing V,, the state
equations for both the VSG and SG currents will be modi-
fied.

The aforementioned equations will be used to develop a
nonlinear state-space model of the VSG-SG system. A linear-
ized state-space model can be created from the nonlinear
one as:

AX(t)=AAX + BAU(f)

(28)
AY(H)=TAX(f)
AX=[Ad 56, A s AE AV, AV, Ai, A
Ai, . Ai, AV, AV, Aiy A, AP, ASg,
q 4q q (29)

Awgs, AE; , AESQ; Al AiSG‘p AP, T
AU=[AP, ,AQ, .AP, T'
The state-space model defined in (28) represents the paral-

leled operation of VSG and SG linearized around the operat-
ing point.

III. MPC-BASED VSG CONTROLLER

In this section, MPC is introduced as a powerful control
strategy widely used in various engineering applications.
Then, an adaptive delay compensation scheme is proposed
to overcome the drawbacks of communication delays.

A. MPC Theory

MPC is a control strategy that uses a mathematical model
of a system to predict its future behavior and determine the
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optimal control actions that will achieve the desired perfor-
mance objective. At each time step, the current state of the
system is measured or estimated, and an optimization prob-
lem is solved to determine the optimal control actions that
will minimize a cost function or achieve a desired objective,
subject to constraints on the inputs and the state of the sys-
tem. The iterative approach allows the MPC to adapt to
changes in the system and disturbances in real time and con-
tinually optimize the control actions to achieve the desired
objective. The MPC is based on choosing the optimal input
from all available input sequences in the future and focuses
on specific criteria. Figure 5 demonstrates the working mech-
anism of the MPC. To attain the minimum error between the
predicted values of states and their reference values with the
least amount of control effort, the optimal control chain is
employed in each step.

Optimizer
(cost function+
constraints)

Future inputs

. Predicted
(control actions)

crror

Predicted
outputs

System model

States
(past inputs and outputs)

Reference
trajectory

Fig. 5. Working mechanism of MPC.

The system is initially fed with the first input of the se-
quence using the receding horizon concept. Subsequently,
the process is repeated in each sampling period, with the lat-
est mode information incorporated. The MPC employs an it-
erative online optimization technique to solve a limited dy-
namic optimal control problem, instead of relying on the
complex offline computation of the control law.

Figure 6 shows the basic structure of MPC. Based on the
past, current, and desired future actions, a state-space model
is used to predict the system output. The optimizer deter-
mines these actions by considering the cost function and
physical and operational constraints.

Value

Past Future
>

Past output Output setpoint

Predicted output

measurement R EE 0°%000¢. Y(t+jlt)
@) °
0°®%¢00,0°
0®

Control horizon

jf———> . .

Past input actions Future input actions
u(?) u(t+y)
4L\J—‘— Prediction horizon

N, N,

c P

=1t t+1 Time

Fig. 6. Basic structure of MPC.

The following equation expresses the discrete-time state-
space model of the linear system (27):
x(t+ 1)=Ax(t)+ Bu(?)

(0= Cx(1) (30)

According to the formula Au(t)=u(t)—u(t—1), the model
(30) can be reformulated in its augmented form to obtain off-
set-free control [33]:

{X(;(:)D} -3 ﬂ[u(ﬁ)b} + | auto

0 31
X
ro-te o |

The augmented model considering the new state vector
x(O)=[x(@) u(t—1)]" is defined as:

x(t+ 1)=Mu(t)+ NAu(t) (32)
y(t)=0x(t)
where M, N, and Q correspond to matrices A, B, and C, re-

spectively.

The cost function is used to determine the control objec-
tive and minimize the control effort while minimizing the
difference between the predicted value of the system output
and its reference value after the state-space model is ob-
tained. It is worth noting that R and P are the positive defi-
nite weight matrices that are normally of diagonal form.
Hence, the cost function subjected to all constraints is formu-
lated using the following quadratic function as:

N,, N,
JIN,.N)= S| 5 +jin-o@+p) |, + S Aut+i-D |, (33)
=1 =1

The optimization of the cost function in (33) is performed
using quadratic programming (QP) via MATLAB solver. For
real-time implementation, the QP matrices are precomputed
offline, and the online optimization is executed with a short
prediction horizon and warm starting to ensure fast conver-
gence within each sampling interval. If an augmented model
is employed, the output predictions to be used in the cost
function (33) can be computed using (30) or (32). The pre-
dictions over the horizon are expressed as:

OMXx(t)+ QNAQu(f)
JE(H 117) OM>x(t)+ EI‘QMHNAu(Hi)
y(+2)0) =0
: _ : (34)
J(t+N,Jo) OM x(0)+ z oM™~ NAu(t +i)

Bold uppercase letters indicate matrices built using other
matrices and vectors, whereas bold lowercase letters indicate
vectors built using elements along the horizon. Note that if
the state vector x(¢) is not directly measurable or accessible,
it can be estimated via an observer [33].

B. ADC Design

MPC relies on the communication between controllers and
system components, introducing delays that can degrade per-
formance or destabilize the system. These delays stem from
the transmission of control signals between the control cen-
ter and plant, whose duration is influenced by the communi-
cation medium (e.g., fiber optics, power line carriers), trans-
mission distance, and network congestion.

To mitigate time-varying delays without excessive compu-
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tational overhead, we propose an ADC based on a weighted
fusion of pre-tuned compensators. By dynamically blending
a small set of fixed compensators in real time, the ADC
achieves a precise delay compensation while maintaining
low computational complexity. This avoids the need for the
online redesign of compensators and ensures rapid adapta-
tion to varying delays. The foundation lies in the following
delay representation:

" (e_;zs) (1— T"S)n
s ST 2
D(s)=e “‘=(€ ! ) = P 69
T 7,8
T s
The ADC is used to neutralize the delay as:
TI.S 2n
o (36)
ADC(s)=W (v))~———5— i=12,..m
1+T.s)™

where T, T,,..., T, are the delay values in ascending order.

The counter of each compensator is determined to com-
pensate for part of the phase delay, and 7, depends on the
system dynamics and is chosen in the range of 0.01s to
0.1s. W,(z,) can be obtained as:

D @) =1

i=1

W) =

i=1

(37)

SW,(,)T=1,
i=1

iWi(Td)zl

By assuming m=2n+1 and using Cramer’s method,
W, (z,s) can be uniquely obtained. A block diagram of the
evolved model of the system considering ADC is shown in
Fig. 7.

ey

Input signals el s

Communication delay

Output signals

Fig. 7. Block diagram of evolved model of system considering ADC.

When n=2, (37) is simplified to:
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5
z W ()T} =1,
i

(38)

where T'|-T; are 0.1, 0.25, 0.4, 0.55, and 0.7, respectively.

IV. SIMULATIONS AND DISCUSSION

In this section, the dynamic model of the paralleled VSG-
SG system is used to evaluate the effects of the MPC-based
control method on the system frequency. Some disturbance
scenarios listed in Table I are applied to the paralleled VSG-
SG system in the simulations. As mentioned in Section III,
the fifth-order SG model is considered in the simulations,
and all dynamics related to the VSG, RLC filter, RL load,
and lines are also considered. The specifications of the paral-
leled VSG-SG system are listed in Table II.

TABLE I
DISTURBANCE SCENARIOS APPLIED TO PARALLELED VSG-SG SYSTEM

Time (s) AP, (p.u.) AQ,, (p-u.) AP, (p.u.)
0<r<10 0 0
10<r<25 0.2 0
25<1<40 0 0 0.2
40<1<50 0.3 0
TABLE II

SPECIFICATIONS OF PARALLELED VSG-SG SYSTEM

Parameter Value Parameter Value Parameter Value
S use 10 kVA R, 0.016 p.u. M, 50 s
Vpuse 200 V L, 0.250 p.u. M, 30 s
, 377 rad/s R, 0.016 p.u. K, 0.0125
R, 5 pu. L, 0.150 p.u. K, 20 p.u.
L, 5 p.u. Xsa, 0.219 pu. K, 5 pu
R, 0.059 p.u. X, 0.219 p.u. K,. 25 p.u.
L, 0.009 p.u. X, 0.027 p.u. N, 2
c 0.600 p.u. Xss, 0.027 p.u. N, 10
R, 0.005 p.u. D, 17 p.u. 7, 02s
L, 0.001 p.u. Dy, 15 p.u.

A. Basic VSG Control Method

This subsection discusses the operation of the paralleled
VSG-SG system shown in Fig. 3 using the basic VSG con-
trol method for numerical simulations. Accordingly, the vari-
ations in the frequency and input active power of the VSG
and SG with the basic VSG control method after disturbanc-
es are shown in Figs. 8(a) and 9(a), respectively.
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Fig. 8. Variations in frequency of VSG and SG after disturbances. (a) Ba-
sic VSG control method. (b) MPC-based VSG control method.
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Fig. 9. Variations in input active power of VSG and SG after disturbances.
(a) Basic VSG control method. (b) MPC-based VSG control method.
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The input power of VSG is increased at =10 s owing to
the increase in the reference active power of VSG. It can be
observed that the frequencies of both VSG and SG deviate
significantly from their original operating points. At t=25s,
the frequency of SG increases with an increase in the refer-
ence active power of SG. The slight drop in frequencies of
both VSG and SG at t=40 s is due to the increase in the ref-
erence reactive power of VSG. With the basic VSG control
method for islanded operation, the frequencies of VSG and
SG are not restored after disturbances, and a large amount of
overshoot occurs owing to the absence of a primary net-
work. As a result, the basic VSG control method cannot pro-
vide robust frequency behavior in both transient and steady-
state analyses. For example, at t=10 s, the frequency over-
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shoot of VSG reaches 0.0054 p.u. and the steady-state error
remains at 0.0049 p.u., highlighting its poor regulation per-
formance. Hence, an improved control method is required.

B. MPC-based VSG Control Method

The MPC is added to VSG control to enhance the tran-
sient behavior and minimize the steady-state error of the fre-
quency response. After detecting frequency changes, MPC at-
tempts to calculate the required reference active and reactive
power of VSG and the reference active power change of SG.
The outputs of MPC, which are the optimized signals of the
active and reactive power, are set as the input signals of the
VSG and SG at each sampling time.

The dynamic responses associated with the variations in
frequency and input active power of VSG and SG with the
MPC-based VSG control method after disturbances are
shown in Figs. 8(b) and 9(b), respectively. With the changes
in reference active power of VSG at r=10 s, the frequency
response experiences an overshoot during the disturbance.
However, there are two main differences between MPC-
based and basic VSG control methods: (1) the amount of fre-
quency overshoot is significantly reduced with the MPC-
based VSG control method, and @ the frequency response
with the MPC-based VSG control method demonstrates ro-
bust stable behavior by returning to the original operating
point shortly after the disturbance (frequency restoration).

Specifically, at =10 s, the frequency overshoot of the
VSG is only 6.32x 107 p.u., and the steady-state error is ze-
ro, validating the improved transient and steady-state perfor-
mance. The same behavior is observed for the changes in ref-
erence active power of SG at =25 s.

Figure 10 illustrates the frequency responses of VSG and
SG with different control methods under the predefined dis-
turbances (as outlined in Table I) and a short-circuit fault.
Specifically, the short-circuit fault is applied at node 5 from
t=30 s to r=30.2 s to assess the robustness and stability of
the MPC-based VSG control method.

10¢
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S
< 24
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Fig. 10. Frequency response of VSG and SG with different control meth-
ods under predefined disturbances and a short-circuit fault. (a) Basic VSG
control method. (b) MPC-based VSG control method.
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Figure 10 clearly demonstrates that the MPC-based VSG
control method maintains better frequency stability and fast-
er recovery speed than the basic one, even under severe fault
conditions. This highlights the effectiveness of the MPC-
based VSG control method in handling transient events and
maintaining system stability.

To verify the impact of the VSG parameters on the fre-
quency response, the variations in VSG frequency with basic
and MPC-based VSG control methods under different inertia
constants and damping coefficients are shown in Figs. 11
and 12, respectively.
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Fig. 11. Variations in VSG frequency with basic control method and
MPC-based VSG control method under different inertia constants. (a) Basic
control method. (b) MPC-based VSG control method.
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Fig. 12.  Variations in VSG frequency with basic control method and MPC-
based VSG control method under different damping coefficients. (a) Basic
control method. (b) MPC-based VSG control method.

Although the frequency overshoot decreases by increasing
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the inertia constant of VSG, the system frequency shows
more oscillatory behavior. In addition, higher damping coeftfi-
cients result in lower frequency overshoots. With the MPC-
based control method, compared with the basic one, the fre-
quency changes are significantly reduced, and the controller
is more robust to variations in the inertia constant and damp-
ing coefficient.

C. Communication Delay Compensation

As mentioned in Section III, the communication delay is a
serious issue that must be addressed during the frequency
control process when transferring data from the control cen-
ter to the system. This delay causes frequency oscillations
and instability issues. To overcome this problem, the ADC is
obtained through system modeling. The ADC must compen-
sate for communication delays without disrupting the func-
tionality of system. To validate the ADC, the paralleled VSG-
SG system is simulated while considering the communica-
tion delay in this scenario.

ADC is added to the MPC-based VSG control method,
taking into account the 0.2 s communication delay. Figures
13 and 14 show a comparison of the variations in VSG and
SG frequencies, respectively, with basic VSG control meth-
od, MPC-based VSG control method, and MPC-based VSG
control method+ADC (which is referred to as the proposed
control for simplicity).
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Fig. 13.  Variations in VSG frequency with different control methods.
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Fig. 14. Variations in SG frequency with different control methods.
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With the proposed control, in the presence of ADC, the
variations in VSG frequency are much less than those with
the basic VSG control and are also restored under disturbanc-
es. However, it can be demonstrated that the frequency varia-
tions in both the VSG and SG with the proposed control
show some oscillatory transient behaviors owing to the com-
munication delay. However, the robust performance is guar-
anteed even with the presence of communication delay using
the MPC method.

As mentioned previously, the delays depend on various
factors such as the type of communication medium. To eval-
uate the robustness of the proposed control, the paralleled
VSG-SG system is simulated considering different communi-
cation delays: 7,=200 ms, 7,=400 ms, and 7,=600 ms.

The variations in VSG and SG frequencies are shown in
Figs. 15 and 16, respectively, considering different communi-
cation delays.
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Fig. 15. Variation in VSG frequency considering different communication
delays.
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Fig. 16. Variations in SG frequency considering different communication
delays.

The results indicate that the increased communication de-
lay deteriorates the oscillatory response of the system fre-
quency with increased solving time. This is also true for vari-
ations in the input active power of VSG and SG, as shown
in Figs. 17 and 18, respectively. It can be observed that an
increase in the amount of delay endangers the system stabili-

ty.

307

0.030
0.025
0.020 |
0.015}
0.010}

9
O

-0.005 ¢ i
-0.010 -
-0.015
-0.020

APin (pu)

— 1,=200 ms
! ---1,=400 ms
-~ 1,=600 ms

15 20 25 30 35 40 45 50
Time (s)

0 5 10

Fig. 17. Variations in input active power of VSG considering different
communication delays.

0.05
0.04
0.03
0.02 -
0.01F T,
0 CIEEEIRaTIE *
2001} :
-0.02}
-0.03}
-0.04
-0.05

—1,=200 ms
---1,=400 ms
----1,=600 ms

AP, (p.u.)

15 20 25 30 35 40 45 50
Time (s)

0 5 10
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munication delays.

V. CONCLUSION

This paper develops a comprehensive dynamic model of
an islanded system for the paralleled operation of VSG and
SG supplying an RL load. Because the system is not con-
nected to the power grid, the frequency variations are not re-
stored. To resolve this problem, a central MPC-based VSG
control method is applied to efficiently improve the system
frequency. The performance of the proposed control is evalu-
ated in different scenarios, and it is shown that using the pro-
posed control, some of the response characteristics such as
overshoot, steady-state error, and rate of change of frequen-
cy are significantly enhanced. Consequently, the frequencies
are restored, and the system stability is improved. In addi-
tion, the power oscillations are reduced with the proposed
control applied to the frequency control, allowing for an en-
ergy storage system with a lower capacity and consequent re-
duction in operational costs. Moreover, the effects of the
damping coefficient and inertia constant are investigated in
terms of frequency behavior. An ADC is employed to com-
pensate for the communication delay, which results in some
time required to send commands from the control center to
the system. The participation of the ADC in MPC eliminates
communication delays and avoids system instability. The im-
pact of changes in the communication delay on system per-
formance is also considered in the simulations. The results
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validate the effectiveness and robustness of the proposed
control. The frequency nadir and rate of change of the fre-
quency are significantly enhanced, and the impacts of uncer-
tainties and disturbances on the power system frequency de-
crease significantly.

The contributions of this paper are twofold. First, a robust
MPC framework tailored for VSG-SG coordination in low-
inertia systems is developed, and second, the delay compen-
sation is integrated to preserve stability and performance in
real-time applications.

From an engineering perspective, the proposed control is
well-suited for practical deployment in microgrids and dis-
tributed energy systems, where maintaining frequency stabili-
ty is a critical challenge. Its modular and scalable design al-
lows for large-scale implementation, particularly in modern
grids with increasing reliance on RESs. These findings pro-
vide a solid foundation for future work, including experimen-
tal validation and real-world implementation of hardware-in-
the-loop (HIL) platforms and pilot microgrid projects. In
practice, power overshoots may lead to high output currents,
which can potentially trigger overcurrent protection mecha-
nisms embedded in the VSG hardware. Although our simula-
tion assumes ideal conditions without enforcing hardware
current limits, designing a controller to constrain the power
overshoot within acceptable bounds is important. This can
be achieved by including current limiters or saturation
blocks in the control loop or by incorporating current con-
straints directly into the MPC optimization. Future work will
focus on the integration of these constraints to ensure protec-
tion coordination under transient conditions.
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