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Enhanced Transient Angle Stability Control of
Grid-Forming Converter Based on Virtual
Synchronous Generator

Meng Chen, Student Member, IEEE, Dao Zhou, Senior Member, IEEE, and Frede Blaabjerg, Fellow, IEEE

Abstract—Attributed to the ability of inertia provision
and good regulation performance, the virtual synchronous
generator (VSG) has been proven as a promising solution
to the problems introduced by using converter interfaced
generation. Although the small-signal stability control of
the VSG has been widely analyzed, the transient charac-
teristics still needs more study, which belongs to a large-
signal problem. In this paper, the transient angle stability
control of the VSG is investigated. Two possible VSG em-
ulation methods, i.e., the power-emulation and the torque-
emulation, are compared from the perspective of transient
characteristics. Then, the transient of the VSG internal
voltage and its impact on the transient angle stability are
quantitatively studied in details. Thereafter, an enhanced
VSG controller is proposed, where a large-signal analysis is
also presented to evaluate its influence on the acceleration
and deceleration areas. Finally, the analysis and effective-
ness of the enhanced VSG method are validated by the
experimental results.

Index Terms—Virtual synchronous generator, large-
signal stability, transient angle stability, acceleration and
deceleration areas, synchronous generator emulation

[. INTRODUCTION

HE converter interfaced generators (CIGs) are quite dif-

ferent from the synchronous generators (SGs) in both
the structure and control. On one hand, they are lack of
physical inertia, which is helpful to stabilize the operation of
the power system. Even though several kinds do have rotating
elements like the wind turbine generators, their dynamics
and the power system are decoupled by the static power
converters [1]. On the other hand, the CIGs may have different
control strategies, which directly determine the performance
of the CIGs. Generally, the CIGs can be controlled in a grid-
following way or a grid-forming way, which are suitable to
different applications [2]. The grid-following way makes the
CIGs as the controlled current sources, which synchronize to
the power grid usually via the phase-locked loop (PLL) [3],
[4]. It is the general choice when the CIGs are connected
to a strong grid and try to inject powers by maximum power
point tracking. It is because the grid-following control has high
bandwidth and can achieve quick power tracking [5]. However,
if the connected power grid is weak, the grid-following control
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may endure instability and lose the synchronization due to
its high sensitivity to disturbance, which has been reported
by both small-signal [6] and large-signal [7] analysis. In this
context, the grid-forming control can be used, which behaves
as a controlled voltage source and therefore enable the CIGs
to establish the frequency and voltage by themselves without
relying on a strong grid. It should be mentioned that the grid-
forming converters always need some energy buffer, regardless
of energy forms, in order to well fulfill their functions.

There are several kinds of proposed grid-forming CIGs, in
which the virtual synchronous generator (VSG) is a promising
solution [8]. The favorable features of an SG as well as its
governor and automatic voltage regulator (AVR) are embedded
in the control of a VSG, which makes the CIGs to have the
abilities of inertia provision, frequency and voltage regulation.
Nevertheless, a VSG is not exactly an SG after all, where
its stability characteristics need special investigations. Mean-
while, the CIGs are much more flexible than the SGs, which
leads to the possibility to improve the stability from the control
perspective.

Among the stability problems of the power system, the angle
stability is one of the key aspects. In general, the angle stability
can be further divided into the small-signal and the transient
angle stability [9]. Thanks to the well-established tools based
on linear system theory such as eigenvalues and frequency
analysis, the small-signal stability of the VSG have been
widely investigated from different aspects, such as the small-
signal dynamics [10]-[12], its differences with SGs [13], the
modeling and parameters design [14]-[16], novel VSGs with
improved small-signal stability [17], [18], etc. In comparison,
the large-signal related transient angle stability of the VSG is
limited studied, but important.

Due to the large currents, a typical way to deal with the
transient of the VSG is triggering the current limits and
switching the control mode to grid-following using the PLL.
This issue is well studied in [19]. However, the scenario
that the current limits are not triggered has drawn attention
recently, especially in the weak grid. On one hand, the fault
currents in the weak grid are not so high as in the strong grid
due to the large line impedance. On the other hand, the VSG
is also expected to keep the operation mode for a while from
the stability of the power grid in the future. For example, in
IEEE Std 1547-2018, it is recommended that the CIGs should
not decrease the output active power for at least 10 s as the
grid voltage drops to 0.5-0.8 p.u. [20], [21]. A comprehensive
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study of the transient angle stability of the grid-forming CIGs
can be found in [22], which highlights that the VSG may
undertake a angle instability due to its large virtual inertia even
though there is a potential equilibrium after a large disturbance
such as a grid voltage sag. Besides, the impact of the virtual
governor and AVR has also been investigated in [23] and [24],
respectively. Their results show that the small time constants
in the virtual governor and AVR have opposite effects on the
transient angle stability of the VSG. Although the negative
influence of the virtual AVR is revealed in [23], the analysis
is simply qualitative. In addition to the transient analysis,
several methods are proposed to improve the angle stability
of the VSG as well [21], [23]-[28]. A nonlinear controller is
a potential choice to deal with the large-signal behavior, which
is used in [25]. However, the control algorithm is complicated
due to many nonlinear processes simultaneously applying to
the power, frequency, and angle. A similar problem is found
in the method of [26], where a mode detection block highly
increases the complexity of the controller. In [27], the center
of inertia (COI) is used to improve the transient stability of
the VSG. Nevertheless, the COI has to be obtained from a
central controller, which makes the method suffer from the
drawbacks of a central control structure such as single-point
failure. A much simpler method is proposed in [23] based on a
voltage feedback. However, the added feedback signal changes
the steady-state droop characteristics because the voltage does
not always equal to its nominal value. Inspired from a similar
idea, several literatures such as [24], [28], and [21] use the
frequency signal instead of the voltage to improve the transient
angle stability of the VSG. Although the PLL can restore the
additional signal back to zero without influencing the steady-
state droop characteristics, the dependence on the PLL may
not be expected in practice.

This paper focuses on the transient angle stability problem
of the grid-connected VSG controlled as a grid-forming con-
verter when connected to a weak grid. Compared with the
aforementioned works, the main contributions of this paper
are summarized as follows.

1) Two used emulation methods of VSG, i.e., the power-form
and the torque form, are compared from the transient point
of view.

2) The transient dynamics of the internal voltage are inves-
tigated in detail, where some key problems such as its
dynamic curve, monotonicity, and impact on the transient
angle stability are quantitatively analyzed and proved.

3) A simple method by changing the acceleration and decel-
eration areas is proposed to enhance the transient angle
stability of the VSG, which neither changing the steady-
state droop characteristics nor relying on additional signal
process such as the central controller, the PLL, etc.

The remainder of this paper is organized as follows. The
transient angle stability analysis of the VSG including a
comparison of emulation methods and the quantitative analysis
of the internal voltage is given in Section II. In Section III,
an enhanced VSG control is proposed to improve the transient
angle stability, where a large-signal analysis is investigated as
well. Section IV presents experimental results, and Section V

Ly v I, : Ly Ry Ve
A0S >
l \ \/ I, | Vgb
>
A I, | Vge
1 |
ifabc T_=|=_T Cf |
T ano dVabed ancd
06— g
; abc/dq | ig
Itgg <+ _q_l
Mape |~ — . =~ — == _7
& I 6  Active power +—Pg I p
Voltage& | control loop <*+—ay
Current o «—Qq | q Calculation
Control ref Reactive power &—v,
‘_
- control loop Vo, v ]
Vool g L _ VSG |

Fig. 1. General topology and control blocks of VSG.

draws the conclusions.

Il. TRANSIENT ANGLE STABILITY ANALYSIS OF VSG

Fig. 1 shows the general topology and control blocks of a
VSG, where the power stage consists of a three-phase inverter
and an LC filter, and the control structure mainly includes an
active power control loop and a reactive power control loop. Ly
and Cy are the filter inductor and capacitor, Vg5 and iy are the
three-phase output voltages and currents of the VSG, L, and
R, are the line inductor and resistor to the infinite bus, where
the three-phase voltages are vgup.. The studied large-signal
disturbance is a symmetrical three-phase-to-ground voltages
drop at the infinite bus. The control system is based on the
local d-q reference frame. The active power and reactive power
control loops of the VSG will generate the voltage and angle
of the internal voltage, i.e., U, and 6, respectively. The inner
voltage and current control loops with quick dynamics are used
to keep vy tracking the internal voltage of the VSG.

In the following, the impact of both the active and reactive
power loops of the VSG on the transient angle stability will
be studied in detail.

A. Comparison of two types of emulation methods

The active power control loop of the VSG emulates the
swing equation of an actual SG to provide the virtual inertia
and the governor to frequency regulation. In a p.u. system, its
mathematical equation can be expressed as [10]

. 1
2Hw:P0—p—D—(a)—a)g) (D
P

6= w,0 (2)

where Py and @y are the active power and frequency set-points,
p and w are the actual output active power and frequency of
the VSG, @, is the base value of the frequency, H is the
inertia constant, and D), is the droop coefficient of the virtual
governor. The system of (1), which describes the relationship
between p and o, is a simple linear system. Therefore, (1) has
been widely used, which, in this paper, is called the power-
form. Several literature involving the large-signal stability
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Fig. 2. Block diagram of active power control loop in Fig. 1. (a) Power-
form. (b) Torque-form.
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analysis are based on the power-form as well such as [22],
[28], and [21]. The corresponding control block is shown in
Fig. 2(a).

For an SG, the power-form is a simplification when @ ~ 1
p-u. It is especially reasonable in the small-signal analysis. If a
closer emulation of an SG is preferred, the torque-form should
be used, which is given as [12]

2Ho =T, —T 3)

where T;, and T are the input and output torques, respectively.
It should be mentioned that all the control system in this
paper is established in the p.u. system. Therefore, H in both
(1) and (3) are identical and it is not necessary to consider
the difference in the unit between power and torque [29]. By
combining with the governor and replacing the torques by the
active powers, (3) can be rewritten as

. 1
2wa=P0—P—F(w—%) €]
14

As seen, the dynamics between p and @ become nonlinear
and ® may have different influence during the transient
compared with that in (1). The block diagram of the torque-
form is shown in Fig. 2(b). It should be mentioned that, the
torque-form is also used in several papers such as in [23] and
[24], while they do not study the differences compared with
the power-form responding to a large-signal disturbance. In
the following, such differences will be investigated.

The studied system is assumed to be pure inductive in this
paper. On one hand, a virtual reactance is usually used to make
it inductive if the system is resistive [10]. Otherwise, the active
power is mainly related to the voltage. Then the performance
of the VSG will be influenced, which uses active power to con-
trol the frequency. On the other hand, as claimed in [21], the
line resistor has benefits to the transient stability by increasing
the maximum power transfer capability and variation range of
the power angle. Therefore, the worst condition of R, =0 is
considered. By applying a symmetrical three-phase-to-ground
voltages drop and neglecting the governor, the power angle

g 20 — ; : ‘

= < |

e 18.5% !

s 10 ! 1
5 I H=1.46s _

= | Line of 2%
B S e e— —— —
[<5)

o 0 2 4 6 8 10

H (s)

Fig. 3. Maximum percentage error of § between two inertia emulation
forms when H increases from 0.01 s to 10 s.

dynamics of the power-form and torque-form can be derived,
respectively, as
Wy

5=—PR 5
AL )]
v .. 2
006 + 0,0,0 = —*P,
+ 0,000 = 2Py (6)
where 6 is defined as
§ = 0,0 — 0,0, (7

Solving (5) and (6) gives the trajectories of § controlled by
different emulation forms as

0, Py
8= 042 8
o + e, (®)
2H® Py 2Hw,
5= (@2 4+ —1)3? — @, — w2 (9

where &y is the initial power angle. As seen, the error of
0 between the power-form and the torque-form is related to
H. For an SG, H is constant at a relative large value, which
makes this error small, while for a VSG, H can be flexibly
chosen as a small value of several milliseconds such as [30]
or as large as several seconds such as [11]. Fig. 3 shows the
maximum percentage error of § between the two emulation
methods when H changes between 0.01-10 s. Other necessary
parameters are based on Table I, where the nominal values are
chosen as the base to calculted p.u. values and the connected
grid is weak with the short-circuit ratio (SCR) being 1.9. The
time constant of the active power control loop, ie., 2HD,,
is around 1.6 s to well behave the inertia. D, and H are
chosen based on their typical orders of magnitude according
to [22], [26], [28]. Fig. 3 implies that, after the disturbance,
o controlled by the power-form will have larger deviations,
which lead § to increase to a larger value than that of the
torque-form via a same duration of time. On the contrary,
the torque-form has better transient characteristics with slower
increasing speed and smaller deviation of @ than the power-
form. When H is large enough, their maximum difference is
small. However, when H is smaller than 1.46 s, this difference
is larger than 2% and can quickly increase to almost 20% with
H =0.01 s. Therefore, the two emulation methods are similar
when using a large H, while the VSG with torque-form is
beneficial with a small H being used. It should be mentioned
that the error will be further decreased if the function of the
governor is included.

B. Effects of internal voltage on transient angle stability

The aforementioned analysis does not take the variation
of the internal voltage U, s into consideration, which is in
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TABLE |
PARAMETERS USED IN EXPERIMENTS

Symbol  Description Value
W, nominal frequency 1007 rad/s
S nominal power 1 kW
Vy nominal line-to-line RMS voltage 80V
, grid frequency 1 p.u.
Ve grid voltage 1 p.u.
L line inductor 0.52 p.u.
o)) set-point value of active power 1 p.u.
wy set-point value of frequency 1 p.u.
Vo set-point value of voltage 1.01 p.u.
Qo set-point values of reactive power 0 p.u.
D, droop coefficient of virtual governor 0.09 p.u.
H inertia constant 9s
D, droop coefficient of virtual AVR 0.05 p.u.
kq integral gain of virtual AVR 110 p.u.

accordance with a typical analysis for an SG. In the context
of a VSG, Uy may behave with distinct dynamics. In [23],
it has been initially revealed that considering the variation of
Uyer can deteriorate the transient stability of a VSG. However,
the analysis is simple and qualitative. Therefore, this paper will
evaluate the effects of U,.r comprehensively.

A typical block diagram of the reactive power control loop,
i.e., virtual AVR, is shown in Fig. 4, where the internal voltage
of the VSG is derived by

Urefqu/(Vo—l—DqQo—V—qu)dl (10)

where Vp and Qg are the voltage and reactive power set-points,

V and ¢ are the output voltage and reactive power of the VSG,

D, is the droop coefficient of the reactive power control loop,

and k, is an integral gain. It is worth mentioning that, the

following two simplifications are applied to (10):

1) As a typical way to simplify the analysis, the dynamics of
the internal voltage and current loops are neglected due to
their quick response [15], [22], [26]. As a result, there is
V = Uy, where (10) is rewritten as

Urer = (Vo +DygQ0 — Dyq) (1)

4

s+kg
which is equal to the basic droop control with a low-pass
filter (LPF) and the time constant is 1/ ky.

2) As shown in Table I, k, = 110 is used in this paper.
The time constant is about 0.01 s (typical value is from
several milliseconds to tens of milliseconds [31], [32]),
which is much smaller than the angle dynamics (in most
applications, the time scale of the angle dynamics of the
VSG is at least hundreds of milliseconds due to the virtual
inertia). Therefore, the dynamics of the filter is neglected
as well just like [23], [28]. The reactive power control in
(11) is further simplied to

VO+DqQ07Uref7qu:0 (12)

Fig. 4. Block diagram of the reactive power control loop in Fig. 1.

In addition, p and g of the VSG can be expressed as

_ VoUreysind (13)
X
Urer(Uper — V,c08 6
g £( fX 508 9) (14)
g

where V, is the magnitude of the grid voltage. By combining
(12)-(14), the relationship among p, Uy, and o can be derived
as

V/ (DgVgcos & — X, )2 +4DyX, (Vo + Dy Qo)

Urer = 2D,
D,V,cos b — X,
+ 18— "¢ 2D, 8 (15)
_ Vgsind/(DgV,cos & — Xg ) + 4Dy X, (Vo + Dy Qo)
P= 2D,X,
Dquz sind cos 0 — X, V,sind (16)
2D, X,

Using (15), it can further be investigated how U, changes
with 0. To this end, an intermediate variable can be defined
as

D,V,cos6 —X
A g

6cl0 17

2D, , 0€[0,7] (17
which yields

X, (Vo + D,
U,ef:\/mz—i—!’(ﬁqQo)—i—m (18)
D,
The derivative of U,y with respect to m is

du,

L1t —— n >0 (19)

dm Vm?+X,(Vo+Dy0Q0) /Dy

which means that U, is a monotonically increasing function
of m. Meanwhile, the monotonicity of m with respect to  and
V, can be derived by

om Ve .
g8 <
35 5 sind <0 (20)
om 1 >0, 6€l0,m/2]

— 21
v, 2C036{< 0, 8e(m/2,m 1)

which implies, combining with (19), that U, is monotonically
decreasing as § increases, and the monotonicity of U,.r with
Vg is based on 6. When & € [0,7/2], U,y is monotonically
decreasing as the sag depth of V, increases, while the corre-
sponding relationship is opposite when 8 € (7/2, ]. Substitute
6 = n/2 into (15) yields

x \XRHADX(Vo+D,Q0)

o :=Ur(= 8
7(3) 2D, 2D,

(22)
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which is a constant without influenced by V.

Fig. 5 shows both of the curves of p-6 and U,.p-6 with
different depths of voltage sag. It should be mentioned that,
the virtual governor is neglected in this part. As shown in (1),
if considering the virtual governor, the actual input power can
be seen as Py —1/D,(@w — @), which is time-varying based
on ® and will make the analysis complicated. Fortunately,
the virtual governor always provide a damping and tends to
restrain the variation of ®. Therefore, the common strategy
in the analysis of both traditional SG and VSG is to neglect
its function and consider the worse case without damping.
Thereafter, the input power is assumed to be only Py, which is
constant [26], [29]. Nevertheless, in the following discussion
on the 6 — @ trajectory, the impact of the virtual governor
will be included. Normally, the equilibrium point a is a stable
operation point with U, being Uy. When the grid voltage
drops to, e.g., 0.6 p.u., the operation point is changed to c.
Due to the power unbalance, there is @ > 0, which enlarges
0 from & to &,. It is noted that U, s will also drop from Uy
to U, at the moment of V, disturbance. Thus the p-§ curve
is lower than the one with a constant Uy, which implies a
larger acceleration area. On the p-6 curve, there is §; > 6[1.
Once the operation point goes across point d, § increases
continuously while @ < 0. If @ can return to the grid frequency
before point e, the system can finally reach to the new stable
equilibrium point d. Otherwise, the system is unstable. It is
noted that, after the drop from Uy to U, U,y is not kept at
U.. When 9 increases from & to J,, the operation point on
the Uy.r-6 curve moves from point ¢; to point e leading U, s
gradually decreasing from U, to U,. This decrease will further
lower the p-6 curve as & increases. Then two results can be
expected as shown in the p-6 curve. Firstly, the maximum
power point appears earlier than the point 6 = m/2 such as
from pax to Pl Secondly, there is (8, — 6,) > (04 — &),
which implies that the impacts of U,,; on the acceleration area
and deceleration area are different. Although the variations
of Uy s can simultaneously enlarge the acceleration area and
lessen the deceleration area, the latter is more obviously. In the
following, it will be shown that this conclusion is related to the
depth of the voltage sag. Further comparing the curves with
different depth of the voltage sag can give some more detailed
findings. As shown in Fig. 5, at 6 = &, when V, drops to 0.8
p.u. and 0.6 p.u., there is U, < U, < Uy. However, at § = §,, the
effects are opposite, i.e., U, > Uy > U,. The boundary angle is
0 =mn/2, where U, r, as in (22), is a. Furthermore, considering
a small voltage sag from point a; to by, there are U, = U
and (Up — Up) < (Up — Uy). Therefore, as the aforementioned
conclusion, the variations of U,y have more impact on the
deceleration area than the acceleration area. Meanwhile, the
smaller the voltage sag is, the more obvious the difference
of the impact is. For a small voltage sag of the grid, the
variations of U, can hardly change the acceleration area.
However, the deceleration area may be significantly decreased.
This distinction on the acceleration and deceleration areas will
be less when the voltage sag becomes deeper because the
curves of U, f-5 become flatter.

Fig. 6 further shows the trajectories of the system in the J-
o plane and the dynamics of U,.; with different grid voltage

p 4
Prmax
P ax
pmaxl
p /maxl
pmaxz
p ?naxZ

constant Ug

&) (Sd 7Z'/2(5e
Fig. 5. p-6 curve and U,.z-6 curve with different voltage sags.

sags. The effects of the governor are also considered. As the
used inertia constant is large, the emulation of the power-
form is used. The initial equilibrium point is (8, ®) = (dy, 1).
Once V, drops to 0.8 p.u., ® is increased by the unbalanced
power, which leads J to increase as well. If assuming U,,s
is constant at U, § will maximally reach to &, where @
returns back to 1 p.u. again. Thereafter, the system will achieve
a new stable operation point. However, due to the decrease
of Uy.s as shown in Fig. 6(b), 6 will actually reach to &,
which is larger than 6;. It implies that the dynamics of U, s
decrease the stable margin, which makes the system more
easily entering instability. Nevertheless, the system is still
stable. In comparison, in the case that V, drops to 0.6 p.u.,
0 is increased to as large as 03 and then gradually stabilized
at 5‘9 when U, s is assumed as constant, which indicates a
stable system. However, the actual U,.r severely drops, which
leads @ still to be larger than 1 p.u. even though & reaches
the critical power angle .. Thereafter, the system goes into
instability. In summary, the dynamics of U,.; will deteriorate
the stability of VSG and may even cause the system to be
unstable after a large disturbance.

I1l. ENHANCED LARGE-SIGNAL ANGLE STABILITY
CONTROL METHOD

A. Proposed control method

The aforementioned analysis shows that it may be possible
to improve the large-signal stability of a VSG by proper
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Fig. 6. Effects of U, with different voltage sags. (a) Trajectories in §-o
plane. (b) Time-domain waveform of U, .

i _ Virtual |

Dp @ Governor |

I
P ~y Ps J 1 Q)| ,, Vil
0 1o 2Hs S Rotor

Fig. 7. Enhanced large-signal angle stability control method of virtual
synchronous generator (VSG).

control of U,r. Meanwhile, it is expected that the steady-
state ¢g-V droop relationship is not changed. Since the angle
disturbance is always with a power unbalance, an enhanced
large-signal angle stability control method is proposed as
shown in Fig. 7, in which U, is derived as

Ures :kq/(V0+DqQ0—V—qu+2Hk|d)|)dt (23)

where k > 0 is a control gain.

It is noted that @ is naturally obtained from the active
power control loop, where no additional derivative calculator
is needed. With the proposed control method, the relationship
between U, r and 0 is changed to

- f1(6)a
Uref = {fz(&),

p<h

24
b P (24)

where
2, X
fi(8) = nty [+ ZE(Vo+ Dy Qo +kPy) (25)
q
S / 2] Xg
F2(8) ="+ [n? + SE(Vo+DyQo—kRy)  (26)
q
_ DgVe cosd — X, —kV,siné 27
2D,
o D,Vgcos 8 — X, +kV,sind 28)
2D,

B. Large-signal stability analysis

The purpose of this section is to prove that, with the
proposed method, the large-signal stability of the VSG can
be improved by decreasing the potential acceleration area
and increasing the available deceleration area. Before that,
as mentioned above, the steady-state droop characteristics is
not supposed to be changed, thus it firstly shows that the
new system has and only has the identical equilibria with the
original system.

Proof 1): From (23), the dynamics of U,.s with the pro-
posed method is

Urer = kqg(Vo+DyQ0 —V — Dyq + 2Hk|d]) (29)
Set the right-hand-side of (1) and (29) to zero
1
2Hd=Py—p— —(0—an) =0 (30)
D,
Urer = kqg(Vo+DyQo —V — Dyq + 2Hk|®|) = 3D

which yields the same equation with (12). Therefore, the sys-
tem with the proposed method shares the identical equilibria
with the original system. As shown in Fig. 5, point a is the
shared stable equilibrium before the voltage sag. Similarly,
point d is the shared stable equilibrium when V, drops to 0.6
p-u. while point e is an unstable equilibrium.

Then it will show that: V 6 € (0,7), there is p(k > 0) >
p(k=0) and the equal sign works if and only if 6 = §; or
6 = 0,.

Proof: For a given 6 € (0,7), according to (13) and (24),
the derivate of p with respect to k is

V,sind X Py — Vynsiné
Xg " 2Dg\/n% 4 Xy /Dy(Vo + Dy Qo + kPo)
Vgsind
- )7 P S PO
dp 2D,
—= = , L (32)
dk Vgsind Ven'siné — X, Py
Xo  2Dy\/n?+X,/Dy(Vo+DyQo — kRy)
Vgsin & ) SR
2Dq y P 0
Besides, from (24) and (26), there are
\/ + L (Vo+DyQo+kPy) =Usy—n, p<P  (33)

\/'2+vo+DqQo—kPo) Uep =, p>PR  (34)
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Fig. 8. p-6 curve with the proposed method.
Placing (33) and (34) into (32) yields

Ve sin & (XgPo — VoUrepsind)

) g (]
dp _ 2X;Dy\/n? + X /Dy (Vo + Dy Qo + kPy)
dk V,sin 8 (VoUyepsind — X, Py) - p
, P 0
2X,Dy\/1n"* + Xy /Dy(Vo + DyQo — kPy)
(35)
which can be further simplified, based on (13), to be
Vesind(Py — p) >0, p<h
dp _ 2Dy/n*+ X, /Dy (Vo + DyQo + kPy)
N V,sind(p— P
dk ,sind(p—Py) o pen
2Dy/n + Xg /Dy(Vo + Dy Qo — kP)
(36)

By combining the cases of p < Py and p > P, together, there
is

P

dk — 37)

which implies that p is a monotonically increasing function
of k, i.e.,

p(k>0) > p(k=0) (38)
where the equal sign works only if p = Py. Meanwhile, it has
been proved that the system with the proposed method has the
same equilibria with the original system, i.e., point d and point
e in Fig. 5. Therefore, the equal sign works only if § = &, or
6 =20,.

Based on the aforementioned analysis, the new p-8 curve
with the proposed method is shown in Fig. 8. Due to (38), the
p-06 curve at & = & with k =1 is higher than the original one
(i.e., k=0) when V, drops to 0.6 p.u. Therefore, the operation
point is improved to point ¢’. Afterwards, & is increased to &,
where the new system and the original system share the same
equilibrium. Thus, the potential acceleration area is decreased
by Si. Similarly, when & enlarges from &, to J,, the potential
deceleration area will be increased by S;. To sum up, the
large-signal angle stability is expected to be improved by the
proposed VSG control method.

C. Design and Effects of control parameter

For the design of transient stability, the traditional loci-based
or frequency-based small-signal analysis is not reasonable,
while an iterative algorithm [21], [33] can be used to deter-
mine the limitation of control parameter k. The procedure is
summarized as following:

1) Initialization. According to the large-signal analysis above,
the basic requirement for k is k > 0. Thus k = 0 is chosen
as the initial value.

2) Equilibrium calculation. Let the active power in (16) be the
set-point value Py, where the equilibrium &, is derived.

3) Trajectory calculation. The typical numerical integration
[23], [29] is used to get the trajectory of & and U, based
on (1), (7), (13), (14), (29).

4) First Decision. If 6 > &,, k =k-+0.01, and go back to 3).
If 8§ < 6., kimin = k, this process is disabled and go on to
5).

5) Second Decision. It is convenient to set an upper limitation
for Uy, in case of a severe over modulation, e.g., Uper < 1.2
is used in this paper. If it is met, k =k +0.01, and go back
to 3). Otherwise, k. = k—0.01, and go on to 6).

6) Output ki, and kygy.

Accordingly, the available region of k in this paper is
k € [0.54,0.94] p.u. It should be mentioned that when k is
out of this region, the proposed method is still have impact.
Nevertheless, when k < 0.54, the impact is not strong enough
to bring the system back to stable. When k > 0.94, the con-
troller may reach saturation, which implies that the effective
k will be smaller than the used value. However, this smaller
effective k can still decrease the potential acceleration area and
increase the potential deceleration area to improve the large-
signal angle stability.

Fig. 9 shows the new system trajectories in 6-@ plane
with different k& when applying the new proposed method.
The case k = 0 represents the original system controlled by
the traditional VSG, which has been shown as unstable in
Fig. 6(a). When k = 0.3, the frequency deviation during the
transient is decreased. However, the system is still unstable.
It is noticed that, in this case, the critical power angle is
slightly decreased from &, to &,,. This is because the analysis
based on p-6 curve such as in Fig. 8 neglects the droop
terms. The impact of the virtual governor on the critical power
angle can be explained by using Fig. 10. As aforementioned
before, when the virtual governor is neglected, the input
power is constant at Py, where the critical angle is &,.. When
considering the virtual governor, the actual input power is
determined by the droop characteristics. From Fig. 9, when
o reaches to the critical value, there is @, > @y, which makes
the input power decreases to Py —1/D,(®, — @) < Py. Then
the critical power angle with the virtual governor 8, is larger
than &, as in Fig. 10. Then further with k = 0.3, the proposed
method makes @ to be smaller, i.e., @, < ®, in Fig. 9. As
a result, there is Py —1/D, (@, — @) < Py —1/Dp(@en, — ).
According to Fig. 10, the new critical power angle will become
smaller to &,,. When k = 0.6, @ can return to 1 p.u. when
0 increases to &4, which is smaller than the critical power
angle. Thereafter, the system is gradually stabilized at a new
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Fig. 10. Impact of virtual governor on input power and critical power
angle.

state (0,®) = (0,4, 1), which demonstrates the effectiveness
of the proposed method. As k continuously increases to 0.9,
both of the maximum deviations of § and ® are decreased.
Especially, the maximum angle deviation is obviously limited
by the proposed method.

D. Comparison with other methods

Several methods have been proposed to improve the large-
signal angle stability of the VSG [21], [23]-[28]. In [26] and
[21], these methods are commented from different aspects.
This paper also gives some comparisons between the proposed
method and several similar methods in the literature, where
the results are summarized in Table II. Firstly, a method is
better to be simple and local-information-based in practice.
In [25], a nonlinear damping method based on the back-
stepping design is proposed, which, therefore, is complicated
in the implementation. A center of inertia based method
is proposed in [27] to make the control structure slightly
simpler. However, it is still complex due to the dependence
on a central information. Secondly, the steady-state droop
regulation characteristics is not supposed to be changed. From
this point of view, although the method in [23] is simple, the
used additional signal may not be zero in the steady-state due
to the error of voltage. In contrast, the PLL is used in [21],
[24], [28] to provide both a simple and zero-additional-signal
control. However, these methods will inevitably introduce the
PLL-related instability especially when there is a frequency
disturbance from the grid.

TABLE Il
COMPARISON OF VSGS WITH IMPROVED LARGE-SIGNAL ANGLE
STABILITY
Methods Simplicity Steady—élate PLL-free . Local‘
regulation information
[251, [26] X v v v
[27] X v v X
(23] v X v v
[21], [24], [28] v v X v
Proposed
method v v v v
P4 Pre-fault
S .
¢ Single-phase fault
Po
' Three-phase fault
Sa
|
I
I
|
|
I
|

>5

Fig. 11. Comparisons of p-6 curves between three-phase and single-
phase faults.

It should be mentioned that it is usually difficult to find
a method with all benefits, which implies that a compromise
is necessary. For example, although the methods in [25]-[27]
are more complex in implementation than others, they may
provide better performance in some cases theoretically.

E. Applications to unbalanced faults and single-phase
system

Although the proposed method is based on the three-phase
symmetrical system, it is of potential use in responding to the
unbalanced faults or the single-phase system by small changes.

The severity of the voltage drop is related to the equiv-
alent fault reactance, which can be calculated by using the
symmetrical components. The smaller the equivalent fault
reactance is, the more severe the fault is. It has been proven
that the three-phase voltage drop is the most severe one
[29]. Fig. 11 compares the p-8 curves of the three-phase
and the single-phase voltage drops, which shows the former
has a larger acceleration area than the latter by S, but a
smaller deceleration area by S;. Therefore, this paper take
the most severe three-phase voltage drop as the case study.
Nevertheless, the proposed method is also useful to the single-
phase voltage drop because the principle of the proposed
method is by changing the acceleration and deceleration areas
as shown in Fig. 8.

The proposed method can also be applied to the single-
phase system, where the instantaneous powers of the VSG
is not constant but have double-frequency oscillations. The
second-order generalized integrator quadrature signal genera-
tor (SOGI-QSG) can be used to derive the average powers,
i.e., p and g [34]. Therefore, the proposed control of the VSG
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can be changed by replacing the instantaneous values p and g
to p and g, i.e.,

. 1
2Hd =Py —p— (0~ )
p

Urey = kq/(VO +DyQ0 —V — D,qg+2Hk|w|)dt

(39)

(40)

Thereafter, all the relationships with respect to the instanta-
neous powers in the three-phase system are identical with
those in the single-phase system using the average powers
as shown in [35]. Thus, the transient angle stability can be
improved by the proposed method.

IV. EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed method, the
experiments are carried out with the topology shown in Fig.
1, where Fig. 12 shows the experimental setup. The power
inverter is based on the Danfoss drive system, and a Chroma
61845 grid simulator is used as the connected power grid. The
filter currents iz.pc, output voltages vy, and currents g, are
measured and sent to dSPACE DS1007 platform via DS2004
A/D Board. The control algorithm is coded in a personal
computer and loaded via a patch cable to be implemented
by dSPACE DS1007. Then the DS5101 digital waveform
output board is used to generate the PWM signals to drive
the inverter. Besides, the data in dSPACE DS1007 is also sent
to the PC to display the waveforms via the patch cable. The
important outputs, i.e., angle frequency @, active power p,
and voltage magnitude V can be directly measured from the
control system. The power angle 6 is measured by 6 — 6,,
where 0, is the angle of the grid measured by PLL. It should
be mentioned that the PLL is only used to get the waveform of
0, but does not participate in the control during the operation.
The used parameters are given in Table I.

Before evaluating the impact of the internal voltage and the
proposed method, Fig. 13 compares the dynamics responding
to the drop to 0.6 p.u. of V, between power-form and torque-
form emulations with small inertia and damping by setting
H =0.05 and D, = 1.3. In accordance with the analysis, the
torque-form gives a slower variation of ®. Meanwhile, the
difference is small at the beginning. It is because the analysis
in Section II assumes the damping is zero and V, decreases
to 0 in order to derive the analytical solutions [29]. In the
experiment, the damping from D,, the parasitic resistors of
the setup, and the remained V, will decrease their difference.
Nevertheless, the conclusion of the analysis is not influenced.

Fig. 14 and Fig. 15 are used to verify the analysis about the
internal voltage Ey. Fig. 14 shows the experimental results
using the traditional VSG when V, drops to 0.6 p.u. Due to
the voltage drop during the transient, the traditional VSG has
worse large-signal angle stability, where the system is unstable.
It should be mentioned that although the former analysis
simplifies (11) to (12), in the experiments, the original control
structure is used without simplification. The quick dynamics
of the voltage can be observed in Fig. 14, which also verifies
that the time scale is small enough compared with the angle
transient and the simplication in the analysis is reasonable.
In contrast, if the droop characteristics is disabled, where the
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Fig. 12. Experimental setup of VSG. (a) Physical Picture. (b) Configu-
ration.
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Fig. 13. Comparisons between power-form and torque-form emulations
with small inertia and damping.

experimental results are shown in Fig. 15, the system can be
gradually stable after some oscillations following the same
large-signal disturbance.

Fig. 16 provides the experimental results with the proposed
method following the same V, sag to 0.6 p.u., where k=0
represents the results with the traditional VSG control as
presented in Fig. 14. As shown, with either k = 0.6 or k =0.9,
the large-signal angle stability of the system is improved.
Meanwhile, compared with k = 0.6, the system has smaller
maximum frequency and angle deviations when k = 0.9. It is
worth noting that the oscillation attenuation is not significantly
changed, which implies that the damping is not added. It
proves therefore that the principle of the proposed method to
improve the large-signal angle stability is providing a simple
way to change the acceleration and deceleration areas.
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p [0.6 p.u./div]
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Fig. 14.
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Experimental results of traditional VSG when V, drops to 0.6
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Fig. 15. Experimental results of traditional VSG when V, drops to 0.6
p.u. without virtual AVR.

V. CONCLUSION

This paper has investigated the large-signal angle stability
of the VSG-based grid-forming converters. It firstly shows

@ [0.005 p.u./div]

o1 rad/div]

Vg drops Time [1 s/div]
Fig. 16. Experimental results of proposed method with different con-
troller gains k when V, drops to 0.6 p.u.

that the torque-form emulation has a better stability compared
to the power-form emulation in a low inertia and damping
condition, where their distinctions will decrease as the inertia
increases. Then, the negative effects of the terminal volt-
age dynamics are quantitatively revealed in detail. Finally, a
method to enhance the large-signal angle stability of the VSG
is proposed and verified. The results conclude that although the
proposed method cannot increase the damping of the system,
it provides a simple way to improve the large-signal angle
stability by changing the acceleration and deceleration areas.
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