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Abstract—Damping local oscillations is vital in the operation of a direct-drive permanent magnet
synchronous generator wind turbine aswell asitsintegration into a grid. Currently, these oscillations are
controlled by proportional-integral controllers. This paper proposes the inclusion of virtual resistors to
improve the performance of the wind turbine further. Simulation results show that virtual resistors,
connected in series to stator windings, have a positive impact on the damping of local oscillations. They
significantly reduce the rise and settling times of the rotor speed, electromagnetic torque, active power
and reactive power and increase the corresponding damping ratios. In contrast, the ones, connected in
parallel to stator windings, have a negative impact on the damping of local oscillations. Thisindicates that
an appropriate selection and connection of virtual resistors improves the dynamic and small-signal
performances of a PM SG wind turbine.
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I. INTRODUCTION

For the past two centuries, rapidly growing populations and modernization trends have accelerated the
demand for energy. Today, the world heavily depends on fossil fuels such as oil, coal, and natural gas for its
increasing energy requirements. However, this fossil-fuelled economy is facing challenges including depletion
of reserves, global warming, security concerns, and rising cost [1]. In tackling these challenges, much attention
is given to the development of renewable energy, among which harnessing wind energy is the cheapest
alternative [2, 3].

Three types of wind energy technologies— squirrel-cage induction generator (SCIG), doubly fed induction
generator (DFIG) and permanent magnet synchronous generator (PMSG) wind turbines— are widely adopted in
the wind industry. Compared to SCIG, DFIG and PMSG are popular for two reasons [4]. Firstly, they offer the
opportunity to operate the machine at maximum power for various wind speeds, and secondly, they have less
mechanical stress on their shafts. These days, the popular variable-speed wind turbines employed in large-scale
wind parks are DFIG wind turbines [5]. Nevertheless, recently, direct-drive PMSG wind turbines are gaining
momentum among researchers, engineers and turbine manufacturers for their high efficiency, low power loss
and smaller size [6 — 11].

The integration of wind power into grids is rapidly growing. In some European countries, the level of
penetration has reached as high as 21% [12]. However, due to this high penetration and the intermittent nature
of the wind, there are concerns such as generation reserve, power system stability and reliability [13].
Furthermore, wind turbines themselves have stability problems, which surely challenge transmission system
operators. In large grids, the ability of both local and system-wide power system oscillation damping plays a
crucial role [14].

A range of efforts have been made to damp local oscillations of a PMSG wind turbine based on active power
control [14 — 21] and reactive power control [4, 21 — 25]. For example, in [16], a mechanical method using
springs and dampers is employed to give the PMSG wind turbine a damping capability. On the other hand, [19]
investigates an active damping strategy based on DC-link current estimation to damp torsional oscillations. The
researchers focus on improving damping of oscillations through the power electronic converters using
proportional-integral (PI) controllers [14]. However, the performance of virtual resistors to damp local
oscillations in a PMSG wind turbine, particularly from the generator side, has not yet been investigated.

The aim of this paper, therefore, is to investigate the performance of virtual resistors in damping local
oscillations of a PMSG wind turbine. As the resistors are virtual resistors, they do not incur power loss.
Moreover, they can be connected in either parallel or series to the stator windings and implemented in the
generator side converter controller.
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This paper is organized as follows: Section II presents the models of the virtual resistors and the different
components of the wind turbine, Section III briefly illustrates the model of the power grid, simulation results are
presented and discussed in IV, and finally, in V, a conclusion is drawn, and a future work is recommended.

II. DYNAMIC MODELING OF A PMSG WIND TURBINE

In recent configurations, it is common to see wind turbines employing PMSGs, as shown in Fig. 1. The rotor
drives the PMSG without a gear. The generator is connected to the power grid through power electronic
converters, a filter, and a transformer, where the power electronic converters convert the low-frequency (10-15
Hz) voltage of the generator into a 50 or 60 Hz voltage. Subsequently, the filter filters the harmonics created by
the power electronic converters out while the transformer steps up the output voltage to the grid voltage level
[26 —29].

Variables Variables

troll
Wind Turbine ( Controlier )

Coupling
Transformer

Fig.1. A PMSG wind turbine connected to a grid

Grid

The next sub-sections discuss the models of the major components of the PMSG wind turbine.

A. Wind Speed

Wind speed depends on the climate and geographic location of the wind farm. In nature, the wind is a random
variable, consisting of components such as base speed, gust, ramps and background noise [5]. In this study, the
model in (1), a Fourier series representation, is considered to represent such behaviours of the wind.

N N
v, (1) =V, + D a sin(@ )+ b, cos(at) (1)
k=1 k=1

Vy, is the wind speed, Vo refers to the base component of the wind speed, ax and by are sine and cosine

coefficients respectively, @k is the angular frequency of the kth harmonics, and N is the number of harmonics.
Appropriate selection of the harmonics can approximate the gust, ramp and background noise components of the
wind speed. Particularly, the harmonics are used to study the small-signal stability of the PMSG wind turbine,
related to wind speed disturbances in section I'V.

B. Drive Train

The power electronic converters in Fig. 1 decouple the wind turbine from the grid. Thus, the transients in the
grid could not be seen in the PMSG wind turbine [30], and the drive train is modeled using a one mass model as
shown in (2).

dw,,

dt

1
- (T.-T 2

7 (Tn=Te) 2)
J=3,+3, 3)

J is the moment of inertia of the whole drive train, J; is the moment of inertia of the wind turbine, and J, is the

moment of inertia of the generator. “n is the rotor speed, and Ty, is the mechanical torque which is given as,
Tn=—"% @)

The wind power, P,,, depends on the density of air, p, tip to wind speed ratio, A, pitch angle, 49p , area

swept by the blades, A, , and the wind speed.
1 3
Ry =2 PCe(4.0)AV, (5)
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C, , which is the power coefficient of the wind turbine, depends on A and Hp . It is usually given as [26],

=21

116

C, = 0.5(7 ~0.46, -5.0)e* (6)
1 1 _0.035
A A+0086, 0+ @

C. Pitch Angle and Speed Controllers

The pitch angle controller maintains the rated value of the real power of the PMSG for wind speeds,
exceeding the nominal value. For speeds less than the nominal value, the pitch angle is zero. In this work, a
proportional controller, as shown in (8), is considered. Besides, the controller contains rate, upper and lower
limiters.

ep =K p(wm ~ Onyes ) )
K p is a proportional constant, and @, 1is the reference rotor speed.

In (5) and (6), the wind turbine power depends on the wind speed and the pitch angle. For a particular wind
speed and pitch angle, there is an optimum rotor speed at which the output power is also optimum. The
controller tries to keep the generator at this optimum power. Equation (9) gives the speed controller [31].

P _ Prated fOf a)m > a)mnominal
ref — 3
Kopt @ OF W, < Ornominal O]

opt ““m

P is the reference wind turbine power, whereas P, is the rated output power of the PMSG. K isa

constant.

D. PMSG Model

In filters, oscillations and harmonics are damped using active damping techniques, which employ virtual
resistors not to incur power loss [32]. In this work, the same trend is applied to damp the local oscillations of a
PMSG wind turbine.

The virtual resistors, adopted here, are supplementary algorithms [33], and hence, in practice, they are
realized in the generator side converter controller. The winding resistance of the generator can slightly damp
power and speed oscillations, but it does not have a significant impact on the damping of local oscillations, and
thus, the need for virtual resistors.

Fig. 2 shows the d- axis and - axis equivalent circuits of a PMSG with virtual resistors, connected in series
and parallel to the stator windings. In this paper, the parallel connections, shown in Figs. 2(c) and (d), are
selected as they do not decrease the effective resistance of the generator.

Applying Kirchhoff’s voltage law to the equivalent circuits shown in Fig. 2 (a) and (b), the corresponding
new d- axis and g- axis voltages, which are considered as references in the generator side controller, are given in
(10) and (11).

. . di . .
Vv, =R5|d+Ldd—{’—a)quanRld (10)

di
* _ - q - -
vq_RS|q+LqE+a)(Ld|d+¢p)+ R, an
R, and R, are armature and virtual resistances respectively. L, and Lq are d- and g- axis inductances,

@ is rotor speed in electrical radian, id and iq are d- and g- axis currents, and ¢p is permanent magnet flux.

Similarly applying the same method to Fig. 2 (c) and (d), we have

V;:Rsid—i_l-d dt q'q
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. d(i, +ig)
Ve = Riig + L at ————+ oL, +9,) (13)

where idv and | qu are d- and g- axis virtual currents.

Analysing (10), (11), (12) and (13) gives the block diagrams in Figs. 3(a), (b), (c) and (d) respectively, which
are used to analyse the dynamic behaviour of the PMSG. In all the four diagrams, the inner loops represent parts
of the generator itself, whereas the outer feedback loops are components that appear due to the virtual resistors.

The electromagnetic torque developed in the PMSG is given as [5],

3 , ,
:Z p(¢p|q +(Id - Lq)ldlq
P is the number of poles of the PMSG.

(14)

(a)

(c)
L, o(Li, +¢,)
W\.:
R,
R,
[
(b) (d)

Fig. 2. Equivalent circuits of a PMSG with virtual resistors (a) d- axis series virtual resistor (b) q- axis series virtual resistor (c) d- axis
parallel virtual resistor (d) - axis parallel virtual resistor

/l_‘

(b) (d)

Fig. 3. Block diagrams of the PMSG equivalent circuits (a) d- axis circuit with series virtual resistance (b) g- axis circuit with series virtual
resistance (c) d- axis circuit with parallel virtual resistance (d) q- axis circuit with parallel virtual resistance
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Fig. 4. Proposed generator side controller (a) iq controller (b) iq controller with virtual resistance scheme
E. Generator Sde Converter Controller

The generator side controller controls the active power of the PMSG through the quadrature axis voltage, ¥q,
This scheme aims at minimizing the power loss. On the other hand, the direct axis current is kept at zero to
decrease the nonlinearity of (14) and minimize current coupling and is achieved through the direct axis voltage,
g [31].

In this control structure, a proportional and two proportional-integral (PI) controllers are employed, as shown
in Fig. 4. The PI controller in Fig. 4(a) controls the d- axis current, whereas the one in Fig. 4(b) controls the g-
axis current. Ky, Kpp K3, Kiy, and Kis are the gains of the controllers. The superscript * denotes a reference
value. The negative forward loop, with a transfer function shown in (15), is the effect of the virtual resistor.

R, for seriesvirtual resistor
=] L
HES) = =% for parallel resistor (15)
s+R,/L;

j is d or q, depending on the equivalent circuit.

F. DC-Link Mod€

In a PMSG wind turbine, integrated into a grid as shown in Fig. 1, the real power flow, through the converters
and the DC-link, is balanced. Neglecting losses, the net real power can be given as,

P, + Py + Pg (16)

where Py, P.

S°

consecutively in (17), (18), and (19).

and Pg are the DC-link, PMSG, and power supplied to the grid respectively, given

. dv (17)

PDC =Vpcloe = _CVDC dE[)C
P, =v,i4 +vqiq (18)
P =v i i (19)

g = Voglog * Vaoglog
Vpe » iDC ,and C refer to the voltage, current and capacitance of the DC- link capacitor respectively.

Vpg and Vg are the D- and Q- axis voltages at the grid side converter terminal. Since the wind turbine and the

grid are decoupled, they operate at relatively different frequencies, and the grid side axes are not necessarily the
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same as the d- and g- axes. iDg and ng are D- and Q- axis grid currents. Finally, the model of the DC-link
can be given as,
Ve

G. Grid Sde Converter Controller

In Fig. 1, the D- and Q- axis voltages at the terminal of the grid side converter are given in (21) and (22)
respectively [31].

= Vpging T Voglog + Vaia * Vyig (20)

V. =V,.+R. i, +L diﬂ—a)Li (21)
Dg — VDs f'Dg fdt f=f'Qg

_ dlio _
Vog = Vos + Ryligg + L Terfong (22)

Vps and Vi are the D- and Q- axis voltages at the terminal of the filter, where R; and L, are the filter

resistance and inductance respectively, and @; is the filter frequency.

The grid side controller includes four PI controllers, as shown in Fig. 5, which control the DC- link voltage,
the D- and Q- axis currents, and the reactive power [31]. All quantities with superscript * are reference inputs. Q
is reactive power. K Kps, Kps, Kp7, Kis, Kis, Kig and Kj7 are the gains of the PI controllers. For unity power factor,
the reference reactive power is maintained at zero.

v;’_)x
L
K, | g Ks v,
Vpe ™K, +_jJ K+ s » De
* L -
S : oL
DC Ipg o
@) v_').\'
¥
Kx-l ! . iS5 WY V*
Q _’.K;JJ + KFS + QQ
s
¥ i wlLi,.
Q Q}-{ [l )
(b)

Fig. 5. Grid side control structure (a) D- axis controller (b) Q- axis controller

III. GRID MODEL
The PMSG wind turbine is connected to the grid through a coupling transformer and a transmission line. Fig.
6 shows the single-line diagram of the coupling transformer, the transmission line and the grid where X; and

X, refer to the transformer and transmission line reactances respectively. The respective resistances are

neglected. Vpq is the grid voltage. The terminal voltage of the filter is considered as a reference, and O is the

angle of the grid voltage from Vpq .

| Vpgs| L0 |Vpoi | £0

T L |

]
DQg
Fig. 6. One-line diagram of the grid, the transmission line and the transformer
The current, flowing from the wind turbine to the grid, can be given as,
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| Vpgs [8IN0—[ Vg [8ING . —|Vpe [ cosO+ | Vg | cOs O
Ibog = + ] (23)
Xr + X, Xr + X,
For unity power factor, the current and the terminal voltage of the filter, Vo, are in phase. Consequently,

the real and imaginary parts of the current can be expressed as,

Vo, |sind
g =—— = 24)
Xr + X,
_ —|Vpgs |+ Vpg cosb 25)
« X; + X,

IV. SIMULATION RESULTS

The models in Sections II and III were implemented in MATLAB\Simulink to verify the validity of the
proposed method through time-domain simulations. The dynamic performance of a PMSG wind turbine, which
is connected to a grid, depends on the system characteristics, the intermittent nature of the wind, and the load
disturbances in the power system. Particularly, the nature of the wind makes the evaluation of the dynamic and
small-signal performances challenging, and in this work, large and small wind speed disturbances are
considered.

The performance indices used are rise time to measure speed of response, settling time to evaluate stability
and speed of response, and maximum percent overshoot to assess the relative stability of the PMSG wind
turbine with and without the proposed scheme. The degree of oscillation damping is also observed through
damping ratio. The maximum percent overshoot and damping ratio are related as [34],

M, =100e "/ V=4 (26)
where M, is the maximum percent overshoot, and ¢ is the damping ratio. Sub-sections A and B present the

time responses of the PMSG wind turbine, subjected to large and small disturbances in the wind speed
respectively. The simulations were carried out based on the data in Tables A1 and A2.

A. Large Disturbances in the Wind Speed

In this study, a step increase of 12 m/s in the wind speed was used, and all the higher order harmonics in (1)
were neglected. Thereafter, the resulting dynamic performance of the PMSG wind turbine was observed. The
following cases are considered:

Series virtual resistance: Fig. 7 shows the speed response of the PMSG wind turbine to a step wind speed
when a series virtual resistance is employed in the generator side controller. As it can be observed, speed
oscillations are successfully damped. Besides, the maximum percent undershoot is significantly reduced,
indicating that the system has become more stable. Similarly, the rise time is reduced from 3.5 to 0.08 seconds,
and the settling time is reduced from 8.0 to 6.0 seconds, as shown in Table 1. Thus, the role of the series virtual
resistance in damping rotor speed oscillations is paramount for large wind speed disturbances.

The results in Figs. 8, 9, 10 and TABLE 1 illustrate that the oscillations in real power, reactive power,
mechanical torque, electromagnetic torque, DC- link and terminal voltages are effectively suppressed.
Therefore, for large disturbances, employing virtual resistors, connected in series to the stator windings,
successfully improves the dynamic performance of the wind turbine.

TABLE I Dynamic performance of the PMSG wind turbine with and without series virtual resistance

P Q Te Tm Vde
Mp (%) WOR -56 -95.8 - 163.04 -26.5 47.83
WR 0.0 0.0 2.0 0.0 6.67 49.57
ST (sec) WOR 8.0 8 1.4 6 8.4 2.0
WR 6.0 2.5 1.3 2.0 5.0 0.02
RT (sec) WOR 3.35 5 - 0.12 0.02 0.001
WR 0.08 2.0 - 0.74 0.01 0.001
WOR 0.18 0.01 - 0.15 0.39 0.23
WR - - - - 0.65 0.22

7

WR- with virtual resistance; WOR- without virtual resistance; ST- settling time; RT- rising time; - undefined
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Fig. 8. Power step responses with and without series virtual (a) Mechanical torque (b) Electromagnetic torque
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DC- link voltage (b) Terminal voltage Fig. 11: Effect of parallel virtual resistance on (a) rotor speed (b)

DC- link voltage

Parallel virtual resistance: In this case, after factorizing, the improper transfer function in Fig. 3 was
implemented in MATLAB/Simulink as the difference of a derivative and a first-order transfer function. The
virtual resistance considered remains the same as in the previous case. It is found that the effect of the parallel
virtual resistance on the dynamic performance of the PMSG wind turbine is negative. The results show that the
application of virtual resistors, connected to the stator windings, decreases the damping of the rotor speed
oscillations. Besides, the wind turbine becomes less stable. For this particular case, the system has become
unstable, as shown in Fig. 11.
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B. Small Disturbancesin the Wind Speed

To study the small-signal performance of the PMSG wind turbine using time-domain simulation, harmonics
and a sudden rise in the wind speed are considered, as shown in Fig. 12. At the fifth second, the wind speed
suddenly rises from 10 to 12 m/s. As a parallel virtual resistance was not effective in the previous section, only
a series one is considered.

The simulation result in Fig. 13 shows that rotor speed oscillations are well damped during small
perturbations when a virtual resistance is employed. For the disturbance at the fifth second, the response of the
wind turbine is fast and more stable with the virtual resistance.

Fig. 14 shows that the mechanical torque is nearly not affected by the virtual resistors, whereas the
electromagnetic torque is effectively damped. In Fig. 14 (b), after the disturbance in the fifth second, the
electromagnetic oscillation will increase if a virtual resistor is not employed.

Similarly, the increasing oscillations in real and reactive powers due to the small wind speed disturbances are
suppressed by using the virtual resistors as shown in Fig. 15. The oscillations due to wind speed harmonics are
also successfully damped.

In general, employing appropriate selection and connection of virtual resistors in the generator side controller
significantly improves both the dynamic and small-signal performances of a PMSG wind turbine.

13_ T T T T T T T T T ] 15— T 1 T T 1T ™ T ™ 1 °
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Fig. 12: Typical wind speed Fig. 13: Rotor speed response for small disturbances
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V. CONCLUSION

In this paper, virtual resistors are proposed to improve the damping of local oscillations such as rotor speed,
power, and torque oscillations in a PMSG wind turbine, which is connected to a power grid. The virtual resistors
and the different components of the wind turbine are modeled. Virtual resistors, connected in series and parallel
to the stator windings of the generator, are implemented in the generator side converter controller, and all the
models have been validated in MATLAB/Simulink. Simulation results have shown that virtual resistors,
connected in series to the stator windings, efficiently enhance the dynamic and small-signal performances of the
wind turbine by damping local oscillations. Speed, power, and torque oscillations, caused by wind disturbances,
are well damped when virtual resistors are employed. Moreover, the virtual resistors significantly improve the
DC-link and the terminal voltage responses. On the other hand, virtual resistors, connected in parallel to the
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stator windings, decrease the damping performance of the wind turbine. Hence, for a better performance, the
virtual resistors should be connected in series to the stator windings. Therefore, the technique proposed in this
work is applicable in smoothing the rotor speed and the output power of a PMSG wind turbine. In future, the
performance of a virtual RLC circuit, implemented in advanced converter controllers, on the dynamic and small-
signal performances of a PMSG wind turbine will be studied.

APPENDIX
TABLE A1 PMSG wind turbine parameters

Parameter Value
Terminal voltage 575V
Xr X 0.0377 m&
Rated power 1.5 MW
Rated frequency 60 HZ
Filter resistance 0.003 pu
Filter inductance 0.3 pu
DC-link voltage 1150V
Number of pole pairs 48
L Ly 0.3 mH
Pp 1.48 V.s.
Moment of inertia 1.2 pu
R, 3.0 pu

TABLE A2 Control parameters

Parameter Value Parameter Value
Kpy Kps 0.14 pu Hop Bor 0.83 pu
Ky K 2.72 sec Hip Hpr 5.0 sec
sz 0.84 pu Ko 1.0 pu
Kﬂpt 0.25 pu K; 0.001s ec
Kp 200 pu
Kp Il 8.0 pu
Ky 400 sec
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