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Transient Stability Analysis and Virtual Power
Compensation of a Virtual Synchronous Generator
Under Low-Voltage Fault

Bo Long
and José Rodriguez

Abstract—Virtual synchronous generators (VSGs) demonstrate
similar damping and inertia characteristics to traditional syn-
chronous generators, thereby enhancing their ability to support
grid voltage and frequency. However, VSGs face challenges related
to overcurrent and power angle instability during low-voltage
fault conditions. To enhance the low-voltage fault ride-through
capability of VSGs, this article introduces a virtual power com-
pensation (VPC) strategy combined with an enhanced current
limiting method. First, the transient stability of VSGs with current
limiting is analyzed to reveal its instability mechanism. Second, the
operational mechanism of the proposed VPC strategy in enhancing
transient stability is examined. By means of phase portraits, the
effect of transient stability improvement by the VPC is described.
Additionally, to facilitate the selection of control parameters, a de-
tailed quantitative analysis has been conducted. Finally, hardware-
in-the-loop experiments validate the effectiveness of the proposed
control scheme.

Index Terms—Low-voltage faults, transient stability, virtual
power compensation (VPC), virtual synchronous generator
(VSGs).

NOMENCLATURE

VSG Virtual synchronous generator.
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VPC Virtual power compensation.
HIL  Hardware-in-the-loop.

GFM  Grid-forming.

VPA  Virtual power angle.

PCC Point of common coupling.

1. INTRODUCTION

ENEWABLE energy offers the advantages of being clean,
low-carbon, and environmentally friendly. This has led to
the large-scale integration of renewable energy power generation
units into the power grid, gradually shaping a modern power
system characterized by synchronous generators and power elec-
tronic devices [1], [2], [3]. Grid-following converters, serving
as the primary power interface units, play a crucial role in
converting renewable energy-generated power into ac form for
injection into the grid. Despite their pivotal role, grid-following
converters lack the inherent inertia and damping characteristics
of traditional synchronous generators. This limitation results in
weaker support for frequency and voltage, posing significant
challenges to the stable operation of power systems. Virtual
synchronous generators (VSGs) have emerged as a solution
to this issue by providing virtual inertia and damping support
to the system by emulating the operational characteristics of
synchronous generators [4], [5], [6]. As a result, VSGs have
garnered significant interest among researchers in recent years.
However, the related technology of VSG is still in its infancy
and faces many stability problems. Among these, the large-
signal transient stability issues caused by grid voltage sags,
transmission line faults, and load fluctuations involve complex
nonlinear analysis and continue to present a challenge [7], [8],
[9]. Once a fault occurs, the active power reference and the
maximum output power of the VSG determine the existence
of the operating point. If the active power reference exceeds
the maximum output power, a stable operating point may not
exist, leading to system destabilization [10]. The overcurrent
capability of VSGs is much weaker than that of synchronous
generators. Therefore, the controller must establish a current
limiting mechanism, which results in a reduction of the max-
imum output power of the VSG. This, in turn, degrades the
transient stability and increases the risk of system destabilization
[11], [12], [13].
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Considering those issues, some studies examine the impact
of current limiting on the transient stability of grid-forming
(GFM) converters. For example, in [14], an equivalent circuit
model of a GFM converter with a loop current limiter was
developed, and its transient stability was analyzed. The results
indicated that the GFM converter can be simplified to a voltage
source with an equivalent resistor. However, stable operation still
requires ensuring that the active power reference does not exceed
the maximum output power. In [15], the effects of different
current limiting strategies on the transient stability of VSGs
were investigated. The results indicate that the current limiting
of VSGs significantly affects their power output during and after
faults. The current limiting strategy for g-axis current priority
provides a larger transient stability margin compared to the
current vector angle method and the d-axis current priority
method. However, no corresponding transient stability enhance-
ment strategy is proposed, nor are the effects of different current
limiting methods on fault recovery addressed. In [16], a transient
stability analysis of VSGs equipped with a g-axis priority current
limiter has been performed. The analysis indicates that, apart
from the instability caused by the positive feedback of the
primary controller, the VSG may also face instability following
a large disturbance due to the failure of the internal voltage
controller. However, again, no strategy is proposed to enhance
the transient stability under large disturbances.

When VSGs are unable to stabilize under large disturbances,
they are disconnected from the grid to prevent further deterio-
ration. However, with the increasing penetration of power elec-
tronics in modern grids, VSGs are needed to provide voltage and
frequency support to the grid [17]. Therefore, VSGs should have
a certain low-voltage fault ride-through capability. Generally,
there are three main approaches to enhancing the stability of
grid-connected converters under large disturbances, which are
as follows.

1) Switching the control structure to grid-following mode
during faults. The scheme of switching to grid-following
control during faults was proposed in [18], [19], and [20].
During faults, overcurrent suppression of the output cur-
rent can be achieved by directly limiting the output current.
However, this requires complex parameter selection and
online fault detection algorithms. Moreover, the switching
between the two operating modes will incur oscillations
that cannot be recovered after fault removal.

2) Limiting the converter current by using a virtual
impedance. This technique utilizes the virtual impedance
for the internal current and voltage references to limit the
current [21], [22], [23]. The current limitation heavily
depends on the fault location and the selected virtual
impedance, which is highly influenced by the degree of
voltage sag, so it is difficult to precisely limit the current
to the desired value. This limitation significantly hinders
its practical application.

3) Adjusting the power reference during faults. In [13] and
[24], enhancing the transient stability of the GFM con-
verter can be achieved by lowering the power reference
during faults. However, this approach results in a decrease
in active power transfer. It is unfavorable for frequency
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regulation and also may lead to system breakdown [7]. The
objective is to effectively, reliably, and optimally utilize
converter currents under any fault [11], [12].

To address the existing challenges in the transient stability
enhancement strategy for VSGs, such as the complexity of
switching to grid-following mode, the difficulty in accurately
limiting current with virtual impedance, and the decrease in
active power transfer when adjusting power references. This
article analyzes the transient stability of the VSG with cur-
rent limiting to uncover its destabilization mechanism. The
focus is on the dynamic characteristics of the virtual power
angle (VPA) during faults, which depict the synchronization
properties of VSG with the grid. Furthermore, a virtual power
compensation (VPC) strategy is introduced to enhance power
angle stability during low-voltage faults. When coupled with the
improved current-limiting control strategy, it enables postfault
recovery, thereby significantly enhancing the low-voltage fault
ride-through capability of the VSG. The proposed strategy is
straightforward to implement, as it does not require fault detec-
tion or online power reference adjustment, and it optimizes the
output capacity of the VSG during fault conditions. The main
contributions of this article are summarized as follows.

1) Starting from the dynamic response of VSGs encounter-
ing a large disturbance (e.g., voltage sag), the transient
behaviors of the VSG are qualitatively analyzed by using
the power angle characteristic curve and phase diagrams
theory. This analysis reveals the reason for transient insta-
bility in VSGs during voltage sag.

2) The proposed VPC strategy enhances the transient stabil-
ity of VSG by maintaining synchronization with the grid
during voltage sag periods, improving postfault recovery
through an improved current limiting method. This ap-
proach effectively addresses transient instability in VSGs
under large disturbances, enabling fault recovery without
the need for fault detection, online control switching, or
power reference adjustment.

The rest of this article is organized as follows. Section II
outlines the configuration of the VSG and its equivalent model.
Section III qualitatively examines the transient stability of the
VSG following grid voltage sag in two scenarios, validating
the findings through simulations. In Section IV, a qualitative
analysis of the operational principles of the VPC strategy is
conducted, and the influence of VPC parameters is explored. To
validate the effectiveness of the proposed method, hardware-
in-the-loop (HIL) comparative experiments are conducted in
Section V. Finally, Section VI concludes this article.

II. MODELING OF GRID-CONNECTED VSG
A. Configuration of VSG

Fig. 1 shows the power circuit topology of the VSG and its
control block diagram. The three-phase voltage source inverter
is connected to the three-phase ac grid through an LC filter
consisting of the inductor L and the capacitor Cy. Liine, Rline,
Tiaves Lape, Eave, and V, are the line inductor, line resistor,
inverter bridge output current, point of common coupling (PCC)
current, PCC voltage, and grid voltage, respectively. V. is the
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Fig. 1. Configuration of VSG. (a) General framework diagram. (b) Inner dual
loop.

dc-link voltage. Eg, and 14, are obtained by park transformation
for E,p, and I 5., respectively, to facilitate the subsequent power
calculation and generation of control laws.

The phase and voltage reference amplitudes of the VSG are
generated by the active and reactive power controllers, respec-
tively. The traditional mathematical expression of VSG can be
written as [25]

W*wn:ﬁ(Pset*Pe)
Eref - VO = ﬁ(Qset - Qe) (1)
0= (w—wn)

where Py, and Q) are the active and reactive power references,
and P, and (). are the instantaneous active and reactive power
output of the VSG, respectively, calculated as follows:

P, = 2 Eul;+ E,1
(- 1) o
2

Qe:

where J and D,, are the virtual inertia and damping coefficient
of the active power loop, respectively, and K, is the integral
coefficient of the reactive power loop. w,, and V}, are the rated
frequency and amplitude of the output voltage, respectively. w
and ¢ are the angular frequency and VPA of the active power
controller, respectively, and E;f; is the reference voltage gener-
ated by the reactive power controller.

To prevent overcurrent from damaging the electronics in the
VSG, a current limiting link needs to be added to the inner
loop [see Fig. 1(b)]. There are two commonly used current
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Fig.2. Equivalent model of a VSG. (a) Normal operation. (b) Current limiting
operation under fault.

limiting strategies in VSG control, i.e., current-referenced cur-
rent limiting and voltage-referenced current limiting with virtual
impedance [11], [21]. In this article, a current limiting method
that preserves the dynamics of the d- and g-axis currents is
adopted, which is specified as

A (ijf)2 +

re 2
(Z5")

(Iéef « 2;::715& Ihm) Ay > Lim

3)
(Igiefv I;Ef)Am < liim

(Itl;f(acha I(;eéfL) =

In (3), If" and I*" are the outputs of the voltage loop, and A,
is the amplitude of the output of the voltage loop. I}, represents
the maximum allowable current for output. The final output
and integral link of the voltage loop are both constrained, with
limiting values of (— lim, +11im). The reference current outputs
(IF%, and I}, ) after limiting are used to generate the final
voltage references (e and ef;’f) by the current loop.

It is worth noting that the current limiting strategy in (3)
is different from the traditional priority-based current limiting
strategy. It imposes an overall limit on the current based on
control requirements, rather than biasing toward the d-axis or
g-axis as traditional ways [11], [16], [26]. Thus, it preserves the
dynamic characteristics of current regulation to some extent.

B. Equivalent Model of VSG

Analogous to the power angle in traditional synchronous
generators, the phase angle difference between the VSG control
coordinate system and the grid coordinate system can be defined
as 0. If the phase angle of the VSG controller output is denoted
as fysc and the phase angle of the grid is 6, then ¢ satisfies

5 = Ovsg — 0. )

According to (4), the equivalent simplified model of VSG
connected to the infinite grid during normal operation is shown
in Fig. 2(a), where E/fysg represents the equivalent output of
the VSG. Its vector diagram is shown in Fig. 3(a). It should be
noted that in this article, the vector diagram is drawn with the
output voltage of VSG, i.e., the voltage at the PCC point, as
the reference. Accordingly, the active and reactive power output
from the VSG during normal operation can be derived as

P, = 3 Re(E2-EV, cos5)+EV Xs sind

2 Rs +X2 (5)
o 3 Xx(E?-EV,cos§)—EV,Rssiné
Qe = R2 X2
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(a)

Fig. 3. Vector diagram of VSG. (a) Normal operation. (b) Current limiting
operation under fault.

where RE = Rline and Xg = AXV]me .

When a low-voltage fault occurs, the external characteristics
are similar to those of a current source if the VSG output current
is limited. The equivalent circuit model is shown in Fig. 2(b),
where I Z£64,5 represents the equivalent output of the VSG.
The vector diagram of the VSG is illustrated in Fig. 3(b).

Vgsac denotes the amplitude of the grid voltage sag, 0ygg
denotes the phase angle of the converter output after current
limiting, and &’ denotes the VPA at which the current limiting is
reached. The expression of ¢’ is written as follows:

Further from Fig. 2(b) and considering that the high-voltage
power grid satisfies the inductance much larger than the resis-
tance, the line resistance can be approximated as 0. The active
power Py, of the converter output after current limiting can be
approximated as

3
Pecr = §IlingSAG cosd’. 7

It can be further shown that the maximum value of power
output Peyax 1S

3
§VgSAGIIim- @®)

P, and P.cp can be obtained by approximating and simpli-
fying (5) and (7) as

{Pe ~ 3 EVysind

Pevax =

s : ©)
3
Peor = 51imVgsag cos ¢’

Comparing the two equations in (9), it is observed that P, — ¢
curve exhibits an approximately sinusoidal relationship before
reaching the current limit. However, after the current limitation,
it becomes a cosine relationship. As a result, the power-angle
characteristic curve displays different behaviors.

III. TRANSIENT STABILITY ANALYSIS OF VSG CONSIDERING
CURRENT LIMITING

Based on (9), in this section, we will qualitatively analyze
the transient stability of the VSG after a voltage sag in the grid,
focusing on the dynamic behavior of the VPA to evaluate its
power angle stability. Considering the significant differences in
power—angle characteristics before and after current limiting,
they will be analyzed in two cases.
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Fig. 4. P.-0 curve of VSG.
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A. Voltage Sag With Ps; < 1513y, Vysac

According to (8), it is known that in this case, the reference
power Py is less than the maximal power output of the VSG.
The VSG is working in a noncurrent limiting state, and thus at
this time, the inverter is working with the normal mode, i.e., the
VSG control mode. Fig. 4(a) shows the operating characteristics
in this case.

Curve 1inFig.4(a)isthe P, — ¢ curve under normal operating
conditions and curve 2 in Fig. 4(a) is the P, — § curve after a sag
in the grid voltage. Initially, the system works stably at point a.
After grid voltage sags, the operating point immediately shifts
down to point b’ on curve 2 [see Fig. 4(a)]. Since Pyt > P,
according to (1), it can be seen that § will increase to point b
along curve 2 [see Fig. 4(a)], ensuring stable operation during
this period. If the grid voltage restores to the normal state, the
operating point will promptly transition from point b on curve
2 to point @’ on curve 1 [see Fig. 4(a)]. Because the output
power P, > Py at point o', § will decrease to the operating
point, where P, = P, , specifically point a. Hence, the system
is restored to its initial state after disturbance.

Therefore, the change in the operating point of the system
during voltage sag with Py < 1.5y Vysac situation is: a —
b —b—d —a.

Fig. 5(a) shows the simulation result when the grid voltage
level drops from 1.0 to 0.8 p.u., § of the VSG increases from a
to b. When the fault is cleared at any moment, it can go back
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Fig. 5. Simulation results of P, — 4. (a) Pt < 1.50imVgsag- (b) Pt >
1.55im Vgsaa-

to the initial operation working point a. Therefore, under the
condition of satisfying Fye; < 1.51}imVysag, the system not only
can autonomously recover after the fault but also operate in the
VSG mode, thus having the capability to emulate the operation
of synchronous generators.

B. Voltage Sag With Py > 1.51},,Vysac

According to (8), the maximum power output of VSG is less
than the power reference Py, during low-voltage faults, leading
to the absence of a stable VPA. In other words, the VSG is unable
to synchronize with the grid, resulting in system instability.

Curve 3 in Fig. 4(b) shows the P, — § curve of the system
current limit operation after the grid voltage sag, and curve 4
in Fig. 4(b) shows the P, — § curve of the system current limit
operation after the grid voltage recovery. The system begins
stable operation at point a [see Fig. 4(b)]. If a grid voltage sag
occurs at this moment, the system will transition from a to ¢’
[see Fig. 4(b)]. Since Py > P. at this time, according to (1),
it is evident that ¢’ will increase. At this time, there are the
following two situations.

1) The fault is cleared before ¢’ increases to critical clearing

angle ¢/, which can be calculated by
Py
S = arccos Wivg (10)

For example, when the system is running until ¢’ and the
fault is cleared, the system will quickly run from ¢’ to
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d’ [see Fig. 4(b)]. Because d’ meets Py < P, ¢’ will be
reduced until P,y = P, atpoint d, indicating that point d is
a stable operating point. It is worth noting that, during this
period, while the system may remain stable, the converter
operates in current limit mode and cannot emulate the
operation effect of a synchronous generator.

2) The fault is cleared after ' = 4., . For example, when
the system is running until ¢’ and the fault is cleared,
then Py; > P, still holds, and ¢’ will continue to increase
to the point where P. < 0 occurs. This situation will
result in power oscillations, along with the phenomenon
of absorbing power from the grid, exacerbating the degree
of grid faults. Therefore, this represents the most severe
transient instability.

Therefore, if the fault is cleared before §' = 0., then the

change in the operating point of the system during voltage sag

with Pyt > 1.51im Vgsag situationis: a — ¢ — ¢ — d' — d.

Fig. 5(b) shows the simulation results when the grid voltage
drops from 1.0 to 0.5 p.u., satisfying Py > 1.51jimVgsag. In
this case, the VPA will increase, as indicated by the black line.
As the system progresses toward ¢’ and the fault is cleared
before ¢’ = 0., ¢’ will begin to decrease until it reaches the
new steady-state operating point d. During this phase, the system
operates in current limit mode and cannot simulate the operating
characteristics of a synchronous generator. If in this case, the
fault is cleared at point ¢, i.e., after &' = 4/, , &' will continue
to increase, leading to the occurrence of power absorption from
the grid. Consequently, at this point, it can be assumed that the
system has become completely destabilized.

From the perspective of transient stability, if the maximal
active power output P.pax exceeds the reference Py in VSG
when transient voltage sag occurs, the system will not lose its
stability. If Poyax < Piet, the fault must be cleared in time when
no power compensation is processed, otherwise the system will
be unstable.

IV. TRANSIENT STABILITY IMPROVEMENT THROUGH VPA
A. Proposed VPC Strategy

After the previous analysis, it is evident that during large
disturbances, the reason for transient instability in VSG is its
maximum transmitted power P.yax following a low-voltage
fault falls below the power reference Py This discrepancy
results in the VSG lacking a stable power angle, thereby causing
transient instability due to the desynchronization between the
VSG and the grid. For this reason, this article proposes a VPC
strategy to enhance transient stability.

The basic idea of VPC is to introduce the g-axis current
component, i.e., I,, and its specific control block diagram is
shown in Fig. 6. In normal operation, I, is approximately 0 and
does not influence the power tracking capability of the active
loop. However, during fault periods, the I, feedback loop can
act as VPC to prevent VSG from desynchronizing with the grid
caused by the maximum output power P,yax being less than the
power reference Py after a fault. The transient stability analysis
of the VSG containing VPC is elaborated as follows.
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Fig. 7. Block diagram of a simplified VPC.

B. Qualitative Analysis After Introducing VPC

The active loop control equation of the VSG after the intro-
duction of VPC is given in the following equation:
K
o)
an
After further simplification and equivalence, we obtained
Fig. 7 and the following equation:

S0 = w — wy, (Pot — Pe) — 1 (Kp +

- Js+ D,

Ki
Pl =P.+1,(Js+ D,) <Kp+ s> . (12)

The active control equation with the introduction of VPC can
be obtained as

5 = L71(85) =L (Js—l—l.D (Pset - Pe,)> (13)
p

where L~! denotes the inverse Laplace transform, and P, is the
newly defined active output power in the synchronous control
containing VPC. From (12), it can be found that the introduction
of VPC can achieve VPC. The system can reach a steady state

but also needs to satisfy that P, and I, are constant and (.S and .5.
are 0. The expression for .(5. is given as follows:

1
_ P’
Js—i—Dp( 5 e)>

5 =L (s26) = L <

(14)

where sP. can be derived as follows:

sP, = sP., + s2IqJKp +sl,(JK; + D, Kp) + I,D, K;.
s)
The introduction of VPC enables the power angle to remain
stable following a voltage sag, with the converter continuing to
primarily transmit active power. This can be approximated as
follows:

{ Eq = Vysac cosd + IRy, — 1, X5 (16)

E, = —Vysagsind + IRy + [;Xs

Since the PCC voltage E is a reference, it can be approx-
imately considered that £/, = 0. Additionally, both the line
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Fig. 8. Qualitative analysis of VPC.

resistance Ry, and the g-axis current /,; are very small and I, Rx,
can be neglected, leading to the derivation of an approximate

value for I, as
5 Vgsag sind 2
Iy~ If, — | ——— | -
Xy

The following derivation is to prove that there is a steady-state
operating point of VPC after the occurrence of a low-voltage

A7)

fault. From (14), :S. = 0 is equivalent to sP., i.e., P, = 0. By
applying the inverse Laplace transform to (15), we can obtain

/
P, as

P = D,K;I,

3 o . (JK; + D,K,) (Visagsindcosd) e
—ifangSAG §sind— T PP ( g ¥z s
3 JK, V;SAGsinécosé .6.+JKP V,saG Sin & 2(.52

Iq X% Iq XZ

. 2
_JKp (%SAGCOSd)Q‘Q JKp Vg2SAGSHl5C085 (052_0
I, Xy I3 X2 '

(18)

From (18), we can get that I, = 0 is the necessary condition
to be satisfied when the system reaches the steady state. That
is, if no fault occurs that causes the current limiting link to be
put into operation, and the system is able to operate stably, then
the introduction of VPC will not change the operating point.
Since I, = 01is the steady-state operating point, it does not affect
the inertia response and small-signal stability of the VSG during
nonfault conditions. It should be noted that the reference value
of reactive power ()i needs to be set to O to satisfy /, = 0 at
this time.

From the previous analysis it is known that when the current
limit is reached, the following relationship exists between I, and

0 as
I,Rs + /12, — I(?XE

Vgsaa

§ = arcsin (19)

From (19), the relationship curve I, — § can be plotted in
Fig. 8. The intersection of this curve with the horizontal axis
represents the desired operating point M. If a small disturbance
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occurs at M, it will cause a small increment in 4. Fig. 8 shows
that I, will also increase. According to (11), it is evident that

at this time, ('5 < 0. As a result, the initial increment in § will
diminish, returning to point M. On the contrary, when § is
slightly reduced, I, will also be reduced. Referring to (11), it can

be deduced that(.S > (1in this scenario. Consequently, the initially
decreased 0 will be augmented back to point M. This leads to the
conclusion that point M represents the stable equilibrium point
of the system.

It is worth noting that the above analysis holds provided that
point M cannot be an extreme point of the I, — § curve. The
proof is given below.

Taking 0 as the dependent variable and I, as an independent
variable, and solving the derivative % in (19), we can obtain

Ry /12, — I2 — [, X5

VI=k Visagy /IR — 12

ICIRE + \/ Il2im - IQ2XZ

Vgsaa

@ 1
dl,

k:

(20)

From (20), it can be noted that the existence of % is con-
aq
ditional upon k < 1. The extremum of k can be determined as

follows:

Ilim \/ X% + R%

Vysaa

kmax -

21

Letting kpax < 1, the maximum voltage sag value of Vysag
can be derived as follows:

Vysaa > Ium/X% + R5-. (22)
When Vysag > Lim/ X5 + R% is satisfied, 5175 exists,

;Ti >0 holds when I, = 0, and let % = 0, then it leads to

the extreme point

PR L
VXE + R%,

From (23), it can be seen that M is not an extreme point of
1, — 0 curve and the line resistance Rs; can change the position
of the extreme point, thus affecting the transient stability of the
system.

Therefore, when Visag > Inm\/X% + R% is satisfied, the
proposed VPC can function properly. That is to say, the
maximum value of Vsag decrease should not be lower than
Iiim\/ X2 + R%. This implies that the VPC can adapt to ex-
tremely low Vgsag conditions by adjusting Ijin. It should also
be noted that different VPC parameters such as K, and K;
need to be selected for different Vysag to obtain better transient
performance.

In summary, the implementation of VPC improves the tran-
sient stability of VSGs. Under low-voltage faults, VPC guaran-
tees the presence of a stable operating power angle in enhancing
the system’s reliability. Additionally, the introduction of VPC

(23)
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Fig. 9.  Simulation results of VSG-based VPC. (a) P, — 6 curve with Vysaa
=0.5p.u. (b) § = curve with Vysacg = 0.5 p.u. (c) P. — 6 curve with Vysaq

= 0.8 pu. (d) § —6 curve with Vygac = 0.8 p.u.

does not adversely affect the operating point during nonfault
conditions.

C. Simulation Verification

Fig. 9 shows the simulation curves after introducing VPC.
The simulation adopts the current limiting strategy in (3) and
introduces VPC in the active power control loop. The grid
voltage level is temporarily reduced from 1.0 to 0.5 p.u. From
Fig. 9(a), it can be observed that the VSG works stably at point a
before the voltage drops. When the voltage drop occurs, the VSG
output power will immediately decrease. Consequently, at this
time Pt > P,, the VPA will increase [see Fig. 9(b)]. However,
in Fig. 5(b), the critical clearing angle may be exceeded with
increasing VPA, leading to complete destabilization or unable
to restore the initial state after the fault is cleared. The VSG
after the introduction of VPC can operate stably at point b in
Fig. 9, which is the equilibrium point M shown in Fig. 8. It
can be observed that at point b, the VSG outputs active power
P, < Py, indicating that the introduction of VPC elevates the
original actual output P, to P’ on the control. This adjustment
allows for achieving Pyy = P, enabling the VSG operate stably
even when Py > 1.5y Vysag. This shows the effectiveness of
the VPC method.

When the low-voltage fault is cleared, from Fig. 9(a), it is
evident that the output active power settles at the maximum
active power output point ¢ after oscillations, and the VPA of the
VSG decreases during this period. Due to the limiting strategy in
(3), the dynamics of maintaining the d-axis and g-axis currents
are retained, thus allowing the voltage—current inner loop to
desaturate. Therefore, after desaturation, the VSG will return to
the starting point a from o', where Py = P, and (.S = 0 are
satisfied. Thus, the improved limiting strategy allows VSG to
return to its original state after fault removal.
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Fig. 10. Time response of P. and P, for different VPC parameters.
(a) Proportional coefficient K. (b) Integral coefficient K;.

When the grid voltage level drops from 1.0 to 0.8 p.u., current
limiting is not triggered. As a result, the power angle curves
shown in Figs. 5(a) and 9(c) are highly similar, indicating similar
operational mechanisms. Fig. 9(d) shows the change of (.S -4
during voltage transient drop to 0.8 p.u. and recovery to 1.0 p.u.
During a voltage sag, VPA will increase to the equilibrium point
b, and VPA will decrease to the equilibrium point a when voltage
fault removal, aligning closely with the power angle curve shown
in Figs. 5(a) and 9(c).

From the above analysis, it can be found that the introduction
of VPC in the active power control loop can keep the power
angle stable under large disturbances, and the improved current
limiting strategy enhances the recovery capability after fault
removal.

D. Influence of VPC Parameters on Active Power

Fig. 10 shows the active power response under different VPC
parameters, where the grid voltage drops to 0.5 p.u. at 1-2 s.
At this point, FPyeq > 1.515im Vysag is satisfied and the converter
will operate in a current-limited state. According to the analysis
of Section III-B, it does not exist a stable power angle when
Pyt > 1.5 Vysac, thus the VSG by itself cannot operate sta-
bly. From Fig. 10, it can be found that the actual output power
of VSG P, < Py in 1-2 s (see solid line). This discrepancy is
addressed through introducing VPC, which compensates for the
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Fig. 11.

Block diagram of the modified VPC.

difference between Py and P, achieving P, = Py in the con-
trol (see dotted line). Consequently, a stable power angle can still
be maintained under large disturbances.

Fig. 10(a) shows the time response of P. and P. under
different proportional coefficient K. It is apparent that the
proportional coefficient influences the degree of overshoot in P,
and P!. Specifically, a larger proportional coefficient K, leads to
greater overshooting in P, and P/, resulting in system oscillation
and slower attainment of steady state. The time responses of
P, and P! with different integral coefficient K; are shown in
Fig. 10(b). It is evident that the integral coefficient primarily
influences the postfault recovery process. A larger integral co-
efficient contributes to a quicker transition out of voltage inner
loop saturation, enabling a prompt return to normal operation.
However, a larger integral coefficient will make VPC affect the
power angle characteristics after fault recovery. This may result
in the actual power output P, falling below the set value Py
after recovery. Thus, the integral coefficient should not be too
large to avoid over-saturation of the VPC and interference with
the power angle characteristics in the nonfault state.

E. Modified VPC Strategy

The VSG may need to transmit a certain amount of reactive
power to meet the demands of the grid. To this end, the proposed
VPC strategy requires the following modifications.

Fig. 11 shows the block diagram of the modified VPC im-
plementation, where the feedback input I, shown in Fig. 6 is
changed to /. According to (2), the definition of I is given as
follows:

+ %Qset - Equ.

Iy =1, i 24)
Further simplification can be considered as
QQset
I'~1 . 25
q q + 3Ed ( )

According to (16), and neglecting smaller components, Fq

can be approximated as
E4 =~ Vygaa cosé. (26)

After introducing the new feedback input I, (15) can be
rewritten as follows:

sP, = sP. + s°I;JK,, + sI;(JK; + D, K,) + I;ijKié
@7
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Similarly, (18) can be further rewritten as

P! = D,K;I},

3 . JKAD,K,) [ Visacsindcosd \ e
*illingSAG(SSiH(S*( JFI pKy) gSAGX2 5
4 >
JK, [ Viacsindcosd \ e JK, [V, in g\ 2e2
By [ Tgsac S 5 p< Vesag sind ) 3
I, XZ 1, Xy,

JKp V;SAG sin d cos § 2.2

_JK, (VgSAG 6056)2-2

1, Xy g X2
g @set (K + DpKop) secd tan (.S +g Lsm TKp
3 Vysaa Vysaa

L] L] (1]
X <sec Stan?§ § +sec®§ § +secdtand § ) =0. (28)

According to (28), it can be inferred that the condition for the
steady state of the system is /; = 0. That is to say, a certain
amount of reactive power s, can be transmitted.

The above analysis demonstrates that the introduction of VPC
achieves power angle stabilization during large disturbances.
This effectively compensates for the difference between the out-
put power P, and the set power P caused by current limiting.
As a result, a stable VPA remains under large disturbances,
thereby avoiding transient instability. By reasonably selecting
the control parameters within the VPC, it is possible to ensure
that the VSG operates smoothly during faults and quickly returns
to normal operation once the faults are cleared. If modifications
are made to the VPC, it is possible to achieve a certain level
of reactive power transmission while also keeping the existing
transient stability performance to some extent.

V. EXPERIMENTAL RESULTS
A. Hardware Setup

Due to the complex operations involving grid voltage faults,
long-distance transmission, and power converter fault ride-
through testing, HIL testing is employed for experimental vali-
dation. HIL testing enables model-based interaction with the real
environment, ensuring comprehensive validation of the system.
Fig. 12 shows the experimental setup. The real-time simula-
tor RT-LAB (OP4050) is used to model power circuits, while
the control circuits are implemented by dSPACE. Real-time
simulation is conducted through fast data exchange between
dSPACE and RT-LAB via their corresponding ports. MicroLab-
Box (dSPACE company, Germany) samples the RT-LAB output
signals (e.g., grid voltage, current, frequency, active and reactive
power, etc.) for control law generation. The parameters of the
power and control circuits are shown in Table I.

B. Results and Analysis

1) Grid Voltage Drops to 0.5 p.u.: Fig. 13 shows the time
response of the VSG with the conventional current limiting-only
operation. The output current of the VSG reaches the limiting
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Fig. 12.  Configuration of HIL experimental platform.
TABLE I
PARAMETER SPECIFICATIONS OF VSG SYSTEM IN FIG. 1
Parameter Symbol Value
DC-link voltage Vae 800 V
Base value of power Sn 10 kVA
Normal value of angular Wy 1007 rad/s
frequency
Switching frequency fow 5 kHz
Inductor of LC filter Ly 2 mH
Capacitor of LC filter ¢, 10 pF
Inductance of the line Liine 12 mH
Resistance of the line Riine 0.1Q
Rated voltage of grid /4 311V
Rated voltage of PCC Vo 311V
Droop coefficient of active D, 1591.5 W-s/rad
power loop
The inertial coefficient of ] 15.86 W-s?/rad
active power loop
Integral coefficient of K, 0.5
reactive power loop
Active power reference Pset 0.6 p.u.
Reactive power reference Qset 0
Allowable current amplitude Liim 20 A
Sample time Ts 40 us
Voltage inner loop PI control Kpver Kive 0.5, 10
parameters
Current inner loop PI control Kpeor Kice 10, 20
parameters
PI parameters for VPC K,, K; 1, 0.001

amplitude after the grid voltage is temporarily dropped from
1.0 to 0.5 p.u. At this time, the system operates in the current
saturation mode, leading to oscillations and instability. This
is due to the power output capability of the VSG does not
meet the requirements of the power reference value, thereby
resulting in the absence of a stable VPA. Fig. 13(a) and (b)
shows that during the voltage sag, the voltage amplitude, and
active and reactive power output from the VSG continue to
oscillate. Additionally, the VSG absorbs energy from the grid,
exacerbating the instability of the system. After the voltage is
restored to 1.0 p.u., conventional VSG is unable to exit the
saturated state, preventing it from returning to its initial operating
state. Consequently, the system operates at point d as depicted in
Fig. 4(b) of Section III, which is abnormal and is to be avoided.
The conventional VSG cannot be stabilized when the voltage
drops to 0.5 p.u., i.e., it cannot be operated under the condition



12812

- Time:[0.5s/DIV] Vo]t o Time:[0': SS’DIV]
age sa;
lVolm;,L recover 8o 598

Voltage recov u
lVolmgc sag

nomial operating slmcs

_\ Abnom\ul operating slalc<T

transient mamb:luvT

transient ln:ldblll[y

—|Vm‘: [100V/DIV] e |7,....| : [10A/DIV] —1{ 1 [02p.u.

]—‘Q‘: [0.2p.u./DIV]

rec|

(a)

Fig. 13.  Response of VSG with conventional control when grid voltage drops
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Fig. 15. Response of VSG with conventional control when grid voltage drops
to 0.8 p.u. (a) Responses of voltage and current. (b) Responses of active and
reactive power.

of satisfying Pi; > 1.51im Vysag, and it cannot be restored to its
original state after the voltage returns to 1.0 p.u.

Fig. 14 shows the time response of the VSG with the VPC.
VPC compensates for the power output capability during low-
voltage faults through control adjustment, thereby preventing
the VSG from instability. Fig. 14(a) and (b) shows that the
output voltage, active and reactive power of the VSG can be
kept constant without oscillations during the voltage transient
drop to 0.5 p.u. The active power is basically maintained at
0.4 p.u., the reactive power is basically maintained at O p.u.,
and the output current is kept running at the maximum limit
value. After the voltage returns to 1.0 p.u., the VSG takes about
0.5 s to desaturate and then automatically returns to its original
state. The recovered VSG can then respond appropriately to
power regulation demands, demonstrating that the VSG retains
the capability to mimic the operation of synchronous generators
as it did before the fault occurred. It is further demonstrated
that the introduction of VPC does not change the steady-state
operation point during the nonfault period.

2) Grid Voltage Drops to 0.8 p.u.: From Figs. 15 and 16, one
can see that they are very similar. After the voltage is temporarily

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

e Time:{0.55/DIV] - Time:{03s/DIV]
Voltage recover
Vol E
lVolmgc sag an]lagc recover oltage sag { ~—
s r !
P, changes to 0.8 p.u.
Py, changes to 0.8 p.u.
—|V,A| [100V/DIV] —‘l,:(|: [10A/DIV] —‘F‘ [0.2 p.u4/DIV]—|é|: [0.2p.u./DIV]
(a) (b)
Fig. 16. Response of VSG with VPC when grid voltage drops to 0.8 p.u.

(a) Responses of voltage and current. (b) Responses of active and reactive power.

reduced to 0.8 p.u., given that the power output capacity of the
VSG at this point can satisfy the power reference value require-
ments, the system maintains a stable VPA. The current will not
reach its limit value, preventing destabilization. Therefore, there
is no necessity to introduce an additional VPC as the VSG alone
can operate effectively. The currents in Figs. 15(a) and 16(a)
are below 20 A, with the output voltage and current amplitude
of the VSG remaining constant throughout the fault duration.
The active power in Figs. 15(b) and 16(b) remain constant at
the power reference value of 0.6 p.u. and the reactive power
remains around 0, indicating that the system can track the given
value. After fault recovery, both the traditional VSG and the VSG
with VPC can restore normal operation, demonstrating that the
VSG is capable of meeting the power regulation requirements.
The introduction of VPC does not have a negative impact. As
a result, the conventional VSG and the VSG with VPC exhibit
similar dynamic and static behaviors when P, < 1.511imVgsag
is satisfied, aligning perfectly with the prior analysis.

C. Summary

The above experimental results show that conventional VSG
exhibits transient instability during voltage drops to 0.5 p.u.
(Pser > 1.56imVgsac)- Additionally, in this scenario, VSG is
unable to recover to normal operation when the fault is cleared.
However, the proposed VSG with VPC can work well during
voltage sag and has fault recovery capability. It is also demon-
strated that the VPC neither changes the steady-state operating
point in a normal state nor does it have a negative impact under
Pyt < 1.51imVysag is satisfied.

VI. CONCLUSION

In this article, the transient characteristics of the VSG under
two operating conditions are analyzed using power angle curves
and the nonlinear features such as current limiting are consid-
ered. It is observed that transient instability occurs when the
VPA of the VSG surpasses the critical clearing angle under grid
voltage sag. The reason for transient instability is that the power
transfer capability of the system cannot meet the requirements
of the power reference after fault, which leads to the loss of
synchronization between the control coordinate and the grid
reference coordinate. Based on this, a VPC strategy combined
with an improved current limiting strategy has been introduced
to enhance the transient stability and fault recovery capability.
This strategy aims to ensure that the system’s power transfer
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capability can meet the power command requirements in control,
thereby establishing a stable VPA to prevent transient instability.
The proposed VPC strategy is simple and easy to implement,
eliminating the need for fault detection, online control switch-
ing, and power reference adjustment. However, we have not
yet considered the effectiveness of VPC in some cases (e.g.,
asymmetric fault, multi-VSG system, reactive power injection
that is proportional to voltage sag during faults, and low-voltage
microgrids with large line impedance ratios R/ X). This will be
the future research.
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