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MPC-Controlled Virtual Synchronous Generator to
Enhance Frequency and Voltage Dynamic
Performance in Islanded Microgrids

Bo Long, Member, IEEE, Yong Liao, Student Member, IEEE, Kil To Chong, Jose Rodriguez, Fellow, IEEE, and Josep M. Guerrero

Abstract—The use of high penetration converter-interfaced
renewable energy (RE) based microgrids (MGs), due to the
absence of rotational masses from conventional synchronous
generators (SGs), may lead to a lack of inertia, which may lead the
steeper frequency and voltage fluctuations that may in turn cause
instability issues and challenges the normal operation of sensitive
loads. To suppress these fluctuations and enhance the MGs
stability, a novel model predictive control (MPC)-controlled
virtual synchronous generator (VVSG) for an energy storage system
(ESS) is introduced. The proposed method can provide inertia
support during transient states and enhance the dynamic
characteristics of system voltage and frequency. By establishing
the prediction model of VSG and designing the cost function for
frequency and power, the increments of the needed active and
reactive power are calculated then superposed on the power
reference of VSG. The results show that the suppression
performance of the voltage and frequency variations under
loading transition with the proposed method is better than those
of other techniques. Simulation and hardware-in-the-loop (HIL)
results further demonstrate the effectiveness of the proposed
method.

Index Terms—Renewable energy (RE), energy storage system
(ESS), model predictive control (MPC), virtual synchronous
generator (VSG).

|. INTRODUCTION

REQUENCY fluctuations are more likely to occur in
high penetration solar and wind energy microgrids (MGs)
because MGs containing power converters lack inertial
support. There are many control methods available for MGs. A
general overview of existing control methods is provided in [1],
where various power-sharing methods are categorized and
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compared. Conventional droop control, due to its effectiveness
in power-sharing between multi-parallel connected power
converters, has been applied in a wide variety of areas [2]. A
coordinated architecture of islanded AC MGs with smooth
switching droop control has been proposed in one study to
provide a flexible power control [3]. Based on cooperative
control techniques, some other novel controllers have been
described that use local information and nearest-neighbor
communication to collectively realize secondary control [4-6].

To compensate for the lack of inertia in droop control, virtual
synchronous generator (VSG) control is proposed [7, 8].
Various studies have applied this VSG method is to the power
converter of a distributed power generation system (DPGS) to
provide active and reactive power support to maintain the
system power balance and stability by mimicking the behavior
of a synchronous machine [9-11]. In another study, the VSG is
controlled with a droop controller along with virtual inertia
introduced by a first-order low-pass filter in the power droop
[12]. A VSG control method with an alternating moment of
inertia has also been described to improve the performance in
the fast frequency oscillations damping [13]. To enhance the
frequency stability with an interleaving control technique, a
self-adaptive inertia and damping combination control method
has been proposed [14]. In [15], an algebraic-type VSG with
minimum parameter numbers is used to suppress the system
frequency and voltage deviations.

The power fluctuation suppression methods that have been
reported to date can be divided into two types: those with an
energy storage system (ESS) [16-18] and those without an
energy storage system [19, 20]. Suppression methods without
energy storage devices are much less expensive, but their
performances in practice are substantially limited because they
have no additional power support. In a wind power generation
system, the inertia is typically produced from the rotor of the
permanent magnetic synchronous generator (PMSG). The
energy storage device based frequency variation suppression
method can achieve better performance and ensure system
stability. Moreover, it can be installed at the final point of
common coupling (PCC) of MGs, making it more flexible and
independent. As a result, this energy storage system has been
widely used due to its mature status, and many control methods
for it have been proposed [21, 22].

The latest studies on MPC control in ESS have mainly
focused on coordinating the charge and discharge control of
multiple ESSs through the MPC method [23, 24]. In addition,
the MPC controller can also decide the current power reference
based on the prediction of the required output power at the next

1949-3053 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on October 01,2020 at 13:14:17 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2020.3027051, IEEE

Transactions on Smart Grid

IEEE TRANSACTIONS ON SMART GRID REGULAR PAPER/LETTER/CORRESPONDENCE

sampling period, thereby providing better power tracking
performance [25]. In [26], an MPC-based plug-in hybrid
electric vehicles’ power control is used to alleviate the
frequency fluctuation of MGs.

In islanded MGs with renewable sources, load changes, wind
fluctuation, and many other types of changes can significantly
influence the system frequency [27]. In [28], H., and pu -
synthesis approaches are used to suppress frequency
fluctuations. In [29], a combination of the general Type-2
Fuzzy-Logic sets and the modified harmony search algorithm
is proposed to provide better load frequency regulation
capability. Sliding mode control (SMC) is also used in load
frequency control [30]. Electric springs based on power
electronics have also been proposed to provide active and
reactive power for load changes [31]. In [32], VSG is used to
improve the transient power- sharing between SG and DG in
MGs.

The conventional VSG-ESS method could not achieve good
dynamic frequency and voltage stabilities due to the
intermittent renewable energy; if the system frequency
fluctuates substantially, the regulation capability of the VSG-
ESS is limited when changing only the inertia and damping
coefficients. The rate-of-change-of-frequency (ROCOF) may
be too large to be kept within the requirements. Therefore, in
this paper, an MPC-VSG is proposed for ESS control, which
can simultaneously enhance the dynamic characteristics of
frequency and voltage at PCC. To begin, the mathematical
model that combines MPC and VSG is derived. Then the rated
power changes in the VSG are predicted by MPC, and the rated
power of VSG is modified, which can improve the dynamic
frequency characteristics. Meanwhile, considering that the
active power changes may lead to variations in the grid voltage,
the reactive power of VSG is regulated by MPC, which can
reduce the grid voltage variation. In summary, the proposed
MPC-VSG method has the following advantages.

1) In the conventional active-power frequency VSG
control method, the reference power typically remains
unchanged once initialized. It is mainly used for inertia
and primary frequency regulation, which does not
contribute substantially to the secondary frequency
regulation. The proposed MPC-VSG method can
calculate the increment power needs by solving the
optimized cost function with the allowable maximal and
minimal frequency variation ranges constraints
according to the current status, which can reduce the
frequency drift during transient states as an auxiliary aid
to the diesel generator.

2) Once a disturbance occurs in MGs, the proposed MPC-
VSG method can change the output power reference of
VSG in consideration of the minimization of ROCOF,
voltage, and frequency error, which is superior to the
conventional VSG method.

This paper is organized as follows. Section Il demonstrates
the frequency fluctuation mechanism of parallel-connected
power converter MGs with solar and wind power energy, etc.
Some basic concepts of VSG are also discussed. Section II
presents the derivation of the proposed MPC-VSG ESS method,

and the cost function design with output constraints and system
stability are also analyzed. In Section IV and V, the
effectiveness of the proposed control method is verified through
simulation and hardware-in-the-loop experimental results.
Finally, Section VI concludes this paper and outlines future
research directions.

Il. PROBLEM DESCRIPTION AND VSG
A. Frequency and Voltage Fluctuations in MGs

MGs can operate in two modes: island mode and grid-
connected mode [33]. When MGs are connected with an ideal
grid, the PCC frequency and voltage are fully supported by the
grid, so voltage-frequency fluctuations will not occur.
Howerver, when MGs operate in island mode composed of a
wind turbine, photovoltaic (PV) system, loads, energy storage
system, etc., as shown in Fig. 1, grid frequency-voltage
fluctuations may occur since there is no ideal power support
from the grid, and the MGs may face stability challenges due
to the lack of inertia.
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Fig. 1. Islanded microgrid system.

When MGs operate in islanded mode, all the power
converters are connected in parallel to supply power to the loads,
as shown in Fig. 1. A diesel generator can suppress frequency
deviations with inertial forces and automatic voltage regulators
(AVRs), so the frequency is mainly supported by a diesel
generator. However, when the voltage-frequency of MGs is
purely supported by RE, the power-electronics-based RE
cannot provide sufficient inertia support. With the increased
penetration of RE, the dynamic response of PCC frequency and
voltage will be further degraded.

EZS

O X  V./0°

Fig. 2. Simplified synchronous generator model connected with an ideal grid.

Fig. 2 shows a simplified synchronous generator (SG)
model that is connected with an ideal grid, through which, the
output power of the synchronous generator can be obtained as

EV . EV v?
Py = 751n6, Qs = 7COS5 - Q)
Where Pg; and Qg are the active and reactive power output of
SG, respectively; E and V are the voltages of SG and point of
common coupling (PCC), respectively; X is the line inductance
and & is the power angle.
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The variations of active and reactive power in SG can be
derived by converting (1) to a small-signal-model as

APs; = Ef(—vsiné‘o + %cosé‘oﬁd

Eav WodV  EVy .
AQsq = =—cosdy — o — 7°sm60A6

()

where §, is the power angle in steady state, and V, is the
steady-state PCC voltage. The changes in power angle 46 can
indirectly indicate the system frequency f. It can be seen that f
is related to the changes in active power output APg; and
voltage output AV.

There are two main reasons that may lead to frequency and
voltage variations in MGs, namely unstable energy from RE
and load changes, which are described as follows:

In practice, wind power and solar energy output are typically
not stable. When the wind speed is low, the generated wind
power is also small, and vice versa. Similarly, when the
illumination of the PV array changes, the generated power of
the photovoltaic (PV) system may also change. As a result, this
unstable and intermittent energy can also cause frequency and
voltage fluctuations in the mains, thus destabilizing the MGs.

Load changes in MGs can also aggravate frequency and
voltage fluctuations. With an increase or decrease in the loads,
the output power of the power generation unit cannot be
suddenly changed. It takes time for a change to happen based
on the supply and demand of sides to reach a new power balance
point, and the quality of the output power will decline during
the transient process.

These days, an ESS is installed to increase the inertia of the
MGs. By detecting the frequency at PCC, ESS can provide the
required active and reactive power support when the frequency
decreases. Further, if the PCC frequency rises, the ESS will
absorb the extra power to maintain the power balance of the
system, which can alleviate the frequency-voltage fluctuations.

B. VSG Control Based on ESS

To provide inertial support through ESS, VSG is proposed to
mimic the behavior of a synchronous generator [34], thus
making the GCCs operate similarly to a traditional synchronous
generator (SG) in terms of the operation mechanism and
external characteristics.

The block diagram of a VSG control method is shown in Fig.
3. The “P-Droop” block is used to realize primary-frequency
control; while the inertial equation in VSG is used as
secondary-frequency control. Since the reactive power is
mainly related to the PCC voltage, “Q-Droop” is used for output
voltage control.

The “P-Droop” and “Q-Droop” equation of droop control
method can be written as

P = Pref + m(wref - wg)
E= Eref + n(Qref - Q)
where m and n are the droop coefficients for frequency and

reactive power, respectively; Pror, Qrer, Erer and w, ., are
respectively the references of active power, reactive power,

®3)

terminal voltage at PCC and angular speed of VSG; and w, and
Q. are the measured frequency and reactive power, respectively.
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Fig. 3. Block diagram of the conventional VSG-ESS control method.
The inertial equation in VSG is given by

J

where J and D are the rotational inertia and damping coefficient,
respectively; B,, and P, are the mechanical and electromagnetic
powers, respectively; and w,, and w, are the mechanical and
rated angular frequencies, respectively.

Through the droop regulation of frequency and voltage, the
power balance of the system can be guaranteed. However,
during the regulation process, the frequency change can only be
realized by simulating the rotor motion equation in (4). In cases
when the load changes substantially, the frequency and voltage
fluctuation may be very large, even to the point of pushing MGs
into an unstable state. Therefore, it is vital to compensate the
system through the ESS and suppress the frequency and voltage
fluctuations.

dwm _ Pm—Pe

at om - D(wm - wo) (4)

. MPC-VSG CONTROLLER DESIGN

The traditional VSG method involves controlling the voltage
and frequency output through two droop links and an inertial
simulation link of SG. In this method, if the system frequency
fluctuates significantly, the regulation capability of VSG is
limited. The rate-of-change-of-frequency (ROCOF) may be too
large to be kept within the standard. Therefore, in this paper,
MPC is introduced. As shown in Fig. 4, by detecting the
changes in system frequency, and based on the system model,
it is predicted to change the active and reactive power output
(APygq (k), AQysq(k)) of VSG. As a result, the frequency
regulation capability of VSG is enhanced.

In an island MGs, the power of multiple power converters
needs to be regulated for parallel operation. To improve the
power sharing and circulation suppression effect, it is necessary
to add a virtual impedance in VSG control, as shown in Fig .4.
Furthermore, the value of the virtual impedance will also affect
the control effect of the VSG. This article refers to the methods
in [35, 36] then selects a fixed virtual impedance Z ¢, for VSG
control.
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Fig. 4. Block diagram of the proposed MPC-VSG-ESS method.
A. Discrete MPC-VSG Control Method

To effectively realize frequency fluctuation suppression, the
mathematical model of MPC-VSG needs to be first established.

According to (4), the inertial equation can be rewritten as the
state-space model given by

{c’o(t):}" OO + 7= Pp() = = P ()
y(©=0(0

where w = w,, — w, . We may conclude from (5) that
fluctuations in the output power of the RE can cause power
imbalances both in the supply and demand sides, thus causing
further frequency fluctuations. For VSG, the frequency
fluctuation is small, and w,, = w, is approximated. The output
power P, can be regarded as the disturbance and B, can be
considered as the controllable input variable.

To realize (5) in digital implementation, after converting (5)
into a discrete incremental model, the discrete state-equation
can be derived as

(®)

{Aa)(k + 1) = Adw(k) + B,,AP, (k) + B,AP,(k) (6)
yk+1) =A4w(k+ 1)+ y(k)
where
D Ts D Ts D
A=e T B, = Lf e 7"dt,B, = —LJ e T drt
Jwo 0 Jwo 0

()
where Ty is the sampling time. The frequency, mechanical and
electrical power variations can be written as

Aw(k)=w(k) — w(k — 1)
APy (k)=Py (k) — Pp(k — 1) (8)

AR, (k)=Fe (k) — Fe(k — 1)
To improve the prediction accuracy and ensure that the
required calculation expense is affordable, three-step prediction

is selected as the prediction horizon. Therefore, the frequency
prediction equation can be expressed as

Ype(k +11k) = Spdw (k) + Iy (k) + SeAP, (k) + SpAPy (k)
©)

Where
Sa=[a Yia ¥la7a=01 1 1]
2 3

S.=[B, ZAi—lBe ZAi—lBe]T
1 1
B, 0 0
2 i
ZIAL 'B,, B, 0 (10)
3 i 2 i
2, A7'B,, Y A7'B, By

Sm =

B. Cost Function Design

The cost function considers the frequency deviation Aw and
the rated power variation AP,, of VSG. The weighted sum of
squares should be the minimum value, which is expressed as

Jo = Do L@k + ilk))? + (BAP,(k + i[k))?] (1)

where a and S are the weight coefficients of frequency and
power change, respectively. Further, Aw(k + i]k) and
AP, (k + i|k) are the angular speed error and active power
error at instant k, respectively. Since the frequency fluctuation
should be limited within a certain range, the MPC optimization
problem with constraints is described as:

Ag,rrlni(r;()]p(ﬂw(k). APy (k) (12)

The cost function in (12) should satisfy the frequency
constraints given as

Aw(k +i+1|k) = Adw(k + ilk) + Bp,AP, (k + i|k) +
B AP, (k + i|k)
Aw(k|k)=Aw (k)
ve(k+ilk) =y.(k+i—1lk) + dw(k +ilk),i=1
Ye(klk) = yc(k)
Ymin(k) < yc(k) < Ymax(k)' Vk =0
(13)
Then the cost function in (12) can be rewritten as

Jp(Bw (K), APy (k)=NTy (Yp,c(k + 1]k) — R(k + 1)

s, AP (O] (14)

where I', and I'p_ refer to the weighting coefficients matrix for
angular frequency and active power error, and R(k + 1) is the
control output reference sequence at k+1. I'y,, I'p and
R(k + 1) can be respectively expressed as

r,=diag{a, a, a}
er:diag{ﬁ! :8! :8} (15)
R(k+1)=[0 0 0]"
where AP,,, (k) is a sequence of control quantity increments,

which is used as an independent variable for the constrained
optimization problem and defined as

wr| ABn(e)

AP, (k)= 4P, (k + 1) (16)
AP, (k +2)
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Assume Y, .(k + 1|k) is the three-step MPC control output at
instant k, defined as

ye(k + 1]k)
Y,e(k + 11k)= |ye(k + 2]k) (17)
ye(k + 3]k)

In general, due to the existence of constraints, an analytical
solution to the optimization problem in (12) cannot be obtained.
Therefore, using the numerical solution method, the constrained
MPC optimization problem is also a quadratic programming
problem, so the optimization problem can be transformed into
a quadratic programming (QP) description. Equation (14) can
be transformed into a form of zTHz — g7z, where z =

AP, (k) isan independent variable of the optimization problem.

Substituting (9) into the cost function in (14) and defining
E,(k + 11k) = R(k + 1) — Sadw (k) — Iy(k) — S,AP, (k)
(18)
Then the cost function in (14) becomes
Jo=ITy(SmAPy (k) — E,(k + 1[k)|I* + |ITp,, AP (K)||?
=AP,,(k)"S,, I, T, SmAP, (k)
+AP,,(k)'Tp "I'p AP, (k)
—2E,(k + 1|k)"T," IS, AP, (k)
+E,(k + 1|k)"T,"T',E,(k + 1|k)
(19)
Since E,(k + 1|k)"I," T, E,(k + 1|k) is independent of
the variable AP,, (k), equation (19) is equal to (20) shown as
Jp=AP,,(kK)"THAP,,(k) — G(k + 1|k)"AP,,(k) (20)
Where
H=S,"I,T,S,+TIp Tp, 1)
G(k + 1|k) = 28, T," T E,(k + 1]k)

Then the frequency constraint in (13) is converted to the
form of Cz = b, which can be described as

Yiin(k +1) <Y, (k+ 1]k) < Vipax(k + 1) (22)
Where

{Ymin(k + 1)=[ymin(k + 1) ymin(k + 2) ymin(k + 3)]T
Ymax(k + 1):[ymax(k + 1) ymax(k + 2) ymax(k + 3)]T
(23)

Replacing (9) in (22), the frequency constraints can be
converted to (24) as

[;:‘] AP,,(k) = b(k) (24)
Where
b (k):[ (Sadw (k) + Iy(k) + SeAP.(k)) = ¥imax(k + 1)
—(Sadw (k) + Iy(k) + SeAP. (k) + Vi (k + 1)

(25)

Based on (24), the MPC optimization with constraints can be
transformed into a QP problem described as
; T _ T
Ag}}:(r}() AP, (k) ' HAP,,(k) — G(k + 1|k)" AP,,,(k) (26)
Satisfy : €, AP, (k) = b(k)

Where
Cn = [_Sm Sm]T (27)

Since H = 0 in (21), the QP problem has a certain solution
to any weighting matrix I', > 0, I'p,, > 0, denoted as APy, (k).
According to the operation principle of model predictive
control, an initial control sequence will be imposed on the
system. At the next sampling period, the constrained
optimization problem will be updated, and the solution of (26)
will be re-solved. After obtaining the optimal solution AP;,, the
first term AP, (k) in APy, is taken as the control quantity and
re-input into the system. The variation of active power
reference for VSG can be written as

APysg (k) = APy () (28)

From (2), it is known that the changes in active power will
lead to changes in the PCC voltage. To reduce the voltage
fluctuation, the reactive power of VSG should be changed
accordingly. Further, the sum of the active and reactive power
variations can be derived as

APysg + AQysg = %Sin&) + % cosdy48

(29)
+2 coséy — Tl _ sindy46
X X
Considering 8, = 0, (29) can be expressed as
EAV EV, 2VpAV
APVSG +AQVSG=7+70A6_ 2( (30)

To minimize the changes in AV, the mains voltage variation
AV can be set as AV = 0. The optimal AB,,(k) is the optimal
active power that needs to be changed, and it is obtained
through MPC. Thus, the voltage fluctuation can be minimized
by setting the changes in reactive power as

AQysg (k)=— AP (k) + 22

X
By calculating the optimal active and reactive power
( APyg; (k),AQysq (k) ), the reference power of VSG is
constantly modified to achieve better dynamic responses in
terms of both frequency and voltage. Fig. 5 shows the
implementation of the proposed MPC-VSG controller.

48 (31)

C. Control Method Analysis

The control method needs to be discussed in two cases: one
in which the solution of (26) is located inside the constraint
boundary, and another in which the solution is located on the
constraint boundary.

1) Solution to (26) is inside the constraint boundary

In this case, the model is degenerated into an unconstrained
model. Assuming the optimal solution at this time is 4P}, (k).

1949-3053 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on October 01,2020 at 13:14:17 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2020.3027051, IEEE

Transactions on Smart Grid

IEEE TRANSACTIONS ON SMART GRID REGULAR PAPER/LETTER/CORRESPONDENCE

Initialize: S,, S,, Sy, Iy, Iy H,
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X
v
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Fig. 5. Implementation of the proposed MPC-VSG controller.

Treated
separately

Optimal solution:

APy, (k) = Kipc(R(k + 1) = Spdw(k) — Iy (k) — S AP (k))
= KpcR(k + 1) = Kpppe(Sa + DAw (k)

—Kppclw(k — 1) — Kpppe S AP, (k) (32)

Where
Kunpe=(Sm' Ty TySp +Tp, "Tp )78, T,T, (33)

Substituting AP,,,(k) in (32) into (6), the closed-loop
control system can be derived as.
Aw(k +1) = (A — ByyKppc(Sa + 1))Aw (k)
+BuKmpcR(k +1)
+(Be - BmepcSe)APe(k)
=By Kppcdw(k — 1)

(34)

Obviously, if all the eigenvalues of A — By K,y (Sa + 1)
are within the unit circle, the closed-loop system in (33) is
nominally asymptotically stable.

|A = By Kmpc(Sa+ D] <1 (35)

When inequation constraint (35) is satisfied, the system is
stable. Therefore, after designing the system control parameters,
they need to be verified based on the inequality in (35).

2) Solution to (26) is on the boundary of the feasible
domain
In this case, the MPC will output the power according to its
maximum value. The frequency adjustment will mainly be
performed by other devices, and the frequency stability will
mainly be determined by other devices.

In summary, the MPC-VSG control method can keep the

system frequency stable within the limits. When it exceeds the

range in which VSG can adjust, the MPC-VSG can also output
its maximum value, keeping the system as stable as possible.

IV. SIMULATION RESULTS
A. Simulation Setup

To verify the effectiveness of the proposed method, a
MATLAB/Simulink model is set up and tested. Tables | shows
the parameters of the diesel synchronous generator. In order to
show the power compensation effect of the proposed method
more clearly, the output power waveform is processed by a low-
pass filter (LPF) with a cut-off frequency of 100 Hz. Before
verifying the performance of the proposed method under
different conditions, the appropriate inertia and damping
coefficients need to be selected. The effects of different inertia
and damping coefficients on a frequency transient are shown in
Fig. 6. A set of appropriate inertia and damping coefficients are
selected for the proposed method. After comparing different
coefficients on frequency fluctuation suppression, the selected
coefficients are presented in Table I1.
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Fig. 6. Effects of the inertia and damping coefficients on mains frequency. (a)
Different virtual inertia J (D = 2); (b) Different virtual damping D (J = 1.5).

B. Case 1: Comparisons of Different Control Method

To compare the voltage and frequency fluctuations with
loading transitions, a 5 kW load is connected att = 8s and
disconnected at t = 16s . Different working states are
examined for comparison purposes. The “No-ESS” line
indicates that the load is powered by the diesel synchronous
generator. The “VSG-ESS” line represents the case in which an
ESS controlled by the traditional VSG method is parallel-
connected with SG to power the load. The “MPCVSG-ESS”
line represents the case in which an ESS controlled by the MPC-
VSG method is parallel-connected with SG to power the load.
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TABLE |
DIESEL SYNCHRONOUS GENERATOR PARAMETERS
Parameter Symbol Value
Nominal power Py 20 kVA
Nominal voltage (line to line) V, 380 Vims
Nominal frequency fse 50 Hz
Inertia coefficient Ise 0.6 kg - m?
Damping coefficient D 0
Number of pole pairs N 1
TABLE I
PARAMETER SPECIFICATIONS IN VSG
Parameter Symbol Value
Nominal power Pyse 0 kVA
Nominal voltage (line to line) Uyp, Ugc, Uca 380 Vins
DC-link voltage Uge 800V
Nominal frequency of VSG fvse 50 Hz
Virtual inertia Jvse 1.5 kg - m?
Virtual damping Dys¢ 3.2
Virtual impedance Zyse 0.5 +j0.004 Q
P droop coefficient m 15%10*
Q droop coefficient n 2.2x10*
Switching frequency fow 5 kHz

Fig.7 shows the power outputs of SG and ESS under No-ESS,
with VSG-ESS, and with MPCVSG-ESS, respectively. In the
case of ESS, as shown in Fig. 7(a), when the load changes, the
output of SG changes immediately. ESS can provide extra
power for the step-up load, as shown in Fig.7 (b), so that the
output power of SG can change slowly. With the proposed
method, ESS outputs more power when the load changes, which
allows for smooth power output changes of SG.
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Fig. 7. Power output of SG and ESS during loading transitions. (a)Output of
SG; (b) Output of ESS.

Fig.8 shows the frequency and ROCOF under loading
transitions. From Fig. 8(a), the frequency variations of PCC are
about 0.68, 0.19 and0.25 Hz with the NO-ESS, MPC-VSG
and MPCVSG-ESS method, respectively. The frequency

variation has decreased by about 24%, which clearly improves
the power quality and enhance the system stability. Compared
with the capacity of MGs, the loading variation is low.
Therefore, the frequency variation is also very low, which
should not exceed 1SO 8528-5 standard for the generator limit
(£1.5 Hz).

Along with frequency changes, the ROCOF is also worthy of
attention. As shown in Fig. 8(b). Before adding the ESS, the
maximum ROCOF is about 2.27 Hz/s. The maximum ROCOF
of the traditional VSG method is about 0.74 Hz/s, which does
not meet the standard, i.e. ROCOF < 0.6 Hz/s. It should also be
noted that the maximum ROCOF with the proposed method is
about 0.58 Hz/s, which represents a decrease of about 22% and
satisfies the requirements of the ISO standard.
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Fig. 8. Frequency and ROCOF under loading transitions. (a) Frequency
changes; (b) ROCOF.
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Fig. 9. Output power of MPC controller.

Fig. 9 shows the output power of the MPC. When the
frequency changes, the MPC controller calculates the power
changes caused by the frequency changes. For example, when
astep-up load is givenat t = 8s, the frequency decreases. By
detecting the frequency changes, the MPC calculates the
required power change within a limited range. Then, MPC
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outputs the optimized active power variations AP, (k). By
subtracting AP"m (), the rated power of VSG can be regulated
adaptively.

After obtaining the optimized change in active power, the
change in reactive power can be obtained by (31). By
controlling the reactive power reference with the MPC-VSG
method, the voltage fluctuation can be suppressed. The PCC
voltage in Fig. 10 shows that, before the addition of the ESS,
the voltage fluctuation is about -4.3 V when the load is
connected, while it is 4.2 V when the loading is disconnected.
When the traditional VSG-ESS is applied, the voltage
fluctuation increases about -5.6 V when loading is connected
and increases 5.6 V when loading is disconnected. With the
proposed MPCVSG-ESS method, the voltage fluctuation
decreases to -4.5 V when the load is connected and increases to
4.6 V when the load is disconnected. In both cases, the proposed
method can reduce the voltage variations by 19.6% and 17.9%,
respectively.
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Fig. 10. PCC Voltage under loading transitions. (a) Loading connected; (b)
Loading disconnected.

The above simulation results prove that the MPC-VSG
control method can improve the power quality and reduce the
voltage and frequency fluctuations under loading transitions,
which verifies the effectiveness of the proposed method.

C. Case 2 : Power Sharing Performances to Load Change

To verify the adaptability of the proposed method to the
island MGs, two VSGs are connected in parallel to power the
loads. The main parameters of the two VSGs are the same as
those in Table Il, and the different parts are shown in Table I11.
Before 2 s, VSG1 and VSG2 are connected in parallel to power
the 15 kW load. At 2 s, another 15 kW load is connected, and
which is disconnected at 12 s.

TABLE Il
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DIESEL SYNCHRONOUS GENERATOR PARAMETERS

Parameter

Symbol

Value

Nominal power
Virtual inertia
Virtual damping
P droop coefficient
Q droop coefficient
Load power
Virtual impedance

Pyse1r Prsea
Jvse1s Jvsez
Dyse1, Dysea
Mysg1, Myse2
Nyse1s Mvsez
Pra, Py

ZVSGI’ ZVSGZ

20 kVA, 10 kVA
0.1kg-m? 0.05 kg - m?
8,4
2.5%10%, 5x10°
4.4%10°, 2.2x10*
15 kw
0.8 +0.006 Q

As shown in Fig. 11, before t = 2 s, VSG1 and VSG2 are
connected in parallel to power the load, and the ratio of output
power is the same as rated power, which is 2:1. When the
additional load with 15 kW is connected, VSG1 and VSG2 can
increase their power output at the same time. Similarly, when
the load is removed at 12 s, they can also scale down their
output at the same proportion. At steady state, the output
continues to be maintained at the same ratio.
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Fig. 11. Real power of ESS under loading transitions.
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Fig. 12. The real power and current outputs of parallel connected VSG2-A and
VSG2-B under loading transitions. (a) Real power; (b) Output current and
circulating current.
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Fig. 12 shows the parallel operation of two VSGs with the
same parameters as VSG2, denoted as VSG2-A and VSG2-B,
respectively. Before 2 s, VSG2-A and VSG2-B are connected
in parallel to power a 10 kW load. At 2 s, another 10 kW load
is connected to the system, they each share the load power by 5
kW. With the removal of the extra load at 6 s, the output power
is each recovered to 5 kW. From Fig.12 (a), it can be seen that
VSG2-A and VSG2-B have the same power outputs under
loading transitions. The steady-state output currents of VSG2-
A and VSG2-B are shown in Fig.12 (b). The output currents of
the two VSGs are basically the same, and the circulating current
is less than 0.1 A.

From all the above simulation results, the proposed method
has the capabilities of not only voltage and frequency
fluctuations mitigation, but also the power sharing and
circulating current suppression . The proposed MPC-VSG ESS
can accurately and proportionally output its power in parallel
connection, which further proves the its applicability in MGs.

V. EXPERIMENTAL RESULTS
A. Hardware Setup

To further validate the aforementioned study, experimental
verifications are performed. Due to the parallel operation
complexity involved with the multiple power converters, loads,
ESS, and SG, a Hardware-In-Loop (HIL) test is used, as it can
offer the most complex model-based design for interacting with
real-world environments.

In the experiment, RT-LAB (OP4050) was used as the
Real-Time Simulator for power stage emulation. Similarly,
MicroLabBox which is a compact, versatile, and powerful
development system for laboratory tests, was used for NO-ESS,
VSG-ESS, and MPC-VSG-ESS control realization. Fig. 13
shows the experimental setup. The modelings of loads,
switching devices, driving circuits, SG and ESS are all set up in
RT-LAB. MicroLabBox samples the output signals of RT-LAB
(e.g. grid current, voltage, frequency, active and reactive
powers, etc.). The control signal is generated according to the
proposed method then sent back to RT-LAB. The sampling
time is 40 ps. As a result, a closed-loop emulation platform for
MGs is established.

The HIL tests are mainly performed for two purposes: 1)
the correctness and effectiveness of the MPC-VSG-ESS are
validated in utility; 2) the accuracy and real-time computational
ability of the MPC-VSG based ESS system are evaluated.

.1 B N e Nl

Fig. 13. Configuration of HIL experimental platform.

B. Results and Analysis

The experimental results are shown in Figs. 14, 15, and 16.
Compared with the aforementioned simulation results, the
experiment results are very similar, but there is some deviation.

1) Performance of SG with and without ESS

Fig. 14 shows the output power of SG and ESS under load
transitions without ESS, with VSG-ESS, and with MPCVSG-
ESS, respectively. The results show that the waveform of the
experimental results is similar to the simulation results, and that
the proposed MPCVSG-ESS method could greatly alleviate the
output power of SG.

2) Grid Voltage and Frequency Regulation Capability

Fig. 15 shows the dynamic performance of the PCC
frequency variations with No-ESS, VSG-ESS, and MPCVSG-
ESS under load transitions, respectively. The load is connected
att = 30sand disconnected att = 40s. When only SG is
operated in MGs, the frequency fluctuation is about 0.64 Hz,
while the ROCOF is about 1.64 Hz/s. With the traditional VSG
method, the frequency fluctuation is reduced to 0.22 Hz while
the ROCOF is reduced to 0.34 Hz/s. When the ESS is controlled
by the MPC-VSG method, the frequency variation is only 0.16
Hz, and the ROCOF decreases to 0.23Hz/s. The comparison
results indicate that the proposed method can effectively
suppress frequency fluctuations, thus enhancing the frequency
dynamic performance of the system.

Fig. 16 shows the PCC voltage variations when the load is
connected at t = 30 s and disconnected at t = 40 s. When only
SG is operated, the voltage drop is about 5.2 V when the load
is connected, and the voltage-rise is about 4.7 V when the load
is disconnected. When traditional VSG-ESS is applied, the
voltage-overshoot is about 7 V. For the MPCVSG-ESS method,
the voltage overshoot is about 5.6 V when a cut-in load is
connected, and it is about 4.8 VV when the load is disconnected.
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Fig. 14. Output power of ESS under loading transitions. (a) Output of SG; (b)
Output of ESS.
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Fig. 16. Voltage fluctuations of PCC under loading transition. (a) Loading
connected; (b) Loading disconnected.

Based on the results shown in Figs. 14, 15, and 186, it can be
concluded that the proposed method reduces not only the
frequency fluctuation but also the voltage fluctuations.

VI. CONCLUSIONS

This paper investigates a three-step prediction MPC-VSG
control method for an ESS in islanded MGs. Based on the real-
time detection of the system frequency, the mathematical model

10

of a VSG is established to predict the optimal output power of
VSG, thereby further enhancing the frequency dynamics of the
system. In addition, considering that changes in active power
may lead to voltage variation, we proposed a voltage
suppression method that can reduce the voltage fluctuation by
changing the rated reactive power of VSG. The HIL platform
was used to implement the proposed control method and to
verify the simulation results. Numerous simulation and
experimental results have demonstrated that the dynamic
performance of the frequency and voltage of the mains in MG
under load changes can be enhanced, and the correctness and
effectiveness of the proposed method in this study have been
verified. It is suggested that future works on the frequency and
voltage fluctuation suppression of MGs can focus on combing
neural networks with the MPC-VSG method.
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