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Abstract—For the virtual synchronous generator, the voltage-
controlled harmonic suppression method will seriously deteriorate
the magnitude of inrush fault current in the moment of grid
symmetrical fault, because the suppression effects of harmonic
current and inrush fault current are mutually constrained from
the perspective of its output impedance. For this issue, a harmonic
current and inrush fault current coordinated suppression method
is proposed to achieve both good results of harmonic current
suppression in normal grid and inrush fault current limitation
in fault grid, which mainly includes a passive branch, an active
branch and an improved virtual synchronous generator (VSG)
control. The passive branch is installed between the PCC and grid
to introduce an additional voltage variable. Meanwhile, with the
proper feed-forward of the PCC voltage and additional voltage, the
active branch is used to increase the mid/high frequency impedance
viewed from the grid fault point to VSG, and also decrease the
harmonic impedance viewed from the PCC to VSG. Then, not
only the transient inrush fault current is limited, but also the
harmonic current introduced from the nonlinear load is mostly
absorbed. Moreover, the improved VSG control is used to limit the
steady-state fundamental frequency fault current. Therefore, the
contradictory between harmonic current and inrush fault current
suppression for VSG is well solved. Finally, the experiment results
validate the proposed control method.

Index Terms—Harmonic current, nonideal grid, transient inrush
fault current, virtual impedance, virtual synchronous generator
(VSG).
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NOMENCLATURE
VSG  Virtual synchronous generator.
DG Distributed generation.
PGF  Point of grid fault.
HSM  Harmonic suppression method.
CSM  Coordinated suppression method.
LVRT Low voltage ride through.

I. INTRODUCTION

IRTUAL synchronous generator (VSG) technology can
Vprovide frequency and voltage support for the grid by
simulating inertia and damping characteristics of synchronous
machine, which improves the friendliness of distributed genera-
tion (DG) systems meaningfully [1]. Recently, the researches on
VSG mainly focus on inertia, dynamic characteristics, stability,
and other issues, but lack of the power quality issue [2]-[4].
Moreover, the power-electronic-based DGs are mainly located
in remote areas, where the grid is nonideal. In this case, not
only the grid current can be easily distorted by the increasing
nonlinear loads/generations penetration, but also the voltage at
the point of grid fault (PGF) will drop severely in the moment
of grid short-circuit fault [S]-[7]. Then, the power quality of
grid current and the stability of grid-connected system cannot
be maintained, which will severely restrict the development and
application of VSG.

For the harmonic current introduced by the nearby nonlin-
ear load, the current-controlled harmonic suppression method
(HSM) with the same amplitude and opposite phase is gen-
erally used to counteract it [8]-[11]. Especially in [11], the
power quality of distribution networks can be well improved
with the fast-dynamic response and less complexity current
controller for properly injecting the harmonic current. However,
the VSG has no internal current/voltage closed-loop control, so
the current-controlled HSM with closed-loop control may be
not suitable [12], [13]. For this, the virtual impedance concept
is introduced to form a harmonic current circulation loop, e.g., a
negative virtual impedance in series with the output impedance
of DG unit [14], [15], or a virtual impedance paralleling with the
output impedance of DG unit [16]. Moreover, literatures [17],
[20] further proposes a voltage-controlled HSM with a negative
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feed-forward of PCC voltage to largely scale down the output
impedance of inverter, and then the nonlinear load current can
be more absorbed by the VSG. But, no relevant analyses are
presented about whether these abovementioned HSM methods
affects the low voltage ride through (LVRT) capability during
grid short-circuit fault. Especially for the VSG, the adverse
influence of voltage-controlled HSM on the inrush fault current
in the moment of grid symmetrical fault is required to be further
researched.

Meanwhile, for the limitation of the inrush fault current under
grid short-circuit fault condition, most researches mainly focus
on the output-current-peak limitation schemes for the current-
controlled or direct-power-controlled inverters by adjusting the
active and reactive power control coefficients and maintaining
the injected current within a safety value [21], [22]. But for the
open-loop voltage-controlled VSG, these methods are difficult
to implement since it has no inner current-loop. For this, litera-
tures [23]-[25] proposes a mode switching method to suppress
the inrush fault current by switching the VSG control to the
closed-loop current control or PQ mode control in grid fault
instant, butits detection delay for grid fault may lead to excessive
transient inrush fault current and recovery current. To avoid
the complicated control system, the inrush fault current can be
suppressed by the fault current limiter topology and the dynamic
voltage restorer, but these will increase the system losses and
costs [26], [27]. Moreover, literatures [28]—[30] further proposes
the transient inrush fault current suppression method based on
the virtual impedance, because the inrush fault current can be
limited by increasing the equivalent impedance viewed from
the grid to VSG. Of course, the virtual impedance should be
always introduced into the control system since the grid fault
may occur randomly, otherwise the detection delay will result
in an excessive instantaneous current. In this case, the power
quality of grid current in normal grid may be affected by this
virtual impedance, especially the control performance for VSG
to absorb harmonic current introduced by nonlinear load, which
needs to be further analyzed.

In this article, it is found that the inrush fault current will
be seriously aggravated by the voltage-controlled HSM in the
moment of grid symmetrical fault. Meanwhile, the requirements
of VSG output impedance for the harmonic current suppression
in normal grid and the inrush fault current limitation in fault
grid are mutually constrained. To solve this issue, the article
proposes a harmonic current and inrush fault current coordi-
nated suppression method (CSM) for VSG. Therefore, the fault
current restraint will not be affected by this HSM. Finally, the
effectiveness of the proposed CSM is verified in the RTLAB
platform.

II. CONTRADICTORY BETWEEN HARMONIC CURRENT AND
INRUSH FAULT CURRENT SUPPRESSION FOR VSG UNDER
NONIDEAL GRID

Fig. 1(a) shows the topology structure diagram of VSG under
nonideal grid, where the VSG and the nonlinear load are located
at PCC, and the grid short-circuit fault occurs between the PCC
and grid side. Z,, Zjine, Z, represent the grid impedance, the
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Fig. 1. System scheme diagram of VSG under nonideal grid. (a) System topol-

ogy structure diagram. (b) Conventional control strategy diagram of voltage-
controlled VSG.

line impedance and the VSG output impedance, respectively;
and i, represent the grid voltage and grid current, respectively;
u,y represents the PGF voltage; u, and 4, represent the output
voltage and current of VSG, respectively; u, represents the
VSG terminal voltage; upc. represents the PCC voltage; and
iLoadh represents the nonlinear load current. Among them, u,, is
approximately equal to the voltage reference of VSG (u* ).

Fig. 1(b) shows the control strategy of voltage-controlled
VSG which emulates the inertia and damping characteristics
of synchronous generator. The mathematical equations of the
active power controller and reactive power controller of voltage-
controlled VSG are as follows:

Piet/wn + (wy — wo)Dp — PeJwy = Jsw, = Js%0
Qset + \/iDq(Unom - Uo) - Qe = \/ﬁKSEm
ey

where Pgq and Qs represent the active and reactive power refer-
ences, respectively; Jrepresents the virtual moment of inertia; w,
and wy represent the VSG output angular frequency and the grid
rated angular frequency, respectively; D, and D, represent the
coefficients of damping and voltage-drooping, respectively; P,
and (). represent the instantaneous active and reactive powers,
respectively; 0 represents the phase angle of the inner electric
potential; K represents the inertia coefficient of reactive power
loop; and Upom, U, and E,, represent the rms values of the
rated voltage, the output voltage and the inner electric potential
of VSG, respectively.

As shown in Fig. 1(a), when the grid is in normal operation,
since the harmonic current introduced by the nonlinear load
will deteriorate the power quality of i, it is expected that the
harmonic current can be absorbed by VSG to improve the power
quality of i,. During grid short-circuit fault, it is expected that
the inrush fault current can be effectively limited. Moreover, it
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Fig. 2.

Harmonic-domain circuit of VSG.

is also expected that the suppression methods for the harmonic
current and the inrush fault current could be operated together
instead of mode switching at different conditions, to avoid the
excessive transient inrush current owing to fault detection delay.

A. Positive Effect of the Voltage-Controlled HSM for
Harmonic Current Suppression

Fig. 2 shows the harmonic-domain circuit of VSG connected
to nonideal grid, where each voltage or current variable with the
subscript £ is defined as its harmonic component. In harmonic-
domain, the nonlinear load is equivalent to a harmonic current
source, while the VSG is equivalent to a harmonic voltage
source. According to Thevenin theorems, the expression of 4,
is obtained by harmonic sources superposition as

Zout 1

= ——— “iloadh + =———— - 2
Zg+Zout hoadh Zg+Zout ( )

{ gh Uyh,-

Based on (2), it can be noted that i g, /i1,0adn 18 proportional to
Zout. That is: the smaller Z,,; is, the smaller ¢4y, /i1,0adn i, and
the less influence of nonlinear load current on the power quality
of grid current.

According to the positive correlation between harmonic cur-
rent and output impedance, the voltage-controlled HSM with the
negative feed-forward of PCC voltage is presented for VSG to
largely scale down the Z,, such as [17]-[20]. By this way, the
nonlinear load harmonic current can be mostly absorbed. The
reshaped VSG output impedance is expressed as

Zout
1+G

where G represents the negative feed-forward coefficient of PCC
voltage, G > 0.

The bode diagram of Z, ¢4 is shown as Fig. 3(a), and the bode
diagram of 74y, /i1,0adn is shown as Fig. 3(b), where the different
curve color represents different value of G. It can be seen that
the larger G is, the smaller Z,; e is, and the smaller iy, /i1,0adn
is. Therefore, it is expected that the VSG output impedance is
small to obtain better power quality of grid current.

3

Zout,eq =

B. Negative Effect of the Voltage-Controlled HSM for
the Inrush Fault Current Limitation

Fig. 4(a) shows the equivalent impedance circuit of VSG
in fault grid with the voltage-controlled HSM in [17]-[20],
where Zgy¢,oq represents the reshaped impedance viewed from
the PGF to VSG with this HSM; Z,,,; represents the original
impedance viewed from the PGF to VSG without this HSM; u
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Fig. 4. Circuit diagram and voltage phasor diagram of VSG in fault grid.
(a) Equivalent impedance circuit. (b) Voltage phasor diagram.

and u,y represent the PGF voltages before and after the fault,
respectively; u,, represents the VSG terminal voltage; and each
voltage or current variable with the subscript f'is defined as its
fault component. Among them, R and L' represent the resistance
and inductance of Z ¢ cq, respectively; ¢ = arctan(wL /R ) rep-
resents the angle of Z,; oq; R and L represent the resistance and
inductance of Z,,, respectively; ¢ = arctan(wL/R) represents
the angle of Z,,. There is Zyyt,0q = Zout/(1 + G), s0 cp' = .
Here, the adverse effect of reshaped VSG output impedance on
inrush fault current in the moment of grid symmetrical fault is
analyzed in detail.
When fault occurs, the fault current i can be expressed as

dioy

7 “

where Au represents the voltage drop from the PGF to VSG.
Taking Phase A as example, the PGF voltage after the fault is
expressed as follows:

usp = V2U,s sin(wnt) = V2(1 — W)U, sin(wnt) ()

where U,y and U represent the rms values of u,y and wus,

respectively; and A represents the voltage drop depth at the PGF.
According to Appendix, the voltage drop from the PGF to

VSG mainly depends on the voltage drop at the PGF, there is

Au = V2(1 — U, sin(wyt) — V2U, sin(wyt + )

R/'iof+L/- = Au

=V2AU sin(wnt + ) (6)
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Fig. 5. Curve of transient inrush fault current i,; with the voltage-controlled
HSMin [17]-[20], » = 0.2, R = 0.2 Q, L = 1 mH. (The solid blue line is G =
0, the solid red line is G = 1, the solid yellow line is G = 3, the solid purple line
isG=135.)

where, U,,, AU represent the rms values of u,, and Au, respec-
tively; and J represents the phase angle of Au.

According to the voltage phasor diagram shown in Fig. 4(b),
AU and ¢ can be obtained by cosine and sine theorems as

AU = \/[(1 — WU+ (Uy)? —2(1 = A)UU, cosf
U, sinf

0 = —arcsin =}

)

Based on (4)—(7), the fault current i, is obtained as
iof = Lym sin(wnt + 6 — @) + (I, — Ipy) sin(d — )e /7
= lps + Lot (8)

where 7 = L'/R" = L/R represents the time constant of transient
component attenuation; ¢,s and i,; represent the steady-state
and transient components of iy, respectively; and I, and I,
represent the amplitudes of 7,5 and ¢,, respectively. Among
them, I,,,, and I,,, are expressed as

jA— V2AU _ V2(1+G)AU

pm \/R’Z—O—(WL’)Z \/R2+(wL)2 (9)
I — V2AU =0 _ V2(1+G)AU;—o)

/R (wL)? VR2+(wL)®

Based on (8) and (9), the transient inrush fault current ¢,; can
be expressed as

V2(1+ G)(AUp—g) — AU)

lot = sin(d — @)e /7.
R? + (wL)?
(10)
Meanwhile, the steady-state fault current 7, is expressed as
los = M sin(wyt + 9 — ). (11)
R? + (wL)?

Based on (10), the curve of transient inrush fault current 7, is
shown as Fig. 5, where the different curve color represents differ-
ent value of G. Obviously, the reshaped VSG output impedance
results in higher amplitude of 7,; and 7, and the larger G is, the
larger i, and 7,4 are. It means that the voltage-controlled HSM
will aggravate the transient inrush fault current and steady-state
fault current in the moment of grid symmetrical fault, which ap-
parently has an adverse effect on the system’s LVRT capability.
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Fig. 6. Desiring impedance-based coordinated suppression scheme of the
harmonic current and the transient inrush fault current.
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Fig. 7. Comprehensive control diagram of the proposed CSM.

Moreover, in summary of Section II-A and Section II-B, it can
be concluded that reducing Zg,; can suppress iqp,, but ios will
turn larger; increasing Z,, can limit i, but 74, will be more
distorted. Therefore, it is contradictory to suppress iof and iy,
from the perspective of changing Z,. 7,¢ and 745, cannot be
reduced effectively just by adjusting Z, .

That is, the requirements for VSG output impedance are
mutually constrained when considering both harmonic current
suppression in normal grid and inrush fault current limitation
in fault grid. Hence, it is necessary to find a suitable CSM to
improve the adaptability of VSG connected to non-ideal grid.

III. CSM FOR HARMONIC CURRENT AND INRUSH FAULT
CURRENT

To improve the adaptability of VSG under nonideal grid
condition, an impedance-based CSM for harmonic current and
inrush fault current is proposed. The design approach is shown
in Fig. 6, where the output impedance viewed from the PCC to
VSG can be reduced by Z,, paralleling with a virtual impedance
to suppress the grid harmonic current; the equivalent impedance
viewed from the PGF to VSG can be increased by string a
large virtual impedance to limit the inrush fault current. The
comprehensive control diagram is shown as Fig. 7, which mainly
includes a passive branch, an active branch and an improved
VSG control. The control diagram of the improved VSG control
is shown in Fig. 8.

As shown in Fig. 7, the passive branch separated from the
decentralized filter inductor is installed between the PCC and
the grid for introducing an additional voltage variable w5, which
is similar to LCL filter. Of course, the limitation of passive branch
should be also emphasized: a larger voltage drop on the passive
branch will be formed with the increase numbers of parallel
inverters. But for only one VSG, it will not add any voltage drop
on the passive branch.
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Then, through the proper feed-forwards of u,.. and u, the ac-
tive branch can reduce the harmonic impedance viewed from the
PCC to VSG, and increase the mid/high frequency impedance
viewed from the PGF to VSG. Moreover, the improved VSG
control can increase the fundamental frequency impedance
viewed from the PGF to VSG. Therefore, the contradictory
between harmonic current and inrush fault current suppression
for VSG is well solved.

Here, upcen represents the harmonic component of wpcc,
considering that the harmonic current introduced by the non-
linear load may contain many harmonic frequencies including
the major harmonics and inter-harmonics, it is obtained by the
difference between up.. and its fundamental component [31];
ugy represents the fault component of u,, which is obtained
through the high-pass filter. The feed-forward coefficient (-x) of
Upceh 18 negative, and the feed-forward coefficient (y) of usy is
positive.

Based on Fig. 7, the coordinated harmonic and fault voltage
reference of VSG (u* vyy,) is controlled by using ., and uy,
expressed as

uy pn(8) = —2G(s) - Upeen(s) + yGp(s) - usp(s)  (12)

where Gy, (s) and G (s) are the equivalent transfer functions
of the harmonic and fault components extraction, respectively,
expressed as

_ wet (s4we1)
Gh(s) =1- 52+2wu13+(w?1+w12\[) (13)
Gy(s) = mrps—
f S2+2EOJC28+UJ22

where ¢ is the damping coefficient of the second-order high-pass
filter, and its value is 0.7; k is the gain; and w.; and w,o are the
cut-off frequencies of the harmonic extraction function and the
faultextraction function, respectively. Based on (13), itis derived
that |G (jwer) | = |G s (jwen) | = 1.

As shown in Fig. 8, E represents the inner electric potential
rms of the improved VSG. The voltage difference between F,,
and U is limited by the Limiter: |E,,, — Us| < AUpax. Then,
E satisfies: E = |E,, — Us| + Us. By this way, the difference
between the fundamental components of wu,, and us can be re-
stricted. So, the steady-state fundamental frequency fault current

can be limited. Here, AU,y 4 1s restricted as
AUpax < 151N - (JwLs + Zout) = 1.5I,N -wL,  (14)

where I,N represents the rms value of the rated output current
of VSG.
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To facilitate the analysis of the proposed CSM, it will be
divided into two cases of only the nonlinear load in normal grid
and only the grid short-circuit fault.

A. Principle and Effectiveness of the Proposed CSM in
Condition of the Nonlinear Load

Assuming the grid is in normal operation, it only considers
the effect of the nonlinear load harmonic current iro.qn. The
principle and effectiveness of the proposed CSM to suppress
the grid harmonic current is analyzed from the perspective of
impedance as follows.

Based on (12), i,;, can be expressed as

*(]- + LEGh) * Upcch + yGf cUsf
Zout

*
. Uyfp T Upech
Loh ~ =

Zout

(15)
where

Z

=——7 16
Zg + 8L (16)

Us f s Upcch = fb * Upcch-
Based on (15) and (16), the equivalent output impedance

viewed from the PCC to VSG can be obtained as

7 _ 7upcch _ Zout
onted o L+ (2Gh — foyGy)
Zout
=Zow)|/———————. (17
t//a?Gh — foyGy

Based on (17), the equivalent harmonic-domain circuits only
considering the nonlinear load is depicted in Fig. 9, and the bode
diagram of Z, ¢4 is shown in Fig. 10. Apparently, on the basis
of (17), Figs. 9 and 10, it is noted that the equivalent output
impedance Zyyut,cq at harmonic frequencies is proportional to
the parallel virtual impedance Zous/(2Gr — fpyG). Then, the
harmonic impedance viewed from the PCC to VSG can be
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reduced by controlling the coefficients (—x, y) properly. Thereby,
ign is suppressed since the harmonic current introduced by
nonlinear load is largely absorbed by VSG, expressed as

o Zout,eq . iLoadh
SLS + Zg + Zout,eq

igh

_ Zout . iLoadh (18)
(1+2Gh — foyGy) - (sLs + Zg) + Zous,

B. Principle and Effectiveness of the Proposed CSM in
Condition of the Grid Fault

During grid symmetrical short-circuit fault, considering the
influence of grid voltage drop depth, the principle and effective-
ness of the proposed CSM to limit the transient and steady-state
fault current is analyzed from the perspective of impedance as
follows.

Based on (13), the active branch only changes the mid/high
frequency impedance characteristics because the fundamental
components introduced by Gf(s) and Gj(s) tend to be very
small, thus its influence on fundamental frequency impedance
during the fault steady-state process can be neglected. On the
contrary, the improved VSG control part of the proposed CSM
only changes the fundamental frequency impedance character-
istics since it is established from the steady-state circuit ignoring
the effect of transient component, thereby its influence during
the fault transient process can be neglected.

Therefore, the mid/high frequency impedance during fault
transient process and the fundamental frequency impedance
during fault steady-state process can be analyzed as follows.

1) Analysis of Mid/High Frequency Impedance Character-
istics:: Based on (12), the inrush fault current i, is expressed
as

*
Uy — Usp Uy yp — Usf

Z. =
Of ZS'le Zsum
= _Jth ) uPCCh + (yGf B 1) ) usf (19)
Zsum
where Zg,n, 1s equal to the sum of Lg and Z,.
Moreover, according to the KCL principle, there is
Usf — Upcch Upcch — Uy
= =
SLs Zout upCCh
Zout + yGfSLs (20)

" Zowt + (1+2Gp)sLs Ust-

Based on (19) and (20), the mid/high frequency impedance
viewed from the PGF to VSG can be derived as

Zsum,eqh = *usf/iof = fh : Zsum (21)

where

1
G- (Zou+yGysLs)
Zouw+(14+2Gp)-sLs

J

= (22)
1+

—yGy

Based on (21), the equivalent mid/high frequency impedance
circuits under the grid short-circuit fault condition is depicted in
Fig. 11.1tis noted that Zg 1, ¢4, can be enlarged by the parameter
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fn- And, when y = 1 + x, the denominator of f;, will be close
to 0, which means that Zg,m, ¢4 is theoretically infinite.

The bode diagram of the mid/high frequency impedance
Zsum,eqh viewed from the PGF to VSG is depicted in Fig. 12.
It can be found that the amplitude of Zgym,eqn at mid/high
frequency band is significantly increased, thus the transient
inrush fault current can be effectively restricted.

2) Analysis of Fundamental Frequency Impedance Charac-
teristic: In Fig. 8, if the output of the limiter is |A Uy ax|, there
is

AUmax: ‘Usf*Uv‘ (23)

Thus, the steady-state fault current I, can be obtained as

AUvmaux o ‘Usf _Uv|

- k- Zsum B k- Zsum (24)

where k represents the fundamental frequency impedance am-
plification factor.

Based on (24), the fundamental frequency impedance viewed
from the PGF to VSG can be derived as

IOS

Zsum,eqf =k- Zsum- (25)

In engineering practice, the current safety limit value can be
setas I,; < 1.51,N, SO

|U8f_Uv| |Us_Uv|'

=15%xI,n =1.5% (26)
k- Zsum N sum
Based on (26), the factor k can be derived as
|Usy — Us|
= . 27
1.5 % |Us — Uy| @7

According to (27), it is obvious that the larger k is, the larger
Zsum,eqf 18, so the effect of limiting the steady-state fundamental
frequency fault current is better.

Based on (23), the critical value of A can be solved as: A, =
0.0517. If A < A,, the output of the limiter is less than |AUpay,
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é The improved VSG
control works

Fig. 13. Curve of the fundamental frequency impedance Zsym,eqf, X = 5,
y=>5.1.
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Fig. 14.  Contrastive simulation results of transient inrush fault current in fault

grid. (a) Voltage-controlled HSM in [17]-[20], G = 5. (b) Proposed CSM (x =
5,y =>5.1). (The solid blue line is A = 0.2, the solid red line is > = 0.4, the solid
yellow line is A = 0.6, the solid purple line is . = 0.8.)

then £ = F,,. So, the fundamental frequency impedance is
not influenced by the improved VSG control, and the value of
Zsum,eqh at fundamental frequency point should be considered.

According to the value of A, the fundamental frequency
impedance viewed from the PGF to VSG is finally expressed
as

(28)
Zsum,eqf = fh : Zsunm A< Ao

{Zsum,eqf =k- Zsuma AZ Ao
Based on (28), the curve of the fundamental frequency
impedance Zg,m,cq s With different A is shown as Fig. 13. Obvi-
ously, if A A,, the fundamental frequency impedance Zsum,eqf
can be significantly increased by the improved VSG control,
thus the steady-state fault current can be effectively restricted.

C. Limitation Effect of Transient Inrush Fault Current
With the Proposed CSM

Since the impedance characteristic changes with frequency
during short-circuit fault, it is not easy to obtain the nonlinear
model for grid-connected DG. However, based on simulation,
it is available to analyze the limitation effect of transient inrush
fault current with the proposed CSM.
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Fig. 14 shows the contrastive simulation results of transient
inrush fault current in fault grid, where the voltage-controlled
HSM in [17]-[20] is used in Fig. 14(a), G = 5; the proposed
CSM (x =5,y = 5.1) is used in Fig. 14(b); the different curve
color represents different value of A. As shown in Fig. 14(a),
the amplitudes of transient inrush fault current reach several
hundred amperes with the voltage-controlled HSM, and the
larger A is, the larger transient inrush fault current is. With
the implement of the proposed CSM, the transient inrush fault
current is effectively limited, as shown in Fig. 14(b). Therefore,
the dynamic characteristic of transient inrush fault current and
system stability can be effectively improved by the proposed
CSM.

IV. PARAMETERS DESIGN OF THE PROPOSED CSM

In order to better analyze the coefficients (—x, y), the small-
signal model of the VSG is established. Then, through the
following three steps, the proper coefficients (—x, y) can be
chosen according to both the system stability and the suppression
effects of harmonic current and inrush fault current.

1) First, it is found that no matter how much x is taken, there

must be y < x + 1 to ensure system stability.

Based on (1), the reactive power and active power output
characteristic of VSG under small-signal disturbance can be
obtained as

0.707 1

U, Ks+ D, Q; Aw=sA0

(29)

For simple analysis, ignoring the resistive components in the

line, the active and reactive powers transmitted by the VSG is
expressed as

_Jsz + Dywn

U,U, sinf U,U, cos — U?
pe:L;QEZM. (30)
Zsum,eqh Zsum,eqh
By linearizing (30), it can be obtained that
oP oP
AP, = AU, + — - AG; AQ.
au, 50 @
0Q oQ
= AU, + — - A0 31
au, 50 D
where
oP __ _ Ugsiné ., or __ k _ U,U, cosb
U, — "PL' ™ Zaimeqn’ 00 — P2 T "Ziincan 32)
o . . 0Q _ wUg sin
a0 = kqt = 7220 GF = kg = —plmnE

On the basis of (29), (31), and (32), the characteristic equation
of the VSG small-signal closed-loop transfer function is

(kg1 + \/iDq + \/iKs) . (JwN52 + Dpwns + kpa) =kprkgo

(33)
where the equation order is very high and inconvenient to
simplify, but its characteristic root locus can be drawled on
MATLAB software.

Fig. 15 shows the characteristic root locus of closed-loop
transfer function when y = x-+1, where Fig. 15(a) and (b) uses
(x=1,y=2)and (x = 10, y = 11), respectively. As shown
in Fig. 15(a) and (b), there is always characteristic root (0, 0),
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Fig. 15.  Characteristic root locus of closed-loop transfer function when y =
x+1lL(@x=1y=2.(b)x=10,y=11.
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Fig. 16.  Characteristic root locus of closed-loop transfer function when x =

5,y>6.(aQx=5y=6.(byx=5y="7.

and the system is critically stable. Moreover, when y > 1 + x;, it
is noted that the phase of Zgum,eqn turns reversal based on (21)
and (22). That is, no matter how much x is taken, there must be
y < x + 1 to ensure system stability.
2) Second, when y = x + 1, it is the worst situation for
harmonic current suppression. In this case, the range of
X can be obtained.

Based on (17), the bigger y is, the less the harmonic impedance
viewed from the PCC to VSG is reduced. So, when y = x+1,
the effect of harmonic suppression is the worst. Then, based on
(18), iy, can be derived as

g L
gh Lot +L5(1+£C) Loadh-

In this case, in order to obtain a better quality of grid current, it
is expected that no more than 1/4 of the nonlinear load harmonic
current flows into the grid. The range of x can be obtained as
follows:

(34)

2 >3Ly /L, — 1. 35)

According to the system parameters, the range of x can be
obtained: x > 5, we take x = 5.

3) Third, it is found that when x = 5, y has maximum and
minimum critical values to ensure system stability. To get
better system stability, the median value is chosen.

Fig. 16 shows the characteristic root locus of closed-loop
transfer function when x = 5, y > 6. As shown in Fig. 16(a),
where y = 6, there is a characteristic root (0, 0), and the system
is critically stable. As shown in Fig. 16(b), where y increases to
y =7, there are characteristic roots in right half-plane, and the
system is unstable.

Fig. 17 shows the characteristic root locus of closed-loop
transfer function when x = 5, y < 4.1. As shown in Fig. 17(a),
where y = 4.1, there is a characteristic root (0, 0), and the system
is critically stable. As shown in Fig. 17(b), where y decreases to
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Fig. 17.  Characteristic root locus of closed-loop transfer function when x =

5,y<4.1. (@) x=5,y=4.1.(b)x=5,y=0.

20k,

Stable area
10K
0 * L
-10K]
206 *
500 -400 -300 -200 -100 100
Fig. 18.  Characteristic root locus of closed-loop transfer function when x =
5,y=>5.1.
TABLE 1
SYSTEM PARAMETERS OF THE VSG
Parameters Values Parameters Values
uy/V 220 Ps/kW 10
Jf/Hz 50 O/ kKW 0
f/Hz 20000 Dy 321
Ly/mH 1 D, 5
LymH 0.5 K 7.1
L,,/mH 1 Jl(kg-m?) 0.057
Ziined/ Q 0.2 wy/(rad/s) 314.15926
Cy/uF 10 X 5
R/Q 0.2 y 5.1

y = 0, there are characteristic roots in right half-plane, and the
system is unstable.

A comprehensive analysis of Figs. 16 and 17 shows that when
4.1 = Ymin <Y < Ymax = 6, the system is stable. Meanwhile,
when y is closer to the critical values y,i, and yyax, the system
characteristic roots are closer to the imaginary axis, and the
system stability is lower. So, in this paper, the median value
(y = 5.1) is chosen to ensure better system stability.

Fig. 18 shows the characteristic root locus of the closed-loop
transfer function when (x = 5, y = 5.1). As can be seen, the
characteristic roots are in the left half-plane, and the system is
stable. Therefore, when (x = 5, y = 5.1), the system can obtain
optimal suppression effects of harmonic current and inrush fault
current as well as the better system stability.

V. EXPERIMENTAL RESULTS

To verify the validity of the proposed CSM, a grid-connected
DG system with VSG algorithm is built in the RTLAB platform.
The system consists of thyristor rectifier load at PCC, and the
grid short-circuit fault is realized by the earth impedance at the
PGF. The system parameters are given in Table I.

Fig. 19 shows the contrastive experimental results of grid
current after the nonlinear load introduced, where no HSM is
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Fig. 19. Contrastive experimental results of grid current after nonlinear load
introduced. (a) Without the HSM. (b) With the proposed CSM (x =5,y = 5.1).
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Fig. 20.  Contrastive experimental results of VSG output current when grid
voltage dropped by 6V. (a) Without the HSM. (b) With the voltage-controlled
HSM in [17]-[20], G = 5.

used in Fig. 19(a); the proposed CSM (x =5,y = 5.1) is used in
Fig. 19(b). As shown in Fig. 19(a), the grid current is seriously
distorted, and its THD reaches 10.1%. With the implement of
the proposed CSM, as shown in Fig. 19(b), the harmonic current
flowing into grid is effectively suppressed, and the THD of grid
current is deduced to 2.1% since the nonlinear load harmonic
current is mostly absorbed by the VSG.

Fig. 20 shows the contrastive experimental results of VSG
output current when the grid voltage dropped by 6 V with the
voltage-controlled HSM in [17]-[20], where no HSM is used
in Fig. 20(a); the voltage-controlled HSM in [17]-[20] is used
in Fig. 20(b), G = 5; the red dotted line is the safety limit
value +1.5 - v/2I,y = +34.5 A. As shown in Fig. 20(a), the
maximum amplitude of VSG output current increases from 23 to
33 A when the grid voltage dropped by 6 V, but the overcurrent
protection is not activated since it does not exceed the safety
limit of VSG output current. With the implement of this HSM,
as shown in Fig. 20(b), the maximum amplitude of VSG output
current increases to 40 A since the mid/high impedance viewed
from the PGF to VSG is largely scaled down, so the overcurrent
protection is activated. This means that the voltage-controlled
HSM will aggravate the inrush fault current in the moment of
grid symmetrical fault.

Fig. 21 shows the contrastive experimental results of VSG
output current when the grid voltage dropped by 9 V with the
voltage-controlled HSM in [17]-[20], where no HSM is used in
Fig. 21(a); the voltage-controlled HSM in [17]-[20] is used in
Fig. 21(b), G = 5; the red dotted lines is the safety limit value
+1.5- \@ION = +34.5 A. As shown in Fig. 21(a), there are
two peak value points of VSG output current exceed the safety
limit of VSG output current. With the implement of this HSM,

Fig. 22. Contrastive experimental results of VSG output current when grid
voltage drops to 50% of the rated voltage. (a) Voltage-controlled HSM in [17]—
[20], G = 5. (b) Proposed CSM (x =5,y = 5.1).

as shown in Fig. 21(b), there are 11 peak value points of VSG
output current exceed the safety limit of VSG output current
since the mid/high impedance viewed from the PGF to the VSG
is largely scaled down, so the overcurrent protection is more
likely to be activated. This means that the voltage-controlled
HSM can weaken the system’s LVRT capability in the moment
of grid symmetrical fault.

Fig. 22 shows the contrastive experimental results of VSG
output current when the grid voltage drops to 50% of the rated
voltage, where the voltage-controlled HSM in [17]-[20] is used
in Fig. 22(a), G = 5; the proposed CSM (x =5,y = 5.1) is used
in Fig. 22(b). As shown in Fig. 22(a), the inrush fault current
is severely aggravated by the voltage-controlled HSM, and the
amplitude of transient inrush fault current reaches 346 A since
the mid/high frequency impedance viewed from the PGF to VSG
is small. As shown in Fig. 22(b), in the moment of fault occurring
and clearing, the amplitudes of transient inrush fault current are
reduced to 18 and 27 A, respectively, with the proposed CSM.
These indicate that the steady-state and transient fault current
can be effectively restricted by the proposed CSM without being
affected by the voltage-controlled HSM.

Fig. 23 shows the contrastive experimental results of VSG
output current when the grid voltage drops to 40% of the rated
voltage, where the voltage-controlled HSM in [17]-[20] is used
in Fig. 23(a), G = 5; the proposed CSM (x =5,y = 5.1) is used
in Fig. 23(b). As shown in Fig. 23(a), the inrush fault current
is severely aggravated by the voltage-controlled HSM, and the
amplitude of transient inrush fault current reaches 423 A since
the mid/high frequency impedance viewed from the PGF to VSG
is small. As shown in Fig. 23(b), in the moment of fault occurring
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Fig. 23. Contrastive experimental results of VSG output current when grid
voltage drops to 40% of the rated voltage. (a) Voltage-controlled HSM in [17]-
[20], G = 5. (b) Proposed CSM (x =5,y = 5.1).
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Fig. 24. Contrastive Experimental results of VSG output current when grid
voltage drops to 30% of the rated voltage. (a) Voltage-controlled HSM in [17]-
[20], G = 5. (b) Proposed CSM (x =5,y = 5.1).

and clearing, the amplitudes of transient inrush fault current are
reduced to 18 and 29 A, respectively, with the proposed CSM.
These indicate that the steady-state and transient fault current
can be effectively restricted by the proposed CSM without being
affected by the voltage-controlled HSM.

Fig. 24 shows the contrastive experimental results of VSG
output current when the grid voltage drops to 30% of the rated
voltage, where the voltage-controlled HSM in [17]-[20] is used
in Fig. 24(a), G = 5; the proposed CSM (x =5,y = 5.1) is used
in Fig. 24(b). As shown in Fig. 24(a), the inrush fault current
is severely aggravated by the voltage-controlled HSM, and the
amplitude of transient inrush fault current reaches 497 A since
the mid/high frequency impedance viewed from the PGF to VSG
is small. As shown in Fig. 24(b), in the moment of fault occurring
and clearing, the amplitudes of transient inrush fault current are
reduced to 20 and 32 A, respectively, with the proposed CSM.
These indicate that the steady-state and transient fault current
can be effectively restricted by the proposed CSM without being
affected by the voltage-controlled HSM.

Fig. 25 shows the contrastive experimental results of grid
current when grid voltage is distorted, where no HSM is used
in Fig. 25(a); the proposed CSM (x = 5, y = 5.1) is used in
Fig. 25(b). As shown in Fig. 25(a), the grid current is severely
distorted, and its THD reaches 7.6%. With the implement of
the proposed CSM, as shown in Fig. 25(b), the grid harmonic
current is apparently suppressed, and its THD is deduced to 3.4%
since the mid/high frequency impedance as well as the harmonic
impedance viewed from the grid to VSG are increased.

Fig. 26 shows the experimental results of VSG output current
and grid current under the condition of nonlinear load and grid

Time(dmsdiv) Time(4ms/div)

@ ®)

Fig.25.  Contrastive experimental results of grid current when grid voltage is
distorted. (a) Without the HSM. (b) With the proposed CSM (x =5,y = 5.1).

ISR, VSG output current Grid current
\ gl TH —He [

QZJL

M ,’V\’if,\ W\,\
KU U\/\]\z \)}\/\:\,\/\{\/

—

<
Eocicct T

i "\ dropped 9V
li,:10A/div] Sponeed 3 [ig:IOA/diy] B
Time(10ms/div) Time(10ms/div)
(@) ®)
Fig. 26.  Experimental results of VSG output current and grid current under

the condition of nonlinear load and grid voltage dropped by 9V (x =5,y =5.1).
(a) VSG output current. (b) Grid current.

voltage dropped by 9 V, where Fig. 26(a) shows the waveform
diagram of VSG output current; Fig. 26(b) shows the waveform
diagram of grid current. As shown in Fig. 26(a), the maximum
amplitude of VSG output current is limited to 24 A by the
proposed CSM. As shown in Fig. 26(b), the THD of grid current
before and after the grid voltage drop are 2.4% and 2.2%,
respectively, since the harmonic impedance viewed from the
PCC to the VSG is scaled down. Therefore, the proposed CSM
can limit the VSG output fault current and maintain the power
quality of grid current under the condition of both the nonlinear
load introduced and the grid voltage dropped slightly.

VI. CONCLUSION

In this article, the adverse influence of the voltage-controlled
HSM on the system’s LVRT capability in the moment of grid
symmetrical fault is found. To solve this issue, the harmonic
current and inrush fault current CSM for the VSG is proposed,
which mainly includes a passive branch, an active branch and
an improved VSG control. The passive branch separated from
the decentralized filter inductor is installed between the PCC
and grid to introduce an additional voltage variable, which will
not add the system power consumption. Through the proper
feed-forwards of PCC voltage and additional voltage variable,
the active branch cannot only reduce the harmonic impedance
viewed from the PCC to VSG for absorbing the harmonic
current introduced from the nonlinear load, but also increase the
mid/high frequency impedance viewed from the PGF to VSG for
limiting the transient inrush fault current. The improved VSG
control is used to limit the steady-state fundamental frequency
fault current. Therefore, the fault current restraint will not be
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affected by the voltage-controlled HSM in the moment of grid
symmetrical fault. Finally, the experiment results validate the
proposed CSM in the RTLAB platform.

APPENDIX

Based on (1), the reactive power control equation of VSG is
expressed as

dV2E,,
dt

During the fault, AQ represents the change of VSG instanta-
neous reactive power; A E,, represents the change of VSG inner
electric potential rms; AU, represents the change of VSG output
voltage rms; A, represents the change of VSG output current
rms; and Z,, represents the VSG output impedance. Then, there
is AE,, = AU, + Al, - Z,. It can be derived as

Dy(V2Unom — V2U,) + Qset — Qe = K (36)

AQ dAE,,
D,(-AE,, —Al,-Z,)+ —= =K . 37
o )+ = (37)
Solving this equation, it can be gotten that
A 2—-D,Al, - Z, g
AR, = 292Dy (1-e %)
D,
A

= AQ Al, - Z, (38)

VaD,

where, e — 0 can be ignored.
So, the change of VSG output voltage rms is expressed as

AQ
V2D,
Based on (1), the active power control equation of VSG is
obtained as

—Dyt/K

AU, =AE,, —Al,-Z, ~ (39)

do _
aE Wo —WN
dw
Jwn e = Pset — Pe — Dpwn (Wo — wn) -

During the fault, AP represents the change of VSG instanta-
neous active power; Aw represents the change of VSG output
angular frequency; and Af represents the change of VSG phase
angle. It can be derived as

(40)

dA D AP
el et N el 1)
dt J Jwn
Solving this equation, it can be gotten that
AP Dp AP
Aw = l—e 7 Hx 42
v Dpr ( ¢ ) Dpr ( )
where e~ P»*/7 — () can be ignored.
So, the change of VSG phase angle is expressed as
AP
Al = / Awdt ~ t. (43)
pWN

For the VSG without voltage closed-loop control, it can be
considered that the VSG terminal voltage u, is approximately
equal to the voltage reference of VSG (1) for simple analysis.
Based on (39) and (43), when considering the effects of iner-
tia and damping characteristics of VSG, the changed terminal
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Fig. 27.  Waveform of Auy and Au under different voltage drop depth.

(a) A = 0.4. (b) L = 0.6. (c) » = 0.8. (The solid blue line is Auy, and the
solid red line is Au.)

voltage is expressed as

uy = ul, = V2(U, + AU,) sin(wyt + 60 + A).  (44)
The PGF voltage after the fault is expressed as follows:
usp = V2Usy sin(wnt) = V2(1 — ) Us sin(wyt)  (45)

where sy and u, represent, respectively, the PGF voltages after
and before the fault; U,y and U, represent the rms values of u, ¢
and ug, respectively; and X represents the voltage drop depth at
the PGF.

Based on (44) and (45), if the VSG terminal voltage change
is considered, the voltage drop from VSG to PGF is expressed
as

Auy = V2(1 — 1)U, sin(wnt) — V2(U, + AU,)

x sin(wnt + 6 + A6). (46)
Meanwhile, if the VSG terminal voltage change is not con-
sidered, the voltage drop from the VSG to PGF is expressed

as
Au = V2(1 — VU, sin(wyt) — V2U, sin(wyt + 0). (47)

When 1 = (0.4, 0.6, 0.8), the waveform of Auy and Au are
shown as Fig. 27(a)—(c), the deviation ratio (A% = (Auy —
Au)/Au) are 1.80%, 2.73%, 5.53%, respectively. For con-
venience, it can be approximated as Awu ~ Auy. Therefore,
according to Fig. 27, it is found that the voltage drop from the
VSG to PGF mainly depends on the voltage drop at the PGF.
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