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Abstract

In the quest of improving the frequency response capability of wind turbines, control

solutions trying to emulate synchronous machines have been proposed. While their

performance in terms of frequency support is relatively good, they may trigger tor-

sional oscillations, cause fatigue and damage in the drivetrain, and reduce its lifetime.

In this paper, the torsional oscillations caused by a virtual synchronous machine

(VSM)-based frequency controller are illustrated, and methods for damping them are

introduced. Two torsional oscillation damping methods are compared and combined

to derive an improved method. Dynamic simulation results show better damping per-

formance from the combined damping method.
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1 | INTRODUCTION

Nowadays, wind energy plays an increasingly significant role in power systems. The overall installed capacity of wind turbines (WTs) worldwide

reached 650 GW by the end of 2019, which covers more than 6% of the global electricity demand.1 As the share of wind power generation keeps

increasing, frequency stability becomes a challenge. Hence, many grid codes require WTs to have frequency support capability.

Different schemes for providing such capability have been presented and discussed in literature. Naturally, the focus has been around the

performance and impact of such schemes on power system stability. However, the influence of such schemes on the mechanical dynamics of

WTs has been sparsely investigated. Only a dozen publications on this topic are available, most of them considering frequency support schemes

based on estimating the system frequency by means of, e.g., phase-lock loops (PLLs). Frequency derivative-based response is considered,2–6 or a

PLL is needed to estimate the system frequency.7–9 Recently, alternative schemes based on the so-called grid-forming control have been pro-

posed. One implementation is based on the virtual synchronous machine (VSM) concept.10–12 The mechanical dynamics of a VSM-controlled WT

providing frequency support have been investigated in a couple of studies. A rather complex structure is introduced in Tessaro and de Oliveira,13

including secondary frequency, control, a virtual mechanical actuator, and damping. The influence of VSM control parameter values on the

mechanical dynamics has been studied in Avazov et al.14 Such VSM control scheme includes a damping resistor and relies on a PLL to estimate

the grid frequency. Furthermore, no discussion of damping methods is included.

A reduced-order VSM-based frequency support scheme was proposed in Lu et al.15 Such scheme provides satisfactory f�P droop control

and virtual inertia with considerable simplicity; however, its impact on the WT mechanical dynamics was not investigated.

Several methods have been proposed for damping torsional oscillations in WT drivetrains. Traditional, simple methods rely on a band-pass fil-

ter (BPF).16–18 In Hansen and Michalke,18 the DC-link voltage reference is modified by adding a compensation term proportional to the generator
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speed variations (i.e., the output of the BPF), to transform torsional oscillations into variations of DC-link voltage. It originated from the multi-pole

permanent magnet synchronous generator (PMSG) WT concept, with its gearless and “soft” drivetrain.19 The BPF is tuned to the free–free fre-

quency of the drivetrain. The method works well except for the initial dip (i.e., rate of change and nadir) in generator speed: It is similar to that of

the case without torsional damping. Arani and Mohamed8 proposed a damping method specially adapted to torsional oscillations caused by fre-

quency control. Like in the previous method, the DC-link voltage reference is modified according to the active power output from the WT provid-

ing frequency support. This method works well at the beginning of a frequency event (the initial cycles of the oscillations) but less well

afterwards, as no information of the generator speed is used. Moreover, the DC-link voltage drops significantly in the process, which is not desir-

able in WT operation.

The paper focuses on the damping of torsional oscillations on a particular operating mode for the WTs, namely, when providing frequency

support. The assumption is that the drivetrain control is able to effectively damp the oscillations due to the operation of the WT (start/stop/emer-

gency stop) or the nature of wind speed. Then, the paper is solely aimed to address the torsional oscillations that are triggered in the frequency

response.

The contribution of this paper is twofold. First, the impact of the reduced-order VSM-based frequency controller on the torsional oscillations

is investigated, including a parametric sensitivity analysis of the controller values, and second, a torsional damping method is proposed based on

the combination of the two above-mentioned ones and options are investigated for reducing the impact of the method on the DC-link voltage.

The rest of paper is organized as follows. Section 2 describes the modeling and controls of the WT in this work. The simulation setup, influ-

ence of the frequency controller parameters on the torsional oscillations, and comparison of different damping methods are illustrated in Section 3,

and concluding remarks are made in Section 4.

2 | WT MODELING AND CONTROL

A 10- MVA direct drive type-4 WT is considered. Its powertrain is shown in Figure 1. Its generator is connected to the grid via a back-to-back

full-scale converter. The model also includes the aerodynamic, pitch control, and drivetrain models,20 albeit not shown in Figure 1.

2.1 | Drivetrain model

WTs have relatively soft shafts, with drive-train eigenvalues typically inside the frequency range relevant for power system analysis (i.e., 0.1–

10 Hz).18 It is therefore important to have a proper model of the drivetrain. The most used mechanical model for the drivetrain is the so-called

two mass model, shown in Figure 2. One mass corresponds to the rotor, with inertia Jrot, and the other to the generator, with inertia Jgen. The

masses are connected by a flexible low-speed shaft characterized by its stiffness, k, and damping, c. No gearbox is used in this concept; i.e., the

generator is connected to the low-speed shaft, ngear =1, as described in Hansen et al.21 The parameter values are based on Hansen and

Margaris22 and given in detail in Appendix A.

The shaft stiffness, k, is related with the inertias of generator and rotor. Its value is fixed once a specific drivetrain is modeled. However, the

shaft damping, c, does not have such a fixed relationship with the physical properties of the drivetrain. Its value defines at a large extent the

response of the drivetrain model during transient events. The parameter includes the damping added to the system by dedicated control in order

to avoid possible torsional oscillations excited.22 Therefore, the profile of torsional oscillations is much influenced by the value of shaft damping.

In this work, the focus is on damping the oscillations due to the active power modulation (spikes) during frequency support. In doing so, we

assume that all the torsional oscillations due to all other reasons are already damped. Hence, we use a value of 2pu for the shaft damping in this

work. While 2pu is used, to illustrate the abovementioned influence of the value, a comparison is given in Section 3.3 (Figures 17 and 18). In the

F IGURE 1 Configuration of a type-4 WT
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comparison, a case is investigated when the shaft damping is 0:5pu. From the comparison, it is clear that the value of shaft damping has a large

influence on how the torsional oscillations look like and how quickly they are damped.

2.2 | Converter controls

The detailed control schemes for both converters are shown in Figure 3. The machine-side converter (MSC) controls the DC-link voltage. The

compensator KV sð Þ is designed to have an adequately large phase margin in the worst operation case, i.e., when injecting nominal power into the

DC link, based on Yazdani and Iravani.23 For simplicity, the MSC is modeled as a controllable current source, i.e., iMSC_d ¼ i�MSC_d (see Figure 3). The

MSC reactive power output is controlled to zero.

The grid-side converter (GSC) controls the WT active power output. With frequency control capability, the WT is controlled in a de-loading

way, to reserve 10% of its available power. Pe is the load shared by the WT, which is measured and calculated at the point of connection (PoC).

ΔPfc is the regulating power for frequency control. A reduced-order VSM-based frequency controller is implemented in the GSC control scheme,

as shown in Figure 3.15 The frequency controller allows the WT to regulate the system frequency automatically (f�P droop control) and includes

virtual inertia to limit the rate of change of frequency (RoCoF). The parameters of the GSC control scheme are the same as those in Lu et al.15 and

given in Appendix A.

3 | TORSIONAL OSCILLATIONS DAMPING

To study the torsional oscillations in the WT drive train during frequency support operation, a simple power system model consisting of an aggre-

gated WT and one conventional power plant (CPP), with a changeable load in between, was implemented, with the diagram shown in Figure 4.

The detailed components models were implemented in MATLAB/Simulink SimPowerSystems.

The CPP consists of a synchronous generator (SG), driven by a steam turbine. The SG's governor is modeled. The response time lags depend

on the types of governor and turbine in a CPP. In this paper, these time lags are linearly represented by first-order transfer functions, appropriate

for frequency stability analysis. A typical value of 0.2 is adopted for the time constant Tg of the governor block, resulting in a delay of 3–5 s.24

AVR is not modeled for the SG; hence, a constant excitation of 1 is applied.

The parameters for the model are given in Tables A1–A3 in Appendix A.

3.1 | Torsional oscillations due to the frequency controller

The reduced-order VSM-based frequency controller has two main parameters influencing the response to a frequency event, inertia constant

H_FC , and droop coefficient Dr_FC ,
15 and the focus is on investigating their impact on the torsional oscillations of the drivetrain by means of para-

metric sensitivity analysis. The torsional oscillations are reflected in the generator speed and the shaft torque (Tshaft), which are plotted for differ-

ent parameter values to assess its influence.

F IGURE 2 Two mass model of a WT drivetrain. Reproduced from Hansen et al.21
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The range of parametric variation is based on the analysis done in15 and for the inertia H_FC = {2, 4, 6} s, and for the droop coefficient,

Dr_FC = {0.01, 0.05, 0.25}. For the inertia constant H_FC , the results are shown in Figures 5 and 6. For the droop coefficient Dr_FC , the results are

shown in Figures 7 and 8. In both cases, the parameters of the CPP remained constant.

Both the WT and the CPP operate at 0.9 pu of their nominal power at the beginning, and the changeable load increases by 0.2 pu at

t¼30 s.

From the results, we can see that frequency control from the WT can trigger torsional oscillations in its drivetrain. In the simulated case, the

frequency of these oscillations is around 1 Hz, but this depends on the severity of the frequency event. It can be easily observed that with a larger

inertia constant H_FC in the frequency controller, the oscillations have larger magnitudes, which increases strain and abrasion of the drivetrain and

thus leads to more fatigue.

From Figures 7 and 8, we can conclude that with a smaller droop coefficient Dr_FC , the torsional oscillations have larger magnitudes, which

again is disadvantageous for the drivetrain's lifetime.

3.2 | Torsional oscillations damping controllers

In this section, two different methods for damping the torsional oscillations in the drivetrain—available in the literature—are compared. The first

method proposed in Hansen and Michalke18 is a BPF-based method, as shown in Figure 9. The aim is to identify and damp specific frequencies

F IGURE 3 Wind turbine converter controls

F IGURE 4 System model for simulations
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F IGURE 5 Influence of H_FC on the generator speed

F IGURE 6 Influence of H_FC on the shaft torque

F IGURE 7 Influence of Dr_FC on the generator speed

LU ET AL. 1161



like the free–free frequency, while all other frequencies are blocked. The BPF is applied to the measured generator speed ωg and then used to

generate a compensation term ΔVDC added to the DC-link voltage reference. With the data of the WT drivetrain from Hansen and Margaris,22

the free–free frequency of the drivetrain is 1.5336Hz, which is set to be the natural frequency of the second-order BPF used in this work. A

phase compensation block is needed to make sure the compensation electromagnetic torque resulted from this damper is aligned in phase with

the oscillation components in the generator speed. By using the sinusoidal disturbance injecting method,18 the compensation is determined to be

a phase lag of 85.1148�. Values are set to T2 ¼0:0044,T3 ¼2:4461, and the gain is tuned to be 40 to achieve the maximum damping. The

BPF-based damping method is a general one, using the generator speed as an input. This can also be seen as acting on the effect—the generator

speed oscillations—and not on the cause—in our case the active power modulation as a response to a frequency event.

The second method proposed in Arani and Mohamed8 uses the regulating power for frequency control as input, hence acting on the cause of

the oscillations. The regulating power is the ΔPfc in Figure 3. This ΔPfc-based method also modifies the DC-link voltage reference, as given in 1.

ΔPfc, the power needed for frequency regulation, is processed by a second-order high-pass filter before being integrated. The integration converts

the power into the needed energy for frequency control, which is essential as the DC-link voltage controller regulates the square of the voltage.

Therefore, the basic idea of this method is to obtain the needed energy for frequency control from the DC-link and as a consequence, temporarily

maintaining the power balance in the drivetrain to reduce the impact on the drivetrain dynamics. A large DC-link voltage drop is foreseen in this

process if it is an under frequency event. The cut-off frequency is set to be 0.5 Hz and the damping ratio ζ to be 1.

V2
ref ¼V2

nom�2
C
�1
s
� s2

s2þ2ζωnsþω2
n
�ΔPfc: ð1Þ

To understand the behavior and performance of each method, a comparison is presented below. For a load increase of 0.2 pu, we simulated

three different cases: without any damping of torsional oscillations, damping with the BPF-based method, and damping with the ΔPfc-based

method. The results are shown in Figures 10–13. The ΔPfc-based method uses “Delta_P-based” as a legend in the following figures.

From the results of the generator speed and the shaft torque, we can see that the BPF-based method provides a very good damping of the

torsional oscillations, especially after the initial swing. The results indicate that at the initial swing, the generator speed has a large decrease, which

has the same rate of change and slightly higher nadir compared to the one in the case without any damping. On the contrary, in the first swing,

F IGURE 8 Influence of Dr_FC on the shaft torque

F IGURE 9 The BPF-based method
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F IGURE 11 Influence of different damping methods on the shaft torque

F IGURE 12 Influence of different damping methods on the DC-link voltage

F IGURE 10 Influence of different damping methods on the generator speed of the WT
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the ΔPfc-based method effectively prevents the initial fast and deep decrease of the generator speed. However, its damping performance is not

as good as that of the BPF-based method afterwards.

From Figure 12, the oscillations in the DC-link voltage when the BPF-based method is utilized reflect the oscillating components from the

generator speed derived by the BPF. As mentioned above, a large decrease of the DC-link voltage is observed when the ΔPfc-based method is

applied. Such large variations could violate with the minimum requirements of DC-link voltage for normal operation of GSC or MSC, for instance,

around 0.9 pu in nominal grid voltage conditions.25 It would therefore be advisable to find a trade-off between the performance of the torsional

oscillations damping and the DC-link voltage transients.

As shown in Figure 13, the frequency trace is identical for all three cases, which means damping of the torsional oscillations in the drivetrain

does not influence the performance of the frequency control from the WT.

3.3 | Combined damping method

In order to make use of the advantages from the BPF-based method and the ΔPfc-based method while at the same time avoiding their disadvan-

tages, a combined damping method is proposed in this work. In the proposed method, information from both the generator speed ωg and the reg-

ulating power ΔPfc is used, but applied at different points in the DC-link voltage controller. The block diagram is shown in Figure 14. A first-order

high-pass filter is used instead in the ΔPfc-based branch. Its cut-off frequency is 0.5Hz.

To illustrate the performance of the combined method, for the same frequency event (load change), the generator speed and the shaft torque

are compared with the ones from the abovementioned methods. First, Figures 15 and 16 show the results of the WT at a high wind speed

(15m=s), for which the available power of the WT is 1 pu.

From Figure 15, we can see that the combined method successfully avoids the first quick and large dip of the generator speed as shown in

the BPF-based method at the beginning of the event, meanwhile achieves similar damping effect with the BPF-based method after the initial

F IGURE 14 The combined damping method

F IGURE 13 Influence of different damping methods on the grid frequency
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swing. The results shown in Figures 15 and 16 indicate that the combined method performs better than the other two methods in damping the

torsional oscillations in the drivetrain.

As mentioned in Section 2.1, to illustrate the influence of shaft damping on the profile of torsional oscillations, a different value (0:5pu)

of shaft damping is used for the same case as that in Figures 15 and 16. The results are shown in Figures 17 and 18. From the comparison

between results in Figures 15–18, it is clear that the value of shaft damping has a large influence on how the torsional oscillations perform in

transients.

To investigate the consistency of the results, two other cases at different wind speeds are investigated. Figures 19 and 20 show the results at

a medium wind speed (9:51m=s), for which the available power of the WT is 0.6 pu, while Figures 21 and 22 show the results at a low wind

speed (7:48m=s), for which the available power of the WT is 0.3 pu. From the results, it is easy to conclude that the combined method still per-

forms better than the other two methods in damping the torsional oscillations at low and medium wind speeds. Therefore, it is convincing to say

that the combined method achieves better damping effect in each operating region of the WT.

Figure 23 shows that the combined damping method leads to slightly lower nadir in the DC-link voltage compared to the ΔPfc-based

method. The results for the DC-link voltage with low and medium wind speeds are rather similar to that in Figure 24; hence, they are not

included.

Since the methods use the energy stored in the DC-link capacitor to shield the drivetrain from the oscillations caused by the power imbal-

ance, the most intuitive solution to limit the nadir of the DC-link voltage transients is to increase the DC-link capacitor size. Alternatively, this can

F IGURE 15 Comparison of the three damping methods on the generator speed (high wind speed)

F IGURE 16 Comparison of the three damping methods on the shaft torque (high wind speed)
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F IGURE 17 Comparison of the three damping methods on the generator speed (high wind speed, shaft damping is 0:5pu)

F IGURE 18 Comparison of the three damping methods on the shaft torque (high wind speed, shaft damping is 0:5pu)

F IGURE 19 Comparison of the three damping methods on the generator speed (medium wind speed)
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F IGURE 21 Comparison of the three damping methods on the generator speed (low wind speed)

F IGURE 22 Comparison of the three damping methods on the shaft torque (low wind speed)

F IGURE 20 Comparison of the three damping methods on the shaft torque (medium wind speed)
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be done by including storage in the WT, for example, in the form of a supercapacitor. In any case, this would be equivalent with a larger energy

buffer available in the DC-link (or on the grid side of the WT).

To investigate this, we increased the DC-link capacitor size by different percentages and compared the results between the cases with

and without increasing the capacitor size. For simplicity, only the combined damping method is considered in both cases, and only high wind

speed scenario is investigated. The main objective of this exercise is to limit the nadir of the DC-link voltage above 0.9 pu, thus meeting

the minimum requirement of DC-link voltage for normal operation of GSC and MSC under nominal grid voltage conditions.25 This exercise

resulted in a 25% increase of the DC-link capacitor size. Therefore, only the results of increasing the capacitor size by 25% are shown in

Figures 25–28.

The capacitor size has little influence on the damping performance as shown in Figures 25 and 26. Compared to the case without any

damping, both cases with the combined damping method achieve good damping effect in the generator speed and shaft torque. More signifi-

cantly, by increasing the capacitor size, we are able to improve the nadir of DC-link voltage up to 0.9 pu, as shown in Figure 27. Similarly, no influ-

ence on the grid frequency is observed in Figure 28.

This investigation indicates that, with an increased capacitor size by 25%, the overall damping performance of the combined damping method

is preserved, while maintains the DC-link voltage above the required minimum level.

Increased capacitor size means larger volume and more expenses, which may restrict its implementation in practice. However, this

investigation validates the feasibility of improving the combined method by use of an energy buffer, which implies that a different kind of energy

F IGURE 23 Comparison of the three damping methods on the DC-link voltage (high wind speed)

F IGURE 24 Comparison of the three damping methods on the grid frequency (high wind speed)
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F IGURE 25 Influence of increasing the DC-link capacitor size on the generator speed using the combined method

F IGURE 26 Influence of increasing the DC-link capacitor size on the shaft torque using the combined method

F IGURE 27 Influence of increasing the DC-link capacitor size on the DC-link voltage using the combined method
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buffer could be an alternative to achieve the goal and which could also contribute to even better (under-)frequency control capability from

the WT.

4 | CONCLUSION

When a WT is providing frequency control, the sudden increase in active power production will cause oscillations in the drivetrain, due to the

temporary power imbalance. This aspect is discussed in this paper. First, we investigated the influence of our previously proposed frequency con-

troller on the drivetrain torsional oscillations. A larger inertia constant H_FC or a smaller droop coefficient Dr_FC leads to larger magnitudes in the

oscillations, which will increase the strain and abrasion in the drivetrain, resulting in more fatigue and reduces its lifetime. Second, two damping

methods available in the literature are compared. Both of them can damp the torsional oscillations at a certain degree, but each of them has some

disadvantages. A combined method is proposed in this paper, which integrates the advantages of the previous two methods, meanwhile avoids

their disadvantages. The proposed combined method shows better damping effect than the other two methods. Third, we also investigated the

possibility of using an extra energy buffer, for instance, increasing the DC-link capacitor size, to maintain the DC-link voltage within an allowable

range during the frequency control process.
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APPENDIX A.

A salient pole rotor is modeled in the SG; hence, there is no parameter q axis transient reactance X0
q, open-circuit (T

0
qo), or short-circuit (T

0
q) time

constant. The d axis is the short circuit, and q axis is the open circuit.

TABLE A2 Parameters of the CPP

Parameter Value Parameter Value

Capacity, Sn 10 MVA SG d axis transient short-circuit time constant, T0
d 1.01 s

Nominal voltage (phase-to-phase, RMS), Vn 690 V SG d axis subtransient short-circuit time constant, T00
d 0.053 s

Nominal current (RMS), In 8367.4 A SG q axis subtransient open-circuit time constant, T00
qo 0.1 s

Nominal frequency, fn 50 Hz SG stator resistance, Rs 2.8544 � 10�3 pu

SG Number of pole pairs 1 SG friction factor, F 0

SG d axis synchronous reactance, Xd 1.305 pu SG inertia constant, H_SG 4 s

SG d axis transient reactance, X0
d 0.296 pu Droop coefficient, Dr_SG 0.05

SG d axis subtransient reactance, X00
d 0.252 pu Governor time constant, Tg 0.2 s

SG q axis synchronous reactance, Xq 0.474 pu Steam turbine time constant, Tch 0.3 s

SG q axis subtransient reactance, X00
q 0.243 pu

SG leakage reactance, Xl 0.18 pu

TABLE A3 Parameters of the WT

Parameter Value Parameter Value

Nominal active power, Pn 10 MW DC-link capacitor, C 0.3979 F

Nominal voltage (phase-to-phase, RMS), Vn 690 V GSC current loop time constant, τc 7.9577 � 10�4 s

Nominal current (RMS), In 8367.4 A GSC current loop proportional gain, Kpc 0.4

Nominal frequency, fn 50 Hz GSC current loop integral gain, Kic 0.04

Nominal DC-link voltage, V�
DC 2000 V GSC voltage loop proportional gain, Kpv 0.0667

Converter switch-on resistance, Ron 1 � 10�3 Ω GSC voltage loop reciprocal of integration time, z 139.6263

Filter resistance, Rf 1 � 10�3 Ω Inertia constant, H_FC 4 s

Filter inductance, Lf 0.1 pu Droop coefficient, Dr_FC 0.05

Filter capacitance, Cf 0.05 pu Shaft stiffness, k 84.8394 pu

Rotor inertia constant, Hrot 6.6144 s Shaft damping, c 2 pu

Generator inertia constant, Hgen 1.0602 s

TABLE A1 Per unit representation and simulation settings

Parameter Value Parameter Value

Power base, Sb 10 MVA Inductance base, Lb ¼ Zb=ωb 1.5155 � 10�4 H

Voltage base (phase-to-ground, peak), Vb 563.3826 V Capacitance base, Cb ¼1=Zb=ωb 0.0669 F

Current base, Ib ¼ Sb=Vb�2=3 11,833 A Simulation time step, Ts 160 � 10�6 s

Impedance base, Zb ¼Vb=Ib 0.0476 Ω Initial power set point of GSC, Pavai�0:1ð Þ 0.9 pu

Frequency base, fb 50 Hz Initial power set point of SG, Pref_SG 0.9 pu

Angular speed base, ωb ¼2πfb 314.1593 rad=s
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