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Abstract: A huge number of wind generators are going to be connected with the existing network
in the near future. Therefore it is necessary to analyse the transient stability of power systems,
including wind turbine generator systems (WTGS). It has already been reported that one-mass
or lumped model of wind turbine system is insufficient to analyse the transient behaviour of
WTGS. It has also been reported that for the precise transient analysis of WTGS, a six-mass
drive train model is needed. The reduced order models (three-mass and two-mass) have also
been adopted so far for transient behaviour analysis. But the transient stability analysis of using
six-mass, three-mass and two-mass drive train models has not been reported sufficiently so far
in the literature. The authors have conducted an analysis using these methods. First, a detailed
transformation procedure is presented from six-mass drive train model to two-mass model,
which can be used in the analysis of transient stability simulation with sufficient accuracy. It is
then determined which drive train model is appropriate for transient stability analysis of grid-
connected WTGS. The effects of drive train parameters (such as inertia constant, spring constant
and damping constant) on stability are examined using the above mentioned types of drive train
models. Moreover, different types of symmetrical and asymmetrical faults at different wind generator
power levels are considered in the simulation analyses with and without considering damping con-
stants in six-mass, three-mass and two-mass shaft models. Considering the simulation results, it
can be concluded that two-mass shaft model is sufficient for the transient stability analysis of WTGS.

 
 

 

List of symbols

r air density

R turbine blade radius

Vw wind speed

Cp power coefficient

l tip speed ratio

b blade pitch angle

Pw extracted power from the wind

vB hub angular velocity

vGB gearbox angular velocity

vG generator angular velocity

uB hub angular position

uGB gearbox angular position

uG generator angular position

J mass moment of inertia

M weight of the disk
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length of the shaft

shear modulus

d diameter of the disk

sh shaft diameter

B hub inertia constant

GB gearbox inertia constant

G generator inertia constant

HB spring constant between hub and blade

HGB spring constant between hub and gearbox

GBG spring constant between gearbox and generator

2M spring constant of the shaft in two-mass model

self-damping of individual masses

mutual damping of adjacent masses

e electromagnetic torque of induction generator

B torque acting on blade

GB gear ratio

B circuit breaker

a armature resistance

a armature reactance

d direct-axis synchronous reactance

q quadrature-axis synchronous reactance
0
d direct-axis transient reactance
0
q quadrature-axis transient reactance
00
d direct-axis subtransient reactance
00
q quadrature-axis subtransient reactance
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T 0
q0 direct-axis open circuit transient time constant

T 00
d direct-axis open circuit subtransient time

constant

T 00
q0 quadrature-axis open circuit subtransient time

constant

r1 stator resistance

x1 stator unsaturated leakage reactance

Xmu unsaturated magnetising reactance

r21 first cage resistance

x21 rotor unsaturated mutual reactance

r22 second cage resistance

x22 second cage unsaturated reactance

SG synchronous generator

SGd load angle of synchronous generator

IG induction generator

1 Introduction

Electrical energy generation using wind power has recently
received considerable interest and attention all over the
world due to growing environmental concern [1]. A huge
number of wind farms are going to be connected with the
existing network in the near future. Induction generators
(IGs) are generally used as wind generators because of
their superior characteristics such as brushless and rugged
construction, low cost, low maintenance and simple oper-
ation. But as IG has stability problems such as the transient
stability of synchronous generators (SG) [2], it is essential
to investigate the transient stability of power systems includ-
ing wind generators. There are several reports investigating
the transient stability of wind generators in fault conditions
[3–7]. In these references however, wind turbines and
wind generators are modelled as a one-mass lumped model
with a combined inertia constant.

Although the one-mass lumped model is too simple for
representing the dynamics of a wind turbine and wind
generator connected to each other through a shaft, stability
analysis based on the one-mass shaft model may give sig-
nificant errors. Wind turbine generator system (WTGS) is
the only generator unit in a utility network where mechan-
ical stiffness is lower than electrical stiffness (synchronising
torque coefficient) [8]. Moreover, inertia constants of the
turbine and generator have significant effects on the transi-
ent stability. Valuable studies have been performed for tran-
sient stability, fault analysis, reactive power compensation
and other simulation analyses of WTGS by using
two-mass shaft model [8–18]. For example, studies for
fault-clearing time by using a two-mass shaft model were
presented in [16–18]. In other studies [19–25], three-mass
or higher order shaft models were also analysed. Flicker and
power fluctuation analyses were discussed in [15, 23],
where multi-mass shaft model was considered. The tor-
sional natural frequency of wind generators was discussed
in [7, 15, 23], where a multi-mass shaft model was also con-
sidered. But from these reports, the characteristic accuracy
of each WTGS model, namely six-mass, three-mass and
two-mass drive train models, cannot be cleared. To clear
the characteristics between the six-mass model and
reduced order models (three- and two-mass drive train
models), proper definitions of all concepts under compari-
son must first be made. Next, all concepts under consider-
ation should have parameters that can be obtained using
the proper transformation technique from a base parameter
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t of a six-mass drive train model, which is considered as a
enchmark model in this study. Finally, all concepts under
nsideration should be compared to each other under
actly the same operating conditions. In our previous
ork [9], we stated that the two-mass shaft model rather
an one-mass lumped model should be used for transient
ability analysis because the stiffness and inertia constant
f wind turbine shaft systems have a great effect on the tran-
ent stability. In [19], the transient stability of WTGS was
alysed using only two-mass and three-mass models,
here the transformation from a three-mass to two-mass
rive train model was not confirmed by simulation results
d moreover, all types of damping effects were disre-
arded. But in the relevant study [25], it was found that
e transient stability analysis without considering
amping effects can give pessimistic results and thus it
as concluded that for precise transient stability analysis,
e six-mass drive train model is the right choice.
owever, six-mass drive train modelling slows the
mulations due to complex and lengthy mathematical
mputation with small time-steps. This study attempts to
mpare the results of different types of drive train
odels of WTGS for transient stability analysis. It will be
own that the reduced order two-mass shaft model is
ceptable for transient stability analysis of WTGS.
As wind speed is intermittent and stochastic in nature, the
rques acting on blades of wind turbines are not always
ual. Only with the six-mass drive train model can this
nequal blade torque sharing can be analysed. In this
ork, it is ensured that the unequal blade torque distri-
utions have no effect on the transient stability of WTGS,
hich encourages the consideration of the reduced order
ree-mass and two-mass models. The six-mass drive train
odel parameters are referred to as the base parameter
t. First, the three different model systems are described.
hen the detailed transformation procedure from six-mass
two-mass drive train models is discussed, where self-
d mutual-dampings are also considered. The validity of
e transformation is confirmed by the simulation results,
hich is one of the novel features of this work. The
fects of parameters such as spring constants, inertia con-
ants and damping constants of six-mass, three-mass, and
o-mass models on the transient stability of WTGS are
vestigated clearly. Different types of symmetrical and
ymmetrical faults are analysed under different wind gen-
ator power conditions with and without considering
amping constants of six-mass, three-mass and two-mass
rive train models. Moreover, the simulation analyses are
erformed using two types of power system models for
ort and long duration network faults. From all the simu-
tion results it is concluded that the two-mass shaft
odel is sufficient enough for the transient stability analysis
f WTGS.

Wind turbine modelling

he mathematical relation for the mechanical power
tracted from the wind can be expressed as follows [26]

Pw ¼ 0:5rpR2
v
3
wCp(l, b) (1)

here Pw is the extracted power from the wind, r is the air
ensity [kg/m3], R is blade radius [m], Vw is wind speed
/s] and Cp is the power coefficient, which is a function

f both tip speed ratio, l, and blade pitch angle, b [deg].
this work, the Cp equation as shown below has been

ken from [27].
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l ¼
vHR

Vw

(2a)

Cp ¼
1

2
(l� 0:022b2

� 5:6)e�0:17l (2b)

where vH is the rotational speed of the hub [rad/s]. The Cp–
l curves are shown in Fig. 1 for different values of b.
Wind turbine torque, Twt, can be expressed simply as

follows

Twt ¼ Pw=vH (3)

The detailed modelling of each drive train model and the
conversion process from six-mass to two-mass shaft model
are discussed next.

2.1 Six-mass drive train model

The basic six-mass drive train model is presented in Fig. 2a.
The six-mass model system has six inertias, namely three
blade inertias (HB1, HB2 and HB3), hub inertia (HH),
gearbox inertia (HGB) and generator inertia (HG). uB1,
uB2, uB3, uH, uGB and uG represent angular velocities of
the blades, hub, gearbox and generator; v vB1, vB2, vB3,
vH, vGB and vG correspond to angular positions of the
blades, hub, gearbox and generator. The elasticity
between adjacent masses is expressed by the spring con-
stants KHB1, KHB2, KHB3, KHGB and KGBG. The mutual-
damping between adjacent masses is expressed by dHB1,
dHB2, dHB3, dHGB and dGBG. There exist some torque
losses through external damping elements of individual
masses, which are represented by DB1, DB2, DB3, DH,
DGB and DG. The model system needs generator torque
(Te) and three individual aerodynamic torques acting on
each blade (TB1, TB2, TB3). The sum of the blade torques
develops the turbine torque, Twt. It is assumed that the aero-
dynamic torques acting on hub and gearbox are zero.

2.2 Three-mass drive train model

The basic three-mass model is shown in Fig. 2b. The turbine
inertia can be calculated from the combined weight of three
blades and hub. Therefore the mutual-damping between hub
and blades is ignored in the three-mass model. Individual
blade torque sharing cannot be considered in this model.
Instead it is assumed that the three-blade turbine has
uniform weight distribution for simplicity – that is,
turbine torque, Twt, is assumed to be equal to the summation
of the torque acting on three blades. Therefore the turbine
can be assumed as a large disk with small thickness. If
proper data is not available, the simple equation below
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Fig. 1 Cp–l curves for different pitch angles
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an be used for the estimation of the mass moment of
nertia of a disk with small thickness [28]

J (kg m2) ¼
MD2

d

8
(4)

here Dd is diameter of the disc andM is weight of the disc.
imilarly, generator and gearbox inertia can be calculated
pproximately from their diameter and weight. If we need
recise estimations, precise data of geometry and very com-
licated formula are needed for calculating the moment of
nertia of turbine, gearbox and generator.
The shaft stiffness can be calculated from the equation

elow [29]

K(Nm=rad) ¼
GpD

4
sh

32L
(5)

here Dsh is shaft diameter, L is shaft length and G is shear
odulus. Stainless steel or ductile cast iron is normally used
s shaft material.

.3 Geared system transformation

hen the torsional system is interconnected by a set of
ears, the inertia discs are not being operated at the same
ngular speed throughout the system. In such case, the

ig. 2 Drive train models of wind turbine generator system

a Six-mass model
Three-mass model
Transformed three-mass system
Two-mass model

133



actual system needs to be corrected for the differences in
speed of the component parts – that is the inertias and
spring constants are referred to one speed of rotation as
shown in Fig. 2c. The basis for these transformations is
that the potential and kinetic energies of the equivalent
system should be the same as those of the actual one, and
it is assumed that the gear teeth do not break contact
while transmitting vibration. The above-mentioned trans-
formation can be summarised as follows [29, 30]

Jeq

Ja
¼

Keq

Ka

¼ (Speed ratio)2 (6)

where the suffix ‘eq’ and ‘a’ means equivalent and actual,
respectively.

2.4 Two-mass shaft model

The three-mass system can be converted into a two-mass
system (as shown in Fig. 2d) by adding the masses of two
discs together and by connecting the two discs with equiv-
alent shaft stiffness. The equivalent shaft stiffness of the
two-mass system, K2M, can be determined from the parallel
shaft stiffness as in (7) [29, 30]. In Fig. 2d, J00wt and J0G rep-
resent the equivalent mass moment of inertia of wind
turbine and generator, respectively. It should be mentioned
that two discs should be added into one by considering the
lower shaft stiffness. For example, if the spring constant of
the low-speed side is lower than that of the high-speed side,
then the gearbox and generator inertias should be added as
shown in method 2 of Fig. 2d and vice versa, which can be
confirmed by the simulation results presented in Section
5.1.1. This might be a good practice for wind turbine
drive train conversion methodology instead of the conven-
tional one of connecting turbine and gearbox together as
presented in [18, 19]. Accordingly, the self-dampings of
generator and gearbox should be added together and the
mutual damping of gearbox and generator is neglected in
two-mass shaft model.

1

K2M

¼
1

ðKHGB=NGB
2Þ
þ

1

KGBG

(7)

2.5 Per unitisation

In the drive train model system, all data used in the stated
equations are converted to per unit system. If PB is the
base power (VA), v0 the base electrical angular velocity
(rad/s) and P the number of pole pairs of the generator,
the base values of the per unit system at the high-speed
side of the drive train are defined as follows:

† The base mechanical speed (mech. rad/s) is v0
B ¼ v0/P.

† The base torque (Nm) is T0
B ¼ PB/v

0
B.

† The base inertia (Nm/(rad/s)) is J0B ¼ T 0
B/0.5v

0
B ¼ PB/

0.5v02
B.

† The base spring constant (Nm/(rad/s)) is K0
B ¼ T0

B/
v0
B ¼ PB/v

02
B.

† The base damping constant (Nm/(rad/s)) is D0
B ¼

d 0B ¼ TB/v
0
B ¼ PB/v

02
B.

Now, the low-speed side (turbine-side) base quantities
can be calculated from the high-speed side (generator-side)
base quantities using the gearbox speed ratio, NGB, as
follows
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v00
B ¼ v0

B=NGB J 00B ¼ N 2
GBJ

0
B

u00B ¼ u0B=NGB D00
B ¼ N 2

GBD
0
B

T 00
B ¼ NGBT

0
B K 00

B ¼ N 2
GBK

0
B

(8)

In this paper, HB (1,2,3), HH, HGB and HG represent the per
nit inertia constants (s) of three blades, hub, gearbox and
enerator, respectively.

.6 Wind farm equivalent N-machine

or transient stability of WTGS it is cumbersome to simu-
te each individual wind turbine. So, wind turbines with
me torsional natural frequency might be added as
llows [5, 20]

Jwt ¼
Xp

i¼1

Jwti; Jgb ¼
Xp

i¼1

Jgbi;

Jg ¼
Xp

i¼1

Jgi; K ¼
Xp

i¼1

Ki

(9)

here i is the number of each individual wind turbine and p
the total number of wind turbine.

Simulation model

wo types of model systems are used for the sake of exact
mparison among different types of drive train models of
TGS during network disturbances. Fig. 3 shows model
stem-I, where one SG is connected to an infinite bus
rough a transformer and a double circuit transmission
ne. In the figure, the double circuit transmission line par-
eters are numerically shown in the form of Rþ jX,

here R and X represent the resistance and reactance,
spectively. One wind farm (IG) is connected with the
etwork via a transformer and short transmission line.
capacitor bank has been used for reactive power compen-
tion at steady-state. The value of capacitor C is chosen so
at the power factor of the wind power station becomes
nited [7] during the rated operation. Automatic voltage
gulator and Governor control system models shown in
igs. 4 and 5, respectively, have been included in the SG
odel. Fig. 6 shows model system-II, where the aggregated
odel of wind farm (IG) is directly connected to the SG
rough a double circuit transmission line. The IEEE
eneric turbine model and approximate mechanical-
ydraulic speed governing system is used with SG [31].
EE alternator supplied rectifier excitation system
C1A) [32] is used for excitation control of SG. The gen-
ator parameters for both model systems are shown in
able 1. The initial values used for model systems I and
are shown in Tables 2 and 3, respectively. The drive

ig. 3 Model system-I
IET Renew. Power Gener., Vol. 1, No. 2, June 2007
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Fig. 6 Model system-II

Fig. 5 Governor model

Table 1: Generator parameters

SG IG

MVA 100 MVA 50/20

ra (pu) 0.003 r1 (pu) 0.01

xa (pu) 0.13 x1 (pu) 0.1

Xd (pu) 1.2 Xmu (pu) 3.5

Xq (pu) 0.7 r21 (pu) 0.035

X0
d (pu) 0.3 x21 (pu) 0.030

X0
q (pu) 0.22 r22 (pu) 0.014

X00
d (pu) 0.22 x22 (pu) 0.098

X00
q (pu) 0.25

T 0
d0

(s) 5.0

T00
d0

(s) 0.04

T 00
q0

(s) 0.05

H (s) 2.5

 
 

 

Table 2: Initial conditions of generators and turbines (model system-I)

Condition 1 Condition 2 Condition 3

SG IG SG IG SG IG

P (pu) 1.0 0.39 1.0 0.40 1.0 0.50

V (pu) 1.03 1.042 1.03 1.039 1.03 0.999

Q (pu) 0.244 0.053 (0.206)a 0.251 0.049 (0.209)a 0.334 0.000 (0.239)a

Efd (pu) 1.719 – 1.725 – 1.803 –

Tm (pu) 1.003 – 1.003 – 1.003 –

SGd (deg) 50.47 – 50.50 – 50.72 –

Slip 0.0 20.769% 0.0 20.794% 0.0 21.09%

Vw (m/s) – 10.615 – 10.722 – 11.797

b (deg) – 0 – 0 – 0

aReactive power drawn by induction generator
IET Renew. Power Gener., Vol. 1, No. 2, June 2007
rain parameters for the six-mass, three-mass and two-mass
odels are shown in Section 10. For transient stability
nalysis the symmetrical three line-to-ground fault (3LG)
s considered. Some unsymmetrical faults such as double
ine-to-ground fault (2LG) (phase a and b), double
ine-to-line fault (2LS) (between phase a and b) and single
ine-to-ground fault (1LG) (phase a) are also considered.
ime step and simulation time have been chosen 0.00005
nd 10 s, respectively. The simulations have been done by
sing PSCAD/EMTDC [33].

Effects of equal and unequal blade torque
haring on the stability

ind speed is intermittent and stochastic in nature.
herefore, the torques acting on three blades of a wind
urbine are not always equal. In this section, the effect of
qual and unequal torque sharing on the transient stability
re analysed by using the six-mass drive train model. A
LG fault is considered to occur at fault point F of model
ystem-I. The initial values for stable and unstable cases
re shown as condition 1 and condition 2 in Table 2. The
rive train parameters of six-mass model are shown in
ection 10, but all types of dampings are disregarded in
his case for considering the worst-case scenario.
esponses of the IG rotor and turbine hub speeds are
hown in Figs. 7 and 8, respectively, for both stable and
nstable situations. It is seen from Figs. 7 and 8 that
nequal blade torque sharing has no effect on the transient
tability of WTGS. Therefore the three-mass and two-mass
educed order drive train models can be used, where it is
ssumed that the turbine torque is equal to the summation

able 3: Initial conditions of generators and turbines
model system-II)

Condition 4 Condition 5

SG IG SG IG

(pu) 0.624 0.16 0.58 0.20

(pu) 1.015 1.014 1.015 1.00

(pu) 0.279 0.018 (0.081)a 0.297 0.000 (0.095)a

fd (pu) 1.50 – 1.50 –

m (pu) 0.626 – 0.582 –

lip 0.0 20.835% 0.0 21.09%

w (m/s) – 10.74 – 11.79

(deg) – 0 – 0

Reactive power drawn by induction generator
135



of the torques acting on the three-blades. The comparison
between the three types of drive train models of WTGS
during the network disturbances has been presented in
Section 5 by using model systems I and II.

5 Comparison using model system-I

First, the effects of drive train parameters of the six-, three-
and two-mass drive train models on the transient stability of
WTGS are analysed by using model system-I. Then the
comparison is also carried out at different IG output
power levels for different types of symmetrical and asym-
metrical faults. The fault is considered to occur at 0.1 s.
The circuit breakers (CB) on the faulty line are opened at
0.2 s and the CBs are reclosed at 1.0 s.

5.1 Effects of drive train parameters on transient
stability of WTGS

The effects of drive train parameters on the transient stability
of grid connectedWTGS are analysed by considering that the
severe 3LG fault has occurred at point F of Fig. 3. The initial
values are presented as condition 2 in Table 2.

5.1.1 Effect of inertia constants: In this sub-section, the
effects of inertia constant on the transient stability of WTGS
are analysed using six-mass, three-mass and two-mass drive
train models. All types of dampings are neglected in this
case. For the two-mass shaft model, two types of inertia
sets are used as shown in Fig. 2d. Responses of the IG
speed and turbine speed are shown in Figs. 9 and 10,
respectively, for six-mass, three-mass and two-mass drive
train models. Some other simulation results of IG rotor
and turbine speeds are presented in Figs. 11 and 12,
respectively, where the turbine inertia of each drive train
model is increased by 50% from the original value shown

Fig. 8 Transient effect of equal and unequal blade torque
sharing (condition 2, 3LG, unstable case, model system-I)

Fig. 7 Transient effect of equal and unequal blade torque
sharing (condition 1, 3LG, stable case, model system-I)
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to
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ig. 10 Effect of inertia constant on turbine speed (condition 2,
G, model system-I)

ig. 9 Effect of inertia constant on generator speed (condition 2,
G, model system-I)

ig. 11 Effect of increased inertia constant of turbine on genera-
r speed (condition 2, 3LG, model system-I)

ig. 12 Effect of increased inertia constant of turbine on genera-
r speed (condition 2, 3LG, model system-I)
IET Renew. Power Gener., Vol. 1, No. 2, June 2007



in Section 10. In Figs. 13 and 14, the IG rotor and turbine
speeds are shown where the generator inertia constant of
each drive train model is increased by about 50% from
the original value shown in Section 10. It is clear from
Figs. 13 and 14 that the transformation from three-mass to
two-mass is needed to perform according to method2 of
Fig. 2d; that is, gearbox and generator masses should be
added together as they are separated with comparatively
lower shaft stiffness. Moreover, it is seen that the increase
of turbine and generator inertia constants enhances the tran-
sient stability of WTGS for all types of drive train models.
From Figs. 9 to 14, it is clear that if a proper transformation
process is applied, then the two-mass shaft model shows
almost the same transient characteristics as those of
six-mass and three-mass drive train models.

5.1.2 Effect of spring constants: In this section, the
effect of spring constant on the transient stability of
WTGS is demonstrated using six-mass, three-mass and
two-mass drive train models. Here the dampings are
neglected. A 3LG fault is considered to occur at point F
of Fig. 3. First, the results of transient characteristics of
six-mass drive train model are presented where the stiffness
between hub–blades, gearbox–generator and hub–gearbox
are increased by certain percentages from the original
values as shown in Figs. 15, 16 and 17, respectively. It is
seen from those figures that the stiffness between hub–
blades and gearbox–generator has negligible effect on the
transient stability of WTGS. But the transient stability
strongly depends on the spring constant between hub and
generator. In the three-mass drive train model it is also
seen that the spring constant between gearbox and generator
has almost no effect on the stability as shown in Fig. 18.

Fig. 13 Effect of increased inertia constant of generator on its
rotor speed (condition 2, 3LG, model system-I) F

s

Fig. 14 Effect of increased inertia constant of generator on
turbine speed (condition 2, 3LG, model system-I) F

o

F
s

F
o
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ig. 15 Effect of spring constant between hub and blades of
ix-mass model (condition 2, 3LG, model system-I)

ig. 16 Effect of spring constant between gearbox and generator
f six-mass model (condition 2, 3LG, model system-I)

ig. 17 Effect of spring constant between hub and gearbox of
ix-mass model (condition 2, 3LG, model system-I)

ig. 18 Effect of spring constant between gearbox and generator
f three-mass model (condition 2, 3LG, model system-I)
137



Finally, the effect of the spring constant between hub and
gearbox for six-mass and three-mass models and the effect
of the equivalent stiffness of a two-mass model are compared
when a severe network disturbance occurs in the model
system as shown in Fig. 19. Moreover, these stiffnesses are
increased by 50% from the original values and their effects
are observed as shown in Fig. 20. It is clear from Figs. 19
and 20 that the two-mass shaft model shows almost the
same transient characteristics as those of six-mass and three-
mass drive train models under network disturbance.

5.1.3 Effect of damping constants: In this section, the
effect of self- and mutual-dampings of the drive train are
analysed using six-mass, three-mass and two-mass models
when a severe network disturbance occurs in the model
system. Responses of the IG rotor and turbine speeds of
the six-mass model are shown in Figs. 21 and 22, respect-
ively, where the dampings are considered or disregarded.
It is seen that both self- and mutual-dampings have signifi-
cant effect on the transient stability of WTGS, and between
these two dampings, the mutual damping makes the WTGS
transiently more stable. But in the three-mass model, it is
not possible to consider the mutual dampings between
hub and blades. In the case of two-mass model, only the
mutual damping between hub and gearbox is present.
External damping elements represent the torque losses. As
generator and gearbox masses are lumped together in the
two-mass model, the self-damping of the individual
elements are also lumped together. Finally, simulations
have been carried out by using the damping values shown

Fig. 20 Effect of increased spring constant between hub and
gearbox of six-, three- and two-mass models (condition 2, 3LG,
model system-I)

Fig. 19 Effect of spring constant between hub and gearbox of
six-, three- and two-mass models (condition 2, 3LG, model
system-I)
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ig. 21 Effect of damping constant on generator speed for
x-mass model (condition 2, 3LG, model system-I)

ig. 22 Effect of damping constant on turbine speed for six-mass
odel (condition 2, 3LG, model system-I)

ig. 23 Effect of damping constant on generator speed for six-,
ree- and two-mass models (condition 2, 3LG, model system-I)

ig. 24 Effect of damping constant on turbine speed for six-,
ree- and two-mass models (condition 2, 3LG, model system-I)
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Table 4: Transient stability results for two-mass, three-mass and six-mass models (neglecting all types of dampings)

IG power (MW) 1LG fault 2LG fault 2LG fault 3LG fault

2M 3M 6M 2M 3M 6M 2M 3M 6M 2M 3M 6M

50 O O O O O O � � � � � �

44 O O O O O O � � � � � �

43 O O O O O O O O O � � �

40 O O O O O O O O O � � �

39 O O O O O O O O O O O O

Table 5: Transient stability results for two-mass, three-mass and six-mass models (considering all types of dampings,
condition 3)

IG power (MW) 1LG fault 2LS fault 2LG fault 3LG fault

2M 3M 6M 2M 3M 6M 2M 3M 6M 2M 3M 6M

50 O O O O O O O O O O O O

 
 

 

in Section 10 and it is found that the two-mass, three-mass
and six-mass drive train models give almost the same results
as shown in Figs. 23 and 24.

5.2 Fault analysis

The transient stability of WTGS are also analysed using the
six-mass, three-mass and two-mass drive train models
against different types of symmetrical and unsymmetrical
fault in model system-I. Drive train parameters are taken
from Section 10. The initial values at different IG output
power levels can be obtained from the method described in
[7]. The simulation results are shown briefly in Tables 4 and

5
r
i
t
t

6

I
i
l
t
o

Fig. 25 Transient effect of six-, three- and two-mass models
(condition 4, 3LG, model system-II)

Fig. 26 Transient effect of six-, three- and two-mass models
(condition 5, 3LG, model system-II)

F
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F
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, with and without considering the dampings, where O and
epresent stable and unstable situations of WTGS, respect-
vely. It is clear from the simulation results that in all cases
wo-mass shaft model gives the same transient responses as
hose of three-mass and six-mass drive train models.

Comparison using model system-II

n model system-II, longer fault clearing time and CB reclos-
ng time are used. A fault occurs at 0.1 s, the CB on the faulted
ine are opened at 0.22 s and reclosed at 1.22 s. Table 3 shows
he initial values used in the simulation. When a 3LG fault
ccurs at fault point F of Fig. 6, all types of drive train

ig. 27 Transient effect of six-, three-, and two-mass models
condition 4, 2LG, model system-II, transformer grounded)

ig. 28 Transient effect of six-, three- and two-mass models
condition 4, 2LG, model system-II, transformer ungrounded)
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models show the similar characteristics both for condition 4
and condition 5, as shown in Figs. 25 and 26, respectively.
Therefore it is clear that the three drive train models show
the similar transient characteristic for both stable and unstable
conditions of WTGS. Some other simulation results are pre-
sented in Figs. 27 and 28 for 2LG fault by using condition
4, where the transformer near the IG is grounded or
ungrounded, respectively. In these results, the six-, three-,
and two-mass drive train models also show the same transient
characteristics during the network disturbance.

7 Conclusions

In this work, the transient stability of WTGS is analysed
using the six-mass, three-mass and two-mass drive train
models for severe network disturbance in two different
types of power system models. A detailed transformation
methodology from the six-mass to two-mass drive train
models is presented, which can be used in the simulation
analysis with reasonable accuracy. By using the transform-
ation procedure, the inertia constants, spring constants,
self-dampings of individual masses and mutual-dampings
of adjacent masses of the six-mass drive train model can
be converted to reduced order models. The effects of
drive train parameters such as inertia constants, spring
constants and damping constants are examined for the
above mentioned three-types of drive train models.
Moreover, different types of symmetrical and asymmetrical
faults are analysed at different power levels of IG, with or
without considering damping constants of six-mass, three-
mass and two-mass models. Considering all the simulation
results, it can be concluded that the WTGS can be
expressed by the simple two-mass shaft model with reason-
able accuracy and that this model is suitable for the transi-
ent stability analysis of grid connected WTGS.
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10 Appendix

The six-mass and three-mass drive train parameters in per unit (from [34]) based on high speed rotation are as follows

6M 3M 6M 3M 6M 3M

HB(1,2,3) 0.6388 – KHGB 54.75 54.75 DG 0.01 0.01

HH 0.0114 – KGBG 1834.1 1834.1 dHB(1,2,3) 12.0 –

HWT – 1.9277 DB(1,2,3) 0.004 – dHGB 3.5 3.5

HGB 0.0806 0.0806 DH 0.01 – dGBG 10.0 10.0

HG 0.1419 0.1419 DWT – 0.022

KHB(1,2,3) 1259.8 – DGB 0.022 0.022

The transformed two-mass data are as follows:

2M

H00
WT 1.9277 K2M 53.16 D0

G 0.032

H00
G 0.2225 D00

WT 0.022 d00
2M 3.5
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