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1. Introduction

Abstract. This paper, first, deals with the analytical controller design of wind turbines
with variable rotor-resistance control. Wind turbines with variable rotor-resistance control,
known as Limited Variable Speed Wind Turbine (LVS-WT), provide a limited variation of
the generator speed. In the LVS-W'T, the rotor current and, consequently, the output power
can be controlled by varying the rotor resistance. Then, modal and small signal analyses
of the wind turbine are examined. It is found that for certain values of shaft stiffness,
frequency of the mechanical modes coincides with the triple oscillation frequency appeared
due to tower shadow effects. This in turn results in resonance phenomena magnifying the
fluctuation of the generator power and electromagnetic torque. Next, the paper evaluates
the impact of aerodynamic torque fluctuations on the dynamic response of the LVS-WT.
In this way, analytical expressions for the fluctuations of the stator voltage and current,
electromagnetic torque, and generator active power are proposed. These fluctuations
arise because of the aerodynamic torque and rotor speed perturbations. The paper also
investigates the effects of shaft stiffness, slope of power-slip curve, and rotor resistance
on the wind turbine response. At the end, time domain simulations verify the results of
theoretical analyses.

(© 2018 Sharif University of Technology. All rights reserved.

have some disadvantages such as higher mechanical
stress and poor-quality power control.

Wind turbine generators are mainly divided into four
categories: Fixed Speed WTs (FSWTs), Limited
Variable Speed WTs (LVS-WTs), DFIG-based WTs,
and full converter-based WTs. In a grid-connected
FSWT, the rotor speed is relatively fixed, and thus
wind power variations will result in power fluctuations
that adversely affect the output power quality of the
generator [1]. Hence, the fixed speed wind turbines
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The DFIG and full converter-based wind turbines,
known as variable speed WTs, provide controllability
of the rotor speed with optimized extracted power,
independent control of active and reactive power, and
improved power quality indices [2]. The variable speed
wind turbines have the following advantages compared
to the fixed speed wind turbines: improved output
power quality, increased energy output, and lower
mechanical stress.

The LVS-WT, as shown in Figure 1, is equipped
with a wound rotor induction generator that is directly
connected to the grid. Some capacitor banks pro-
vide reactive power compensation, and a soft starter
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Figure 1. Limited variable speed wind turbine.

provides smooth grid connection. In addition, a set
of three-phase external resistors, a three-phase diode
bridge, and an IGBT switch are connected to the rotor
windings.

This topology provides a limited variation of
generator speed between 0 to 10% above synchronous
speed [3]. Therefore, a wind turbine with the induction
generator and variable rotor resistance is called the
Limited Variable Speed Wind Turbine (LVS-WT).
According to Figure 1, the effective value of the rotor
resistance can vary by controlling the IGBT switch,
(). Then, the rotor current and, consequently, the
rotor speed can be controlled by varying the rotor
resistance. Consequently, in the LVS-W'T, the output
power of the generator system can be controlled, and
the output power fluctuations can be reduced. In
LVS-WT, by using optical coupling, slip rings and
brushes requiring maintenance are not necessary [4]. A
LVS-WT always operates at a variable slip above the
synchronous speed and is not as flexible as a DFIG,
but results in significantly less cost.

Until now, wind turbines producing up to
100 MW with variable rotor resistance have been
installed in Iran at Manjil and Binalood sites. Further,
several thousand megawatts of this technology have
been installed all over the world since decades; thus,
the control strategy of these wind turbines may play
an important role in the dynamic performance of the
grid. However, analytical studies with regard to this
wind turbine are limited in the published literature.

Therefore, this paper deals with the controller
design methodology of LVS-WT and then evaluates
its dynamic performance with regard to tower shadow
effects. Most of the research studies regarding the wind
turbine generators have dealt with different behavior
and control characteristics of the FSWT, DFIG, and
full converter-based wind turbines.

The studies of the dynamic performance of the

wind turbines are mainly dedicated to DFIG-based
WTs and can be divided into several categories such
as impact of WT on power system dynamics [5,6], grid
fault response of WT [7,8], fault ride-through capability
of WT [9,10], participation of WT in grid frequency
stability [11,12], investigation of the WT drive train
dynamics [13,14], and WT dynamic response under
wind speed and aerodynamic power fluctuation [15,16].

Unlike the other types of wind turbines, few
studies have been published regarding controller de-
sign, analytical studies, and dynamic performance
characteristics of LVS-WT. Control and performance
evaluation of the LVS-WT has been studied by a few
authors [17,18]. In [17], different methods of controlling
the rotor resistance are proposed to achieve a constant
output power beyond the rated wind speed. In [18],
the voltage and frequency control of a three-phase
self-excited slip-ring induction generator by variation
of external rotor resistance is investigated. However,
it deals with the stand-alone variable rotor-resistance
induction generator, though not for a grid-connected
one.

First, this paper develops a theoretical analysis
of the elaborate controller design methodology of LVS-
WT. Then, modal analysis of the wind turbine gener-
ator is presented. It is shown that for certain values
of shaft stiffness, frequency of the mechanical modes
coincides with the triple oscillation frequency appeared
due to tower shadow effects. This in turn results
in resonance phenomena magnifying the fluctuation
of the generator power and electromagnetic torque.
Next, the impact of aerodynamic torque fluctuations,
appeared due to wind shear and tower shadow effects,
on the dynamic response of the LVS-WT is evaluated
analytically. Further, analytical expressions for the
fluctuations of the stator voltage and current, elec-
tromagnetic torque, and generator active power are
proposed. These fluctuations arise because of the
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aerodynamic torque and rotor speed perturbations. At
the end, effects of shaft stiffness, slope of power-slip
curve, and rotor resistance on the WT response are
examined. The studies are carried out on a wind farm
consisting of several LVS-W'Ts connected to the grid.

2. Wind turbine modeling and control

The purpose of this section is to present the dynamic
model and controller design of the LVS-WT. The
generator model is developed based on the following
assumptions:

(a) Positive direction for the stator and rotor currents
is assumed into the generator;

(b) All system parameters and variables are in per unit
and referred to the stator side in generator;

(¢) The equations are given in dg-synchronous refer-
ence frame with the Stator Voltage Orientation
(SVO).

The stator and rotor voltages and fluxes, elec-
tromagnetic torque, and stator output active power in
reference frame rotating at angular speed of w are given
by [19]:

. . 1 dwsd

s = Rs s s - q? ]‘
Vsdgq qu'f‘]wwdq"f_wb dt ()

) ) . 1 dy,
0= errdq + R;Itzrdq + ]WZwrdq + — 1/) dq? (2)

Wp dt

¢sdq = Lsisdq + L'mde(n
¢rdq = Lmisdq + Lrirdqa (3)
L, o

Te = I Im (wsdqlrdq )7 (4)
P, = —Re (vsagisdg”) » (5)

where 1, v, and i represent the flux, voltage, and
current. Subscripts s and r denote the stator and
rotor quantities, respectively. Also, L and L, are the
stator and rotor self-inductances, L,, is the mutual in-
ductance, R, is the rotor external resistance referred
to the stator side, wy is the rotor slip frequency, wy
is the base angular frequency, w is the speed of d-q
reference frame, and R, and R, are the stator and
rotor resistances. Superscript * in Eq. (4) represents
the conjugate operator.

The steady-state equations of the generator in the
dg-synchronous reference frame with the stator voltage
orientation, under the condition of neglecting the stator
resistance, are given by:

Vg = Vs = _Ws¢sq7

Vsq = 0= ws/(/)sda (6)

where V; is the stator voltage amplitude, and w, equals
1, and pu is the stator voltage frequency. From Eq. (6),
we have:

Lsisd + Lmi'r‘d = 07
Luisg + Lyipg = —1. (7)

Replacing Eq. (7) into Egs. (4) and (5) results in:

L,, .
Te = Lis/(/)ngvrd? (8)

Ly,

Ps = _Vsisd = Ls

‘/sircb (9>

Considering Eq. (9), 454 and 4,4 are the active power
components of the stator and rotor currents, respec-
tively. On the other hand, i,, and i,4 are the reactive
power components of the stator and rotor currents,
respectively. Hence, 1,4 is responsible for the active
power control. Figure 2 depicts the steady-state
equivalent circuit of the induction machine with rotor
variable resistance.

In LVS-WT, output active power regulation is
realized by the d-axis rotor current control ¢,.4 through
the rotor external resistance tuning.

In Figure 2, external resistance R..; is responsi-
ble for the active power and electromagnetic torque
control.  Since the slip term appears only in the
resistive component, R.,; cannot directly affect the
reactive power consumption of the generator. Also,
most of the reactive power consumed by the induction
machine is due to magnetizing reactance X,,, which is
independent of Ry;.

By neglecting the resistance and leakage reactance
of the stator, magnetizing voltage Es in Figure 2 is
approximately equal to stator voltage Vi, ie. E; =
Vs, and consequently, the dq-components of the rotor
current are given by:

ES T exr
ird:_ (R +h t)7 (10)

2
(RT-I—R(LE)‘,) +Xlr2 S
S
. E
lrq = D) th (11)
R,.+R., 2
( +s {) + XZT
Rs X i Xor e
- 'w m‘ W_m_
_-. -
T Is=1sd+ jlsq Ir=1Ird+ jlIrq

é Rt’»:::;f
Vs E, ngm s

Figure 2. Equivalent circuit of the induction machine
with rotor variable resistance.
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From Egs. (10) and (11), we have:

( R'r~+SRewt )

o \/(RT+RM,f)2+XlT2

where I, is the rotor current amplitude. For sufficiently
low slip operation, the rotor branch in Figure 2 is an
equivalent resistance of high value in series with a much
lower value of rotor leakage reactance; thus, the rotor
circuit branch is almost resistive. Hence, according to
Relation (12), 4,4 is the dominant component of the
rotor current, and consequently, |i,.q| = L.

Therefore, for obtaining 4,4 during normal opera-
tion, we do not use PLL and Park transformations. In
other words, by measuring the rotor current amplitude,
it is possible to obtain 7,4 through the following
approximation: |i,.q| = L.

liral .

; (12)

2.1. Rotor current control loop
From Egs. (2) and (3), the rotor dynamics is described
in terms of rotor current and stator flux as follows:

L’T dirdq
wb' dt

0=Rliraq+R. 1iraq+ +jwa Ly iriq+edq,

(13)

where the terms R! and L! in Eq. (13) are transient
resistance and inductance of the rotor current dynamics
and are given by:

reflects the effects of stator dynamics on rotor current
dynamics. It is a function of stator flux and voltage
and is given by:

€dqg =

% (Usdq - jwrwsdq - Jzzwsd(z> 9 (15)
where w, in Eq. (15) is the rotor speed.

As stated before, i,4 is the active component of
the rotor current that can be used for active power
control by the rotor external resistance regulation.
From Eq. (13), the d-axis rotor current dynamics is
given by:

Llr dird
ug = R viyg + . — jwall g + eq,
d d o dt Jws q d
Ug = _Rleztircla (16)
where ug = —R. ;1,4 is introduced as a control input

used for the rotor current control.

For the sufficiently low operating slip, ¢,, is
negligible; thus, 7,4 can be approximately replaced by
I,.. Considering the rotor current controller to be PI,
Kr(s) = Kp_1, + K1_1./s, so the following rotor
current control loop, given in Figure 3, is obtained.

According to Figure 3, the open-loop bandwidth
of the rotor current control is a, = Iz—}"wb, which is
relatively small. By canceling the plant 'pole with the
zero locations of the controller, in Figure 3, we have:

- !
I&]_]T N R r

Rotor current dynamics

Lo\?2
e m = Wp. 17
R T R’r‘ + ( LS ) RS7 Kpf[,, LIT b ( )
, L2, Selecting Kp_;, = af?i' and by taking Eq. (17) into
Ly =1L, - L.’ (14) account, the transfer function from I,_,.s to I, will be:
In addition, the term eq, in Eq. (13) is the d-q rotor Gu_ 1 = L:(s) ar (18)
back-emf voltage induced in the rotor winding and Irep(s)  s+ap
rf—— — " — — _S ________ -1
| tator |
Gear /k Grid I
| box | |
Ir-ref o Ir ! !
PI | |
| Rotor |
- | |
3 Rotor current | l
% control : ‘Di— ‘T| :
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Figure 3. Rotor current control loop.
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where «; is the closed-loop bandwidth of rotor current
control ay = APT’IM .

The stator current contains the fundamental grid
frequency, while the rotor includes a low-frequency
component. Therefore, the stator current is easily
measured by an rms meter with a small time constant.
On the other hand, measuring the rms value of the
rotor current introduces a long time delay due to lower
frequency waveform.

An efficient method for computing the rms value
of the rotor current is based on three-phase to two-
phase transformations, defined as follows:

. 1 1 Zra(t)
ira(t) 211 —3 -3 '
' _Z in(t) |,
[ in(1) ] 3 [ o 2 =2 1170 o

where subscripts a, b, ¢, «, and 3 denote the in-
stantaneous values of the respective axis-rotor current
components. The rms value of rotor current I,_,,,, is
then given by:

s B \/z’m(t)2 +ipp(t)
r—rms — 2 .

(20)

Hence, using Eq. (20) to compute the rotor current rms
value allows for a faster controller.

2.2. Active power control loop
In the LVS-WT, the stator active power injected to
the grid can be controlled by the rotor current control
through the rotor resistance regulation. Active power
controller, as shown in Figure 4 determines the rotor
reference current. Figure 4 depicts the output active
power control loop, where P; and P;_,.¢ are the active
power and reference active power of the stator.
Assuming the power controller to be PI, Kp(s) =
kp_p+ I“T’P7 and by canceling pole —ay with the zero
of the controller, we have:

: (21)

Ly,
ap = T. .k’p_p.oq.vs
ki_p=kp_p.aj

where ap is the bandwidth of the stator active power
control loop, and a; is the closed-loop bandwidth of the
rotor current. Then, the transfer function from P;_,¢f
to P is given by:

P,
Ps—ref B

ap

(22)

s+ap

Generator
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Figure 5. Power-slip curve (p-s characteristics).

Indeed, the rotor current control is the inner control
loop, and the stator active power control represents
the outer control loop.

The active power reference in Figure 4 is deter-
mined based on a slip-power curve. The slip-power
curve generates the active power reference signal for
the active power control loop. This reference signal is
determined from a predefined characteristic of P;_ ¢ —
slip, given in Figure 5.

As shown in Figure 5, for the positive operating
slip, the machine does not operate at the generator
mode and the reference active power is set to zero. For
the negative slip with the absolute value lower than
Smax, the reference active power is a linear function
of slip. For the operating slips with |s| > Smax,
the active power reference is set to the rated power.
At operating slips higher than s,,,., pitch control is
activated, limiting the generator speed. In other words,
the pitch control manages the generator speed at high
wind speeds through rotor pitch angle to prevent the
generator speed from becoming too high. At low wind
speeds, the pitch angle is kept constant to an optimal
value. According to Figure 5, the relation between the
active power reference and generator slip is given by:

Ps_rep = 9(s) =
0 s>0
- Sljax = _Kpower—curve~3 —Smax S S S 0 (23)
1 S S —Smax

where Kpower-curve it Eq. (23) as a design parameter
is equal to - L_ and corresponds to the slope of the
slip-power curve.

3. State space representation of limited
variable speed WT

In this section, the state space model of Single Machine-

slip Power-slip

curve

PI

Irerey
-

:

U'I I’l‘

starg

wl Lm P.
TV ‘

Inner rotor current
control loop

Figure 4. Stator active power control loop.
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Figure 6. LVS-W'T connected to the grid.

Infinite Bus (SMIB) system of Figure 6 is presented.

Considering Eqgs. (1), (3), (13), and (15), the state
equations of the stator and rotor dynamics as a function
of stator flux and rotor current are given by:

wib dﬁ;d - ¢Sd + RLI; ird + Wellsq + Ve, (24)
wib dzlb;‘l = st Pag + RSLI;miTq — WsWsa + Vsq, (25)
gbr d;;d =—Rlirg— R, irq+ Rl 3 —sa

— %qupsq + Liwyiyg — %:vsch (26)
i/br dcil;q == By = R + RisLQm Y

+ LLT wythsa — Liwairg — %:”sq' (27)

In addition, state equations of the rotor current and
stator power controllers are:

d$5 . .

Y, = —1Ip-\lrd—ref — trd/, 2
I kr I (Z d—ref — 1 d) ( 8)
dx

d7t6 :kI—P,g~(Ps—ref _Ps)7 (29)

where P, and P,_,.; are calculated according to
Egs. (5) and (23), respectively.

According to Figure 6, the state equations corre-
sponding to grid current and capacitor voltage (termi-
nal voltage) can be written as follows:

%% =34 — Reieq + Lewyicq — Voo, (30)
% dézq = Ugy — Reieg — Lewsied — Voog, (31)
w%dszd = ¢sd + LLT: —lea + Cwsvgg,  (32)
w%dszq — _Liswsq + LL—’:% —ieg — Cwsvsq.  (33)
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Usually, a two-mass model is used for the modeling of
the drive train in wind turbine generators. The two-
mass drive train model is given by [20]:

dw, Te+ kb + D(wp — w,)

= 4
dt 2H, ’ (34)
do
i wp(we — ws), (35)
dwy Te — kspf — D(wy — wy) (36)

dt 2H, ’

where w, and w; are the turbine and generator speeds
n (pu), € is the shaft twist angle in (rad), H, and H;
are the inertia constants of turbine and the generator in
(sec), respectively, kg, is the shaft stiffness coefficient
in (pu/elec. rad), D is the damping coefficient in (pu),
and T, and T, are the generator electrical torque and
turbine aerodynamic torque, respectively, in (pu).

The aerodynamic torque, T),, is extracted from
the aerodynamic model of the wind turbine. The inputs
of the aerodynamic model are the wind speed, V,,
the blade pitch angle, 5, and the turbine speed, wy.
The output of the aerodynamic model is the turbine
mechanical power, P,,. The following relationship is
used to obtain P, from the wind power [21]:

Pm. = windCP(Aaﬂ)v

1 .
Pwind = §p7TR2Vu?;7 (37)

where Pying is the power contained in the wind, Cp is
the is the power coefficient, p is the air density, R is the
radius of the blades, and V,, is the wind speed. Power
coefficient, ), is a function of tip-speed ratio, A, and
blade pitch angle, 3. Variable X is the ratio of the rotor
blade tip speed and the wind speed. The aerodynamic
torque is given by Ty, = P, /wy.

The linearization of the aerodynamic torque un-
der specific wind power, Pyind o, and turbine operating
speed, wyg, is given by:

Poo dCp(),B) d
Wt02 Awt + Pwmd 0 A\ dwt A Wt

AT, ~ —
(38)

4. Modal and small signal stability analysis

Eqgs. (24)-(38) describe the dynamics of the LVS-WT
of Figure 6 and may be written in the following form:

r* = f(xvu)v

Ozg(x,u), (39)
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where x and u are vectors of the state and input
variables.

. . . . T

$:[¢sd7wsqalrd77w‘q7 T5,T65%eds leqy VUsdy UsqyWr, 97 Wt] ;
T

U= [Veo, V] -

Linearizing Eq. (38) yields the linearized model of the
wind turbine-generator in the following form:

AX® = AAX + B.Au. (40)

Modal analysis is carried out on the system shown
in Figure 6. Appendix A gives the parameters (in
per unit) of a 660 kW, 690 V, 50 Hz LVS-WT used
for the study. The controller parameters are shown
in Appendix B. These parameters correspond to rotor
current closed-loop bandwidth of 2 per unit (100 Hz)
and power closed-loop bandwidth of 5 Hz. Also, in
the power-slip curve, given in Eq. (23), Kpower-curve 18
selected equal to 25, i.e. s, = 0.04.

The system modes and the corresponding par-
ticipation factors are shown in Table 1. By using
participation factors described in [22], the degree of
contribution of each state variable in system modes
is detected. Considering the results in Table 1, the
following key points are found:

1. Modes Ao = —99.6 £ 53074 and A34 = —115 %
72448 are oscillatory ones corresponding to electri-
cal state variables icq.icq, Vsq and vsg;

2. Mode A5 = —430 is the d-axis rotor current mode,
and i,.4 has the highest participation in this mode.
This mode is very fast and its real part is highly
dependent on the current closed-loop bandwidth.
Therefore, the larger the rotor current closed-loop
bandwidth, the larger the damping of the rotor
current mode;

3. Modes Ag,7 = —33.3 £ 5292 are oscillatory ones
associated with the stator dynamics, with a cor-
responding natural frequency near the network
frequency, i.e. 1 per unit. Stator variables, 1,4 and
¥sq, have the most contribution in these modes;

25 (2018) 1593-1607 1599

4. Mode A3 = —83.9 is a simple one associated
with the rotor and stator electrical dynamics (g-
component stator flux and ¢-component rotor cur-
rent);

5. Mode A\g = —47 is rotor electrical one associated
with state variable x5 (see Eq. (28)). This mode
is highly dependent on the rotor current open-loop
bandwidth;

6. Modes Ajp11 = —12 £ 522 are electromechanical
ones associated with generator speed, w,., and power
controller, zg. The corresponding natural frequency
is about 4 Hz;

Modes A3 = —1.6 £ j3.9 are the mechanical
ones associated with the turbine and shaft dynamics
(turbine speed and shaft twist angle). The corre-
sponding natural frequency is 0.6 Hz.

The frequency of this mode corresponds to
the free-fixed eigen-frequency of the turbine. The
free-fixed eigen-frequency of the turbine is approx-

imately given by Wgree-fixed = 1/ ;‘Ijt wp and depends
on the shaft stiffness and turbine inertia constant

[21].

For the wind turbine of Appendix A, with H; =3
sec and ks, = 0.25 pu/elec.rad, Weee fixed 18 Obtained
as 3.6 rad/sec.

It is clear that by increasing kg, the frequency
of these modes also increases. The frequency of the
mechanical modes with k;, = 1.5 is approximately
close to that of the triple oscillations appeared due to
tower shadow effect. Hence, as will be shown in Section
6, at k;, = 1.5, the resonance occurs and fluctuation
of the generator power and electromagnetic torque is
maximum.

5. Dynamic response of LVS-WT under
aerodynamic torque fluctuation

The aerodynamic torque fluctuations in wind turbine
generators are mainly created by the wind power

Table 1. The sample LVS-WT system modes and dominant state variables.

System modes

State variables with highest

participation factors

A2 —00.6 + j3074
Asq  —115 + j2448
A5 ~430
Xer  —33.3+ ;292
As -83.9
Xo 47
Aogn  —12+£522
M2is  —1.6+33.9

Usd Usq 'ied<, Z’eq

led leg
lrd -
ibsd Z//"sq
7~L’sq i'r‘q
X5 -
Wy T
Wi 0
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fluctuations due to wind speed variations, wind shear,
and tower shadow effects [16].

In this section, the impact of aerodynamic torque
fluctuations due to wind shear and tower shadow effects
on the dynamic behavior of LVS-WT is evaluated.

The aerodynamic torque under specific wind
speed can be expressed as follows [1]:

T(t) = Tl + AT (1), (41)

where T,|o is the average torque at the operating
point and AT, (t) is the torque fluctuations caused
by the tower shadow and wind shear effects. The
aerodynamic torque fluctuation is considered to have
a value proportional to T, |o. For wind turbines with 3
blades, the wind shear and tower shadow effects cause
triple aerodynamic torque oscillations with frequency
of wy,. For sinusoidal aerodynamic torque oscillation,
AT,,(t) can be given by:

AT, (t) = Dy, cos(wpt), (42)

T

where w, is given by w, = wwb, n, is the
number of generator pole pairs, nge;r is the gear box
ratio, we is the slip frequency in per unit, ws (1 pu)
is the stator frequency, and wy (27 fs) is the base of
angular frequency. The amplitude of mechanical power
fluctuation is 10-20% of its average value [1]. Hence,
for the linearized model of Section 4, by considering
AT,,(t) as the sinusoidal input given in Eq. (42) and
after applying the Fourier transform to Eq. (40), the
variations of state variables are given by:

Ax(wp) = H(wp).B.Dr,

H(wy) = (Jjwp-I - A)_17 (43)

where complex 13 x 1 vector Az(w,) represents sinu-
soidal values of state variables, H(w,) is a constant
complex 13 x 13 matrix, and B is a 13 x 1 vector
with one nonzero component corresponding to the
aerodynamic torque sinusoidal fluctuation.

Using Eq. (43), the steady-state fluctuation in the
generator speed is given by:

Aw,(t) = Keos —w, cos(wpt + ¢y,,.), (44)

where K.os o, and ¢,, are the amplitude and phase
of the speed fluctuation. The fluctuation of generator
speed also results in the fluctuations of the stator
voltage magnitude and electromechanical torque.

The steady-state fluctuations of dq components of
the stator voltage can be expressed as follows:

Avsg = Kav,, cos(wpt + dav.,);

Avyg = Kan,, cos(wpt + daq,,)- (45)

Computer Science & ... 25 (2018) 1593-1607

From Eq. (45), dq components of the stator voltage are
given by:

Vsq(t) = vsalg + Avsalt) = vsal,
+ KA., cos(wpt + dav.,),
Vsq(t) = vsglg + Avse(t) = vsqly
+K A, cos(wpt + dao,,)- (46)
After some manipulation, Eq. (46) is given by:
wpttda. 1)

Vsdg(t) = Vsdglg + Avs7+ej(

+Av,, eI Wrttda) (47)

where vg4ql0 corresponds to the average value of the
stator voltage at the operating point, and Av, 1, ¢5 4,
Awv, _, and ¢, _ are given by:

IX’Av5d€j¢A”M +jI{Avsqe.7¢Avsq

Av3,+.63¢5~+ = 5 ,

](Avﬂde—]dmnﬂd + ]'A’Avﬂq P LN
B 2

Av,,_.e7- .
(48)

From Eq. (47), the space vector of the stator voltage in
the stationary reference frame, v,q3, can be represented
by:

Usa,@‘(t) :Usdq|0 ej(w5t+90)+Avs +ej((wd-wp)t+90+¢,s,+)

+Av, 7ej((w5—wp)t+0o—¢s,f)’ (49)

where ws and #y are the phase and frequency of the
stator voltage.

According to Eq. (49), the stator voltage is similar
to an amplitude modulated waveform at w,. This
leads to two side-band frequency components with
frequencies of ws; —w, and ws + w,,.

Similar to the stator voltage, other electrical
variables, such as stator flux and stator current, can
also be expressed in the stationary reference frames as
follows:

Ysap(t) = ¢qu|0 eI (wet+00)

+AYs ¢ eI (Watwy)t+00+d..+)

+ A, ej((w,g—w,))tw(mbs,,,)7 (50)
tsap(t) = tsdql, e (wst+0o)

+Aig 4 eI (watwp)t+00+d..+)

N ej((wspr)t+9()*¢s,f)7 (51)
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where 1,440 and iqqlo correspond to the average
values; also, Ay, 4 and At 4 are the upper side-band
components, and Ay, and A¢s _ are the lower side-
band components of the stator flux and rotor current,
respectively.

Hence, in the stationary reference frame, the
machine voltage, current, and flux can be decomposed
into the mean component and lower and upper side-
band components. The stator output active power can
be calculated as follows:

Ps = —Re {Usa,()’isa,()’*}~ (52)

Replacing Eqs. (49) and (51) into Eq. (52) yields
Eq. (53) as shown in Box I.

The electromagnetic power imported from the
stator to the air-gap is given by:

Psag = Re {jwsqpsdqisdq*} . (55)

From Eq. (55), the electromagnetic torque, 7., is given
by:

Te — = —Im {Wswsdqéqu*} ” (56)
Wsyn

where wsy, represents the synchronous speed and is
equal to 1 pu.

Replacing Egs. (50) and (51) into Eq. (56) yields
Eq. (57) as shown in Box II.

According to Egs. (53) and (57), under aerody-
namic torque fluctuation, the stator active power and

electromagnetic torque contain three components: 1)
mean terms Py and Teg, 2) oscillating terms with
frequency of w,, 3) oscillating terms with frequency of
2wy

Considering Eqgs. (54) (shown in Box I) and (58)
(shown in Box II), the magnitude of oscillating terms
with frequency of 2w, is obtained by the product of
upper and lower side-band components. Hence, 2w,
components of the electromagnetic torque and stator
power have relatively negligible magnitudes, and w,
components are the dominant oscillating terms.

6. Simulation study

In the following, the effects of shaft stiffness, rotor re-
sistance, and slope of the slip-power curve, Kpower-curve,
on the dynamic behavior of the LVS-WT are investi-
gated considering triple oscillations due to wind shear
and tower shadow effects.

The system under study, shown in Figure 7, con-
sists of ten 660 kW LVS-WT parameters connected to
a 20 kV distribution system. It exports power to a 130
kV grid through a 10 km, 20 kV cable and transformers
T2 and T3. Both transformers T2 and T3 are rated 15
MVA with the equivalent series impedance of 12.3%.
T2 and T3 are supplied from a 130 kV grid with short
circuit level of 1625 MVA. The LVS-WT parameters
used in this simulation are given in Appendix A.

The simulation results correspond to wind speed
of 11 m/sec. In addition, the amplitude of aerodynamic
power fluctuation due to tower shadow and wind shear

P, =Py + Pi_cos cos(wpt) + Ps_gin sin(w,t)

+ Ps_cos 2 €08(2wpt) + Ps_gin 2 sin(2w,t).

where:

Py Vsdo Vsq0
Psfcos AU5d7+ + A’Us(Lf Avsq,+ + Astq77
P, _gn = | Avgg, — Avgg 4 Avgg 4 — Avgg,
Py_cos2 0 0
P _gino2 0 0

Tsd0

1590

Algg,+

Adgg+

JAV

Algg,—

(53)
A’Usd7+ A'Usq,+ A’US(L_ A’US%_
Vsdo Vsq0 Vsdo Vsq0
Vsq0 —Usdo —Usq0 Vsdo
AUS(L_ AUS(L_ Avsd.ﬁ_ Avsq&
Avsg— —AVsa—  —Avsgq AVt
(54)

Box I
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T. =Teo + Te—cos COS(wpt) + Te_gin sin(wpt)
+ Tocos2 €08(2wpt) + Togin2 sin(2w,t). (57)
where:
TEO
Te_cos
Tefsin =
Te—cos 2
Te—sin 2
[ —T/quo ¢sd0 _Awsq,+ Al/)sd,+ _A'wsq’, Afl/)sd,f
—A¢5q7+ - Awsq,— A¢5d,+ + Awsd,— _wqu wst _wqu wst
Aqbsd,— - qusd,-&- A1psq,— - A/Qbsq,—&— wst 7/qu0 _¢sd0 _1psq0
0 0 _Awsq,— Awsd,— _A/(/qugl» Awsd,+
L 0 0 Awsd,f Awsq,f _Aw.sd,+ —AT/JSq7+
[ isa0
iqu
A/L'sd,—l—
Nt (58)
Nigq,
| Ay,
Box II

@N_ T690v /20 KV
—,TI-'
T 69OKV

Transmission line

20KV T2 130KV! Connection

ol

e S ———

Point (CP)

Grid
impedance

130 KV

o —— - ———————— -]

S.c=1625 MVA

130 KV network

Figure 7. The system under study.

effects is considered to be 10% of its average value. For
the simulated LVS-WT, with n, = 2, ngear = 52.7,
wp = 314 rad/sec, and operating slip in the range of
—0.04-0, triple oscillation frequency, w,, varies in the
range of 1.42-1.45 HZ (8.9-9.1 rad/sec).

6.1. Effects of shaft stiffness

Figure 8 shows the dynamic response of the LVS-WT

with two different values of wind turbine shaft stiffness,

i.e. Kz, = 0.25 pu/elec.rad and Kyp, = 1.5 pu/elec.rad.
The simulation results correspond to wind speed

of 11 m/sec, and slope of the slip-power curve,

Kpower-curve, 15 considered equal to 25, ie. spax =
0.04. In addition, amplitude of aerodynamic power

fluctuation due to tower shadow and wind shear effects
is considered to be 10 percent of its average value.

Considering Figure 8, the operating points of the
wind farm system without tower shadow effects are as
follows.

Turbine aerodynamic power, P;y =2 10 x 539 KW,
generator speed, w, = 1546 rpm, and stator output
active power, P; = 10 x 508 kW.

According to Figure 8, for the case with ks, =
0.25 pu/elec.rad, low-frequency fluctuations of the
generator speed, stator active power, electromagnetic
torque, and stator voltage are lower than those for
the case with ks, = 1.5 pu/elec.rad. The frequency
of the oscillations appeared in Figure 8 is 1.46 Hz
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corresponding to triple oscillation frequency. Hence,
for the case with ks, = 1.5 pu/elec.rad, fluctuations
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Figure 8. Dynamic response of LVS-WT with two

(d)

Figure 9. Dynamic response of LVS-W'T with two

different values of shaft stiffness: (a) Turbine aerodynamic

different values of slope of slip-power curve: (a) Turbine

input power, (b) generator speed, (c) stator active power,

(d) electromagnetic torque, and (e) stator voltage

magnitude.

aerodynamic input power, (b) generator speed, (c) stator

active power, and (d) electromagnetic torque.
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fluctuation is considered to be 10 percent of its average
value.

Kpower-curve 18 a design parameter of the power
control, and it determines the maximum operating slip
of the generator. The maximum operating slip for
Kpower-curve = 25 is 4% and for Kpower-curve = 50 is
2%. According to Figure 9, the average operating speed

of the generator for Kpower-curve = 25 is 1546 rpm
and for Kpower-curve = 50 is 1523 rpm. This results
in larger aerodynamic power for Kpower-curve = 25.

According to Figure 9, low-frequency fluctuations of
the stator output active power and electromagnetic
torque for Kpower-curve = 25 are lower than those
for Kpower-curve = ©50. Hence, in the case with
Kpower-curve = 25, mechanical stress and torque pul-
sations on the wind turbine shaft reduce and power
quality of the generator improves.

6.3. Effects of rotor resistance

Figure 10 compares the dynamic responses of the LVS-
WT with those of the fixed speed WT (FSWT) under
aerodynamic power fluctuation.

According to Figure 10, the average operating
speed of the generator in LVS-WT is 1546 rpm and
in FSWT is 1508 rpm. This results in larger aero-
dynamic power in LVS-WT. According to Figure 10,
low-frequency fluctuations of the stator active power,
electromagnetic torque, and stator voltage for LVS-WT
are lower than those for FSWT. Hence, in the case with
LVS-WT, mechanical stress and torque pulsations on
the wind turbine shaft reduce, and power quality of the
generator improves.

In other words, in LVSWT, the mechanical
stresses, torque and power pulsations decrease; as a
result, power quality of the generator improves. In
addition, in LVS-WT, the average output power and,
consequently, the efficiency of the aerodynamic energy
conversion are higher than those in FSWT.

6.4. Control system modification

In the following, the wind turbine control system is
modified to reduce the power and torque fluctuations
in the case with ks, = 1.5 pu/elec.rad. As stated
before, for the case with kg, = 1.5 pu/elec.rad, the
natural oscillation frequency of the mechanical modes,
A12,13, is close to 3p oscillation frequency, i.e. 1.46 Hz;
thus, fluctuations of the generator response are larger.
Hence, to reduce the system response fluctuations, it is
sufficient to change the value of natural oscillation fre-
quency of the mechanical modes. According to Section
4, the natural oscillation frequency of the mechanical
modes, known as the free-fixed eigen-frequency, is ap-

proximately given by wWeree-fixed = 1/ Q‘H@ wp and depends

on shaft stiffness, k,,, and turbine inertia constant.
Hence, wieefixea can change by actively varying the
shaft stiffness. According to Eq. (34), if electrical

—— LVS-WT with rotor resistance control
------ FSWT without rotor resistance control
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Figure 10. Dynamic response of WT with and without
rotor external resistance control: (a) Turbine aerodynamic
input power, (b) generator speed, (c) stator output power,
(d) electromagnetic torque, and (e) stator voltage
magnitude.
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Figure 11. Modified wind turbine control system.

torque, T, contains additional auxiliary term that is
proportional to shaft twist angle 8, ks, can be changed
actively. This additional auxiliary torque is provided
through modifying the rotor reference current, as given
in Figure 11.

Figure 11 shows the modified wind turbine control
system for actively varying the shaft stiffness. 1In
Figure 11, the rotor current comprises two terms:
the first term, I._;cf_main, 1S the main reference
current that regulates the active power; the second
term, I _ref—quz, 1S known as the auxiliary reference
current. The auxiliary reference current, I, _,cf_que,
is proportional to shaft twist angle 8, while I, ¢ quz
and 6 are out of phase. This, in turn, provides an

auxiliary electrical torque that is proportional to 6,
and consequently increases the shaft stiffness factor
actively. Figure 12 depicts the dynamic response of
the LVS-WT for K, = 1.5 pu/elec.rad, with and
without control system modification. Parameter K.,
in Figure 11 is selected equal to 0.5, and thus, K is
actively changed from 1.5 to 2. According to Figure 12,
in the case with modified control system, the control
system provides higher external rotor resistance, and
this in turn results in higher average value of generator
speed at the operating point and higher rotor losses.
Considering Figure 12(a), fluctuation of the generator
speed with/without modified control system remains
unchanged. However, according to Figure 12(b) and
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Figure 12. Dynamic response of the LVS-WT for K,, = 1.5 pu/elec.rad, with and without control system modification:
(a) Generator speed, (b) electromagnetic torque, and (c) output active power.
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(c), for the case with modified control system, the
amplitudes of the low-frequency fluctuations of electro-
magnetic torque and active power are lower than those
for the case without control system modification.

7. Conclusion

This paper deals with the analytical controller design
in LVS-WT, and then examines its dynamic perfor-
mance with regard to aerodynamic torque fluctuations
appeared due to tower shadow effects.

Modal analysis of the wind turbine depicts that,
for certain values of shaft stiffness, frequency of the
mechanical modes coincides with the triple oscillation
frequency magnifying the fluctuation of the generator
power and electromagnetic torque.

The paper develops analytical expressions for
the fluctuations of the stator voltage and current,
electromagnetic torque, and generator active power.
These fluctuations arise because of the aerodynamic
torque and rotor speed perturbations. It is found
that in the stationary reference frame, the generator
voltage, current, and flux can be decomposed into
the mean component and lower and upper side-band
components.

According to the obtained analytical results, un-
der aerodynamic torque fluctuation, the stator active
power and electromagnetic torque contain three com-
ponents: mean terms, oscillating terms with frequency
of w,, and oscillating terms with frequency of 2w,. It
is shown that 2w, components of the electromagnetic
torque and stator power have relatively negligible
magnitudes, and w, components are the dominant
oscillating terms. The paper also examines the effects
of shaft stiffness, slope of power-slip curve, and rotor
resistance on the WT response. The studies are carried
out on a wind farm consisting of LVS-WTs connected
to the grid.
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Appendix A

Parameters of 660 kW, 690 V, 50 Hz,
LVS-WT:

Vbase =690 V,  Spage = 660 KVA,

wp = 27 f, = 314 rad/ sec,

fbase =350 HZ?

Thase = 552 A

R, = 0.00637 pu,

R, = 0.00596 pu,

L,=293pu, L,=294pu, L, =288pu,
H,.=0.54sec, H;=23545sec, D=12pu,
ksp = 0.25pu/elec.rad, n, =2, Ngear = 52.7,
ws =1pu, R, =0.05pu, L.=0.1puy,

Appendix B

Controller parameters used for the modal
analysis and stmulations:

kp_; =0214, k;_; =76,

kp,p = 00517 k],p =31.4.
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