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Abstract—A virtual synchronous generator (VSG) control-based
grid-connected converter (GCC) is an attractive solution to im-
prove the stability of a more renewable-energy-integrated power
system. Unfortunately, the inherent power coupling (i.e., the inter-
action between the active power loop and the reactive power loop)
defect of VSG control severely restricts the power delivery capacity
and the grid support capability of the GCC. The virtual inductor
is commonly used to reduce coupling, but its decoupling capability
is very limited. In addition, the power coupling mechanism and its
limiting factors are not clear. For this issue, the nature of power
coupling in the VSG system is investigated first. The decoupling
capability of the virtual inductor is studied, and the reason for
decoupling effectiveness is revealed. It indicates that the effective-
ness of decoupling results from the proper voltage compensation,
but this kind of positive effect is limited by the d-axis voltage
drop across the virtual inductor. Then, a g-axis voltage-drop-based
power decoupling control (QVPDC) is proposed to further reduce
the power coupling, which does not consider the d-axis voltage drop
when applying the virtual inductor. Compared with the virtual-
inductor-based decoupling method, the decoupling performance
of QVPDC is better, and the computation burden is reduced by
half. Finally, the analysis and the proposed method are validated
by simulation and experiment.

Index Terms—Grid-connected converter (GCC), power
decoupling control, g-axis voltage drop, virtual synchronous
generator (VSG).

I. INTRODUCTION

OWADAYS, renewable-energy-based distributed power
generation is attracting more and more attention, owing to
its environmental friendly feature. Unfortunately, as the interface
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between distributed power generation and the power system, the
grid-connected converter (GCC) cannot provide the adequate
inertia support for the grid. Under this circumstance, the more
renewable-energy-integrated power system has a risk of insta-
bility [1]. Thus, distributed power generation is expected to be
involved in the inertial response [2], [3].

To tackle the issue about the lack of inertia, the GCC needs
to keep in step with the grid when the grid voltage changes [4].
There are two kinds of methods to cope with this issue: the
modified vector current control [5] and the virtual synchronous
generator (VSG) control [6]. For the modified vector current
control, the differentiation of grid frequency, which is obtained
from the phase-locked loop (PLL), is usually used to modify the
reference values of current or torque. However, the PLL used in
the vector control might induce the instability under the weak
grid condition [7], [8]. In addition, the system stability is greatly
influenced by the number of paralleled converters [9]. Thus,
from the perspective of stability, the authors therein suggest
that VSG control is more preferable than the modified vector
control. Besides, the modified vector-control-based GCC cannot
provide independent voltage support for the loads because of
its current source characteristic. On the contrary, without PLL,
VSG control enables GCC to emulate the synchronous generator
(SG) [10]. By changing the control scheme, the output power
can be automatically changed with the grid voltage [11].

Being naturally friendly to the grid, the VSG has attracted
much attention, and various research studies have been con-
ducted, such as parameter design [12], frequency restora-
tion [13], impedance analysis [9], [14], damping of reso-
nance [15], [16], variable inertia [ 17], [ 18], multioperation-mode
analyses [19], model-predictive control [20], and the improve-
ment of transient stability [21], [22]. Although many research
studies on VSG control have been conducted, there are still
some challenges, among which an important one is the power
coupling issue, i.e., any change of the active or reactive power
will affect the other. On the one hand, the coupling may degrade
the dynamic performance of the power system [23], [24]. On the
other hand, because of power coupling, the GCC needs to absorb
much reactive power to provide the active power support, which
aggravates the reactive power demand of the grid. This severely
restricts the active power delivery capability of the GCC [25].
More importantly, the system stable operation may be threatened
owing to the limited active power delivery capability [26].
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To improve the decoupling performance of the VSG, various
decoupling strategies have been proposed [23], [24], [27]-[34].
Among them, the most widely adopted method is the virtual in-
ductor method [35], owing to its clear physical meaning and easy
implementation. It is also the base of other advanced decoupling
methods proposed recently. This method employs the virtual
inductor to decrease the line impedance ratio R/ X and improve
the decoupling performance. However, the low-pass filter (LPF)
introduced during the virtual inductor implementation leads to
the tradeoff between the high-frequency gain attenuation and the
emulation accuracy. To avoid the compromise induced by the
LPF, the quasi-stationary approximation-based virtual inductor
is proposed in [23] and [36] by only considering the fundamental
component of the output current. Alternatively, the impedance
angle is used in [27]-[30] to apply the rotation transformation,
and thus, the impedance can be considered as a pure inductive or
resistive. Although the above methods are effective and intuitive,
they only focus on the R/X-induced coupling. Actually, the
phase difference between the output voltage of the VSG and the
grid voltage also has a huge impact on the power coupling [31].
Therefore, some improved decoupling methods are proposed
to solve the phase-difference-induced coupling. In [31], the
current-compensation-based decoupling method is proposed by
modifying the current reference value. In [32], the reference
value of torque is modified to reduce the negative effect of the
reactive power loop on the active power loop. However, these
methods can only solve the phase-difference-induced power
coupling.

To simultaneously reduce the power coupling induced by
R/X and phase difference, the compensation-matrix-based de-
coupling method is proposed in [24]. In the method, the reference
value of voltage is modified by the special inverse matrix to offset
the control-plant-induced coupling. However, this method is
complicated and not intuitive. Moreover, the reactive power loop
control, another key factor of power coupling, is not considered.
In [33], the method combining the virtual impedance and current
compensation is proposed to solve the R/ X -induced coupling
and phase-difference-induced coupling, simultaneously. The
method can attain a good decoupling performance by optimizing
control parameters. However, the design process depends on the
accurate grid frequency; otherwise, the needed A# is difficult
to obtain. Unfortunately, the accurate information of real-time
grid frequency is difficult to obtain, especially in a weak grid.
Therefore, it is necessary to further study the power decoupling
method in the premise of considering these factors systemati-
cally. In [34], the optimal design of the virtual inductor is attained
to solve the R/ X - and phase-difference-induced power coupling
with considering the VSG control. However, the decoupling
performance is limited, and the reduction in coupling is about
30%. Furthermore, it is not clear why the decoupling capability
of the virtual inductor is limited.

Actually, whatever the factor power coupling is resulted from,
it can be attributed to changing the output voltage. From this
perspective, various decoupling methods can be attributed to
regulating the output voltage of the GCC. For example, Wen
et al. [34] indicate that the positive effect of the virtual inductor
results from the improved output voltage. Therefore, this article
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systematically studies the power coupling issues of VSG control
from the aspect of output voltage compensation. First, the decou-
pling performance of the classical virtual inductor is analyzed,
and the reactive power loop, decoupling strategy, and plant are
considered comprehensively. Then, the mechanism of limited
decoupling capability of the virtual inductor is analyzed. Af-
terward, a g-axis voltage-drop-based power decoupling control
(QVPDC) method is proposed by neglecting the d-axis voltage
drop across the virtual inductor when using the virtual induc-
tor. With the method, the power coupling can be eliminated.
Moreover, the proposed method is intuitive and simple, which
is conducive to the industrial applications. In short, the main
contributions of this article can be summarized as follows.

1) This article points out for the first time the reason for the
limited decoupling of the virtual inductor. The physical
essence of power coupling is analyzed, which promotes
the understanding and development of VSG technology.

2) A novel model of power coupling is established in this ar-
ticle, which can accurately predict the effect of decoupling
method, and it also applies to other decoupling methods.

3) The proposed QVPDC method can eliminate the power
coupling and improve the grid support capability of the
GCC. This method has the advantages of good decou-
pling performance, simple implementation, clear physical
meaning, and small amount of calculation.

The rest of this article is organized as follows. In Section II,
the basic principle of VSG control is briefly introduced. In
Section III, the mechanism of limited decoupling capability
of the virtual inductor is analyzed. In Section IV, the phasor-
diagram-based analysis is given to qualitatively explain why
the decoupling capability of the virtual inductor is limited.
Afterward, a QVPDC method is proposed to further reduce the
power coupling. In Section V, the simulation and experimental
results are presented to verify the proposed decoupling method.
The discussions are given in Section VI. Finally, Section VII
concludes this article.

II. BASIC PRINCIPLE OF THE VSG

A. Structure of the VSG System

The topology and the control block diagram of the VSG are
illustrated in Fig. 1. A three-phase voltage-source converter is
connected to the ac grid through an LCL filter. Ly, Cy, and
Lo are the inverter-side inductor, filter capacitor, and grid-side
inductor, respectively. z, is the equivalent grid impedance (z4 =
2g £0.4=r14 + jx4), which contains the line impedance (2jine)
and Ly. Iy, V¢, I, and V, denote the converter-side current,
filter capacitor voltage (output voltage), grid-side current, and
grid voltage, respectively. The power decoupling block denotes
various decoupling methods, as introduced in Section I. Among
them, the virtual-inductor-based decoupling method is the focus
of this article.

B. Control of VSG

The detailed control diagram of the VSG is shown in Fig. 2,
and the symbols in the figure are explained as follows. P and
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Fig. 2. Control diagram of the VSG.

Qrer are the reference values of the active and reactive power,
respectively. P, and )y, are the output active power and
reactive power of the VSG, respectively. D, and D, denote the
droop coefficients of active and reactive power loops, respec-
tively. J,, and .J; are the virtual inertia coefficients of active and
reactive power loops [11], [37], respectively. w,, and V., are
the rated angular frequency and amplitude of the output voltage,
respectively. w’ is the frequency reference value of the output
voltage, and ¢’ denotes its integration. V is the output of the
reactive power loop, which is the amplitude reference of output
voltage. x,,, Avy,_q, and Avy, o denote the virtual inductance
and its d-axis and g-axis voltage drop, respectively.

The mathematical expression of the VSG control can be
written as [11]

d(w' — wn
Pref - vag — Dp(OJ/ — wn) —_ Jp(dit)
d V/ B ‘/cn
Qret — Quvsg — Dq(Vc/ —Ven) = Jq% (1)
0 = /w’dt.
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Fig. 3. Equivalent circuit of the grid-connected VSG system with a virtual
inductor.

Note that unless explicitly specified in this article, all the vari-
ables are expressed in the per-unit (p.u.) values.

Apparently, P, and Q.. are needed to fed into active and
reactive power loops, respectively. They can be calculated in the
dg frame, as follows:

2

vag = Vedlod + chioq
stg = ’chiod - ’Ucdioq~

Then, the frequency reference and the magnitude reference are
obtained from active and reactive power loops, respectively. Af-
ter obtaining the voltage reference values, the inner voltage and
current loops track the reference values of voltage amplitude and
frequency. Apparently, Fig. 1 is equivalent to a voltage-source
grid-connected system; thus, the VSG can provide independent
voltage support. The output power of the VSG is related to the
variations in frequency and amplitude of the grid voltage. As
a result, the VSG can contribute to the power system inertial
response by automatically adjusting the amplitude and phase
of its terminal voltage [11]. Besides, without PLL, the stability
concern induced by the PLL is avoided.

When the virtual inductor is employed, the simplified VSG
circuit is shown in Fig. 3, where V,; Z0, V. Z6, and z, denote
the grid voltage, output voltage, and the total impedance, re-
spectively. P, 4 j(@), denotes the absorbed power of the grid.
Py, and @, are the virtual active and reactive power, respec-
tively, which are defined for the modeling convenience when the
decoupling strategy is applied. Note that the voltage amplitude
reference should be adjusted accordingly in this situation. The
new reference values can be expressed in dq frame as [23], [34]

ref __ (3)
cq —

ref ! / .
{vcd = Vc - AfUlv_d = Vc + Tylog

v 0 — Avpy g = —Tylod.

C. Small-Signal Model of the VSG System

According to Fig. 3, the output power of the VSG can be
expressed as [38]

2 V.V,
Py = —=cos b, — ? cos(.q +0)
Zg ) Zg ’
2 V.V, @
Qusg = = sinf,, — —Zsin(0,, + 0).
Zg Zg

Combining Fig. 2 with (4), the small-signal diagram of VSG
control can be drawn, as shown in Fig. 4. The control plant model
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VSG control

Fig. 4. Small-signal diagram of VSG control.

without decoupling control is shown as
APy,

_ M
Astg ma1
where mq1, mi2, ma1, and mos are the constants related to the
operating point and grid parameters, shown as

Ad
AV,

mi2

(&)

ma2

Vs .
M1 = ——VcoSMYco
Zg
Wio v,
mig= cos 0,4 — —= €Os Yo
Zg Zg
(6)
Vy
ma1 = ——=Veo (CO87Ye0)
Zg
Vg ( 2chO . . )
Moy = —= sin 6, 4—sin .o
zg \ Vy

where .= 0,,+0, and subscript 0 denotes the equilibrium
point. Note that the calculation of 6 is not the focus, and its
calculation method can be found in Section III-A.

According to Fig. 4, the open-loop transfer function of active
power loop (G),_open(s)) and reactive power loop (G open(s))
can be easily written as

mi1
Gy oven(s) = ——AL
p-open(5) Jps2 + Dys 0
Gy open(s) = —22
- Jys + Dy

Forry = x4 = 0.1and Qs; = 0, when P, changes from 0.5
to 1.0 p.u. (i.e., Py =0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 p.u.), the
Bode diagrams of active and reactive power loops can be drawn
according to (7), as shown in Figs. 5 and 6, respectively. Note
that the open-loop transfer function of the reactive power loop
is a first-order inertial link, the phase delay is up to 90°, and the
phase margin is at least 90°. Thus, both active and reactive power
loops are stable. It can be seen that the phase—frequency plot does
not change with P, and the magnitude plot hardly changes
with Py,. The study about the effects of operating point on the
proposed decoupling method can be found in Section IV-B.

III. MECHANISM ANALYSIS OF LIMITED DECOUPLING
CAPABILITY OF THE VIRTUAL INDUCTOR

This section introduces the power coupling model of VSG
control with considering the reactive power loop, R/ X, phase

3031

8 0.04 P, increases

— vsg
2 4 \
3 0 % \
E §
=i
20 L0.04
= 812 8.13 814 815

-4

-90
P
Z-135
Q
3
=
~

.18 | | |

10% 10! 10° 10' 10°
Frequency (Hz)
Fig. 5. Bode diagram of the active power loop of the VSG with different

operating points.

10 i 0.04 P

0 L B FERTn
0

-20 N -0.04

\sg INCTEases

//

|

Magnitude(dB)
S

1.90 1.91

Phase(deg)
&

-90! . . !
0% 10! 10° 10' 10?
Frequency (Hz)
Fig. 6. Bode diagram of the reactive power loop of the VSG with different

operating points.

difference, and decoupling control. The role of virtual inductor in
reducing the power coupling is studied. Moreover, the relative
gain array method is introduced to qualitatively evaluate the
decoupling performance of the virtual inductor.

A. Introduction of a Virtual-Inductor-Based
Decoupling Method

According to (5), when the grid inductance predominates
(0.4 —90°) and the phase difference is very small (6 — 0°), the
perturbation of Py, and (s, can be simplified as

AP, = YooV ng
w0 ®)
AQu, = 224V,

According to (8), Py, and Qys, can be used to adjust 6 and
V., respectively. Thus, the virtual inductor is usually used to
pursue the aforesaid predominant inductive grid impedance and
improve the decoupling performance [23], [35], [39]. To test the
rationality of the hypothesis 6 ~ 0°, the expression of # needs
to be calculated.

According to Fig. 3, when the virtual inductor is not consid-
ered, V! Z0' = V. /6. In this situation, the phasor diagram of
the grid-connected VSG system can be easily drawn, as shown
in Fig. 7 (solid lines), where AV, denotes the voltage drop
across the z4, i.e., AV,4 = 7,24. Note that the inner dual loops
are considered as a proportional controller with gain 1. When
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Phasor diagram of the grid-connected VSG system with the virtual
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Fig. 8. Surface plot of ¢ along with x4 and Py for g = 0.

the virtual inductor is used, (3) needs to be considered, and the
difference is expressed with dashed lines, as shown in Fig. 7,
where AV}, denotes the voltage drop across the virtual inductor
and @y, is the power factor angle. According to Fig. 2, 6’ is used
for coordinate system transformation. In this article, the location
of # is chosen as the location of d-axis, as shown in Fig. 7.

According to the phasor diagram shown in Fig. 7, the follow-
ing expression can be derived with the law of sines:

Vy 7 V. _
sin(0.g —Pvse) ~sinf sin(180°—0—0.5+pvse)

)]
where, A is defined to facilitate the derivation shown below.
Considering V; = 1.0 p.u., the apparent power of VSG (Sy,)
can be derived with (9), as follows:

vag

1
Susg = =—2sing - A - sin(180°—60—0., +pys)
COS Pysg  Zg

1 COS(ezg - Qovsg) - COS(@zg — Pvsg + 29)

- 10
27, sin2(02g — Pysg) (10)

With (10), 6 can be mathematically expressed as
0 =90° + 0.5 (pysg — 0.9 — B) (11)

where 5 = arccos[2Syse2g sin® (029 — @use) — cO8(Pvsg— 029)].

When @y = 0° and 0,, = 90°, the surface plot of 6 can be
drawn according to (11), as shown in Fig. 8. According to
Fig. 8, when P, = 1 p.u. and z, = 0.5 p.u., & can be as large
as 45°. Thus, the small phase difference assumption used in
the derivation of (8) lacks of rationality. Consequently, using a
virtual inductor to pursue predominantly inductive impedance
also lacks of rationality. In detail, it is difficult to satisfy the
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two assumptions (6., — 90° and § — 0°) at the same time. Be-
sides, in terms of decoupling, the virtual inductor should not be
considered as a real inductor [34].

B. Power Coupling Model With a Virtual Inductor

According to the small-signal diagram in Fig. 4, the reactive
power loop also has a huge impact on power coupling. Thus, the
virtual inductor, plant, and VSG control should be considered
together when studying the power coupling [34]. Supposing that
a disturbance is applied to Py, the variation of (), can be
calculated, as follows [34]:

1
k k k
ku (1 N 22) _Fe
ko1 D, D,
where &, denotes the effect of active power loop on the reactive

power loop; the elements k11, k12, ko1, and koo are shown as
follows:

12)

AC?vsg = Avag = gvsgAPVSg

Vv
Vgt s
kll——z Voo sin vy
t

!

2 V.
kia="2Lcos ., — < cos vl
2t 2t

Vi 2z
ko =—-—2V, (cos Yo + — sin 06)
Zt Zt

Vv, (2V! 2z, V! 2x
koo=-2 Dging Y0 2 cos 6 —sin A/
22 p ( V, 2t 2V, T 2 0 Yeo

(13)
where 7/, = 6,,+6’, and #’ can be calculated according to (11).
Equation (12) is a general description of power coupling with
avirtual inductor and can be simplified into various forms. When
x, in (12) is zero, the plot of &, along with x, can be drawn,
as shown in Fig. 9(a). According to the figure, &, increases
monotonously with x4, and when x4 is larger than 0.3 p.u.,
&vsg > 0. When z,, is taken into account, the plot of &, along
with z, is shown in Fig. 9(b). Obviously, there is no positive
correlation between &y, and x,,, and when x, > 0.17 p.u., the
larger x,, leads to reduced decoupling performance. Thus, there
is a huge difference between the virtual inductor and the real
inductor.
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C. Limited Power Decoupling Capability of the
Virtual Inductor

To evaluate the coupling of a multi-input multi-output system,
the relative gain array method [40] is usually adopted. Suppose
the input variables of the system are [uj,uso, ..., u,], and the
output variables are [y1, Y2, . . ., yn]; the first and second ampli-
fication factors are

pij = gyz

Uj o= const k7 (14)
qij = %

Uj |y =const, ki

where “const” means constant. For dual-input and dual-output
systems of the VSG shown in Fig. 4, the relative gain array is a
second-order square matrix and can be calculated with (14), as

follows:
p= {/111 P12:|
P21 P22

where p;; = %, which denotes the relative coupling gain of
yi to u;. Note that the coupling is related to VSG control,
decoupling strategy, and control plant; the relative gain array
is related to D, virtual inductor, and plant. However, the calcu-
lation of p11, P21, q11, and go; is relatively difficult because of
the integration “ [ in the active power loop. Besides, the math
expression of plant changes with the operating point, i.e., the
parameters ki1, k12, k21, and koo change with Py, and Q.
Thus, to make it easy, the partial derivative operation shown
in (14) is finished by a numerical method. In detail, the curves
of Py, and @)y, are calculated with (12), and the needed par-
tial derivative can be attained. The properties of matrix p are
mathematically expressed as

2 2
Pij = Pji> Zpij =1 sz‘j =1L
=1 i=1

Note that the closer p;; is to 1, the better the decoupling
performance. Considering p1+p12=1 [see (16)], it can also
be said that the closer p;s is to 0, the lower power coupling.
In conclusion, the relative gain array of VSG control can be
calculated according to (1), (3), (12), (14), and (15).

The plots of pio with P, under different virtual inductors
are shown in Fig. 10. When x, =0, p;2 is far away from zero,
which means that the power coupling is serious in this situation.
When x, =0.17 p.u., p12 is closer to zero and the decoupling per-
formance is the best. However, when x,, continues to increase,
the decoupling performance is deteriorated. Furthermore, pj2
cannot be reduced to 0; thus, the power coupling cannot be
eliminated. Once the outputs of the voltage control loop are
saturated due to the capacity limit, the instability issue may
occur [26].

Note that the output reactive power is significantly influenced
by the voltage output [41]. The plots of V. and the output voltage
of ideally decoupled case (V. _ige) are drawn according to (12),
as shown in Fig. 11. The comparison between Fig. 11(a) and (b)
indicates that the virtual inductor cannot reduce the gap between

15)

(16)
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V. i¢e and V. to 0. The comparison between Figs. 9 and 11
indicates that the best decoupling performance is achieved when
the voltage gap is minimum, and the positive effect of virtual
inductor results from the reduced voltage gap. Therefore, larger
voltage compensation is needed to further reduce coupling in
this situation.

In conclusion, the virtual inductor has limited capability to
improve the decoupling performance, owing to the limited volt-
age compensation capability. Therefore, if the limiting factor of
decoupling capability can be identified and avoided, the power
decoupling capability of the virtual inductor will be improved.
Based on this idea, the QVPDC method is proposed in the next
section.

IV. PROPOSED QVPDC METHOD
A. Basic Principle

As expressed in Section III, the limited voltage compensation
capability of the virtual inductor hinders the further reduction
in coupling. Thus, it is important to identify the limiting factor
of the virtual inductor. Combining (3) with Fig. 7, the relation
between V! £0" and V, £6 can be written as

{’Ucd =V = Avpyqa =V, +iosin(d — pyse — ')y

(17)
Veg =0 — Avpy g =0 — i cos(0 — @ysg — 0') 4.

The voltage compensation provided by the virtual inductor
can be qualitatively analyzed with Fig. 7 and (17). At first,
Qvse = 0, and %, is in-phase with d-axis, which is given by
the active power loop and in-phase with V/. Due to the use
of virtual inductor, the phase of V. and i, at the steady-state
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Fig. 12.  Decoupling scheme with the proposed QVPDC method.

lag behind the d-axis. The relatively small z, will result in
smaller veq (veq < V) and v, (note that v, is negative).
Considering that |¢' — 6] is small in this situation, |Auvy, 4| is
relatively small, V., > V/, and the coupling can be reduced.
However, larger voltage increment is not always accessible. As
x, increases, the negative effect of Avy, 4 becomes more and
more significant, and V. might decrease for an excessively large
x,. Thus, the positive d-axis voltage drop across x,, hinders the
further reduction in the coupling.

The above analysis can be roughly expressed mathematically
as follows. The voltage amplitude without virtual inductor is
assumed to be 1 p.u. The voltage output after the use of the
virtual inductor can be expressed as (1 — Avy, 4) + jAV, 4.
The square of voltage increment induced by the virtual inductor
is about (—2Awy, 4 + Av? ,+ Avd o). Because |Avy, g4 is
usually smaller than 1, —2Awv;, 4 will lead the growth trend
when z, continues to increase. Thus, the square of voltage
increment induced by the virtual inductor is limited by Avy,, g.
That is, the d-axis voltage drop across the virtual inductor might
be the limiting factor of decoupling capability.

To improve the decoupling capability, one intuitive idea is
to remove the constraint of Avy,, 4. Thus, the QVPDC method
is proposed in this article, which does not consider the d-axis
voltage drop (shown with “x”’) when implementing a virtual
inductor, as shownin Fig. 12. Apparently, a significant advantage
of QVPDC over the virtual-inductor-based decoupling method
is that the amount of computation is reduced by half.

B. Implementation

The discussion in Section IV-A points out the direction of
reducing power coupling. Thus, the detailed coupling model
of QVPDC is needed to design the parameter and evaluate the
decoupling performance.

According to Fig. 4 and [34], the effect of decoupling control
is equivalent to changing the control plant. Thus, a crucial step is
to figure out the model of equivalent plant, i.e., the relationship
between Pgg, Quse, and V! Z60’. When the decoupling control
is not used, the plant model is shown in (5). When the virtual-
inductor-based decoupling method is used, the equivalent plant
can be expressed as [34]

LT
ka1

APy,
AQvsg

AY
AV,

k12

18
- (18)
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where the parameters k11, k12, k21, and koo are the same as those
shown in Section III-B. However, for the QVPDC method, it is
hard to write this expression as simple as that expressed in [34].
This is because the power loss characteristics are different in
this situation.

To give the small-signal model of the equivalent model, it is
crucial to give the expressions of Py, and )yse. This issue can
be broken down into the calculation of output voltage (vcq, Veq)
and output current (7,4, 20q). According to Fig. 12, v.q and v,
can be expressed as

Vet = VU g =0 Auiyy = —Grioa (19)

where (, can be considered as the particular virtual inductor
used in the proposed QVPDC method to distinguish from the
usual virtual inductor.

Clearly, the expressions of the output currents i,q and 7,4 are
needed to calculate the output power of the VSG, and this can
be attained with the phasor diagram. As shown in Fig. 7, V_ is
related to Vy and can be expressed as

Veqg = Vg 080 + 1gioq — Tglog 20)
Veqg = —Vgsin®' + rgiog + Zglog.
Then, substituting (20) into (19), yields
iod = )\dl COS (929 + 9/) + )\,dQVZ (21)
ioq = )\ql sin (9215 + 9/) + )\-qQVC/
where
—24V, T
Al = 5 hip = g
RO )
A Zth A — Tt
1= 9 2 = .
1 22 + x4Cy 1 22 + x4y

According to (2), (19), and (21), the output power can be
calculated as

Pusg= V. [ha1 cos (0.4 +6') + Aa2V]]
—Colhar cos(0.g+0") +1a2 V] [Ag1 sin(6.,+6")
+ )‘q2vﬂ
Qusg= — Co [ha1 cos (024 + 0') + Aa2 V!)?
— VI [Agisin (0, +6') + rg2V.].

(23)

Linearizing (23) around the equilibrium point, the needed

mathematical model of equivalent plant using QVPDC can be
derived as

N4
AV,

A
AV]

APy,
AQvsg

All
A21

A12
A22

(24)
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where
A1y = (Corgz — 1)V ghqr sin (0.4 + 67)
— Cordirqr cos (0.4 + 0.1 + 26()
— GoVighdazhqr cos(0: + 6;)
Atz = ra1 (1 = Curg2) cos (0.4 + 0p)
+ 2042V (1 — Cohrga) — Corazhqr sin (0., + 6p)
Aor = 2Cy [ha1 cos (09 + 60) + La2V)o] daz sin (0.4 + 65)
— Vlohq1 cos (0,4 + 0)
Aoy = —2(, [Aa1 cos (0,4 + 03) + La2Vip] Az
= hqusin (6z¢ + 6') — 2242V

(25)
Clearly, according to (25), the parameters of A are closely
related to the operating points. Thus, the effect of operating point
is considered in the equivalent control plant, and the change
of operating point has little effect on the decoupling method
proposed in this article.
According to Fig. 7, v, and 4,4 can be mathematically
expressed as
Veg = Vesin(0 — 0'), ioqa =ioc08(0 — pysy — 0').  (26)
According to (19), v¢q + Cviog = 0. Thus, the needed 6’ can
be calculated with (26), as follows:

Vesin® + Cuio cos(0 — @ysg)

0" = arct )
arctan Vecost — Cuiosin(f — pugg)

27)

The expression of &y, for the QVPDC method can be derived
by combining (1), (24), and (27), as follows:

1

A () s
Aoy D, D,

According to (28), power coupling is closely related to D,.
Thus, the control of VSG itself also has important effect on
power coupling. On the contrary, power coupling of the tra-
ditional SG is only related to the equivalent impedance and
operating points. Thus, power coupling in the SG does not

include the influence of control strategy, and the coupling model
in the SG is equivalent to the control plant model in (24).

AQng =

A-vag = gvsgAvag (28)

C. Power Decoupling Performance Analysis

To verify the effectiveness of the qualitative analysis in
Section IV-A, the theoretical decoupling performance of
QVPDC is needed. Similar to the process in Section III, the
qualitative and quantitative decoupling performances of the
proposed method are explored in this section.

For the qualitative decoupling performance evaluation, the
relative gain array using the QVPDC strategy is calculated.
Accordingto (1), (14), (15), (19), and (28), p12 can be calculated,
as shown in Fig. 13. Note that the closer p1 is to 0, the lower the
power coupling. Apparently, the curve (¢, = 0.4) is very close
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Fig. 15.  Theoretical Qysg When Pysg changes from 0.5 to 1.0 p.u.

to zero. Thus, compared with the conventional virtual-inductor-
based decoupling method shown in Fig. 10, the proposed method
can achieve better decoupling performance.

Since the purpose of the proposed method is to improve the
voltage compensation capability, the curve of V. with different
(y is drawn, as shown in Fig. 14. Note that the horizontal
line denotes the desired V., which indicates that the coupling
is eliminated when the output voltage approaches this value.
This horizontal line can be used to check whether the proposed
method has the ability to eliminate coupling. Apparently, for
the virtual-inductor-based decoupling method, the desirable V.
is not accessible. On the contrary, with the QVPDC method,
V. can reach the horizontal line when (,, = 0.35 p.u. Because
of larger voltage compensation capability, the QVPDC strategy
enables the elimination of coupling.
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Fig. 16.  Photograph of the 7.0-kW VSG prototype.

The theoretical results of )y, are shown in Fig. 15. For
the virtual-inductor-based decoupling method, the best decou-
pling performance (AQys, =~ —0.14 p.u.) is achieved when x, =
0.17 p.u. An excessively large x,, even deteriorates the decou-
pling performance. Besides, only 30% reduction in the power
coupling can be acquired in this situation. On the contrary, Qysg
can be reduced to 0 with the proposed QVPDC method (when
Cy =~ 0.35). Thus, compared with the virtual-inductor-based de-
coupling method, the proposed QVPDC method can eliminate
the power coupling.

In conclusion, the results of relative gain array, voltage com-
pensation, and (), all indicate that QVPDC can eliminate the
coupling effectively.

V. SIMULATION AND EXPERIMENT VERIFICATION

To verify the effectiveness of the theoretical analysis, a sim-
ulation model is built in MATLAB/Simulink. Pt changes from
0.5to 1.0 p.u., keeping ﬁfg = 0, and the power response curves
are acquired. Furthermore, the experimental test of a 7.0-kW
VSG prototype is conducted, and its photograph is shown in
Fig. 16. The system parameters are listed in Table L. Py, and Qe
are output by an 8-bit DA chip (MAX548 A), and all waveforms
are acquired by a 16-channel scope recorder (YOKOGAWA
DLS850E).

A. Simulation Results

For the virtual-inductor-based decoupling method, the sim-
ulation results of Py, Qvsg, Py, and Q) for different virtual
inductors are shown in Fig. 17. According to Fig. 17(b), when
%y = 0.17 p.u., Qs in the steady state increases from —0.2 to
—0.14 p.u. When z,, increases to 0.3 p.u., Qv = —0.16 p.u.,
and the decoupling performance is degraded. When z,, continues
to increase, such as z,, = 0.4 p.u., the decoupling performance
keeps decreasing, which is close to the situation of no decou-
pling strategy. Apparently, a suitable virtual inductor can reduce
coupling, but the decoupling performance is limited. Besides,
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TABLE I
PARAMETERS OF THE VSG CONTROL SYSTEM

Parameter Symbol Value
Base value of line voltage Vhase 380 V
Base value of power Shase 7.0 kVA
Base value of frequency foase 50 Hz
Sampling frequency fs 200 p.u.
Converter-side inductor of LC'L filter Ly 0.086 p.u.
Capacitor of LC'L filter Cy 0.050 p.u.
Grid-side inductor of LC'L filter Lo 0.023 p.u.
Inductance of the line Liine 0.077 p.u.
Resistance of the line Tline 0.1 p.u.
Rated voltage of grid Vy 1.0 p.u.
Droop coefficient of reactive power loop Dy 10 p.u.
Droop coefficient of active power loop Dy 100 p.u.
Inertia coefficient of reactive power loop Jq 0.830 p.u.
Inertia coefficient of active power loop Jp 0.690 p.u.
1.1
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Fig. 17. Simulation results of Pyg, Qvsg. Py, and Qg for the virtual-

inductor-based decoupling method under different z,, whenry = 4 = 0.1p.u.
____:1xy =0 puy 2y, =017 puy iy, =03 puy
zy = 0.4p.u. (a) vag- (b) stg- (©) Py. (d) Qq.

compared with the theoretical result shown in Fig. 9(a), it is
clear that there is a huge difference between the virtual and real
inductors. For example, when x, = 0.4 p.u., the output reactive
power is 0.18 p.u. However, when x, = 0.3 p.u., the output
reactive power is —0.16 p.u. Power coupling not only affects
the power transmission capacity of the GCC, but also aggravates
the reactive power demand of the grid. For example, when
x, = 0.17 p.u., the grid is forced to output 0.26 p.u. reactive
power, as shown in Fig. 17(d). From the above analysis, it is
clear that the simulation results about virtual inductor are well
consistent with the corresponding theoretical results in Fig. 15.

When P changes from 0.5 to 1.0. p.u., the simulation
results of power response for the QVPDC method are shown
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Fig.18.  Simulation results of Pysg, Qvsg, Py, and Q4 for the QVPDC strategy
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in Fig. 18. When the decoupling strategy is not used (¢, = 0),
Qvsg = —0.2 pu. When ¢, = 0.17 p.u., )y, increases from
—0.2 to —0.14 p.u., which reaches the best decoupling perfor-
mance of the virtual inductor. When ¢, = 0.3 p.u., Qysg reaches
—0.04 p.u., and the power coupling of the VSG system has been
reduced to a very low level. Furthermore, the reactive power
demand of grid reduces from 0.32 to 0.16 p.u. in this situation,
as shown in Fig. 18(d). When (, = 0.4 p.u., Qvs, = 0.03 p.u,,
which means that the system has positive output reactive power
at this time. Correspondingly, the reactive power shortage of grid
keeps decreasing, as shown in Fig. 18(d). From the comparison
between Figs. 15 and 18, it can be seen that the simulation
results about QVPDC agree well with theoretical results. Com-
pared with the virtual-inductor-based decoupling method, the
proposed QVPDC strategy can eliminate the power coupling.

B. Experimental Results of the Classical Virtual Inductor
Decoupling Method

For the classical virtual-inductor-based decoupling
method [23], [35], [39], a predominantly inductive impedance
is pursued with virtual inductor. Thus, a relatively large virtual
inductor (x, = 0.4 p.u. and X/R = 5) is selected to verify
the decoupling performance, as shown in Fig. 19. Note that
the experiment without virtual inductor is also carried out for
comparison, as shown in Fig. 19(a). According to Fig. 19(a),
when the virtual inductor is not used, AQy, = —0.21 p.u,,
which means that the VSG needs to absorb 0.21 p.u. reactive
power. However, according to Fig. 19(b), when z,, = 0.4 p.u.,
AQvsg = —0.2 pu., and the improvement of decoupling
performance is little. Thus, the predominant inductive
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Fig. 19.  Experimental results of Pysz and Qvsg When Pt changes from 0.5
to 1.0 p.u. and ry = x4 = 0.1 p.u. (a) Without virtual inductor (z, = 0 p.u.).
(b) Classical virtual inductor decoupling method with x,, = 0.40 p.u..

TABLE II
THEORETICAL, SIMULATION, AND EXPERIMENTAL AQVSg FOR
DIFFERENT VIRTUAL INDUCTORS

Ty (p.u.)
AQusg (T v 0.0 0.17 0.30 0.40
theoretical results —0.20 —0.14 —0.16 —0.18
simulation results —0.20 —0.14 —0.16 —0.19
experimental results —0.21 —0.15 —0.18 —0.20

impedance pursued by the virtual inductor is inappropriate
for decoupling.

C. Experimental Results of the Optimal Virtual Inductor
Decoupling Method

To improve the decoupling effect of virtual inductor as much
as possible, the optimal design of the virtual inductor is studied
in [34]. According to the optimal design introduced therein, the
optimal virtual inductor is about 0.17 p.u. To verify the best
decoupling performance of the virtual inductor in this situation,
the corresponding experimental curves of P, and )y, are
shown in Fig. 20(a). Note that the results for x,, = 0.3 p.u. are
also carried out for comparison, as shown in Fig. 20(b). Ap-
parently, when =, = 0.17 p.u., AQys, = —0.15 p.u., and when
Zy = 0.3 p.u., AQysg = —0.18 p.u. Compared with Fig. 19(b),
it is clear that the optimal decoupling performance is achieved
at the appropriate inductor, not the maximum inductor.

For the convenience of comparison, theoretical, simulation,
and experimental results for different virtual inductors are sum-
marized in Table II. Apparently, experimental, simulation, and
theoretical results are well consistent. However, even though the
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method (z,, = 0.17 p.u.). (b) Classical virtual inductor decoupling method with
z, = 0.30 p.u.

TABLE III
THEORETICAL, SIMULATION, AND EXPERIMENTAL RESULTS OF AQysg FOR
THE PROPOSED QVPDC METHOD

Go (p-u)
AQusqg (P v 0.0 0.17 0.30 0.40
theoretical results —0.20 —0.14 —0.04 0.03
simulation results —0.20 —0.14 —0.04 0.04
experimental results —0.21 —0.13 —0.02 0.06

optimal virtual inductor is used, the improvement of AQ)ys, is
about 30%. Therefore, the decoupling capability of the virtual
inductor is limited.

D. Experimental Results of the QVPDC Method

The experimental results of the QVPDC method are shown in
Fig. 21. Similarly, the theoretical (see Fig. 15), simulation (see
Fig. 18), and experimental results are also shown in Table III for
the convenience of comparison.

As shown in Table III, when ¢, =0.17 p.u., the experimental
AQysg is —0.13 p.u., which is consistent with the theoretical
value (—0.14 p.u.). When ¢, =0.3 p.u., the experimental AQ)
is —0.02 p.u., and the corresponding theoretical value is about
—0.04 p.u. Under this situation, the active power support of GCC
has little effect on the output reactive power. On the contrary,
for the optimal virtual-inductor-based decoupling method, the
GCC needs to absorb 0.15-p.u. reactive power. As a result,
the reactive power shortage of the grid is aggravated. More
importantly, the GCC needs more capacity to fulfill the active
power transmission. If the capacity is insufficient, the current
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Fig. 21.  Experimental results of Py, and Qysg When Pper changes from 0.5
to 1.0 p.u. and 74 = 24 = 0.1 p.u. (a) QVPDC method with ¢, = 0.17.
(b) QVPDC method with ¢, = 0.30. (c) QVPDC method with ¢,, = 0.40.

loop will be saturated, which will threaten the system stable
operation [26].

When ¢, =0.4 p.u., the experimental AQ), is 0.06 p.u. (see
Table III), and the corresponding theoretical value is about
0.04 p.u. The positive output reactive power can relieve the
reactive power necessity of grid. Besides, this is conducive to the
active power transfer capability of the GCC [25] and the stability
of the system [26]. In conclusion, the model shown in (28) can
accurately describe the coupling behavior of the system, and the
proposed QVPDC decoupling method can eliminate the power
coupling of VSG control. For convenience, the comparison
among various decoupling methods is summarized, as shown
in Table I'V.

VI. DISCUSSION

A. Comparison Between VSG and Modified Vector Control

For the power-electronics-based grid-connected system, to
emulate the inertial characteristic of the SG, the power
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TABLE IV
COMPARISON AMONG VARIOUS DECOUPLING METHODS
Considered factors Evaluation indicators
pecouping mefhods R/X 0 VSG control S}I:;:gi foclf;lrl?lt; imple];:r?;r}l/tation ;szcgrlgzllir?ci
meaning description
[23], [27]-[30] Vv X X High Low High Low
[31], [32] X v X Low Moderate Low Moderate
[24], [33] vV v X Low Moderate Low Moderate
[34] Vv 4 Vv High High High Moderate
Proposed QVPDC Vv v Vv High High High High
Note: the symbol +/ denotes the positive property, and x denotes the negative property.
Ly TABLE V
TYPICAL LINE PARAMETERS
f . I ~+ I ———-—= 1
grid e, Trecon Converter| Type of line R(Q/km) X (Q/km) R/X
* | Control !
- - - === - Low Voltage 0.64 0.08 7.70
fref Medium Voltage 0.16 0.19 0.85
High Voltage 0.06 0.19 0.31
Fig. 22.  Modified vector control with of inertia emulation.
1.1 0.1
unbalance should be alleviated timely. Thus, the change rate -~ ~0.05
of grid frequency fuiq is used to determine how much power f:; 09 g
needs to be compensated, as shown in Fig. 22, where I, denotes 2 2 0
the current reference value of the converter without inertia R 07 @_0.05 ——\/’—
emulation. k;, is the controller constant, which is related to the 05 ol
emulated inertia. [;, is the correction of current reference value 148 152 156 16.0 148 152 156 160
given by inertia emulation, and the detailed expression is Time(s) Time(s)
a b
T = g et~ Jet) (29) ; "
dt Fig. 23.  Simulation results of Py and Qysg for ¢, = 0.10 when ry =

Tier con denotes the current reference value of converter with
inertia emulation, and et con = fine + Lrer-

According to Fig. 22, the real-time and accuracy of grid
frequency measurement is very crucial. For the strong grid, the
PLL can quickly track the grid frequency, and good effect of
inertia emulation can be attained by the modified vector control.
However, when the grid is weak, the PLL may induce the insta-
bility due to large bandwidth. Thus, there is a tradeoff between
speed and stability of frequency detection. On the contrary, there
is no PLL-induced instability in the VSG system.

For the modified vector control, the system stability is greatly
influenced by the number of paralleled converters [9]. However,
the parallel number of VSGs does not influence the stability
of the system. Thus, from the perspective of stability, the au-
thors therein suggest that VSG control is more preferable than
the modified vector control for achieving high penetration of
renewable energy generation in a weak grid.

Furthermore, the modified vector control system is equivalent
to a current source. Thus, it cannot provide independent voltage
support. On the contrary, the VSG system is equivalent to a
voltage source, and it can work independently in the island mode.

B. Power Decoupling for High X/R

According to the typical line parameters in Table V [42], when
the voltage level is high, the X /R is relatively large. Note that

0.1p.u.and 4 = 0.4 p.u. (a) Pygg. (b) Quysg.

the core idea of this article is to ensure sufficient voltage output
range. In addition, when X/ R is larger than the theoretical value,
the output voltage is relatively high, and negative compensation
is needed in this situation. Thus, combined with the analysis in
Section IV, to ensure sufficient voltage output range of the GCC,
(19) should be changed to

Ved = ‘/cl - CUiOda Veq = 0. (30)

Similar to the calculation in Section IV-B, the final small-
signal model can be attained accordingly. For r, = 0.1 p.u.
and x4, = 0.4 p.u., when Py, changes from 0.5 to 1.0 p.u., the
ideal ¢, is about 0.10. To verify the rationality of theoretical
analysis, the simulation results of P, and Q)ys, are shown in
Fig. 23. Apparently, when ¢, = 0.1 p.u., power coupling can
be eliminated. Thus, the decoupling ideas and analysis in this
article can also solve the coupling issue with high X/ R ratio.

Apparently, the information of X/R is needed to quanti-
tatively design the needed voltage compensation. When the
parameter deviation is within a certain range, the proposed
method is effective. For example, if the measured X / R is smaller
than the actual value, larger voltage compensation will be given.
As a result, the VSG system will output some reactive power,
which is good for the voltage support. If the measured X/R is
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larger than the actual value, smaller voltage compensation will
be given. Consequently, the decoupling effect is sacrificed, and
the power coupling cannot be eliminated. When the parameter
deviation is large, the effect of the proposed method degrades.
The worst case is that the actual X/R is much smaller than the
critical value [34], but the measured X /R is much larger than
it. In this situation, the coupling will become worse.

VII. CONCLUSION

In this article, the power coupling of the VSG control is
thoroughly investigated, the decoupling capability is evaluated,
and the reason why coupling reduction of the virtual inductor is
limited is also analyzed. Afterward, a simple QVPDC method is
proposed to further reduce the power coupling. With the detailed
model, the theoretical analysis indicates that the power coupling
can be eliminated with the proposed method, and the power
delivery capacity of the VSG can also be improved. Simulation
and experiment are carried out to verify the proposed method.
The main conclusions are summarized as follows.

1) The power coupling issue in the VSG system stems from
the fact that voltage is not a global variable and varies
across the system. The effectiveness of the decoupling
strategy can be attributed to the compensation of output
voltage.

2) The decoupling effect of the virtual inductor is limited by
its voltage compensation capability, and this is caused by
the d-axis voltage drop, which has a negative effect on the
voltage compensation when x,, is relatively large.

3) The QVPDC method and the corresponding decoupling
parameter design proposed in this article can eliminate the
power coupling. As a result, the power delivery capacity
and grid support capability of the GCC can be improved.
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