IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

10255

A Virtual Admittance-Based State Observer
Design for Enhanced Dynamic Synchronization
Performance of Virtual Synchronous Generator

Dongren Dai"”, Jinghua Li

Abstract—The virtual resistor (VR) has positive effects on the
small-signal stability of the virtual synchronous generator (VSG),
but decreases the dynamic-state synchronization performance. To
solve that conflict, a virtual admittance (VA)-based state observer
(VABOB) is designed. First, the small-signal model of the VSG is
analyzed, and it is found that the extra VR is only needed at 0
Hz to suppress the synchronous frequency resonance (SFR). The
extra resistor at the synchronous frequency (SF) will decrease
the dynamic response performance. Second, a state equation is
designed for the accurate estimation of the SF component, and the
VA without VR is designed as the output equation. Then, the state
observer is deduced based on these equations. Third, the analysis
of the grid voltage and frequency deviation shows the robustness
of the VABOB. Furthermore, the selection principle for the ob-
server gain is also analyzed. Simulations and experiments verify
the effectiveness of the VABOB in SFR suppression and dynamic
performance enhancement by reducing the R/X. The VABOB can
reduce the maximum by 0.39 p.u. power overshoot when the grid
voltage is sagged by 0.1 p.u., as compared to the VR-based method
with R/X = 0.19. By 0.55 p.u. reactive power overshoot reduction
when power given is increased from 0 to 1 p.u., as compared to the
VR-based method with R/X = 0.83.

Index Terms—Dynamic response performance, small-signal
model, state observer, virtual admittance, virtual synchronous
generator (VSG).

1. INTRODUCTION

ITH the increase of new energy penetration rate, grid-

forming (GFM) inverters have attracted much attention
due to their grid-friendly features, such as voltage-supporting
ability, frequency response-ability, and weak grid synchroniza-
tion ability [1], [2], [3]. The GFM inverters are required to
take part in the frequency or voltage regulation of the grid, as
compared to the interaction-free grid-following (GFL) inverters.
In other words, the grid frequency or grid voltage fluctuation can
be compensated by the GFM inverters automatically.
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The virtual synchronous generator (VSG) is a typical grid-
forming strategy, which is proposed to realize the external
characteristics of the synchronous generator based on the PWM
inverters [4]. Unlike the phase-locked loop (PLL)-based GFL
inverters, the VSG does not rely on the PLL to synchronize with
the grid; it uses the power synchronous pattern [5]. However,
the VSG suffers from small-signal stability problems, which
may cause the VSG to be off the grid or, worse, transmit this
instability to the grid. Therefore, how to improve the VSG’s
small-signal stability is a meaningful topic [6]. The small-
signal stability is the power synchronization stability under the
small disturbances around the steady-state working point. This
underdamped-caused instability is usually presented as periodic
synchronization power oscillations, thus defined as synchronous
frequency resonance (SFR) [7], [8]. Besides, the low-frequency
oscillations (LFO) [9], [10] and the subsynchronous oscillations
[11] are also periodic.

Therefore, researchers have proposed different damping
methods to suppress the SFR. First of all, when the dynamics of
grid impedance are considered, two conjugate poles occur in the
open-loop small-signal model of VSG. These two poles result
in a resonance peak and 180° phase lag around the synchronous
frequency (SF). The direct way to eliminate the SFR is by
tuning the two poles; the virtual resistor (VR) is often used
to add a negative real root for the poles [12]. Further, if the
virtual inductor is considered, the VR has evolved into the
virtual impedance (VI), and the general control structures for
voltage-source converters and current-source converters were
reviewed in [13]. One characteristic of VI is that the virtual
inductor may introduce the differential terms sL. Therefore, the
quasi-stationary inductor model jwL is often used to avoid the
differential operation [14], [15]. Some researchers have used
the virtual admittance (VA) model for VSG to get a smoother
reference [16], [17], [18], which transforms the voltage into the
current by multiplying the 1/(R+sL). This can be realized by an
integrator and feedback [19].

However, researchers revealed that the VR has negative effects
on the VSG’s and dynamic stability, as it increases the R/X ratio
[20]. When the grid voltage is dropped, the negative influence
on the transient stability is also reported [21]. Therefore, to
minimize the VR, the adaptive VR method and adaptive damping
coefficient method are proposed to find the balance between the
SFR elimination and transient performance [22]. A transient
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VR method is also proposed to enhance the transient stability
in this dynamic state [23]. Considering the overall effect of VR,
extra auxiliary branches, based on the feedforward decoupling or
the extended state observer, are proposed to eliminate the SFR
and broaden the control bandwidth [24], [25]. Furthermore, a
geometrical approach method is proposed to show the stability
boundary intuitively and achieve robust synchronization stabil-
ity [26].

Besides, an advanced disturbance observer-based VI (DOB-
VI) method is proposed by the researchers [27]. The DOB-VI
strategy is achieved by utilizing a complete impedance model
without the approximation, leading to an accurate emulation of
VL. It improves the VSG’s stability by rejecting the unmodeled
disturbances. However, the VR-based stability against the SFR
and the transient SFR are and need to be studied [28], [29], [30],
where the transient SFR is the decreasing SFR caused by the
voltage sag, and is overlaid on the VSG’s convergence path.

In review of the above SFR challenges, VR-based methods
can mitigate the SFR amplitude by tuning the poles at the
pole frequency (dc component). However, it deteriorated the
dynamic-state performance by increasing the R/X ratio at the SF
component. From the perspective of solving the above conflict,
the VA-based state observer (VABOB) is studied. The VABOB is
designed to represent O VR at the SF component and the extra VR
at the dc component. Thus, the VABOB can eliminate the SFR
by the extra VR at the dc component, and increase the dynamic
performance by decreasing the R/X ratio at the SF component.
In conclusion, the main points of the article are listed as follows.

1) A virtual admittance-based state observer is proposed,
which effectively suppresses the SFR and enhances the
dynamic-state synchronization performance.

2) The stability of the VABOB against the grid frequency
drop and voltage sag is analyzed, and its improvements to
the VSG are proved through the P/w model and the phase
portrait.

3) Furthermore, the observer parameter selection principle
is proposed, toward improving the SFR suppression effect
and dynamic performance.

The structure of this article is organized as follows: Section II
introduces the VA-based VSG and the small-signal model. The
VABORB is proposed in Section III. The corresponding steady-
state and dynamic-state errors are also discussed in this section.
In Section IV, the active power control loop (APCL) stability is
studied through the P/w model, and represented by the R/X ratio.
The transient SFR is derived through the time-domain solutions.
The phase portrait verifies the VABOB against the transient SFR.
The simulations and comparative experimental studies are listed
in Section V, which verifies the effectiveness of the VABOB in
eliminating SFR and improving the dynamic-state performance.
Finally, Section VI summarizes the work of the article.

II. SMALL-SIGNAL MODELING AND DAMPING METHOD

In this section, the conventional VA-based VSG is described,
and the small-signal model is established. Furthermore, the
steady-state SFR is also derived and found to be caused by the
lack of damping at the pole frequency.
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Fig. 1.

Block diagram of the VSG control system.

A. Conventional Virtual Admittance-Based VSG

The VSG control system is shown in Fig. 1, where u 4. is
the dc-link voltage, and e is the grid voltage. The R ; and L ¢
are the grid resistance and grid inductance. The L ¢ and C ¢ are
the filter inductance and filter capacitance. u ,, is the capacitor
voltage (PCC voltage), i ¢and i , are the inverter’s output and
grid currents, respectively. L ,, and R , are the virtual inductance
and resistance values. The subscript «, 5 means the projection
on the corresponding axis.

The APCL and the reactive power control loop (RPCL) are
modeled as follows:

Bo Ly Do(wn—w) =J% W
0= [wdt

where J and D |, are the rotational inertia and damping coef-
ficient, respectively; w, and w are the rated and real angular
speed of VSG, respectively; P s and P . are the mechanical
and electromagnetic power, respectively

dEy,

Qset - Qe + Dq(un - uo) = KT

where K and D  are the integrator gain and voltage-drooping
coefficient; the u , and u ,, are the rated voltage and real voltage
at PCC, respectively, and E , is the grid voltage amplitude.
Now that the amplitude E ., and the phase 6 are known, the
reference voltage for the inner control loop can be generated:

2

Upg = B [cos (0), cos (9 - g)]T (3)

For the VA-based method, the reference current is further
deduced as follows:

" uj;ﬁ - uoaﬁ
= 4
‘ap (sLy + Ry) @

B. Small-Signal Model

To study the stability of the VSG system, the small-signal
model is shown in Fig. 2 first. It contains two parts, the VSG part
and the power part. In the VSG part, APCL and RPCL transfer
functions are Gp (s) and G (s), respectively. The power part
transfer functions are K (s) = [ K 1(s), K 2(s), K 3(s), K
4()]"
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Fig. 2. Small-signal transfer diagram of VSG.
Uuszs _dap EZ0
R,tsL, RytsLg
: : PCC : :
Fig. 3. Steady-state VSG model.

The VSG part is intuitively shown in Fig. 2. The AP and AQ
are the functions of AU and AJ, which are denoted as K (s).
To figure out the transfer functions K (s), the VSG and grid are
linearized at the working points U 29 and E 20, respectively, as
shown in Fig. 3. i .3 is the current from the VSG to the grid.

First, the active and reactive power of the VSG is defined as

follows:
P 7% Uo  UB | |fa
[Q] 2 [“5 —“J LB} ' ©)

The small deviations and the steady-state working points are
prefixed by A and denoted by subscript “0,” respectively

P=PFP +AP
Q=0Q+AQ
Ua=Uao + Aty
ug=ugo + Aug
Ta=ta0 + Aig
ig=igo + Aig. (6)
Thus, (5) can be expressed as follows:

Py+AP | 3 |uqot+Aug ugo+Aug T+ Al
ulgo—i-AuB —(uao—i-Aua) Z'ﬁo—l—A’ig '
(7

Due to the active power P ( and the reactive power Q
[following the steady-state power (5)], and the second-order
small deviations (A u Ai o Au gAi g, Au Ai
g.and Au gAi ,)areignored, (7) can be further deduced as
follows:

Qo+AQ | 2

AP . . 4T
[AQ } = M,z (t) [Aua Aug  Aio  Aig ]
3| da0 P80 Uao  URo
Mg (t) = = . . . 8
ﬂ( ) 2 [—Zﬁo a0 UBD —UaO ®)
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In the stationary coordinate system, the steady-state matrix M
«p(t) can be deduced by solving the following equation:

o] = va[foeentoo )

(Ua0 — €a0) + J (ugo — €po)
R+jX ’

la0 1+ Jigo = 9)

Another partis small-signal deviations, the Au s is deduced
by linearizing the steady-state working point

Au, :| |:86u§a 371ch:| Ad
= |8, 85| =Has (1)
[Auﬁ a5 v AU
= [~Upsin (6o +6) cos (6o + 6)
Hop (1) = { Uocos (69 +0)  sin (6o +0)| 1o

The relationship between the Ai . and A u g is as follows:

Aig | A,
[Aiﬁ] = Nas (5) {AWB]
I .

where R = R (+R 4, L = L (+L &, and [ is the 2x2 unit matrix.
According to the expression of N 5(s), the pole is s = -R+j0.
When R is small, the current A i . has a large gain on the
dc component. Due to the voltage being a synchronous sine
wave, synchronous power oscillation occurs. As the oscillation
is caused by the low value of R &, the R  is useful for suppression.
The K z(s) is deduced by substituting (9)—(11) into (8):

I

Kos ()= Mo (1) | 1 | Hos 0. (2)

As the main power response is at the SF, the separate K ,5(s)
can be deduced by substituting s = jw, into N ,5(s):

Ky (s) = %ﬁ (RUyEsindg + XUy FEcosdy)

Ky (s) = gﬁ (R (2Up — Ecosdy) + X Esindy)
Ks(s) = gﬁ (XUyEsindyg — RUyEcosdy)

Ky (s)= gﬁ (X (2Uy — Ecosdy) — REsindy) .

13)

III. VABOB DESIGN AND ANALYSIS

The VABOB is designed in this section. First, the state
equation and the output equation are designed based on the
assumption that s = jw,. Then, the state observer is deduced
based on the equations. Furthermore, the convergence of the
state observer is proved. Then, the steady-state performance at
the dc and the SF, the stability against grid voltage and frequency
deviation are analyzed.
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A. Virtual Admittance Design

At the SF, the differential operator s is equal to jw,,, thus, the
VA method is designed as follows:
SLVZ§0¢[3 = jwnLvi?aﬂ

SUgag=JWnloaa- (14)

Therefore, the state equation is deduced according to (14)

% = Ax (15)
where
-[&
Uoap
A= Pgn jg } . (16)

Feedback is needed to correct the errors in the state equation
caused by the disturbance. According to (14), it is also assumed
that the s = jw,. And R  is reduced to 0 to ensure the dynamic
response performance:

*

Uaﬁ

a7

Therefore, the output equation is derived according to (17):

] = {jw“LV 1] z = Cux.

— Uppg = jwnva”f‘aﬂ.

0 1 (18)

B. State Observer Design

Inspired by studies [31] and [32], to achieve an accurate
estimation at SF, the state observer is designed based on the
state (15) and output (18):

dé
& _ Az + Ly - Ca)
dt
where superscript ~ denotes the observed value, and L is the
feedback gain matrix.
Subtracting (19) from (15), the observer error is as follows:

dAx
dt

19)

— (A— LO) Az

Ar =2 — .

(20)

The eigenvalues of (20) must be less than zero to make the
observer converge; one of the solutions is as follows:

L= (A+kI)C! (1)

where k is the only parameter that should be designed.
Therefore, we obtain A  =A — LC =—k I.Theeigenvalue
is as follows:

A= —k. (22)

When k >0, the observer converges.

The corresponding implementation is shown in Fig. 4. The
state observer needs the output voltage u ., and the reference
voltage u * g to estimate the state variables. As the VA method
is integrated in the observer, after the estimation, the state
variablesti,, 3 and %;a 5 can be used for the current controller
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Fig. 4. Implementation of the VABOB.

directly. Moreover, the 1,4 can be used for power and voltage
calculation to prefilter the inputs.

C. Steady-State Error Analysis

To analyze the steady-state error of the VABOB, the transfer
function is studied first. Substituting (21) into (19), the function
between real x and observed & is derived first

T = GOB (S)I

_ ]wll+k

Gos (5) s+k

(23)

This is, the observer is a low-pass filter (LPF), and the param-
eter k is the cut-off frequency. Therefore, the VABOB can filter
the high-order harmonics with lower &, thus, the maximum & is
limited to 1/10 of the control frequency f 5.

Next, the system’s admittance under the VABOB will be
discussed. First, expand the first row of (23), and due to the
x=0C" y , the observed current equals to

Yag ~ Uoap
JwnLy
It indicates that the impedance from the VSG to the PCC is

Jwn R . The impedance from the PCC to the grid, being R , +
sL g, therefore, (24) equals

itap = Gos (s) (24)

1

= eag). (25
Ry + 5Ly + jonLy) (tos = cas) - 29)

fz;aﬂ = GOB (S) (

A simpler understanding is that the impedance is scaled by
the G op(s):

(Rg + sLg + jwnLy)
GOB (S)

where Z’ is the impedance under the VABOB.
If s = jO is substituted into (26), the dc resistor R 4. can be
expressed as follows:

A (26)

kR, +wiL,
k2 + w?

kL, R,

Rage =k 27)

where the subscript dc means the dc component.

The R 4. provided by the VABOB contains the real part and
the imaginary part. This can be explained in Fig. 5, as the dc
voltage also contains the real part and the imaginary part, the
current response is with a phase shift and an amplitude.
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| Ry +oR L,
dc 2 +a)%

KLy —Rg
. k2+a)r2l

"
U opdc-Cofdc

Ifopdc=(U opdc-Copdc)/Rac

-
(4
Fig. 5. Effect of the Rqc.
25 Rad
k=1000,
IRa=2.240
1.5
1 R
1
0.5 ... k=68,
0 R4 =0.5Q
0 200 400 600 800 1000
Fig. 6. Relationship between |R4c| and k.

Fig. 7.

Equivalent circuit under the VABOB. (a) At DC. (b) At the SE.

As described in the small-signal model before, the SFR is an
underdamped dc component multiplied by the synchronous volt-
age. Therefore, it is more dominated by the amplitude response.
To get the amplitude response, take the modulus of R 4. in (27),
the Fig. 6 is obtained. The & is increased from O to 1000. When k
is 68, the |R 4| is equal to the selected R , = 0.5 §2. Then, when
k is 314 and 1000, the |R 4. is 1.66 and 2.24 , respectively.
Thus, the VABOB can damp the SFR.

If the s = jw, is substituted in (26), the observer’s estimation
for the SF component is:

i'(s :jwn) = SL’(S = jwn)
Gop (s = jwn) = 1. (28)

Concluding the above impedance discussion of dc and the SF
component, the equivalent circuit of the VSG under the VABOB
is shown in Fig. 7. At the dc component, only the dc resistor R
de 1s valid, and the R 4. is decided by (27), as shown in Fig. 7(a).
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k=1000

0 0.1 0.2 0.3 0.4
Time (s)

Fig. 8. VABOB’s response after a grid voltage sag.
In Fig. 7(b), at the SF component, the VABOB only provides
the virtual inductance, without an extra VR.

D. Dynamic-State Error Analysis

The previous analysis is based on the steady-state ideal grid
situations, and the dc and the SF components are analyzed. In the
next analysis, the dynamic-state nonideal grid situations, such
as the voltage sag and frequency deviation, are analyzed.

Solving (20), the VABOB’s time-domain solution is as fol-
lows:

Az=e " Az (0) (29)

where A x (0) is the initial disturbance.

When the grid voltage is decreased by 0.1 p.u., the VABOB’s
response is shown in Fig. 8. The initial error is 11 V;,s. When k
is 15, the convergence time is 0.33 s, time can be further reduced
to 0.015 and 0.005 s with k = 314 and k = 1000, respectively.
The convergence can refer to the 57 principles of the exponential
decay function. When the response time is longer than 5/k, the
error is smaller than 0.67% . This can also be explained as, if
we increase k, the time constant 1/k is decreased. Therefore, the
higher k is better for increasing the response speed.

If the grid frequency changes, the observer may have an ob-
servation error due to the assumption of s = jw,,. If it substitutes
s = jw in (26), then take the real part and the imaginary part as
R and L’:

R, (k2 + wwn) + k (Lgw + Lywy) (wn — w)

R =
k? + w2

kRg (w — wn) + (Lgw + Lywy) (k2 + wwn)

L =
k? + w?

(30)

The derivatives of k are as follows:

dr’ (n — ) 2Rgkwy 4 (Lgw + Lywy) (w2 — k?)
ar = (k2 + <)
dr’ — (wy — ) 2kwy (Lgw + Lywy) — Ry (w2 — k?)
dk ! (k2 + w2)? '

(3D

The derivatives show the change rate of R” and L’, which can
contribute to the selection of k. The discussion takes the w,, > w
as an example. The denominator is k 4_and the numerator is k 2;
therefore, a higher k can reduce the error. However, the special
point is k = wy,, when k is equal to w,,, wy, >~k 2 = 0. When k is
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Fig. 9. VABOB’s frequency response.
1/Y,
/Y, AP, .
+ — +
AP set L:'J
1 1/Y,
S ]|
Y,
- —_—

Fig. 10. P/w admittance model of the VSG.

smaller than wy,, the dominant value may be the Rz, L ;, or L ..
When £ is larger than w,,, the dominant value is k. Considering
the extreme value of k 2/k 4 is O when k is infinite, k is better
larger than wy,.

Fig. 9 shows the frequency response results. The AR = R’—R
and AL = L’-L are defined to depict the error. The AR shows that
k = 314 gets a higher error than k = 15 or k = 1000. However,
this value is small (as compared to the X = wL’), and thus can be
neglected. The AL is also small (+ 0.02L while Awy, is between
+ 1 Hz, k = 15). The AL can even be limited to + 0.0018L when
k is 1000. Thus, the error caused by the frequency deviation is
ignored in the next discussions about the R/X ratio.

IV. VSG’S STABILITY ANALYSIS

In this section, the APCL’s stability, including against the
grid frequency deviation, is studied through the P/w model.
The transient SFR is derived and suppressed by the VABOB.
Furthermore, the stability against the transient SFR when the
grid voltage is sagged is verified through the phase portrait.

A. APCL Analysis Considering the Coupling

To test the influences of the VSG’s stability, the open-loop
gain Gpoy, (s) of APCL, considering the power-coupling, is as
follows:

_ Kg (S) Kg (S

Gror(s) =Gp(s) | K1 (s) 14+ Ky (s) LC;

qQ (s) s
& )
(32)
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Ue’® —»i E

(a) The VR-based model

Ue’® L s E
Zv:]wnLv Zg:Rg+Lg

(b) The VABOB-based model

Fig. 11.  VSG models used in the transient analysis. (a) VR-based model.
(b) VABOB-based model.

However, this transfer function is abstract and not so easy to
understand. Therefore, a P/w admittance model shown in Fig. 10
is introduced to help illustrate the VSG’s model [33].

The admittances of Y ,, Y'1,, and Y . are as follows:

Y, = Juns + Dy
Ki (s)

v = =12
S

_ K5 (s)K3(s) G (s)
¢ s[1+ K4 (s)Go (9)]
K2 (S) Kg (S) K
w?K? + (Dy + K4 (s))2

(Dg + Ky (s)) K2 (s) K3 (s)
W3K? + w(Dg + K4 (s))*
(33)

In (33), the K 5(s) > 0, but if g < arctan (R/X), then the K
3(s) < 0, therefore, Y . will contain the negative real part, and
the negative conductance is introduced [34]. In the steady state,
the VABOB does not contain the extra resistor; thus, it does not
introduce extra negative torque. On the contrary, VABOB can
alleviate the negative torque caused by the high R/X:

R - R

w(Ly + Lg)
When the grid frequency is changed, the impedance under the
VABOB can be treated as equal to the real impedance. Therefore,

the VABOB can enhance the APCL stability, as inductive virtual
impedance reduces the R/X ratio.

i (34)

B. Transient SFR Analysis

The VSG models used in the transient SFR and stability
analysis are shown in Fig. 11. One more intermediate variable
Upee € dpee js used to calculate the VSG’s output power.

When the VR-based method is applied, the circuit obeys

Z,Ue?® + Z,E

U e jopce _
pec® Zy+ 7,
Uj6_U jopcc Uj&_E
;= e chce _ Ze — (35)
v v g

Atthe 04 moment of grid voltage sag, the VSG remains stable.
Thus, to keep the voltage deviation AE, the fault current A i (0,.)
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TABLE I TABLE III
SELECTION OF k COMPARISON SETTINGS
Constraint Requirement for k No. Method Impedance Deviations
Overall Constraint Maximum 1/10 £ () R,=05Q Py 0->1 p.u.

Grid Voltage Sag (Section III) Higher £ is better (b) DOB-VI L,=75mH  Aw,=-0.1Hz
Frequency Deviation (Section I1I) Higher k& than o (c) |Z,|=241Q  AE=-0.1p.u.
Steady-State SFR (Section III) Higher £ is better (d) R,=0.0Q Py 0->1 p.u.

Transient SFR (Section IV) Higher £ is better (e) VABOB L,=7.5mH Aw,=-0.1 Hz
Final k k=1/10f = 1000 6] |Z)=236Q AE=-0.1pu.
(@ R,=2240Q Pyt 0->1 p.u.
TABLE II (h) DOB-VI L,=7.5mH Aw, =-0.1 Hz
EXPERIMENTAL PARAMETERS Q) 1Z]=325Q  AE=-0.1pu.
0 R,=0.0Q Py 0->1 p.u.
Parameters Value Parameters Value ) VABOB L,=104 mH Aw,=-0.1 Hz
Apparent power Sy 2 kVA Rotational inertia J 0.057 o 1Z]=3250 AE =-0.1p.u.
Active power Py 1p.u. Integrator gain K 7.1
Filter inductance L 2.5mH Damping ratio D, 5
Filter capacitance C, 2.2 uF O-V coefficient D 64.2 . . .
Grid inductance L, | mH Grid voltage E,, 1556 V Then, .acc:forfhng to Fig. 11(b), the 1mpe<'1ance'from the VSG
Grid resistance R, 0.05 Q Sampling Period 1/£; 100 us to the grid is jwy, L +Z ; thus, the relationship between the
observed current and the AE(s) is as follows:
should increase Ai(04) = AE (s)
jwn Ly +2Z,
UZ6(04)=UZL5(0-) JWnly+Zg
1 1
E(04)=FE(0_-)—-AF AE (s) = — — - AE. (40)
( ) ( ) S — JWn 5+k_.]wn
2(01) =1 (0_ Az (0 36 . . ..
(04) =4 (0-) + Ai(04) (36) The time-domain solution is as follows:
where the (0) and (0.) mean the corresponding values before A, (0.) Re . L
. . 7+_D Jwnt D —kt jjwnt D+ DokL —7ot _Jwnfet
and after and grid voltage sag moment. AE and A i (0;) mean N +Dqe Te 1aklge "= € &
the grid voltage sag value and the transient fault current. 1
The formulas above imply that the transient behavior can be Dj=—"
divided into two parts: the steady-state current part i (0.) and Rg + junL
the transient fault current part A i (04.). By substituting (36) into D 1 @1
2

(35), these currents can be obtained as follows:

_Ue’(0-) - E(0)

i(0-) Zy+ 2,
v g
. L [AEeiwnt
Ai (04) = W G

where L is the Laplace transformation.
Thisis, Ai (0, )is excited by the grid voltage sag vector AE¢/
wit The time-domain solution for it is as follows:

. AE .
Ai(04) = R+ jonl (€7 —e7t)

R
H=T (38)

It contains the steady-state and the transient components. The
transient component is a decreasing dc function, and therefore,
the transient SFR occurs. Besides, the convergence time of the
transient SFR is decided by the p = R/L, a higher R or lower L
can reduce this time.

To solve the conflict, the convergence equation under the
VABOB is derived. First, when the grid voltage sag occurs,
the VABOB should track this value. Based on the time-domain
convergence (29), the frequency-domain equation for the AEe
J wnt g as follows:

AE (s) =L [ABe/! (1 — e )] (39)

" kLg — Ry — jwn L’

It shows that the VABOB does not contain the dc function
component. Instead, it includes a steady-state and two transient
components. Thus, the transient SFR is suppressed.

The influence of the two transient components is studied. It
has two different convergence time constants and frequencies.
The second item indicates a fixed frequency component at wy,,
and the time constant is 1/k. Thus, it requires a higher k& for faster
convergence time. The third item indicates a variable frequency
component at wy*L /L , and the time constant 7 is L ¢/R 4.
Although the 7 is uncontrollable, the frequency is controllable.
The frequency components of power caused by the third item
are (1-L /L z)w, and (1+L (/L ¢)w,. As the Gp (s) and the
G (s) are LPFs, the L /L 4 is better larger than 3 to ensure the
lowest power component is larger than the 2 w,,, thus they are
filtered [6].

C. Transient Stability Analysis

After the fault current transient behavior, the APCL and the
RPCL start to regulate the deviation of P , and Q ., respectively.
The VSG’s state space equation can be defined as follows:

§ Aw
Ag | =|  fa - e SeAw @
U Qset - Qe + Dq (Un - UpCC)
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Fig. 12.  Phase portrait of VSG under grid voltage sag. (a) Ly = 1 mH.
(b) Lg = 7.5 mH.

The P . and Q . are the real part and the imaginary part of
the PCC power U pcc £ pee* i, while the PCC voltage is as
follows:

Upee€?® (04) =i (04) Zg + E(04). (43)

The initial conditions are set to dg, 0, and U g, respectively.
Thus, the phase portraits in Fig. 12 can be drawn. When no
VABOB is used, there is a decreasing periodic disturbance on
the power angle, verifying the transient component of (38).
When the VABOB is used, the transient SFR modal is removed,
corresponding to the no dc function in solution (41). When L , is
increased from 1 to 7.5 mH, there is a small periodic disturbance
laid on the power angle convergence path, verifying that the low
ratio of L /L ; may cause the third item not to be fully filtered
by the Gp (s) and the G (s).

D. Selection of k

The selection of k is summarized in Table I. First of all,
considering the harmonic filtering effect, the maximum &k is
limited to not more than 1/10 f 5. Then, to improve the VSG’s
performance against the steady-state SFR, transient SFR, and
the grid voltage sag, a higher k is better. The special one is the
grid frequency deviation; the VABOB requires a larger k than
wy,. Therefore, k is selected as 1/10 f'5 = 1000.

V. SIMULATION AND EXPERIMENT VERIFICATION

Simulation and experimental studies are carried out to validate
the effectiveness of the proposed method. The setup is shown
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Fig. 13. Experiment setup.
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Fig. 14.  Steady-state SFR phenomenon verification.
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Fig. 15. Transient SFR phenomenon verification.

in Fig. 13, the controller is RTU-BOX 205 with core proces-
sor TMS320C28346. The VSG algorithm is calculated in the
processor and outputs the power from the inverter to the grid.
The inverter and the filter are RTI-INV8040IR and RTF-LC25,
respectively. This powers the ability at 40Arms output current,
560Vrms ac voltage, and 800 V dc voltage. The ac grid is
achieved by the inductor series with the grid simulator Chroma
61815, which supports a maximum 15 kVA operation. Thus,
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Fig. 16.  Steady-state SFR suppression of the VABOB.
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Fig. 17. VABOB’s performance under grid voltage sag. (a) k = 1000.
(b) k =314.

the short-circuit ratio of the experiments is 15/2 = 7.5. The
oscilloscope is a Tektronix MSO 46.

The simulation parameters are the same as the experimental
ones shown in Table II. The arrangement of the simulation and
experiment is as follows.

1) In Section V-A, based on the simulation, the existence of
steady-state and the transient SFR are verified, and the
steady-state SFR is suppressed based on the VABOB.

2) In Section V-B, the dynamic performance of VABOB is
verified through both simulations and experiments, includ-
ing the grid frequency deviation, grid voltage sag, and
different k.

3) In Section V-C, comparative experiments between the
DOB-VI and the VABOB, including the P 4 change,
the grid frequency drop, and the grid voltage sag, are
conducted.
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Fig. 18.  VABOB’s performance under a grid frequency drop. (a) k = 1000.
(b) k =314.
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Fig. 19. Dynamic-state response when the grid frequency is dropped by 1 Hz.
(a) VR-based method with Ry, is 0.5 Q. (b) VABOB method with £ = 1000.

A. SFR and Suppression Strategy Validation

To verify the existence of the steady-state, transient SFR, and
the effectiveness of the VABOB, simulations are conducted in
this section.

First, the steady-state SFR phenomenon is verified, and a VR
switch simulation result is shown in Fig. 14. When R ,, is 0.5 €2,
the system can stay stable, because the system’s resistance is
compensated by the R .. However, after the R , is reduced from
0.5 to 0 £, the 1/p is reduced to L/R = 0.0085/0.05 = 0.17 s,
which is larger than the 7 of the RPCL: K/D ( = 7.1/64.2 =
0.11 s. Thus, the power starts to oscillate around 50 Hz. The
THD analysis also shows that the dc component is increased
from almost 0 to 64.7% when R ., is reduced to 0 2.
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Fig.20. The dynamic-state performance verification. (a), (b), and (c): DOB-VI method with R, = 0.5 €2, under the Pset from 0 to 1 p.u., the grid frequency drop
of 0.1 Hz, and the grid voltage sag of 0.1 p.u., respectively. (d), (), and (f): VABOB method with L,, = 7.5 mH, under the Pset from O to 1 p.u., the grid frequency
drop of 0.1 Hz, and the grid voltage sag of 0.1 p.u., respectively. (g), (h), and (i): DOB-VI method with R, = 2.24 2, under the Pset from O to 1 p.u., the grid
frequency drop of 0.1 Hz, and the grid voltage sag of 0.1 p.u., respectively. (j), (k), and (1): VABOB method with L,, = 10.4 mH, under the Pset from O to 1 p.u.,
the grid frequency drop of 0.1 Hz, and the grid voltage sag of 0.1 p.u., respectively.

Then, to verify the transient SFR, the R , is increased to 0.1 {2 grid voltage sag shows a 10.3% percentage at the dc component,
to ensure the steady-state SFR is suppressed, and R  is set to  which also verifies the transient SFR.
0 Q. It is noteworthy that these values of R are idealized only for To verify the steady-state SFR suppression effect of the
the transient SFR verification. The results are shown in Fig. 15.  VABOB, the R , is set back to 0.05 €2. The VSG’s output
When the grid voltage is sagged by 0.1 p.u., the transient SFR  current i g, the output voltage u .3, and the corre-
occurs. The results also corresponded to the (38) and Fig. 12. sponding THD analysis are shown in Fig. 16. Although the R
The 1/pis L/R = 0.0085/0.1 = 0.085 s, now it is smaller thanthe . is set to 0, the THD analysis shows that the dc percentage
7 value of the RPCL,; thus, the convergence time of the transient  is low. Therefore, the steady-state SFR is suppressed by the
component is 5x0.085 = 0.425 s. The THD analysis after the VABOB.
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B. VABOB Verification

To further verify the effectiveness of the VABOB, the
experiments are conducted, including the grid frequency drop,
the grid voltage sag, and with different k. The grid voltage drop
experiment is to study the influence of & on the convergence of
the VABOB. And the grid frequency deviation experiment is to
study the observation error under the w, # wy,.

In Fig. 17, when the grid voltage is sagged by 0.1 p.u., it can
be seen that the observed voltage has an error at 0 time, as
compared to the real PCC voltage. However, the error can be
converged to 0, and the time constant is 1/k according to (29).
When k£ = 1000 in Fig. 17(a), its convergence is faster than that
when k 314 in Fig. 17(b). Thus, for the faster convergence time
under the grid voltage sag, a higher k is reasonable.

Then, the grid frequency is set to 49 Hz. The results are shown
in Fig. 18(a), when k = 1000, the observation error is —0.5734
to 0.2539 V; in comparison, the VABOB has a larger observer
error at —0.6328 to 0.2961 V when k = 314 in Fig. 18(b). Thus,
a larger k can reduce the observer error under the grid frequency
deviation situation. The error can be explained by the extra small
resistor and inductance, as shown in Fig. 9.

The simulation results in Fig. 19 also verify that the extra R/X
ratio caused by the VABOB is small. When the grid frequency
is dropped by 1 Hz, the VSG should increase the active power
by 5 p.u.; thus, the final target is 6 p.u. However, the VR-based
method shows power overshoot in Fig. 19(a), corresponding to
the higher R/X. As a comparison, the VABOB does not have the
active power overshoot in Fig. 19(b); thus, the stability against
the grid frequency deviation is verified. Further experimental
validation of the influence of the grid frequency drop is shown
in the next subsection.

C. Dynamic-State Performance

In the dynamic-state performance experiments, the P g¢ from
0to 1 p.u., the grid frequency drop of 0.1 Hz, and the grid voltage
sag of 0.1 p.u. are conducted. The methods are the VABOB
and the DOB-VI [27], with the same bandwidth k (or w. of the
DOB-VI) at 1/10f s = 1000.

The comparison settings are shown in Table III. The DOB-VI
method with 0.5 and 2.44 Q R ., is conducted, where 0.5 Q R .,
is to ensure that the steady-state SFR is damped, and 2.44 QR ,,
is to further damp the transient SFR. The L , of the VABOB is
7.5 and 10.4 mH, for keeping the same |Z .| with the DOB-VI
method.

The results are shown in Fig. 20. When the R  is 0.5 €,
the R/X = 0.19; thus, when the P . is increased or the grid
frequency is dropped, the LFO does not appear, as shown in
Fig. 20(a) and (b). However, the R ,, reduces the positive torque;
therefore, the Q . response is deteriorated due to the power
coupling from the APCL. The VABOB'’s corresponding Q .
response comparison is shown in Fig. 20(d) and (e). Besides,
in Fig. 20(c), when the grid voltage is sagged, it can be seen
that the periodic power oscillation and the P . overshoot at 0.59
p-u., before and after the grid voltage sag, respectively. As a
comparison, the VABOB does not contain the steady-state or
the transient SFR in Fig. 20(f).
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Then, the R ,, of the DOB-V1is increased to 2.24 2; this value
corresponds to the |R 4| of the VABOB, as analyzed in Fig. 6.
Then, the L ,, of the VABOB is increased to 10.4 mH to ensure
the consistency of |Z | with DOB-VI. When the R ,, is increased,
although the steady-state and the transient SFR are well damped
in Fig. 20(i). The high negative torque is introduced; thus, the
LFO appears in both Fig. 20(g) and (h), with a |Q .| overshoot
larger than 0.5 p.u. As a comparison, the VABOB can still
keep the APCL’s stability in Fig. 20(j) and (k). What’s more,
when the VABOB is used, the P . spike in a short term (about
5 ms = 5/k) from Fig. 20(f) and (1) also verifies the transient
item of (41).

VI. CONCLUSION

The small-signal model and the transient analysis of the
VSG show that the VR is useful for steady-state and transient
SFR suppression. But the VR at the SF decreases the VSG’s
dynamic stability, as shown through the P/w model and the
VSG’s phase portrait. The VABOB has been designed for en-
hanced dynamic response performance. It represents the high
resistance for the steady-state and transient SFR, and no extra
VR at the SF. Moreover, the VABOB'’s performance with grid
voltage and frequency deviations is analyzed, which shows the
fast convergence speed under voltage deviation and negligible
error under frequency deviation situations. To verify the validity
of the VABOB, both simulation and experimental studies are
conducted. The results show that the VABOB can eliminate the
SFR and reduce the maximum by 0.39 p.u. power overshoot
when the grid voltage is sagged by 0.1 p.u., as compared to
the VR-based method with R/X = 0.19. By 0.55 p.u. reactive
power overshoot reduction when power given is increased from
0 to 1 p.u., as compared to the VR-based method with R/X =
0.83. The result verifies that the VABOB can suppress the SFR
and enhance the dynamic response performance by decreasing
RIX.
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