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ABSTRACT Matrix converters (MC) have been considered for applications in renewable power generation
and microgrids. However, similar to other power electronic converter-interfaced power generation systems,
the MC-interfaced system cannot provide inertia or damping effect to support the grid’s frequency or voltage.
To improve the inertia and damping effect of the MC-interfaced distributed generation system and realize
the grid-friendly connection of new energy power generation, a virtual synchronous generator (VSG) control
strategy suitable for the MC-interfaced system is proposed. Aiming at the problem that the system frequency
in the traditional VSG cannot be restored to the nominal value after the load power fluctuations, the VSG
secondary frequency control strategy is introduced. To ensure a smooth grid connection, a synchronization
control strategy based on virtual power has been designed. An experimental validation platform was built
and the experimental results verify the correctness and effectiveness of the proposed control strategies for a
grid-forming MC.

INDEX TERMS Damping, inertia, matrix converter, secondary frequency control, virtual synchronous
generator.

I. INTRODUCTION

Many countries around the world have set goals for net zero
emissions of greenhouse gas. Renewable power generation
is a key technology to help achieve these goals. Therefore,
a large number of renewable energy power generation sys-
tems will be connected to the power grid, which requires
numerous power electronic converters [1], [2], [3]. With the
increasing penetration of new energy and wide application
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of power electronic converters, the system equivalent inertia
constant significantly decreases. Literature [4] has shown
that from 1996 to 2016, the proportion of new energy gen-
eration in Europe increased from 14% to 31%, while the
system equivalent inertia constant decreased by about 20%.
Reduced system inertia will lead to a larger rate of change
and deviation of frequency [5], [6]. In addition, the new
energy power generation systems are usually operated in the
maximum power tracking mode and they do not exhibit the
inertia and damping characteristics observed in traditional
synchronous generators. Consequently, they are incapable
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of actively providing the necessary voltage and frequency
support for the power grid, which seriously threatens the sta-
bility of the power grid. Therefore, it is particularly important
to enhance the inertia and damping of new energy power
generation systems.

To address the issue of low inertia and weak damping in a
power system with a high percentage of new energy, Zhong
et al. have proposed and studied the concept of the virtual
synchronous generator (VSG) [7]. VSG has been widely
investigated for interface converters to improve the perfor-
mance of renewable power generation systems and achieve
friendly grid integration [8], [9], [10]. Current research on
VSG control technology is mainly carried out based on
DC/AC converters [3]. In literature [11], VSG has been
applied to control DC/AC inverters in conventional PV sys-
tems, so the grid-following PV systems are transformed into
grid-forming systems, thus providing inertial support for the
grid. In [10], VSG has been investigated in battery and ultra-
capacitor combined energy storage systems to compensate
for the power fluctuation in new energy generation systems
and provide support for grid frequency. In [12], a VSG-based
adaptive cooperative control strategy has been proposed in a
photovoltaic power generation system equipped with battery
storage to ensure grid frequency stability while maximizing
the use of photovoltaic power.

However, some electrical power generation systems have
an AC output nature and it is necessary to utilize back-to-back
converters to realize AC/AC conversion. Some researchers
have studied the VSG control technique for the back-to-
back converters in wind power generation systems [13],
[14], [15]. VSG can enable wind power generation systems
to exhibit dynamic characteristics similar to synchronous
generation and provide inertia support to the grid while
maintaining the maximum power point tracking capabil-
ity. The VSG in wind power generation systems is usually
implemented on the grid-side DC/AC converter which is
a part of a back-to-back converter. However, back-to-back
converters contain large electrolytic capacitors in the DC
link. These capacitors are usually large, heavy, and require
maintenance, and they also require DC voltage control and
cause energy loss [13]. In contrast, a matrix converter (MC)
can realize direct AC/AC conversion without a DC energy
storage link. As a competitive alternative solution to a back-
to-back converter, the MC provides advantageous features
such as compactness, lightweight, controllable input power
factor, sinusoidal waveform, four-quadrant operation, and
high efficiency. Therefore, MCs can generally be used in
applications where the back-to-back converter is used. More
specifically, MC can be used as the interface converter
between AC-source distributed generation systems, such as
wind power generation systems and flywheel energy storage
systems, or microgrids and electrical power grids [16].

MCs have been widely researched in renewable power
generation applications. Similar to other power electronic
converters used in renewable and distributed power genera-
tion systems, the traditional grid-following control strategy of
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MC cannot provide the desired frequency and voltage support
to the grid. However, the VSG control of MC is seldom
reported in the literature, not to mention the control of the
grid-forming MC. In [17] the authors have proposed a VSG
control technique with MC as the main topology to realize
direct AC/AC conversion. However, a hysteresis band con-
troller has been used, and it is prone to generating harmonics
with a wide spectral distribution, which can make the filter
design complex. In [18] a novel space vector algorithm to
control MC is described, but the algorithm is complex and the
grid-connection control is not considered. In [19] the authors
have proposed a VSG-based grid-connected control strategy
for MC and the power delivered to the grid is effectively
regulated. However, the input power factor control is not con-
sidered. The above literature has shown that the VSG control
of MC has important research value. However, none of them
considers the overall operation process of the MC-based VSG
power generation system.

The main work of this paper is summarized as follows.
(1) The concept of grid-forming MC is put forward and the
basic principle and control strategy of VSG are analyzed for
grid-forming MC. (2) The secondary frequency regulation
strategy is incorporated into the VSG control to remove
the steady-state error of the system output frequency in the
conventional VSG scheme. (3) To achieve smooth grid con-
nection, a virtual power-based grid synchronization control
strategy without using PLL is designed. (4) The simulation
and experimental results are presented to demonstrate the
feasibility and effectiveness of the proposed control strategy
in islanded, switching and grid-connected modes.

Il. VSG FUNDAMENTALS

VSG control technology can use the electromechanical
equation of the synchronous generator in the control loop of
the power electronic converter so that the inertia, damping,
primary frequency control, and primary voltage regulation
characteristics of the synchronous generator are incorporated
in the converter control. In this way, the converter-interfaced
renewable power generation system can mimic the traditional
synchronous generator and exhibit favorable support to the
grid. The VSG active power-frequency control is based on
the rotor motion process of a synchronous generator, and its
mathematical equation is expressed by

dow _ Pres — Pe
i

— DAw

t w,
4o 0 ey

w=—
dt

where J is the virtual inertia; P is the reference active
power; Pe is the actual output active power; D is the damping
coefficient; w is the angular velocity; wy is the rated angular
velocity; Aw = w-wq; 6 is the electrical angle. The VSG
active power-frequency control block diagram is established
according to (1) and is shown in Fig. 1.

The VSG reactive power-voltage control is based on the
excitation regulation process of a synchronous generator.
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FIGURE 2. VSG reactive power-voltage control block diagram.

The synchronous generator adjusts the terminal voltage and
output reactive power of the synchronous generator by con-
trolling the excitation current. Referring to the control idea
in a synchronous generator, VSG realizes the control of sys-
tem output voltage and reactive power by controlling virtual
electromotive force E. According to the droop relationship
between voltage and reactive power, and the electromagnetic
transient characteristics of synchronous generator, the virtual
electromotive force E of VSG is expressed as

E = K/ [Kq(Qref — Qe) + (Uret — Ue)] (2

where E is the virtual electromotive force; K is the gain factor
of the reactive power controller; Ky is the reactive power
droop coefficient; Qr.r is the reference reactive power; Q. is
the actual output reactive power; Uk is the reference output
voltage; U, is the actual output voltage. According to (2),
the VSG reactive power-voltage control block diagram can
be obtained as shown in Fig. 2.

Ill. MC STRUCTURE AND MODULATION
A. MIC STRUCTURE
The MC consists of nine bidirectional switching devices
arranged in a 3 x 3 matrix, and each bidirectional switch is
composed of two semiconductor switching devices with anti-
parallel diodes. The MC topology is shown in Fig. 3.

The relationship between voltage and current in MC can
be expressed as:

27N SAa SBa Sca Uy Ua
ug | = | Sab SBb Scp up | =S| up 3
uc | _SAc SBc SCC_ | Uc | Uc
ia Saa Sab Sac iA iA
ip | =1 SBa SBb Spe | | iz |=5"|is )
ic | [ Sca Scv Sce | | ic | ic

where S is the switching matrix and ST is the transpose of
S. When S;; (. = A, B, C;j =a, b, ¢)is 1, the corre-
sponding switch is on, otherwise off. To prevent overcurrent
caused by short-circuiting the input and overvoltage caused
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TABLE 1. MC switching states.

Conductin,
Vector switch esg Use 0o Libe  fi
1 SAa SBb SCb thab 0 h;iA —7t/6
-1 SAb SBa SCa 7thab 0 7hil'A —7t/6
+2 Sab Spe Sce hU,e 0  hin 72
-2 Sac S Scry ~hyUpe 0 —hiia 72
+3 SAc SBa SCa thca 0 hiiA 77[/6

-3 SAa SBc SCc 7thca 0 7hil'A Tn/6
+4 Sab Sga Scv h/ZUy 2n/3 hig /6
—4 Saa Seo Sca —hUsp 2n/3 —hig —n/6
+5 SAc SBb SCc thbc 21/3 hiiB /2
-5 SAb SBc SCb *hVUbC 2n/3 *h,l’B /2
+6 Saa Spe Sca h/Ua. 2n/3 hig 7n/6
—6 Sac Spa Sce —hU. 2n/3 —hig 7n/6
+7 SA}, SBb SCa thab 47/3 h.ic —n/6
=7 SAa SBa Sc}, _h‘, Usp 47/3 _h;ic —1/6
+8 SAC SBc Sc}, thbc 47'5/3 h.ic TE/2
-8 SA}, SBb ch _h‘, Ube 47/3 _h;ic /2
+9 Saa Sa Sce hU. 4n/3 hic 7n/6
-9 SAC SBc SCa _thca 47/3 _h;ic 7m/6

Oa SAa SBa SCa 0 - 0 -

Op Sab Seb Scb 0 - 0 -

Oc SAc SBc SCC 0 - 0 -

I Saa Seo Sce Usabe (2] Lasc  Bo

Iv) Saa Spe Scp ~Ulabe -0i  loasc o

I3 Sab Spa Sce -Uiave -07+4m/3 Ioapc -Bot2n/3
Iy Sab Spe Sca Uive 0it47/3 Ioapc Bot2n/3
Is Sac SBa Scp Uie 0i+27/3 Ionpc Bot4n/3

Te Sac Seb Sca
Notes: h,y=2/3, h=2/"3.

-Ulabe (Xi+2TE/3 [aABc—ﬂa+4TE/3

by open-circuiting the output, the MC switching states must
satisfy

> Sj=1.(G=ab.c) Q)

i=A,B,C

Therefore, there are 27 valid switching states in MC.
Different switching states correspond to different vectors,
generating different output voltages and input currents. The
MC input voltage vector is defined as UjgpeZev, the out-
put voltage vector as Uo,apcZao, the input current vector
as lizhe £ Bi, and the output current vector as IoapcZBo. The
switching states and corresponding vectors are shown in
Table 1.

B. MC MODULATION
Space vector modulation (SVM) is an effective control tech-
nique and it is used in the work described in this paper to
control the MC. According to Table 1, the output voltage and
input current vectors corresponding to each switching state
are shown in Fig. 4.

Assuming the reference voltage vector Ugapc and input
current vector Ijppe are both located in sector I in each

hexagon shown in Fig. 4. UoABC’ U:;ABC’ and fiabc’ I

are the decomposed components of the Uyapc and I;:Ez
and they are synthesized by the MC switching vectors with
the same direction, namely +1, —3, —7 and +9. Different
combinations of the switching vectors are selected based on

the values of m and n, and they are summarized in Table 2.
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TABLE 2. Units for magnetic properties.

m=1 m=2 m=3 m=4 m=5 m=6
n=1 +1,-7,49,-3,0. +4,-7,49,-6,0. +4,-1,+3,-6,0 +7,-1,+3,-9,0. +7,-4,+6,-9,0.  +1,-4,+6,-3,0,
n= +9,-3,+2,-8,0, +9,-6,+5,-8,0, +3,-6,+5,-2,0, +3,-9,+8,-2,0, +6,-9,+8,-5,0, +6,-3,+2,-5,04
n= +2,-8,+7,-1,0, +5,-8,+7,-4,0, +5,-2,+1,-4,0, +8,-2.+1,-7,0, +8,-5,+4,-7,0, +2,-5,+4,-1,0,
n=4 +7,-1,+3,-9.0. +7,-4,+6,-9,0. +1,-4,+6,-3,0 +1,-7,+9,-3,0. +4,-7,49,-6,0.  +4,-1,+3,-6,0,
n=5 +3,-9,+8,-2,0, +6,-9,+8,-5,0, +6,-3,+2,-5,0, +9,-3,+2,-8,0, +9,-6,+5,-8,0, +3,-6,+5,-2,05
n= +8,-2,+1,-7,0, +8-5+4,-70, +2,-5+4,-1,0, +2,-8+7,-1,0, +5,-8+7,-4,0, +5,-2,+1,-4,0,

FIGURE 3. MC topology.

The duty cycles of corresponding vectors are expressed by
2 sin(a) sin(B)

I _ _qymtn_= >RSP
YA et ©
M_ ,_ ymins1 2 sin(@)sin(z/3 — B)

b Nek cos(xi) @)

2 sin(m/3 — o) sin(B)

V3 1 cos(xi)
2 sin(/3 — a)sin(r/3 — B) ©)
V3 7 cos(xi)

where g is the voltage transfer ratio; 0 < o < 7/3 is the sector
angle of the desired output voltage Ugapc; 0 < B < /3 is the
sector angle of the desired input current Ijgpc; ¥; is the phase
difference between the input current and the input voltage;
and m and n are the sectors in which the output voltage and
the input current are located, respectively.

The zero vector is introduced to complete the entire sam-
pling period and its duty cycle is

§O =1 — gl sl _ gl _gIV

S — (—qyntnt]

®)

(SIV — (_ 1)m+n

(10)

According to the above descriptions, the overall control
block diagram of the direct SVM of the MC is shown in Fig. 5.

IV. VSG CONTROL STRATEGY FOR MC

A. MC MODULATION

Most of the conventional VSG control strategies are imple-
mented for inverters or back-to-back converters, and all of
them require information on DC bus voltage in their control
strategies. However, there is no DC link in MC, which makes
its control strategy different from the conventional VSG con-
verter [20]. The proposed MC-based VSG control strategy
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+7.+8.+9

475,76 -2,-5,-8

(@) (®)
FIGURE 4. MC Output voltage vectors (a) and input current vectors (b).

mainly consists of an input current control unit, a VSG control
unit, a voltage transfer ratio control unit, and a virtual power
synchronization unit, as shown in Fig. 6.

The unity power factor operation at the MC input side is
achieved by the input current control unit. The input source
voltage phase is detected using a phase-locked loop (PLL)
and used as a reference phase angle for the input current
Liape £ Bi. Direct current control based on voltage orientation
is adopted, and a PI controller is utilized to control the g-axis
current imq to be 0, compensating for the phase difference
between the input voltage and current.

The VSG control unit generates the three-phase virtual
electromotive force E/6 according to (1) and (2). The
MC output voltage is controlled by the voltage-current
double closed-loop controller. The application of the VSG
technology enables the MC-based generation system to
exhibit external characteristics similar to the synchronous
generator.

The voltage transfer ratio control unit takes the amplitude
of the reference output voltage U,apc as the reference, and
the system output voltage amplitude U, as the feedback, and
their difference is passed through the PI controller to control
the voltage transfer ratio g.

B. VSG WITH SECONDARY FREQUENCY REGULATION

The VSG control strategy enables the MC-interfaced genera-
tion system to have the primary frequency regulation process
of synchronous generators. However, there is a steady-state
error in frequency regulation. Therefore, the system fre-
quency cannot be restored to the rated value, and frequency
overrun can occur when the load fluctuates significantly.
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FIGURE 5. MC direct space vector control diagram.
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FIGURE 6. Overall control diagram of VSG for MC.

The secondary frequency regulation can be incorporated to
eliminate the frequency regulation error [21].

The VSG secondary frequency modulation introduces an
integral link in the active power-frequency control loop.
Together with damping coefficient D, a PI controller is
formed, so the steady-state error in frequency regulation can
be removed. The block diagram of secondary frequency mod-
ulation is shown in Fig. 7.

According to Fig. 7, when there is a disturbance in the load
in the islanded mode, the active power-frequency control can
be expressed by

dAw  Prjp— P K,
geoe _ Dt °—(D+—‘) Aw (11)
dt wo s
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where K is the integration factor. According to (11)

IsAw(s) = LAP(s) — (D + %) Aw(s) (12)
wQ

1
 woJs2 + Dags + Kiwy
where AP(S)= Pref(s)-Pe(s). According to (13), when the
system power undergoes a step change, the initial and final
values of the system frequency response are

Aw = AP(s)  (13)

lim Aw = }i_r)r(l)s(Aw/s) =0

—00

. ) (14)
th_r)r(l)Aa) = sl_l)IgOS (Aa)/s) =0

Equation (14) shows that the initial and final values of the
system frequency are zero, so the VSG secondary frequency
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FIGURE 7. MC topology.

Matrix converter

Virtual Impedance

FIGURE 8. Virtual impedance-based system topology.
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.26 Uy 20

FIGURE 9. Equivalent model of grid-connected system.

modulation can realize no steady-state error of the system
frequency in the islanded operation mode.

C. VIRTUAL POWER-BASED SYNCHRONIZATION
CONTROL
Grid voltage synchronization should be achieved before
connecting to the grid. Traditional synchronization control
methods usually require an accurate PLL that can potentially
threaten the system’s stability [22]. This paper investigates a
virtual power-based synchronization control strategy without
a PLL. The proposed synchronization strategy introduces
a virtual impedance between the VSG-controlled genera-
tion system and the grid, as shown in Fig. 8. The virtual
power-based synchronization control strategy adjusts the
amplitude, frequency, and phase of the three-phase voltages
of the VSG system according to the generated virtual power,
thus achieving grid voltage synchronization and facilitating a
smooth grid connection.

The grid-connected VSG system model can be equivalent
to an ideal voltage source connected to the grid through the
output impedance, as shown in Fig. 9.

VOLUME 12, 2024

In Fig. 9, U, and U, represent the amplitudes of the VSG
system output voltage and the grid voltage respectively; 6 is
the phase difference between the VSG output voltage and
the grid voltage; Zy Z«a is the virtual impedance between the
MC-based VSG power generation system and the grid. The
virtual power delivered by the VSG power generation system
to the grid through the virtual impedance is

U./(—8)— Uy /0
S = 3UgI* — 3Ugu

Zv[(—()l)
3U.U 302
="/ a-8—- —L/a
A% VAY
3U.U 302
:|: ° gcos(a—(S)——gcosot]
Zy Zy
3U.U 302
+j|: Zev gsin(a—é)—z—vgsina:|
= Pv +j0v (15)
and therefore:
3U.U 302
v = ——2 cos[a — 8] — — cosa
Zy Zy
3U.U, 3U; (16)
Oy = L infe — 8] — —= sina
v Zy

It can be concluded from (16) that the virtual power deliv-
ered by the system to the grid is only related to the magnitude
and phase of U, if U, = U; and § =0. Under this condi-
tion, the virtual active power Py and reactive power Qy are
both zero, and the voltage of the power generation system
is the same as the grid voltage, which allows a smooth grid
connection.

When designing the parameters of virtual impedance, one
can refer to the approximate values of line impedance in
practical applications of similar ratings. Since the generated
current and power are virtual, it is possible to appropriately
adjust the parameters. Reducing the value of the virtual
impedance during the control process will increase the virtual
current and virtual power, thereby accelerating the con-
trol process and vice versa. In addition, the virtual resistor
and inductor form a low-pass filter that can remove the
high-frequency harmonics in the measured voltage and thus
reduce the harmonics in the calculated power.

To ensure that the amplitude of the power generation sys-
tem output voltage is the same as the amplitude of the grid,
a voltage amplitude compensation PI controller is adopted,
as shown in the virtual power-based synchronization unit in
Fig. 6.

The voltage phase compensation control unit is designed
according to (16). The system output voltage phase is related
to the system’s virtual active and reactive power, so the
virtual active or reactive power can be used to adjust the
system output voltage phase angle. In this paper, the virtual
reactive power is used to design the voltage phase compensa-
tion control unit, and the control block diagram is shown in
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TABLE 3. Simulation parameters.

Parameter Value [Parameter Value

L, 5 mH J 0.5 kg-m?
R 30 Q Ky 0.00311
Cs 15 pF K 20
Un 800V Uret 311V
U, 311V oN 314 rad/s
L, 8 mH K; 800
C, 15 pF Ry 0.05Q
D 12.6651 Lv 0.2 mH

Fig. 10. The reactive power reference Qv rer is zero and the
three-phase instantaneous reactive power is calculated by

ov=(1/V3)

X (UgAB X igCV + UgBC X igAV + UgCA X igBV)
(17)

A PI controller is used to generate Aw, to compensate for
the system output frequency w in the VSG system so that the
system output voltage phase is synchronized with the phase
of the grid voltage.

V. SIMULATION VERIFICATION
The MC-based VSG control strategy is modeled and sim-
ulated to verify the proposed control strategy. Simulation
parameters are shown in Table 3.

A. VSG VERIFICATION IN ISLANDED MODE

The MC-interfaced power generation system is first operated
in the islanded mode and the local load power is 25 kW during
0~1s and increased by 5 kW after 1 s. The system output
power simulation waveform is shown in Fig. 11.

The MC-interfaced power generation system output volt-
ages (Uea, UeB, Uec) are shown in Fig. 12. As observed, the
voltage amplitude is 311 V and the frequency is 50 Hz, which
meets the load requirement.

The load power is increased by 5 kW at 1 s. The cor-
responding comparative waveforms of the system output
frequency in the conventional droop control, the proposed
VSG control, and the proposed VSG control with secondary
frequency regulation are shown in Fig. 13.

As shown in Fig. 13, the system output frequencies in
droop and VSG control have similar steady-state perfor-
mance. In contrast, the frequency in droop control drops to
49.8 Hz immediately, taking about 15 ms, whereas the fre-
quency in VSG control decreases to 49.8 Hz after about 0.3 s.
It can be seen that the VSG control scheme provides inertia
support for the system and significantly reduces the rate of
change of the frequency. In the VSG with the secondary
frequency regulation strategy, the system frequency gradually
drops after the load change at 1 s. Then the system frequency
is recovered to the rated value at around 1.1 s because of the
introduced secondary frequency regulation, thus achieving
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FIGURE 10. Virtual impedance-based system topology.
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FIGURE 12. MC-interfaced power generation system output voltages.

no steady-state error in frequency regulation. In addition, the
frequency only drops by 0.07 Hz in the transient process in
the VSG with the secondary frequency regulation scheme,
so the overall frequency response performance is enhanced.

The unity power factor at the MC input side is usually
desired for efficient operation. The unity power factor control
is achieved by the input current control unit in Fig. 6 and the
simulation results are shown in Figs. 14 and 15. As observed,
the source voltage and current are in phase and the source
reactive power is zero.

The harmonics of the system output voltage and source
current are analyzed and the results are shown in Figs. 16
and 17. The total harmonic distortion (THD) of the system
output voltage is 1.54% and the THD of the source current is
3.60%.

B. VIRTUAL POWER-BASED SYNCHRONIZATION
VERIFICATION

To achieve a seamless grid connection, the virtual
power-based synchronization is initiated at 2 s. The simulation
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FIGURE 15. System source power waveform.

results of the grid voltage synchronization are shown in
Figs. 18 and 19.

As previously described, a virtual impedance between
the MC-interface generation system and grid is introduced
in the proposed virtual power-based synchronization con-
trol strategy. The virtual power is controlled to be zero to
achieve the grid voltage synchronization. As seen in Fig. 18,
before synchronization, the virtual active and reactive pow-
ers are -870 kW and 375 kVar respectively, and then they
approach zero after the synchronization control is activated
at 2 s. At about 2.03 s, virtual active and reactive powers
become zero, indicating that the grid voltage synchroniza-
tion is achieved. As observed in the voltage synchronization
process in Fig. 19, the system output voltage is synchronized
with the grid voltage at about 2.03 s. These results demon-
strate the effectiveness of the proposed virtual power-based
synchronization strategy.
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FIGURE 18. Output virtual power waveform.

The proposed virtual power-based synchronization strat-
egy is compared with the conventional PLL-based synchro-
nization and the comparative result is shown in Fig. 20.

As shown in Fig. 20, the difference between the system out-
put voltage and the grid voltage in the traditional PLL-based
synchronization technique tends to zero after 2.05 s, realizing
the grid voltage synchronization. In contrast, the voltage
error in the proposed virtual power-based synchronization
method becomes zero at about 2.03 s, achieving faster
synchronization.

C. GRID CONNECTION VERIFICATION

After grid voltage synchronization, the MC-interfaced gener-
ation system is connected to the grid and delivers 5 kW active
power at 2.5 s, followed by 5 kVar reactive power command
at 3s. Taking the 30 kW local load into account, the system
generates 35 kW in total. The simulation results are shown in
Fig. 21.
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FIGURE 21. System output power after grid connection.

As shown in Fig. 21, a smooth grid connection is realized.
After the grid connection, the system output power can be
effectively controlled to follow the power command to deliver
the power to the local load and grid.

D. VERIFICATION UNDER SOURCE VARIATIONS
To verify that the proposed grid-forming control strategy can
still provide virtual inertia and damping where variations
occur in the input, input frequency fluctuations are added
to simulate the fluctuations and intermittency of new energy
power generation systems. The input source voltage ampli-
tude has 5% fluctuations around 800 V, as shown in Fig. 22,
while the frequency fluctuates between 49.5 Hz and 50.5 Hz,
as shown in Fig. 23.

Figs. 24 and 25 represent the comparative simulation wave-
forms of MC-interfaced generation system output voltage and
frequency controlled by droop control and VSG control.
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FIGURE 25. MC-interfaced power generation system output voltage under
source variations.

As shown in Fig. 24, even when the input source voltage
and frequency fluctuate, the MC-interfaced system output
frequency regulated by the VSG remains at 50 Hz, whereas
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current.

the frequency in the droop control fluctuates between 49.5 Hz
and 50.5 Hz, exhibiting considerable variations.

As shown in Fig. 25, the maximum deviation of the
MC-interfaced power generation system output voltage regu-
lated by the VSG control is about 0.2 V. However, in the droop
control method, the voltage deviation reaches up to 0.8 V.

From the above results, it can be concluded that in com-
parison with the traditional droop control, the VSG-based
grid-forming control strategy proposed in this paper is capa-
ble of providing inertia and damping support to maintain the
system output voltage and frequency.

VI. EXPERIMENTAL VERIFICATION

In order to further verify the correctness and effectiveness
of the proposed control strategies, an experimental platform
based on TMS320F28335 DSP and Altera Cyclone I FPGA
has been built. The experimental setup is shown in Fig. 26.
The experimental parameters are shown in Table 4.

A. VSG VERIFICATION IN ISLANDED MODE
In islanded mode, the MC-interfaced generation system out-
puts 135 W active power and 0 Var reactive power supplying
the local load. The steady-state experimental waveforms are
shown in Figs. 27 and 28.

Fig. 27 shows the experiment waveforms of the system
output three-phase current and the a-phase voltage. As seen in
Fig. 27, the system output voltages and currents are sinusoidal
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FIGURE 29. Experimental waveform of load a-phase current in response
to load change.

TABLE 4. Experimental parameters.

Parameter  Value | Parameter  Value
L 10 mH Un 50V
Cs 30 uF U, 30V
R 20Q U, 30V
L, 10 mH T, 10 Ous
C, 10 uF K 0.2
D 0.1 J 0.01
K, 0.01 K 0.1
Ry 0.05Q Ly 0.2 mH

and can supply the load effectively. The a-phase voltage uea
is in phase with the current ic o, so the output reactive power is
zero. Fig. 28 shows the experimental waveforms of the source
phase a-voltage and current. As seen in Fig. 28, the amplitude
of the source a-phase voltage um, is 50 V and the amplitude
of the current ipy, is 2 A. The source voltage and current are
in phase, verifying the unity power factor operation. Figs. 29
and 30 demonstrate the steady-state performance of the pro-
posed method in the islanded mode.

To verify the transient performance of the proposed control
strategy, the load power is increased by 67.5 W and the
corresponding experimental results are shown in Figs. 29-31.

Fig. 29 shows the experimental waveform of a-phase load
current, from which the current is increased from 3 A to
4.5 A in response to the load change. Fig. 30 shows the
corresponding experimental system frequency waveform for

106681



IEEE Access

J. Zhang et al.: Virtual Synchronous Generator Control Strategy of Grid-Forming MC

5011 x
l Load change —.J=0.01
i . — J=0.05
E - J=0.075
— 499
2
=
o
= 49.8
E " -
[£ 3
497
49.6 - I | |

Time (2.5s/div)

FIGURE 30. Experimental waveform of system frequency in response to
load change.

1 Load change

49,70 ‘ : |
Time (5s/div)

h
=4
=4

Frequency (Hz)
5
b=

.
o
[--]

FIGURE 31. Experimental waveform of system frequency in the VSG with
secondary frequency regulation.

D = 0.1 and J = 0.01, 0.05, 0.0075. As seen in Fig. 30
with the proposed VSG control scheme, the frequency in
the MC-interfaced generation system exhibits characteristics
similar to the synchronous generator. Inertia and damping
effects are observed in the frequency waveform and they
can beneficially support the system frequency when needed.
It can be concluded from Fig. 30 that the larger the virtual
inertia, the more significant the inertia effect observed in
the frequency waveform. However, the system frequency
changes from the rated 50 Hz to about 49.75 Hz and there
is an obvious steady-state error in the frequency regulation.

Fig. 31 shows the experimental system frequency in the
proposed VSG scheme with the secondary frequency regu-
lation. As observed in Fig. 31, the system frequency drops
slightly when the load changes and then is restored to the
rated 50 Hz.

B. VIRTUAL POWER-BASED SYNCHRONIZATION
VERIFICATION

The comparative experimental waveform of voltage error
in the synchronization process between the traditional
PLL-based synchronization method and the proposed virtual
power-based synchronization method are shown in Figs. 32
and 33.

When the control command is given, the system output
voltage is gradually synchronizing with the grid voltage,
resulting in the error between the system voltage and grid
voltage decreasing gradually, as seen in Fig. 32. It takes about
300 ms for the voltage error to become zero, thus realizing
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FIGURE 34. Experimental grid current and voltage in the PQ control
scheme.

grid synchronization. In contrast, it only takes about 50 ms for
the system voltage to be synchronized with the grid voltage
in the proposed virtual power-based synchronization method,
as indicated in Fig. 33. Therefore, it can be concluded that the
proposed virtual power-based synchronization method can
achieve faster grid synchronization without PLL.

C. CONNECTION VERIFICATION

After the grid synchronization is achieved, the MC-interfaced
generation system can be connected to the grid and
the grid-connected power control can be implemented.
In the grid-connected mode, the power command is 90 W. The
performance of the proposed VSG strategy is compared with
the conventional PQ control method in the grid-connected
mode. The comparative results are shown in Figs. 34 and 35.
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FIGURE 35. Experimental grid-connected current and voltage in the VSG
control strategy.

The experimental results of grid-connected current and
voltage regulated by the traditional PQ control scheme are
shown in Fig. 34. As seen in Fig. 34, the grid-connected
current increased instantly when the 90 W power con-
trol command was given. The power control command can
be effectively fulfilled, but there is no inertia or damp-
ing characteristic. In contrast, with the proposed VSG
method, the MC-interfaced generation system demonstrates
desirable inertia and damping characteristics similar to the
synchronous generation, as observed in the experimental
waveforms shown in Fig. 35. The beneficial inertia and
damping effect are advantageous to the integration of renew-
able power generation system, facilitating a friendly grid
connection.

VII. CONCLUSION

VSG technology can enable the power electronic converter-
interfaced renewable power generation system to mimic the
traditional synchronous generation and exhibit beneficial
inertia and damping characteristics. However, the VSG con-
trol for the MC is rarely reported in the literature. This paper
investigates the VSG control of the grid-forming MC used as
an interface converter in the AC source distributed generation
system. A secondary frequency regulation is introduced to
achieve the frequency regulation without steady-state error.
A virtual power-based synchronization is investigated to syn-
chronize the system output voltage with the grid voltage to
facilitate a smooth grid connection. The VSG-based power
control is implemented in the grid-connected mode. Simula-
tion and experimental results verify the effectiveness of the
proposed control strategies. The research described in this
paper develops the control of grid-forming MC, and more
research effort should be devoted to this topic to promote the
grid connection of the MC-interfaced AC source distributed
generation system.
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