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Virtual Power Angle Synchronous Control for
Improving Transient Stability of Grid-forming
Converters

Jidong Xu, Jun Zeng, Gengning Ying, Minhai Wu, and Junfeng Liu

Abstract—The increasing adoption of grid-forming converters
(GFMCs) stems from their capacity to furnish voltage and fre-
quency support for power grids. Nevertheless, GFMCs employ-
ing the current reference saturation limiting method often ex-
hibit instability during various transient disturbances including
grid voltage sags, frequency variations, and phase jumps. To ad-
dress this problem, this paper proposes a virtual power angle
synchronous (6,-SYN) control method. The fundamental of this
method is to achieve synchronization with the grid using the vir-
tual power angle J, instead of the active power. The transient
stability characteristics of the proposed method are theoretical-
ly elucidated using a novel virtual power angle-power angle (0,-
0) model. The key benefit of the proposed method is its robust-
ness to various grid strengths and diverse forms of transient dis-
turbances, eliminating the requirement for fault identification
or control switching. Moreover, it can offer grid-forming sup-
port to the grid during grid faults. Hardware-in-the-loop experi-
mental results validate the theoretical analysis and the perfor-
mance of the proposed method.

Index Terms—Grid-forming converter, inertial effect, overcur-
rent limitation, transient disturbance, transient stability, virtual
synchronous control.

[. INTRODUCTION

S renewable energy sources and energy storage systems

continue to increase rapidly, the traditional electric pow-
er systems based on synchronous generators (SGs) are gradu-
ally transitioning towards the dominance of converter-inter-
faced generators such as converters utilized in solar genera-
tion and wind turbines [1], [2]. It is crucial for the power
grid to operate these converters in the grid-forming mode,
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providing essential functions like frequency and voltage sup-
port, which is provided by SGs in conventional grids. Till
now, there have been many studies on grid-forming convert-
ers (GFMCs). Research has been conducted in the analysis
and improvement of small-signal synchronization stability of
GFMCs [3]-[5].

To ensure the stability of the power grid, the GFMCs
should also maintain grid synchronization under various tran-
sient disturbances such as voltage sags, frequency variations,
and phase jumps. Furthermore, the GFMCs should automati-
cally return to normal operation when the fault is cleared. In
the power grid, this capability is referred to as transient sta-
bility. The transient stability of GFMCs has been much dis-
cussed [6]-[10]. The analysis in [6]-[8] investigated how iner-
tia affects the transient stability of the GFMC and demon-
strated that inertia adversely affects transient stability. The
impact of the internal voltage on the transient stability is
studied in [9]. In [10], the impact of the feedback modes of
the power synchronous control on the transient stability of
the GFMC is detected. However, these analyses fail to ac-
count for the influence of current saturation on transient sta-
bility.

Limiting the output current of GFMCs within the safe
range is crucial. Different from SGs, which have large over-
current capability, the overcurrent capability of GFMCs is
very limited, i.e., 1.2 p.u. [11]. Without proper control, tran-
sient disturbances can cause overcurrent in the GFMC, thus
damaging power electronic switches. Existing literature has
proposed several methods to limit the output current of the
GFMC to the allowable value. The first is the current refer-
ence saturation (CRS) limiting method [12]-[14]. The second
is the virtual impedance current limitation method [15]-[17].
However, the effectiveness of the second method is affected
by variations in grid impedance and cannot precisely limit
the current. As shown in [18], an overcurrent phenomenon
occurs during the early stages of the grid voltage sags with
the second method. The CRS limiting method is widely used
due to its rapid and precise current-limiting capability. There-
fore, this paper adopts the CRS limiting method for the cur-
rent limitation.

Reference [19] reveals that GFMCs experience transient
instability under voltage sag conditions and it has been high-
lighted that the CRS limiting method has a considerable neg-
ative influence on the transient stability of GFMCs. Numer-
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ous control techniques have been proposed to enhance the
system transient stability of GFMCs involving the CRS limit-
ing method under voltage sag conditions. A stability en-
hanced P-f droop control (SEPFC) is introduced in [19]. The
SEPFC adds the filter capacitor voltage into the droop con-
trol to improve the transient stability. However, the study
points out that this method fails under weak grid conditions.
Reference [20] indicates that during voltage sags, active
power synchronous (P-SYN) control can be switched to reac-
tive power synchronous (Q-SYN) control to prevent desyn-
chronization from the power grid. However, this method re-
quires the grid impedance measurements, which can be quite
difficult to obtain. A power angle-frequency droop control is
proposed in [21], which establishes steady-state operating
points under fault conditions to avoid transient instability.
However, this method fails under weak grid or severe volt-
age drop conditions. The aforementioned methods ignore the
impact of inertia, enhancing the transient stability of GFMCs
effectively only during voltage sags, but proving ineffective
for other transient disturbances. The frequency variation and
phase jump cases are common in the grid with higher renew-
able energy penetration and lower inertia, which might cause
power grid instability as well.

Reference [22] further analyzes the instability mechanism
of GFMCs under phase jump conditions. The authors ad-
dress this instability problem by modifying the saturation
current phase reference, but the parameter design procedure
of this method is complex and difficult to implement. Refer-
ence [23] analyzes the instability mechanism of GFMCs un-
der frequency variation conditions and presents an overcur-
rent limitation scheme based on power angle. However, it is
unsuitable for implementation in weak grid scenarios, and
the recovery time after the fault is prolonged.

A detailed analysis of the instability mechanisms of
GFMCs with P-SYN control and the CRS limiting method
under various transient disturbances is carried out in this pa-
per. Based on this, this paper suggests a virtual power angle
synchronous (6,-SYN) control method. The fundamental of
this method is to achieve synchronization with the grid using
virtual power angle J, instead of active power. This method
ensures the presence of a steady-state equilibrium point even
during serious transient disturbances, which significantly im-
proves the transient stability of GFMCs. The virtual power
angle-power angle (J,-6) model is developed for both volt-
age source mode (VSM) and current source mode (CSM),
which enables a theoretical interpretation of the transient sta-
bility of the proposed method. Moreover, the benefits of the
proposed method are as follows.

1) This method is robust to different grid strengths, rang-
ing from very weak to strong grids, and can effectively han-
dle various transient disturbances such as grid voltage sags,
frequency variations, and phase jumps.

2) This method ensures a smooth switching between nor-
mal operation and fault operation without the need for fault
diagnosis.

3) This method can offer voltage and frequency support to
the grid during transient disturbances.

The rest of this paper is organized as follows. Section II

provides the configuration of the studied system and the pha-
sor-based model for transient stability analysis. Section III
analyzes the transient stability of the GFMC with the P-SYN
control and the CRS limiting method, demonstrating that the
GFMC loses synchronization with the power grid during
grid voltage sags, frequency variations, and phase jumps.
Section IV introduces the proposed 6 -SYN control method.
A 0,0 model for transient stability analysis is also estab-
lished. The analysis of the impact of the proposed method
on the transient stability of the GFMC is conducted using
the ,-0 model. Section V analyzes the dynamic performance
and robustness of the proposed method under various grid
strengths through time-domain simulations. And a compari-
son between the proposed method and existing state-of-the-
art solutions is conducted. Section VI confirms the theoreti-
cal analysis and performance of the proposed method by
hardware-in-the-loop (HIL) experiments. Finally, Section VII
provides the conclusion for this paper.

II. CONFIGURATION OF STUDIED SYSTEM AND PHASOR-
BASED MODEL FOR TRANSIENT STABILITY ANALYSIS

A. Configuration of Studied System

Figure 1(a) depicts the configuration of a GFMC connect-
ed to the power grid, where PWM stands for pulse width
modulation; v, represents the grid voltage; v, represents
the output voltage at the point of common coupling (PCC);
i, represents the converter-side current; i, represents the
grid-side current; and L, represents the line inductance. Addi-
tionally, in this paper, the converter uses the LC filter, where
L, and C, represent the filter inductance and capacitance, re-
spectively. The LCL filter can also be used to filter out har-
monics. Since the grid-side inductance of the LCL filter is
generally small and can be considered part of the line induc-
tance, the proposed method can also be applied to converters
using an LCL filter, and the theoretical analysis presented in
this paper is still valid.

Outer loop control includes an active power controller
(APC) and a reactive power controller (RPC). Inner loop
control includes a voltage controller (VC) with virtual admit-
tance and a current-limiting controller (CLC). The phase ref-
erence 6, for Park transformation is obtained from the APC,
in which droop control along with inertial and damping emu-
lation is integrated [24]. P, represents the reference value of
active power. P represents the active power output of the
converter. P, represents the set value of active power. w,
represents the nominal angular frequency. K, represents the
virtual damping. H represents the inertia constant. D repre-
sents the droop coefficient. Aw represents the angular fre-
quency increment. @ represents the output angular frequency
of APC. RPC employs reactive power-voltage droop control
to derive the voltage reference E, . n, represents the droop
coefficient of RPC control. O, represents the reference val-
ue of reactive power. Q represents the reactive power output
of the converter. ¥, represents the voltage amplitude setting
value. LPF denotes a first-order low-pass filter (LPF) uti-
lized for filtering out harmonics from reactive power. 6,

and E,, produce the references e, used by the VC with vir-
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tual admittance. v, represents the PCC voltage in the off co-
ordinate system. The VC incorporates virtual inductance L,
and virtual resistance R . To get precise and decoupled con-
trol of the APC and RPC, R, is set significantly lower than
L, [25]. Hence, the virtual resistance is ignored in this paper.
The output of the VC with virtual admittance is l?Zpa which
is the converter-side current reference in the aff coordinate
system.

Converter

PCC

La/)(

ab( ubc m ‘ |

Cf T vgab(‘

Priority-
based
limiter |

Pyl 4o IEPN
Py =1 [28s] +

P
-J

APC

Aw

E, /0, )
@ ~YAN

(b)

Fig. 1. Schematic illustration of GFMC incorporating P-SYN control and
CRS limiting method. (a) Configuration and control. (b) Equivalent circuit.

The CLC incorporates a current reference limiting strategy
and regulates the converter-side current i,,, utilizing the pro-
portional-integral (PI) decoupled dg control method. The out-
put of the CLC is vﬁfj’;, which is the terminal voltage refer-
ence of the converter in the dg coordinate system. vﬁj{é under-
goes the transformation from the dg coordinate system to the
abc coordinate system, resulting in the three-phase terminal
voltage reference v/% . The widely adopted d-axis-priority
CRS limiting method is selected to control the output of the
VC [11]. This limiting method is defined using (1) and (2),
with the maximum current typically set to be 1.2 p.u., denot-

edas/

- i .
- 1 L min (| i57] 1) )
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i

where 7 and if; are the converter-side current references
produced through the VC in the dg coordinate system; and
~ref ~ref
i.q and i, are the saturated current references.

From (1) and (2), if the current magnitude is below /__,
the CRS limiting method remains inactive and the GFMC ex-
hibits characteristics similar to a voltage source. Conversely,

if the current magnitude exceeds / ., the CRS limiting meth-
od is activated. Under these circumstances, the current mag-
nitude is constrained to /. Its phase is aligned with the d
axis. Besides, Fig. 1(b) illustrates the equivalent circuit of
the studied system under the voltage source operation charac-

teristics, where 0, represents the phase of the grid voltage.

B. Phasor-based Model for Transient Stability Analysis

Typically, the inner control loop exhibits dynamics that
are more than ten times faster than those of the outer control
loop [26]. When analyzing the transient stability problem
arising from the P-SYN control, the faster response speed of
the inner control loop allows it to be ignored. The current of
the capacitor C, is also ignored, as the capacitor primarily fil-
ters the harmonics of the current and has minimal influence
on the transient stability in this paper. In power transmission
scenarios, the line resistance R, relative to the line reactance
X, is ignored due to R,<.X,. Then, phasor-based models are
derived utilizing these assumptions. The HIL experiments in
this study will comprehensively consider all factors ignored
in the assumptions to ensure the validity of the analysis and
the efficacy of the proposed method.

The power angle J represents the phase disparity between
the phase reference 6, and the grid voltage phase 0,.

0=0,-0,= [@-0,) 3)

As depicted in Fig. 2(a), when the CRS limiting method
remains inactive, the GFMC terminal voltage E is regulated
to align with the d axis, where Z,:ja)nL‘, and fgzja)nLg rep-
resent the virtual impedance and line impedance, respective-
ly. fmax represents the maximum current phasor. 1; and l7g
represent the voltage and current phasors of the grid, respec-
tively. VPCC

power angle o, is defined as the phase difference between E
and V

peet

represents the PCC voltage phasor. The virtual

(b)
Fig. 2. Phasor diagrams of different modes. (a) VSM. (b) CSM.

In this scenario, the P-J equation is described as:

3
2XX

sin(0) 4)
where £ and V, represent the magnitudes of E and I7g, re-
spectively; and X, represents the virtual reactance.

It is noteworthy that the filter inductance L, is not ignored,
but is replaced with a virtual inductance larger than that in
(4). From the perspective of the physical significance of vir-
tual admittance control, L, represents the equivalent induc-
tance between the terminal voltage of the converter and the
PCC voltage, which corresponds to L, in the actual circuit to-
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pology, as shown in the equivalent circuit of the system in Fig.
1(b). According to [27], to ensure the small-signal stability of
the converter, the virtual inductance must be greater than 0.4
p-u.. Based on the filtering performance and cost, L, is set to
be 0.2 p.u.. Therefore, the virtual admittance method does
not neglect L, but actually increases it. Since L, is replaced
with a larger virtual inductance, it will not affect the power
angle equation (4). Besides, the parameter of L, should not
be too large either. This is because the virtual inductance
and virtual resistance create an LPF in the control path, and
an excessively large L, will reduce the bandwidth of the fil-
ter, thereby decreasing the dynamic performance of the sys-
tem. Based on the above analysis, the virtual inductance is
set to be 0.8 p.u..

Furthermore, as depicted in Fig. 2(b), when the CRS limit-
ing method is activated, the VC becomes ineffective due to
current saturation, causing the GFMC to work as a current
source. Thus, the GFMC changes from VSM to CSM after a

grid fault. The output current 7, is regulated to align with
the d axis. Thus, the output power of the GFMC can be cal-

culated using I and I7g. In this scenario, the output power

max

P can be reformulated as:

P= iI

- 2 mang COS(&) (5)

III. TRANSIENT STABILITY ANALYSIS OF GFMCs WITH
P-SYN CONTROL AND CRS LIMITING METHOD

This section describes the transient stability characteristics
of GFMCs with the P-SYN control and CRS limiting meth-
od during various transient disturbances.

A. Transient Instability of P-SYN Control in Case of Voltage
Sags

The transient stability of GFMCs with the P-SYN control
and CRS limiting method under voltage sags is analyzed in
this subsection. The analysis employs the P-6 curves for
both VSM and CSM. The focus is on assessing the existence
of stable equilibrium points under transient disturbances.

Based on the APC in Fig. 1 and (3), we can obtain:

5=a)—w,,=(P,€/-—P)(ﬁ +K, (6)
The operational mechanism of the GFMC under a voltage
sag is depicted in Fig. 3, which illustrates the P-0 curves
based on (4) and (5). As shown in Fig. 3, the GFMC with
the P-SYN control and CRS limiting method can restore syn-
chronization with the grid following the sequence of a —
b — ¢ — d — e — a and lose synchronization following
the sequence of a—>b —>¢ —d — ¢
Under normal conditions, the operating point is stabilized
at equilibrium point a, and the output angular frequency of
the converter is equal to the rated grid frequency w,. J at
point a is defined as J,. When V, suddenly decreases from
311 V (1 p.u) to 62 V (0.2 p.u.), the CRS limiting method
will promptly be activated, yet ¢ will not undergo an abrupt
change.
Consequently, the operating point will jump from the stan-
dard/post-fault curve under VSM to the fault curve under

CSM. Because P,,>P on the fault curve under CSM, based
on (6), the output angular frequency @ begins to increase,
leading to a corresponding rise in J. Thus, the operating
point will move along the fault curve under CSM until ¥, re-
turns to its nominal value at point b. J at point b is defined
as the clearing angle J.. When V, returns to its normal value,
the operating point jumps from point b to point c. At point
¢, the output power P>P, . According to (6), the output an-
gular frequency @ begins to decrease, but the angular fre-
quency increment Aw=w—w,, which is obtained through
the integration of the virtual inertia component during the
fault stage, does not immediately return to zero at the mo-
ment the fault is cleared. Consequently, the output angular
frequency w is still greater than the grid frequency when the
fault is cleared. J will continue to increase and the operating
point will move along the post-fault curve under CSM until
 is less than w,. If the operating point does not cross the
unstable equilibrium point d when o decreases to a value
smaller than w,, due to P, <P, based on (6), J will decrease
and the operating point will move along the post-fault curve
under CSM until it reaches point e. After point e, the CRS
limiting method will be deactivated. The operating point will
transition following the standard/post-fault curve under VSM
back to point a. If J crosses the unstable equilibrium point d,
due to P,,>P, o will increase and the operating point will
move along the post-fault curve under CSM. This results in
the GFMC becoming desynchronized from the grid, which
in turn gives rise to transient instability.

1.5

1.0

0.5

Active power P (p.u.)

5, = n
Power angle ¢ (rad)

—— Standard/post-fault P-o curve under VSM
Fault P-0 curve under CSM
— Post-fault P-0 curve under CSM

Fig. 3. Operational mechanism of GFMC under a voltage sag.

According to the equal area criterion, a successful fault re-
covery requires that the acceleration area Al is smaller than
the maximum deceleration area A2. The equal area criterion
essentially analyzes the transient stability of GFMCs from
the perspective of energy conversion. As the operating point
moves from point a to point b, w increases continuously, ac-
celerating the converter. During a voltage sag, the rotor of
SG accelerates, and electrical energy is converted into the ki-
netic energy of the rotor. The converter undergoes a similar
process in which the equivalent potential energy of the con-
verter £, is converted into the equivalent kinetic energy of
the converter E, during a voltage sag. The increase in £, can
be represented by the acceleration area Al.
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J, 3
E=E,= [ 5 (P,,e/— 2 D027/, 05(0) |d0 %)
2P (X, +X,)
where &, =arcsin ——L 8%
3EV,

After the fault is cleared, as the operating point moves
from point ¢ to point d, the output angular frequency w be-
gins to decrease, indicating that the equivalent kinetic energy
of the converter is being converted into the equivalent poten-
tial energy. The maximum convertible equivalent potential
energy £, is determined by the maximum deceleration ar-
ea A2, which is given as:

Jdy 3
EPmax: fg‘ (E[mang COS(&)—P”# do (8)
o0 at point d is defined as J,.
_ ref
d,=arccos 3 )
5 Imax Vg

If E,<E,. i.¢€., the acceleration area Al is smaller than
the maximum deceleration area A2, E, obtained by the con-
verter during the fault can be completely converted into E,.
This results in a reduction in w, enabling it to return to the
grid frequency w, before the operating point reaches the un-
stable equilibrium point d, thereby the further power angle
increase is prevented. Based on (6), 0 will decrease as w
drops below the grid frequency w,. The operating point even-
tually reaches the steady-state equilibrium point a. If E,>
E e @ is still greater than , when the operating point
reaches the unstable equilibrium point d. ¢ will pass beyond
the unstable equilibrium point d, resulting in transient insta-
bility.

Assume that the acceleration area Al is equal to A2 when
d, is equal to the critical clearing angle (CCA) J,. Under
this condition, J will approach the unstable equilibrium point
d during the dynamic process, but will not exceed it.

.. can be determined as:

o 3
| J (Pre,— 1 027, cos(é))déz

d, 3
| 5(((5 LoV, cos(&)—Pnf) ds (10)
8. =arcsin|1.25sin(5,)—0.25sin(d, )+ Pry@a=0)|
cc . d . a 1.2[mang ( )

When J, exceeds J,., the operating point will pass beyond
the unstable equilibrium point d and the system will experi-
ence transient instability. Consequently, an extended fault du-
ration and an excessive grid voltage drop during the fault
process have the potential to induce transient instability. It is
of great importance to prevent this instability, as it has the
potential to significantly compromise the secure operation of
the system.

B. Transient Instability of P-SYN Control in Case of Fre-
quency Variations

Based on (4) and (5), the operational mechanism of the
GFMC under frequency variations is depicted in Fig. 4. At
point b, the current magnitude reaches its maximum value
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... 0 at the operating point of the current critical saturation
is defined as J,,. As the grid frequency f, decreases from f|
of 50 Hz to f, of 49.6 Hz, the output power of the converter
increases from P, to P,, and the operating point shifts from
point a towards point b. Hence, the output current magnitude
exceeds /. To constrain the output current, the CRS limit-
ing method is activated. As f, decreases from f| to f,, the op-
erating point exceeds the unstable operating point c, and the
GFMC becomes desynchronized from the grid. Under this

condition, the system is unstable.

=
&
Q
o)
z
=}
o
o
2
k3!
<
ev > 0 £ h S,
Power angle o (rad)
—P-0 curve under VSM;—P-6 curve under CSM
(a) (b)
Fig. 4. Operational mechanism of GFMC under frequency variations. (a)

P-4 curves. (b) P-f, curve.

C. Transient Instability of P-SYN Control in Case of Phase
Jump

Before delving into the instability mechanism of the phase
jump case, we will first explain the concept of the auto-re-
covery boundary. Within the range of (-4, d,,), the GFMC
can autonomously exit the CSM and revert to the VSM.
When the CSM is activated, it requires the current reference
produced by the VC to be less than the maximum current to
exit the CSM, i.e.,

|(E, 20—V, 20z
where Z,,,=w, (L, +L,).

< (12)

total

total —
Considering that both the terminal voltage amplitude refer-

ence of the converter £, and the post-fault voltage ampli-

tude V, are equal to V), the boundary power angle £J,, for
exiting the CSM is derived from (12) as:

2
1 (Xg+Xv)[max
6(\)_arCCOS 1 - 2|:I/N

(13)

If 6 is within the range of (-4, J,,), the GFMC will auto-
matically revert to the VSM. If the power angle exceeds the
range of (-d,,, J,,), the converter will remain in the CSM be-
fore o returns to the range of (-J,,, J.,).

The operational mechanism of the GFMC under phase
jumps of —40° and —60° is depicted in Fig. 5. When a phase
jump of —40° occurs, the operating point jumps to point e
from point a. Due to P, <P at point e, based on (6), J will
decrease and the operating point will move along the P-
curve under CSM until =4, at point b. Then, the CRS lim-
iting method will be deactivated, and the operating point
will jump to point b and follow the P-6 curve under VSM
back to point a.
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Active power P (p.u.)

Power angle ¢ (rad)

——P-¢ curve under VSM; —P-0 curve under CSM

Fig. 5. Operational mechanism of GFMC under phase jump.

For the GFMC with the CRS limiting, when a phase jump
of —60° occurs, ¢ will abruptly increase from point a to
point d. As a result, the CSM is triggered, and the operating
point crosses the unstable operating point ¢. Due to P,>P
at point d, according to (6), 0 will increase, causing the oper-
ating point to move along the P-0 curve under CSM, ulti-
mately leading to unsynchronization between the GFMC and
the grid.

IV. PROPOSED 6,-SYN CONTROL METHOD AND J -6 MODEL
FOR TRANSIENT STABILITY ANALYSIS

A. Description of 6 -SYN Control and -6 Model

According to the analysis in Section III, the P-SYN con-
trol with the CRS limiting method suffers from transient in-
stability problems during transient disturbances. From (4),
we can find that the active power is proportional to the pow-
er angle. It is therefore possible to consider the direct use of
the power angle ¢ for synchronous control. However, the cal-
culation of 6 needs the parameters of the grid voltage and
the line impedance, which can be rather challenging. Alterna-
tively, the calculation of J, is relatively convenient. Accord-
ing to Fig. 1, the output of the APC is 0, of E. The phase
of v, can be obtained by using the phase-locked loop
(PLL), which is defined as 6,,. Therefore, J, can be obtained
as:

5,=0,,~0

it (14)

Through (15), we can derive the virtual power angle refer-
ence d,,, from the active power reference. Considering that
the terminal voltage amplitude of the converter £ and the

PCC voltage amplitude V. are both equal to V,, we can ob-

pee

tain:
3V3 .
Pref': E - Sln(évref) (15)
. 2Pref)(v
0, p=arcsin| ———— (16)
N

Once 6, and J,,,, are obtained, the J -SYN control can pro-
duce the angular frequency reference of the converter as:

5:w—wn:(5v»-qf_5v_DAw)(2LHs +Kp) (17)
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Figure 6 depicts a control block diagram of ¢ -SYN con-
trol. The transient stability analysis of the 6 ~-SYN control re-
lies on the J,-0 curves and necessitates an evaluation of the
existence of an equilibrium point during transient disturbanc-
es.

D1

l Iﬂl [0

Fig. 6. Control block diagram of J,-SYN control .

In steady-state operation, P can be calculated both through

0 and J,, as illustrated in (18).
3 EV,
T2X,+X, (18)

From (18), the J -0 equation under the VSM can be de-
rived as:

EV .
sin(d)= %% sin(d,)

ng

m sin (5))

(19)

0,= arcsin(

From Fig. 2(b), the J -0 equation under the CSM can be
derived as:

@n(d,) X,

@n(@) X, +X, (20)
Then, ¢, under the CSM can be derived from (20) as:
X,
0,= arctan(XVJng tan(&)) (21)

B. Transient Stability Analysis of 6-SYN Control in Case of
Voltage Sag

In this subsection, the transient stability of J,-SYN control
under voltage sags is analyzed utilizing the -0 equa-
tion (19).

First, we investigate the transient stability of J -SYN con-
trol under strong grid conditions. Figure 7 shows the ¢ -0
curves and P-0 curves of the GFMC under a voltage sag
when the short circuit ratio (SCR) is 15. During the voltage
sag, the grid voltage magnitude decreases from 311 V (1
p-u.) to 62V (0.2 p.u.). J,,, is set as 0.5 p.u. to transmit P=
0.5 p.u. to the grid. Low voltage ride through (LVRT) with
0,-SYN control follows the trajectory delineated by points a,
b, ¢, and d, as depicted in Fig. 7(a). The operating point is
at the steady-state equilibrium point a under normal condi-
tions. When ¥, suddenly decreases to 62 V (0.2 p.u.),  will
not undergo an abrupt change. Consequently, the operating
point will jump to the fault J -0 curve from the standard/
post-fault J -0 curve. Because J,,,,>d, at point b on the fault
0,-0 curve, according to (17), 6 will steadily increase and the
operating point will move along the fault 6 -6 curve until it
reaches the steady-state equilibrium point ¢. Then, regardless
of the fault duration, the GFMC will consistently operate at
point ¢. When V, is restored, the operating point will jump
from the equilibrium point ¢ to point d. Point d closely ap-
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proaches the operating point under normal conditions, mak-
ing it an advantageous operating point for rapid post-fault re-
synchronization. d, is greater than the reference value J,,,, at
point d. According to (17), J, will decrease and the operat-
ing point will move along the post-fault J -0 curve until it
reaches point a. Figure 7(b) depicts the variation of active

power output with ¢ during the LVRT process.
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Fig. 7. Operational mechanism of GFMC with 6,-SYN control under a
voltage sag when SCR is 15. (a) J,-0 curves. (b) P-0 curves.

The analysis above indicates that after applying the o -
SYN control, the GFMC is able to establish a steady-state
equilibrium operating point during the voltage sags, regard-
less of the variation of 4, ranging from 0 p.u. to 1 p.u..
Consequently, the effectiveness of the control remains unaf-
fected by the extent and duration of the voltage sag under
strong grid conditions. Note that once the equilibrium point
is reached, the GFMC will stabilize promptly without exhib-
iting any oscillation.

To analyze the transient stability of J -SYN control under
weak grid conditions, Fig. 8 depicts the J -0 curves and P-
o curves of the GFMC under a voltage sag when SCR is 1.5.
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Fig. 8. Operational mechanism of GFMC with J -SYN control under a
voltage sag when SCR is 1.5. (a) J,-0 curves. (b) P-6 curves.

Figure 8(a) shows that there is no steady-state equilibrium
point when a voltage drop occurs. In this scenario, low-fre-
quency oscillations (LFOs) will occur, resulting in transient
instability in the system. Therefore, under weak grid condi-
tions, it is essential to adjust J,,, according to the variation
of V0 €8, 0,,=0,,V,. so that the fault § - curve inter-

pee? vref’ pced

sects with J,,,. The subsequent analysis is similar to the case
under strong grid conditions and will not be reiterated.

C. Transient Stability Analysis of 6 -SYN Control in Case of
Frequency Variations

To solve the instability problem of the GFMC with the P-
SYN control and the CRS limiting method under frequency
variations depicted in Fig. 4, the change of 6 can be con-
strained to prevent ¢ from reaching point b, which triggers
the transition into the CSM.

Since V, and X, are typically unidentified, it is challenging
to obtain J. The relationship between the virtual power angle
0, and the power angle ¢ is illustrated in Fig. 2. Therefore,
restrictions on ¢, can be used to indirectly constrain the vari-
ation in J. Figure 9 shows a block diagram for adding a vir-
tual power angle limit in the ,-SYN control. ], represents
the phase of the GFMC after adding a virtual power angle
limit; and ¢, represents the constrained virtual power an-
gle.

vlimit

o 5v ++’99—nf’

= Yvlimit
Saturation

Fig. 9. Control block diagram for adding a virtual power angle limit in ¢ -
SYN control.

It is worth noting that the virtual power angle limit only
prevents the converter from overcurrent only when the virtu-
al power angle exceeds +1 p.u.; within the limit range, the
virtual power angle limit remains inactive. In Fig. 10, with
the grid frequency decreasing from f, of 50 Hz to f, of 49.6
Hz, the operating point shifts from point a to point c, and ¢
is restricted to J,,, when the virtual power angle limit is

limit

used.
~ 257 P
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Fig. 10. Theoretical operating trajectories of GFMC with J-SYN control

under frequency variations when virtual power angle limit is added. (a) Stan-
dard/post-fault 6,-d curve. (b) P+, curve.

Due to the limitation on J, J,, will not be reached. Thus,
the transient instability is avoided. It is noteworthy that
when the virtual power angle limit is used, the GFMC can
generate active power based on its capacity to support the
grid frequency under frequency variations.
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D. Transient Stability Analysis of 6,-SYN Control in Case of
Phase Jump

Based on the analysis in Section III, when a phase jump
of —60° occurs, a loss of synchronization will occur between
the grid and the GFMC using the P-SYN control and the
CRS limiting method. To analyze the transient stability of
the 0 -SYN control under phase jump, the J -6 curves and P-
o0 curves of the GFMC are plotted in Fig. 11.
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Fig. 11. Theoretical operating trajectories of GFMC with 6 -SYN control
under phase jump. (a) P-0 curves. (b) J -0 curves.

For GFMC with the J,-SYN control, a phase jump of
—60° will lead to a sudden increase in 0 from point a to
point d, consequently causing current limiting. According to
the 6,-0 curve, J, is greater than the reference value J,,, at
point d. Based on (17), 0 will decrease and the operating
point will move along the J -6 curve under the CSM until it
reaches point b, where 6=4,,. The CRS limiting method will
be deactivated, so the operating point will jump to the J,-0
curve under the VSM and trace back along the J, -0 curve un-
der the VSM to point a. From the above analysis, it can be
concluded that the GFMC with the 6 -SYN control enhances
the transient stability under phase jump compared with the
GFMC with the P-SYN control and the CRS limiting meth-
od.

V. CASE STUDY

This section evaluates the dynamic performance and ro-
bustness of the proposed method under varying grid
strengths using time-domain simulations. Additionally, a
comparative analysis is presented to highlight the advantages
of the proposed method over existing state-of-the-art meth-
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ods.

A. Dynamic Performance and Robustness Analysis

The proposed method exhibits excellent dynamic response
and robustness across varying grid strengths. Figure 12 pres-
ents the time-domain simulations for the step response of the
active power output of the converter when using the pro-
posed method across various grid strengths.
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Fig. 12. Step responses of active power output. (a) Under strong grid con-

dition when SCR is 15. (b) Under weak grid condition when SCR is 1.5.

In Fig. 12(a), the active power output of the converter
quickly tracks the setpoint when P, is stepped from 0.5 p.u.
to 0.6 p.u. under strong grid conditions when SCR is 15. In
Fig. 12(b), the active power output also rapidly tracks the
setpoint, demonstrating robust tracking capabilities.

These simulations confirm that the converter with the pro-
posed method achieves excellent dynamic performance and
maintains robustness across a wide range of grid strengths.

B. Comparison of Proposed Method with State-of-the-art
Methods

To highlight the advantage of the proposed method, a com-
parison with existing methods for enhancing transient stabili-
ty is presented. Table I summarizes the pros and cons of six
existing methods, evaluated based on seven selected criteria.
The SEPFC [19], Q-SYN [20], power angle frequency droop
control (PAFDC) [21], and freezing virtual angular speed
(FVAS) of grid-forming converter [28] can only improve
transient stability in grid voltage sag scenarios. The power-
angle-based  adaptive  overcurrent  protection  scheme
(PAAOPS) [23] can improve transient stability only in grid
voltage sag and frequency variation scenarios. The optimal
current saturation angle scheme (OCSAS) [22] can address
the instability during grid voltage sags and phase jumps by
modifying the saturation current phase reference.

To the best of the author’s knowledge, existing control
methods can only improve transient stability against one or
two types of transient disturbances. The main advantage of
the proposed method is its ability to improve transient stabili-
ty of GFMCs under all three common types of transient dis-
turbances.
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TABLE I
COMPARISON OF PROS AND CONS OF EXISTING METHODS FOR TRANSIENT STABILITY ENHANCEMENT

eod | ETive 0 gid et grid et arid Nop s (L TS Tl Soooth mn o st g
voltage sags frequency drops phase jumps variation injection fault cases detection
SEPFC N x x x x x N
Q-SYN N X X X N v X
PAFDC N x x x J J J
FVAS N x x x N x N
PAAOPS N N x x N x J
OCSAS N x
J-SYN N N N N N N N
A detailed comparison of the proposed method and exist- TABLE II
ing methods under each type of the transient disturbance is PARAMETERS OF SYSTEM
provided in Supplementary Mateqal'A. o Description T
In summary, each of the six existing methods has its inher- - -
ent disadvantages. In contrast, the proposed method has dis- Magnitude of gr,]d voltage ¥, (V) A
tinct advantages. It can improve transient stability across all Frequency of grid voltage /, (Hz) >0
three types of transient disturbances, under both strong and Voltage reference ¥y (V) 31
weak grid conditions. It also achieves a seamless transition The maximum current /,,, (A) 128 (1.2 pu)
between normal and fault scenarios. The proposed method Active power reference P, (kW) 30
does not require online line impedance measurement or fault DC capacitor voltage V. (V) 1200
detection, making it simpler to implement than the existing Angular frequency reference @, (rad/s) 2m-50
methods. Additionally, this method can provide fast fault cur- Rated apparent power S, (kVA) 50
rent injection and frequency support during transient distur- Switching frequency f; (kHz) 10
bances, which will be further validated in the following ex- Filter inductance L, (H) 0.002
periments. Filter capacitance C, (F) 2x107°
Virtual resistance R (p.u.) 0.08
VI. EXPERIMENTAL VALIDATION Virtual inductance L, (p.u.) 0.8
As shown in Fig. 13, HIL experiments based on the SCR 1.5-15
OPAL-RT platform are conducted to verify the correctness Line inductance L, (mH) 0.6-6
of the theoretical analysis. The power grid and GFMC are Droop parameter D (p.u.) 100
simulated using the OPAL-RT platform. The control algo- Proportional gain of APC K (p.u.) 0.001
rithm is implemented on DSP TMS320F28335. OPAL-RT Inertial constant A (p.u.) 5
platform interfaces with the DSP controller through analog Reactive power droop coefficient 7, 10%- Vy/Py
output and digital input channels. The parameters of the sys- Proportional coefficient of CLC K, 25
tem are displayed in Table II. Integral coefficient of CLC K, 10
L‘ | e ; Cutoff frequency of LPFs f, . (Hz) 10
: Proportional coefficient of PLL K, , 0.128
| Integral coefficient of PLL K, , 1.28

14

DSP
TMS320F28335

| e |
_
Oscilloscope J |
' |
WO

Fig. 13.  HIL experiment platform.

In order to validate the transient stability issues identified
from the P-0 curves, experiments were conducted using the
system and control illustrated in Fig. 1. As illustrated in Fig.
14(a), the disturbance is emulated by abruptly transitioning
V, from 311 V (1 p.u.) to 62 V (0.2 p.u.) and lasts for 1 s.
The CRS limiting method restricts the converter current, i, =
1.2 p.u.. The voltage sag and current limitation cause a re-
duction in P. Since P<P,, based on (6), J will increase.
When ¢ exceeds the critical threshold J, described in Fig. 3,
the system becomes unstable. Then 0 keeps increasing rapid-
ly, eventually leading to the desynchronization of the GFMC
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from the grid. Therefore, the P-SYN control with the CRS
limiting method fails to ensure the transient stability of the
converter during grid voltage sags. The experiment aligns
with the theoretical analysis. In Fig. 14, V, is the one-phase
output voltage of the converter; i,, is the converter-side one-
phase current; and Q is the reactive power output of the con-

verter.
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Fig. 14. Experiment results in grid voltage sag scenarios. (a) P-SYN con-

trol with CRS limiting method. (b) Proposed method when SCR is 15. (c)
Proposed method when SCR is 1.5.

The experiments of the proposed method in grid voltage

sag scenarios are depicted in Fig. 14(b) and Fig. 14(c),
wherein V, decreases from 311 V (1 p.u.) to 62 V (0.2 p.u.)
and lasts for 1 s. During a voltage sag, V,, i,,, and output
power remain stable. This indicates that the converter main-
tains synchronization with the grid during the disturbance re-
gardless of the fault duration. During the fault, the proposed
method effectively constrains the current magnitude within
1.2 pu..

Furthermore, the GFMC provides 0.4 p.u. of reactive pow-
er when SCR is 15 and 0.5 p.u. of reactive power when
SCR is 1.5 to support grid voltage during the voltage sag.
Once the fault is cleared, the GFMC successfully returns to
its pre-fault state. The proposed method inherently guaran-
tees the existence of the equilibrium point of the GFMC dur-
ing the voltage sag, thereby preventing transient instability
of the GFMC, as discussed in Section III.

The experiment results in frequency variation scenarios
are depicted in Fig. 15. The power reference is initially set
to be 0.5 p.u.. The frequency variation occurs and lasts for
0.6 s. Figure 15(a) illustrates the response of the P-SYN con-
trol with the CRS limiting method. Upon the decrease of the
grid frequency from 50 to 49.6 Hz, ¢ will swing past the un-
stable equilibrium point during the fault described in Fig. 4.
The output power becomes unstable, and the output current
becomes saturated. This result is consistent with the theoreti-
cal observations depicted in Fig. 4. Conversely, as illustrated
in Fig. 15(b), employing the proposed method results in sta-
ble restriction of the current within the rated value. Mean-
while, when the grid frequency decreases, the converter out-
puts more active power to support the grid frequency. Addi-
tionally, to evaluate the efficiency of the proposed method
under weak grid conditions when SCR is 1.5, a further ex-
periment is conducted as in Fig. 15(c). The power output of
the converter is limited under weak grid conditions. There-
fore, when the grid frequency decreases, the converter will
not enter CSM, preventing transient instability.

Figure 16 presents the experiment results of the P-SYN
control with the CRS limiting method and the proposed
method in phase jump scenarios. Figure 16(a) demonstrates
the dynamic reactions of the P-SYN control with the CRS
limiting method under the strong grid condition when SCR
is 15. When a phase jump of —60° occurs, J crosses the un-
stable equilibrium point. The fluctuations in the output pow-
er are evident, indicating that the GFMC loses synchroniza-
tion with the grid. The experiment result is consistent with
the theoretical observations depicted in Fig. 5. Conversely,
as depicted in Fig. 16(b), the proposed method makes it pos-
sible to maintain the grid synchronization even during a
phase jump of —60°. After the disturbance, the operating
point can return to its pre-fault state. Due to the fact that the
voltage and current do not perfectly track the reference val-
ues in the dynamic process, the output current slightly ex-
ceeds 1.2 p.u.. Our future research will focus on eliminating
this slight overcurrent. As illustrated in Fig. 16(c), the pro-
posed method can also maintain synchronization with the
grid during a phase jump of —60° under weak grid condi-
tions.
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Fig. 15. Experiment results in frequency variation scenarios. (a) P-SYN
control with CRS limiting method when SCR is 15. (b) Proposed method
when SCR is 15. (c¢) Proposed method when SCR is 1.5.

VII. CONCLUSION

This study first analyzes the instability mechanisms of
GFMCs with the P-SYN control and the CRS limiting meth-
od under various transient disturbances. Then, a robust J, -
SYN control method for GFMCs is proposed. It can guaran-
tee the presence of a steady-state equilibrium point during
transient disturbances, thus ensuring transient stability during
voltage sags, frequency variations, and phase jumps in both
strong and weak grids. Additionally, the GFMC with the o -
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SYN control can offer support for the voltage and frequency
of the grid during disturbances. Ultimately, experimental
findings confirm the correctness of the theoretical analysis
and the efficacy of the proposed method. In future work, fur-
ther investigation into the transient stability of multiple con-
verter systems will be conducted.
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Fig. 16. Experiment results in phase jump scenarios. (a) P-SYN control
with CRS limiting method during a phase jump of —60° when SCR is 15.
(b) Proposed method during a phase jump of —60° when SCR is 15. (¢) Pro-
posed method during a phase jump of —60° when SCR is 1.5.
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