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Impedance Analysis and Stabilization of Virtual
Synchronous Generators with Different DC-
Link Voltage Controllers Under Weak Grid

Jian Guo, Student Member, IEEE, Yandong Chen, Senior Member, IEEE, Lei Wang, Member, IEEE,
Wenhua Wu, Member, IEEE, Xiangyu Wang, Student Member, IEEE, Zhikang Shuai, Senior Member,
and Josep M. Guerrero, Fellow, IEEE

Abstract—In recent years, the virtual synchronous generator
(VSG) concept has been widely studied to integrate renewable
energy sources. However, instability occurs due to the
implementation of the dc-link voltage controllers under the
weak grid, and its mechanism remains unclear, which is
investigated in this paper. At first, the wideband dg-frame
impedance models of the VSGs with the dc-link voltage
controllers for two cases are established. Then, the stability
analyses of the VSGs are compared based on these impedance
models. It is revealed that the interaction dynamics between the
dc-link voltage loop and the active loop lead to the negative
resistor behavior of the g-q channel impedances for both VSGs,
which induces the emerging oscillations of the system in a weak
grid. Besides, as a useful design guideline, the parameter design
of the VSGs is proposed to enhance the system stability. Finally,
experimental results obtained from a 100kW prototype system
show good agreement with simulated results, validating the
impedance models and theoretical analysis.

Index Terms—virtual synchronous generator; dg small-signal
impedance modeling; stability analyses; dc-link voltage dynamics

[. INTRODUCTION

Voltage source converters (VSCs) have been widely utilized
to integrate renewable energy sources in remote areas into the
power grid. However, the emerging oscillations easily occur
due to the interactions between the VSCs and the weak grid,
resulting from the VSC's multiple-timescale dynamics
contributed by the dc-link voltage control [1], the reactive
power control [2], the phase-locked loop (PLL) [3], etc.
Fortunately, the researchers have continuously improved the
stability analysis methods and control methods in the literature
[4]1-[27].
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The virtual synchronous generator [5]-[6], which controls
the inverter to generate an output voltage via embedding the
mathematical model of synchronous generators into the
controller of the inverter, has been generally studied. Due to the
excellent performances, it has been applied to enhance the
inertia and damping of the system [7]-[8] and provide the
seamless transition between off-grid and grid-interfaced modes
of the inverter [9]. The parameter design of power loops is
proposed in [10] to ensure the stability and dynamic
performance of the VSG. Furthermore, the potential advantages
of the VSG operating under the different grid conditions are
revealed in recent studies [11]-[12]. Since the VSG can replace
the DQ-frame PLL with the power balanced synchronization,
the possible instability issues caused by the PLL can be
eliminated. The study in [11] reveals that the impedance of the
VSG without the inner loop and the dc-link voltage loop
behaves as the inductor that is similar to the impedance of the
weak grid. To satisfy the demands of voltage and current
limitation, the VSG cascaded with the voltage and current loop
is studied in [13]-[14]. Besides, to enhance the stability and
improve the control flexibility, the virtual impedance is added
to the VSG in [15]. Its design considerations are provided in [16]
for the VSG in the weak grid. The above studies do not need to
consider the de-link voltage control since the energy storage is
connected to the dc side to keep the dc-link voltage constant.
However, when the VSG is used to integrate renewable energy
sources such as photovoltaic systems and wind power
generations, the dc-link voltage needs to be regulated. In these
cases, the VSG instability may occur in the weak grid due to the
implementation of the dc-link voltage controllers, which needs
to be further explored.

Two tools are widely used for small-signal stability analysis:
the state-space method and the impedance-based method.
However, the state-space method needs full knowledge of the
hardware and control design of the converter, which is very
difficult to obtain and validate. By contrast, the impedance that
can be measured, validated, and visualized is suitable for the
stability analysis of the VSG in the weak grid.

The principle of the impedance-based method is to divide the
system into two independent subsystems according to the
source and load parts, and then apply the Nyquist stability
criterion to the impedance ratio of two subsystems [17]-[20]. At
present, many small-signal impedance modeling methods are
proposed in [17]-[32]. Among them, the sequence impedance
and dg-frame impedance are widely utilized. Besides, It is
believed that the sequence impedance and the dg impedance are
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the same after considering the frequency coupling [21]-[22].
Thus, dg-frame impedance modeling is used in this paper since
it is more convenient.

The impedance-based analysis method requires a very high
precision of the impedance model. At present, the dg-frame
impedance models of single-phase[27]-[28] or three-phase
converters considering many factors are gradually developed
[27], such as the PLL [23]-[25], the dead-time [32], the dc-link
voltage [26], the AC voltage and current loops, the controllers
in the static coordinate [29], and LCL filters. Specifically, the
dg-frame impedance model of the VSG without the dc-link
voltage controller is established in [31]. Including the dc-link
voltage controller, the dg-frame impedance model of the PLL-
based VSG used for the rectifier station of the VSC-HVDC
system is also studied in [12]. However, the PLL dynamics can
lead to q-q channel negative resistor behavior and easily induce
the oscillation when it is used for the inverter in the weak grid
[23]. On the one hand, the VSGs in this paper are used to
integrate renewable energy resources, which are different from
those of [12], [31]. On the other hand, the differences between
the dg-frame models and the abc-frame models of the control
delay and sampling filters are ignored in [12], [31].

Thus, this paper focuses on the wideband dg-frame
impedance modeling and stability analyses of the no PLL-based

VSGs with different de-link voltage controllers in the weak grid.

The contributions are summarized as follows:

1) Considering the control delay, the sampling filters, and
the different dc-link voltage controllers, the wideband dg-frame
impedance models of the VSGs are established and verified by
the impedance measurement.

2) The stability analyses of the VSG with the different dc-
link voltage controllers in the weak grid are compared.

3) The parameter design is proposed for the VSGs to
enhance the system stability, which can be considered as a
useful design guideline.

The rest of the paper is organized as follows: Section II
presents the control of the VSGs with different dc-link
controllers. Section IIT builds and compares the wideband dg-
frame impedance models of the VSGs with different dc voltage
controllers. Section IV compares the stability analyses of the
different VSGs in the weak grid. Section V shows the
experimental results. Section VI draws the conclusions.

II. THE TOPOLOGY AND CONTROL OF THE VSGS

The three-phase converter connected to the ac weak grid via
an L filter is shown in Fig. 1, where Z; is the grid impedance;
Ry is the parasitic resistance of the filter inductor Lg; Cyc is the
dc-link regulator capacitor; ug,, g, and ug. are the three-phase
grid voltages; u,, up, and u. are the three-phase voltages at the
point of common coupling (PCC); i,, iy, and i. are the output
currents; e, ey, and e, are the converter voltages; uqc is the dc-

<

R

Uge

The grid
Z,

Fig. 1 The main circuit

\\

=== ===——————-—  — — 7

(b)
Fig. 2 The control of the VSGs (a) VSG [; (b) VSG IL

link voltage. igc is the dc-link current that flows from the
renewable energy resource to the converter.

Fig. 2 shows the controls of the VSGs, where variables with
an asterisk (*) correspond to reference signals; subscript d
means variables in the d- channel, and subscript ¢ means
variables in the g- channel. Except for the dc-link voltage
controllers, the control of the VSG I and VSG II are the same.

The dc-link voltage controller of the VSG I [8], [35] is
expressed as follows:

== (g — g K1 + Kiyy / $)uge 1)
where kpu1 and kiu are the proportional and integral gains of the
dc-link voltage proportion-integral (PI) controller of VSG I.

Besides, the dc-link voltage controller used for the droop
control-based inverter [1] is introduced into the VSG II.
Compared with the VSG I, the only difference is the position of
the dc-link voltage controller.

a)lz(ch T Uge )(kpuz +kiu2 /s) (2)
where kpu2 and kiw» are the proportional and integral gains of the
dc-link voltage PI controller of the VSG II, respectively; a is
the output of the de-link voltage PI controller of the VSG II.

The reactive power controller simulates primary voltage
regulations of synchronous machines, and the active power
controller of the VSG emulates the inertia and primary
frequency regulation of synchronous machines [11].

P -P

0, -0,=——————— 3)
(2Hs + D),
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E, = (Dy(ug —ug)+ Q" = 0)/ (Ks) )
where w, and w, are the output angular frequency of the VSG
and the rated angular frequency of the grid, respectively; & is
the phase angle of the inner electric potential of the VSG; H is
the virtual inertia constant; D, and Dy are the damping
coefficient and the voltage-drooping coefficient, respectively;
K is the inertia coefficient of reactive power loop; uq* is the
rated PCC voltage in the d-axis.

The active power P and reactive power Q are given as

P=3/ Ay +ui,)
0=3/ Auj, ~ug,) ©)

The ac voltage controllers adopt the virtual impedance to
emulate the synchronous machines' electrical part [14], and the
current controllers adopt PI regulators in the dq frame. L, and
R, are the virtual resistor and inductor, respectively.

III. WIDEBAND DQ IMPEDANCE MODELING OF THE VSGS
WITH DIFFERENT DC-LINK VOLTAGE CONTROLLERS

A. The dg-Frame Small-Signal Model of the Main Circuit
The average model of the VSC in the dq frame is given as

di; 1 .

Ly jzaddudc Uy - Ryiy
di. 1 ©)

q _ .

L; E*Edq”dc — Uy — Ryl

dug, . 3 .. .
Cye T;ﬂdC:Z(ddld +dqlq) @)

The dg-frame model of the main circuit by adding the dg-
frame small-signal perturbations to (4) and (5) is obtained as:

A AdS
Auy. =Gy +G, ®)
AL Ad
Mil_y, (G oA, 4G Adg | | Aug )
= c - 9
Al; L 3 d 4 Ad: Au; ( )

where “A” denotes the small-signal perturbation of a variable;
1o and Iy are steady-state values of the output currents; Ugco 1S
the steady-state value of the de-link voltage; D4y and Dqo are the
steady-state values of duty cycles;G1=-3/(4Cqcs)[Ddao Dgo]; G2=-
3/(4Cues)[La0 1q0]; G3=[Dao/2 050 Dqo/2]; Ga=[Uuco/2 0; 0 Ugeo/2].

Since Uqo can be obtained by measuring the PCC voltage and
Uq0=0, the other values need to be calculated as

Io=—0,/(1.5Uy)

2 1., , 1
Ido_\/gp / Ry +ZUdO / R _IqO _EUdO / Ry (10)
Dyy =2(Uyy +14R; _Iqu)an) /Ugeo
Dy = 2(1 0, Lg _IqORf)/UdCO

where Qo=Dy, (Un-Uqgo)+Q* for the VSG; Qo= O* for the VSI.

B. The dq Dynamics Related to the Park Transformation

One remarkable feature of the VSG is that the rotor swing
equation is used for the synchronization. The phases of the VSG
and the PCC voltage are not consistent at the steady-state,

which is different from the PLL-based inverter. The variables
in the controlled dg frame and the system dq frame for the VSG
can be interconnected by [19]

C A S S
Afdc =T, fi +T, fdf AS
Ay Ay Jao
where AS=A@, (c) represents the control variables; (s)

represents the control variables.
Besides, T1 and T2 are defined as follows:

(In

T - { co.s(50) sin(&o)} (12)
—sin(d,) cos(J,)
_| - sin(6,)  cos(d,) (13)
27 —cos(8,) —sin(5,)

where & is the steady-state phase deviation between the system
and controlled dq frame of the VSG;

The dg-frame dynamics related to the Park transformation
are derived according to (9) as follows:

Ady | _ Ad; o |20 "
A d: 1 A d; d1 AEml (14)
Al A A6
=T +Gyy (15)
Aig A AEn
A Y AB
=T Gy, (16)
Aug Aug AE .,

where AEny is the intermediate variable used for calculation.

From (14)-(16), Ga1 models the small-signal perturbation
path from A@ to the duty cycle in the system dq frame. Gi
models the small-signal perturbation path from A& to the
current in the controlled dq frame. Gvi models the small-signal
perturbation path from A# to the voltage in the controlled dq
frame. Gai, Gi1, and Gv1 are defined as follows:

D 0
Gdl{ 0 } (17)
-Dy, 0
Iy O
= 18
G, 2|:[q0 0} (18)
Ugyp O
=T 19
G, {qu 0} (19)

C. Wideband dq-Frame Impedance Model of the VSG 1

The dg-frame model of the control delay based on the
transformation between abc-frame controllers and dg-frame
controllers in [29]-[30]and Euler's formula is derived as:

G =e—TdC]s |:COS(60anel) Sin( a)n7::lel )i|
del

cos(wnT:‘iel)
where T4=1.5/f;, and f; is the switching frequency.
Similarly, the dg-frame model of the first-order low-pass
filters for voltage or current signals is derived as follows:
_ 1 1+T,s o, T, @1
(1+T.s) +(0,T) | -0,T, 1+T,s
where x indicates current (i) or voltage (v); Tk is the time
constant of low-pass filters for the voltage or current signals.

sin(,Ty) (20)

X
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Power loop

voltage and
current loop

DC-link
voltage
dynamics

Main circuit

Fig. 3 The wideband dg-frame small-signal model of the VSG 1.

Besides, the low-pass filters can lead to a phase deviation (f)
between the PCC voltage and the sampling voltage, which can
be ignored if the cut-off frequency is large. T3 is defined as:
- {cys(ﬁ) sm(ﬁ)} @)

sin(f) cos(f)
The control delay and sampling filters not only enhance the
coupling in the dq frame but also lead to the difference
betweensteady-state values of the system and the controlled dq
frame. When the switching frequency and the cut-off frequency
of the low-pass filter is high, the difference can be ignored.

Gaa represents the dc-link voltage controller of the VSG 1,
which is denoted by a two-by-one transfer matrix:

. T
Gl :I:_(kpul +hiyy /St 0] (23)

Adding small-signal disturbances to active power controllers
of the VSG I yields:

AG | F AP M Auj o
gy |~ g ™M) i (24)
where Fpq and M are defined as follows:
2
Fro {1/(2Hwns +D,0,5) 0 } 25)
0 1/(Ks)
0 0
M = (26)
{Dq /(Ks) o}

Especially, the derivations of (24) and (35) are shown in
Appendix A. By doing linearization to (5) and eliminating the
steady-state values, it yields:

AP g Aif pu Auy*
= + 27
AQ| T Aif re Au,f @7
where Fpq" and Fpq' are defined as follows:
. I I
Fiq = 3{ ‘*° } (28)
211 q0 Y
U, U
Fo = 3{ ; qﬂ (29)
2 _qu Ugo

Besides, F1 used for the matrix transformation is defined as:

0 1
F, {0 0} (30)

Guc and Gic represent the voltage controller matrix and the
current controller matrix, respectively, which are expressed as:

-1
Ls+R ol
G, =| " n Sy G1)
-o,L, LVS+RV_
ko +k. / 0
et i/ S (32)
e 0 ky +ky /s

According to (8), (9), (14)-(16), (24), (27), the voltage and
current loops (Gue, Gic), the dc-link voltage loop (Gae1), the
control delay (Gae), sampling filters (T3, Kx) and the
transformation matrix (F1), the dq-frame small-signal model of
the VSG I is shown in Fig. 3. From Fig. 3, the dg-frame
impedance model of the VSG I is derived as:
szgl = (B_AFPQin +GdelT1_1GicGuc (Tle +F1MT1Kx ))-1 )

(A (FPQqu +Gy G, )' GdelTl-lGichKx -B (ZL -G;6, ))

A =Gy (Gdl +T,"'Gy (Gil +G, Gy + G, F (MG, 'I)FPQ))

B=(1-AG,G,)(G, +G,G,)"

(33)
where 1 is the 2x2 unity matrix.
When the dc-link voltage controller is ignored, the
impedance model (Zysg) is obtained from (33) by setting Gac, G3,
G2, and G1 to be zero.

Z (G4 (AFPQin _GdelTl-lGicGuc ((Tl - FIMTI )Kx )) _I)-l ’

vsg =
PRI
(34)

D. Wideband dq-Frame Impedance Model of the VSG II

Adding the small-signals disturbance to the active and
reactive power controllers of the VSG 11 yields:

AQ . AP Aug G oA )
== - RS [PYAUAN
\E. PQ A0 M " de2 AUy (
where Gae2 is defined as
[—(k k../s)/
Gdc2 — ( pu2 + 01u2 S) S:| (36)

Expect for (35), the small-signal models of the VSG II are
the same as that of the VSG I. According to (8), (9), (14)-(16),
(27), (35), the AC voltage and current loops (Gue, Gic), the dc-
link voltage loop (Gae2), the control delay (Gae), sampling
filters (T3, Kx) and the transformation matrix (F1), the dq-frame
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Fig.5 The dg-frame impedance of the VSG and VSI (a) Zysg; (b) Zvsgz; (€) Zvsgt; (d) Zysi
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small-signal model of the VSG II is shown in Fig. 4. From Fig.
4, the dg-frame impedance model of the VSG Il is derived as:

Z 2= (C-AFpg'K, Gy T, 'G, G, (T K, +FMTK, )|

vsg2:
(A (FPQqu +FPQ>1Gch1 )-GdelTl_IGichKx _C (ZL -G3G1 ))
C=(I-AFy "Gy G, )(G4 +G4G, )

(37)

E. Verification and Comparative Analysis of dq-Frame
Impedances of the VSGs and VSI.

TABLEI
SYSTEM PARAMETERS OF THE VSG I AND VSG II
Symbol Value Symbol Value
Uie 700 V L, 3mH
Ve 220V R, 0.25Q
L¢ 3mH D, 321
Ry 0.0012 K 7.1
[N 1007 D, 4.14
Wie 40007 (rad/s) H 0.01 kg.m?
Wye 40007(rad/s) kput 0.4052
Cdc 5 mF kiul 293
fo S0Hz kw2 0.08
P* 10kW ki 1
o* 0 ki 0.0395
fs 20kHz kpia 0.158

In Table I, the parameter design of the VSG I refers to [35].
Expect for the dc-link voltage controller parameters, the system
parameters of the VSG II is the same as the VSG 1. Besides,
both the bandwidths of the DC-link voltage loop of the VSG 1
and VSG II are set as 10 Hz. To verify the impedance models
of the VSGs, the impedance measurements are carried out on
the MATLAB/SIMULINK. The impact caused by the
measured PLL needs to be considered when the impedance
measurement is implemented [33]-[34]. Fig. 5(a)-(c) shows that
the theoretical models and measured results are consistent. For
comparative analysis, Fig. 5(d) shows the dg-frame impedance
of the VSI (Zuysi), considering the symmetric PLL [3], the dc-
link voltage controller, etc. The control method and the
theoretical model of the VSI are given in Appendix B. The
comparisons between the VSGs and the VSI are shown below.

1) Comparing Fig. 5(b) (c) with Fig. 5(a), it is found that the
impedance of the VSG without the dc-link voltage controller
(Zysg) behaves as an inductor in the middle and high-frequency
range. Besides, there is no negative resistor behavior in the low-
frequency range. However, both g-q channel impedances of the
VSG I and VSG 1II behave as negative resistors with a V-type
magnitude in the low-frequency range, caused by the dc-link
voltage controllers. Besides, both g-d channel impedances of
VSG I and VSG II are larger than that of the VSG. It means that
the dc-link voltage controllers enhance the d-q channel
coupling of both VSGs.

2) Comparing Fig. 5(b) (c¢) with Fig. 5(d), the main
difference between impedances of the VSGs and the VSI is that
in the middle- and high- frequency range, the VSGs behave as
the inductors, while Zvsi has resonance peaks. The resonance
peak is caused by the voltage feedforward and dc-link voltage
controller, which might lead to high-frequency oscillations.
Fortunately, the VSGs can completely avoid the high-frequency
oscillations in the weak grid.

IV. COMPARISON BETWEEN STABILITY ANALYSES OF THE
VSGS WITH DIFFERENT DC-LINK VOLTAGE CONTROLLERS

The weakness of the grid is distinguished by the short circuit
ratio (SCR), which is defined as follows:
SCR = Ssc
SN
where Ssc is the short-circuit capacity at the point of common
coupling (PCC), and Sn is the rated capacity of the grid-
connected equipment.

The grid inductance will affect the SCR. Generally, a grid is
considered strong for SCR above 20-25, weak for SCR below
6-10, and ultraweak for SCR below 2 [37]-[38].

The generalized Nyquist criterion (GNC) is applied to the
ratio between the grid impedance and the impedance of the
VSG to analyze the system stability, which is given by

L(s)=Z,Z,,," (39)

The GNC shows the system is stable if and only if the net
sum of anticlockwise encirclement of the critical point (-1, jO)
by the set of characteristic loci of L(s) equals to the total number
of right-half plane poles of Zg and Zvsg'. The admittance of the
VSG does not have the right half-plane poles. Thus, the system
is stable when the Nyquist curve of each characteristic root does
not encircle (-1, j0). The eigenvalues are given as

A (®) = (Lg + Lg £y(Lyg — Loy’ +4L )12 (40)

The frequency where Ai(s) or Ax(s) intersects the unit circle is
the predictive oscillation frequency of the system in the dg
frame. The position where 4(s) or Ax(s) intersects the unit circle
determines the phase margin of the system.

Case I: The proportional gain, integral gain, and H are
changed when SCR=5.8. Comparing Fig. 6 (a) with Fig. 6 (¢),
the phase margins of both VSGs are maximized when the PI
gains and the virtual inertia (H) are selected to be the minimum
values. The main difference is that the virtual inertia seriously
narrows the selected range of PI gains of the VSG I. In contrast,
the virtual inertia has less impact on the selected range of PI
gains of the VSG II. With a small dc capacitor, the VSGs are
difficult to keep stable unless the virtual inertia is very small.
Thus, it would again compromise the capability to provide
virtual inertia for the ac system [36]. Besides, the large inertia
leads to a slow response of the power loop. Since the dc-link
voltage controller of the VSG I is cascaded with the power loop,
the bandwidth of the dc voltage controller of the VSG I has to
be significantly lower than the bandwidth of the power loop.
Thus, the PI gains of the VSG I should be decreasing while the
virtual inertia is increasing. However, since the dc-link voltage
controller of the VSG II is not cascaded with the power loop,
the virtual inertia does not obviously limit the bandwidth of the
dc-link voltage controller.

Fig. 6(b) shows that k.1 has the greatest impact on the cut-
off frequency (COF) from 3 Hz to 9Hz, which indicates that the
VSG I may induce oscillations of 3Hz-9Hz in the dg frame and
the oscillations of 41-47Hz and 53-59Hz in the abc frame. Fig.
6(d) shows that ko has the greatest impact on the cut-off
frequency (COF) from 2 Hz to 14Hz, which indicates that the
VSG II may induce oscillations of 2-14Hz in the dg frame and
the oscillations of 36Hz-48Hz and 52-64 Hz in the abc frame.
Moreover, Fig. 6 shows that the H has little impact on the VSG
I, while the H has significant effects on the PM of the VSG I.

(38)
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Case II: The SCR and Ly are changed when the other
parameters are fixed. Comparing Fig. 7 (a) with Fig. 7 (c),
both PMs of the VSGs in two cases decrease with the SCR
decreasing. Interestingly, a smaller L, leads to a larger PM of
both VSGs in two cases, thereby indicating that a smaller L,
needs to be designed to make the VSG more stable in the weak
grid. Comparing Fig. 7 (b) with Fig. 7 (d), both COFs of VSGs
are rising with increasing the SCR and decreasing the L,. It is
noticed that the COF of the VSG II ranges from 2 Hz to 7 Hz,
while the COF of the VSG I ranges from 4Hz to 9 Hz.

Fig. 8 shows the simulation current (/4) corresponding to Fig.
7. The VSG I is stable when the SCR=3 and L,=ImH. The
oscillation occurs at 5.5Hz in the dq frame of the VSG I when
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Fig. 8 Simulation current /; of the VSGs in case II.

SCR=3 and L,=6mH. It verifies the stability analyses of Fig. 7
(a) (b). The VSG II is stable when the SCR=3 and L,=1mH.
The oscillation occurs at 3.3Hz in the dq frame of the VSG II
when the SCR=3 and L,=6mH. The simulations in Fig. 8
verify the stability analyses in Fig. 7.

V. EXPERIMENTAL RESULTS

To verify the dg-frame impedance models, the VSG is
measured on the experimental platform as Fig. 9. The control
system of the VSG is implemented in the DSP+FPGA.
Specifically, the DSP TMS320F2812 is used to realize the
control algorithm, and the FPGA EP2C8Q208CN is used to
acquire current and voltage signals and transmit data to the DSP.
Meanwhile, the high-speed A/D chip ADS8556 is used for
sampling current and voltage signals. Besides, the experimental
platform is composed of the impedance measurement
equipment, the current source, the VSG, and the utility grid.
The impedance measurement equipment is mainly composed of
the perturbance injection unit, signals sampling units, and
industrial personal computer (IPC). Firstly, the IPC is used to
control the signals of the voltage amplitude, the phase, and the
frequency of the perturbance injection unit. Then the series
voltage disturbances are added to the VSG 1. Afterwards, the
sampling units obtain the voltage and current signals and send
them to the IPC. Finally, the IPC calculates the impedances.

Fig. 10 shows the experimental results of the impedance
measurement of the VSG 1. The measured results are in good
agreement with the theoretical model of the VSG I, which
verifies the wideband impedance mpdel of thfq\; S(.i L

e

Fig. 9 Experimental platform.
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Fig. 10 Experimental results of the VSG L.

Furthermore, the experimental prototype of VSGs in two
cases is built in the weak grid to verify the stability analyses
presented in the previous sections. The weak grid is emulated
by the utility grid in series with the line inductance. Fig. 11 (a)
and (b) show that the VSG I becomes unstable when £k
increases from 0.5 to 2.2 or H increases from 0.01 to 0.03. Fig.
11 (d) shows that the VSG II becomes unstable when ki

stable when H increases from 0.01 to 0.03. The results in Fig.
11 (a), (b), (d), and (e) verify the stability analyses of Fig. 6.

Comparing Fig. 11 (c¢) with (a), the VSG I becomes stable
when only the L, changes from 3mH to ImH. Comparing Fig.
11 (f) with (d), the VSG II also becomes stable when only the
L, changes from 3mH to 1mH. Comparing Fig. 11 (g) (h) with
(a) (d), both the VSGs in two cases become stable when only
the SCR changes from 5.8 to 12. The results in Fig. 11 also
verify the stability analyses in Fig. 7.

VI. CONCLUSION

Based on the GNC, the stability analyses of the VSGs with
different dc-link voltage controllers were studied and compared,
and the three conclusions were drawn as follows:

1) The wideband dg-frame impedance models of the VSGs
were built by considering the two different dc-link voltage
controllers. Both proposed models were very accurate, as
verified by the experimental results.

2) Both g-g channel impedances of the VSG I and VSG II
behave as negative resistors with a V-type magnitude in the
low-frequency range, caused by the dc-link voltage controllers.
Thus, it induces subsynchronous oscillations of the system in
the weak grid. Both VSGs are most stable in the weak grid when
the PI gains and the virtual inertia are selected to be the
minimum values. Besides, the decrease of the virtual stator
inductor can enhance the system stability for both VSGs when
the SCR is small.

3) The main difference is that the virtual inertia seriously
narrows the selected range of PI gains of the VSG I. In contrast,
the virtual inertia has fewer impacts on the selected range of PI
gains of the VSG II.

increases from 0.5 to 2. Fig. 11 (e) shows that the VSG 11 is still
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APPENDIX

A. Derivations of (24) and (35)

To order to make Fig.3 and Fig. 4 easy to understand, the
small-signal derivation of (24) and (35) are given below.
Based on (2), the small-signal model can be expressed as:

D Au, —A
AE = LQ (41)
Ks
From Fig. 2 (a), the active power loop of the VSG I is given
as follows:
1 P -P
0=—(, ——— 42
s (@, (2Hs + D,)o, ) “42)
According to (41), the small-signal model can be derived as:
AP
) (43)

g=— 2
(2Hs + D, )sw,
According to (40) and (42), [A® AE»]T can be obtained as:

1
—— 0 0 0 .
[AH}__ (2Hs* + D,s), [AP}_ b Aug
AE, | A 0l Aut
0 L Q Ks Ug

Ks
(44)

According to the definition of Frq and M, (24) equals (44).
From Fig. 2 (b), the active power loop of VSG Il is given as:

1 P P k,
0=—(w. —~— +(u — ko +—42)) (45
S (wn (2HS 4 Dp)a)n (udc Uge )( pu2 P )) ( )
According to (45), the small-signal model can be derived as
follows:
Aﬁzl( AP —(k +ki—“2)Audc) (46)

s QHs+D)w, ™ s
According to (41) and (46), [A@ AEx] can be obtained as:

1
0
A0 | | QHs® +D,s), AP
AE, | . e
Ks (47)
0 0 ¢ 1 k.
Au - k + iu2
D, (i - s( L ) Auy,
— 0 Auq 0

Ks
Based on the definition of Fpg, M, and Gacz, (35) equals (47).

B. the dg-Frame Impedance Model of the VSI

Fig. 12 shows that the control of the VSI has the symmetric
PLL [3], the current loop, the dc-link voltage controller, and the
voltage feedforward with the low-pass filters [24], where V| is

the steady-state PCC voltage aligned to the d-axis.
TABLE II
SYSTEM PARAMETERS OF THE VSI

Symbol Description Value
kp1 Proportional gain of VSI current controller 0.046
kit Integrator gain of VSI current controller 0.1842
kpu1  Proportional gain of VSI voltage controller 1.8
ki Integrator gain of VSI voltage controller 210
Fpplt Proportional gain of PLL 0.2529
kipn Integrator gain of PLL 10.9988

SPWM

abc

dq

2
Ug 2 PPy @ 1sER
7 d \% O
/T

Fig. 12 The control of the VSIL.
Based on the small-signal model of the control parts and the
main circuits, the dg-frame impedance of the VSI is derived as:

Z,,=(D4Gu (((G4-Gas) G, +G4GV)-Gd)T3KX)-l .

(D(ZL +G;G, ) -Gya (Gci -Gy )T3Kx -G4a GGGy )

D:(I + GdechiGchZ )<G4 + G3G2 )_1

(4%)
Dy, -D

1 -1
where G | = G, = L
Ga=Cn |:D Dy, :| 1 =Gn |:1q0 Iy :|

q0

U, -U
G, =1-G, ° O G =y (5T, Uy) s
qu 0
T
HPLL:kppll + kipll /s ;Guc:[kplﬁ thiy /s O:| ’
0 2’a)nL /UdCO .
G = ’
—2w0,L/U,, 0
G [kt ks 0 :
0 kyy +kyy /s
G - 2/ U401+ T,5)) 0
5 0 2/ (U (1+T,s))
REFERENCES

[1] Z. Zhao, P. Yang, Y. Wang, Z. Xu, and J. M. Guerrero, "Dynamic
Characteristics Analysis and Stabilization of PV-Based Multiple
Microgrid Clusters," [EEE Trans. Smart Grid, vol. 10, no. 1, pp. 805-818,
Jan. 2019.

[2] L. Huang, Huanhai Xin, Zhiyi Li, et al. "Grid-Synchronization Stability
Analysis and Loop Shaping for PLL-Based Power Converters With
Different Reactive Power Control," IEEE Trans. Smart Grid, vol. 11, no.
1, pp. 501-516, Jan. 2020.

[3] D. Yang, X. Wang, F. Liu, K. Xin, Y. Liu, and F. Blaabjerg, "Symmetrical
PLL for SISO Impedance Modeling and Enhanced Stability in Weak
Grids," IEEE Trans. Power Electron., vol. 35, no. 2, pp. 1473-1483, Feb.
2020.

[4] B. Pang, C. Wu, H. Nian, and F. Blaabjerg, "Damping Method of High-
Frequency Resonance for Stator Current Controlled DFIG System Under
Parallel Compensation Grid," IEEE Trans. Power Electron., vol. 35, no.
10, pp. 10260-10270, Oct. 2020.

[51 Q. Zhong and G. Weiss, "Synchronverters: Inverters That Mimic
Synchronous Generators," [EEE Trans. Ind. Electron., vol. 58, no. 4, pp.
1259-1267, Apr. 2011.

[6] Q. Zhong, "Virtual Synchronous Machines: A unified interface for grid
integration," /[EEE Power Electron. Mag., vol. 3, no. 4, pp. 18-27, Dec.
2016.

[71 L. Huang, H. Xin, and Z. Wang, "Damping Low-Frequency Oscillations
Through VSC-HVDC Stations Operated as Virtual Synchronous

0885-8993 (c) 2021 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 April 09,2021 at 07:53:04 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/TPEL.2021.3070038, IEEE

Transactions on Power Electronics

Machines," IEEE Trans. Ind. Electron., vol. 34, no. 6, pp. 5803-5818, June [30] B. Zhan, W. Song, J. Chen, S. Yang, and S. Liu, "Accurate dq Frame
2019. Modeling of a Three-phase PWM Converter with Digital Control Delay,"

[8] R. Aouini, B. Marinescu, K. Ben Kilani, and M. Elleuch, 2020 IEEE Energy Conversion Congress and Exposition (ECCE), Detroit,
"Synchronverter-Based Emulation and Control of HVDC Transmission," MI, USA, 2020, pp. 3587-3592.

IEEE Trans. Power Syst., vol. 31, no. 1, pp. 278-286, Jan. 2016. [31] S. WANG, Z. LIU, and J. LIU, "Modeling of D-Q Small-Signal

[91 V. L. Srinivas, B. Singh, and S. Mishra, "Seamless Mode Transition Impedance of Virtual Synchronous Generator," 2018 IEEE International
Technique for Virtual Synchronous Generators and Method Thereof)," Power Electronics and Application Conference and Exposition (PEAC),
IEEE Trans. Industr. Inform., vol. 16, no. 8, pp. 5254-5266, Aug. 2020. Shenzhen, 2018, pp. 1-6.

[10] H. Wu, X Ruan, D Yang, et al., "Small-Signal Modeling and Parameters ~ [32] S. Ahmed, Z. Shen, P. Mattavelli, D. Boroyevich, and K. J. Karimi,
Design for Virtual Synchronous Generators," IEEE Trans. Ind. Electron., "Small-Signal Model of Voltage Source Inverter (VSI) and VoltageSource
vol. 63, no. 7, pp. 4292-4303, Jul. 2016. Converter (VSC) Considering the DeadTime Effect and Space Vector

[11] W. Wu, L Zhou, Y Chen, et al., "Sequence-Impedance-Based Stability Modulation Types," IEEE Trans. Power Electron., vol. 32, no. 6, pp.
Comparison Between VSGs and Traditional Grid-Connected Inverters," 4145-4156, Jun. 2017.

IEEE Trans. Power Electron., vol. 34, no. 1, pp. 46-52, Jan. 2019. [33] G Francis, R Burgos, D Boroyevich, et al., "An algorithm and

[12] A. Asrari, M. Mustafa, M. Ansari, and J. Khazaei, "Impedance Analysis implementation system for measuring impedance in the DQ domain,"
of Virtual Synchronous Generator-Based Vector Controlled Converters IEEE Energy Conver. Congr. and Expo., Phoenix, AZ, 2011, 3221-3228.
for Weak AC Grid Integration," IEEE Trans. Sustain. Energy, vol. 10,no. ~ [34] H Gong, D Yang, and X Wang, "Impact Analysis and Mitigation of
3, pp. 1481-1490, July 2019. Synchronization Dynamics for DQ Impedance Measurement." /EEE

[13] S. D'Arco, J. A. Suul, and O. B. Fosso, "A virtual synchronous machine Trans. Power Electron. , 2019, 34(9): 8797-8807.
implementation for distributed control of power converters in [35] B. Gao, C. Xia, L. Zhang, and N. Chen, "Modeling and parameters design
SmartGrids," Electr: Power Syst. Res., vol. 122, pp. 180-197, May 2015. for rectifier side of VSC-HVDC based on virtual synchronous machine

[14] O. Mo, S. D'Arco and J. A. Suul, "Evaluation of Virtual Synchronous technology," Proc. of the CSEE, vol. 37, no. 2, pp. 534-543, Jan. 2017.
Machines With Dynamic or Quasi-Stationary Machine Models," JEEE ~ [36] R. Ghosh, N. R. Tummuru, B. S. Rajpurohit, and A. Monti, "Virtual
Trans. Ind. Electron., vol. 64, no. 7, pp. 5952-5962, July 2017. Inertia from Renewable Energy Sources: Mathematical Representation

[15] R. Rosso, S. Engelken, and M. Liserre, "Robust Stability Analysis of and Control Strategy," 2020 IEEE International Conference on Power
Synchronverters Operating in Parallel," JEEE Trans. Power Electron., vol. Electronics, Smart Grid and Renewable Energy (PESGRE2020), Cochin,
34, no. 11, pp. 11309-11319, Nov. 2019. India, 2020, pp. 1-6.

[16] A. Rodriguez-Cabero, J. Roldan-Pérez and M. Prodanovic, “Virtual ~ [37] Etxegarai, P. Eguia, E. Torres, and E. Fernandez, “Impact of wind power
Impedance Design Considerations for Virtual Synchronous Machines in in isolated power systems,” in Proc. 16th IEEE Mediterranean Electrotech.
Weak Grids,” IEEE J. Emerg. Sel. Top. Power Electron., vol. 8, no. 2, pp. Contf., Yasmine Hammamet, Tunisia, Mar. 2012, pp. 63-66.

1477-1489, Jun. 2020. [38] W. Wuet al., “Sequence Impedance Modeling and Stability Comparative

[17]

(18]

[19]

[20]

(21]

J. Sun, "Impedance-Based Stability Criterion for Grid-Connected
Inverters," IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3075-3078,
Nov. 2011.

M. Cespedes and J. Sun, "Impedance Modeling and Analysis of Grid-
Connected Voltage-Source Converters," [EEE Trans. Power Electron.,
vol. 29, no. 3, pp. 1254-1261, Mar. 2014.

H. K. Liu, X. Xie, and W. Liu, "An Oscillatory Stability Criterion Based
on the Unified dg-Frame Impedance Network Model for Power Systems
With High-Penetration Renewables," IEEE Trans. Power Syst., vol. 33,
no. 3, pp. 3472-3485, May 2018.

X. Wang and F. Blaabjerg, "Harmonic Stability in Power Electronic-
Based Power Systems: Concept, Modeling, and Analysis," IEEE Trans.
Smart Grid, vol. 10, no. 3, pp. 2858-2870, May 2019.

A. Rygg, M. Molinas, C. Zhang, and X. Cai, "On the Equivalence and
Impact on Stability of Impedance Modeling of Power Electronic
Converters in Different Domains," IEEE J. Emerg. Sel. Top. Power
Electron. ,vol. 5, no. 4, pp. 1444-1454, Dec. 2017.

S. Shah and L. Parsa, "Impedance Modeling of Three-Phase Voltage
Source Converters in DQ, Sequence, and Phasor Domains," /EEE Trans.
Energy Convers., vol. 32, no. 3, pp. 1139-1150, Sept. 2017

B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Shen, "Analysis
of D-Q Small-Signal Impedance of Grid-Tied Inverters," IEEE Trans.
Power Electron., vol. 31, no. 1, pp. 675-687, Jan. 2016.

C. Li, R. Burgos, B. Wen, Y. Tang, and D. Boroyevich, "Stability Analysis
of Power Systems With Multiple STATCOMs in Close Proximity," /EEE

Analysis of Voltage-Controlled VSGs and Current-Controlled VSGs,”
IEEE Trans. Ind. Electron. vol. 66, no. 8, pp. 6460-6472, Aug. 2019.
Jian Guo was born in Hubei, China, 1995. he
received the B.S. degree in electronic information
engineering from China University of Mining and
Technology, xuzhou, China, in 2017. Currently, he
has been working toward the Ph.D. degree in electrical
engineering from Hunan University, Changsha, China.

Her research interests include power electronics

converter, distributed generation.

Yandong Chen (S°13-M’14-SM’18) was born in
Hunan, China, in 1979. He received the B.S. and M.S.
degree in instrument science and technology from
Hunan University, Changsha, China, in 2003 and
2006, respectively, and the Ph.D. degree in electrical
engineering from Hunan University, Changsha, China,
in 2014. He is currently a Professor in the College of

Electrical and Information Engineering, Hunan

University, Changsha. His research interests include power electronics for

Trans. Power Electron., vol. 35, no. 3, pp. 2268-2283, Mar. 2020.

S. Golestan, E. Ebrahimzadeh, B. Wen, J. M. Guerrero and J. C. Vasquez,
“dq-Frame Impedance Modeling of Three-Phase Grid-Tied Voltage
Source Converters Equipped With Advanced PLLs,” IEEE Trans. Power
Electron., vol. 36, no. 3, pp. 3524-3539, Mar. 2021.

D. Lu, X. Wang, and F. Blaabjerg, "Impedance-Based Analysis of DC-

microgrid, distributed generation, power supply, and energy storage. Dr. Chen
is a recipient of the 2014 National Technological Invention Awards of China,
and the 2014 WIPO-SIPO Award for Chinese Outstanding Patented Invention.

[26] He is a Senior Member of IEEE PES & PELS.

[27]

(28]

[29]

0885-8993 (c) 2021 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.

Link Voltage Dynamics in Voltage-Source Converters," [EEE Trans.
Power Electron., vol. 34, no. 4, pp. 3973-3985, Apr. 2019.

Y. Liao, Z. Liu, H. Zhang, and B. Wen, "Low-Frequency Stability
Analysis of Single-Phase System With dq-Frame Impedance Approach—

Part I: Impedance Modeling and Verification," /EEE Trans. Ind. Appl., vol.

54, no. 5, pp. 4999-5011, Sept.-Oct. 2018.

S. Wu and Z. Liu, “Low-Frequency Stability Analysis of Vehicle-Grid
System with Active Power Filter Based on dq-frame Impedance,” [EEE
Trans. Power Electron., doi: 10.1109/TPEL.2021.3049145.

D. N. Zmood, D. G. Holmes, and G. H. Bode, "Frequency-domain
analysis of three-phase linear current regulators," [EEE Trans. Ind. Appl.,
vol. 37, no. 2, pp. 601-610, Apr. 2001.

Lei Wang (M’17-SM’20) received the B.Sc.
degree in Electrical and Electronics Engineering
from University of Macau (UM), Macao SAR, P. R.
China, in 2011, M.Sc. degree in Electronics
Engineering from Hong Kong University of Science
and Technology (HKUST), Hong Kong SAR, P. R.
5> China, in 2012. and Ph.D. degree in Electrical and
Computer Engineering from University of Macau
(UM), Macao SAR, P. R. China, in 2017.

He was a postdoctoral fellow in the Power
Electronics Laboratory of UM from Jan. 2017 to Feb.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 09,2021 at 07:53:04 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/TPEL.2021.3070038, IEEE
Transactions on Power Electronics

2019. He was a visiting fellow in department of electrical and computer
engineering, University of Auckland, from Feb. 2019 to Aug. 2019. In 2019, he
joined College of Electrical and Information Engineering, Hunan University,
Changsha, China, where he is currently a Full Professor.

He has authored 1 Springer books, 1 Elsevier book chapter, 5 patents (U.S.A
and China) and over 40 journal and conference papers. Dr. Wang received the
champion award in the “Schneider Electric Energy Efficiency Cup”, Hong
Kong, 2011, Macao Science and Technology R&D Award for Postgraduates
(Ph.D) in 2018.

Wenhua Wu (5°16-M°20) was born in Hunan,
China, in 1991. He received the B.S. and Ph.D.
degrees in electrical engineering from Hunan
University, Changsha, China, in 2014 and 2019,
respectively. He is currently a Postdoctoral
Researcher in electrical engineering with Hunan
University. His research interests include power
electronics, modeling, and control of renewable
power generation systems.

Xiangyu Wang was born in Hunan, China, 1995.
She received the B.S. degree from the College of
Electrical and Information Engineering, Central

A = South University, Changsha, China, in 2017. She is
£ 5 currently working toward the M. Eng. Degree with the
= College of Electrical and Information Engineering,

Hunan University, Changsha, China. Her research
interests include power electronics converter,
distributed generation.

Zhikang Shuai (S’09-M’10-SM’17) received
the B.S. and Ph.D. degree from the College of
Electrical and Information Engineering, Hunan
University, Changsha, China, in 2005 and 2011,
respectively, all in electrical engineering. He was with
Hunan University, as an Assistant Professor between
2009 and 2012, and an Associate Professor in 2013.
Starting in 2014, he became a Professor with Hunan
University. His current research interests include
power quality control, power electronics, and
microgrid stability analysis and control. He is a
recipient of the 2010 National Scientific and Technological Awards of China,
the 2012 Hunan Technological Invention Awards of China, and the 2007
Scientific and Technological Awards from the National Mechanical Industry
Association of China.

Josep M. Guerrero (S’01-M’04-SM’08-F’15)
received the B.S. degree in telecommunications
engineering, the M.S. degree in electronics engineering,
and the Ph.D. degree in power electronics from the
Technical University of Catalonia, Barcelona, in 1997,
2000 and 2003, respectively. Since 2011, he has been a
Full Professor with the Department of Energy
Technology, Aalborg University, Denmark. From 2015
he is a distinguished guest Professor in Hunan
University. His research interests mainly include power
electronics, distributed energy-storage, and microgrids. Prof. Guerrero is an
Associate  Editor for the IEEE TRANSACTIONS ON POWER
ELECTRONICS, the IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS, and the IEEE Industrial Electronics Magazine, and an Editor
for the IEEE TRANSACTIONS on SMART GRID and IEEE
TRANSACTIONS on ENERGY CONVERSION. In 2014, 2015, and 2016 he
was awarded by Thomson Reuters as Highly Cited Researcher, and in 2015 he
was elevated as IEEE Fellow for his contributions on distributed power systems
and microgrids.

0885-8993 (c) 2021 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 April 09,2021 at 07:53:04 UTC from IEEE Xplore. Restrictions apply.



