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This study presents a comprehensive analysis of the impact that a supplementary damping controller of the permanent magnet
synchronous generator (PMSG)-based wind turbine (WT) has on low-frequency oscillation (LFO) damping. A reduced
mathematical model of an interarea system is first established. Then, an auxiliary damping controller is designed using the PMSG
active power control loop, enabling the WT to actively support the interarea LFO mitigation. Based on this, the damping torque
analysis (DTA) method is applied to explore the contribution of the PMSG-based WT with an auxiliary damping controller to LFO
damping enhancement, whose analytical expressions of the damping torque coefficients reveal the impacts of the control pa-
rameters and the operation conditions on the system damping characteristics. It is evident that the installation location of the wind
power plant (WPP) plays a leading role in determining whether the damping provided by the PMSG controller is positive or
negative. Also, the contribution of damping from the PMSG can be improved by tuning the droop coeflicient of the PMSG
controller properly. The results indicate that the proposed damping control is always helpful in improving the system damping
when the wind power penetration increases. Accordingly, analytical conclusions can serve as guidelines for the control design.
Case studies of a two-area test system integrated with a PMSG-based wind farm have been conducted to verify the

theoretical analysis.

1. Introduction

Nowadays, the large-scale integration of inverter-connected
renewable energy such as wind power has radically changed
the structure of the power system and posed significant
challenges to the stability of the power system [1-4]. Unlike
the synchronous generators (SGs), the wind turbine (WT)
does not participate in electromechanical oscillations since
the wind power generators are separated from the power
grids by the power electronic devices. Thus, high penetration
of wind power may affect the inertia [5, 6] and damping
characteristics of the power system that used to be domi-
nated by synchronous generators [7-9]. A major concern is
the low-frequency oscillation (LFO) problem, especially the
interarea oscillations in the interconnected systems, which

long exists in the power system and will occur if adequate
damping cannot be provided during disturbances [10].

In order to improve the system damping with high
penetration of wind power, it has been proposed to equip the
WTs with an auxiliary damping control loop to mitigate
LFOs [11-17]. Correspondingly, the damping control
strategies of variable speed WTs realized by supplementary
damping control can be divided into active power modu-
lation [18-21] and reactive power modulation [22-25].
MokhtariAminifar and Li et al. [26, 27] commonly add the
auxiliary damping controller to modulate the active power
output of the rotor-side converter (RSC) so as to damp the
interarea oscillations. Although active power modulation is
effective in suppressing electromechanical oscillations, it is
found to adversely affect the damping of turbines’ shaft
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control [28, 29]. Also, the reactive power control of WT is
designed to enhance the damping of LFOs. In [23], satis-
factory damping can be achieved by equipping the doubly
fed induction generator (DFIG) with the proposed power
system stabiliser (PSS), which is connected to the reactive
power controller of RSC. However, it is reported that the
reactive power modulation might deteriorate the voltage
stability [20].

Due to the complexity and high order of the power
system models, the general approach to verifying the pro-
posed control strategies is based on numerical studies.
Modal analysis (MA) is one of the most conventional
methods for small-signal stability analysis, which can pro-
vide numerical results by analysing the participation pat-
terns of the different system elements. The main advantage
of the MA method is that global stability of the system under
specified operating conditions can be obtained [30]. The
state-space model of a multimachine power system with the
DFIG is reported in [10]. It is found that the impact of
dynamic interactions introduced by the DFIG increases
when wind power penetration increases [31]. In [32], the
characteristics of the LFO modes and the dominant states
have been comprehensively analysed to study the impact of
virtual synchronous machine control on the LFOs. Based on
the analysis of the residues of the critical eigenvalues under
different conditions, the damping contribution of WTs is
evaluated in [33]. To improve the control effects, the power
oscillation damper parameters are optimized with the ei-
genvalue analysis [34]. However, the MA method relies on
the numerical results of complicated modal computation,
which cannot illustrate why the instability may occur from
the physical interpretation. In addition, it fails to formulate a
direct mathematical relationship between damping char-
acteristics and influential factors such as the operating point
and the parameters of controllers.

To study the mechanism of the impacts of WT on the
LFO, the damping torque analysis (DTA) method is
employed in [35-43]. Through this method, the electric
torque contributed by the controller is decomposed into
synchronization torque and damping torque components.
The damping torque component determines the damping of
the LFOs. For the power system integrated with a DFIG-
based wind farm, the effect of the dynamic interactions
introduced by the WTs on the oscillation modes is estimated
by the DTA method [38]. In [39], the authors provided a
very comprehensive examination of the effect of the sup-
plementary HVDC power control on small-signal stability
by calculating the damping matrix. The analytical results of
[39] were innovatively extended to multiterminal HVDC
transmissions in [40]. In [41], the change of load flow and
the dynamic interaction introduced by the DFIG are sep-
arated to identify the impact of the dynamic interactions of
the DFIG with the SGs. Unfortunately, the damping torque
coefficients obtained from the above studies are not in
analytical form, making it difficult to intuitively evaluate the
impacts of the parameters of the WT controller on the LFO
mode. In addition, the influencing factors of the LFOs need
to be further discussed.
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Existing studies primarily focus on the damping effects
of LFOs by modulating active or reactive power but rarely
care about the mechanism of the supplementary damping
controller to deal with LFOs. This study develops insights
into the contribution of the PMSG-based WT with an
auxiliary damping controller to LFO mitigation by the DTA
method. Firstly, this study developed a dynamic reduced
model of an interarea system oriented to the small-signal
stability analysis. Then, an auxiliary damping control
strategy for the PMSG-based WT is designed by the droop
control loop, which uses the rotational speed signal between
generators to guide the active power modulation. Based on
this, the DTA method is applied to evaluate the contribution
of WT control on LFO mitigation, whose explicit expressions
of the damping torque coefficients are analytically derived.
Consequently, qualitative evaluations of the operation
conditions and the control parameters on the system
damping characteristics can be achieved, providing useful
guidance for the controller design.

The rest of this study is organized as follows. Section 2
constructs a reduced dynamic model of an interarea system.
In Section 3, an auxiliary damping control based on a droop
control scheme is proposed to restrain the LFOs of the
PMSG-based WT. Section 4 applies the DTA method to
obtain some analytical conclusions. The analytical results are
verified by simulations in Section 5. Section 6 summarizes
the main conclusions of this study.

2. Modelling of the Interarea System

As a mainstream type of variable speed wind turbine, the
PMSG-based WT is widely used due to its excellent control
features. In this section, a simplified dynamic model of a
two-area system integrated with a PMSG-based wind farm is
first established. Then, the mathematical model and con-
ventional control scheme of the PMSG are briefly
introduced.

2.1. A Reduced Dynamic Model of the Interarea System.
As shown in Figure 1, an interarea system integrated with
the PMSG-based wind power plant (WPP) is first con-
structed. For simplification, the AC grid of each area is
modelled as the equivalent generators SG; and SG,. Hence,
the dynamics of the AC grids can be represented by two
synchronous generators. The AC transmission lines of the
studied system are regarded as lossless and without energy
storage.

As for generators, the classical machine model is
adopted, with a stiff electromotive force behind a transient
reactance. Under the consideration of eliminating the
damping effect of the SGs, the damping windings of SG, and
SG; (including the damping effect caused by eddy currents
in the rotor core) are neglected, and the damping coefficient
values of SG; and SG, are regarded as zero (D;=D,=0).

The swing equations of SG; and SG, can be written as
follows:
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FIGURE 1: Structure of an interarea system.

' 2H1d—a;1 =Py — P, — Py,
2H2%:PM2‘PQ—PL2>
3 (1)
% = w,(w; - 1),
‘ %= w,(w, - 1),

where H, and H, are the inertia constants, Py and Py, are
the mechanical power inputs of generators SG; and SGy,
respectively, P,; and P, are the active power outputs of
generators SG; and SG,, respectively, P, and P;, are the
local loads, w,, w, and &, &, are the rotor speed and rotor
angle of SG; and SG,, respectively, and w; is the synchronous
electrical angular velocity. The mathematical model

2 2

mentioned in (1) is the simplest dynamic representation of a
synchronous generator. Based on this, it is possible to de-
couple the damping effect introduced by WT from the power
system.

Active power balances at Bus 3 add the relation

\"A0% v,V
;{ 2 sin (8, — ;) + )2( 3
1 2

sin(8, — 83) + P53 = 0, (2)

where X, and X, are the total reactance of the transmission
line in each area, as shown in Figure 1, 85 is the voltage phase
at Bus 3, and P,; is the active power output from the WPP. In
normal operation, the voltage magnitudes of all busbars vary
within a small range because of the regulation of the exci-
tation system and the injected reactive power. For this
reason, it is assumed that the voltage magnitudes of all
busbars are equal, which meets the condition that
V1=V,=V;3=V. Under this assumption, the linearization
equation (2)becomes

Vv Vv
Ycos(ﬁl(o) — 63(0)) . (A(Sl — A83) + X—COS((SZ(O) - 83(0)) . (ASZ — A83) + APe3 = 0, (3)
1 2
a a AP
“Amiod ASy=—1— A8 +—2— A8, +—2-. 5
where the prefix “A” is the incremental operator that denotes 3T a ta, ' aita, * oa +a, (5)

the small deviation of a variable. The subscript (0) of each
variable represents its steady-state value. For simplification,
the variables a, and a, are defined as follows:

2
a, = X—C03(51(0) - 53(0))’

4

Then, Ad5 can be solved based on (3) and (4):

Substituting (3) and (4) into the small-signal dynamic
model of (1), the simplified dynamic equations of the
interarea system can be obtained as follows:

2H1H2dA—w __ %49 (H, + H,) A5+H2a1 - Ha, AP,
dt a, +a, a, +a,
(6)
dAs
— = w.Aw,
dt :
where



1 Aw = Aw, - Aw,, o

AS = AS, — AS,,

where Aw is the rotational speed deviation between SG; and
SG; and Ad is the rotor angle deviation between SG; and
SG,. If the active power output from the WPP is zero (i.e.,
P,;=0) in (6), then Bus 3 can be considered a point to
observe the voltage phase along the line since it has no
impact on the system dynamics. In this case, the Laplace
transform of (6) can be expressed as

2H1H252 +a1a2 (H, + Hy) _
w

0. (8)

s a,+a,

Then, the undamped natural mechanical mode fre-
quency can be solved as follows:

. stalaZ - (H, + Hy)
S1p= % jw,w, =

"_\JZ(a1+a2)'H1H2' ®

As shown in (6), the dynamic behaviour of a two-area
model can be similarly represented by an equivalent single-
machine infinite-bus (SMIB) model. However, if the full
mode of the two-area system is considered, the relative
degree will be large. Thus, the design of the WT damping
controller will use a high-order derivation, which will be
much more difficult. Otherwise, the reduced dynamic
mathematical model in (6) has many advantages. (i) Firstly,
the complexity of the interarea system model has been
greatly reduced since the model has been reduced from
fourth order to second order. (ii) Secondly, the initial pa-
rameters of two interconnected synchronous generators are
retained in (6) after some simple formula reconstructions
and variable substitutions. (iii) Finally, the effect of the
injected power at Bus 3 on LFOs is clearly outlined in (6),
allowing the derivation of the equivalent damping torque
provided by the WT controller. For these reasons, the
electromechanical dynamics of the interarea system in (1)
can be represented by the dynamic equations in (6).

2.2. PMSG-WT with the Conventional Control Scheme. As
shown in Figure 2, the conventional controller of PMSG is
composed of a rotor-side converter (RSC) and a grid-side
converter (GSC). In this study, the RSC controls the PMSG
generated active power, while the GSC is utilized to maintain
the DC-link voltage. Normally, the active power generated
by the PMSG is controlled through the maximum power
point tracking (MPPT) algorithm and the pitch angle
control.

The output power of the PMSG under the MPPT control
can be expressed as

nRk’C, .

MPPszTgp'wfsz‘wts’ (10)
where p is the air density, R is the rotor blade radius, k is the
gear ratio of the gearbox, A is the tip speed ratio, C, is the
maximum power coefficient as A takes a certain value, and w,
is the PMSG generator rotational speed.
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Generally, the control scheme at the back-to-back VSCs
of a PMSG primarily includes the inner current control loop
and the outer control loop. Due to the fast response of the
double loop controller system, the converter dynamics of the
PMSG can be overlooked. Therefore, the generated active
power Py can be regarded as the same as its power ref-
erence, which is determined by the MPPT algorithm Pyppr.
Under the assumption that the converter is lossless, the
equation for the PMSG output power is given by

Pe3:PWT' (11)

The rotor motion dynamic equation of the PMSG can be
described as

do,
dt

where H; is the inertia time constant of the PMSG.

ZHt'wt' :Pwind_PWT’ (12)

3. Proposed Damping Controller by
Droop Control

This section proposes a droop control strategy for the PMSG
to provide additional damping for the interarea system. For
the conventional PMSG control strategy, the PMSG output
power is completely handled by the fast converter control.
However, this converter control strategy decoupled the
rotational speed of the PMSG from the grid frequency.
Consequently, the PMSG cannot provide damping after a
disturbance, which might diminish the ability of damping
LFOs in the power system.

In order to improve the damping of the WT, most
existing studies focus on implementing the interarea os-
cillation damping control via auxiliary droop control. The
output of the droop control loop can be expressed as

APdroop = _KWT(wsys - wnom)’ (13)

where wjy, is the system rotational speed in p.u., Wyom is the
nominal rotational speed in p.u., and Ky is the droop
coefficient. The principle of this auxiliary damping control
can be explained as follows. Once the system is disturbed; for
example, a sudden load increase occurs in the power system.
Then, the rotational speed of the system will deviate from its
nominal rotational speed, which activates the droop control
loop in (13) and adds a power component related to the
rotational speed to the PMSG reference power. Subse-
quently, the turbine slows down and releases kinetic energy
from the rotor to modulate the imbalanced power in the
power system.

In this study, an auxiliary damping control using the
signal of the rotational speed deviation between SG; and SG,
has been particularly developed. There are several consid-
erations for using Aw as the input signal. Firstly, Aw is in
accordance with the reduced dynamic model of the interarea
system derived in (6), which might simplify the design of
auxiliary damping control. Additionally, the input signal Aw
can automatically detect the speed deviation between gen-
erators, which might provide damping more effectively.
Also, damping the LFOs is meant to keep the relative angle
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FIGURE 2: The configuration of a PMSG connecting to a large system.

between the two areas as a constant. In other words, it is to
maintain the rotational speed deviation Aw at a value of zero.

Accordingly, the reference power of PMSG can be
written as

Pyr = Pyppr = KyrAw. (14)

For the steady state, the relative rotor speed Aw and the
active power for damping control APy, are both zeros.
Figure 3 displays the structure of the PMSG droop control.
In Figure 3, APg;o0p is limited to 0.1 p.u. to ensure that the
current of the IGBTs in the converter does not exceed its
limits. As for the proposed droop control scheme in Figure 3,
the signal of the rotational speed deviation Aw is sent
through a deadband filter first, which is used to avoid the
reaction of the controller to very small rotational speed
variations during normal operation. Considering small
disturbances of the rotational speed, it is necessary to set the
threshold value of the rotational speed deviation Aw, which
is the input signal of the droop control. In this study, the
threshold value of the rotational speed deviation is set as
Aw =+0.02 p.u. in the deadband filter.

4. Low-Frequency Oscillation Analysis of PMSG
Integrated Power System

The DTA is a conventional and effective method to evaluate
the ability to damp oscillations. In this section, the DTA
method is applied to clearly outline the effect of the auxiliary
damping control of PMSG on the LFOs. Moreover, the
damping torque provided by the PMSG controller is ex-
plicitly derived for further analysis.

4.1. Dynamic Model of the Studied System. Considering the
structure of a WPP integrated into the interarea power
system in Figure 1, some assumptions need to be made. (i)

SHLH dAw _ a,a,(H, +H2)A8

_H,a, -H,a,

MPPT Control
Pyppr 7

w, % -
Wy

FIGURE 3: Structure of the PMSG droop control.

Firstly, the impact of the automatic voltage regulator (AVR)
and the power system switch (PSS) on the power system
dynamics are overlooked. (ii) Secondly, it is assumed that the
deviation of voltage-angle between busbars is comparatively
small in this study. (iii) Finally, it is supposed that the rotor
speed signal of the synchronous generator can be trans-
mitted to the wind turbine terminals through wide area
control systems (WACS) instantaneously, ie., the com-
munication delay can be neglected.

Suppose that the wind speed remains constant during a
comparatively short period; then, the linearized model of the
PMSG equipped with auxiliary damping control (cf. Section
3) can be established as follows:

dAw,
2H, - wy (g i —AP,,
(15)

AP,5 = 3C w7 o) Aw; — KyyrAw.

Combining (15) with (6) and using the Laplace trans-
formation yield

2H, w, \Kyyrs
tWr ) wr Ao

P dr a, +a,

a;+a,  3Cywi g +2H,w,g)s (16)

The last term of (16), F(s), is an electrical torque, which
contributes to the auxiliary damping control of the PMSG-
based WT. According to the classical DTA method, the

F(s)

electrical torque component can be decomposed into the
synchronizing and damping components, which are in
phase with the rotor angle perturbation and the angle speed



deviation, respectively. Since the system damping torque
coefficient is comparably small to the synchronizing torque
coeflicient, the system oscillation frequency can be repre-
sented by the natural oscillation frequency in (9). Accord-
ingly, (16) can be reformulated as

dAw
Ty = Kspd-Kphw, (17)
where
K = a,a, (H, + Hz)’
a, +a,
K. = H,a, - Ha, 4Ht2KWwat (18)
P D~ 2 2’
a, +a, (3Cth(0)) +(2H,w,)
H,a, -H 6C,H,Kyrw
T, =2H,H, + 201 1% M t2 wT®¢(0) .
a; +a, (3Cth(0)) +(2H,w,)

where Tj is the equivalent inertia constant provided by the
synchronous generator and the PMSG, Kj is the synchro-
nizing torque coefficient, and Ky is the damping torque
coefficient.

4.2. Damping Torque Analysis. According to (18), the
damping torque coeflicient of the studied system is corre-
lated with the parameters of the PMSG damping control.
Due to the small variation between generators, the cosine
function cos (8;() — dj(0)) in (18) can be approximated as 1.
Then, the damping torque coefficient can be obtained as

_ H,X, -H X,

© 4H Ky
b™ X, +X,

(3Cuwi) + (2Hw,)"

(19)

In (19), the equivalent damping torque coefficient is not
only related to the droop control coefficient Ky but also
affected by the installed location of the WPP. The damping
torque analysis will be conducted in the following section to
clearly outline the effect of these factors.

4.2.1. The Impact of the Location of the WPP. From (19), it
can be seen that the relative location of the WPP to the two
SGs affects the damping level of the studied system. The line
reactance from the WPP to SG; and SG, are noted as X; and
Xp, respectively. Assuming that the reactance of the
transmission line is well distributed, then the WPP location
can be expressed by the relative distance from SG; noted as

L -

w*

Xll = le,
(20)

XIZ = (1 - lw)X’

where X is the total reactance of the transmission line 1 and
the transmission line 2.

If the WPP is located at the mass-weighted electrical
centre between the two areas, ie., H,X,=H,X;, then the
damping torque coefficient K, will reduce to zero. In this
case, the PMSG damping control has no impact on the
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interarea LFOs, and consequently, the WT injected power
has no contribution to the LFOs’ damping. The location of
the mass-weighted electrical centre can be expressed by [,

_H, (Xpp +X) - H, Xy,

o (H, + Hy)X

) (21)

where Xy and X, are the reactance of transformers T; and
T,. Obviously, the interarea mode is uncontrollable by using
the PMSG auxiliary damping control as long as the WPP is
located at the mass-weighted electrical centre.

Area 1: if the WPP is installed between the mass-
weighted electrical centre and SGj, i.e., HX; < H,X,,
then the WPP is relatively close to SG; in the electrical
distance. The range of this area can be expressed by [,:

H,(Xp, + X) - H Xp,

(H, + H,)X (22

0<l,<

In this case, the damping torque coefficient Kp is
positive. Therefore, the damping control of PMSG has a
positive contribution to LFO damping. Moreover, the
closer the WPP is to SG; (see Figure 1), the higher the
damping torque coefficient Kp, is. Especially, the PMSG
controller gives the largest contribution to the oscil-
lation damping when the WPP terminal is located near
the centre of SG;, and the maximal damping torque
coefficient is
4H,H; Kyyro,

D= 2 2° (23)

(3Cth(0)) +(2Htwn)

Area 2: similarly, if the WPP is installed between the
mass-weighted electrical centre and SG,, ie,
H,X, > H,X,, then the WPP is relatively close to SG, in
the electrical distance. The restriction of [, can be
derived as

H, (Xpy + X) - H Xpy
(H, + H,)X

<l, <1 (24)

Asseen in (19), if H, X, > H,X,, then Kp < 0. The PMSG
damping control gives a negative contribution to the
LFO damping. One may also notice that the PMSG
controller placed closer to the generator SG; (as shown
in Figure 1) has a higher impact on the damping torque
coefficient. The negative damping torque coeflicient Kp
is maximized as the WPP is installed near SG,, giving

4H,H;Kyrw,

Kp = 2 ' (25)
(3Cth(0)) +(2Ht(,()n)2

It can be concluded that the PMSG auxiliary damping
control will provide a positive damping torque to the
system when the WPP is installed in Area 1. Otherwise,
a negative damping torque will be obtained when the
WPP is installed in Area 2. One may notice that the
WPP placed closer to SG; has a better damping effect
on the LFOs.
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4.2.2. The Impact of Kyr. The sensitivity of the damping

torque coefficient Kp, to the droop coefficient Ky is given by
0K p _H\X,-H,X,
Kyr X, +X,

4H
3 .
(3Cth(0)> +(2Htwn)2

(26)

Equation (26) shows the analytical relationship between
the droop coefficient of the PMSG damping control and the
change in damping torque coefficient. Considering the case
that the WPP is located in Area 1, then the damping torque
coefficient Kp, is positive, and its value increases with the
increase in the droop coefficient Kyr. In this case, the
damping provision of the WT can be enhanced by increasing
K. The higher Ky, the stronger the damping effect of the
WT controller on the LFO. Moreover, the sensitivity of Kp, to
Ky is affected by the location of the WPP. It can be seen
from (26) that Kp, is more sensitive to Ky if the WPP is
placed closer to SG;.

On the contrary, if the WPP is located in Area 2, the WT
controller will exhibit negative damping on system oscil-
lation, and the value of K}, decreases as Kyyincreases. In this
case, a higher droop coefficient will deteriorate the damping
level and aggravate the LFO. To sum up, the installation
location of the WPP plays a leading role in determining
whether the damping provided by the WT controller is
positive or negative, and even more, the damping of the
interarea oscillations can be improved by turning the droop
coefficient. However, the effectiveness of the WT damping
control is also affected by the installation location of the
WPP, with modulation being more efficient when the WPP
is close to SG;.

5. Simulation Studies

To demonstrate and evaluate the proposed control scheme, a
simple simulation system consisting of two synchronous
generators (SG; and SG,), a PMSG-based wind plant, and
two local loads (P;; and Pp,) described in Figure 1 is
modelled. A WPP consisting of 196 (14 x 14) units of PMSG
is modelled, as well as the rating of each WT converter is set
the same as 2 MW. The rated capacity of SG is 300 MW and
the wind power capacity penetration level in this study is
around 30%. All variables are expressed in per-unit (p.u.)
quantities for the test system. More parameters of the test
system is in Tables S1 and S2 in the Supplementary Material.
In this study, the simulation is developed on the MATLAB
platform.

5.1. Impact of the WPP Installation Location. In this case, the
impact of the WPP location was analysed by changing the
reactance of the interconnection lines X;; and X}, in Figure 1.
The gain of the droop loop Ky is set to 10. Figure 4 shows
the eigenvalue trajectories with I, (the relative distance from
SG) increasing from 0 to 1, as well as the WPP installation
location moving along the transmission line and close to
SGy. It can be seen that, with I, increasing from 0 to 1, the
dominant mode A, , moves from the left half of the complex
plane to the right, and Kp varies from 13.41 to —32.76.

7
10.0 T T T T T T
—_—
95 | W |
I 1=029
9.0 ‘ b
5 X |
r 0.1 b
o - .
s 0+ D e L e e e S e b
o= N
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= Close to SG, |
9.0 1 K(r:e 1‘;‘41l | Kp=047 Close to SG, 7
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FiGure 4: Eigenvalue trajectories with /,, increasing from 0 to 1.

Furthermore, it is interesting to find that there is a critical
stable point in the imaginary axis when [, =0.29, which is
indeed the mass-weighted electrical canter. Thus, it can be
concluded that the WPP placed close to SG; might increase
the stability of the studied system, which also verifies the
accuracy of the damping torque analysis in Section 4.2.

To illustrate the impact of the WPP installation location
in detail, two different cases, including the curves in the right
and left halves of the complex plane in Figure 4, which
correspond to Area 1 and Area 2, are considered, respec-
tively. Table 1 shows the interarea oscillation mode A, , when
the WPP is located in Area 1. Apparently, as the WPP is
placed closer to the mass-weighted electrical centre within
Area 1, the damping ratio is decreasing and approaching
zero. It can also be seen that mode A, , dominates the LFO
with a frequency of approximately 1.5 Hz. Furthermore, the
confirmation of simulations corresponding to Table 1 is
presented in Figure 5. Assuming that a sudden load event
occurs at Bus 1, the load Py, increases 0.1 p.u. at t=1s. As
displayed in Figure 5, the oscillations of Location B (I, =
0.167) are damped better than those of Location A (I, = 0),
confirming the correctness of the results obtained in Fig-
ure 4. In particular, the dark curve represents that the
contribution to system damping is zero when the WPP is
located at the mass-weighted electrical centre, which is
consistent with the analysis made by (19).

Similarly, the oscillation mode of the example system
that the WPP is installed in Area 2 is listed in Table 2. One
may also notice that the WPP placed closer to SG, has a
negative impact on the damping torque coefficient Kp. To
illustrate this, the time-domain responses for Location C
(I, = 0.333) and Location D ([, = 0.388) are visualized in
Figure 6. It is indicated that, with I, varying from 0.289 to
0.389, the installation location of the WPP is placed closer to
SG, and the risk of oscillatory instability is increasing. In
summary, the installation location of the WPP significantly
affects the system damping in the concerned oscillation
mode. Based on the results, it is clear that the impact of the
PMSG auxiliary controller on LFO damping can be positive
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TaBLE 1: Comparison of different installation locations of the WPP in area 1. (Kywr =10, wind energy ratio of 30%).

Location Location A Location B The mass-weighted electrical centre
Xy (p.u.) 0.15 03 0.41
I, 0 0.167 0.289
Damping ratio 0.0453 0.0201 0.0015
Kp 13.41 6.12 0.47
Oscillation frequency (Hz) 1.47 1.51 1.53
Eigenvalue —0.42 +£9.25j —-0.19 +9.51j —0.01 +9.64j
0.6

Kp=13.41

0.5

0.1

Rotor angle of (6,-6,) (rad)

XK= 047
0 2 4 6 8 10
time (s)

0.0

—— Location A (I,,=0)
—— Location B (I, = 0.167)
- - - The mass-weighted electrical centre

FiGure 5: Simulation results of different locations in area 1.

TaBLE 2: Comparison of different installation locations of the WPP in area 2. (Kt =10, wind energy ratio of 30%).

Location The mass-weighted electrical centre Location C Location D
Xy (p.u.) 0.41 0.45 0.5

L, 0.289 0.333 0.389
Damping ratio 0.0015 —0.0052 -0.0137
Kp 0.47 -1.62 —-4.254
Oscillation frequency (Hz) 1.53 1.54 1.55
Eigenvalue —0.01 + 9.64; 0.05 + 9.67j 0.13 £9.71j

Rotor angle of (8,-6,) (rad)

time (s)

—— Location C (I,, = 0.333)
—— Location D (I, = 0.388)
- - - The mass-weighted electrical centre

FiGUre 6: Simulation results of different locations in area 2.

or negative, depending on the WPP location. The simulation ~ 5.2. Impact of the Droop Coefficient. In this section, test
results and the eigenvalue analysis are fully consistent with  results are presented to evaluate the impact of the droop
the damping torque analysis. coefficient Kyyr of the PMSG auxiliary damping control on
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LFOs. As shown in Figure 7, the eigenvalue trajectory results
are depicted when the WPP is located at Location B in the
stable region and Location C in the unstable region, re-
spectively. Figure 7(a) shows the eigenvalue trajectories
when the WPP is placed at Location B (in Area 1) as the
droop coeflicient Ky varies from 1 to 100. With the increase
of Ky, the dominant mode A, , moves leftward in the plane,
and the damping torque coefficient increases from 2.45 to
61.16. However, if the WPP is placed at Location C (in Area
2), the dominant mode A, lies in the right half of the
complex plane, as shown in Figure 7(b). In this case, a higher
droop coeflicient Ky will deteriorate the modal damping,
and thus, the PMSG auxiliary damping control plays a
negative role in damping the LFOs. The analytical results
derived from equation (26)agree with the results mentioned
above.

To better show the effect of the PMSG controller on the
LFOs, assuming that a sudden load increase of 10% occurs in
P;y at t=1s, the simulation results with different droop
coefficients Kyyrare shown in Figure 8. Figure 8(a) shows the
time-domain responses of the power angle deviation be-
tween SG,; and SG, with Kyt =10 and Ky =20 when the
WPP is placed at Location B. In the case of Location B, the
damping controller has excellent performance in sup-
pressing the interarea oscillations when a high droop co-
efficient is applied. For comparison, Figure 8(b) plots the
time-domain responses under different values of Kyy when
the WPP is placed at Location C. As shown in Figure 8(b),
the damping controller deteriorates the dynamic stability of
the system as Ky increases. In addition, the damping effect
of the PMSG auxiliary damping control when the WPP is
located at the mass-weighted electrical centre is also fully
investigated. As shown in Figure 8(c), the damping of this
test basically remains the same when Ky increases from 10
to 20, i.e., the effect of the damping controller is negligible.

The results mentioned above prove that the oscillation
mode is sensitive to the droop coefficient except for the
mass-weighted electrical centre. It also demonstrates that the
location of the damping controller in Area 1 and Area 2 has
different performances on LFO damping, which is consistent
with the damping torque analysis in Section 4.2.

5.3. Impact of the Wind Power Penetration Level. In this
section, the impact of the wind penetration was analysed by
gradually displacing units of SG; and SG, with wind turbine
generators. The eigenvalue computational results of Loca-
tion B are shown in Table 3. It can be seen that, with the wind
energy ratio varying from 30% to 50%, the damping ratio of
interarea oscillation is increasing from 0.0201 to 0.0281. In
addition, the interarea oscillation mode of the example WPP
is given in the last row of Table 3, which shows that the mode
moves to the left when the wind penetration increases.

Figure 9 plots the relationship between the wind pen-
etration and the damping torque coefficient Kp when the
WPP is located at Location B. As seen in Figure 9, the
damping torque coefficient Kp, increases with the increase of
the wind penetration, and Kp, is more intense in high wind
penetration.

Table 4 shows the results of the interarea oscillation
mode when the WPP is installed at Location C. It is shown
that the damping ratio of the interarea mode improves with
the increase in the wind energy contribution. The results of
Figure 10 show that the damping torque coefficient of the
studied system improves more with a high droop coefficient.
Moreover, as displayed in Figure 10, the damping torque
coefficient becomes positive when the wind penetration
exceeds 54%. It can be attributed to the change in the op-
erating condition of the system. The results in Figures 9 and
10 also confirm that the droop coefficient plays an important
role in the effect of the wind energy ratio on the system
damping.

To justify the findings in Tables 3 and 4, the time-domain
simulations are presented in Figure 11. In Figure 11, the
results of different wind energy ratios are compared when
the WPP is installed at Location B and Location C, re-
spectively. It can be found that high wind penetration has a
beneficial impact on system damping. The simulations in-
dicate that the PMSG auxiliary damping control is always
helpful in improving the system damping as wind power
penetration increases.

5.4. Impact of the Wind Speed. In practice, the wind speed is
variable, and therefore, the PMSG output power also varies.
To evaluate the effectiveness of the damping controller of
PMSG, two scenarios of a sudden rise and a sudden drop in
the wind speed are simulated by a nonlinear simulation.
Figure 12 shows the rotor angle deviation between SG; and
SG; for a given step wind speed when the WPP is installed at
Location B. The wind speed steps up from 12 to 10 m/sat 1s
as depicted in Figure 12(a). As observed, the damping
control is effective in suppressing the LFO with a higher
droop. In addition, Figure 12(b) shows the simulation results
when the wind speed changed from 12 to 14 m/s. It can be
seen that the system is stable (positive damping) in the
presence of the damping controller. The results show that the
proposed damping controller provides superior perfor-
mance against wind speed fluctuations as long as the WPP is
installed in Area 1.

The effects of the proposed damping control are also
investigated when the WPP is installed at Location B. As
shown in Figure 13, the PMSG auxiliary damping control
plays a negative role in damping the LFOs. In Figure 13(a),
the system becomes unstable with negative damping when
the wind speed suddenly drops from 12 to 10m/s. As ob-
served in Figure 13(b), a higher droop coefficient Ky, will
deteriorate the modal damping when the WPP is installed in
Area 2. Therefore, the LFO mode brings the system to in-
stability under variable wind speed conditions as long as the
WPP is installed in Area 2.

5.5. Results and Discussion. The damping coefficients de-
rived by the DTA method reveal the impacts of PMSG
location, the operation conditions, and the control pa-
rameters on the system damping characteristics. In con-
clusion, the following potentials for further investigation
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FiGure 7: Eigenvalue trajectories as Kyyr varies. (a) The WPP located at location B. (b) The WPP located at location C.
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F1GURE 8: Simulation results of different Kyyr. (a) The WPP located at location B. (b) The WPP located at location C. (c) The WPP located at

the mass-weighted electrical centre.

and practical applications of the proposed method are
demonstrated.

(1) The location of WPP is an important factor that
influences the damping of LFOs. The effect of the
proposed damping controller on system damping

can be either positive or negative, depending on the
location of WPP. It is found that the interarea mode
is uncontrollable through power modulation as long
as the WPP is installed at the mass-weighted elec-
trical centre between the two areas. As for the two-
area system integrated with a WPP, the location area
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TaBLE 3: Comparison of different wind energy ratios at location B (Kwr=10 and I, =0.167).
The wind energy ratio (%) 30 40 50
Damping ratio 0.0201 0.0233 0.0281
Kp 6.12 6.87 7.93
Oscillation frequency (Hz) 1.51 1.47 1.40
Eigenvalue ~0.19+9.51 ~0.21 +9.22j ~0.25 + 8.80j
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FIGURE 9: Damping torque coefficient K, with varying wind energy ratios for different Kyt at location B.
TaBLE 4: Comparison of different wind energy ratios at location C (Kywr =10 and [, =0.333).

The wind energy ratio (%) 30 40 50
Damping ratio ~0.0052 ~0.0036 -0.0012
Kp -1.62 ~1.08 -0.37
Oscillation frequency (Hz) 1.54 1.51 1.48
Eigenvalue 0.05 + 9.67j 0.03 +£9.51j 0.01 +9.28;
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~
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Figure 10: Damping torque coefficient Kp with varying wind energy ratios for different Ky at location C.

is divided into an area of positive effect and a
negative one by the mass-weighted electrical centre.
The modulation will be more efficient at damping the
LFO when the WPP is located in the positive effect
area. On the contrary, the WT controller will dete-
riorate the LFO damping when the WPP is located in
the negative effect area.

(2) Parameters of PMSG’s control systems can be tuned
to improve system damping. In this study, the ex-
plicit analytical relationships between the parameters
of damping control and change in damping torque
coefficient are derived. It can be concluded that the
contribution of damping from the PMSG can be
enhanced by increasing the droop coefficient when
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Ficure 13: Simulation results of different Ky at location C. (a) A sudden drop in the wind speed. (b) A sudden rise in the wind speed.

the WPP is installed in the area of positive effect. control should be adjusted according to the instal-
Conversely, a higher droop coeflicient will deterio- lation location of the WPP.

rate the damping level and aggravate the LFO when (3) The dynamic interactions introduced by the PMSG
the WPP is installed in the area of negative effect. It is auxiliary damping controller are affected by the level

indicated that the parameters of the PMSG damping of wind power penetration. It is found that, for the
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same PMSG controller parameter settings, the var-
iation of wind power penetration will alter the
damping of LFO modes in the system. It is attributed
to the change in the operating condition of the
system. However, the PMSG auxiliary damping
control proves to be beneficial to LFO damping as
the wind power penetration increases.

It is shown that the damping control can provide
considerable positive damping torque to effectively damp
LFOs in power grids with proper control design. Particu-
larly, using the damping torque analysis, the influences of
the location of WPP, the control parameters, and the op-
eration conditions are elaborately studied to provide design
guidelines for better damping LFOs.

6. Conclusions

In this study, the DTA method is utilized to theoretically assess
the impact of the WT supplementary damping controller on
the LFOs. To enable the PMSG-based WT to provide damping
support for interarea LFOs, an auxiliary damping controller is
designed where the rotational speed signals are utilized for
active power modulation. For analytical investigation, a re-
duced mathematical model of an interarea system oriented to
the small-signal stability analysis is particularly developed in
this study. Based on this, the equivalent damping torque
coefficient is explicitly derived using the DTA method to
examine the coupling effect between WT dynamics and
synchronous generators. The effects of the WT control pa-
rameters (the droop coefficient) and the system operating
condition (the WPP location) on the system damping
properties are elaborately assessed, which gives guidelines on
the control design for better damping enhancement. Case
studies have been conducted to verify the proposed damping
controller strategy and the theoretical analysis.

It is found that the damping effect of the PMSG controller
on the LFOs can be positive or negative depending on the
location of WPP. Also, it is interesting to find that the LFO
mode is uncontrollable as long as the WPP is installed at the
mass-weighted electrical centre between the two areas.
Moreover, the parameters of the PMSG damping control can
be adjusted to improve the system damping. And it is shown
that the damping control is always beneficial in improving the
system damping with the increase of wind power penetration.
More discussions about interactions introduced by the
damping control of the WT (ie., the reactive power modu-
lation) on LFOs will be fully discussed in our future works.

Abbreviations

D;: Damping coefficient of SG;

H;: Inertia constant of SG;

Py Mechanical power inputs of SG;

P, Active power outputs of SG;

PL1> pLZ: Local load

w;: Rotor speed of SG;

d; Rotor angle of SG;

wg: Synchronous electrical angular velocity

X Total reactance of the iy, transmission line

13

O3 Voltage phase at Bus 3

P Active power output from the wind farm

Vi Bus voltage at node i

A: Incremental operator

a; and ay: The defined variables

Aw: Rotational speed deviation between SG;
and SG,

A6: Rotor angle deviation between SG; and SG,

W Undamped natural mechanical mode
frequency

p: Air density

R: Rotor blade radius

k: Gear ratio of the gearbox

A Tip speed ratio

Cy: Maximum power coefficient

wy: Generator rotational speed of WPP

Py Generated active power of WPP

Pyppre Power reference determined by the MPPT
algorithm

H;: Inertia time constant of the PMSG

Weys: System rotational speed

Wnom: Nominal rotational speed

Kwr Droop coefficient

APgroop: Output of the droop control loop

F(s): Electrical torque

Ty Equivalent inertia constant

Ks: Synchronizing torque coefficient

Kp: Damping torque coefficient

X Reactance of the ith transmission line

Ly The relative distance from SG;

X: Total reactance of the transmission lines

Xt Reactance of the ith transformer

SG: Synchronous generator

WT: Wind turbine

PMSG: Permanent magnet synchronous generator

LFO: Low-frequency oscillation

DTA: Damping torque analysis

MA: Modal analysis

DFIG: Doubly fed induction generator

PSS: Power system stabiliser

RSC: Rotor-side converter

GSC: Grid-side converter

WPP: Wind power plant

MPPT: Maximum power point tracking

WACS: Wide area control systems

SMIB: Single-machine infinite bus

Superscripts  Steady-state value of variables.
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