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1 | INTRODUCTION

Xiaotian Yuan'?

| Zhengchun Du!

Abstract

This paper expands the damping torque coefficient analysis (DTCA) for studying the
small-signal stability of permanent magnet synchronous generator (PMSG)-based wind
turbine (WT) under virtual synchronous generator (VSG) control with consideration of
WT dynamics. Firstly, the typical VSG is implemented in the grid-side voltage source con-
verter (GSVSC), which enables selfsynchronization without phase-locked loop (PLL). The
maximum power point track (MPPT) algorithms are utilized to give the power reference
for VSG. Then, the corresponding inertia and damping support can be provided by the
kinetic energy of PMSG. Based on the established model, the DT'CA is analytically con-
ducted to not only reveal the key factors that influence the WT stability but also provide
guidance for parameter tuning, As a result, it is important to find that the WT dynamics
impair the damping and even lead to system instability. Moreover, the minimum value of
VSG damping control parameter is analytically given to ensute the system stability under
any load below the rated wind speed. Finally, the case studies considering one single PMSG
connected to a large grid with and without inclusion of WT' dynamics are performed and
compared to demonstrate the accuracy of the proposed model and evaluate the applica-
tions of DTCA.

support for the AC grid, which would further increase the
frequency regulation burden of the low-inertia AC system.

Wind energy has become the most promising renewable energy
due to its abundant reserves, clean environmental protection
and low cost. In recent years, the development and utiliza-
tion of wind energy have become an important strategic choice
for countries to achieve low carbon goals. Therefore, the wind
energy conversion system (WECS) has received extensive atten-
tion in the research community [1, 2].

In the future, the effective inertia level and short-circuit ratio
(SCR) of the power system will decrease significantly with the
large-scale replacement of synchronous generators (SGs) and
the rapid development of high proportion renewable energy
integration [3]. For the traditional PLL-based grid-following
control of variable speed wind turbines (VSWT), the maximum
power point tracking (MPPT) strategy is utilized for efficiency
reasons to ensure the wind energy harvest at medium or low
wind speed [4]. However, the traditional MPPT-based active
power control (APC) cannot provide inertia and damping

Moreover, the traditional PLL-based grid-following control
may have difficulties in maintaining stable operation under
weak AC system with low SCR. Plenty of works have reported
the instability phenomenon [5-7] induced by the interactions
between PLL and the weak grid.

1.1 | Related works

There are two basic control methods to improve the inertial
response capability of grid-connected VSWT, namely, the vir-
tual inertial (VI) control based on PLL and the virtual syn-
chronous generator (VSG) control without PLL. For the VI
control, an auxiliary controller with frequency feedback is intro-
duced in the control loop [8, 9]. It uses DC link capacitor energy

or WT rotor kinetic energy to realize virtual inertia and provide
dynamic frequency support for the power grid. The VI control
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based on optimized power point tracking (OPPT) [10] provides
an improved power oscillation damping for the system which
avoids the negative interaction between the inertial response
and the MPPT control under conventional auxiliary differen-
tial control. Nevertheless, these controls are still implemented
under the PLL-based vector control method and have the risk
of system instability dominated by PLL.

To improve these, VSGs are proposed [11, 12] recently to
promote frequency response characteristics of grid-connected
VSWT and solve the instability in weak grid caused by PLL.

According to control objectives, VSGs can be classified as
VdcQ-type VSGs and PQ-type VSGs [13]. VdcQ-type VSGs
are realized by the equivalence between the electrical model
of the DC-link capacitance in back-to-back converters and the
mechanical model of the shaft in SGs [14, 15]. However, limited
by the capacity of the DC capacitor in WECS, VdcQ-type VSGs
may produce huge DC link voltage fluctuations under grid fre-
quency disturbance.

PQ-type VSGs are realized by the APC [106]. The authors in
[17-19] have developed some VSG models for grid-connected
inverters, in which the grid synchronization function of VSG
is mainly realized by simulating the second-order swing equa-
tion of SGs. This makes it possible for the distributed energy
equipped with the above VSG to provide inertial frequency sup-
port for weak AC grid without PLL. In order to make VSWT
have the grid-forming ability, several authors [20-24] explore
the possibility of applying VSG controls in WECS, ref. [20] pro-
poses a method that parallels the WT with an energy storage
inverter that utilizes the VSG control. However, such a scheme
requires additional energy storage devices, which increases the
equipment cost of the wind farm. Ref. [21] studies the VSG
control strategy in the load-shedding operation of the PMSG-
based WT. The coordinated strategy of the overspeed con-
trol and the pitch angle control is proposed to provide the
reserve capacity of the primary frequency regulation. However,
the load-shedding operation reduces the power output from
WTs and results in the waste of wind resources. The VSG
schemes for PMSG-based WT under MPPT are reported in
[22-24] to improve the inertia characteristics of WECS. Never-
theless, these studies have not considered the influence of WT
dynamics and controls on the inertial response of WECS under
load fluctuation. Wang et al. [25] develop the VSG scheme for
DFIG-based WT to equip it with good stability and dynamic
frequency support ability when connected to a low-SCR grid.
They have discussed the impact of the captured wind energy’s
dynamics on the inertia characteristics and also point out that
WT dynamics should be taken into account when analysing the
inertial response of WECS. However, the impact of specific
WT controls (e.g., the MPPT control and the pitch angle con-
trol) on the inertia and damping of VSG-equipped WTs was
not analysed in depth. As found in this paper, the damping of
PMSG-based WT is different from the original control param-
eters of VSG during system dynamic due to the coupling effect
between the VSG control and W’ controls. Accordingly, the
inertial response of WECS is different from that of SG. In some
cases, poor damping will seriously threaten the stability of the
WECS.

1.2 | Research gaps

From the above observations, it can be indicated that most VSG
controls are designed and analysed without inclusion of WT
dynamics. The coupling effect between the MPPT control and
the active power control loop of VSG is not considered. There
is little existing literature examining the roles of WT' dynamics
on the stability of VSG-embedded WTs from the perspective
of DTCA, nor do they analytically provide a minimum value
of VSG damping control parameter for ensuring the system
stability.

1.3 | Main contribution

To bridge these gaps, the DTCA [26-28] is utilized to sub-
stantially evaluate the small-signal stability of PMSG-based WT
under typical VSG control considering WT dynamics. The
implementation of VSG control in PMSG-based WT is firstly
discussed, where the MPPT algorithms provide power refer-
ence for VSG control, ensuring the grid-synchronization of WT
without relying on PLL and enabling the damping and the inet-
tial response of WT. Then, the DTCA is utilized to analyti-
cally examine the key factors, especially the WT' dynamics, that
may affect the small-signal stability of the system. Correspond-
ingly, the synchronous torque and the damping torque of this
system can explicitly evaluate the system stability with physi-
cal meanings. According to the analytical outputs of DTCA,
it is very important to find that the WT dynamics may impair
the system damping or even lead to instability issues. Moreover,
the minimum value of VSG damping control parameter is fur-
ther discussed with the purpose of making sure WT stability
under any load at low or medium wind speeds, which can pro-
vide an important reference for the parameter tuning for VSG
control in PMSG-based WT. Simulation results of one single
PMSG connected to a large grid with and without considera-
tion of WT dynamics are fully conducted and compared to ver-
ify the accuracy of the proposed analytical models and evaluate
the influences of control and system parameters on the system

stability.

2 | CLASSICAL VSG CONTROL FOR VSCS

Before discussing the impact of WT dynamics on the small-
signal stability of grid-connected WT system with VSG control,
the VSG realized in grid-connected VSC is introduced firstly.
The dominated oscillation frequency and the damping ratio of
grid-connected VSC system without considering the dynamics
of the prime movers are derived in this section.

2.1 | Basic principle of VSG control

When only considering the inertia support and damping
oscillation performance of grid-connected VSC system, accord-
ing to the second-order swing equation of classical SG, the
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relationship between the VSC voltage phase J,, the VSC voltage
angular frequency @,, and the active power can be expressed as

follows,
4s.
& = Wy (@, — wq)
A0, _ rf
2H, & =L’ -h—-K( - wg) (1)

where @, is the base frequency of the grid, which is
1007 (rad/s), in addition, other variables are represented
by the per-unit value unless otherwise specified; w, is the angu-
lar frequency of the grid, which is considered as 1.0 p.u. for the
offset of the grid frequency usually doesn’t exceed 1.6% during
the stable-state operation; P’ and P, are the mechanical input
power and the electrical output power of the VSG, respectively;
H, and K are the inertia time constant and the damping control
parameter of the VSG, respectively. Write (1) in Laplace form,
then the rotor angle position 8, and the rotor speed w, of the
VSG can be detived as follows,

55 = Wy (@0, — wg)/“f @
p—r
c ¢
O =T O+ K ®

The rotor angle position §, from (2) is the phase of modula-
tion coefficient for pulse width modulation (PWM). The control
in (3) enables the VSG to provide electro-mechanical oscillation
damping for the grid via setting the damping control param-
eter K. It has the same function as the damping winding in
SG but can be set artificially without limitations by the phys-
ical model. The above two equations together constitute the
self-synchronization control loop of grid-connected VSC sys-
tem without PLL.

The amplitude of the VSC voltage can be determined by the
open-loop control as follows,

1 =1 O

where 1777 and 7. ate the reference value and the set
value of the VSC voltage, respectively. In the scenario of
the VSC connected to the weak grid, the AC voltage sta-
bility of grid-connected system is very important. Therefore,
the VSC is required to have sufficient capacity and control
speed to keep the AC voltage constant according to the ref-
erence value 1777 from (4). In order to simplify the small-
signal model of grid-connected system, the dynamics of the
VSC voltage amplitude controller are also ignored. Therefore
the VSC voltage 17 is regarded as a constant value, that is,
V.= V-

The VSG is realized in grid-connected VSC by (2)—(4). It has
the same external characteristics as the classical second-order
SG model.

VoL o 15 Z0

Power Grid

P,
VSG Control -
base

FIGURE 1

Grid-connected VSC system with VSG control

2.2 | Small-signal analysis of the VSG
connected to a large power system

Figure 1 shows the simplest implementation of VSG control
in grid-connected VSC. The AC side of VSC is connected to
an infinite power system through the equivalent reactance Xy,
which includes the VSC output reactance, the transformer reac-
tance, the transmission line reactance and the grid equivalent
reactance. The resistance between the infinite bus and VSC is
not shown in Figure 1. 1,48, and 17,20 reptresent the voltage
vectors of VSC and the infinite bus, respectively. Therefore, the
active power P, exchanged in grid-connected VSC system with-
out considering the loss can be expressed as,

VeV s ;
c XZ sSino, ()

Write (1) and (5) into small-signal expression, leading to,

dAS, A ’
=w w
a4 base ¢ ( )
dho, _ 1 (a2 —ap - xa ) 7
7 217, ¢ ¢ AW, ( )
Vioy " V5
APL = X—Z * COS 5[«]) . A5¢ (8)

where 6, is the steady-state value of the rotor angle position
of the VSG, that is, the power angle of the grid-connected VSC
system; A represents the small perturbation of state variables.
If not considering the dynamics of the prime movers, the input
power of the VSG in (7) is constant, that is, AP/ = 0. The
system dynamic equation can be derived as follows,

oF] dAw,
Codr

= _K‘Aaf - K'Aw[ (9)
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where K is a defined coefficient explained as (10). It represents
the rate of the output power of the VSG to the rotor angle posi-
tion of the VSG.

Vioy- Vs
_ V)
]<r = TE * COS 5[(()) (10)

Obviously, the synchronous torque and the damping torque
of grid-connected VSC system are KAS, and KAw,. Accord-
ingly, K, and K represent the synchronous power coefficient and
the damping torque coefficient, respectively. Combine (6) and
(9), the system dynamic equation of the grid-connected VSC
system can be derived as follows,

d*AS, dAS, AS =
2H,— 3 A K= + K@y 80, = 0 )
The dominated oscillation frequency and the damping ratio
of the system can be described as follows,

2
Wy 1 CU/?(IJ(’KA' Kv{
= L= — R 12
R e \/2H[ (4]16 (12)

K
(= — (13)

It should be noted from (12) and (13) that the dominated
frequency and the damping ratio of the system is related to the
control parameters of the VSG and the operating point of the
grid-connected VSC system. More specifically, the larger the 77,
the slower the responding of the system to the disturbance and

the worse the damping characteristics of the system. Moreover,
¢is in proportion to K. Just as the name of K, it represents the
damping of the system to some extent.

Above analysis overlooks the impacts of the DC power
source’s dynamics on the damping of grid-connected VSC sys-
tem. Actually, as for PMSG-based WT with VSG control, the
rotor speed of WT changes in tesponse to the disturbances of
the grid frequency, which results in the change of 2/7. In the
following section, the impacts of WT dynamics on the damping
of grid-connected WT system are fully discussed.

3 | GRID-CONNECTED PMSG-BASED
WT SYSTEM MODEL WITH VSG
CONTROL UNDER MPPT

PMSG-based WTs consist of two full-rated backed-to-back
converters which are connected through the DC-link capac-
itance. In the traditional PMSG-based WTs control, the WT
provides the active power reference for the rotor side volt-
age source converter (RSVSC) by the MPPT control. Then,
the active power from PMSG is modulated by the RSVSC.
The GSVSC is used to maintain the DC-link voltage of the
VSC. However, under such a control scheme, the PLL is

required to track the phase angle information of the AC volt-
age at the point of common coupling (PCC). It may lead to
system instability with improper PLL parameters when the
GSVSC is connected to a high-impedance weak grid. To over-
come the shortcomings induced by PLL, the GSVSC is con-
trolled as a VSG, so that the inertial and frequency sup-
port can be exerted from PMSG-based WT duting system
disturbances.

In this section, the model of grid-connected W' system con-
sidering WT' dynamics is constructed. The DTCA is utilized to
analyze the impact of the additional torque introduced from WT
dynamics on the inertia and the damping of grid-connected WT
system.

3.1 | Basic operation principle of WTs with
MPPT control

If the wind speed #,, is less than the rated wind speed 4 of
the WT, the mechanical power extracted by the WT can be
described as follows with the actual value.

R?
Pf;/[ = % : CP (/L ﬁ) : yw?)

ok (14)

1=

Uy

where P&V/[ is the theoretical input wind power; @, is the rotor
speed of WT; C; is the wind energy utilization coefficient, which
is relevant with the tip speed ratio, 4, and the pitch angle, 8
[degrees]; p and R are the air density and the blade radius of
the WT, respectively. Accordingly, the optimal tip ratio can be

indicated as follows at the certain wind speed 2,

_ wropr
e Vw (1 5)
C}) max — CP (’L}pl’ 0)

A

In such a condition, C;, gets its maximum. Combine (14) and
(15), the maximum of theoretical input power expressed in the
actual value can be derived as,

P _ ﬂRzp wrapt3 : R3 —x 3 16
wmax — 2 CSPmax T T 3 T : wropt ( )
opt
where
TR 0Cp mas
K= P ]%ma)x (17)
20,

As shown in Figure 2, The MPPT control of the WT only
starts at medium or low wind speed. It regulates the rotor speed
of WT at different wind speeds so that the wind power extracted
by the WT can get its maximum.
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FIGURE 2  The relationship between wind speed and WI’s mechanical
input power

3.2 | Realization of VSG control in
PMSG-based WTs

Different from the traditional control of PMSG-based WTs
under MPPT, the active power reference from MPPT is pro-
vided to the GSVSC instead of the RSVSC, which means,

P =P = k0 (18)
where £ is the normalization parameter. Specifically, to enable
PMSG-based WTs to respond to the frequency disturbance of
the system, the GSVSC controls the phase and magnitude of the
VSG’s AC voltage according to (2)—(4). And the RSVSC is uti-
lized to maintain the DC-link voltage by the vector current (VC)
control. The complete VSG control scheme for grid-connected
PMSG-based WT is shown in Figure 3.

3.3 | System dynamic equations considering
WT dynamics under MPPT

The WT dynamics without considering the rotor rotation damp-
ing can be expressed as follows, where @, is the rotor speed of
WT; Hpyis the inertia time constant; P/ is the output electri-
cal power of PMSG.

dw, v o
2Hyr - @, - —= =Py — By (19)
To simplify the analysis, some assumptions about the model
of grid-connected WT system are made as follows.

(@) Since the DC voltage control bandwidth is much smaller
than the low-frequency oscillation frequency. For the time
scale of the low-frequency oscillation mode, the DC voltage
control of the RSVSC can be performed quickly. Therefore,
the input power P, of the DC-link capacitance is consid-
ered equal to the output power P, ;.

(i) Ignoring the losses from the resistance, the relationship of
the power disturbance on each transmission line during sys-
tem steady-state operation is as follows,

APy = AP, = APy = AP, (20)

Combine (1) and (18), the output power of the VSG under
MPPT can be written as follows,
=t} -2, 2 K@ —w 21
c = r c dr C ( ¢ (g) ( )
Then, the following can be obtained by linearizing (19) and
(21), respectively, with the help of (8), (10), and (20).
dAw

ZHW/TC‘)r(O)Tr = —APE + APL‘;? =—KAS, + Apfku (22)

) dw,
KA& = 3/éwr(()) ACU,. —2H,

- KA 23
- Kbdw, (Y

where w, ) is the initial rotor speed of WT. Combine (0), (22),
and (23), then write them in matrix form as follows,

[ 0 @ pase 0 |
2
; AS, K K 3,éa)r(0> AS,
- | A | = 2H, 2H, 2H, Aw,
Aw, X Aw,
- 0 0
| 2y |
0
+ 0 AP 24
1 : W ( )

2Hypr @,

It is noted that when &, is shifted under a small disturbance
of the system, w, will respond to this change immediately, which
results in the input wind power PL‘B‘,] captured by the WT chang-
ing. However, the power offset APL‘;,I around P, is extremely
small. Therefore, it is assumed that APL‘;[ = 0. Then, Write (24)

into the Laplace form,

s+ AS, = wy,,  Aw, (25)
2
K K 3k, (0)
Ky ACL)[ = —2—[_[[ A5[ 2—]_[[ . ACU[ + 2—]_4 . ACU,. (26)
A & AS 27)
K w -_——
! 2Hypr @, ‘

Combine (24)—(27), the system dynamic equation is derived
as follows during system disturbances,

dhw, _ K - AS K +
a0 ‘ © ' 2Hyr

o) K

2H. - w/ﬁm) : AC()[
52

¢
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FIGURE 3  Control diagram of PMSG-based WT with VSG control
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FIGURE 4 The Loci of systems’ dominant eigenvalues as a function of K,

Compare (11) and (28), it is found that the term of the damp-
ing torque changes because of WT dynamics. Consider two
grid-connected systems equipped with VSG. One of them is
the PMSG-based WT system, the other is the grid-connected
VSC system. They have the same external circuit topology with
equal parameters. All the circuit and control parameters ate
listed in the Tables A1 and A2. It is easily found that the dif-
ference between the two systems is whether 2/ is constant
during system oscillation. The root locus diagram of the two
systems about K. and 8,y are shown in Figures 4 and 5, respec-
tively. It can be found that with K. or &, varies in a wide
range, the imaginary parts of two systems’ dominant character-
istic roots are almost equal, that is, the oscillation frequencies of
two systems are similar. Therefore, the oscillation frequency of
the PMSG-based WT system can be approximated as the dom-
inant oscillation frequency f; of the grid-connected VSC system

FIGURE 5 The Loci of systems’ dominant eigenvalues as a function of

S0

in (12). Then, the system damping torque coefficient noted as
K. can be derived as follows when 5 = jco,.

K;, = [(f - D pase (29)
d

Substitute the expression of the dominated oscillation fre-
quency from (12) into (29), we have

/ 3kw,(0) K,
K' ¢ 2 HWT : . © 5" @ pse (30)
@ pase s _ ( C )

4H,

2H,

A

Itis noted that K. < K, which means the W'T dynamics dete-
riorates the system damping during system disturbances. K, is
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not only related to the VSG damping control parameter K, but
also determined by the initial rotor speed of WT, @,(, and the
inertia time constant /. of the VSG.

3.4 | Impacts of reactive power droop control
on stability

In the previous analysis, the VSC voltage is controlled as the
constant I/Y. The inherent active power modulation character-
istics of PQ-type VSGs force the rotor speed of WT to deviate
from the MPPT state and the system damping torque is also
weakened, which seriously threatens the dynamic stability of the
system. In this section, to extend the existing VSG control, the
reactive power droop control (RPDC) [29] as follows is applied
in the GSVSC which emulates the excitation regulation of SGs.

me = ko0~ 0) (31)

where 07 and Q. are the reference and initial values of
teactive power, respectively. £ is the droop factor of RPDC.
According to the operation principle of VSC, the relationship
between the VSC voltage and the DC voltage is expressed as,

Vi=mVi 32)

As the system topology shown in Figure 3, the reactive power
O, transported into the grid can be expressed as,

_ V(= V,cosé,) -
0= 63)

To further evaluate the impact of RPDC on the system iner-
tial response, the following small-signal expression of (31)—(33)
and (5) are derived, where Ky, Kgs and Kp- are the corre-
sponding coefficients depending on the initial operating con-
ditions of the system.

Am, = —kgAO, (34)
AV = Am V0 (35)
(V)=V} cos 8,())AL, o) Vi sin8,0)AS,
AO. =
2 Xz X (36)
AP[ _ Vo)V cos 8,0y A5[ + v; si1j 8.(0) AT/;
3 Az 37

= KAS, + Kp AV,

Combine (34)—(37), the relationship between AP, and A, can
be derived as follows,

(38)

koKosVa
AP = <Kr 0Ros Vo) >A 5

U+ kKo Vagy

Compare (8) and (38), it is clear that the synchronous power
coefficient of the grid-connected WT system decreases with
the introduction of RPDC model. Nevertheless, the conditions
Ky > Kps and K. > Kpp- always exist in power systems,
therefore, the synchronous power coefficient in (38) is very
close to K. In summary, RPDC control has a weak influence on
the inertial response of WECS and theoretically does not cause
any deterioration of the system stability.

4 | ANALYSIS OF KEY FACTORS OF
PMSG-BASED WT WITH VSG CONTROL
ON SYSTEM STABILITY VIA DTCA

For further analysing the analytic relationship between K.’ and
specific parameters in grid-connected system, the function of
K.’ with the variables K, and §,( are established in this sec-
tion. Other parameters such as K and /Hp; are generally con-
sidered to be unchanged once the selection of the transmis-
sion lines and generators are determined. In addition, The vir-
tual inertia parameter, /7, is easily constrained by the hardware
and has significant impact on the system damping according
to (13).

According to (1), (5), and (18), the relationship between the
steady-state quantities is derived as follows,

ref .
[)¢<O) = /éCUf@) = ¢(0) = a-sin 5[(0) (39)
where the subscript (0) represents the variable is a steady-state
value; The parameter  can be derived from (10) as follows,

K
a= : (40)
COs 5[(())

Substitute (39) and (40) into (30), eliminate @, and K, and
record the damping torque coefficient K, as f (K, 8,0)), which
leads to,

. 1/3
COS 54()) . (Sln 5[(()>)< / )
J(&K, 5[«))) =K —m: (41)
(l’l * COS 5[(0) - ]<[2)

where

2481 (4D 20,
"=

Hypr (42)
n= SHfCO/Hm, ca

The impact of K, and &, on the system damping torque
coefficient is analysed as follows, respectively.

41 |
onK_’

Taking the partial derivative of the function shown in (30) with
respect to K, the sensitivity of the damping torque coefficient

Impact of the VSG control parameter K
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to the parameter K, can be expressed as, power angle 8, can be expressed as follows,
: (1/3) 2
as cos 8, * (sin &) 8f _ _m (. (=2/3) K2
a_]g =1—-m- : ZKf (43) 56[(0) T 3 (SH] 5[(0)) cos 5[(()) I+ 7+cos 5[(0)—&.2

(ﬂ - cos 8, — Kf)z

The result shows that the damping torque coefficient func-
tion in (43) decreases monotonically as K, increases. Thus, there
exists a maximum value of the system damping torque coef-
ficient K, e = AKmaxS0) when 0f/0K,. = 0. But K, is
designed to be small due to energy consumption requirements
which usually satisfies K, << K,,... Therefore, the system damp-
ing torque coefficient is considered to increases with K.

If the parameter design of K, is not reasonable, the system
damping torque coefficient K. can get very small or even neg-
ative, which may cause grid-connected WT' system instability.
In order to guarantee the small-signal stability of the system, the
damping torque coefficient function AK, §,)) must satisfy (44).

. 1/3)
COS 5[(0) . (Sln 5[(0))
K—m- >0 (44)
(ﬂ - cos 8,y — Kfz)

where the typical value of 7-cos, ) is usually much bigger than
that of K. Thus, the minimum value of VSG damping control
parameter can be derived by ignoring K2 in (44),

2 1

s M\ 3
© m a/3) _ 3HA (7Y)

cmin = (sind, ) T (45)

It can be seen from (45) that the minimum value of VSG
damping control parameter K, ;, to keep the critical stability
of grid-connected PMSG-based WT system is affected by the
system load. With the increase of the load, the K, increases
and the steady-state stability margin decreases. When PI‘;,[ =1.0
p.u., the minimum value of VSG damping control parameter
K ins can be derived as (40), where the system remains stable
during any load if K. > K

cmins*

2

3H k3
K mins = fminl[i{[;=1 = H—LV/ (46)
4.2 | Impact of the system power angle &,

on K,
For ease of calculation, rewritten (41) as follows,

mfn (sin 8.0 ) ar (7-cos 5[('))—]\’[2)
(ﬂ'COS 5[0))—]([2)

f([<w 5:(())) =K -
(47)
/ﬂ/;/-[@z-(sin@(g))(l/s)

(ﬂ'COS S.(0) —1\’[2)

Taking the partial derivative of the function shown in (47)
with respect to (), the sensitivity of A&, 6,()) to the system

K2 (sin 8.(0) ) /)

(7/'COS 5,«,)—1\’,2)2
48)
If grid-connected system operates in the steady state, which
means 0 < §,) < 90°, the function shown in (48) gets
9f/98,p) < 0. Therefore, K, 8,¢)) decreases monotonically
with the increase of 6, ). when &, =0, K, gets its maximum.
In summary, the PMSG-based WT at overload conditions
provides less damping for grid-connected system. This is con-
sistent with the analysis in the previous section that the overload
condition deteriorates the damping of the system.

4.3 | Further discussion on the VSG control
for PMSG-based WT

The main contribution of this paper is to examine the role
of WT dynamics on the small-signal stability of the VSG-
embedded wind energy integration system from the perspective
of DTCA. Though it is found that the interaction between WT
dynamic and VSG control may impair the system damping, the
VSG control shows salient features for wind energy integration
compared with traditional controls:

@) A dedicated frequency measurement unit, that is, PLL is
not required for VSG control, reducing the complexity of
the overall control system. As a result, the negative damp-
ing induced by PLL is eliminated in weak grid, improving
the stability of the parallel system.

(ii) The VSG-equipped WT achieves self-synchronization by
emulating the rotor swing characteristics of SGs, equipping
WT with grid-forming capability without PLL.

(i) The auxiliary control functions, such as inertial response
and damping controller can be embedded in the VSG con-
trol flexibly, enabling WT' to give strong support for the
weak AC system.

(@iv) The VSG control has a wide range of applicability due to its
general and simple control structure, which can be applied
to any VSC-based generations and transmission lines, such
as PMSG-based, DFIG-based WT and VSC-HVDC. It is
relatively promising for future power system development
under high percentage of renewable energy integration.

5 | SIMULATION STUDIES

To verify the phenomenon of the damping weakened by WT
dynamics in grid-connected WT system with VSG control, the
system where one single PMSG is connected to an infinite bus
as shown in Figure 3 is established in MATLAB. All parame-
ters of grid-connected PMSG-based WT system are listed in the
Table A1.
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FIGURE 6  System dynamic response with sudden change of X from X,
to X (a) the power angle of the system, (b) the frequency of the AC system,
(c) the reference of the active power to the VSG

5.1 | Case 1: Impact of WT dynamics on the
inertial response

As shown in Section 3, the PMSG consumes the rotor kinetic
energy to provide damping for grid-connected system. How-
ever, different from the load-shedding operation of the WT
where the active power reference P, d provided to the VSG is
constant, as for the MPPT control, ./ is proportional to a cube
of the rotor speed of WT. When the PMSG responds to the dis-
turbance of the system, 27 also changes, which will affect the
grid-synchronization loop of the VSG and changes the inertial
response process of the whole system. To illustrate such impact
of WT dynamics on the inertial response of the system, Figure 6
compares the response of two systems with the VSG control to
the sudden change in line parameters. One of the two systems
is the grid-connected PMSG-based WT system under MPPT,
the other is the grid-connected VSC system powered by a DC
voltage source. As shown in the Table A2, the VSG control
parameters of them are completely consistent. Specifically, the
mechanical input power PL‘;/[ of the PMSG in grid-connected
WT system and the input power 2,7 of the VSG powered by the
DC voltage source are both 0.6 (p.u.). The other parameters are
listed in the Table A1. When #= 0.4 s, the line reactance changes
from X to X to simulate single line disconnection. Figure 6a
and b show the response of power angle and frequency of two
grid-connected systems to the disturbance, respectively. It can
be seen that the rate of change of frequency (ROCOF) dw,/dt
of the first swing in the two systems are basically the same.
However, compared with the grid-connected VSC system, the

oscillation amplitude of the power angle and frequency of the
grid-connected WT system is larger, and the time to return to
the equilibrium point is also longer. Figure 6¢ shows the active
power reference of two systems. Since the rotor speed of WT
changes near the optimal operation point during the distur-
bance, according to (18), the active power reference 2,7 output
from MPPT changes, while the P¥ of the grid-connected
VSC system remains unchanged. Therefore, the WT dynamics
weakens the damping oscillations ability of the grid-connected
WT system without affecting the inertia of the system. The
simulation results also show that whether the system inertia is
provided by the rotor kinetic energy of the PMSG or the DC
voltage source, two VSGs with the same /7, show the same
external characteristics to the AC system and provide equal
inertia.

5.2 | Case 2: Impact of the control parameter
K, on the system damping

According to the analysis in Section 4, the damping of grid-
connected PMSG-based WT system is determined by the VSG
control parameter K and the system load level §,). In this sec-
tion, the same disturbance as in Case 1 is considered. Other
conditions remain unchanged except K. The impact of the
variation of K. on the damping of grid-connected system is
investigated.

Figure 7 shows the root locus of the system about K. It can
be seen that the system has three dominant characteristic roots.
As K, increases from 0, poles 2 and 3 shift to the left, which
improves the stability and dynamic performance of the system.
Pole 1 hardly moved so it has good damping, It is worth men-
tioning that the root locus curve in Figure 7 crosses the imag-
inary axis, which illustrates that the system becomes unstable
when K, is taken into a specific range. Therefore, as analysed in
Section 4, there exists 2 minimum value of VSG damping con-
trol parameter K., to guarantee the small-signal stability of the
system. The specific contents of this part will be discussed in
Case 4.
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FIGURE 7 Loci of system dominant eigenvalues as a function of K,
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FIGURE 8  System dynamic response with sudden change of X from X},
to X (a) the power angle of systems with different K, (b) the frequency of
systems with different K,

Figure 8 shows the dynamic responses of the system when
K. is taken to 0, 2, and 4, respectively. It can be seen that with
the increase of K, the grid-connected VSC system gradually
changes from the small disturbance instability with K, = 0 to sta-
bility with K. = 2 and 4. Specifically, compared with the system
with K, = 2, the power angle and frequency of the system with
K.= 4 have smaller first swing amplitude and shorter steady-
state recovery time, which illustrates that the grid-connected
VSC system with large K, has better damping and response pet-
formance.

5.3 | Case 3: Impact of the system power
angle &, on the system damping

In order to investigate the impact of the load level on the damp-
ing of grid-connected PMSG-based WT system, the same dis-
turbance as in Case 1 is consideted in this section, where K. =1,
and other conditions remain unchanged except the mechan-
ical input power PL‘;V,[ of the PMSG. As shown in Figure 2,
the MPPT control only starts within the specific wind speed
range (2, < 0, < Vy,un4), Which corresponds to P{y €[0.2, 1]
p-u. According to (39), the &, discussed here also has an cor-
responding operation interval. For ease of representation, the
impact of §,) on system damping is indirectly investigated here
by changing the P‘Lg .

The root locus of the system about &, (PL‘;{) is shown in
Figure 9, which indicates that there are three dominant charac-
teristic roots in the system move with the change of P‘I;/,/[ . As the
PL‘;;] increases from 0.2 to 1 p.u., poles 2 and 3 shift to the right
half plane and pole 1 shift to the left half plane. The overall sys-
tem damping decreases by the influence of dominant complex
roots 2 and 3 close to the virtual axis, so that the stability per-
formance also becomes worse. When Pljlj =1 p.u., the system
loses its stability due to the root locus curve moving to the right
half plane of the virtual axis.
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FIGURE 9  Loci of system dominant eigenvalues as a function of &,
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FIGURE 10  System dynamic response with sudden change of X from
X to Xj (a) the power angle of systems with different PL‘;,[ , (b) the frequency
of systems with different [’Ty

Figure 10 describes the disturbed dynamic response of the
grid-connected WT system when I)‘L;//[ is 0.2, 0.6 and 1 pu
respectively. It can be seen that the increasing amplitude oscilla-
tion occurs in the power angle and frequency of the system with
Pflg = 1.0 p.u., where the system loses its stability because of
the insufficient system damping; In addition, compared with the
system with P‘Hy = 0.6 p.u., the power angle and frequency oscil-
lation are suppressed faster in the system with Pf;,[ = 0.2 p.u,,
which indicates that the same VSG controller can provide rela-
tively large damping when applied in grid-connected WT system
under light load. Although two systems are stable during small
disturbance, the system damping is still small, leading to a long
time to recover to steady state. It can be seen that the dynamic
petformance of above three systems is not ideal when K, = 1.
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FIGURE 12  System dynamic response with sudden change of X, from

X to Xy (a) the power angle of systems with different rM
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Case 4: Impact of the power load on

Figure 11 shows the root locus diagram of the grid-connected
WT system about K, at different load conditions. It can be
seen that the minimum value of VSG damping control param-
eter K i, increases with the increase of the system load, which
means the stability margin of the system is decreasing;

Figure 12 describes the dynamic response of the system at
different load conditions when the damping control parame-
ter K. = 1.2. According to (46), K in, = 1.042, which means
K.> K. are satisfied. It can be seen that the dynamic
response of each grid-connected WT system shows the trend
of oscillation attenuation and therefore the grid-connected WT
system can keep its stability with K, = 1.2.

0.9

FIGURE 13  System dynamic response with sudden SCR decreased under
different synchronization control (a) the DC capacitance voltage of W'T, (b) the
active power from WT, (c) the frequency of WT system

5.5 | Case 5: Comparison between the VSG
control and the VI control

As illustrated before, there are two widely-used control methods
for WECS, namely, the VI control and the VSG control. To per-
form the comparison simulation study, the typical and widely-
utilized VI control based on PLL [9] for WECS is adopted in the
comparative case study to show the priority of the VSG control.

Figure 13 shows the system dynamics of the WT integration
system under system sudden short circuit ratio (SCR) decreased
event, where the system SCR is changed from 5.0 to 1.2 (cortre-
sponding to the change in X from Xy to Xp) at #= 1.0 s. Three
different controls, that is, the VSG control, the VI control under
high PLL bandwidth (25 Hz) and under low PLL bandwidth
(16 Hz) ate fully compared. To mitigate the impairment of WT
dynamics on the system damping, the VSG damping control
parameter is set as 8.

The AC grid becomes weaker as the SCR decreased. As
cleatly exhibited in Figure 13, when the system disturbance hap-
pens, the PLL dynamics bring negative damping to the over-
all WT integration system. Notably, the system under high PLL
control bandwidth is more prone to be unstable compared with
low PLL bandwidth, as observed in Figure 13. The DC-link
voltage of WT cannot be well sustained during system dynam-
ics due to the negative damping induced by PLL, as shown in
Figure 13a. As a result, the output active power from GSVSC
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and the grid frequency would exhibit unstable oscillations after
system perturbations.

However, compared to the VI control, the VSG control
shows better dynamic performance. As seen in Figure 13a, the
DC-link voltage can be well maintained under VSG-based con-
trol. The system would experience a short period of oscilla-
tion until it recovers to a new steady-state equilibrium point,
as shown in Figure 13b,c, whose dynamic responses are very
similar to the typical SGs.

In summary, it can be concluded from the comparison case
study that, the PLL-based VI control of WT integration sys-
tem is only suitable for the strong AC grid (under high SCR),
which may not operate well in weak AC system with low SCR
and low inertial level. On the other hand, the VSG control with
proper control parameters is relatively suitable for weak grid and
exhibits robust characterises for effective wind energy integra-
tion, which is promising for the future power system with high
proportion of renewable energy integration.

6 | CONCLUSION

In this paper, the small-signal stability of the PMSG-based WT
with VSG control is examined via damping torque coefficient
analysis considering WT dynamics. A simple and reliable VSG
control for PMSG-based WTs is implemented, enabling the
self-synchronization, inertial response and damping support of
WT without PLL. Based on the established mathematical mod-
els of PMSG-based WT with VSG controls, the synchronous
torque and the damping torque of grid-connected WT system
are analytically derived at medium or low wind speed, which
can not only explicitly reveal the key factors that may affect the
system stability, but also offer guidance for parameter setting.

From the analytical outputs, it is very important to find
that the WT dynamics would weaken the damping of the
grid-connected WT system and might even result in system
instability. Moreover, it is also concluded that the damping
torque coefficient of the system is positively correlated with the
damping control parameter K, of the VSG in a large range and
is negatively correlated with the system load level. Correspond-
ingly, the minimum value of VSG damping control parameter
for ensuring the stability of WT under any load level can be ana-
lytically obtained, which provides important guidance for the
parameter setting of the VSG control in the PMSG-based WT.

The case studies of one PMSG-based WT under VSG con-
trols with and without inclusion of WT dynamics are conducted
and compared under different operating conditions, whose sim-
ulation results are consistent with the proposed analytical mod-
els.
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