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ABSTRACT Power coupling caused by high impedance ratio and nonzero power angle is a crucial issue for
virtual synchronous generator (VSG), which may result in output power error, slower power response and
even invalid operation. To solve this issue, a novel enhanced power decoupling method by using virtual
steady-state synchronous impedance (VSSI) and current dynamic decoupling compensation (CDDC) is
proposed. VSSI with the unique characteristic that the value of virtual reactance maintains constant in all
frequencies, can solve the power coupling caused by impedance ratio. CDDC can solve the power coupling
caused by nonzero power angle in the fastest way by the designed compensation in inner current loop.
The reshaped output impedance characteristics are also analyzed in detail. Then, by state-space modelling
and analysis, it is proved that, compared to the traditional methods, the proposed method can improve
the dynamic performance and enhance the system stability further. Finally, the results of comparative
experiments demonstrate that the proposed method can solve the power coupling problem more effectively
and improve the dynamic and steady-state responses of active power and reactive power.

INDEX TERMS Virtual synchronous generator (VSG), power decoupling, virtual impedance, oscillation

suppression.

I. INTRODUCTION

The development of renewable energy sources (RESs), such
as photovoltaics and wind power generation, plays an impor-
tant role in responding to the energy crisis and environ-
mental problems [1]. However, the RESs mostly interface
with the power grid by grid-connected converters, which lack
inertia and damping and have weak support capability of
frequency and voltage [2]-[4]. As a consequence, a huge
challenge has been posed, that is how to maintain the sta-
ble operation of the power system with high penetration
of grid-connected converters [5]. To cope with this chal-
lenge, the concept of virtual synchronous generator (VSG)
control [6]-[11], also called virtual synchronous machine
(VISMA) [12], [13], or synchronverter [14], has been pro-
posed. VSG firstly emulates the function of primary fre-
quency and voltage regulation of synchronous generator (SG)
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by using droop control. Furthermore, VSG mimics the swing
equation of SG to increase the inertia of grid-connected
converter and improve the transient response characteristics.
VSG has become a promising approach for interfacing RES
with power systems due to its excellent features.

The foundation of normal operation of VSG is the decou-
pling characteristics of power flow through transmission line,
that is, for the circumstances of a small power angle and pure
inductive impedance between two voltage sources, the active
power depends predominantly on voltage frequency, whereas
reactive power depends predominantly on voltage ampli-
tude [15]. However, the two fundamental preconditions, i.e.
small power angle and pure inductive impedance, are not
always satisfied. As a result, the dynamic performance and
stability of VSGs are deteriorated.

VSG is often linked to low-voltage lines/networks, where
the impedance ratio R/X is high. Consequently, the afore-
said power decoupling precondition cannot be satisfied.
To solve this problem, four groups of power decoupling
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methods, mainly including virtual impedance method [15]—
[18], virtual power method [19]-[21], virtual frequency and
voltage method [22] and power feedforward compensa-
tion method [23]-[26], are proposed. The idea of virtual
impedance method is to reshape the output impedance of
VSG to become mainly inductive by implementing a vir-
tual impedance loop. The virtual power method and virtual
frequency and voltage method, are to rotate the vectors of
active power and reactive power by an impedance angle, or to
rotate the vectors of frequency and voltage amplitude, so as
to obtain the mutually independent relationship. The power
feedforward compensation method is to add a pair of cross
channels between active power and reactive power control
path to counteract the effect of power coupling channel.

The above methods provide effective solutions to address
the high impedance ratio issue, but the effect of error due
to small power angle assumption is often ignored. However,
several phenomena caused by power coupling, e.g. power
oscillation, reactive power steady-state error, have been still
observed even though the output impedance of VSG is purely
inductive [7], [27], [28]. Due to the existence of virtual inertia
in VSG, a potential oscillation characteristic will transfer
between the active power loop and reactive power loop.
Therefore, it causes a dynamic and steady-state performance
deterioration in the meanwhile and thereby affects the pri-
mary control and power sharing. Besides, the coupling oscil-
lation also damages the VSGs due to their poor overcurrent
capacity, and even becomes diverging and makes the system
unstable. Hence, the power coupling issue of VSG is much
more serious than droop control. To ensure good control
performance of VSG, a more accurate decoupling method is
necessary to relax the small power angle assumption which
may cause the performance degradation and instability prob-
lem.

Considering the effect of line impedance ratio and power
angle on active power and reactive power control simultane-
ously, an oscillation suppression method from the perspective
of designing optimal damping coefficient is presented in [7].
Dynamic coupling phenomenon is analysed by small-signal
modelling and a power oscillation suppression method by
adding virtual resistance is proposed in [29]. However, these
methods cannot eliminate the coupling between active power
and reactive power, and the corresponding issues caused
by power coupling, e.g. control error and stability degrada-
tion, are not solved. Furthermore, the oscillation suppres-
sion capacity of damping coefficient is limited by the trade-
off within primary frequency regulation requirement, power
oscillation suppression performance and dynamic response
time. The virtual resistance can eliminate the oscillation and
enhance the stability, but it deteriorates the coupling. The
accurate tracking of the voltage in PCC by modifying the
excitation voltage regulator is realised to satisfy the require-
ments of power decoupling in [30], but this method depends
on the highly accurate identification of line impedance.

Motivated by this issue, this paper studies an enhanced
power decoupling method to improve the performance and
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stability of VSG. This method can also be used in other droop-
based grid-connected converters. The rest of this paper is
organized as follows. In Section II, the basic principle of VSG
control is briefly reviewed and the power coupling issue of
VSG is analyzed quantitatively by using relative gain array
method. In Section III, an accurate power decoupling method
is proposed. In Section I'V, the dynamic response performance
and stability of VSG with the proposed enhanced decoupling
strategy are analyzed. The experiment results are shown in
Section V. Finally, conclusions are draw in Section VI.

Il. POWER COUPLING ISSUE OF VSG
A. BASIC PRINCIPLE OF VSG CONTROL
The basic structure of VSG system is depicted in Fig. 1. The
control strategy is built in d-g reference frame. The power
control loop generates the magnitude and frequency of the
output voltage reference. The virtual impedance is used to
emulate the electric characteristic of the stator in SG. The cur-
rent control loop adopts PI regulators to realize the accurate
tracking property and overcurrent protection function.
Active power loop emulates the function of primary fre-
quency control and rotating inertia of SG, which is expressed
mathematically (ignoring the low pass filter) as:

dw
P = Pret — (D + kp) (w_wref)_-]wrefg (1)

where P and Pyt are the output active power and its reference
respectively, @ and wrer are radian frequency of virtual inner
voltage of VSG and the nominal radian frequency, J is the
virtual inertia, kp is the active power droop coefficient, D is
the damping coefficient.

The structure of reactive power loop obtains the RMS
reference of virtual inner voltage E by Q-E droop control.
The reactive power loop ignoring the low pass filter can be
expressed as:

0 = Oret — ko (V2E — Exr) @)

where Q and Q. are the output reactive power and its
reference respectively, Ef and E are the nominal voltage
amplitude and the RMS value of virtual inner voltage of VSG,
kq is the reactive power droop coefficient.

VSG regulates the phase to control the output active power
according to (1), and regulates the magnitude of voltage to
control the output reactive power according to (2) indepen-
dently.

B. ANALYSIS OF POWER COUPLING ISSUE

According to the principle of VSG control explained by (1)
and (2), in order to ensure the normal operation of VSG,
it is necessary that there should exist same decoupling char-
acteristics when power flows through the transmission line.
For an AC system with a given transmission line impedance,
illustrated in Fig. 2, the active and reactive power flowing
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FIGURE 1. The basic control structure of VSG.
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FIGURE 2. Equivalent circuit of a VSG connected to an AC bus.

between two voltage sources can be expressed as

» EU i (5 4 arct R RU?
= ——S1n arctan — _— —
VR2 + X2 X R> + X2

EU XU? )

R
Q = —m COS ((S + arctan }—() — m
where R and X are equivalent resistance and reactance
between VSG and AC bus respectively, 6 is the power angle,
E and U are the RMS values of virtual inner voltage and
voltage at PCC.
It can be seen that both active power and reactive power
are functions of two variables, power angle and voltage mag-
nitude. Linearizing (3) at a steady-state point yields

FARE A

_ U | Eocosye sin y, AS @
~ JR2 +x2 | —Eosiny. cosy. || AE

where Y. = § + arctan(R/X), A indicates the perturbation
of the corresponding variable, the subscript O represents the
steady-state value.

Expression (4) indicates that when y. 7#0, the active power
and reactive power are coupled with each other rather than
mutually independent. Consequently, the active power and
reactive power control will be affected by each other and thus
the performance and stability will deteriorate.

To quantitatively analyse the coupling degree, relative gain
array (RGA) analysis method [31] is used in this paper.
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Assuming y; is the i controlled variable of a multiple-input-
multiple-output (MIMO) system and u; is the 7™ manipulated
variable, the relative gain of the u;-y; channel is defined as
the ratio of the u;-y; channel gain with other channels open,
indicated by p;;, and the u;-y; channel gain with other channels
closed and other controlled variables constant, indicated by
g;j- The mathematical expression can be written as

p = P i i 5)
v i - duj | ux = const duj| Yk = const
(k #J) (k # 1)

where ““const” represent constant value.

Arranging A;; in the order marked in subscript can construct
the RGA A, which describes the coupling relationship and
degree of a MIMO system. For the VSG system studied in
this paper, the corresponding RGA can be derived as

Al A2 cos?ye  sin’ ye
A= = 6
[)»21 A2 ] |: sin y.  cos? y; ©)
To quantify the coupling level, define relative coupling coef-
ficient K, as

K. =Xxpp = sin2(8 + arctanR/X) @)

According to the theory of RGA, a larger K, indicates a higher
coupling level. Only when K. €[0,0.5), the pairing relation-
ship of §-P and E-Q is satisfied and thereby the effectiveness
of the VSG power control loops can be guaranteed. The closer
to 0 K. is, the weaker the coupling is. When K. > 0.3,
the coupling becomes quite severe.

Fig. 3(a) shows the curve of K. vs. § and R/X. Fig. 3(b)
shows the vertical profile of the three-dimensional graph
in Fig. 3(a) at different §. The stability regions of the cases
are in the left of the points of K, = 1 which are marked
in Fig. 3(b). It can be seen that the stability region gets
narrower with the increase of the power angle §. Taking the
curve of § = 0.26 rad for example, the stability region is
located in R/X < 3.73. Actually, K. = 0.3 when R/X =
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FIGURE 3. The relationship diagrams of K¢ vs. § and R/X (a) K¢ vs. § and
R/X, (b) Kc vs. R/X, (c) Kc vs. §.

0.33, which means that there already exists severe coupling.
With the rise of R/X, the level of coupling gets higher. When
R/X > 0.58, K. > 0.5 and the coupling channel is predomi-
nant in controlling the output power.

Fig. 3(c) gives the relationship between K. and ¢ for dif-
ferent R/X. Similarly, the stability region gets narrower with
the increase of R/X. Taking the curve of R/X = 0.25 for
example, the stability region is in § < 1.33 rad. With the rise
of §, the coupling becomes more serious. When § increases
to 0.33 rad, K. = 0.3 and the coupling has become serious.
When § > 0.54 rad, K. > 0.5 and it indicates the coupling
channel has a greater influence on the output power than the
control channel.

It can be seen from (7) and Fig. 3(c), the coupling level
is related not only to the transmission impedance ratio R/X
but also to the power angle §. Only when the transmission is
purely inductive and power angle is zero, the active power and
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reactive power are decoupled, which meets the prerequisite of
VSG control strategy.

Ill. ENHANCED POWER DECOUPLING METHOD

In order to address the power coupling issue, an enhanced
power decoupling method is proposed in this section, which
can simultaneously eliminate the power coupling caused by
the high impedance ratio and small power angle condition.
The droop control can be regarded as a special type of VSG
with zero virtual inertia. Therefore, the proposed method can
also be used in droop control.

The control strategy mainly contains two parts: virtual
steady-state synchronous impedance (VSSI) and current
dynamic decoupling compensation (CDDC), where VSSI can
eliminate the power coupling caused by the high impedance
ratio and CDDC can eliminate the power coupling caused by
nonzero power angle §.

The whole proposed decoupling control block diagram is
shown in Fig. 4. The control block of VSSI part is depicted
in the green box and control block of CDDC part is depicted
in the yellow box and serves as the initial current reference.
The d-q reference frame is oriented according to the VSG
virtual inner voltage, so that eq = E, ¢ = 0. Then two
pairs of current feedforward references, which are used to
eliminate the power coupling caused by the power angle,
are added to the initial current reference and then the mod-
ified current reference is obtained. After that, the reference
goes through PI controller to generate the control signal of
converter, where a voltage feedforward is introduced. This
method obtains the current reference algebraically with no
need of regulator; thus, it has faster regulation performance
than cascaded voltage and current controllers.

The principle and implementation of each part are inter-
preted as follows.

A. VSSI PART
In VSSI, the synchronous admittance matrix is expressed as

Y, dd Yvd 1 Rv Xv
You, — v 4| = —— 8
vdq |: Yygd  Yvqq R% + X\% —Xy Ry ®)
where Ry is the virtual resistance, and Xy is the virtual steady-

state synchronous reactance that is the product of nominal
frequency wrer and virtual inductance Ly as shown in (9).

Xy = wrefLy 9

It should be emphasized that as long as Ly is certain, the value
of X, maintains constant rather than changes with frequency
like traditional virtual reactance. The proposed novel design
of X, makes the voltage on it be 90 degrees ahead of the
current flowing through it, while its gain amplitude to the
current remains constant at all frequencies. That makes VSG
with VSSI more stable than VSG with Traditional Virtual
Impedance (TVI), which will be demonstrated by root locus
in Section IV.

In order to verify the effectiveness of reshaping output
impedance in both the resistance and inductance dimensions,
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FIGURE 4. The control scheme of the proposed enhanced power decoupling strategy.

the VSG system is modelled by a dq-frame Norton equivalent
circuit and the output currents are calculated as

ld

[ I

l'*
d_mod
i *
q

_ -1 ud
J-ao ] eo ]
where Gi(s) is the current gain matrix, i* d_mod and ix
g_mod are the d- and g-axis current references respectively,
ug and uq are the d- and g-axis components of voltage at PCC,
s 18 the Laplace operator. Zyqq(s) is the output impedance that

Zad(s) —Zga(s)

satisfies
} [qu(S) de(S)}

(11)

In practice, the voltage feedforward plays an important role
in reshaping the output impedance, which is discussed here.
The output impedances with voltage feedforward (VSSI-1),
denoted as Zgq_1 and Zqq_1, and without voltage feedforward
(VSSI-2), denoted as Zqq_2 and Zyq_2, are shown as follows.

(10)

q_mox

Zad(s) Zaq(s)
qu(s) qu(s)

Zodg(5) =Yy ()= [

Z4d_1
L152+ (Rl+kcp) s+kei
= GpR, = ‘R 12
hity kcps+kci v ( )
Zqd_1
L1S2+ (Rl+kcp) s+kei
= GpX, = - X 13
h kcps+kci v ( )
Z4d 2

[L1S2 + (kcp +Rps+ kci] [(kchv +R3 +X\%)S + kciRv]
(kczp +2kchv +R% +X\%) 52 + (chpkci +2kciRv) S+kczi
(14)

Zqd 2
[Lls2 +(kep +R1)s+kci] [kchvS+kcin]
(kc2p +2kCPRV +R% +X\?> 52 + (chpkci +2kciRv) S+kc2i
(15)
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FIGURE 5. Bode diagrams of equivalent output impedance of Z44(s) and
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qd

where k., and k¢; are the proportional and integral coefficients
of PI controller of current loop, Lj and R) are the connection
inductance and resistance.

Obviously, Z4q_2 and Zyq_» have more complex forms than
Zgq 1 and Zgq 1. Zgda_1 and Zgq 1 are equal to the given
impedance values multiplied by a transient transfer function
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Gh(s), and Gp(s)|s=0 = 1, which means that the DC out-
put impedance in d-g reference frame (namely, the output
impedance at nominal frequency (50Hz) in stationary abc
reference frame) is totally determined by the given virtual
impedance and independent of the controller and output filter
parameters.

The bode diagrams of equivalent output impedances of
VSSI-1 and VSSI-2 can be drawn in Fig. 5 according to
(12)-(15). Likewise, for the purpose of comparative analysis,
the bode diagrams of equivalent real physical impedance
model, traditional virtual impedance method with volt-
age feedforward (TVI-1) and traditional virtual impedance
method without voltage feedforward (TVI-2) are also drawn
in Fig. 5. The setting value of resistance and reactance are all
12 and 2€2.

It can be seen from the bode plots, in the low-frequency
range, all the curves coincide with each other, which indi-
cates that the VSSI can guarantee the pre-designed out-
put impedance characteristics at the nominal frequency and
its vicinity, and void the influence of filter and controller
parameters. Therefore, for the purpose of optimal decoupling
performance, the purely inductive output impedance can be
realized directly by setting Ry = 0 in VSSIL

In the high frequency region, Zgq of TVI-1 are larger
than equivalent real inductance in magnitude and lead 90° in
phase. Zgq of TVI-2 are almost the same with the equivalent
real inductance in magnitude and phase. Differently, Zgq of
VSSI-1 and VSSI-2 are both smaller than the equivalent real
inductance in magnitude and have the same phase with the
equivalent real inductance. It implies that the VSSI strategy
lowers the high-frequency output impedance, reduces the
harmonic voltage drop in output impedance caused by a
disturbance of nonlinear loads, and thus improves the anti-
disturbance capability.

B. CDDC PART

The VSSI strategy presented in Section IIILA ensures the
inductive output impedance to eliminate the power coupling
caused by the existence of line impedance ratio R/X. After
that, (3) can be simplified as

P =EU/X, sin§ (16)
Q = EU /X, - cos§ — UZ/XV (17)

Linearizing (16) and (17) at the steady-state operating point
(Eop, 8o) yields
AP | Z Egcosdy sindy AS (18)
AQ X, | —Eosindg cos g AE
1) Q-DECOUPLING
Letting AQ = 0 in (18), yields
AE = (Egsindy/cos 8g) - AS (19)

where AE represents the error of virtual inner voltage caused
by the power angle disturbance. Thus if AE can be com-
pensated as (19), the coupling effect on reactive power can
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FIGURE 6. Phasor diagram of the equivalent circuit of grid-connected VSG.

be eliminated. Based on this idea, a novel current dynamic
decoupling compensation (CDDC) method for the purpose
of relaxing small power angle condition is presented, which
is derived as following process.

The phasor diagram of the equivalent circuit of grid-
connected VSG is shown in Fig. 6.

According to the phasor diagram, the d- and g- components
of grid voltage are represented respectively as

{ud:UCOSB 20)

ug=—Usins
The d- and g- components of output current are given by
ia = (eq —vq) /Xy =U /Xy - sind (21)
iq = —(ea —va) /Xy = (Ucos§ —E) /Xy (22)
Linearizing (21) and (22) at (Eyp, d¢), yields
Aig = Ucos 8y /Xy - AS (23)
Aig = —1/X, - AE — Usindy /Xy - AS (24)
The expressions of output active power and reactive power
can be written as
P = l/tdl.fj + uqif] 25)
0 = uqiq — udiq
The small signal models in terms of current variable are given

by

{AP = ugoAig + ugoAig 06)

AQ = ugoAig — ugoAiqg

Expression (27) and (28) can be derived from (23) and (24)
respectively,

A8 = (Xy/U cos &) Aig (27)
AE = —XyAig — Usin§yAS (28)

Substituting (19), (20), (25) and (27) into (28) gives

—udo (—idoAd) + uqoiqoAd = —ugoAiq + ugoAia (29)
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Equation (29) shows that the error AQ caused by the unde-
sired coupling can be eliminated if the output current is
changed from (iqo, iqo) to (iqo +igo - AS, iqo —ido - AS). There-
fore, the current compensation references for Q-5 decoupling
are designed as

AP 45 = iq - A8 (@)

A gy = —ia - AS(D)

(30)

2) P-DECOUPLING

According to (18), at the initial operating point (Ep, 8p),
the active power error caused by voltage disturbance is writ-
ten as

AP = (Usindy/Xy) - AE = (Po/Eo) - AE  (31)

Assuming that the corresponding d- and g- components of
output current error caused by the disturbance of voltage AE
are Aig and Aig, combining (26) with (31) yields

o ok
g0 Aig_gg + Ug0Aly qp

Udoido + Uqoiqo
Ey

ido iq0
=u ——AFE u ——AFE 32
d0< By )+ qO( Ey ) (32)
where iqo and ig are the steady-state value of output current.

Therefore, the current feedforward reference for P-E
decoupling

= —AP=—Py/Ey- AE = — AE

{ A 4 = —ia/Eo - AE(a) (33)

ALy 4 = —iq/Eo - AE(b)
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FIGURE 8. The platform of hardware-in-the-loop experiments.

TABLE 1. Main parameters for VSG system.

Symbol Quantity Value

Erer nominal voltage amplitude of virtual 311V
inner voltage

Dref nominal radian frequency 100z rad/s
P, nominal power 10 kW
fs switching frequency 10 kHz
Xv connection reactance 0.3 p.u.
J virtual inertia 1 N'm
D damping coefficient 80 p.u.
kp active power droop coefficient 1.6 kW/Hz
ko reactive power droop coefficient 0.45 kVar/V

To make it easier to obtain the P-E decoupling compensa-
tion current reference, the voltage steady-state value can be
replaced with voltage reference. Then, combining (30) and
(33), the modified current reference is designed as

B mod = g+ AL g+ AL gg = i5+iq - AS —iq/Eret - AE
(34)
= iZ+Ai:_d3+Aiz_dE = iz —ig- AS — iq/Eref‘AE
(35)

o
lq_ mod

It can be seen from (34) and (35), the calculation of feed-
forward compensation only needs to measure the real-time
operating state, i.e. current, power angle, but does not depend
on the parameters which can hardly measure accurately, e.g.
line impedance, etc. Therefore, the proposed strategy can
realize the accurate decoupling theoretically and are well
robust to the variation of parameters.

IV. DYNAMIC PERFORMANCE AND STABILITY ANALYSIS

FOR ENHANCED VSG STRATEGY

In order to study the effectiveness and characteristics of the

proposed decoupling strategy, a small signal model in state

space for the whole VSG system shown in Fig. 1 is also built.
Linearized small signal model can be expressed as

Ax=A-Ax+B- Au (36)
Ay=C-Ax+D-: Au (37)

where A, B, C, D are shown in Appendix and the state vector,
input vector and output vector are given by

AX = [AQtAPtAly Aig Ao A8 Ays Aygl" (38)

73607



IEEE Access

M. Li et al.: Enhanced Power Decoupling Strategy for VSG

Eovvainovatfofosivncvinnanzonaniovaafovoajoosijuavad

P(2.4kW/div)
=
~
=

m""""{; [04s/d1V]
b [2V/div
(a)

] : VSSIFCDDC:0.3kVar 1. .
51 N N SSL0okvar - ]
;:e l“ ..i..‘.;“ .i....i.‘A......i,..‘
g. N ;
5- : No decoupllng 3 lkVar 0. 4s/d1V]

] oy, o L [1V/div]

(b)

_ _ _!, No decoupling: 50.25Hz  ©
Z b - \g\ VSSI: 50.24Hz
) I
E l' \SSH([)D( 50. 74]]7 :
U e sem
S | : N
S~ .r..}..5. . K __[0.4sd1v]

L : - : [1V/div]

(c)
FIGURE 9. Responses to active power reference step respectively under

four different control strategies with R/X as 0.25. (a) active power,
(b) reactive power, (c) output frequency.

AU = [AQref AEref APt Awy Aul” (39)
Ay = [AQ AP]T (40)

where Ayjq is the small signal of integral of current difference

l?etween ij_ mod and ig, and Ayy is that between i(’;_ mod and
iq-
Then, the transfer function matrix can be derived as
Gis)=CGI—A)"'B+D (41)

where G(s) is a 2 x 5 matrix. G1;(s) and Gp3(s) are the
closed loop transfer functions from reactive power refer-
ence to output reactive power and from active power ref-
erence to output active power, namely AQ(s)/AQye(s) and
AP(s)/ APyt (s), which describe the response characteristics
of P-control and Q-control. And the power coupling effect
is described by AQ(s)/APres(s) and AP(s)/ AQref(s), corre-
sponding to G13(s) and G71(s) of G(s), which indicates the
reactive power response to active power reference change and
active power response to reactive power reference change.

The characteristic root locus diagrams of A in constant
impedance magnitude but different impedance ratio are
shown in Fig. 7, where only the locus of dominant poles is
drawn.

It can be seen from Fig. 7 (a), when no decoupling method
is adopted, there are two poles located at right half plane at
small impedance ratio, which means the system is unstable
under very small impedance ratio without any decoupling
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FIGURE 10. Feedforward decoupling current references in VSSI+CDDC
during response to active power reference step (a) in d axis, (b) in q axis.

strategy. Along with the increase of impedance ratio, these
two poles move to left half plane gradually and the system
becomes stable. However, these two poles are still conjugate
poles and are underdamped over a wide range of impedance
ratios. Meanwhile, there are four poles that are close to
imaginary axis but always stay at left half plane. When the
TVI is adopted with R, = 0£2, there are two poles always
moving at right half plane. That means the system cannot
be stable if TVI is adopted with R, = 0f2. Nevertheless,
when the TVI is adopted with R, = R/3, these two poles
are located at right half plane at very small impedance ratio
but move to left half plane along with the increase of R/X.
That means the system stability increases and the damping
of these two poles increases along with the increase of R/X
when TVI is adopted with Ry larger than 0. By the contrast
between root locus without decoupling and the root locus
with TV, it can be found that R, smaller than R brings weaker
damping to those two poles under TVI. However, to weaken
the power coupling, R, should be set as a value smaller than
R. Therefore, oscillation may occur during dynamic process
due to those two poles in TVL.

When VSSI is adopted, thanks to the unique characteristic
of VSSI that the value of virtual reactance does not increase
with frequency, A under the VSSI strategy is two orders less
than that under the TVI strategy. As aresult, as shown in Fig. 7
(b), those two unstable roots do not exist under VSSI, so all
the poles under VSSI only move at left half plane and the sys-
tem is stable with any impedance ratio. It is demonstrated that
the VSSI can improve the system stability more effectively
than the strategy without decoupling and TVI. In addition,
without the limitation of the two poles at right half plane,
R, in VSSI can be set to 0, which is helpful to give VSSI
better decoupling effect than TVI. In Fig. 7 (b), when the
VSSI and CDDC are adopted at the same time, as shown
in the diagram of conjugate roots locus that is zoomed in,
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FIGURE 11. Responses to active power reference step without power
decoupling with R/X as 1. (a)active power, (b) reactive power,
(c) frequency, (d) power angle.

the damping of the two conjugate roots are further increased,
which demonstrates that the proposed VSSI+CDDC strategy
can not only improve the system stability but also benefit the
dynamic response of the system.

V. EXPERIMENTAL RESULTS

The experiments are conducted in the hardware-in-the-loop
platform as shown in Fig. 8 to verify the effectiveness and
superiority of the proposed enhanced decoupling strategy.
The main circuit is simulated by real time simulation in
the slave computer while the control algorithm runs in the
core controller of TMS320F28335 DSP. The data transi-
tion between them is implemented by a multifunction I/O
card MF624 that is embedded in the slave computer. The
topology is the same with that in Fig. 2. but the DGs
are replaced by a constant voltage DC source with 700V.
Four control strategies, i.e. VSG strategy without decoupling
strategy, TVI based decoupling strategy, only the proposed
VSSI based decoupling strategy and the proposed VSSI with
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FIGURE 12. Responses to active power reference step with VSSI+CDDC
with R/X as 1. (a)active power, (b) reactive power, (c) frequency.

CDDC strategy, are adopted respectively in the system with
the same main parameters listed in Table 1.

A. COMPARATIVE EXPERIMENTS OF Q-DECOUPLING
PERFORMANCE

When ¢+ < 1y, VSG operates steadily with P = 0 and
Q = 300Var. the response to active power reference step at
to with the value of R/X as 0.25 is shown in Fig. 9. The data
is calculated by DSP according to the control algorithm and
the measured voltage and current from the main circuit, and
converted to analog signal by MF624 then displayed on the
oscilloscope.

In Fig. 9 (b), when no decoupling methods are adopted,
the reactive power output exhibits an unwanted descent to
-3.4kVar and reaches a new steady-state value of -3.1kVar.
That means -3.4pu steady-state deviation of reactive power
is generated by the active power step because of the cou-
pling impact from active power loop. Such large deviation
of reactive power brings great overcurrent risk, which is very
necessary to avoid.

When the TVI method is added, the power coupling weak-
ens markedly. However, as analysed in Section IV, zero vir-
tual resistance in TVI will destabilize the system. The virtual
resistance in TVI thus can be set as a smaller value than real
line resistance but not zero. Then the power coupling caused
by nonzero impedance ratio still exists but is weakened than
that with no decoupling method. Thus, the impact of active
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FIGURE 13. Responses to reactive power reference step respectively
under four different control strategies (a)active power (b)reactive power
(c) output frequency.

power step change on reactive power output is still obvi-
ous. Under the circumstance, the minimum value of reactive
power is —1.8kVar and new steady-state value is —1.6kVar.
The steady-state deviation of reactive power is —1.9pu.

When only the proposed VSSI is added, the virtual
resistance can be set to 0, which gives the VSSI better
effect on weakening the power coupling caused by line
impedance. Then the deviation of reactive power is decreased
to —0.9kVar. But the power coupling caused by the nonzero
power angle is not complemented yet, which leads the reac-
tive power to deviate from initial value —1.2kVar.

As shown in Fig. 9 (b), when the proposed VSSI and
CDDC operate simultaneously, the deviation of reactive
power during the whole process almost disappears. The main
reason for such excellent performance is that the feedforward
decoupling currents, Ai?i_ds and Ai:;_da are adjusted accord-
ing to the change of power angle along with the active power
change as shown in Fig. 10.

As a result, the phase and amplitude of the inverter
are adjusted at the same time to maintain reactive power
unchanged while active power follows the reference accu-
rately. O-coupling problem is addressed better. It proves that
the proposed method in this paper can eliminate the steady-
state error of reactive power and enable VSG to output reac-
tive power in strict accordance with the requirement of the
reactive power control loop regardless of the influence of the
active power control loop.
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FIGURE 15. Feedforward decoupling current references in VSSI+CDDC
during response to reactive power reference step (a) in d axis, (b) in
q axis.

When the impedance ratio R/X is larger, the power cou-
pling will be more serious. As shown in Fig. 11, with the
impedance ratio as 1, the power angle diverges due to serious
power coupling when the active power reference steps, and
the system even destabilized without decoupling strategy.
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Fortunately, when the proposed VSSI4+CDDC decoupling
strategy is adopted under the same circumstances, the system
can response to the active power reference step stably as
shown in Fig. 12. And the reactive power almost maintains
unchanged during the active power step response. It demon-
strates the proposed strategy can achieve power decoupling
effectively and benefit the system stability.

B. COMPARATIVE EXPERIMENTS OF P-DECOUPLING
PERFORMANCE

The reactive power reference is set properly to make output
reactive power of VSG produce a step ascent of 4kVar at 7
and the responses under circumstances of the four different
control strategies are shown in Fig. 13 and zoomed in as
shown in Fig. 14.

In Fig. 13. (a) and Fig. 14. (a), under circumstance of basic
VSG strategy without any decoupling method, obvious shock
and oscillatory are shown in active power, which does not
agree with the pre-designed dynamic characteristics. The rea-
son is that the change of reactive power reference transmits to
the active power through power coupling channels. Then the

adjustment of active power loop in turn affect the adjustment
of reactive power, which leads to slower response of reactive
power as shown in Fig. 13. (b) and Fig. 14. (b).

Under circumstance of TVI, smaller virtual resistance is set
to weaken the power coupling caused by large line impedance
ratio. The fluctuation of frequency is smaller than that with-
out any decoupling methods as shown in Fig. 13. (¢) and
Fig. 14. (c). It indicates that the low frequency component
of the active power fluctuation caused by the reactive step
decreases, which means TVI indeed weakens the power cou-
pling lightly. However, smaller resistance leads to weaker
damping effect at the same time, which makes the high
frequency oscillation more serious as shown in Fig. 13. That
is in accordance with the analysis in Section IV.

When only the proposed VSSI is adopted, the virtual resis-
tance can be set as 0, which weakens the coupling caused by
large impedance ratio effectively. Thanks to the unique char-
acteristic of VSSI, damping of the system is still enough with
zero virtual resistance, so oscillation is restrained effectively.
So the shock and oscillation in active power is restrained obvi-
ously as shown in Fig. 13. (a) and Fig. 14. (a), and the reactive
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power reaches steady-state value rapidly without oscillation
Fig. 13. (b) and Fig. 14. (b). However, due to the coupling
caused by power angle that is not complemented, 0.9kW
shock is still generated in active power (see Fig. 14. (a)) and
frequency fluctuation is caused as a result (see Fig. 14. (c)).
Nevertheless, no oscillation or shock should be observed
in the ideal response of active power during the whole
process.

When the proposed VSSI 4+ CDDC strategy is added,
the ideal response is realized. As shown in Fig. 15, the feed-
forward decoupling currents are adjusted rapidly at the
moment that reactive power is adjusted, so the phase and
amplitude of output voltage are changed at the same time
to maintain unchanged active power and realize the expected
reactive power. As shown in Fig. 13, active power has been
shielded from the effects of reactive power, and reactive
power reaches the steady-state value rapidly, which indicates
that the proposed VSSI4+-CDDC weakens the coupling caused
by both large impedance ratio and power angle effectively.

VI. CONCLUSION

Power coupling issue of VSG can produce output power error,
amplify power oscillation and influence the system stability.
In this paper, the power coupling characteristics of VSG have
been analysed, and an enhanced power decoupling method by
using virtual steady-state synchronous impedance and current
dynamic decoupling compensation has been proposed. This
method can eliminate the coupling effect caused by the high
line impedance ratio and nonzero power angle at the same
time. In the meanwhile, the output impedance and its char-
acteristics analysis of improved VSG strategy are presented.
Then, the state space models of traditional VSG and improved
VSG strategy are built. Through comparative analysis, it is
proved that the proposed enhanced decoupling method can
mitigate the power coupling more effectively. In addition,
the stability of VSG system is enhanced. Finally, the exper-
imental results demonstrate that the proposed method can
eliminate the steady-state error of output power, alleviate the
power oscillation, and improve the dynamic and steady-state
responses of active power and reactive power. This method
can also be transplanted to the other droop-based control
strategies.

APPENDIX
See appendix equation as shown at the bottom of previous

page.
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