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Abstract—Virtual inertia controllers (VICs) for wind turbine
generators (WTGs) have been recently developed to compensate
the reduction of inertia in power systems. However, VICs can
induce drivetrain torsional oscillations of WTGs. This paper
addresses this issue and develops a novel nonlinear VIC based
on objective holographic feedback theory and the definition of
a completely controllable system of Brunovsky type. Simulation
results under various scenarios demonstrate that the proposed
technique outperforms existing VICs in terms of enhancement of
system frequency nadir, suppression of WTG drivetrain torsional
oscillations, fast and smooth recovery of WTG rotor speed to the
original maximum power point (MPP) before the disturbance as
well as preventing secondary frequency dip caused by traditional
VIC. The proposed technique is also able to adaptively coordinate
multiple WTGs to enhance the frequency support and the
dynamic perfomance of each WTG.

Index Terms—Wind generation, frequency control, virtual
inertia control, torsional oscillations, power system stability.

I. INTRODUCTION

The increasing penetration of variable-speed wind turbine
generators (WTGs) results in a reduction of system inertia,
which deteriorates the primary frequency response [1]. To this
end, some utilities have updated their grid codes and start to
leverage WTGs for primary frequency support [2]-[4]. Two
strategies have been widely used, namely the wind power
deloading based VIC and MPP tracing-based VIC.

For the first type of VIC, the wind turbines do not supply
the maximum available power in normal situation, and thus
a wind power margin can be maintained for grid frequency
support. By de-loading WTGs and changing its reference
electromagnetic power as a function of grid frequency devi-
ation, the supplementary control on WTG [5] provides grid
frequency support. Rotor speed control and pitch angle control
enable WTGs to reserve sufficient active power as a necessary
auxiliary of grid frequency regulation [6], [7]. In [8], the
frequency-droop scheme for WTG is developed by acting on
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the blade pitch angle to preserve a power reserve margin for
primary frequency regulation. Although being effective, de-
loading leads to the economic loss of wind farm owners.

To deal with that, the MPP tracing-based VIC is proposed by
changing WTG active power set point with the MPP tracing
curve. Changing the doubly-fed induction generator (DFIG)
torque set point based on the derivative of frequency deviation
[9], [10] introduces inertial response to the grid frequency
event through the provisional release of rotor kinetic energy
of WTG. For example, [11]-[13] adopt a function of the
frequency deviation and derivative of frequency deviation as
the additional torque set point of WTG to couple WTG rotor
speed with the grid frequency, which increases kinetic energy
discharge capability. Combining the WTG inertial control with
pitch angle control allows WTG to participate in restoring grid
frequency after a disturbance [14]. However, a predetermined
fixed gain needs to be defined. A large gain ensures an
improved frequency nadir, but it might cause over-deceleration
of the WTG rotor speed, especially in presence of low wind
speed; by contrast, a small gain may waste the kinetic energy
of WGT rotor under high wind speed situation, thus decreasing
the frequency support capability. Moreover, to restore WTG
rotor speed, VIC with fixed parameters can only operate at a
preset period and this may cause secondary frequency drop due
to the instant reduction of WTG electromagnetic power [15],
[16]. As shown in [17]-[19], the frequency response strongly
depends on the operating points of WTG, and therefore the
VIC parameters should be tuned accordingly.

By continuously adjusting the droop coefficient of WTG
VIC in response to wind velocities, the primary frequency
response from the deloaded WTGs on the basis of the available
margin is significantly improved [19], [21]. VIC developed
in [22] adjusts the gain of frequency deviation based on
the maximum frequency deviation. This scheme can indeed
enhance the frequency nadir and release kinetic energy of
WTG rotor during the initial stage of the event, but it might
still cause the over-deceleration of rotor speed, especially in
presence of low wind speed. In fact, this controller has no
ability of automatically evaluating the available kinetic energy
stored in WTG rotor. In [23], the derivative of frequency
deviation is used to emulate the exact inertial response of
DFIG. The gain of the derivative is varied proportionally
to the DFIG operating rotor speed, thus avoiding the over-
deceleration of rotor speed. Furthermore, [24] proposes a VIC
strategy to formulate the inertia constant and primary power
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reserve of WTG that operates at derated power conditions.
These formulations are leveraged to evaluate the capability of
providing primary frequency support power from a wind farm
using an aggregated wind speed.

In [25], the output of VIC is determined as the product
of the frequency deviation and adaptive gain, which is set
to be high during the early stage of a disturbance, when the
derivative of frequency derivation and rotor speed are high.
When the frequency nadir is reached, the gain is decreased.
Nevertheless, since WTGs absorb the active power from grid
during the rotor speed recovery, the inertial response of WTGs
is even worse than the condition under which WTGs do not
participate in the response of grid frequency. To this end, [26]
suggests the parameters of VIC to be determined by the stored
kinetic energy of WTG rotor and the captured wind power.
However, [27] indicates that VIC deteriorates the drive-train
torsional oscillation of WTG, which has not been taken into
consideration in the aforementioned VICs. Since the frequency
control strengthens coupling between grid frequency and rotor
speed of the WTG, disturbances of grid frequency leads to the
deviation of WTG rotor speed from the MPP [28].

In [29]-[31], damping controllers are designed to suppress
the torsional oscillation of WTG drive train. [29] investi-
gates the band-pass filters for torsional oscillation control
and the damping is achieved through pole placement using
state feedback. In [31], by introducing a damping torque
component, an auxiliary active damping control known as
wind turbine stabilizer is proposed to improve the damping
ratio of the torsional oscillatory modes. However, these stud-
ies concentrate on the damping of WTG drivetrain without
VIC. By integrating multiple active damping loops into the
active and reactive controller of WTG, the impact of VIC
on drivetrain torsional oscillation is mitigated [32]. Reference
[33] modulates the reactive power to counteract WTG torsional
oscillation impacted by VIC.

It is worth pointing out that the design of new VIC
while maintaining the capability of suppressing the drivetrain
torsional oscillation of WTG is challenging. Besides, how
to adaptively coordinate the frequency support power among
WTGs with different operating points is another important
open problem.

A. Contributions

To address the aforementioned challenges, this paper devel-
ops a nonlinear VIC that yields the following contributions:

1) A nonlinear VIC formulation is derived based on the
objective holographic feedbacks theory (OHFT) [34] and ac-
tive power modulation scheme. The proposed design improves
frequency nadir and suppresses the corresponding drivetrain
torsional oscillation of WTG simultaneously. The key idea
is to construct the completely controllable Brunovsky system
considering the requirements of frequency response and WTG
drivetrain torsional oscillation control objectives.

2) The modified time-varying and rotor speed dependent
functions are developed to automatically regulate the fre-
quency support power of WTGs considering the variations of
wind speed and operating rotor speeds. This facilitates smooth
and fast recovery of WTG rotor speed to the original MPP

before the disturbance and prevents the secondary frequency
dip caused by the sharp switch between frequency support
mode and rotor speed recovery mode.

3) The concept of participation factor is extended to adap-
tively coordinate the distribution of frequency support power
among multiple WTGs in terms of enhancing frequency nadir
while avoiding the over-deceleration of WTG rotor speed.

B. Organization

The remainder of this paper is organized as follows. Section
IT introduces the OHFT and existing VIC control strategies
and their related issues. The proposed nonlinear VIC is also
presented in Section II. Extensive simulations are carried out
and analyzed in Section III. Section IV concludes the paper.

II. OHFT-BASED NONLINEAR VIC OF WTGS

This section outlines the OHFT, presents the proposed
nonlinear VIC control for single WTG, and finally, discusses
how to extend such a control to the scenario of multiple WTGs.

A. Objective Holographic Feedbacks Theory

A single-input-multiple-outputs nonlinear system can be
described by the follow equations:

dx
i r(x) + s(x)u,

y=h(z),

where « and y are the state and output vectors, respectively;
w is the control input, r(x), s(x) and h(x) are vectors of
nonlinear functions. If [yf,y5,...,ys,] are the target output
variables, define the following multiple-objective equations

(D

I =y — vy} 1=1,2,....,m, 2)

where m is the number of output variables and I; represents
the tracking error of y;. The following conditions have to be
satisfied:

lim |I;| =0 i=1,2,....m. 3)
t—0

To achieve (3), we need to find out the output variable with
the relative order of 1 to system (1), supposing to be y,,, then
one has:

Um = Lyho () + Ly LMy (2)u 4)

where L L%h,,(x) # 0 and L is the Lie derivative operator
[35]. To this end, the Brunovsky system can be constructed
based on (2) as

I=AI+ Bo, 5

where

7 01 0 0 0

! 00 1 0 0

I
I=1.| A=]: : co, B=:

I. 0o 0 o0 --- 1 0

m 000 ---0 1

From (4) and (5), v can be expressed as

v = Lyhy () + Ly L2hy (22)u — 97, . (6)
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Since the Brunovsky system (5) is a completely controllable
linear system, the linear control theory, such as linear quadratic
optimal control [36] can be applied to obtain v, yielding:

k=1

Using (2), (6) and (7), the control strategy of the nonlinear
system (1) can be derived as:

P 2211 ki(yi — yi) — Lehm () + 95,
LyLOh,(x) '

The interested readers can find more details on the effec-
tiveness of OHFT in [34].

®)

B. System Description

In this section, the WTG model along with the drivetrain
rotating mechanism and the active power control loop, the
power grid primary frequency regulation model, the conven-
tional VIC scheme and its impacts on driven-train torsional
oscillation of WTG are presented and analyzed.

1) Drive-train model of WIG: The two-mass drive-train
model of WTG can be expressed as [32]

dwt

2Ht% =Ty — Ksnlsy, — Dsh(wt - wg) y
dwg
2Hgﬂ - Kshash + Dsh(wt - wg) - TE’ ) (9)
dBsp
dt :(UB(UJt_CUg)’

where H; and H are the inertia constants of the wind turbine
and generator in seconds, respectively; w; and w, denote
the speeds of wind turbine and generator rotor in radians/s,
respectively. K, and Dy, represent the stiffness coefficient
and the damping coefficient of the shaft, respectively. T,,,
T, and 6, are mechanical torque, electromagnetic torque
of DFIG and torsional angle between the wind turbine and
generator rotor, respectively.

According to the law of aerodynamics, the mechanical
power extracted by the WTG can be calculated by [37]:

TpR2VEC, (M, B)

Pm = ;
2PWTGrate
\ = RwiwwraGrate
= Vi ,
116 (10)

Cy(A, B) = 0.5176(~ — 0.45 - 5)e T -+ 0.0068),
1

11 003
XN A+0083 P41

where P> V’wa Pma >\’ B R’ Op(/\v B)’ WWTGrate and PWTGrate
are the air density, wind speed, mechanical power, tip-speed
ratio, pitch angle, rotor radius, power coefficient, nominal
value of WTG rotor speed and WTG rated power, respectively.

2) Modeling of WTG active power control loop: This sec-
tion considers the following conventions: (a) WTG is modeled
with a DFIG; (b) all variables are referenced to the stator side
of generator; (c) the reference dq frame rotates at synchronous
angular speed of w; (d) the positive power directions of stator
and rotor are assumed to be out and into the generator,
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Fig. 1. Schematic diagram of DFIG with two-mass drive train and stator
active power control loop

respectively. (11) and (12) show the voltage-flux equations
of the stator and rotor, respectively; (13) and (14) present the
corresponding flux-current equations, and the active power is
given by (15).

Vgs = _Rsiqs + 1/.1(15 — wgs ,

11
Vas = —Ryids + as + widgs b
Vgr = er’qr + QL.QT + (w — Wg) wdr ) (12)
Var = Ryiar + Yar — (W — wg) Ygr »
Ygs = —Lsiqs + Liniqr »
: . 13
'(/st = _leds + LmZdr ) ( )
’¢qr = Lriqr - Lmiqs )
wdr = Lridr - Lmids ) (14)
P, = vgstas + 'quiqs ’ (15)

Pr = Udridr + Uqriqr )

where v,%, R and ¢ represent the voltage, flux, resistance
and current, respectively; the subscripts s, r, d, and q denote
the stator, rotor, d-axis and g-axis quantities; Ls and L, are
the corresponding stator and rotor self inductance; L,, is the
mutual inductance; P; denotes the output active power of
DFIG stator; P, is the injected active power into DFIG rotor
from the power grid.

In the dq reference frame with the stator voltage orientation,
the d-axis is aligned with the stator voltage vector of DFIG.
Consequently, uqs is set to zero and uqs = U, where U is
the voltage magnitude of DFIG stator. The active power of
DFIG (15) turns into:

3Lmys ; _
PS:?LS Usiar , P =

3Lmyr
§TSUderSl s (16)

where s; represents the slip rotor of DFIG. Equation (16)
indicates that the output active power of DFIG stator P can
be controlled through the d-axis current of DFIG rotor and the
total active power DFIG injects into the grid, denoted by P,
can be expressed as:

P.,=P,— P, =P(1—s). 17)
The schematic diagram of DFIG with two-mass drive train
and stator active power control loop is depicted by Fig. 1.
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Fig. 2. Block diagram of power grid primary frequency regulation.

Note that, on the basis of [30], the active power control loop
of DFIG can be modeled by the following transfer function:

[0
p
Pe:Pref77

1
T (18)

where oy, is a constant coefficient and P..; denotes the
reference electromagnetic power DFIG injects into the grid,
which is determined by the MPP tracing strategy [38] given
by

Pret = Pupp = koptw), , (19)

where kot is the MPP tracing coefficient.

3) Conventional VIC of WTG: The conventional VIC for
WTG is developed to support the power grid frequency and
it determines the reference electromagnetic power increment
delivered from WTG to the grid, P,;,. Formally, one has

dAw

vir dt ’
where Aw = w — wy; w and w, denote the angular velocity
of power grid and the synchronous angular velocity; kp_,,
and kp_ are the positive coefficients of the proportional
and differential elements, respectively. As a result, the actual
reference electromagnetic power of WTG equals to:

Pux = —kpy Aw — kp (20)

Pref:PMPP+Pvir- (2])

4) Equivalent model of the grid: The power grid is modeled
for simplicity but without loss of generality as an equivalent
synchronous generator plus a load [39]. The primary frequency
regulation of the power grid is described by the block diagram
shown in Fig. 2, where M is the equivalent inertia constant
of the grid; D is the frequency coefficient of load that is
expressed as percent change in load divided by percent change
in frequency; AP;, denotes the load variation in the power
grid; AP, is the increment of synchronous generator output
power; R is the equivalent droop coefficient, the governor
and prime mover of the equivalent synchronous generator are
treated as inertia elements with time constants 7y and Ty,
respectively. Particularly, in the primary frequency regulation,
the load reference is usually set as 0. Therefore, we have

dQAPg 1 7 Ty + T dAP, - 1
dt? T,Teh T,Teh dt TyTen

AP,. (22)

As the fluctuation of power grid frequency is small, the
corresponding electromagnetic torque approximately equals to
the electromagnetic power. Then, considering the variation

P oo(w) 1 Pypp = Geemmesssssssssssssesse e 1
MPP 1 Pupr v, 1
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Fig. 3. Block diagram of the whole system.

of WTG output active power, the dynamic equation of the
synchronous generator rotor is approximated as:

dA
MT;U:APtOthAW7

where APy = AP+ P, — Peo — APy, and P is the initial
output active power of WTG.

5) Drivetrain torsional oscillations of WIG motivated by
VIC: The transfer function from the electromagnetic torque
increment of WTG, AT,, to the torsional angle variation,
Af,p, can be derived from (9). At the initial moment of
frequency event, AT, = % holds, yielding:

(23)

wBHt Pvir
2(HHy)s?> + aHygs + bHyg wgo

where Hyy = Hy + Hy; a = Dgwp; b = Kgpwp and
wgo denotes the initial WTG rotor speed of MPP before
VIC is activated. From (24), we observe that the reference
electromagnetic power increment requested by VIC may result
in the drivetrain torsional oscillation if no damping control is
provided. In fact, there exists a torsional mode with the natural
low frequency shown in (25) and the damping coefficient Dy,
is usually small [31].

. — WBKsthg
" 2H,H,

According to the works in [27]-[29], [32], [33], the torsional
oscillation frequency of WTG typically lies in [1 2.5] Hz.

The complete system block diagram is reported by Fig. 3,
where u is the control input. The power grid and WTG are in
pu by their own rated power, i.e., Pgridrate and PwrGrates
respectively. In this paper, the nominal values of angular
velocity with respect to power grid and WTG rotor are
1207 radians/s and 1207 /p radians/s, respectively, where p
represents the number of WTG pole-pairs.

Abgp, = (24)

(25)

C. Proposed VIC With Single WTG

The state-space description of the whole system can be
expressed in the form of (1), where the state variables
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are [wg,wq, Osh, Pey APy, w]. This paper aims at designing
a nonlinear VIC of WTG, which has the following func-
tions: (i) preventing large frequency excursions of power grid;
(ii)suppressing drivetrain torsional oscillations motivated by
VIC; (iii) facilitating the smooth and fast recovery of the
kinetic energy of the WTG; and (iv) avoiding the secondary
frequency dip and drivetrain torsional oscillation of WTG
caused by the conventional VIC.

For the former two objectives, based on the aforementioned
OHFT, one first chooses w;y and Aw as the output variables
and derives the following Brunovsky system:

Weg| [0 1} [wig 0
IR
where wyy = w; — wy. Substituting u into (23) yields
dA
MCT“’ — AP,y — DAw +u. 27)

The comparison of (27) and (4) shows that L L0Aw =
% = 0, thus, Aw is the output with relative order of 1 to the
studied system depicted by Fig. 3.

The torsional angle 6, is the critical quantity to reflect
the drivetrain torsional oscillation of WTG. Therefore, along
with the frequency response of VIC, the change rate of the
WTG torsional angle dfy,/dt and the power grid angular
frequency w are required to be close to 0 and 1 pu as
possible, respectively. Namely, dfs,/dt = wyy = 0 and
Aw = w—w;, = 0 are the control objectives. These objectives
can be achieved by the linear quadratic optimal control, whose
performance indicator about system (26) is constituted as
follows:

J= / ITQI + an?dt, (28)
0
where @ is a symmetric positive definite matrix; coefficient
« is a positive real number and I = [wy,, Aw]?. According
to the control strategy (8) designed by means of OHFT, the
nonlinear state feedback control strategy of the targeted system
(26) can be obtained by:
u=—MFkiwig — (Mks — D)Aw — APy . (29)
In this paper, the linear quadratic optimal control is applied
to the Brunovsky system (28) to obtain the coefficient k; and
ks; D is the frequency coefficient of load that is expressed as
percent change in load divided by percent change; @ is used
to express the degree of importance for the output variables
we are interested in. Here, the grid frequency deviation and
the derivative of torsional angle are the interested variables.
We put the same weights on them, i.e., @ is an unit matrix.
Converting u into a quantity of the conventional VIC output
interface v’ yields:
1 du

u=u+——.

ap dt G0

Combining (30) with the conventional VIC expressed by
(20), a nonlinear VIC can be obtained as

Pl =Py +u. 3D

15
o1 w =0.71(pu) Sos
§ 0.5 g . o

0 ‘y
0 02040608 1 1.2 1.4 s . ) 5
w,(pu) U Timbks)

(@) (b)
Fig. 4. (a) Function of rotor speed f(wq); (b) Function of time g(t).

To further satisfy the reference electromagnetic power in-
crement required by VIC, P/, should be adjusted following
the WTG rotor speed wg. In other words, VIC requires more
power increment at the high rotor speed when there is enough
kinetic energy that can be released, and vice versa. Thus, the
result of VIC in (31) is multiplied by a function of rotor speed,
f(wg), yielding:

Py = Piix f(wg) ,

where f(wy) is shown in Fig. 4(a).

To achieve the goal of facilitating smooth and fast recovery
of WTG rotor speed, a function of time g(¢) shown in Fig. 4(b)
is multiplied by (32). A positive g(t) promotes WTG to
provide active power for frequency support while a negative
g(t) is effective in the recovery of WTG rotor speed. Note
that g(¢) also makes the power for frequency support to vary
smoothly. This helps avoid drivetrain torsional oscillations
of the WTG and the secondary frequency dip. Finally, the
proposed VIC can be given by:

P\//lli" P\illrg(ﬂ - v1r f(wg> ( )

(32)

(33)

D. Extension to Multiple WTGs

The proposed nonlinear VIC controller is now extended to
multiple WTGs. For multiple WTGs, the Brunovsky system
can be constructed as

Gig 1 01 0 - 0] [wign 0
Gtg2 00 1 -+ 0] |wiyo 0

ot EEE RS B I I A
Grg.N 00 0 - 1| |wyn 0
A 000 - 0] |Aw 1

where the subscript ¢ denotes the quantities with respect to the
ith WTG and N is the number of WTGs.

Similar to the design procedure of single-WTG VIC, the
control input u equals to:

N
- Z Mkiwigi — (
i=1

where ki,ks,...,kn4+1 represent the state feedback coeffi-
cients when applying linear quadratic optimal control for the
system (34) to obtain control quantity v; APy = AP, +
Zij\il(Pe,i — P.;) — APp; P.o; and P.; denote the initial
and real-time active power of the ith WTG, respectively.
Then, the signal Py ., for multiple WTGs integrated
power system is obtained as:

Z

M ]{/’N+1 — D)Aw — APtot 5 (35)

P///

vir,tot —

vir pf f wg Z) : g(t) ) (36)



IEEE TRANSACTIONS ON POWER SYSTEMS, 2020

[CF7% . Prpp(@y)

P
g(e) | MPel WTG,
- SPuvir 13Pres 1) Py AP,
Pl 3 N pm——— i.

N
PWTG.rate f( w -
_WrTGrate aD
Pgrigrate ) “ w, dw/dt @1, Pg 1 Pen
i=1 L 2
Povyer Wg2 ____,W
APL gl’ld g(t) PMPP 2 WTGZ
v i wgs Py
Zi:l —Mkiw,g‘i _(M 2 w!,Zﬂ 92 e0,2
kn+1 = D)Aw—AP WgN___ Pyipp(@y)
W1, Wg1 .. Wy, Wg N P
MPP N
) WTGy AP
W2, wg,Z vir N, Pref N P eN

Fig. 5. The block diagram of the proposed nonlinear VIC.

@y, gy Peoz

where P/, can be calculated by (30) and (31) as well. pf;
(i1=1,2,...,N) represents the participating factor of the ¢th
WTG; note that all power should be converted into quantities
in pu by nominal power of the power grid; the participating
factor of the ith WTG, pf;, determines the power support from
each WTG and it is correlated with the WTG initial operation
point. Formally, one has

Peo,i

Zle P e0,7
where the initial active power output of the ith WTG, P, ;,
can be calculated based on the power flow solution at the
moment of contingency.

By integrating the idea of nonlinear VIC for single WTG
with the concept of participation factor used for the power dis-
tribution among synchronous generators, the proposed method
(36) not only delivers the solution of adaptively coordinating
the distribution of frequency support power among multiple
WTGs, but also maintaining the benefits of providing VIC. In
Fig.5, if N = 1, it reduces to the single WTG scenario.

The advantages of the proposed VIC are concluded as: (i)
improving the power grid frequency nadir through the dynamic
coordination of all WTGs; (ii) effectively suppressing the
drivetrain torsional oscillation of each WTG caused by the
sudden variation of WTG electromagnetic power requested
from VIC, (iii) achieving smooth and fast recovery of each
WTG rotor speed to the corresponding original MPP before
the disturbance and (iv) preventing the secondary frequency
dip and drivetrain torsional oscillation of each WTG caused
by the sudden quit of traditional VIC. These benefits will be
demonstrated in the simulation results section.

pf; i=1,2,...,N, (37)

ITI. SIMULATION RESULTS

In this section, simulations are carried out to demon-
strate the advantages of the proposed VIC. The conventional
constant-coefficient VIC presented in (20) and the VIC-I
defined by:

vie = Puir 9(t)

are used for comparisons. Note that the VIC-I is different
from that in [16] with time-varying droop coefficient, i.e., the

(38)

proportional coefficient. Here, both the proportional and differ-
ential coefficients are time-varying in VIC-I. It should be noted
that there are thresholds related to the maximum and minimum
rotor speeds to avoid the over speed for high wind speed and
frequency starting-up and closing-down for low wind speed.
In other words, the rotor speed can operate within the range
by automatically adjusting the electromagnetic power via the
rotor speed-active power control loop.

In the Matlab Simulink, the proposed VIC and its com-
parisons are tested using simplified system and an electrical
power system with detailed models of the components, such
as synchronous generator, transformer and wind power plant.
@ matrices for system (26) and (34) are all identity matrices
with appropriate dimension and o = 1. The expression of g(t)
shown in Fig. (4(a)) is given as:

1 o<t <ty
q (t) = Pyl arctan (_le (t — dll) + dyl) ti<t <ti+d;
Pyg arctan (Pfcg t— dxg) + dyg) t>1t +d;
(39)

where dg1, Pp1,dy1, Py1,dg2, Pra,dy2, P2 and d; are 32.5,
0.2, 1.1, 0.435, 59, 0.6, — 7, 0.02 and 27, respectively.

TABLE I
PARAMETER SETTINGS OF THE SIMPLIFIED-MODEL TEST SYSTEM

Equivalent power grid

M 4.584 s D 1
Ty 0.23 s R 0.03
APr, 0.2 pu ws 377 rad/s
PGridrate 3 MW Tch 0.2s
WTG
PWTGratc 1.5 MW WWTGrate 377/3 rad/s
H, 0.685 s H; 4.32's
Dgp 1.5 Kgp 1.1 pu/rad
Eopt 0.4425 wmin 0.708 pu
w}]"ax 1.2 pu ap 31.4 rad/s
p 3
Conventional VIC
kP ir i [ kD ir 4
Function g(t)
t1 20 s to 42 s
t3 64 s

A. Simulations with Simplified Model

The simplified model is shown in Fig. 3. The parameters of
equivalent power grid, WTG, conventional VIC and ¢(t) are
reported in Table I; the nominal power grid frequency is 60
Hz. It is worth pointing that the active power output increment
of WTG, AP,, is the sum of reference electromagnetic power
increment according to the MPP tracing strategy shown in
(19) and the extra active power required by the VIC, i.e.,
AP, = APypp + Pyi;. The MPP tracing curve of WTG is
presented by Fig. 6 and note that this paper concentrates on
the MPP tracing area. Section III-A-1) is used to demonstrate
the advantages of proposed VIC with single WTG and its
performance under different wind speed scenarios is investi-
gated in Section III-A-2). Results on multiple WTGs integrated
system are shown in Section III-A-3). For all simulations, a
load contingency with 0.2 pu power increment occurs at 20s
in the power grid and the conventional VIC maintains for a
preset period of 20s.
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Fig. 6. The MPP tracing curve of WTG.
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Fig. 9. Active power output increment of WTG with different VICs.

1) VIC for Single WTG: The wind speed is assumed to
be 10.8 m/s and the state feedback coefficients of the linear
quadratic optimal control for system (26) are k;=2.6458 and
ko=2.5083. Fig. 7 presents the frequency responses with
different VICs, the rotor speed and torsional angle responses
of WTG are shown in Fig. 8. Fig. 9 reports the active power
output increment of WTG. Note that the wind power penetra-
tion rate equals to 333% =PWTGrate/(PGridrate +PWTGrate)-

According to the results, we can find that the frequency
nadir obtained by the proposed VIC is much higher than the
conventional VIC and improved VIC-I, see Fig. 7. This is
very important as the system frequency needs support for the
first few seconds in the presence of contingency, especially
for a system with high penetration of renewable energy and
being vulnerable to large frequency decline. The reason is that
the proposed VIC allows the WTG to reduce rotor speed as
much as possible with a much higher speed than others, see
Fig. 8(a). This leads to much more active power increment
from WTG, see Fig. 9. It is interesting to observe from Fig. 7
that the power grid encountered a secondary frequency dip at
40s if the conventional VIC is used. This results in a sudden
reduction in the active power output of WTG, see the negative
value of AP, in Fig. 9. By contrast, this is not an issue
for the proposed VIC and the modified VIC-I as they can
ensure the smooth transformation between frequency support
mode and rotor speed recovery mode. As a result, they can
avoid the secondary frequency dip and damp the torsional
oscillation, see Fig. 8(b) at 40s. However, at the initial moment
of contingency, Fig. 8(b) shows that both conventional VIC
and the modified VIC-I are subject to WTG drivetrain torsional
oscillation with a period of 0.69s (the oscillation frequency
is 1.45 Hz) while the proposed VIC can effectively suppress
that. Note that the torsional oscillation is due to the sudden
variation of WTG active power output as analyzed in (24) and
(25). Moreover, from Fig. 8, it is also noted that the WTG
rotor speed responses oscillate with the same frequency of
the torsional angle, illustrating that the oscillation of the rotor
speed response can reflect the drivetrain torsional oscillation
of WTG. This explains the oscillation behavior of WTG rotor
speed with traditional VIC at the initial moment of rotor speed
recovery duration shown in Fig. 8 (a).

The slopes of rotor speed responses in Fig. 8(a) allow
conclusing that the proposed VIC has higher recovery rate of
WTG rotor kinetic energy than other two methods (note that
the proposed method is the fastest one to recover rotor speed
to the original MPP before the disturbance and this would
become more obvious in the results shown later). In fact, after
the main frequency support at about 32s, the proposed VIC
prompts WTG to absorb power from grid at an earlier time in
contrast to the conventional VIC.

2) VIC for Single WIG with Different Wind Speeds: The
proposed VIC is also tested under different wind speeds to
demonstrate its robustness to various operating conditions.
The following values for the wind speeds are tested: 7.5 m/s,
9.6 m/s and 11.5 m/s. The frequency responses, WTG rotor
speed and torsional angle responses of WTG and active power
output increment of WTG are displayed in Fig. 10, Fig. 11 and
Fig. 12, respectively.
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For the low wind speed scenario, i.e., 7.5 m/s, the first figure
of Fig. 11 demonstrates that WTG with proposed VIC releases
the smallest kinetic power of WTG rotor, thus providing
slightly less active power output increment than the other two
methods in the initial stage of frequency regulation, see the
first figure of Fig. 12. This results in a slightly lower frequency
nadir as shown in the first figure of Fig. 10. It is for the

—_ = =—_= |= Without VIC
W--‘ —With traditional VIC
With VIC-T

= With proposed VIC

6057

59 i 1

20 30 80

Fig. 13. Frequency responses with multiple WTGs integrated grid.

purpose of preventing the reference power of MPP tracing
strategy from having a sudden dip to the minimal active power
as the rotor speed of WTG reaches the minimal value. Note
that there is a rotor speed safeguard measure to guarantee that
the rotor speed operates between minimal value 0.708 pu and
maximum value 1.2 pu. The rotor speed maintains at the the
minimum value until the frequency support mode of VIC ends
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Fig. 15. Active power increment of WTGs with multiple WTGs integrated
grid.

and this can explain the WTG rotor speed response in Fig.11
with traditional VIC under 7.5 m/s wind speed. Moreover, the
sudden dip of WTG power is encountered by the conventional
VIC-based system at 31.46s, see the first figure of Fig. 12.
From the torsional angular response of Fig. 11 under 7.5
m/s, it can be found that the comparison methods are still
subject to drivetrain torsional oscillation at the initial moment
of contingency for VIC-I and the exit time for traditional
VIC. This is because of the instantaneous variation of WTG
electromagnetic power. The proposed method can effectively
suppress that as it can automatically adjust the active power
increment of WTG according to the rate of torsional angle.

For higher wind speed scenarios, i.e., 9.6 m/s and 11.5
m/s, the proposed method achieves much better performances
in terms of improving the frequency nadir, suppressing the
torsional oscillation of WTG, significantly contributing to the
smooth and fast recovery of the WTG rotor speed to MPP and
effectively avoiding a secondary frequency dip and torsional
oscillation of WTG drive train resulted from traditional VIC,
see Fig. 10, Fig. 11 and Fig. 12 with respect to 9.6m/s and
11.5m/s of wind speeds. The reason is similar to that in Section
1I-A-1).

3) VIC for Multiple WIGs Integrated Power Grid: To
demonstrate the scalability of the proposed VIC for multiple
WTGs, three WTGs with the same parameters as studied
in Section III-A-1) are integrated into the power grid. The
wind speeds are assumed to be 10.8 m/s, 8 m/s and 7.3 m/s,
respectively. The participating factors calculated by (37) are
0.5842, 0.2362 and 0.1796. The state feedback coefficients
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of the linear quadratic optimal control for system (34) are
k1 = 2.2361, ky = 5.9389, k3 = 6.7687 and k4 = 3.8128.
Note that the wind power penetration rate is 60% at this time.
Comparing results about frequency responses, rotor speed and
torsional angle responses of WTGs and active power output
increments of WTGs are shown in Figs. 13-15, respectively.

4) VIC for Multiple WPPs Integrated Electrical Power
System: These results lead us to draw similar conclusions as
for the cases discussed in the previous simulations. They are
summarized as follows:

(i) The proposed VIC can achieve better frequency nadir
while avoiding the secondary frequency dip, see Fig. 13.

(ii)) The proposed VIC effectively suppresses drivetrain
torsional oscillation of each WTG caused by the active power
output variation requested by VIC, see the initial moment of
the rotor speed response with respect to each WTG in Fig. 14
for example. On the other hand, all torsional angle responses
of traditional VIC exhibit the torsional oscillations at the initial
moment of the speed recovery. The conventional VIC, in fact,
stops suddenly to support the frequency and this leads to the
instantaneous variation of WTG electromagnetic power.

(iii) The proposed VIC facilitates the fast and smooth recov-
ery of WTG rotor speed, see figures in Fig. 14 for example.
From the left figures in Fig. 14, it is interesting to observe that,
for WTG1 with higher wind speed, the released rotor kinetic
energy with the proposed VIC is larger than the conventional
VIC and VIC-I in the initial duration of frequency support
mode. By contrast, less reductions in rotor speeds of WTG2
and WTG3 with low wind speeds are observed, which are
expected. As a result, WTGI results in larger active power
output increment while those of WTG2 and WTG3 are smaller,
see the right figures of Fig. 15. However, the proposed VIC
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B. Simulations with Detailed Model

To further validate the feasibility and advantages of the
proposed VIC, different VICs are tested in a power system
with wind power plants (WPPs). The system is shown in
Fig. 16, where AT,com i, ¢ = 1,2,..., N, represents the
demanded torque of each WPP requested by VIC and can
be calculated by M; each WPP is treated as
an aggregated WGT model with 1.5MW rated power for each
DFIG.

In this test, three WPPs are integrated into the power system
and each WPP consists of 8 DFIGs, yielding Pw TG rate = 12
MW. The wind power penetration is 44.4%. The parameters
of synchronous generator, WPPs, loads, conventional VIC
and function ¢(¢) are given in Table II. The rated power
of synchronous generator is 45 MW. Loads 1-4 are equal
to 2 MW, 25 MW, 500 kW and 15 MW, respectively. The
corresponding wind speeds of WPPs 1-3 are assumed to be

11.2 m/s, 8 m/s and 9.5 m/s, respectively. Load 4 is connected
to the system at 40 s and the conventional VIC maintains for
a preset period of 10 s. Other parameters are the same as the
previous simulations. The results are shown in Figs. 17-19.

These figures show that the general conclusions are con-
sistent with those using a simplified model in Section III-A.
They include (i) improving the power grid frequency nadir;
(i1) effectively suppressing the drivetrain torsional oscillation
of each WPP caused by the sudden variation of WPP electro-
magnetic power requested from VIC; (iii) achieving smooth
and fast recovery of each WPP rotor speed to the correspond-
ing original MPP before the disturbance; (iv) preventing the
secondary frequency dip and drivetrain torsional oscillation of
each WPP caused by conventional VIC implementations.
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IV. CONCLUSIONS AND FUTURE WORK

This paper develops an OHFT-based nonlinear virtual inertia
control of wind power integrated power system. It is able
to provide primary frequency support of the power grid by
means of releasing the kinetic energy of WTG rotor speed
and, in the meanwhile, overcome several limitations of existing
VIC methods. Its advantages are concluded as: (i) it can
significantly improve the frequency nadir at the initial moment
of contingency, enhancing the security and stability of power
system; (ii)it suppresses the drivetrain torsional oscillation of
WTG resulted from its electromagnetic power variation for
the grid frequency support, leading to the enhancement of the
service life of WTG; (iii) after frequency support, it achieves
fast and smooth recovery of rotor speed to the original MPP
before the disturbance; and (iv) it can effectively prevent the
secondary frequency dip and drivetrain torsional oscillation of
WTG casued by the conventional VIC.

Future work will focus on extending the OHFT-based con-
trol for frequency support using multiple distributed energy
resources, such as energy storage, PVs, etc.
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