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Abstract—This paper proposes a robust nonlinear controller
to damp the drivetrain torsional oscillations (DTTOs) of wind
turbine generators (WTGs) following large disturbances. The key
idea is to integrate a nonlinear sliding-mode control (SMC) with
an extended state observer. The former allows transforming the
WTG nonlinear model into a simple first-order nonlinear system
via the sliding-mode function, whereas the latter can accurately
estimate the nonlinear part of the transformed system and
effectively compensate the large disturbances. Simulation results
show that, under various conditions, the proposed controller
achieves significantly enhanced robustness and performance over
the linearization-based controller and conventional SMC.

Index Terms—Power system dynamics, wind turbine generator
(WTG), drivetrain torsional oscillation (DTTOs), robust nonlin-
ear controller, power system stability control.

I. INTRODUCTION

With the increased penetration of wind power into electric
grid, effective mitigation of drivetrain torsional oscillations
(DTTOs) of WTG becomes a technical challenge [1]. Indeed,
since the length of drivetrain model is much shorter than
that of practical WTG [2], the drivetrain should be modeled
by two masses or multiple masses. Hence, the variations of
electromagnetic torque or mechanical torque with respect to
WTG can result in DTTOs. Moreover, large disturbances, such
as shortcircuits [3] and steep variations of wind speed [4]
further contribute to give raise to DTTOs, thus significantly
reducing the WTG lifespan and increasing its maintenance
costs.

Most approaches to deal with WTG DTTOs mainly focus on
the compensation of the electromagnetic torque via converters.
In [5], a small ripple at the drivetrain frequency is added on
the generator torque control and the effect of the resonance is
counteracted by the adjusted phase, leading to increased damp-
ing of DTTOs. Without a damping controller, the torsional
oscillations excited by the grid fault can be very strong. To
deal with that, [3] proposes a model-based active damper of
the torsional vibration via the linear-quadratic-Gaussian (LQG)
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algorithm. A STATCOM/BESS-based damping control of DT-
TOs is developed in [6]. [7] develops a control scheme for
active oscillation damping of WTG, where the torque damping
controller determines a corrective signal that is added to the
reference torque for DTTO control. [4] investigates the drive-
train dynamics under different operating regions of the power-
speed curve and develops a DFIG drivetrain stabilizer, where
additional damping torque is achieved by a state feedback
from the rotor speed to the reference electromagnetic power. In
[8], a band-trap filter is proposed to eliminate periodic torque
disturbance of the generator torque control loop. This enables
the controller to reduce the exciting input of the drivetrain
and subsequently damp DTTOs. In [9], [10], a virtual inertial
controller is developed for DTTO mitigation, where the first-
order derivative of the angular speed about wind generator
rotor is used as the input signal to provide an additional
electromagnetic torque component of WTG by generator-side
converter. In [11], a torsional oscillation damping control
based on model predictive control is proposed. With the
state feedback control strategy and the model-based torque
estimation, the controller compensates shaft torque difference
of WTG at the torsional frequency for the active damping
of DTTOs. To maximize the energy production of WTG
without fatigue damages induced by torsional vibration within
the drivetrain subsystem, a receding horizon optimal control
framework is proposed [12]. In particular, fault detection and
diagnosis as well as controller reconfiguration are integrated
to adaptively control the pitch angle.

The aforementioned approaches design DTTO controllers
based on first-order Taylor series expansion approximations
of the WTG model. This inevitably leads to large errors
if large disturbances are considered. To solve this issue, a
nonlinear sliding mode control (SMC) has been proposed for
the mitigation of DTTOs [13], where the angular speeds of the
turbine and generator rotor, along with the drivetrain torsional
angle are used as input signals to adjust the rotor current in
the generator-side converter of the WTG.

In this paper, we further improve the performance of the
SMC by integrating the advantages of SMC and of an extended
state observer (ESO) into a unified framework. Specifically, the
sliding-mode function is a first-order differential equation that
embeds the behavior and control of the nonlinear WTG model.
Then the error of this first-order equation is compensated
with the proposed ESO, which takes indirectly into account
the nonlinearity of the rest of the network. Note that ESO
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also allows estimating the effect of large disturbances, which,
thus, do not need to be known a priori. The proposed method
significantly improves the damping of DTTOs under different
system operating conditions as compared to the conventional
SMC.

II. PROPOSED ROBUST NONLINEAR CONTROLLER

The ESO is first introduced. Then, the dynamic model and
DTTO of WTG are presented and analyzed, followed by the
proposed nonlinear controller that integrates ESO and SMC.

A. Outlines of the Extended State Observer

Let us consider the first-order nonlinear system:

&= [f(x)+g(@)u, (1)

where x is the state variable; f(z) is a nonlinear function
of z; g(z) # 0 and w are the control gain function and
input, respectively. A second-order ESO for system (1) can
be designed as follows:

2122’2—61(21—1’)4‘9(56)’11,, (2)

2o = —falz1 — x|%sign (21 — x) ,

2
where z; and zo are the state variables of ESO; 51, B2 and «
are the constant parameters that satisfy 5; > 0, S > 0 and
0 < a < 1, respectively; sign function equals to 1 for the
positive value while to -1 for the negative one.

Under the framework of ESO (2), z; and 25 are designed
to approximate = and f(x), respectively. Then, supposing the
control objective of state variable z in system (1) to be zero,
the control input u can therefore be designed as:

. —29 — K tanh (z/¢) 7 3)
g(x)
where K and ¢ are the constant parameters; tanh(-) represents
the hyperbolic tangent function. The interested readers can find
more details of ESO in [14].

B. Modelling

1) Dynamic model of the wind generator: The following
two-mass drivetrain model of WTG [15] is considered in this
paper to study DTTOs:

2Hwtwwt = Tm - Kshesh - Dsh (th - wg) )
2.Hgd}g = Kshosh + Dsh (wwt - wg) - Te ) (4)
ash = wB (th - wg) 5

where Hy and H, are the inertia constants of the wind turbine
and generator in seconds, respectively; w; and w, denote the
angular speeds of wind turbine and generator rotor in rad/s,
respectively; wp is the nominal angular speed; K, and Dy,
represent the stiffness coefficient and the damping coefficient
of the shaft, respectively; Ty, Te and 6y, are the mechanical
power, the electromagnetic torque of WTG and the torsional
angle between the rotors of the wind turbine and generator,
respectively.

The following modelling assumptions are considered: (a)
WTG is modeled with a doubly-fed induction generator
(DFIG); (b) all variables are referred to the stator of the
generator; (c) the dq reference frame rotates at synchronous

PI controller

T . .
\L/
T Rotor-side converter
Fig. 1. The control scheme of DFIG active power.

angular speed of w; (d) the positive power directions of stator
and rotor are assumed to be out and into the generator, re-
spectively. Thus, the voltage-flux equations of stator and rotor
are given by (5) and (6), respectively; (7) and (8) present the
corresponding flux-current equations, and the electromagnetic
torque is shown in (9).

Vgs = —Rsiqs + ):\qs —w, )
Vas = —Rstas + Ads + W>\qs y
Vqr = Rriqr + /:\qr + (w - Wg) )\dr 5 (6)
Vdr = Rridr + )\dr - (w - wg) >\qr s
)\qs = *Lsiqs + Lmiqr ) (7)
)\ds = _Lsids + Lmidr y
>\qr = Lriqr - Lmiqs ’
>\dr = Lridr - Lmids ) (8)
Ly, . .
Te = Ls ()\qsldr - )\dszqr) ’ (9)

where v, A\, R and ¢ represent the voltage, flux, resistance
and current, respectively; the subscript s, r, d, and q denote
the stator, rotor, d-axis and g-axis quantities; Ls and L, are
the stator and rotor, respectively, self inductances; L, is the
mutual inductance.

In the dq reference frame with the stator voltage orientation,
the d-axis is aligned with the stator voltage vector, yielding
vas = Us and vgs = 0, where Us denotes the stator voltage
magnitude. By neglecting the transient resistances of stator
and rotor, we get

L

= (10)

)\qsidr .

Equation (10) indicates that the active torque 7, can be
controlled through the rotor d-axis current ¢4q,. The active
power control scheme of the DFIG is shown in Fig. 1, where
Ty and 4}, are the reference values of electromagnetic torque
and d-axis current of rotor, respectively.

Neglecting converter switching losses, the power balance of
the DC bridge between the back-to-back converters of DFIG
is given as:

1 d, 1

— — V3. = =UdcVde = P — P,
20 dt dc C dclUdc [ T

where vq. and C represent the voltage and capacitance of

DC bridge, respectively; P; and P, are the active power

flowing into the grid-side converter and out from the rotor-

side converter, respectively.

Y
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2) Model of the DTTOs: The transfer function from the
variations of mechanical power AT, or electromagnetic
torque AT, of WTG to the torsional angle variation, Af,,
can be derived from (4), yielding

wp(Hy ATy, + H,AT,)

AHS r — )
"7 2(H H,)s? + aHyys + bH,,

12)

where Hy, = Hy + Hy; a = Dgwp and b = Kgpwp.
Equation (12) indicates that the variation of mechanical power
or electromagnetic torque of WTG may give raise to DTTOs
if no damping control is provided. This is because there exists
a torsional mode with the natural frequency shown in (13) and
the damping coefficient D, is usually small.

- wBKsthg
" oHH,

C. Proposed Nonlinear Controller

13)

To mitigate DTTOs, the torsional angle 65, and its deriva-
tive 0, are expected to be as close to the equilibrium point of
torsional angle 6,50 and zero, respectively, as possible. With
this aim, the sliding-mode function candidate consdiered in
this work is:

o = kAOsp + A, (14)
where Af,;, = 0, — 01,0 and k is the coefficient. In turn, the
objective of the prposed control is to achieve o = 0.
Taking the derivative of the sliding-mode function (14) and
combining it with (4), one obtains
(j':f¢7+g(7ua (15)
where the control input u is the compensated electromagnetic
torque of the WTG; f, is the complex nonlinear function
of the states of the WTG and their derivatives introduced in
Section II-B; and g, = ﬁ
Equation (15) is transformed to fit the ESO framework.
Specifically, (15) is in the form of (1). Thus, the ESO in
the form of (2) estimates the nonlinear function f, and
compensate the disturbances, where the state variable z in (2)
is o in (15) and g(z) = go = 571
To effectively suppress the DTTOs, the compensated elec-
tromagnetic torque of WTG provided by the proposed con-
troller can be obtained from the control strategy (3), that is:
u=2H, (—z — K tanh (o /¢)) . (16)
Finally, the reference value of WTG electromagnetic torque
T} can be derived as:
T: = 1eMPPT + 2Hg (—ZQ — Ktanh(a/s)) R 17
where Tepppr i8 the reference electromagnetic torque accord-
ing to the MPPT strategy of WTG [16].

III. CASE STUDY

The performance of the proposed controller following large
disturbances is illustrated in this section through simulations.
Two scenarios are studied: a power system with a single wind
power plant (WPP) and a power system with multiple WPPs.
Figure 2 presents the single line diagram of the wind power
integrated power system. Each WPP consists of 6 DFIG-
based WTGs with 1.5 MW rated power for each DFIG. The
parameters for DFIG and the proposed controller are displayed
in Table. L

Transformer 1
Infinite Voltage Traniziession Transformer m@ \<
Source PCC Line 1 Busl WPP 1
Transformer 2
Schematic diagram of each WPP
cable Bus
DFIG Transmission
Line 2 Busz  WPP2
Transformer N \<
Transmission
Line N WPP N

Bus N

Fig. 2. Schematic diagram of the wind power integrated power system.

TABLE I
PARAMETERS OF THE DFIG AND OF THE PROPOSED CONTROLLER
DFIG

Hg 0.685 s Hy 4.32's Dgp, 1.5
Kqn 1.1 pu/rad P 3 wp 377/3 rad/s

Rs 0.023 pu Lg 0.18 pu Lm 2.9 pu

Ry 0.016 pu Ly 0.16 pu w 377 rad/s
Veutin 4 m/s Viated 13.4 m/s Veutout 25 m/s

Proposed controller
61 10 62 10 [0} 0.5
K 10 k 5

A linearization-based controller (LC) and a conventional
nonlinear SMC [13] are also considered. The compensated
electromagnetic toque of the LC is:

(18)

where m; = 2.2302, my = —1.3407 and m3 = —0.0304,
which are obtained according to the linear quadratic optimal
theory [17].

The large disturbances considered below are a three-phase
shortcircuit occurring at the point of common coupling (PCC)
and a steep change of wind speeds. The shortcircuit gives
raise to the sudden variation of the WTG electromagnetic
power while the latter leads to the instantaneous variation
of mechanical power. The derivative of the torsional angle
variation Ay, = 0., = wg (wwt — wgq) is proportional to
Wyt —wg, and therefore the responses of w,,; —w, are presented
to demonstrate the derivative of torsional angle variation.

u = mlAth + mgAwg + mgAHSh s

A. Power System with a Single WPP

1) Three-phase shortcircuit: A three-phase shortcircuit oc-
curs at t = 0.5 s and is cleared at t = 0.65 s. The wind speed
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Fig. 3. Dynamic behavior of wqt —wg and of the torsional angle with 9 m/s
wind speed and following a shortcircuit.
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Fig. 4. Dynamic behavior of wywt — wy and of the torsional angle with 15
m/s wind speed and following a shortcircuit.

values per each scenarios are 9 m/s and 15 m/s, respectively.
The responses of w,; — w, and torsional angle are shown
in Figs. 3-4. These figures show that the proposed controller
achieves the fast speed of damping out the DTTO of WTG
and the smallest oscillation magnitude as compared to LC
and SMC. Thanks to the capability of handling nonlinearity,
the SMC always obtains better performance compared to the
LC. It is worth pointing out that the conventional SMC gives
raise to the chattering phenomenon for wind speeds under 15
m/s. Chattering is a common shortcoming of the SMC. The
proposed controller, on the other hand, can effectively estimate
the nonlinear part of the system and simultaneously com-
pensate large disturbances, leading to significantly enhanced
performance. Moreover, the proposed controller takes only
about 1 s to damp the DTTOs under various wind speeds,
while the conventional SMC requires more than 8§ s.

2) Steep increment of wind speed: It is assumed that there is
a 5 m/s increment to the original 13.5 m/s wind speed at 0.5 s.
The comparison results under this scenario are shown in Fig. 5.
The SMC has much more improvement in terms of damping
DTTO as compared to the previous three-phase short circuit
fault. This reason is that this large wind speed changes lead
to stronger nonlinearity of the WTG dynamic model and thus
the linearization leads to significantly increased approximation
errors. As a result, the performance of LC is rather poor. The
proposed robust controller further improves its performance
and achieves the fastest speed of damping out DTTO.

3) Large stochastic disturbances on wind speed: To further
investigate the dynamic performance of the proposed con-
troller and its ability to damp DTTOs following large and
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Fig. 5. Dynamic behavior of wqt —wg and torsional angles following a steep
increment of wind speed.
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Fig. 6. Sample curve of the wind speed with large stochastic fluctuations.

sudden wind variations, stochastic disturbances are added to
the wind speed of the WPP. These stochastic disturbances
are simulated with a large white noise. The average wind
speed is 15 m/s and the white noise is with 1 power and
1 s sample time. Figure 6 shows a sample curve of the wind
speed with large stochastic disturbance. The dynamic behavior
of wyt —wy and of the torsional angle are depicted in Fig. 7.
Results indicate that both LC and SMC are unable to damp the
DTTOs and their dynamic response shows large fluctuations.
On the other hand, the proposed control strategy counteracts
well wind variations and damps efficiently the DTTOs.

B. Power System with Multiple WPPs

In this section, we test the proposed controller through a
power system with inclusion of three WPPs, i.e., N = 3 in
Fig. 2. The parameters of each WPP are the same as those in
the previous section. Wind speeds are stochastic and modeled
as in Section III-A3. The average wind speeds of WPPI,
WPP2 and WPP3 are 8 m/s, 10.5 m/s and 17 m/s, respectively.
The corresponding power of the white noise are 0.3, 0.6 and
1.

Figure 8 shows simulation results. Following large stochas-
tic wind speed variations, both the LC and SMC controllers
are subject to fluctuations, which are particularly evident for
WPP3. This is consistent with the results discussed in the
previous section. In general, the SMC yields better dynamic
performance than the LC controller. Finally, among the con-
trollers considered in this case study, the proposed method is
the fastest to damp the DTTOs and is the least affected by the
large fluctuations of the wind.
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Fig. 7. Dynamic behavior of wqt — wg and torsional angle following a large stochastic disturbance on wind speed.
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Fig. 8. Dynamic behavior of the torsional angles of WPPs following a large stochastic disturbance on wind speed.

IV. CONCLUSIONS

This paper develops a novel robust nonlinear controller to
damp DTTOs of WTGs. This control integrates SMC and ESO
into an unified approach. Specifically, a first-order nonlinear
system is constructed based on the control objectives via
the sliding-mode function, and ESO estimates the nonlinear
components of the constructed system while compensating the
large disturbances. Simulation results show that the proposed
controller achieves the best performance under all tested sce-
narios, including three-phase shortcircuit and large fluctuations
of wind speeds. Future works will focus on extending the
proposed controller to coordinate WPPs and other distributed
energy resources to enhance large-scale power system stability.
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