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ORIGINAL RESEARCH

Drive-train torsional vibration suppression 
of large scale PMSG-based WECS
Feihang Zhou*   

Abstract 

This paper provides a systematic analysis of the large scale PMSG (permanent magnet synchronous generator)-based 
WECS (wind energy conversion system) torsional vibration problem under MPPT (maximum power point tracking) 
control and constant power control. This is from the perspective of SSO (sub-synchronous oscillation), SSH (sub-syn-
chronous harmonics) and forced torsional vibration. The cause of SSO is the negative total system damping, weak-
ened by the constant power control. The system is susceptible to inducing SSH in the grid current and voltage in the 
under-damped condition. To effectively suppress the torsional vibration of PMSG-based WECS, a stiffness compensa-
tion control strategy based on adaptive damping is proposed. The results show that SSO, SSH and the forced torsional 
vibration can be suppressed at the source using the proposed suppression strategy.

Keywords: Adaptive damping, Constant power control, MPPT, PMSG-based WECS, SSH, SSO, Stiffness compensation, 
Torsional vibration
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1 Introduction
Torsional vibration can cause severe damage to a drive-
train and can also lead to problems of SSO (sub-synchro-
nous oscillation) and SSH (sub-synchronous harmonics) 
in a power system. In December 1970 and October 1971, 
two serious torsional vibration accidents occurred in the 
steam turbine units’ shaft in the Mohave power plant 
in the United States, causing damage to the generator 
shaft [1]. The cause of the two accidents was SSR (sub-
synchronous resonance) produced by the interaction 
between the torsional vibration of the steam turbine shaft 
and the series compensation capacitance of the trans-
mission system. Subsequently, in 1977, it was found that 
an HVDC transmission system could also cause strong 
steam turbine torsional vibration [2, 3]. Compared with 
the torsional vibration caused by series compensation 
capacitance, the torsional vibration caused by HVDC 
cannot form a resonant loop. Therefore, the mechanisms 
of these two torsional vibrations are different, though 

they have been collectively referred to as SSO. Compared 
with SSR, SSO has a broader meaning and there have 
been many forms of SSO, although SSO involved in tor-
sional vibration is still the major form. It can be seen that 
torsional vibration is a historical issue, and the early con-
cern of SSO was caused by steam turbine unit torsional 
vibration.

In recent years, the development of renewable energy, 
e.g., wind energy, has made great progress [4, 5] and wind 
turbines are becoming larger. However, with larger wind 
turbine size and capacity, the torsional vibration problem 
is becoming increasingly prominent.

1.1  Harm of torsional vibration
Torsional vibration can seriously harm equipment and 
the connected power system as follows:

1) Torsional vibration can aggravate the fatigue dam-
age of a shaft. From the mechanics of materials, when 
torsional vibration occurs on a shaft, it is equivalent 
to imposing an alternating periodic stress on the 
shaft. Both the amplitude and frequency of the stress 
can affect the fatigue life of the shaft. The torsional 
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vibration of high-speed PMSG-based WECS (Wind 
Energy Conversion System) is very serious, because 
its drive-train contains some flexible components 
such as gearbox and flexible coupling. In many field 
accidents, gearbox damage and coupling skidding 
account for a large proportion of the damage.

2) Torsional vibration can cause SSO and potentially 
make the system lose stability. As in a steam tur-
bine unit, a DFIG (doubly fed induction generator)-
based WECS also adopts a direct grid connection 
mode. Therefore, the SSO mechanisms of DFIG-
based WECS and a steam turbine unit are similar. 
There is currently a lot of research on the SSO prob-
lem of DFIG-based WECS [6–9]. Because a PMSG-
based WECS uses an inverter grid-connected mode 
it removes the direct connection between genera-
tors and power grid. Therefore, the SSO problem of 
PMSG-based WECS may depend only on the genera-
tor control mode. There has also been research show-
ing that power control can weaken system damping 
and even induce SSO in a PMSG-based WECS.

3) Torsional vibration is the main source of SSH. In fact, 
for power systems containing wind power genera-
tion, it is worth noting that all disturbances, includ-
ing wind, can cause a WECS to produce torsional 
vibrations in the sub-synchronous frequency range. 
Low-intensity torsional vibration may only have a 
small impact on the unit itself, but it may still cause 
sub-synchronous frequency oscillation of electrical 
parameters such as grid current or voltage. IEEE gen-
erally uses "sub-synchronous frequency components" 
or "SSH" to describe this electrical oscillation. As the 
wind power penetration increases, a large amount of 
SSH is transmitted between the power grid sources. 
This may cause other forms of SSO. On July 1, 2015, 
a wind farm in Hami, Xinjiang, China produced a 
large amount of SSH. After 5 levels of transforma-
tion, the SSH was transmitted to the thermal power 
unit 300 km away and triggered the torsional vibra-
tion protection action of three sets of the 660  MW 
units of the garden power plant. The units were suc-
cessively tripped and the power plant was completely 
shut down. On examination, there was a large direct-
driven wind farm connected to the adjacent power 
grid. Many SSH close to the natural frequencies of 
the thermal power units shafts were generated by the 
PMSG-based WECS, and these were transferred to 
the thermal power plant through the grid and subse-
quently caused the severe torsional vibration of the 
thermal power units. There have been some simi-
lar accidents in Texas, USA and Guyuan County in 
Hebei Province, China. The above accidents indicate 
that the monitoring of SSH in the power grid has 

been insufficient and generally SSH in wind farms 
has been neglected.

1.2  Causes and characteristics of torsional vibration
The causes and characteristics of torsional vibration are 
shown in Fig. 1. As shown, torsional vibration is mainly 
caused by wind disturbance and the influence of control 
on system damping. As the external disturbance source, 
persistent wind disturbance can excite the system and 
cause forced torsional vibration. The frequency of this 
forced torsional vibration depends on the wind distur-
bance frequency, while tower shadow effect, wind shear 
and turbulence should also be taken into account. The 
spectrum of wind disturbance is wide, and the frequency 
of wind disturbance is lower than the drive-train natural 
frequency. In addition, the control function may change 
the system damping. If the total damping of the system 
becomes negative, the system will exhibit unstable tor-
sional oscillation, indicating SSO in the system. Moreo-
ver, the system is susceptible to external disturbances 
in under-damped conditions. This can induce torsional 
vibration near the drive-train natural frequency, while 
the underdamped torsional vibration can cause SSH. It is 
clear that the frequencies of both SSO and SSH are close 
to the drive-train natural frequency and the spectrum of 
oscillations is concentrated.

1.3  Research status of torsional vibration suppression
For torsional vibration suppression, damping control 
is considered an effective strategy. Steam turbine units 
and DFIG-based WECS can usually add active damping 
control to excitation links to improve system damping. 
However, PMSG-based WECS cannot perform excitation 
control because of its permanent magnet rotor. For this 
reason, a torsional vibration suppression strategy was 
proposed in [10, 11]. This added active damping control 
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Fig. 1 Causes and characteristics of torsional vibration
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to the generator torque control loop, and this method 
has been widely used in practice. The method needs to 
extract the torsional vibration information from the gen-
erator speed by a BPF (band-pass filter), and then multi-
ply it by a magnification factor (or damping coefficient) as 
the damping compensation torque into the torque con-
trol loop [10–17]. However, the effectiveness of the BPF 
is affected by parameter uncertainties. In order to restore 
the performance of the damper, it is usually necessary to 
repeatedly adjust the parameters during the testing phase 
of the wind turbine to achieve a good matching effect. 
To overcome this problem, a damper based on an adap-
tive Kalman filter was proposed in [18], while a method 
for reconstructing DC-Link current to extract torsional 
vibration signals was proposed in [19–21]. The method 
was further simplified in [22, 23], which also pointed out 
that the torsional vibration signal could be extracted from 
the fluctuation of the DC-Link current. The effectiveness 
of the scheme was verified by experiment. In addition, 
there have been many studies on the torsional vibration 
suppression scheme of a WECS drive-train. SMC (slid-
ing mode control) was applied to the suppression of tor-
sional vibration in [24] and a good suppression effect was 
obtained. Reference [25] proposed a virtual inertia con-
trol method to suppress drive-train torsional vibration, 
while [26] proposed a SDDC (speed difference damping 
controller) to reduce the torsional vibration of the drive-
line. However, the methods in [24–26] were also based 
on BPF for extracting the torsional vibration information.

1.4  Existing problems of torsional vibration
Although SSO may occur in a PMSG-based WECS under 
power control, its mechanism is not clear. It is not con-
clusively determined whether PMSG-based WECS 
has the possibility to generate SSO under other control 
modes such MPPT control. Furthermore, the mechanism 
of SSH generated by torsional vibration also has not been 
understood. Thus, further research and discussion are 
required on effective suppression methods for forced tor-
sional vibration caused by wind disturbance.

1.5  Main contributions and highlighted innovations
This paper focuses on the torsional vibration of a PMSG-
based WECS in the two main control modes, i.e., MPPT 
control mode and constant power control mode, and 
provides an in-depth analysis of SSO, SSH and forced 
torsional vibration problems. The main contributions and 
innovations are as follows:

1) The mechanism of SSO is thoroughly explored. The 
study finds that power control can weaken system 
damping, and when the total damping becomes neg-
ative, SSO will occur. However, an MPPT strategy 

with OTC (optimal torque control) can increase the 
system damping and thus, SSO under MPPT control 
does not occur. Therefore, damping control must be 
adopted in the constant power mode. In addition, for 
conventional damping control, if the added damp-
ing is insufficient, the system will be in the under-
damped state and SSH can be generated.

2) The mechanism of SSH is also analyzed in detail. 
The study finds that conventional control can usually 
result in a under-damped system which is susceptible 
to external disturbances to produce SSH.

3) A new stiffness compensation control strategy based 
on adaptive damping is proposed to reduce forced 
torsional vibration. Detailed analysis, design and sim-
ulation experiments are provided to verify the cor-
rectness of the strategy.

2  Mathematical model of PMSG‑based WECS
A typical configuration of a generic 2  MW PMSG-
based WECS is shown in Fig.  2. It mainly consists of a 
wind turbine, a flexible drive-train and an electrical sys-
tem including a PMSG, two back-to-back connected 
VSCs (voltage source converters) comprised of a MSC 
(machine side converter), a DC-Link and a GSC (grid 
side converter), and the control system. The system com-
ponents are implemented in Simulink and the param-
eters are given in the Appendix.

2.1  Wind turbine model
According to the Betz theory, the mechanical power 
absorbed by a wind turbine [27–31] is given by:

where the subscript tur refers to wind turbine. ρ is air 
density, R is radius of wind turbine, v is wind speed, β is 
pitch angle, λ is TSR (tip-speed ratio), CP is defined as the 
wind energy conversion coefficient. Usually, CP is a func-
tion of β and λ, and λ is given by:

where ωtur is rotor speed. From (1) and (2), the aerody-
namic torque of wind turbine is:

2.2  Flexible drive‑train model
Because of the heavy load on a large-scale wind turbine 
drive-train, its resonance mode must be considered. In 
general, there are two methods for flexible drive-train 
modeling:

(1)Ptur = 0.5πρR2CPv
3

(2)� = R · ωtur v

(3)Ttur = Ptur
/
ωtur = 0.5πρR5CPω

2
tur

/

�
3
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1) Continuous mass spring damping model. This model 
can accurately reflect the drive-train dynamics, but 
the solution process is very complicated.

2) Segmented concentrated mass spring damping 
model. This can be regarded as a simplified model. 
If the mass block is appropriately selected, the drive-
train dynamics can also be well reflected. Therefore, 
this method is widely used.

For a PMSG-based WECS, both the wind turbine 
and generator can be considered as a single mass block. 
Thus, its flexible drive-train is usually described by the 
two-mass spring damping model shown in Fig. 3.

The flexible drive-train dynamic model [30] is 
expressed as:

(4a)Jturω̇tur = −D
(
ωtur − ωgen

)
− Kθ + Ttur

(4b)Jgenω̇gen = D
(
ωtur − ωgen

)
+ Kθ − Tgen

where the subscript gen refers to generator. Jtur is wind 
turbine rotational inertia, Jgen is generator rotational 
inertia, ωgen is generator speed, Tgen is electromagnetic 
torque, θ is drive-train twist angle, K is drive-train stiff-
ness coefficient, D is the drive-train damping.

2.3  Electrical system model
Figure  4 shows the control block of a full power con-
verter. The purpose of MSC control is to realize the con-
trol of generator torque, while GSC control stabilizes 
the DC-Link voltage Udc at its reference value Udc_ref and 
achieves the necessary reactive power support for grid.

As described in [32], the PMSG model and MSC dynam-
ics can be regarded as a first-order inertia link after 
inner-loop current feed-forward decoupling control and 
first-order tuning for the inner-loop current PI parameters, 
while the inertia delay of torque control can be adjusted by 
the PI parameters shown in Fig. 4(a). If the PI parameters 
are large enough, the dynamic delay of the torque loop 
can be neglected. Because MPPT control is generally used 
below rated wind speed vrate and constant power control is 
adopted above vrate, the electromagnetic torque Tgen is:

where Tref is the torque command, Prate is the rated power, 
CP_max is the maximum CP and λopt is OTSR (optimal tip-
speed ratio). In this paper, CP_max = 0.48 and λopt = 8.

(4c)θ̇ = ωtur − ωgen

(5)

Tgen ≈ Tref =

{

Koptω
2
gen v < vrate

Prate
/
ωgen v ≥ vrate

with Kopt =
πρR5CP_max

2�3opt

Fig. 2 A typical configuration of a generic 2 MW PMSG-based WECS
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Fig. 3 Two-mass spring damping model



Page 5 of 13Zhou  Protection and Control of Modern Power Systems            (2022) 7:37  

3  Torsional vibration analyses
3.1  SSO problem discussion
As is well-known, PMSG-based WECS torsional vibra-
tion is mainly caused by wind disturbance and generator 
control, and is less affected by the power grid because of 
its inverter grid-connected mode. Thus, its SSO problem 
may be limited to MSC control. By the assumptions of:

Equation (4) can be rewritten as:

where the superscript “ ~ ” and “—” refer to small signal 
values and steady state values, respectively. Equation (7a) 
characterizes the rigid motion mode while (7b) reflects 
the resonance mode. From (7b), the flexible drive-train 
natural frequency is expressed as:

(6)







ωtur = ωgen = ω

Ttur = Jturω̇ + Kθ

Tgen = Kθ − Jgenω̇

ω̃tur = ωtur − ω

ω̃gen = ωgen − ω

θ̃ = θ − θ

(7a)
(
Jtur + Jgen

)
ω̇ = Ttur − Tgen

(7b)

¨̃
θ + D

(
1

Jtur
+

1

Jgen

)

˙̃
θ + K

(
1

Jtur
+

1

Jgen

)

θ̃ =
1

Jtur
T̃tur +

1

Jgen
T̃gen

Under the drive-train parameters considered in this 
paper, the drive-train natural frequency is ωn = 97.28 rad/s 
(fn = 15.48 Hz). Clearly, the natural frequency falls into the 
frequency range of the SSO (10–50 Hz). Rewrite (3) and (5) 
as:

where a, b and c are given in Appendix, and T̃gen is:

Usually, the inertia moment has the ability to sup-
press speed or frequency mutation. Due to Jtur >  > Jgen, 
ω̃tur ≪ ω̃gen . This means that ω̃tur can be ignored when 
analyzing the torsional vibration. If ωtur is used for the 
pitch control, β̃ can also be neglected. Therefore, there 
are ˙̃θ ≈ −ω̃gen , T̃tur ≈ cṽ and

(8)ωn =

√

K
(

1
Jtur

+ 1
Jgen

)

and fn =
ωn
2π

(9a)
Ttur = Ttur + aβ̃ + bω̃tur + cṽ

︸ ︷︷ ︸

≈T̃tur

(9b)
Tgen = Tgen +

∂Tgen

∂ωgen

∣
∣
∣
∣
op

ω̃gen

︸ ︷︷ ︸

≈T̃gen

(10)T̃gen =

{
2Koptωω̃gen > 0 v < vrate

−Prateω̃gen

/
ω2 < 0 v ≥ vrate

Fig. 4 Control block of a full power converter. a MSC control. b GSC control
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The simplified small signal model is shown in Fig.  5. 
The small signal model includes the dynamics of wind 
turbine, drive-train, generator and its control, but does 
not involve the power grid and GSC control (For DFIG, 
it may be necessary to consider the power grid impact). 
In order to verify the correctness of the simplified small 
signal model shown in Fig. 5, a comparison between the 
simplified model and simulation test is conducted with 
the variable wind speed v = 9 + sin(10t). From the results 
in Fig. 6, it proves the correctness of the simplified model 
as the output results of the simplified model are very 
close to the simulation outputs in steady state.

Damping has a certain physical meaning and is 
expressed as the ability to block certain movements, e.g., 
vibration or oscillation. As Fig.  5 shows, torque control 
can change the system damping. If ∂Tgen

/
∂ωgen > 0 , 

the total damping can be enhanced. On the other hand, 
system damping is weakened if ∂Tgen

/
∂ωgen < 0 . From 

(10), the MPPT strategy with OTC can increase system 
damping while constant power control can weaken sys-
tem damping. Therefore, SSO can occur under constant 
power control when the total damping is negative. Thus, 

(11)
¨̃
θ +

D

Jgen

˙̃
θ +

K

Jgen
θ̃ =

1

Jtur
T̃tur +

1

Jgen
T̃gen

an additional active damping control strategy must be 
adopted under constant power control. The mechanism 
of damping control method is shown in Fig. 7.

As Fig.  8 illustrates, when the system controller 
switched from MPPT control mode to constant power 

Fig. 5 Simplified small signal model

Fig. 6 Comparison between the simplified model and simulation test platform

Fig. 7 Mechanism of damping control

Fig. 8 System response curves. a Generator torque. b DC-Link 
voltage. c Generator speed. d Drive-train twist
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control mode at 2.2  s, SSO occurrs without damping 
control and the main variables such as generator torque, 
DC-Link voltage, generator speed and drive-train twist 
angle oscillate. In contrast, after the damping control is 
used, SSO is completely suppressed. Figure 9 shows that 
the oscillation frequency (about 13.33 Hz) is close to the 
drive-train natural frequency.

The system power curves are shown in Fig.  10. It is 
evident that grid-connected power oscillation can also 
occur under constant power control. However, the elec-
tromagnetic power does not change much and is stable 
at 2  MW. The difference between the electromagnetic 
power and actual grid-connected power reflects the sys-
tem power loss (mainly copper loss).

3.2  SSH problem analysis
From Figs. 8–10, although the system tends to be stable 
after adding electrical damping, the system variables have 
convergent oscillations in the first few cycles. This means 
that the under-damped system is susceptible to distur-
bance (e.g., wind disturbance or controller switching). 
Figure 11 shows the system responses to sustained exci-
tation of periodical wind disturbance. The wind distur-
bance excites the oscillation of the under-damped system 
in the form of pulsation. This oscillation presents two 
frequency characteristics including under-damped oscil-
lation (13.33  Hz) and forced oscillation caused by wind 
disturbance (about 3.33 Hz). By slowly increasing damp-
ing to critical damping condition, the under-damped 
oscillation can be completely suppressed.

From the above analyses, it can be concluded that nega-
tive damping can cause SSO and the under damping may 
produce SSH. In the following sections, the SSH problem 
will be further elaborated. It is assumed that the system is 
under-damped, and the disturbance produced the torsional 
vibration is near the drive-train natural frequency, as:

(12)θ̃ = A sinω0t

where A is oscillation amplitude and ω0 is oscillation fre-
quency. In such a condition, the generator speed contains 
this frequency component, as:

As the electromagnetic power Pgen can be maintained 
at rated power Prate (see Fig.  10), Tgen = Pgen /ωgen = Prate 
/ωgen. From (10), (13), and the relationship between elec-
tromagnetic torque and q-axis stator current isq, there is:

(13)ω̃gen = ω̃tur −
˙̃
θ ≈ −

˙̃
θ = −Aω0 cosω0t

Fig. 9 Local enlarged drawing of the generator torque curve

Fig. 10 Power curves. a Without damping control b With damping 
control

Fig. 11 System response curves. a Generator torque. b DC-Link 
voltage. c Grid-connected active power
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where np is a generator pole logarithm and ψ is the per-
manent magnet flux magnitude. From the power flow in 
Fig. 2, there is:

where Vgd is the voltage at the grid-connected point. In 
general, the system loss mainly refers to generator cop-
per loss, because the resistance of the coupling reactor 
on the grid-side is very small (assumed to be zero in this 
paper). Thus, the grid connection loss can be neglected 
and POut = Pgrid. As Fig.  4(a) shows, if the q-axis stator 
current isq is fully tracking its reference isq_ref, the q-axis 
stator voltage usq will not contain this frequency compo-
nent. Thus, there is:

Three scenarios in grid-side control are considered as 
follows:

The control function for the DC-Link voltage is very 
strong, and the DC-Link voltage does not fluctuate. 
From Fig.  4(b), when there is no fluctuation in the 
DC-Link voltage, ĩgd = 0 and there is:

From (17), there is:

Equation  (18) means that the voltages at the grid-con-
nected point contain the same sub-synchronous compo-
nent as the torsional vibration frequency.

The capacitor completely filters out the active power 
fluctuation caused by the torsional vibration., i.e.:

(14)
ĩsq =

2

3npψ
T̃gen =

2

3npψ
·

(

−
Prate

ω2
ω̃gen

)

=
2PrateAω0

3npψω2
cosω0t

(15)







PIn = Pdc + POut = usdisd + usqisq = usqisq

POut = ugdigd + ugqigq

Pgrid = Vgdigd

(16)P̃In ≈ usqĩsq + ũsqisq ≈ usqĩsq

(17)







P̃dc = 0

P̃grid = Ṽgdigd = P̃Out = P̃In =
2PrateAω0usq

3npψω2
cosω0t

(18)Ṽgd =
2PrateAω0usq

3npψω2igd
cosω0t

(19)







P̃Out = 0

P̃dc ≈ Udcĩdc + Ũdcidc ≈ CUdc
˙̃Udc = P̃In =

2PrateAω0usq

3npψω2
cosω0t

Thus

From Fig.  4(b), if the lag phase of the inner-current 
loop is neglected, the following expression can be 
obtained:

Equation (21) indicates that the grid currents contain 
the same sub-synchronous component as the tor-
sional vibration frequency.

The final case is between case 1) and case 2), i.e., both 
DC-Link voltage and grid-connected power fluctuate. 
The actual system conforms to the third situation (see 
Figs.  8–11), and both grid voltage and current contain 
SSH of this frequency.

3.3  Forced torsional vibration reduction
The study has found that increasing damping can sup-
press SSO and SSH, but has limited effect on suppress-
ing the forced torsional vibration. Therefore, this paper 
proposes a new method by adding appropriate stiffness 
to reduce the forced torsional vibration. The method con-
sists of superimposing the stiffness compensation control 
based on the original damping control shown in Fig. 12.

From Fig. 12, the closed-loop transfer functions can be 
derived as:

(20)Ũdc =
2PrateAusq

3npψω2CUdc

sinω0t

(21)
ĩgd =

(

KP +
KI

s

)

Ũdc =
2PrateAusq

3npψω2CUdc
(

KP sinω0t −
KI

ω0

cosω0t

)

(22a)Gv(s) =
θ̃ (s)

ṽ(s)
=

c

Jtur
Gθ (s)

Fig. 12 Mechanism of stiffness compensation control
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Equation (22b) indicates that Ks can reduce the static gain 
and increase the system resonance frequency. By reduc-
ing the static gain, the forced torsional vibration caused 
by wind disturbance can be reduced. However, the sys-
tem critical damping condition will also change:

The proposed control schematic to suppress forced tor-
sional vibration is shown in Fig. 13. Because the system 
needs different injection damping at different working 
points, the damping gain KD should be adjusted by (23).

4  Simulation results
In order to verify the effectiveness of the proposed algo-
rithm in this paper, a detailed simulation test platform is 
developed in MATLAB/SIMULINK SimPowerSysterms 
environment shown in Fig.  14. The transient response 
of PMSG-based WECS can be obtained with this simu-
lation test platform. In this section, the focus is on the 
results obtained from the case study of a 2 MW PMSG-
based WECS and the injected stiffness coefficient meet-
ing Ks = 4 K.

The simulation of this section consists of two tests. 
The first test is carried out below the rated wind speed 
and the wind speed curve is shown in Fig. 15(a). Thus 
it aims to test torsional vibration suppression under 

(22b)

Gθ (s) =
1

s2 + 1
Jgen

(

KD + D +
∂Tgen

∂ωgen

∣
∣
∣
op

)

s + K+Ks
Jgen

(23)

KD = 2

√

Jgen(K + KS)− D −
∂Tgen

∂ωgen

∣
∣
∣
∣
op

, with KD ≥ 0

MPPT control. The system responses in these condi-
tions are illustrated in Fig.  15. It is evident that both 
the conventional damping control and proposed con-
trol can effectively suppress SSH. However, compared 
with the conventional damping control, the proposed 
control method can further reduce the forced torsional 
vibration caused by wind disturbance, as described 
below.

1) Figures  15(b–d) present the curves of genera-
tor torque, DC-Link voltage and drive-train twist 
angle. Their fluctuations under the presented con-
trol strategy have clearly been further reduced. As is 
well known, drive-train twist angle fluctuation can 
severely damage the drive-train, and its multiplica-
tion with the stiffness coefficient has been used in 
many studies to characterize the shaft resonant load-
ing. Thus, the reduction of twist angle fluctuation can 
help to reduce the fatigue of the drive-train.

2) Figure 15(e) shows the system power curve. As seen, 
the proposed control method also has the ability to 
reduce the fluctuations of electromagnetic power and 
grid connected power.

3) Although the proposed control increases speed fluc-
tuation, the generator speed becomes closer to the 
rotor speed as shown in Fig.  15(f ). In addition, the 
MPPT controller can provide positive damping to 
the torsional vibration. From (23), when the genera-
tor is above 1.37 rad/s, the damping gain KD will be 
zero. In fact, the system only performs stiffness com-
pensation under MPPT control and the compensa-
tion torque is shown in Fig. 15(g).

Fig. 13 Proposed control schematic to suppress forced torsional vibration



Page 10 of 13Zhou  Protection and Control of Modern Power Systems            (2022) 7:37 

The second test is implemented above the rated wind 
speed and the wind speed curve is shown in Fig.  16(a), 
while the system responses are presented in Figs. 16(b)-(g). 
From Figs. 16(b)-(g), the proposed control strategy is also 
able to reduce the forced torsional vibration under constant 
power control and has low fluctuations of generator torque, 
DC-Link voltage, drive-train twist angle and system power.

5  Conclusions
In this paper, the torsional vibration problem using 
MPPT control and constant power control has been 
studied. The hazards, causes, characteristics, conven-
tional damping control methods and existing problems of 

torsional vibration are discussed. The model of the whole 
system and basic control of a wind turbine is presented, 
while the mechanisms of SSO, SSH and forced torsional 
vibration by wind disturbance are analyzed. A stiffness 
compensation control method based on adaptive damp-
ing is presented to further mitigate the forced torsional 
vibration. The conclusions are as follows:

1) An MPPT controller can increase system damping. 
However, the power controller can weaken system 
damping and if the total damping becomes negative, 
SSO will occur.

Fig. 14 Simulation test platform
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2) Both MPPT control at low rotor speed ( or low wind 
speed) and power control with insufficient damping 
can put the system into an under-damped state, while 
an under-damped system is susceptible to external 
disturbances to produce SSH.

3) It is found that the conventional damping control 
has little effect on the forced torsional vibration, but 
appropriate addition of stiffness can mitigate the 
forced torsional vibration. Therefore, the proposed 
new stiffness compensation control strategy based 
on adaptive damping can suppress forced torsional 
vibration.

Fig. 15 Wind speed curve and system response curves below rated 
wind speed
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Appendix
PMSG-based WECS parameters: Wind turbine inertia 
moment Jtur is 2 ×  104 kg·m2; Air density ρ is 1.225 kg/m3; 
Blade length R is 31 m; Rated wind speed vrate is 13.1; Gen-
erator inertia moment Jgen is 700 kg·m2; Rated power Prate is 
2 MW; Rated torque Trate is 4 ×  102 kN·m; Rate rotor speed 

ωrate is 5 rad/s; Generator pole logarithm np is 102; Perma-
nent flux φ is 1.25 Wb; Stator-resistance is 0.11 Ω; Stator-
reluctance L is 8.35 mH; DC-Link voltage Udc 1800  V; 
Grid-side filter inductor Lc is 6 mH; Drive-train stiffness K 
is 6.4 ×  106 N·m·s/rad; Drive-train damping D is 1.58 ×  105.

Aerodynamic factors a, b, c are as follows:

a =
∂Ttur

∂β

∣
∣
∣
∣
op

=
ρπR2v3

2ωtur
·
∂CP

∂β
b =

∂Ttur

∂ωtur

∣
∣
∣
∣
op

=
ρπR3v2

2ωtur

(
∂CP

∂�
−

CP

�

)

c =
∂Ttur

∂v

∣
∣
∣
∣
op

=
ρπR3v

2

(
3CP

�
−

∂CP

∂�

)

Fig. 16 Wind speed curve and system response curves above rated 
wind speed
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