11096

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

Analysis and Mitigation of Subsynchronous
Resonance in Series-Compensated Grid-Connected
System Controlled by a Virtual
Synchronous Generator

Gaoxiang Li"’, Yandong Chen
Zhixing He"”, Member, IEEE, Haining Wang
and Leming Zhou

Abstract—Analogizing the subsynchronous resonance (SSR)
phenomenon of the series-compensated grid-connected system
based on synchronous generator, the virtual synchronous generator
(VSG) also has the low-frequency oscillation problem owing to
the impedance interaction between VSG and series-compensated
network. Stability of the series-compensated grid-connected system
controlled by VSG is analyzed by the impedance-based Nyquist
stability criterion. Due to the inductive impedance of VSG, VSG
is easy to couple with the series-compensated network in the
low-frequency areas, which can lead to the SSR. With the in-
crease of the series compensation level, the stability of VSG be-
comes worse and the induced oscillation frequency becomes higher.
Therefore, a modulation signal feedforward active-damping con-
trol strategy with time-delay compensation is proposed to sup-
press this SSR, which directly feeds the active-damping control
signal to the pulsewidth modulation modulator for reshaping the
output impedance of VSG from the inductance to the resistance—
inductance. Moreover, a value range of virtual resistance is given
with considering the influence on the regular operation of VSG.
Finally, the simulation and experimental results verify the cor-
rectness of the SSR analysis and the feasibility of the proposed
active-damping control strategy.

Index Terms—Active-damping control, modulation signal
feedforward, series-compensation level, subsynchronous resonance
(SSR), virtual synchronous generator (VSG).

I. INTRODUCTION

ECENTLY, the renewable energy generation, especially
R wind and photovoltaic power generation, has developed
rapidly. Generally, power stations based on renewable energy
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are widely located in remote areas, such as deserts and islands,
and they are far away from the big cities [1]. To improve the
transfer capability, the series-compensated transmission line is
usually used in renewable energy generation [2], [3]. More and
more power stations based on renewable energy are connected
to the power grid, which causes a series of problems [4], [5].
Meanwhile, along with the development of renewable power
generation, the control strategy of virtual synchronous generator
(VSQ) [6] is proposed by imitating the mechanism and external
characteristics of the traditional synchronous generator (SG).
Owing to the characteristics of voltage regulation and frequency
modulation, VSG has become a research hotspot [7], [8], and it
has been applied in renewable energy generation [9].

In addition, VSG can be categorized into the VSG with inner
control loops and the VSG without inner control loops [10].
Compared with the VSG with inner control loops, the VSG with-
out inner control loops [6] is simpler and more stable under weak
grid [11]. Due to limited space, this article mainly studies the
VSG without inner control loops, and the following VSG refers
to the kind of VSG without inner control loops if there is no spe-
cial explanation. Due to the excellent performance of VSG, there
are many researchers and the stability of VSG under weak grid
has been investigated from the point of view of the impedance
[11], transfer function [12], and eigenvalue [13]. However, the
stability of VSG under the series-compensated grid-connected
situation has not been previously presented in the literature.
Meanwhile, there is no paper to introduce the common problems
between SG and VSG. Moreover, with the application of VSG
in renewable energy generation, the situations where the VSG
and series-compensated grid really exist, such as the battery
storage inverter controlled by VSG in wind farm connected to the
series-compensated transmission line. The impedance of VSG
is basically inductive [14], which is similar to that of SG [15].
From the point of view of the impedance, the series-compensated
grid-connected system controlled by VSG will have the similar
subsynchronous resonance (SSR) problem occurred in the tradi-
tional series-compensated grid-connected system based on SG
[16]. Therefore, it is necessary to study the stability of VSG
under series-compensated grid-connected situation.
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As the SSR will cause additional power losses and even
result in system instability, it has aroused great concerns from
both academic and industrial communities [17]. Currently,
the SSR of wind farms connected to a series-compensated
network is receiving more and more attention [18], [19]. A
large number of scholars have studied this type of SSR and
proposed various analysis methods [20], [21]. Meanwhile, with
the development of impedance modeling, the impedance-based
Nyquist stability criterion is applied to analyze the SSR
phenomenon [22]. Since the sequence impedance model has
the advantages of direct measurement and simple form, it has
become an important way to analyze the interaction stability
of inverter [23]. Owing to the phase-locked loop (PLL) and the
asymmetric control in the dg coordinate, there exist couplings
between the positive- and negative-sequence impedances [24].
Compared with the decoupling sequence impedance model, the
sequence impedance model with considering couplings is more
precise and can predict the exact stability boundary [25], [26].
However, when the study does not focus on the problem of
system stability boundary, the decoupling sequence impedance
model is usually accurate enough to analyze the mechanism
and characteristics of system oscillation [27], [28]. In addition,
on the issue of SSR analysis, frequency scanning is a general
way no matter for the traditional power generation systems or
the renewable energy generation systems. For the frequency
scanning method, the impedance couplings are not considered
and it usually only uses the positive-sequence impedance [29].
Since the used VSG neither needs PLL nor works in the dg
coordinate, the sequence impedance couplings should be small.
Meanwhile, considering the successful applications of the
decoupling sequence impedance on SSR analysis [27]-[30],
the decoupling sequence impedance of VSG can be utilized to
analyze the mechanism and characteristics of SSR.

Moreover, the suppression methods of SSR can be divided
into two categories: one is to add additional equipment [31],
and the other is to improve the control strategy [32]. Compared
with the suppression method of adding additional equipment, it
is more economical to suppress SSR by improving the control
strategy. Because the output voltage of VSG can be directly
controlled, the methods of implementing damping control for
VSG are more flexible than that of SG. In addition, the per-
formance of VSG should not be changed after improving the
control strategy. Based on the virtual impedance control of the
traditional grid-connected inverter [33], the virtual impedance
controls of VSG are presented in [34]-[36]. In [34], a virtual
resistance is proposed to improve the efficiency of VSG by
replacing the real resistance in the power circuit. In [12], [13],
and [35], the virtual impedance controls are presented to improve
the stability of VSG under the weak grid. In [36], a harmonic
virtual impedance is designed for suppressing harmonics. As
the virtual impedance control of VSG will influence its regular
operation, the virtual impedance has a value range. However,
the abovementioned studies do not consider the value range of
virtual impedance.

This article studied the stability of the series-compensated
grid-connected system controlled by VSG, and revealed an
SSR phenomenon caused by the impedance interaction between
VSG and series-compensated network. To suppress this SSR,
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Fig. 1. Configuration and control structure of the series-compensated grid-
connected system controlled by VSG.

a modulation signal feedforward active-damping control strat-
egy with time-delay compensation is proposed. Meanwhile, to
maintain the regular operation of VSG, the value range of virtual
impedance is given. This article is organized as follows. In Sec-
tion II, the reason why the VSG under the series-compensated
grid-connected situation occurs SSR is analyzed in detail. In
Section III, the mechanism of the proposed damping control
for SSR is introduced. Experimental results are illustrated in
Section I'V. Finally, the conclusion is drawn in Section V.

II. SSR ANALYSIS OF SERIES-COMPENSATED
GRID-CONNECTED SYSTEM CONTROLLED BY VSG

A. Impedance of VSG With Different Control Parameters

The configuration and control structure of the series-
compensated grid-connected system controlled by VSG are
showed in Fig. 1, where V. is the dc-side voltage; e,, ey, and
e. are the inner electric potentials of VSG; i, i3, and . are
the currents of filter inductance L;; v,, vp, and v, are the point
of common coupling (PCC) voltages; igq, igp, and ig4. are the
grid currents; vgq, Vgp, and vy are the grid voltages; Zp, ,,(s)
are the positive- and negative-sequence impedances of VSG;
Zgpn(s) are the positive- and negative-sequence impedances
of the series-compensated network, which is composed of the
series-compensated transmission line, filter capacitance Cy, and
damping resistance Ry ; R, L, and C; are the resistance, induc-
tance, and capacitance of the series-compensated transmission
line, respectively.

As seen from Fig. 1, the mathematical expression of VSG [7]
can be expressed as follows:

Qset + \/§Dq (Vn - Vm) - Qm = Kd(\/iifEm)
Tset + Dp (wn - wm) - Te = J%
Piet = Tsetwm = Tsetwn (M
P, m = LeWm = Tewn

0,, = fwmdt
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where Jis the virtual moment of inertia; w,,, and w,, are the output
angular frequency and the rated angular frequency, respectively;
T, and Ty are the electromagnetic torque and the electromag-
netic torque reference, respectively; P,,, and Pyt are the output
active power and the active power reference, respectively; @,
and Qs are the output reactive power and the reactive power
reference, respectively; K is the reactive inertia coefficient; D,
and D, are the active droop coefficient and the reactive droop
coefficient, respectively; and 6,,, is the obtained phase angle of
VSG. V,,, and V,, are the rms value and the rated rms value of
the PCC voltage, respectively; and F,, is the rms value of the
inner electric potential reference for VSG.

The modulation signals of VSG are determined by the active
and reactive controllers, and they can be expressed as follows:

5a = 2V/2E,,c080 V.
sy = 2v/2E,,cos (0 — 210/3) [ Ve )
5¢ = 2v/2E,,cos (0 4 210/3) /Vae

where the s,, Sp, and s. are the modulation signals of VSG.
According to Fig. 1, the following equation is derived:

lq €q Vg
L1 S ib = |€| — U] - (3)
i €c Ve

Based on the harmonic linearization method, the sequence
impedance model of VSG can be built. According to [14], the
positive- and negative-sequence impedances of VSG can be
expressed as follows:

Zp(s) =

Zsn(s) =

0.75Vi M (s—j2m fr)Kq(s)ei% Jw,+sLy
140.751, M (s—j2m f,) K 4 (s)e (Pa=0ir) fe,

“

0.75Vi M (s+527 ) Ka(s)e 7% Jw, +sLy
140.7511 M(s+j2m fr) Ka(s)e 3 (0a0ir) /o,

where Z, ,(s) are the frequency-domain expressions of
the positive- and negative-sequence impedances of VSG;
04 = arcsin [Pp,w, L1/ (EnVi)] + 7/2 and arcsin [Py,wy, L1/
(EmV4)] is the power angle of VSG; M (s) = 1/(Js* + D,s);
K,4(s) is expressed as follows:

Kq(s) = \/§Eme’1'5T55/[(1 +s/wy) (1 +s/wi)]  (5)

where T is the switching period; w, and w; are the cutoff
frequency of the low-pass filter for the voltage and current
signals, respectively.

According to (4), the impedance characteristics of VSG are
affected by the control parameters J and D,,. In addition, accord-
ing to [7], the control parameters of the active power loop and
the reactive power loop can be designed independently, and the
active droop coefficient D), is as follows:

ATmax _ APH’]&X

Awlnax wn Awmﬂx

D,(s) (6)

According to (6), the active droop coefficient D,, is deter-
mined by 0 Prax and dwmax. Therefore, the selection range of D,,
is smaller. Similarly, the virtual inertia J is designed according
to the open-loop gain of active power, which is obtained by
ignoring the coupling items between the active power loop and
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TABLE I
PARAMETERS OF CIRCUIT AND CONTROLLER

Parameter Value Parameter Value
Ve IV 700 fo/Hz 50
L,/mH 3 f(UT)kHz 10
Cy/uF 20 w,/(rad/s) 1007
R/Q 1.73 ,/(rad/s) 80007
L,/mH 10 wi/(rad/s) 80007
R,/Q 0.15 | 21A% 311
C,/F 0.002 D, 5
Veabe V 220 D, 321

P, kW 10 K 7.1

0, /kVar 0 J 0.057

Magnitude(dB)

& 135l 50.8° |
3
=
~
-180 - e
107 107 10° 10' 10° 10° 10*
Frequency(Hz)
Fig. 2. Bode diagram of T},(s) with different J.

the reactive power loop. According to [7], the open-loop gain of
active power can be expressed as follows:

3V, E 1
T (s) = 9"
»(s) wpXs Js? + Dys

where Vj; is the rms value of grid voltage and F), is the rms value
of the inner electric potentials of VSG. The virtual inertia J is
designed according to the bandwidth of T}, (s).

Table I illustrates the main circuit and control parameters of
Fig. 1. Fig. 2 shows the bode diagram of T},(s) with different
values of J. As seen in Fig. 2, the virtual inertia J has a great
influence on the phase margin of active power loop T),(s).
Therefore, considering the stability margin, the selection range
of parameter J is smaller. In addition, because the characteristics
of the positive- and negative-sequence impedances are similar,
it is sufficient to reflect the influence of the control parameters
on the impedance of VSG by analyzing the positive-sequence
impedance.

Fig. 3 shows the positive-sequence impedance of VSG with
different control parameters. As seen in Fig. 3(a), the virtual iner-
tia J has a certain influence on the positive-sequence impedance
of VSG in the low-frequency areas, and the corresponding phase
of the positive-sequence impedance is bigger when J is smaller.
As seen in Fig. 3(b), the active droop coefficient D, mainly in-
fluence the positive-sequence impedance characteristics of VSG
near the fundamental frequency, and the range of capacitance
characteristics for the positive-sequence impedance is smaller
when D), is bigger. It can be seen in Fig. 3 that the virtual

@)
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Fig. 3. Positive-sequence impedance of VSG with different control parame-

ters. (a) Different J. (b) Different D,,.

inertia J and active droop coefficient D), have a certain influence
on the impedance characteristics of VSG, and the impedance
characteristics of VSG with different control parameters
are also basically unchanged, which are basically the inductive
impedance characteristics.

For the series-compensated transmission line, the series-
compensation level (SCL) can be obtained as follows:

1

L=——.
SC M%Lgcg

®)
As seen in Fig. 1, the impedance expression of the series-
compensated network can be obtained as follows:

Zy(s) = [sLg + Ry + 1/(sCo)] || [B1 + 1/(sC1)]  (9)

where Z,(s) is the frequency-domain expression of the series-
compensated network. When the grid-connected system is
completely symmetrical, the positive- and negative-sequence
impedances of the series-compensated network can be expressed
as Zgp(s) = Zgn(s) = Zy(s).

Fig. 4 shows the frequency response characteristics of the
positive- and negative-sequence impedances of VSG and series-
compensated network with different SCLs. As seen in Fig. 4,
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Fig. 4. Sequence impedances of VSG and series-compensated network.

Fig. 5. Thevenin equivalent circuit of the small-signal series-compensated
grid-connected system controlled by VSG.

when SCL = 0, Z, ,(s) do not intersect Zs,(s) in the low-
frequency areas; when SCL = 25%, Z,, ,,(s) intersect Z,(s) at
23 Hz and the corresponding phase difference is 150°; when SCL
=50%, Zgpn (s) intersect Z;,(s) at 32 Hz and the corresponding
phase difference is 181°. From Fig. 4, with the increase of the
SCL, the intersection point between Z,, ,, (s) and Z), (s) shifts to
the high-frequency areas and the corresponding phase difference
increases to more than 180°. Because the series-compensated
network is capacitive in the low-frequency areas and there
is a downward bulge for the impedance magnitude, it easily
couples with the VSG at the intersection point of the impedance
magnitude.

B. Small-Signal Stability Analysis

According to Fig. 1, the Thevenin equivalent circuit of the
small-signal series-compensated grid-connected system con-
trolled by VSG is depicted in Fig. 5, where v, and v, are the
ideal voltage source of the Thevenin equivalent circuit of the
VSG and the grid, respectively. .

From Fig. 5, the small-signal grid-connected current ¢ can be
obtained as follows:

Vg — Vg 1
Zgpm 1+ ZSP,n/ng,n.

Both VSG and grid can run independently and stably. There-
fore, voltages ©; and 7, are stable because they are the ideal volt-
age sources of the Thevenin equivalent circuit of the VSG and the

(10)

i:
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grid, respectively. In addition, since Z, ,, are grid impedances
and the grid can run stably, 1/ Z,, , is stable too. Based
on the analysis above, the stability of the series-compensated
grid-connected system controlled by VSG is determined by
/(14 Zspn/Zgpn)-

For the grid-connected inverter, the Nyquist stability criterion
based on the impedance ratio is usually used for analyzing the
system stability. To analyze the influences of other parameters on
system stability, the impedance ratio of the series-compensated
grid-connected system controlled by VSG can be obtained as
follows:

an

According to (11), the pole-zero maps of G, (s) and G, (s)
are depicted in Fig. 6, and the Nyquist plots of (11) with different
parameters are depicted in Fig. 7.

As seen in Fig. 6, the impedance ratio G,.,,(s) has two poles in
the right-half-plane (RHP), and G,.,, (s) has no pole in the RHP.
Therefore, when the series-compensated grid-connected system
controlled by VSG is stable, the G,,(s) should encircle (—1,
J0) point once in the counterclockwise direction, and the G, (s)
should not encircle the (—1, jO) point. As seen in Fig. 7(a),
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Nyquist plots of (11) with different parameters. (a) Different SCLs. (b) Different number N of parallel VSGs when SCL = 50%.

when the SCL is increased from 25% to 50%, the Nyquist plots
of G,,(s) cross the negative real axis from the right side to the
left side of (—1, jO) point, and the Nyquist plots of G-, (s) do not
encircle the (—1, jO) point. Therefore, the series-compensated
grid-connected system controlled by VSG is unstable when
SCL = 50%. When the SCL is higher, the capacitance character-
istic range of the impedance of the series-compensated network
is bigger, which can cause the impedance interaction between
VSG and series-compensated network. As seen in Fig. 7(b),
when SCL = 50% and the number N of parallel VSGs increases,
the Nyquist plots of G, (s) cross the negative real axis from the
original left side to the right side of (—1, jO) point, and the
Nyquist plots of G-, (s) do not encircle the (—1, jO) point. So,
the corresponding system changes from unstable to stable. When
the number N of parallel VSGs increases, the parallel impedance
of VSGs decreases, and the impedance magnitude difference
of the parallel VSGs and series-compensated network becomes
bigger. Therefore, VSGs and series-compensated network are
not easy to couple and the system stability becomes better.
From Fig. 7, with the increase of the SCL, the stability of
the series-compensated grid-connected system controlled by
VSG becomes worse; with the increase of the parallel VSGs,
the stability of the series-compensated grid-connected system
controlled by VSG becomes stronger.



LI et al.: ANALYSIS AND MITIGATION OF SSR IN SERIES-COMPENSATED GRID-CONNECTED SYSTEM CONTROLLED BY VSG

100

<
)
-100 I |
2.5 3 3.5
t/s
(®
Fig. 8.  Simulation results with different conditions. (a) SCL is increased from

0 to 25%. (b) SCL is increased from 25% to 50%.

In order to verify the correctness of theoretical analysis, a
series-compensated grid-connected system controlled by VSG,
as shown in Fig. 1, is simulated in MATLAB/Simulink, and the
simulation results are shown in Fig. 8.

As seen in Fig. 8(a), when the SCL is increased from 0O to
25%, the grid-connected currents ¢ 444, first occur low-frequency
oscillation and then stabilize. As seen in Fig. 8(b), when the SCL
isincreased from 25% to 50%, the grid-connected currents 7 g4
appear low-frequency oscillation, and the series-compensated
grid-connected system controlled by VSG changes from stable
to unstable. Fig. 9 shows the current spectrums of 7, in Fig. 8.
As seen in Fig. 9(a), when the SCL is increased from 0 to 25%,
the induced oscillation frequency of the system is mainly at
23 Hz. As seen in Fig. 9(b), when the SCL is increased from
25% to 50%, the induced oscillation frequency of the system
is mainly at 32 Hz. The simulation results are consistent with
the theoretical analysis and verify the correctness of theoretical
analysis. Based on the analysis mentioned above, with the in-
crease of SCL, the series-compensated grid-connected system
controlled by VSG changes from stable to unstable. In addition,
when the SCL is bigger, the induced oscillation frequency is
higher.

III. MODULATION SIGNAL FEEDFORWARD ACTIVE-DAMPING
CONTROL STRATEGY WITH TIME-DELAY COMPENSATION FOR
MITIGATING THE SSR

In order to mitigate the SSR caused by the impedance inter-
action between the VSG and the series-compensated network, a
modulation signal feedforward active-damping control strategy
with time-delay compensation is proposed. Fig. 10 shows the
control diagram of the proposed modulation signal feedforward
active-damping control. In Fig. 10, As,p. are the feedforward
values of the modulation signals, and H;(s) is the transfer
function from i4p. to Asgpe. By the equivalent transformation,
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Fig. 9. Current spectrums of 7444, in Fig. 8. (a) SCL is increased from 0 to
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Modulation Signal Based Proposed Active Damping
Feedforward Control with Control Strategy
Time Delay Compensation

H,(s) =k, +k, s
— Control Signals ; : - Actual Circuit Signals,
i Pa A i i
B Ly U g [
i On | controller 8 Cs e |
[ % Modulation !
Ph Oh Vi Signal
VSG Control Inverter Gain LC Filter

Pn
— VSG Vubr
On | controller >
N
A
()
Fig. 10. Proposed modulation signal feedforward active-damping control

strategy with time-delay compensation. (a) Proposed active-damping control
diagram. (b) Equivalent control diagram.

the control diagram of the proposed modulation signal based
active-damping control can be simplified as Fig. 10(b), where
€abe 18 the virtual inner electric potential of VSG and G .(s) is
the equivalent transfer function of the proposed active-damping
control and filter inductance L;.

According to Fig. 10, G1.(s) can be obtained and expressed
as follows:

1
~ sLy + Hi(s)Kpwu

Gre(s) 12)
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Fig. 11.  Vector diagrams of v,, €4, vy and i,.

where H1(s) = ky, + ky;-sis the proposed active-damping con-
troller. k,,,- and k,,; are the control parameters that need to be de-
signed. In addition, k,,,- and k,; have the following relationship:

kvl
kvr

= 1.5T,. (13)

Considering the time delay of inverter, the inverter gain
Kpwwu can be expressed as follows:

Vdc ~1.5T.s Vdc 1
—e Uy —_—. 14
2 © 2 1+ 1.5T.s a5

Substituting (13) and (14) into (12), (12) can be simplified,

and expressed as follows:

Gre(s) ~ s,
Rv = kvrvdc/2

Kpwwm =

s5)

where R, is the virtual equivalent resistor of the proposed active-
damping control.

According to (15), the proposed active-damping control is
equivalent to adding a virtual series resistor for the filter inductor
L;. According to Fig. 10 and (15), (3) can be rewritten as follows:

ig ig €q Vg
L13 ib + RU ib = |€ep| — |Vp] - (16)
Ic Ie €c Ve

Since the virtual resistance only causes a change within the
control system and does not affect the physical circuit, the
value of the virtual resistor R, will not influence the limit of
the overmodulation for converter. In addition, considering the
voltage drop control of VSG, current i, may not remain in phase
with voltage v,. According to Fig. 1, the vector diagrams of v,,
€q, Uz, and i, are depicted in Fig. 11, where v,, is the voltage on
the filter inductor Ly; V,, F,, I,, and V, are the rms values of
Vq» €q, 1 and vy, respectively; and AG,, is the phase difference
between V,, and I,,.

As the rated reactive power @), = 0, there is

Qm _ Qm
tan (A6,) = P (17)

According to Fig. 11, the value of E, can be obtained as

follows:

E, = \/(Va + VXsinAQa)2 + (VXCOSAGa)2 (18)

where the V, = I,w,, L.
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In addition, with considering the overmodulation problem,
the maximum value of F, is obtained as follows:

2V,
Ea_max = \[4 de . (19)

Usually, the voltage droop is smaller than 5% [7]. According
to (1), (17), and (18), E, is equivalent to 234 V when the voltage
droop is 5%, which is smaller than E,, . (246.2V). Therefore,
the VSG will not normally appear overmodulation induced by
the voltage droop.

Moreover, to better evaluate the value of R, a power correc-
tion ratio ¢ is defined as follows:

_ Pr, _3I!R, LR,
P, 3V, V.,

where Ppg, is the virtual active power induced by the virtual
resistor R,,.

Generally, with the increase of the virtual active power Pg,,
the differences between the control system with and without
the virtual impedance control become big, which is similar to
the work-point-offset problem of the controller and can cause
the change of the regular operation for VSG. Since the virtual
active power Pp,, is directly proportional to the virtual resistor
R, the influence of the proposed active-damping control on
the regular operation of VSG will enhance with the increase
of the virtual resistor R,. Therefore, to maintain the regular
operation of VSG, the power correction ratio £ should not be
big. Usually, the influence of virtual impedance control on the
regular operation of the system can be ignored when the change
of controller is small. Therefore, the expected range of the virtual
resistance is that the corresponding power correction ratio &
should not be big, such as 5%. Based on the analysis above,
the virtual resistor is set to be 0.7 €2, and the corresponding
power correction ratio £ is 4.8%, which is lower than 5%.

According to (4) and (16), after adding the proposed active-
damping control, the frequency response characteristics of the
positive- and negative-sequence impedances of VSG can be
obtained as follows:

§

(20)

7 _0.75Vi M (s—j27 f1) K (s)ed%d Jw, +sL1+R,
©SP T 14075V M (s—j2m f1) K (s)ed (9a=0ir) /0,

21
7 _0.75ViM (s+j27m f1)K(s)e 7% /w,+sL1+R, @D
esn

T 140.75Vi M (s+j2n f1) K (s)e? (Oir—04) fu,

Fig. 12 shows the frequency response characteristics of the
positive- and negative-sequence impedances of VSG with the
proposed active-damping control. As seen in Fig. 12, with
the increase of R,, the magnitudes of the impedances Zs,, ,,(s)
increase obviously in the low-frequency areas, and the corre-
sponding phases of impedances Z), ,,(s) decrease significantly.
In addition, the intersection point of impedances ngm,(s) and
Zsp n(8) shifts to the low-frequency areas, and the corresponding
phase difference gradually decreases to less than 180°. From
Fig. 12, because the proposed active-damping control is equiv-
alent to adding a virtual series resistor R, for the filter inductor
L,, the impedance of VSG is reshaped from the inductance to
the resistance—inductance. In addition, when the value of R, is
bigger, the inductive impedance characteristics of Z), ,,(s) are
weaker in the low-frequency areas.
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Fig. 13.  Nyquist plots of (22).

According to (9) and (21), after adding the proposed active-
damping control, the new impedance ratio can be expressed as
follows:

{Gerp(s) = Zesp(8)/ Zgp(s) (22)

Gern(s) = Zesn(s)/Zgn(s)'

The impedance ratios Ge,p,(s) are similar to Gy, (s).
Gerp(s) have two poles in the RHP and G, (s) have no pole
in the RHP. Therefore, when the system is stable, the G, ()
should encircle (—1, jO) point once in the counterclockwise
direction, and the G, (s) should not encircle (—1, jO) point.
Fig. 13 shows the Nyquist plots of (22) when SCL = 50%.
As seen in Fig. 13, after adding the proposed active-damping
control, the Nyquist plots of G.,p(s) cross the negative real
axis from the left side to the right side of (—1, jO) point,
and the Nyquist plots of G, (s) do not encircle the (—1, jO)
point. Therefore, by adding the proposed active-damping con-
trol, the series-compensated grid-connected system controlled
by VSG changes from unstable to stable when SCL = 50%.
With the increase of R,, the resistance characteristic of the
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Fig. 14. Simulation results with different values of R,,. (a) R, = 0.35 Q.
(b) R, =0.7 Q.

impedance of VSG becomes stronger. Therefore, the stability
of the series-compensated grid-connected system controlled by
VSG becomes better with the increase of R,,.

To prove the validity of the proposed active-damping con-
trol strategy for suppressing the SSR, a series-compensated
grid-connected system, as shown in Fig. 1, is simulated in
MATLAB/Simulink, and the simulation results are shown as
follows.

As seen from Fig. 14, with the proposed active-damping
control, the SSR can be damped gradually, and the series-
compensated grid-connected system controlled by VSG can
keep stable at last. Moreover, the adjustment time of the system
is shorter when the virtual resistor I, is bigger. As seen in
Fig. 14, when R, is bigger, the oscillation damping ability of
the system is stronger. Based on the analysis mentioned above,
the proposed active-damping control strategy can effectively
suppress the SSR in the series-compensated grid-connected
system controlled by VSG. In addition, with the increase of R,,
the oscillation damping ability of the system becomes stronger.

IV. EXPERIMENTAL RESULTS

To validate the correctness of the SSR analysis and the
feasibility of the proposed active-damping control strategy, a
prototype for grid-connected inverter with series-compensation
capacitor is built in lab for verification, and the proposed control
strategy is implemented in TMS320F28335. Moreover, a low-
pass filter is used to avoid the amplification of noise caused by the
derivative term of the proposed controller. Fig. 15 gives the ex-
perimental platform of the series-compensated grid-connected
system controlled by VSG. The parameters of the circuit and
controller are listed in Table I. The experimental results are
shown as follows.

Fig. 16 shows the experimental results of the impedance
measurement without the proposed active-damping control.
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Fig. 17. Experimental results of impedance measurement with the proposed
active-damping control. (a) Measurement results of Z,(s) and Zg,(s) when
SCL = 50%. (b) Measurement results of Z,, (s) and Zg5, (s) when SCL = 50%.

As seen in Fig. 16, when SCL = 0, the impedance of VSG
and series-compensated network, both are inductive in the
low-frequency areas. By adding the proposed active-damping
control, the output impedance of VSG is reshaped from the
inductance to the resistance—inductance in the low-frequency
areas, as shown in Fig. 17. Meanwhile, when SCL = 50%, the
impedance of the series-compensated network is capacitive in
the low-frequency areas. From Figs. 16 and 17, the experimental
results are in good agreement with the decoupling impedance
model. Therefore, the decoupling impedance model is accurate
enough to analyze the SSR problem.

Fig. 18 shows the experimental results of the series-
compensated grid-connected system controlled by VSG under
different conditions. As seen in Fig. 18(a), when the SCL is
increased from 0to 25%, the series-compensated grid-connected
system controlled by VSG appears SSR and then runs stably.
From Fig. 18(b), when the SCL is further increased from 25%
to 50%, the grid-connected currents igan €xhibit obvious SSR,
and the series-compensated grid-connected system controlled
by VSG changes from stable to unstable. With the increase of
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Fig. 19.  Spectrum of current in Fig. 18. (a) Current in Fig. 18(a). (b) Current
in Fig. 18(b).

SCL, the characteristic capacitance range of the impedance of
the series-compensated network becomes bigger, and then it
will cause the impedance interaction. As seen in Fig. 18(c),
when SCL = 50% and the number N of parallel VSGs is
increased from one to three, the SSR can be suppressed and the
system can keep stable at last. When the number N of parallel
VSGs increases, the parallel impedance of VSGs decreases, the
impedance difference of VSGs and series-compensated network
becomes bigger, and then it is not easy to cause the impedance
interaction and oscillation.

Fig. 19 shows the spectrum of current in Fig. 18. As seen
in Fig. 19, when the SCL is increased from O to 25%, the
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main oscillation frequency is 23 Hz; when the SCL is further
increased from 25% to 50%, the main oscillation frequency
is 32 Hz. The oscillation frequency becomes higher with the
increase of SCL, which is consistent with the theoretical analysis
of Fig. 9. From Figs. 18 and 19, with the increase of SCL,
the series-compensated grid-connected system controlled by
VSG will occur SSR and the induced oscillation frequency
becomes higher, which is similar to the SSR characteristics
of the series-compensated grid-connected system based on SG
[15]. In addition, compared with the SSR of SG under the
series-compensated grid-connected situation [16], this SSR does
not cause significant supersynchronous oscillation.

Fig. 20 shows the experimental results with the pro-
posed active-damping control. As seen in Fig. 20, the series-
compensated grid-connected system controlled by VSG can
maintain stable operation when SCL = 50%. In addition, when
the value of R, is bigger, the adjustment time of the system
is shorter and the ability to suppress this SSR is stronger.
With the increase of R,, the resistance characteristics of VSG
becomes stronger in the low-frequency areas, and then the
SSR damping ability becomes stronger. As seen in Fig. 20,
the proposed active-damping control can effectively suppress
the SSR caused by the impedance interaction between the
VSG and the series-compensated network. Based on the anal-
ysis mentioned above, the experimental results are consis-
tent with the simulation results and the theoretical analysis,
which prove the validity of the proposed active-damping control
strategy.

In addition, to analyze the influence of the proposed active-
damping control on the regular operation of VSG, the contrast
experimental results are given in Fig. 21. As seen in Fig. 21(b),
when ¢ = 4.8%, the dynamic performance of VSG is basically
the same with that of Fig. 21(a). In addition, from the point
of view of the waves of active power and reactive power, the
steady-state performance of VSG is slightly improved. As seen
in Fig. 21(c), when £ = 30%, the dynamic performance of VSG
is worse than those of Fig. 21(a) and (b). Moreover, when the
active power reference Pge changes, the response of reactive
power is bigger than those of Fig. 21(a) and (b). Therefore,
the couplings between the active and reactive power controls
enhance with the increase of the virtual resistor R,. As seen in
Fig. 21, with the increase of the virtual resistor R,, the regulate
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proposed active-damping control. (b) With the proposed active-damping control
and £ = 4.8%. (c) With the proposed active-damping control and £ = 30%.

operation of VSG will be influenced, which is consistent with
the analysis in Section III.

V. CONCLUSION

This article revealed an SSR phenomenon caused by the
impedance interaction between VSG and series-compensated
network. Moreover, a modulation signal feedforward active-
damping control strategy with time-delay compensation is pro-
posed to suppress this SSR. The conclusions are listed below.

1) The series-compensated grid-connected system controlled

by VSG has a similar SSR problem occurred in the tra-
ditional series-compensated grid-connected system based
on SG. With the increase of SCL, the series-compensated
grid-connected system controlled by VSG will appear SSR
and the induced oscillation frequency becomes higher,
which is similar to the SSR characteristics of the series-
compensated grid-connected system based on SG. In ad-
dition, compared with the SSR of the series-compensated
grid-connected system based on SG, the revealed SSR
does not cause significant supersynchronous oscillation.
Moreover, with the increase of the parallel VSGs, the
stability of the series-compensated grid-connected system
controlled by VSG becomes better.
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The SSR of the series-compensated grid-connected sys-
tem controlled by VSG can be suppressed by adding a
virtual series resistance. In addition, with the increase of
the designed virtual series resistance, the damping ability
of SSR becomes stronger. Moreover, there is a value range
for the virtual series resistance to maintain the regular
operation of VSG.

Compared with the traditional active-damping control, the
proposed modulation signal based active-damping control
is independent with the original inverter controller. There-
fore, the proposed active-damping control is one universal
impedance reshaping control, which can easily be applied
to other controllers.
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