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Abstract—The blade’s rotational sampling to the spatial dis-

tributed wind velocities will induce 3P oscillating aerodynamic 

torque during the wind energy generation process. This causes the 

turbine drive-train bare high aerodynamic load because the gen-

erator is driven by this aerodynamic torque through it. Moreover, 

the system inherent resonant mode will also be induced by the 

aerodynamic load, causing fatal damage to the whole system. To 

damp the serious aerodynamic load of the PMSG-based di-

rect-drive wind energy conversation system (WECS), a new 

power control strategy with damping injection is proposed in this 

paper. The proposed method is realized by adding a compensation 

torque, which is proportional to the small-signal value of the 

generator speed, into the system torque control loop. Both the 

aerodynamic load and the system inherent resonant mode can be 

well damped if the proposed method had been adopted. Theoretic 

analysis is verified by experimental results performed by a 10kW 

WECS established in the laboratory. 

 
Index Terms—wind power generation; PMSG; aerodynamic 

load; natural resonant mode suppression; damping injection; 

power spectrum density 

 

NOMENCLATURE 

v, VN Wind velocity and rated wind velocity (m/s) 

Cp, Cpmax Power coefficient and its maximum value 

CT, CTmax Torque coefficient and its maximum value 

λ, λopt Tip speed ratio and its optimum value 

kT Fit coefficient 

Jr Moment of inertia of the blade (kg·m2) 

Jg Moment of inertia of the generator (kg·m2) 

Ks Shaft stiffness (kg/s2) 

Bs Friction coefficient (kgm/s) 

R Radius of the turbine (m) 

ρ Air density (kg/m3) 

ωr, ωg Rotor speed  and generator speed (rad/s) 

ωref Generator speed reference signal (rad/s) 

ωrN, ωgN Rated rotor and generator speed (rad/s) 

θs Shaft electrical angle (rad) 

Tr, Tg Aerodynamic and generator torque (N·m) 

Ts Shaft torque (N·m) 

Tg,comp Compensation torque (N·m) 

kg Torque amplification gain 

Vdc, Vl DC-link and DC-bus voltage (V) 

idc DC-link current (A) 

ωn Natural resonant frequency (rad/s) 

ξ System inherent damping factor (kgm/s) 

Kcomp Compensation gain 

Pr Aerodynamic power (W) 

Pdc Generated power of the WECS (W) 

PrN, PdcN Rated aerodynamic and electrical power (W)

 

I. INTRODUCTION 

he development in the use of renewable energy is becom-

ing the key solution to the serious energy crisis and envi-

ronment pollution now. Among various kinds of renewable 

energy, wind energy is by far the fastest growing energy for its 

free availability, environmental friendliness, policies fostering, 

and the maturity of turbine techniques; and, it has become a 

research focus and priority all over the world [1]-[3].  

Nowadays, the most commonly used variable-speed turbine 

structures are doubly fed induction generator (DFIG) based 

wind energy conversion system (WECS) and direct-drive per-

manent-magnet synchronous generator (PMSG) based WECS 

[4]-[5]. To the DFIG, the presence of a gearbox that couples the 

wind turbine to the generator causes problems. The gearbox 

suffers from faults and requires regular maintenance. The re-

liability of the variable-speed wind turbines can be improved 

significantly by using the PMSG, because of which it has re-

ceived much attention in wind energy application now. In ad-

dition, the PMSG based WECS also has the property of simple 

structure, high power factor and high efficiency. Therefore, the 

system structure under consideration in this paper is chosen as 

the direct-drive PMSG-based WECS. 

The main components of a direct-drive PMSG based WECS 

include a turbine rotor, a drive-train, a PMSG, a full rated 

power electronic conversion system, and a transformer for grid 

connection. The system energy generation process can be 

typically synthesized as: the wind turbine captures the power 

from wind by means of turbine blades and convert it to me-

chanical power. The PMSG is driven by the rotating turbine 

through the drive-train and convert the energy from mechanical 

to electrical. After adjusting by the power electronics system, 

the generated power is then injected into the utility grid [6]-[7]. 

During this process, because the wind speed distribution is far 

from being uniform throughout the area swept by the blades of 

a wind turbine (the swept area is very large), wind speeds 

measured at different points of the swept area may substantially 

differ, both in its mean and turbulent components, known as 

wind shear effect [6]. In addition, to a horizontal wind turbine, 

the airflow in front of the tower is forced to bypass it, making 

the airflow take a lateral speed whereas its axial speed de-

creases, called tower shadow effect [6]. The wind shear and 

tower shadow effects will induce 3nP (n=1, 2, 3…) (mainly 3P) 

oscillating component in the captured aerodynamic torque and 
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further make the drive-train bear high torque ripple, defined as 

aerodynamic load in this paper, because the 3P oscillating 

torque is propagating down the system through it. The direct 

impacts brought by the aerodynamic load are: on the one hand, 

the drive-train is more likely to be fatigue breakdown, thus to 

shorten the useful life of the WECS; on the other hand, the 

system inherent resonant mode will be easily excited because 

the drive-train shaft of the multi-pole PMSG-based WECS is 

rather “soft” and prone to oscillation according to references 

[8]. This oscillation will leads to the fluctuation in the output 

power with a frequency usually  being as low as 0.1–10Hz 

which tends to coincide with the frequencies associated with 

power system interarea oscillations (0.1–2.5 Hz) [9]. As a result, 

instability issues are expected for the power system with high 

wind-power penetrations if no aerodynamic load mitigation 

technique is adopted for the PMSG-based WECS.  

In order to damp the aerodynamic load, suppress the oscil-

lations and avoid instability, the most commonly used method 

is to add external damping to the WECS. A popular way is to 

mount the damping rubber on the drive-train shaft. However, it 

is costly and needs additional installation space on the 

drive-train shaft. Another choice, which can be seen in [10], is 

to apply damping by means of blade pitching for variable pitch 

WECS. However, this scheme requires a fast regulation of the 

blade pitches. The most useful way is to apply active-damping 

techniques either on the generator-side or on the grid-side 

[11]–[15]. Consider the fact that the grid-side inverter is usu-

ally used to adjust the active and reactive power of the WECS 

to meet the grid code, there is no more control flexible to 

achieve damping injection [12]-[14]. Therefore, active damp-

ing from the generator-side becomes a better choice and some 

researches can be found in the published literatures. In [8], [15], 

a damping strategy is proposed to control the stator current and 

the energy stored in the dc-link capacitor. By periodically 

short-term charging and discharging the dc-link capacitor, 

energy is stored in the capacitor and the load current varies. 

This in turn influences the torque in such a way that it coun-

teracts the oscillations and provides effective damping. How-

ever, accurate identification of the frequency and phase angle 

of the generator speed oscillations is needed.  

The intended contribution of this paper is to demonstrate that 

the difficulty to damp the aerodynamic load and suppress the 

oscillations can be achieved by a power control strategy with 

damping injection proposed. The rest of this paper is organized 

as follows: the PMSG-based direct-drive WECS under con-

sideration is modeled as a two-mass model in section II, where 

the system inherent damping and natural resonant frequency is 

obtained through modeling analyses. In section III, a novel 

active-damping injection scheme is proposed to mitigate the 

aerodynamic load. Since the proposed scheme requires the 

knowledge of the small signal value of the generator speed, an 

estimation method based on the power flow analysis is further 

proposed to obtain this signal. Before conclusions, a fourth part 

gives out the experimental verifications performed by a 10kW 

PMSG-based direct-drive variable-speed WECS. 

PMSG
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Fig.1 System configuration of the adopted 10kW PMSG-based direct-drive 

variable-speed WECS 

II. SYSTEM MODELING AND ANALYSIS 

A. System Structure 

The system configuration studied in this paper is depicted in 

Fig.1. It is constructed by a PMSG-based direct-drive 

fixed-pitch wind turbine. Through a diode rectifier, the output 

power of PMSG is transferred to a boost converter which is 

used to optimally regulate the output power of the turbine. The 

optimized power is then connected to the grid by the inverter. 

To balance the generated power and the power injected into the 

grid, the dc-bus voltage Vl is usually controlled stable by the 

inverter [16]-[17]. Hence, it is reasonable to treat the dc-bus 

voltage as an ideal voltage source when analyzing the power 

control strategy of the turbine. Meanwhile, the power optimi-

zation is achieved by introducing the well known power 

feedback control method into the control system, as shown in 

the lower part of Fig.1 [18]-[19].  In this method, the output 

power of the turbine Pdc is firstly sensed and used to calculate 

the optimum generator speed reference according to the 

pre-learned aerodynamic characteristics. If the generator speed 

is controlled to follow this optimum reference very well, the 

output power can be easily optimized. In addition, to make the 

electrical torque controllable in the adopted system structure, 

torque control loop is further adopted which is indirectly real-

ized by controlling the dc-link current idc, as dipicted in Fig.1. 

B. System Modeling 

The well known modeling method for the WECS is using 

subsystem modeling method. This method first separates the 

whole system into several interconnected subsystems and then 

modeling each subsystem so as to obtain the entire system 

model. The system shown in Fig.1 can be structured as aero-

dynamic subsystem, mechanical subsystem and electrical sub-

system. The modeling methods for each subsystem are given in 

the following. 

1). aerodynamic subsystem 

According to the Aerodynamics, the aerodynamic power and 

torque captured by the turbine blades can be expressed as 

2 31
( )

2
r pP R C v                              (1) 

3 21
( )

2
r TT R C v                              (2) 

Since the fixed-pitch wind turbine is adopted in this paper, its 

power coefficient Cp(λ) and torque coefficient CT(λ) (as shown 

in Fig.2 (a) and (b) respectively) are only varied with  
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(a)                                                       (b)  

Fig.2 Power and torque coefficient of the adopted turbine: (a) power coeffi-

cient; (b) torque coefficient. 

tip-speed-ratio λ and they satisfy 

( ) ( )p TC C                                     (3) 

where in (1)-(3), the tip-speed-ratio λ is a parameter defined as 

r R

v


                                            (4) 

Using polynomial approximation to the CT-λ curve, we have 

2

max max( ) ( )T T TC C k                            (5) 

To the adopted wind turbine, CTmax=0.048, λmax=7.2, 

kT=0.002254. Detailed parameters of the WECS are shown in 

Table I. 

2). mechanical subsystem 

Conceptually, the mechanical structure can be arranged into 

several rigid bodies linked by flexible joints. The amount of 

these joints or degrees of freedom determines the order of the 

model. Even a few degrees of freedom will give rise to high 

order nonlinear models. Therefore, it is important to consider in 

the model just those degrees of freedom that are directly cou-

pled to the control. According to [20], although simple models 

may not characterize thoroughly the dynamic behavior of the 

entire WECS, much can be learnt from them. Particularly, 

simple models are very helpful for analysis on power control 

strategies and for the controller design, whereas the unmodeled 

dynamics can be treated as uncertainties. By this reason, the 

model presented here includes just the torsion mode of the 

drive-train, as shown in Fig.3, where the drive-train is modeled 

as two rigid bodies linked by a flexible shaft. Thus, from Fig.3, 

one can obtain the model of the mechanical subsystem as 

0 1 1 0 0 0

1 0

10

s s

s s s
r r r

r r r r

g g g
s s s

g
g g g

K B B
T

J J J J
T

K B B
JJ J J

 
 
 

                                             







 

 (6) 

3). electrical subsystem 

To the WECS, consider the fact that the mechanical time 

constant is much greater than the electrical time constant be-

cause of the system high moment of inertia. Therefore, it is 

reasonable to assume the generator torque to track the torque 

reference without delay. Based on this assumption, we have 
*

g g gT k T                                           (7) 

Normally, the torque dynamic is much faster than the speed 

dynamic for a generator because of its large inertia. That is 

equally saying, the dc-link voltage (i.e. the generator  

TABLE I PARAMETERS OF WECS 

Parameters of the turbine Value Parameters of the PMSG Value

Radius of the turbine R (m) 3.7 Shaft stiffness Ks (N·m/rad) 620

Numbers of blades 3 
Friction Coefficient 

 Bs (N·m·s/rad) 
0.14

Moment of inertia of the blade

Jr (kgm2) 
38 

Moment of inertia of the gen-

erator Jg (kgm2) 
0.32

Rated rotor power PrN (kW) 10 Rated output power PdcN (kW) 10 

 rated wind velocity VN (m/s) 10.5 Permanent Magnet Flux ψ (wb) 1.28

Max power coefficient Cpmax 0.35 Rated rotor speed ωN  (RPM) 500

Optimum tip-speed-ratio λopt 8.2 Winding Resistance Rs (Ω) 3.6

Rated rotor speed ωrN (rad/s) 23 
Rated generator speed  

ωgN (rad/s) 
23 

 

 

Fig.3 Two-mass model of the drive train 

( )C s

 

Fig.4 Simplified control block diagram of the WECS 

rectification voltage) Vdc has a much slower dynamic than the 

dc-link current idc. From this point of view, the system con-

figuration can be simplified as shown in Fig.4, in which C(s) 

stands for the transfer function of speed regulator PI1 in Fig.1. 

4). entire WECS linear model and analysis 

Using small signal analysis to (2), (5)-(7) at a certain stable 

operational point Q(VQ, ωQ), the open-loop linear model of the 

WECS, with the inputs and outputs being [ *

gv T ]T and 

[
s gT   ]T respectively, can be obtained as 

  11 12

* *

21 22

( ) ( )
( )

( ) ( )

s

g gg

v vT G s G s
G s

T TG s G s
      

        
       

  

 
            (8) 

The detailed contents of G(s) in (8) are given on Appendix I. 

Hence, Fig.4 can be redrawn as Fig.5, from which the 

closed-loop transfer function from [
refv  ]T  to [

s gT   ]T 

can be obtained as 

11 12

21 22

( ) ( )
( )

( ) ( )

s

ref refg

v vT T s T s
T s

T s T s 
      

        
       

  

 
         (9) 

The detailed contents of T(s) in (9) are given on Appendix II. 

Known from the above analysis, due to the spatial distribu-

tion of the wind velocity, the effective wind velocity on the  
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( )C s 12 ( )G s

11( )G s

21( )G s

22 ( )G s

ref e
*

gT

v

sT

g
g

 
Fig.5 WECS linear model and control 

rotor plane has a 3P oscillation component. This component 

will not only induce 3P torque ripple in aerodynamic torque 

according to (2), but also will make the drive-train bear 3P 

oscillation torque, defined as aerodynamic load, according to 

(9). The response of the closed-loop characteristics of aero-

dynamic load is determined by T11(s) in (9). Moreover, in this 

equation, T12(s) gives the response of the closed-loop charac-

teristics of shaft torque caused by tracking the optimum gen-

erator speed reference, defined as transient load. Because 

generator speed control is a basic need in realizing power 

regulation, transient load is inevitable. Moreover, T21(s) and 

T22(s) determine the closed-loop performance of the generator 

speed under varying winds and generator speed reference re-

spectively.  

To know the response of the shaft torque better, the bode 

diagrams of the transfer functions T11(s), T12(s), T21(s) and T22(s) 

at 8m/s wind velocity are plotted in Fig.6. It is noticeable the 

existence of a poorly damped oscillation mode at about 8Hz. 

This mode will be excited by the aerodynamic load when the 

system operational condition changes due to wind or electrical 

load variations, potentially causing fatigue damage to the 

drive-train. In addition, speed oscillations will also be induced 

whenever the oscillation mode is exited, as shown in Fig.6 (d), 

causing flicker on the electric lines.  

The most obvious approach to mitigate the oscillation mag-

nitude of the generator speed is to slow down the response of 

generator speed, which can be achieved by reducing the gains 

of speed regulator C(s). Note, however, that transfer function of 

T11(s) is lower-bounded by (find the expression of T11(s) in 

Appendix II) 

11 11 21 12
( ) ( ) ( ) ( )T s G s G s T s                      (10) 

Whenever the generator speed response slows down (i.e. 

gains of C(s) got reduced), | T12(s)| (or the transient load) be-

comes low according to the expression of T12(s) shown in 

Appendix II. One can then easily conclude from (10) that the 

aerodynamic load increases. Therefore, the transient load and 

the aerodynamic load compromise each other. As mentioned in 

section I, the source of this problem is the lack of damping in 

the system. Thus, the aerodynamic load and the vibration mode 

can be attenuated by adding external damping into the system. 

III. NOVEL AERODYNAMIC LOAD REDUCTION METHOD 

A. System inherent damping analysis 

Usually, the wind-turbine inertia is much larger than that of  

 
(a) 

A
m

p
li

tu
d

e 
(d

B
)

 
(b) 

A
m

p
li

tu
d
e 

(d
B

)

 
(c) 

 
(d) 

Fig.6 Closed-loop characteristics of the WECS: (a) T11(s); (b) T12(s); (c) T21(s); 

(d) T22(s). 

the generator inertia (Jr>>Jg), so the dynamics of the rotor 

speed is much slower than that of the generator speed. There-

fore, it is reasonable to assume the rotor speed to be constant 

compared with the generator speed dynamic. Based on this 

assumption, one can obtain the small signal model of (6) as 

s

r g s

r

K

J
                                          (11) 

1 gs s

g s g g

g g g g

TK B

J J J
   




   


             (12) 

s g                                                  (13) 

s r g                                                (14) 

From (11)-(14), the dynamic of the shaft electrical angle can 

be expressed as a second-order system 
22 0s n s n s                                   (15) 

where 
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1 1
( )n s

r g

K
J J

                                (16) 

( ) 1

2 2

s r g g

r g n g n g

B J J T

J J J


  
 

  


             (17) 

In the above equation, notice that Jr>>Jg and (ωnJg)>>Bs, (17) 

can be simplified as 

1

2

g

g n g

T

J


 


 


                                   (18) 

The system inherent damping is expressed in (18), which 

indicates that the inherent damping of the WECS is decided by 

the Jg, ωn as well as the small-signal ratio of generator elec-

trical torque with respect to generator speed (əTg/əωg). Be-

cause Jg, ωn are intrinsic parameters of the system, they can’t 

be modified once the system is selected. Alternatively, the 

only way to increase the system damping is to increase 
(əTg/əωg). It can be easily found out that a larger (əTg/əωg) 

results in a stronger damping effect. As a result, a compensation 

torque Tg,comp, which is proportional to the small signal value of 

the generator speed can be added in the generator torque loop to 

damp the aerodynamic load, as shown in Fig.7. 

B. System analysis after damping injection 

According to the above analysis, the compensation torque 

should be proportional to the small signal value of the generator 

speed, that is 

,g comp comp gT k                                      (19) 

From Fig.7, we have 
* g g g comp gT k T k                                  (20) 

Using small signal analysis to (2), (6) and (20) at the steady 

state Q(VQ, ωQ), the open-loop transfer function shown in (8) 

can be renewed as (21) after damping injection. 

11 12

* *

21 22

( ) ( )
 ( )

( ) ( )

d ds

d

g gd dg

v vG s G sT
G s

T TG s G s
      

        
       

  

 
        (21) 

where the expressions of Gd(s) are shown in Appendix III. 

Then, the system closed-loop transfer function can be ob-

tained as 

11 12

21 22

( ) ( )
 ( )

( ) ( )

d ds

d

ref refd dg

v vT s T sT
T s

T s T s 
      

        
       

  

 
       (22) 

where in (22), the transfer function Td(s) has similar expres-

sions to T(s), as shown in Appendix II. Notice should be taken 

that the expressions of G(s) should be replaced with Gd(s). 

With the proposed active-damping scheme, the bode dia-

grams of the closed-loop transfer functions of the aerodynamic 

load and generator speed, known as T11d(s), T12d(s), T21d(s) and 

T22d(s), with different kcomp are plotted in Fig.8 under wind 

velocity 8m/s. One can see that not only the aerodynamic load 

has gotten a reduction without increasing the transient load, but 

also the system vibration mode can be dramatically reduced 

with the active damping scheme. The damping effect is 

stronger with a larger compensation gain. However, on the one 

hand, a new vibration mode at a lower frequency generates with 

larger compensation gains, as can be seen in Fig.8 (a). The 

aerodynamic load ultimately increases; on the other hand, the 

frequency response of the generator speed changes with the  

( )C s

 
Fig.7 Control with damping injection 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.8 Closed-loop characteristics of the WECS: (a) T11d(s); (b) T12d(s); (c) 

T21d(s); (d) T22d(s). 

compensator, and again, a larger compensation gain has a 

stronger effect. Hence, the choice of the compensation gain 

should consider the tradeoff between the damping effect and 
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the system response. Finally, the compensation strength is 

optimally chosen as kcomp=10 in this paper. 

C. Way to obtain the small signal value of generator speed 

Known from the above analysis, the system can be well 

damped if the compensation torque which is proportional to the 

small signal value of generator speed had been added in the 

torque control loop. However, the sensor used to detect the 

generator speed is usually an incremental encoder which con-

tinuously outputs the rotor position information. Therefore, it is 

difficult to get the small-signal value of the generator speed in 

the real application due to noise issues. Moreover, the rotor 

position cannot even be obtained in some speed sensorless 

WECS. In this case, other strategies should be considered for 

the identification of the small signal value of generator speed. 

This paper declares that the generator speed information can 

be obtained from the electrical power flow, which provides the 

basis for the compensator implementation.  

To the WECS studied in this paper, the power flow in the dc 

link can be expressed as follows: 

 dc dc g g dcV i T P                                 (23) 

Again, notice the fact that the torque dynamic is much faster 

than the speed dynamic for a generator because of its large 

inertia. Ignoring the torque dynamic, (23) can be rewritten as 

 ( )gQ g dc dc gQ Q dcT V i T P                        (24) 

In the power balanced control, the steady power flow (TgQωQ 

-Pdc) is equal to zero. Thus, (24) can be simplified as 

 dc

g dc

gQ

V
i

T
                                       (25) 

From (25), one can conclude that the small signal of gen-

erator speed is proportional to the dc-link capacitor current. 

That is to say, the small signal value of generator speed can be 

indirectly obtained through detecting the dc-link capacitor 

current. Then, combine (19) and (25), the damping injection 

method can be achieved. 

IV. EXPERIMENTAL VERIFICATION 

In order to verify the theoretical analyses, experimental re-

sults are given in this section. The experiments are done based 

on a 10kW PMSG-based direct-drive WECS laboratory test-rig 

setup shown in Fig.9. The experimental test-rig has a structure 

shown in Fig.1 and its control principle is a combination of 

Fig.1 and Fig.7. The system parameters are listed in Table. I. 

Regulator PI1 and PI2 are tuned through experiments and their 

proportional and integral gains are: Kp1=0.23, KI1=0.18, Kp2=5, 

KI2=20. During experiments, in order to facilitate the simula-

tion of various wind environment, the wind turbine itself is 

emulated by a permanent magnet synchronous motor (PMSM) 

driving a PMSG. The PMSM, which has the same parameters 

with the PMSG, is driven by an inverter working in torque 

control mode, where the torque demand is given by the wind 

turbine simulator (WTS) based on a TMS320F2812 digital 

signal processor (DSP) from Texas Instruments (TI). The same 

turbine characteristic, as shown in Fig.2, is also programmed in 

the WTS to perfectly simulate the wind turbine’s static and  

 
Fig.9 Laboratory test rig 

dynamic performance. Particularly, the wind speed model used 

in chapter 3, reference [21] is adopted here to simulate the wind 

shear and tower shadow effects. 

A. Operation without damping injection 

In this experiment, the compensation torque is not added to  

the control loop, i.e. kcomp=0. Fig.10 and Fig.11 show the sys-

tem responses. Fig.10 (a) plots a wind speed signal and its 

power spectrum density constructed with the adopted wind 

model. It can be clearly observed that the average wind speed is 

7.5m/s and there is an energy concentration at about 8Hz (fre-

quency of 3P for the average rotor speed can be calculated out 

as ωr=16.8rad/s because the WECS is working in MPPT mode). 

As excited by this wind speed, The concentration of energy 

around frequency 8Hz in the aerodynamic torque can also be 

observed, as shown in Fig.10 (b). Since this vibration fre-

quency is very close to the system natural resonant frequency 

determined by (16), the system natural resonant mode has been 

excited, causing high aerodynamic load and speed oscillations, 

as can be seen in Fig.10 (c) and (d). Not only makes the 

drive-train of the WECS more likely to be damaged by the high 

aerodynamic load, but also deteriorates the power quality and 

induces flickers on the electric lines.    

What’s more, it can be further noticed from Fig.11 that the 

low-frequency component of the dc-link current has the same 

frequency, phase angle, and trends with the generator speed, 

which keeps good pace with the theoretic analyses. 

B. Operation with damping injection 

The system responses with the proposed active-damping 

scheme under the same conditions are shown in Fig. 12 and 13. 

Still, because the wind contains high 3P resonant energy, 3P 

oscillation component in the aerodynamic torque can be found, 

as shown in Fig.12 (a). However, thanks to the generator torque 

compensation proposed, the oscillations in the shaft torque and 

generator speed are both dramatically damped (nearly 50dB), 
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as can be seen in Fig.12 (b) and (c). In addition, from Fig.13, it 

is noticed that there is no low-frequency oscillations appear in 

the generator speed and dc-link current any more. All the evi-

dences show that the proposed method can indeed well damp 

the aerodynamic load and the system resonant mode.  

v
(m

/s
)

 Frequency (Hz)  
(a)  

  
(b)  

  
(c)  

  
(d)  

Fig.10 System response without damping injection: (a) wind velocity and its 

power spectrum density (PSD); (b) aerodynamic load and its PSD; (c) shaft 

torque and its PSD; (d) generator speed and its PSD. 
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-1
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 (
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)

18
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22

24
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(r
ad
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)
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Fig.11 Relationship between the generator speed and capacitor current 

without damping injection 

 

P
S

D
 o

f 
T

r
( d

B
)

 

(a)  

  

(b)  

  
(c) 

Fig.12 System response with damping injection: (a) aerodynamic load and its 

PSD; (b) shaft torque and its PSD; (c) generator speed and its PSD. 

 

Fig.13 Relationship between the generator speed and capacitor current 

with damping injection 

V. CONCLUSION 

This paper mainly focuses on proposing a power control 

strategy to damp the serious aerodynamic load acting on the 

turbine shaft of PMSG-based direct-drive WECS. Through 

modeling analysis, the system inherent damping factor is firstly 

found out. The result shows that the inherent damping for this 

kind of WECS structure is very small and the system resonant 

mode is prone to be excited by the aerodynamic load. It is also 

found out that the oscillation information is contained in the 

dc-link capacitor current. Thus, the dc-link capacitor current is 

detected and applied to the compensation strategy which can 

provide positive damping to the system. 

APPENDIX I 

EXPRESSIONS OF G(S) IN (8) 

0

11

(1 )
( , )

( )
( , ) ( )

g r Q Q

r Q Q

s
s

J k v z
G s

B v d s







                   (A1) 

0 1

12

(1 )(1 )

( )
( )

g

s s

z z
G s k

d s

 
                           (A2) 
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0

21

(1 )
( , )

( )
( , ) ( )

r Q Q

r Q Q

s

k v z
G s

B v d s





                          (A3) 

 
2

1 2

22

1
( )

( , ) ( )

g q q

r Q Q
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G s

B v d s
 

               (A4) 

where in (A1)-(A4) 

1

( , )s r Q Q

q

s

B B v
b

K


                              (A5) 

2
r

q

s

J
b

K
                                       (A6) 

0

s
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K
z
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                                       (A7) 

1

( , )r Q Q
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J
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4

max( , )r Q Q T Q QB V R k R V                   (A9) 

4 max

max2

max

( , ) (1 )T

r Q Q T Q Q

T

C
k V R k R V

k
   


      
 

  (A10) 

and the d(s) is  

2 3

1 2 3( ) 1d s a s a s a s                          (A11) 

Where in (A11), a1, a2 a3 are determined by 

1
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s r Q Q
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APPENDIX II 

EXPRESSIONS OF T(S) IN (9) 
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where regulator C(s) is chosen as 
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where in (A20)-A(23) 
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B. System analysis after damping injection 
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