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A Mode-Adaptive Power-Angle Control Method
for Transient Stability Enhancement of Virtual
Synchronous Generators

Heng Wu, Student Member, IEEE, and Xiongfei Wang, Senior Member, IEEE

Abstract—The virtual synchronous generator (VSG) is
emerging as an attractive solution for interconnecting
converter-based resources with the power grid. However,
due to the nonlinear power-angle relationship, VSGs are,
similarly to synchronous generators, prone to the loss of
synchronization (LOS) under large grid disturbances. This
paper thus analyzes the large-signal synchronization
stability, i.e., the transient stability of grid-connected VSGs,
and then proposes a mode-adaptive power-angle control
method for enhancing the transient stability. In this
approach, the positive-feedback mode of the power-angle
control of the VSG is detected and adaptively switched to
the negative-feedback mode after large disturbances. Thus,
the LOS of the VSG can be avoided when there are
equilibrium points after the disturbance. Moreover, during
severe grid faults without any equilibrium points, a
bounded dynamic response of the power angle can be
obtained with the mode-adaptive control, and the VSG can
still be stabilized even if the fault clearing time is beyond the
critical clearing time. These superior features prevent the
VSG-based system from collapsing due to the delayed fault
clearance or the malfunction of protective relays. Finally,
time-domain simulations and experimental tests are
performed to verify the effectiveness of the control method.

Index Terms— Transient stability, virtual synchronous
generator, power control.

[. INTRODUCTION

Power-electronic-based power systems are being envisioned
in the near future, owing to the widespread use of power
electronic converters in renewable energy resources, energy-
efficient power loads, and flexible power transmission and
distribution systems. Unlike synchronous generators (SGs), the
dynamics of power converters are highly dependent on their
digital control algorithms, which feature multiple-timescale,
programmable and highly nonlinear [1]. Thus, there have been

This work was supported by the Aalborg University Strategic Talent
Management Programme. (Corresponding author: Xiongfei Wang.)

H. Wu and X. Wang are with the Department of Energy Technology,
Aalborg University, 9220 Aalborg, Denmark (e-mail: hew@et.aau.dk;
xwa@et.aau.dk).

continuous research efforts on developing control methods for
grid-connected converters in order to improve the
interoperability and stability of converter-based power systems
[2].

The virtual synchronous generator (VSG) control, among
other alternative control schemes, is emerging as an attractive
approach for reliably operating converter-based power systems
[3]-[4]. A prominent feature of the VSG control scheme lies in
emulating the power-angle dynamic of SGs, and thus converters
can actively reduce the rate of change of frequency (RoCoF)
and the frequency nadir of the system [5]. Moreover, by using
the power-angle control, the small-signal synchronization
stability of converters under low short-circuit ratio (SCR) grid
conditions can be significantly enhanced [6].

A number of research works have been reported on the
modeling and dynamic analysis of VSGs under different grid
conditions [7]-[9]. Yet, most of them are focused on the small-
signal stability, where the findings cannot be readily extended
to characterize the large-signal nonlinear dynamics of VSGs. A
few research works are available on analyzing the large-signal
synchronization stability, i.e., the transient stability, of VSGs
[10]. When the solid fault occurs near the point of common
coupling (PCC), the VSG is generally switched to the vector
current control for limiting the current, where the grid
synchronization is realized by the backup phase-locked loop
(PLL) [6], [11]-[12]. The transient stability impacts of the
current limit control and the PLL have been discussed in [13]-
[18]. In contrast, for the large disturbances that do not provoke
the current limit control of the VSG, e.g., the switching of
transmission lines, the high-impedance fault [19], or the remote
fault [20], the VSG will retain its power-angle control during
the disturbances, and tends to have the similar transient stability
challenges as SGg, i.e., the power imbalance caused by the large
disturbance may drive VSGs to cross over the unstable
equilibrium point (UEP) along the power-angle curve, leading
to a positive feedback power-angle control and the consequent
loss of synchronization (LOS) [21].

Conventionally, in order to improve the transient stability of
the SG-based power system, the high-speed protective relays
and circuit breakers are utilized to clear the fault in time [21]-
[22]. Yet, this method cannot handle the transient instability
resulted from the disturbances which are not related to grid
faults [21]. Moreover, the possible malfunction of relays and
circuit breakers may further jeopardize the transient stability or
even lead to the power system collapse [22]. Hence, instead of
solely relying on the protection devices, it is worth exploring
the control methods of VSGs under large disturbances. In [10],
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the transient stability enhancement methods of SGs, which
include controlling the governor to reduce the accelerating
power and utilizing fast excitation control to increase the
restoring synchronization power [21]-[22], have been
introduced for VSGs. Alternatively, inspired by the full
controllability of VSGs, the methods of adaptively changing the
inertia and damping ratio of VSGs during large disturbances are
also reported to dampen the power and frequency oscillations
[23]-[26]. All those control schemes do, to some extent,
mitigate, but cannot fully eliminate, the risk of VSGs from
crossing over the UEP along the power-angle curve after the
disturbance [10]. Moreover, the positive feedback mode of the
power-angle control after the UEP is still unchanged.
Consequently, the risk of LOS persists whenever the VSG
crosses over the UEP after the disturbance [10].

In our previous work [11], it is demonstrated that if the
converter is merely controlled with the power-frequency droop,
e.g., power synchronization control [6], its active power loop
emerges as the first-order control loop, and the risk of crossing
over the UEP after the disturbance can be avoided. While the
first-order active power loop brings in better transient stability
performance, the lack of inertia contribution from the converter
might threat the frequency stability of the power system.
Therefore, the transient stability enhancement method of the
converter with the VSG control is still demanded.

This paper thus proposes a mode-adaptive power angle
control method for enhancing the transient stability of VSGs.
The basic idea of this approach is to detect the feedback mode
of the power-angle control loop after a large disturbance, and
then adaptively switch the loop gain from the positive-feedback
to the negative-feedback mode. Thus, the positive-feedback
operation of the power- angle control of the VSG can be
prevented, and the risk of LOS can then be eliminated when the
system has equilibrium points after the disturbance. Moreover,
in the absence of equilibrium points during severe grid faults, a
bounded dynamic response of the power angle can be obtained
with the mode-adaptive control, and the VSG can be stabilized
even if the fault clearing time (FCT) is beyond the critical
clearing time (CCT). The rigorous mathematical proof for the
transient stability enhancement of the mode-adaptive power-
angle control is presented. Time-domain simulations and

VDC

experimental results corroborate the effectiveness of the
theoretical analysis and the control approach.

II. TRANSIENT STABILITY BASICS OF VSG-BASED POWER
SYSTEMS

A.Dynamic Representation of VSGs for Transient
Stability Study

Fig. 1 shows a general system diagram of the grid-connected
VSG. The VSG is connected to the grid through a transformer
and two paralleled transmission lines. X7, Z;1~Zg represent the
transformer’s leakage reactance and transmission line
impedances, respectively. S1~S4 are circuit breakers, and Zguq
denotes the grounding impedance when the symmetrical three-
phase to ground fault occurs. Since the main concern of this
work is the transient stability impact of the power-angle control
of the VSG, the power grid is modeled as an equivalent
impedance (Rg+jXy) in series with infinite bus voltage v,. ig is
the current of the VSG injected to the grid, and X represents the
output filter reactance of the VSG.

An inner voltage loop is used to regulate the PCC voltage
vpce to track its reference vpccre;, Where the overcurrent limit is
embedded. Vs and 6,y denote the magnitude and the phase
angle of vpccrep, respectively. In practice, to actively support the
system frequency, the energy storage unit is usually added into
the renewable energy sources of the VSG, where the dc-link
voltage of the VSG is controlled by the energy storage converter
to balance the intermittent power of renewable energy sources
and the power demanded from the grid [5]. Hence, the DC-link
voltage can be assumed constant when analyzing the interaction
between the grid-connected VSG and the power grid [10]-[13].

In the VSG control scheme, the phase reference 8. is
generated from the active power control loop, which is
implemented to mimic the second-order swing equation of the
SG [21]:

By

~P-D&=2HS . (1)

Infinite
_I__ bus
7 Zgnd
drive
signals % Vpee
. + - - 3
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Fig. 1. General system diagram of a grid-connected VSG.
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bus

Fig. 2. Equivalent circuit of the VSG used for the transient stability study.

where H is the inertia constant, D is the damping coefficient,
and J is the power angle, which is defined as the phase
difference between vpcc and vy, i.e., 6 = Opcc — 04 [21]. Prerand
P, are the active power reference and the output active power
of the VSG, respectively. The voltage magnitude reference Viuer
is determined by the reactive power control loop, where the
reactive power-voltage (Q-V) droop control is adopted [27],
which is given by

Vi =Vo+K, (0 - Q.). )

where V) is the nominal voltage magnitude. O,.rand Q. are the
reactive power reference and the output reactive power of the
VSG, respectively. K, is the O-V droop coefficient.

It is worth noting that the outer power control loops are
generally designed with a much lower bandwidth than that of
the inner voltage control loop [28]. The transient stability of the
VSG is mainly determined by the outer power control loops,
and the inner voltage loop can be assumed as a unity gain with
an ideal voltage reference tracking during the transient stability
analysis, i.e., vecc=Vrccrer. This assumption has been justified in
recent studies on the transient stability of grid-connected
converters [11]-[18], and will be further proved by the
simulations and experimental tests in this work.

Fig. 2 illustrates the equivalent circuit of the grid-connected
VSG, where the VSG is simplified as a controlled voltage
source. The output active power and reactive power of the VSG
can be expressed as [27]:

3 .
P :E[a(VPZCC VeV, cos&)+,6‘V,,CCVg sm5]. (3)

3 ) .
0, =5[/3(Vpcc VeV, cosé)—aVPCCVg smé] 4

where o and S are given by
Rg
a= 2 2 (5)
R, + X,

X

B=——"=. (6)
R +X;

Substituting (4) into (2) together with Vpcc=Vure, the

relationship between Vpcc and d can be revealed, which is given

as (7) at the end of this page.

Substituting (7) into (3), the P.-d curves with different Q-1
droop coefficients and different R./X, ratios can be plotted, as
shown in Fig. 3. It can be seen that the power transfer capability
of the VSG varies with different Q-7 droop coefficients and
R/X, ratios [10]. Nevertheless, all P.-d curves have the same
trend that P, is first monotonously increased to its peak value
with the increasing of J, and then monotonously decreased to
zero. Such a nonlinear P.-J relationship is the root cause of the
transient instability of the VSG (SG) [21].

B. Types of Transient Stability Problems

Fig. 4 illustrates the conceptual P.-0 curves of the VSG
before and after the disturbance, respectively. Only the large
disturbances that do not provoke the overcurrent limit of the
VSQG, i.e., the switching of transmission lines and the high
impedance fault, are of concern in this work. The transient
stability of the VSG when it switches to the current limit control
has been extensively discussed in [13]-[18], and thus, will not
be repeated.

—— K,~0.05 pu RyX,=1/10
....... K;~=0.10 pu Ry/X=1/10
—— = K;=020pu Ry/X;=1/10

0
(@
—— K~=0.10pu R/X~=1/10
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.
\
.
\
.
\
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'
\
\
\
\
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Fig. 3. P.-0 curves with different O-V droop coefficients and different R /X,
ratios. (a) Different Q-1 droop coefficients. (b) Different R,/X, ratios.
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Fig. 4. P,-0 curves. (a) With equilibrium points after a transient disturbance,
dashed line: before disturbance, solid line: after disturbance. (b) Without
equilibrium points during a grid fault, dashed line: pre-fault, dashed dotted line:
during fault, solid line: post-fault. [21]

As shown by dashed lines in Fig. 4, the two transmission
lines are initially in service and the VSG operates at the
equilibrium point a, where P.,;= P, in the steady state. There
are basically two types of transient stability problems,
depending on whether the system has equilibrium points after a
disturbance, which are illustrated as follows [21]:

1) Type-I: Presence of Equilibrium Points

Fig. 4(a) shows the P.-0 curves for the type-I transient
stability problem, where equilibrium points exist after a
disturbance. As illustrated by the solid line in Fig. 4(a), the
points ¢ and e represent the stable equilibrium point (SEP) and
the UEP after the disturbance, respectively [21]. According to
the swing equation given by (1), the output frequency of the
VSG increases from the point b to the point ¢ due to P> P,
and then decreases from the point ¢ to the UEP e due to P,<
P.. If the output frequency of the VSG fails to recover to the
grid frequency before the UEP e. The VSG will crossover the
UEP e and its output frequency turns to increase again due to
P> P., which leads to the LOS of the system.

2) Type-Il: No Equilibrium Points

Fig. 4(b) shows the P.-d curves for the type-II transient
stability problem, where no equilibrium points exist after the
fault. The P.o0 curves during the fault and after the fault
clearance are illustrated by the dashed-dotted and solid lines in
Fig. 4(b), respectively. The output frequency of the VSG keeps
increasing during the fault due to P,,,> P, and can only be
decreased after the fault clearance. Since the transient stability
of the system requires the VSG not to crossover the UEP e, the
fast fault clearance is of importance. The largest fault clearing
angle and time which prevent the transient instability of the
system are known as the critical clearing angle (CCA) and CCT
[21].

[ll.  MODE-ADAPTIVE POWER-ANGLE CONTROL OF VSGS

A. Basic Idea

Fig. 5 illustrates the equivalent control diagram of the active
power loop of the VSG, which is derived from Fig. 1, eq. (3)
and (7). For the Type-I transient stability problem with
equilibrium points, the active power control enlarges the control
error AP, rather than reducing it whenever ¢ is beyond J, (the
corresponding power angle of the UEP e) shown in Fig. 4(a),
which leads to a positive-feedback power-angle control and
thus the instability is inevitable. Similarly, for the type-II
transient stability problem without any equilibrium points, the
positive-feedback power-angle control can also be observed
whenever J is beyond Jyk shown in Fig. 4(b). Hence, there are
two feedback modes of the power-angle control of the VSG,
i.e., the negative-feedback mode and the positive-feedback
mode, which are depicted in Fig. 6.

Eq. (3) P
Eq. (7)

\ A

Fig. 5. Control diagram of the active power loop of the VSG.

P4 before
g " ¥ disturbance
ay € e
P ref ) | ‘\‘ aﬂ
’ |\ after
ik i %, disturbance
J | \
l’ i
50 5] :5u >
Y Y 4 5
Negative Positive
feedback mode feedback mode
(@)
P, A pre-fault
Py
S duri
RRA . during
i S AR S h
2 ' SN
y: 50 : Ny -
2\ /§ 2\ / 75
Negative Jpc  Positive
feedback mode feedback mode
(b)

Fig. 6. The negative-feedback mode and the positive-feedback mode of the
power angle control of the VSG. (a) With equilibrium points. (b) Without
equilibrium points.
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Fig. 7. Block diagram of the active power loop of the VSG with the mode-
adaptive control.

In order to avoid the positive-feedback mode of the power-
angle control, a mode-adaptive power angle control of the VSG
is proposed in this work. The general idea of the method is
illustrated in Fig. 7, where a control variable £ is inserted in the
forward path of the active power loop, which is set as a positive
unity gain (i.e. 1) in the negative-feedback mode, and is
switched to the negative unity gain (i.e. —1) in the positive-
feedback mode. Thus, the power-angle control loop can be kept
as a negative-feedback loop, and the transient stability of the
VSG can be guaranteed as long as there are equilibrium points
after a disturbance. Therefore, the Type-I transient stability
problem described in Section II-B can be avoided.

For the Type-II transient stability problem without any
equilibrium points, the mode-adaptive control limits the
oscillation of the power angle ¢ around Jyx with a bounded
dynamic, which is elaborated by the arrows in Fig. 6(b). This is
a superior feature over the conventional SGs, whose power
angle 0 will diverge if there are no equilibrium points.
Moreover, as long as the equilibrium points are restored by the
fault clearance (even if FCT > CCT), it turns to the Type-I

transient stability problem, and the VSG system can always be
stabilized by the mode-adaptive control.

B. Detection of the Feedback Mode

From Fig. 7, it is clear that the feedback mode detection
plays a critical role in the mode-adaptive power-angle control.
Considering the Type-I and Type-II transient stability
problems, the principles of the feedback-mode detection are
elaborated as follows:

For the Type-I transient stability problem, three possible
operating scenarios of the VSG can be observed from Fig. 6(a),
depending on whether the VSG will cross the point d and e
during a disturbance, i.e.

i) No crossing of the point d, stable (negative-feedback
mode).

ii) Crossing the point d but not crossing the UEP e, stable
(negative-feedback mode).

iii) Crossing the UEP e, unstable (positive-feedback mode).

Accordingly, the operating regions for these three scenarios
can be defined, which are summarized in Table I-III. The
operating characteristic of the VSG in the specific region can
be characterized by the signs of the state variables AP, d(AP)/dt
and Aw, which are also listed in Tables I-III. For example, in
the region b—c, it is known from Fig. 6(a) that P> P. (AP
>0), and then the active power loop (see Fig. 5) increases the
output frequency of the VSG to reduce the control error AP,
which leads to Aw >0 and d(AP)/d¢ <0.

For the Type-II transient stability problem, due to the
absence of equilibrium points, P.;>P. always holds, and the
crossing of the point d| is inevitable, as shown in Fig. 6(b). The
corresponding operation regions and the status of state variables
in this scenario are summarized in Table I'V.

TABLE I (TYPE I TRANSIENT STABILITY PROBLEM)
STABLE OPERATION OF THE VSG, NO CROSSING OF THE POINT D

Operation region Feedback mode
b—c negative
c—>d negative
d—c negative
c—>b negative

AP d(AP)/dt Aw
>() <0 >0
<0 <0 >()
<0 >0 <0
>() >() <0

TABLE II (TYPE I TRANSIENT STABILITY PROBLEM)
STABLE OPERATION OF THE VSG, CROSSING THE POINT D BUT NOT CROSSING THE POINT E

Operation region Feedback mode
b—c negative
c—>d negative
d—e negative
e—~d negative
d—c negative
c—>b negative

AP d(AP)/dt Aw
>() <0 >0
<0 <0 >0
<0 >() >0
<0 <0 <0
<0 >() <0
>() >() <0
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TABLE III (TYPE I TRANSIENT STABILITY PROBLEM)
UNSTABLE OPERATION OF THE VSG, CROSSING THE POINT E

Operation region Feedback mode AP d(AP)/dt Aw
b—>c negative >0 <0 >0
c—>d negative <0 <0 >0
d—e negative <0 >0 >0

Cross e positive ‘ >0 ‘ >0 ‘ >0

TABLE IV (TYPE-II TRANSIENT STABILITY PROBLEM)
UNSTABLE OPERATION OF THE VSG, CROSSING THE POINT D1

Operation region Feedback mode AP d(AP)/dt Aw
bi—d1 negative >0 <0 >0
Cross d1 positive ‘ >0 ‘ >0 ‘ >0

TABLE V (TYPE I TRANSIENT STABILITY PROBLEM)
OPERATING CHARACTERISTIC OF THE VSG BEFORE AND AFTER MOVING BACKWARDS AND CROSSING THE POINT E

Operation region The value of & AP d(AP)/dt Aw
e—~>f -1 >0 >0 >0

f—e (move backwards) -1 >0 <0 <0
Cross e 1 <0 <0 <0

TABLE VI (TYPE Il TRANSIENT STABILITY PROBLEM)
OPERATING CHARACTERISTIC OF THE VSG BEFORE AND AFTER MOVING BACKWARDS AND CROSSING THE POINT D1

Operation region

di—~fi -1
fi— di (move backwards) -1
Cross d1 1

Based on Tables I-1V, it is clear that AP >0, d(AP)/d¢ >0 and
Aw >0 only occur when the VSG operates in the positive-
feedback mode, i.e., when crossing the UEP e for the Type-I
transient stability problem or crossing the point d; for the Type-
II transient stability problem, which are highlighted as the last
rows of Table III and Table IV. Therefore, AP >0, d(AP)/dt >0
and Aw >0 can be used as a criterion for switching & to —1. Thus,
Aw is decreased, rather than being increased after the UEP e
(the point d;), which finally leads to a decrease of d.
Consequently, the VSG moves backwards along the P.-d curve
and crosses the UEP e (the point d;), after which the VSG enters
into the negative-feedback mode again and k is switched back
to 1 accordingly.

Based on Fig. 6, the operating characteristics of the VSG
before and after moving backwards and crossing the UEP e (the
point d;) can be summarized, which are given by Table V and
VI. It is noted that AP (d(AP)/df) changes from the positive
(negative) to the negative (positive) value when the VSG moves
backwards and crosses the UEP e (the point d}), as shown in the
last two rows of Table V and VI. Moreover, Aw <0 always
holds during the backward crossing of the UEP e (the point d)).
Therefore, the criterion for switching & from —1 back to 1 can
be summarized as (AP <0 or d(AP)/dz >0) and (Aw <0).

The value of k AP

d(AP)/dt Aw
>0 >0 >()
> | <0 ] <0
>0 >() <0

AP >A,, d(AP)/dt >A, and Aw >A;
and lasts for ¢,

Positive
feedback mode
=-1

Negative
feedback mode
k=1

v

(AP <=A; or d(AP)/dt >A,) and Aw < —A;
and lasts for #,

Fig. 8. Overall gain switching logic for the active power loop of the VSG for
the Type-I and Type-II transient stability problem.

Fig. 8 illustrates the overall gain switching logic for the
VSG. Due to the presence of noises in practice, AP, d(AP)/dt
and Aw are compared with small positive threshold values (A,
A,, and A3 ) instead of zero, and the switching criteria should
also be met for a given amount of time (¢ and #,) before the
actual switching of & takes into effect. The larger threshold
values lead to a better noise immunity of the gain switching
algorithm, but also degrade its sensitivity. A compromise is thus
needed in the real application. In this paper, A; =1-10°P,r, A,
=1-103P,r /s, A3=0.1 Hz and t,=,=5 ms are adopted in both
simulations and experimental tests.
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Based on Figs. 7 and 8, the proposed mode-adaptive control
can be mathematically expressed as:

P DS =2HS

ref

~P-D§=2H56—=P,-P,, -

Lif {(AP > A)) &(d(AP)/ dt > A,) & (Aw > A,)}
lasts for ¢, (®)
2.8 {[(AP<=A)[(d(AP)/di > A,) | & (A0 <A, )}

lasts for ¢,

Moreover, it is noted that the measurement and control
delays of the VSG is inevitable in practice. Yet, the total delay
time is usually around hundreds of microseconds [2], which is
much less than the response time of power loops (usually longer
than 100 ms [28]) that determine the transient stability of the
VSG. Thus, the measurement and control delays of the VSG has
negligible impact on the effectiveness of the proposed method.
This statement will be further justified by experimental results
given in this paper.

It is worth noting that this gain switching logic is generally
applicable for all operating scenarios of the VSG, and thus there
is no need for the prior knowledge on the type of the transient
stability problem. In addition, the proposed method has no
specific requirement on the VSG control scheme, which can be
readily adapted to other modified/improved VSG control
methods.

C.Stability Proof

In this part, the mathematical proof is given to elaborate that
the mode-adaptive control can guarantee the transient stability
of the VSG as long as the SEP exists after the disturbance.
According to Figs. 6(a) and 7, (8) can be equivalently expressed
as follows when the SEP exists:

P,—P.-D&=2Ho if 5 <9,
: 9
P-P,-D5=2H5 if5>0, )

As the damping term of the VSG always helps to stabilize the
system [21], the worst case assuming a zero damping, i.e., D =
0 is considered here. Consequently, (9) can be simplified as

P, —P =2HS if5<0,
. . . (10)
P-P, =204 if520,

ref

which is asymptotically stable if its SEP exits, i.e. [29]

1.1) The SEP is Lyapunov stable.

1.2) After the disturbances, the states of the system need to
converge to the SEP as t—oo0.

Proof: 1.1) has been proved in [21], and thus only the proof
of 1.2) is given as follows:

Without loss of generality, the power angles of SEPs before
and after the disturbance are defined as do and J; in Fig. 9,
respectively. After the transient disturbances, it is known from
Fig. 9 that the output frequency of the VSG will first increase
in the acceleration area where 0o<0<di, and then decrease in the
deceleration area where 01<d<d,. The VSG can be kept

synchronized with the grid if and only if its output frequency is
able to recover to the grid frequency [(dd/df)=0] in the
deceleration area, otherwise its output frequency is always
higher than the grid frequency, which inevitably leads to the
LOS [21]. Therefore, the sufficient and necessary condition of
1.2) is given as:

1.3) There exists dm such that 6;< dm < d, and (don/dt) = 0
where Jn, is defined as the maximum power angle during the
transient [21].

Then, following the same procedure of proving the equal area
criterion (EAC) [21], the proof of 1.3) is detailed as follows:

Multiplying both sides of (10) by 2dd/dt, which yields

if6<0,
dt H dt di*  dr\_dt

Q'PL,—P,(,fzzdé d*s d(d(?j 558
dr di\dt “

dt H dt
Integrating both sides of (11) from do to om, which leads to

_P 2 2
e)d5:(d5mj _(d&oj
dt dt

ds By -F _,ds d’s d(d&]

(11)

J’ n (Pre?/'

S H (12.1)
if §, <0, <9,
(o) g o (B Ba) g
% H S H
:.[j (P"efH_Pe)dé-_J‘j" (owl;Pe)dé- (12.2)

_(d8,) _(d5, its <5, <o,
dt dr
where (ddo/df) represents the initial frequency deviation of the

VSG in respect to the grid frequency, which is zero [21].
Substituting (ddo/dt)= 0 into (12), which yields

2
_.[ /e/ _(d;;mj A

fﬁl( >, P )do - J >~ P, )ds (13.1)
=H(d5”’j if5 <8, <0,
dt
L[ ds,\
EU:( R)ds- I Py~ )d‘g}:(#j
QJ‘ By~ )dé‘_.[;,”(P_R.e/)dé‘ (13.2)

if5,<68, <5,

ds,
—j P)ds = H( . j

Therefore, 1.3) can be proved if there always exits dm which
leads to (13.1) =0 or (13.2) =0.

It is known from Fig. 9(b) that the left-hand side of (13.2)
can be graphically represented by the area between Pn/ and P.,

. 5 8y
L.e., fgol(Pref - Pe)d6 > f51 (Pe - Pref)d5 , and f (Pref
P,)d§ are defined as acceleration area A4,, the deceleratlon area
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Admax1 and Agp shown in Fig. 9(b), respectively. Therefore,
(13.2) =0 can be rewritten as

Jo (B =R)ds [ (B~ )ds
_,[: (Py—R)ds=0e
A -4, —A,=0 ifs <5, <5,

Define Ay = 66: (Pyey — P,)d$, as shown in Fig. 9(b).

It is apparently that An <Aamaw2 as om< 02. Therefore, the
sufficient and necessary condition of (14) is given by:

A —A, —A, <0 if5, <5, <5,

dmax2 —

(14)

(15)

It is obvious from Fig. 9 (b) that (15) is always true. That
ends the proof of 1.3).

It should be noted that Agma: is the acceleration area for the
conventional VSG [21], yet it is changed to the deceleration
area by using the mode-adaptive control, which leads to 4, -
Admax1- Aamax<0, and thus, the stability of the VSG is enhanced
due to the enlarged deceleration area.

before

max 1

P, 4 disturbance
T Adnan
./ 4
as ¢ e
L K K N
’ h 1 1 .
1Aqt A
after ," b a dat \“
. ~ of 0 ! Y
disturbance[ ™/ | 1 | H 3
oo H '\
] "
' ]
H H H 1 >
00 01 Om  Ou 2]
(a)
before
P, 4 disturbance
) , . Admaxl;\ . A;cmxz
Pry [ g e

after /)
. 4
disturbance| ™

(b)
Fig. 9. Equal area criterion (EAC) for the VSG with the mode-adaptive
control. (a) 91 < O < dy.. (b) Ou< o< J>.

D.Comparison

Table VII compares the transient stability characteristics of
the proposed scheme with some existing VSG control methods
[71,19], [23]-[26]. Differing from the conventional VSG control
which merely replicates the dynamics of the SG [7], the
additional damping correction loop is introduced in [9], which
provides another degree of freedom for adjusting the system
damping ratio without affecting its steady-state frequency
droop characteristic. In [23]-[26], the methods of adaptively
changing the inertia and damping ratio of VSGs during large
disturbances are proposed to dampen the power and frequency
oscillations. While these advanced VSG schemes can improve
the transient stability of the system compared to the
conventional method, the positive-feedback nature of the
power-angle control of the VSG after the UEP is not changed
in [9], [23]-[26]. Therefore, transient instability is still
inevitable whenever the VSG crosses over the UEP after the
transient disturbances.

In contrast, although the mode-adaptive control cannot
prevent the VSG from crossing over the UEP either, the loop
gain is adaptively switched to change the power angle control
from the positive- to negative-feedback dynamics. Thus, the
risk of transient instability can be avoided, whenever there are
equilibrium points after transient disturbances. This is the
unique advantage of the mode-adaptive control compared with
prior arts.

I\VV.APPLICATION OF THE MODE-ADAPTIVE CONTROL IN THE
POWER SYSTEM

Besides the single-VSG-infinite-bus system, the applicability
of the proposed mode-adaptive control in the power system
with multiple generation units are explored in this section, and
the consequent impact on the system-level analysis and
protection are also discussed.

TABLE VII
COMPARISON OF THE TRANSIENT STABILITY PERFORMANCE

Post-Disturbance Operations SG Dynamics [7]

With equilibrium points Risk of transient instability

Fault cleared

No o FCT < CCT No transient instability
equilibrium

points, Fault cleared

without FCT> CCT Unstable

triggering the

current limit No fault clearance | Unstable

No equilibrium points, triggering

the current limit the PLL [13]-[18].

Conventional VSGs Replicating

Advanced VSGs with
Modified Damping and
Inertia Control [9], [23]-[26]

VSG with Mode-Adaptive
Control

Reduc.e'd il Of irs i No transient instability
instability

No transient instability No transient instability

Risk of transient instability No transient instability

Power angle oscillates around

Unstable Jpk with the bounded response

Switch to the current limit control [6], and the transient stability is determined by the current limit and
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A. Applicability of Mode-Adaptive Control for Multiple
Generators

In the power system with multiple SGs/VSGs, the dynamics
of the individual generator, e.g., the ith VSG is usually
characterized in the center of inertia (COI) reference, in which
the power system can be equivalently represented by the virtual
COI generator with the system total inertia constant Hr [30]-
[31]. Hence, the mode-adaptive control can still be applied to
the ith VSG provided the virtual COI generator can be treated
as the infinite bus during the transient disturbances. This
requires the inertia constant of the ith mode-adaptive VSG
(H; adapiive) to be much smaller than the system total inertia
constant during the disturbance (Hr dgisurd), 1.€., Hi adaptive <<
Hr gisnrs [31]. Tt is known from (10) that the mode-adaptive
VSG will introduce the negative inertia to the system provided
its switching action is triggered during the transient
disturbances, which leads to Hr gisurs < Hr. For the worst case
where all mode-adaptive VSGs trigger their switching actions
during the disturbance, H; adapive << Hr agisury can only be met
provided Y H; adapiive << Hr. Therefore, > H; udapive << Hr gives
a sufficient (but also conservative) condition for implementing
the proposed mode-adaptive control.

On the other hand, when implementing the mode-adaptive
control into the power system with multiple SGs/VSGs, Aw in
Fig. 8 should be calculated based on the COI frequency wcor,
i.e., Aw=w;-wcor, where wcorcan be obtained from the control
center through the communication [32]-[34]. Hence, a fast
communication of wcor is important for applying the mode-
adaptive control. In practice, the communication latency can be
limited to several milliseconds [35]-[36], which is much faster
than the response speed of the power loops of the VSG that
dominate its transient stability. Therefore, the proposed method
is feasible in practice.

In contrast, the mode-adaptive control cannot be adopted for
the VSG that does not satisfy H; adaprive << HT disurp, Since the
switching action might be wrongly triggered during the swings
between multiple SGs/VSGs.

B. Impact of the Proposed Control on the Power System

By using the proposed mode-adaptive control, the transient
stability of the individual VSG is enhanced. Yet, the VSG may
behave differently from the SG during the fault, which poses
new challenges to the power system analysis and protection,
which is discussed as follows:

1) Challenge for the system-level transient stability assessment:

The transient stability assessment (TSA) of the SG-
dominated power system is mainly based on extensive off-line
studies [37], whose credibility is reduced for the modern power
system due to the increased penetration of power converters
with different control schemes, e.g., the VSG with the proposed
mode-adaptive control, as the unpredictable operating
conditions of power converters might not be covered in the off-
line database. To tackle this challenge, developing the on-line
TSA based on the real-time data is needed [37].

2) Challenge for the system-level protection:

2.1. During severe grid faults where the current limit of the
VSG is reached, the VSG has to be switched to the vector
current control to limit its fault current. In that case, the fault

current contributed by the VSG is reduced, which may lead to
the malfunction of the overcurrent relay [38].

2.2. During grid faults where the current limit of the VSG is not
triggered, the VSG with the proposed mode-adaptive control
brings in new challenges to the correct functioning of the out-
of-step relay, which is generally designed based on the
dynamics of the SG [39].

Overall, the complexities and challenges are due to the fact
that the system-level analysis and protection is designed for the
SG-dominated power system, whereas the different dynamics
introduced by the converter control have not been fully
considered. Therefore, the coordination between the converter-
level control and the system-level analysis and protection
should be carefully re-investigated for the future power
electronic based power system.

V. SIMULATION AND EXPERIMENTAL RESULTS

A.Simulation Results

To validate the effectiveness of the proposed method, time-
domain simulations are carried out in the MATLAB/Simulink
and PLECS blockset with the switching circuit model shown in
Fig. 1. The Type-I transient disturbance is considered as the
sudden disconnection of the transmission line 2, while the
Type-II transient disturbance is considered as the three-phase to
ground high-impedance fault on the transmission 2. The
parameters given in Table VIII are used. The controller
parameters of the VSG are designed based on the guidelines
provided in [7]. K, is chosen as 0.05 pu, which means that the
change of 100% output reactive power of the VSG leads to the
change of 5% of its output voltage magnitude [7]. The Rq/X,
ratio of the transmission line is chosen as 1/10 [21].

TABLE VIII

PARAMETERS FOR TRANSIENT DISTURBANCE TEST (SIMULATION)
Py 1000 MW (1 p.u.) Oref 0
H 1.65s D 0.16 pu
K, 0.05 p.u. Ve 220kV/50Hz (1 p.u.)

Test case 1 Test Case 11
Xr j0.01 p.u. Xr j0.01 p.u.
Za 0.10 +3j0.95 p.u. Zga 0.015 +j0.15 p.u.
Zgp - 0.015+j0.15 pu. Zg 0.08 +30.8 p.u.
Zg3 j0.01 p.u Zg3 0.08 +j0.8 p.u.
Zgna 0.05 +j0.5 p.u.

1) Type-I transient stability

Fig. 10 shows the simulation results for the Type-I transient
stability problem, where the transmission line 2 is disconnected
at t=3s. The system parameters of the test case I listed in Table
VIII are used. In this case, the system has equilibrium points
after the disturbance. Yet, the conventional VSG without
adopting the mode-adaptive control (i.e., k£ =1 always holds) is
unstable, as shown in Fig. 10 (a). The oscillation in the output
power, power angle and grid currents can be observed,
indicating that the VSG loses synchronization with the grid. In
contrast, Fig. 10 (b) shows the simulation results of the VSG
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Fig. 10. Simulated dynamic responses of the VSG for the Type-I transient
stability problem. (a) Conventional VSG. (b) VSG with the mode-adaptive
control.

with the proposed mode-adaptive control. It can be seen that &
automatically switches to —1 when the VSG comes into the
positive-feedback mode, and switches back to 1 when the VSG
moves back to the negative-feedback mode, which guarantees
the stable operation of the VSG.

It should be noted that the phase angle 6 measured in the
simulations and following experiments are merely for
illustration purpose, which helps to visualize the stable or
unstable operation of the system. The implementation of the
mode-adaptive control itself does not require the phase angle
information, as shown in Fig. 8.

2) Type-II transient stability

Figs. 11—13 show the simulation results for the symmetrical
three-phase to ground, high-impedance fault on the
transmission 2. The system parameters of the test case II listed
in Table VIII are used. The CCT of the VSG can be calculated
in the same way as that of SGs [21], which turns out to be 0.32
s. Three different cases are studied: 1) the fault is not cleared,
2) the fault is cleared with FCT (0.5s) > CCT, and 3) the fault
is cleared with FCT (0.2s) < CCT. Since the VSG has no
equilibrium points during the fault, the conventional VSG is
unstable when the fault is not cleared, as shown in Fig. 11 (a).
Yet, with the mode-adaptive control, the VSG does not totally
lose the synchronization, as shown in Fig. 11 (b), where k keeps
switching between 1 and —1, leading to the power angle
oscillates around Jp in a bounded manner. Moreover, the active
power oscillation is also much smaller than that in Fig 11 (a).

In the case that the grid fault is cleared but FCT > CCT, the
conventional VSG still becomes unstable, as shown Fig 12 (a),
which agrees with the transient stability characteristic of the SG
[21]. However, the VSG with the mode-adaptive control
becomes stable after the fault is cleared even if FCT > CCT, as

shown in Fig. 12 (b). In contrast, both the conventional VSG
and the VSG with the mode-adaptive control can be kept stable
if FCT < CCT, as shown in Fig 13 (a) and (b).
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Fig. 11. Simulated dynamic responses of the VSG for the Type-II transient
stability problem. The fault is not cleared. (a) Conventional VSG. (b) VSG with
the mode-adaptive control.
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Fig. 12. Simulated dynamic responses of the VSG for the Type-II transient
stability problem. The fault is cleared and FCT=0.5s>CCT. (a) Conventional
VSG. (b) VSG with the mode-adaptive control.
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Fig. 13. Simulated dynamic responses of the VSG for the Type-II transient
stability problem. The fault is cleared and FCT=0.2s<CCT (a) Conventional
VSG. (b) VSG with the mode-adaptive control.

3) Solid fault at the PCC
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Fig. 14. Simulation results of the VSG with the mode-adaptive control under
severe faults at the PCC, the converter switches to the current limit control
during the fault and switches back to the mode-adaptive VSG control after the
fault clearance.

As mentioned before, the VSG has to be switched to the
current control to avoid the overcurrent tripping under the solid
fault at the PCC. In that scenario, the grid synchronization is
realized by the backup PLL, rather than the active power loop
of the VSG [6], and consequently, the mode-adaptive control,
which merely modifies the active power loop, has no impact on
the dynamics of the current limitation. This fact is confirmed by
the simulation results given in Fig. 14. It can be seen that the
converter switches to the current limit control during the fault
and switches back to the mode-adaptive VSG control after the

fault clearance. The current limit is set as 1.8 pu in the
simulation. It is clear that the magnitude of the fault current is
well controlled within this limit during the fault period.

4) Application of the mode-adaptive control for multiple
generators

VSG1 1 0.1+j0.9 pu 3 g
| I

N - o

VSG2

Fig. 15. A 3-bus system with two VSGs and one SG.
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Fig. 16. Simulation results under the condition of Hys;i=1.59s, Hyss>=1.59s,
Hy=1.59s, where the mode-adaptive control is not applied to VSG1 and VSG2,
and the system is stable. (a) VSGI. (b) VSG2. (¢) SG.

To evaluate the applicability of the mode-adaptive control in
the power system with multiple generators, case studies on a 3-
bus system including two VSGs and one SG are carried out, as
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shown in Fig. 15. The transient disturbance is considered as a 4
sudden disconnection of the transmission line between bus 2
and bus 3 at r=1s.

As pointed out in Section IV-A, by using wcor (a typical 5
10ms communication delay for obtaining wcosis considered in
the simulation [35]-[36]), the proposed method can be adopted

Py (pu)
ISINY

Afs¢c (Hz)
)

for the ith VSG vprovided H; wigprive << Hr gisurp. For R > 5 4 s
verifications, two case studies are carried out: Transient disturbances Us
Case I: HVSG1:1.59S, HVS62:1.59S, HSG:1.59S, which leads (c)

to I_I_T = 4.77s. Since even HVSGI’2<<_ Hris not satlSﬁed’ the Fig. 17. Simulation results under the condition of Hyssi=1.59s, Hysc:=1.59s,
requirement of H; adapive << Hr aisurs 1 apparently not met. In Hg=1.59s, where the mode-adaptive control is applied to VSG1 and VSG2,
this case, the mode-adaptive control cannot work with the  and the system is unstable. (a) VSGI. (b) VSG2. (c) SG.
VSGs, otherwise unintentional switching actions might be
triggered. This is confirmed by the simulation results given in
Figs. 16 and 17, where the system is stable after the disturbance
if the mode-adaptive control is not used, as shown in Fig. 16,
but is destabilized with the mode-adaptive control, as shown in
Fig. 17.

Case 2: Hysc1=0.39s, Hys:=0.39s, Hsg=6.4s, which leads to
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the transient stability of the system. The system becomes S — B e—
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is not used, as shown in Fig. 18, yet it is stabilized after using (a)
the mode-adaptive control, as shown in Fig. 19. The simulation B 2 I T T W 0 d. ]
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B. Experimental Results

To further verify the simulation results, the experiments are
carried out with a three-phase grid-connected converter with
downscaled voltage and power ratings. Yet, the per unit values
of parameters used in the experiment are same as that used in
simulations, which are summarized in Table IX. The same
transient disturbances considered in simulations are evaluated
in experiments.

Fig. 20 shows the layout of the experimental setup. The
control algorithm is implemented in the DS1007 dSPACE
system, where the DS2004 high-speed A/D board is used for
the voltage and current measurements. The DS2102 high-speed
D/A board is used to transmit the calculated active power,
power angle and the gain £, to the oscilloscope. In addition, a
constant dc voltage supply is used at the dc-side, and a 45 kVA

Chroma 61850 grid simulator is used to emulate the infinite bus.
vsc
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e A~

e e

A e
Veee—»
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Fig. 20. Configuration of the experimental setup.

TABLE IX

PARAMETERS FOR TRANSIENT DISTURBANCE TEST (EXPERIMENTS)
Pres 1 kW (1 pu) Orer 0
H 1.65 s D 0.16 pu
K, 0.05 p.u. Ve 50V/50Hz (1 p.u.)

Test case I Test Case 11
Xr j0.01 p.u. Xr j0.01 p.u.
Za 0.10 +3j0.95 p.u. Za 0.015 +j0.15 p.u.
Zg 0.015 +30.15 p.u. Zg 0.08 +j0.8 p.u.
Zg j0.01 p.u Zg3 0.08 +j0.8 p.u.
Zgna 0.05 +j0.5 p.u.

Fig. 21 provides the experimental results for the Type-I
transient stability case, i.e., the sudden disconnection of the
transmission line 2. The parameters of the test case I listed in
Table IX are used, and the system has equilibrium points after
the disturbance. It can be seen that the conventional VSG
becomes unstable in this scenario, as shown in Fig. 21(a), which
agrees with the simulation results in Fig. 10(a). In contrast, the
VSG with the mode-adaptive control scheme can still be kept
stable, as shown in Fig. 21(b), which confirms the simulation
result in Fig. 10(b). As the background noise is inevitable in
practice, the low-pass filter (LPF) is added after calculating
d(AP)/dt in the experiment, which leads to the slightly slower
dynamic of switching the gain compared with simulation results.
Nevertheless, the LPF will not affect the effectiveness of the
control method for the transient stability enhancement, which is
supported by the experimental results given in Figs. 21-24.

Figs. 22-24 show the experimental results of the symmetrical
three-phase to ground high impedance fault on the transmission
line 2. The parameters of the test case II listed in Table IX are
used, and the system does not have equilibrium points during
the fault. The CCT of'the VSG is calculated as 0.32 s. Following
the simulation studies, three different cases are tested: 1) the
fault is not cleared, 2) the fault is cleared with FCT (0.5s) >
CCT, and 3) the fault is cleared with the FCT (0.2s) < CCT.

From Figs. 22(a) and 23(a), it is clear that the conventional
VSG loses synchronism with the power grid when the fault is
not cleared or when the fault is cleared with FCT > CCT. Yet,
with the mode-adaptive control scheme, the power angle of the
VSG is still bounded even if the fault is not cleared, as shown
in Fig. 22(b), and the system can be kept stable even if the fault
is cleared with FCT > CCT, as shown in Fig. 23(b). These tests
confirm again the effectiveness of the proposed method.

Fig. 24 shows the measured results for both the conventional
VSG and the VSG with the mode-adaptive control scheme in
the case that the fault is cleared with FCT < CCT. It can be seen
that the system can be kept stable in both cases. This also
corroborates the effectiveness of the calculated CCT.
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Fig. 24. Experimental results of the VSG for the Type-II transient stability
problem. The fault is cleared and FCT=0.2s<CCT (a) Conventional VSG. (b)
VSG with the mode-adaptive control.

VI. CONCLUSION

This paper proposes a simple yet effective approach for
enhancing the transient stability of the VSG. Simulations and
experimental case studies have been presented. The transient
stability problems for the VSGs with and without equilibrium
points after the disturbance have been considered. The proposed
method can be adopted for the VSG in the power system when
Hi adapive << Hr gisurp, and it yields a superior performance
compared with the conventional VSG control method. A
competitive advantage of the mode-adaptive control scheme is
the VSG can be kept stable even if the fault is cleared beyond
the CCT derived based on the conventional SG-based systems.
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