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Small Signal Stability of Fractional Frequency
Transmission System With Offshore Wind Farms

Jing Li and Xiao-Ping Zhang, Senior Member, IEEE

Abstract—Fractional frequency transmission system (FFTS) is a
relatively new transmission technology that can be used to deliver
the energy from remote offshore wind farms, and it can increase the
transmission capacity through the reduced transmission frequency.
However, the dynamic performance of a FFTS with the wind farm
may be different from that of a traditional ac transmission with the
wind farm. In this paper, a doubly fed induction generator (DFIG)-
based wind farm is connected to the main grid via the FFTS. The
detailed dynamic model of the FFTS with wind farm is established
first, and then the eigenvalue analysis is carried out to evaluate
the system dynamic damping performance. To verify the results of
eigenvalue analysis, dynamic simulations are carried out on a single
machine infinite bus and a multimachine system. Both eigenvalue
analysis and simulations demonstrate that the FFTS will have a
negative influence on the damping of the DFIG-based wind farm
in comparison to that of the wind farm with the traditional ac
transmission system. However, with the control of cycloconverter,
this problem can be easily overcome, and the damping performance
of wind farm with FFTS can be even better.

Index Terms—Cycloconverter, DFIG, Fractional frequency
transmission system (FFTS), small signal stability.

I. INTRODUCTION

W IND energy is considered to be one of the widely used
renewable energy sources. The delivery of energy from

remote offshore wind farms to the transmission grid becomes
a big challenge. To cope with this challenge, a few transmis-
sion system schemes have been proposed, such as high voltage
alternating current system (HVAC), high voltage direct current
system (HVDC) and fractional frequency transmission system
(FFTS).

The FFTS [1] is a relatively new option. The concept of
FFTS was first proposed in 1994 [1]. It was designed to deliver
the hydro-power from the West China to the East China where
the transmission distance ranges from 1000 to 2500 km [2]. The
objective of FFTS is to increase the transmission system capacity
by using lower frequency, e.g. 50/3 Hz [3]. The feasibility of
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FFTS was initially analyzed in [2], and the experimental FFTS
was also established to confirm the advantages of FFTS [4].
The core electrical component in a FFTS is the cycloconverter,
which is used to convert the low frequency power to the nominal
frequency power. Initially, the cycloconverter was used to drive
machines in high power applications. The vector control of
cycloconverter in machine drives was introduced in [5], [6]. The
dynamics of cycloconverter and designed the feedback control
for the cycloconverter were presented in [7]. In [8], [9], the
application of cycloconverter in the FFTS was studied. Besides,
the cycloconverter was also used to control the wind turbines in
order to achieve optimal speed control in the FFTS [10].

In case of the offshore wind power transmission, FFTS is
more suitable due to the following reasons:

1) As the speed of the wind generation remains in the range
from 12 Hz to 18 Hz [10], [11], wind turbine can generate
power at this frequency without gearbox [12] or with very
small ratio gearbox.

2) Compared with HVAC, the FFTS costs less in long dis-
tance transmission considering the investment, mainte-
nance and power losses [3]. Specifically, in the offshore
wind transmission, the breakeven distance is not exceed-
ing 50 km via HVAC because of the submarine cable [13].

3) As for HVDC, though it can break through the bottleneck
of the transmission distance, it still faces many economical
and technical challenges. The power converters at the two
ends of HVDC are very expensive and difficult to main-
tain, especially for the offshore wind farms [13]. In [14], a
comprehensive evaluation between FFTS and HVDC was
carried out to support the above facts proposed in [13].
In addition, the DC fault management for VSC HVDC
system at present is still challenging and expensive.

4) On the other hand, the implementation of FFTS seems
to face no special technical difficulty. The key compo-
nent, cycloconverter, which is used to transform power
frequency, is a mature technology [4]. The single phase
FFTS have been developed for railway grid in Austria
and Switzerland [12]. There is comprehensive industrial
knowledge available. Moreover, the FFTS can easily form
a network as the conventional AC system does.

In this paper, the FFTS is chosen to deliver the remote off-
shore wind energy to the main grid. The objectives of this paper
are to carry out eigenvalue analysis to investigate the small sig-
nal dynamics of such a system; analyze and improve the system
damping performance; and use time domain simulations to val-
idate the results.

This paper is organized as follows. In Section II, the prin-
ciple of FFTS and the structure of the studied systems are
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introduced. The detailed mathematical models of the studied
systems are depicted in Section III. Section IV conducts the
eigenvalue analysis. Section V proposes a feedback control loop
on the cycloconverter to improve the damping of the FFTS with
wind farms. The time domain simulations are presented in Sec-
tion VI to verify the results of the eigenvalue analysis and the
proposed feedback control.

II. PRINCIPLE AND STRUCTURE

The FFTS, is also referred to as low frequency AC system, is
another method to increase the transmission capacity. Fractional
frequency or low frequency means the transmission frequency is
lower than the nominal one. To make it more clear, the principle
of the FFTS will be introduced as follows.

A. Basic Principle

In an AC transmission system, the active power transmitted
via the transmission line can be expressed as [15]

P =
ES ER

X
sin δ (1)

where P is the positive power; ES and ER are the sending and
receiving end voltage, respectively; δ is the transmitting angle;
X is the transmission line reactance and it is proportional to the
power frequency f,

X = 2πfL (2)

where L is the total inductance of the transmission line.
According to (1), there are two methods to increase the trans-

mission capacity. One is to increase the voltage level, and the
other one is to reduce the reactance. The strategy the FFTS
adopts is the latter one. Due to the lower frequency, the total
reactance of the transmission line in FFTS can be reduced ap-
parently according to (2). This is the basic operating principle
of the FFTS.

Besides, the voltage drop of a transmission line can be eval-
uated by [4]

ΔV % =
QX

V 2 × 100 (3)

where Q is the reactive power of the transmission line.
According to the above equation, the voltage drop of the trans-

mission line is proportional to the reactance of the transmission
line. So, the voltage fluctuation in the FFTS can be improved.

B. Structure of the Studied Systems

In the studied systems, the offshore wind farm is supposed
to be composed of 100 2-MW, 0.69-kV doubly fed induction
generator (DFIG)-based wind turbines.

Traditionally, the offshore wind farm generates AC power at
nominal frequency (60 Hz), and it is connected to the main grid
through a 60 Hz transmission line as Fig. 1 (a).

In this paper, FFTS is proposed to deliver the power generated
by the offshore wind farm. The wind farm directly produces
20 Hz (1/3 of 60 Hz) AC power, and the power is delivered
through a 20 Hz transmission line. The cycloconverter plays as

Fig. 1. Configuration of the studied systems. (a) Wind farm with standard AC
system (Case 1). (b) Wind farm with FFTS (Case 2).

the interface between the 20 Hz FFTS and the 60 Hz main grid.
It can increase the frequency of the power from 20 Hz to 60
Hz. The configuration of the wind farm with FFTS is shown in
Fig. 1(b).

For comparison, the following studies are carried out in two
cases as presented:

Case 1: the wind farm is directly connected with the main
grid through a 100 km 230 kV transmission line, and the trans-
mission frequency is 60 Hz.

Case 2: the wind farm is connected with the low frequency
side of cycloconverter through a 100 km 230 kV transmission
line, and the frequency of its output power is 20 Hz. The high
frequency side of the cycloconverters is linked with the main
grid with standard frequency (60 Hz).

III. MODELING OF THE STUDIED SYSTEMS

The major electrical components in Case 1 and 2 include
the DFIG-based wind turbines, the transmission line and the
cycloconverter. In this section, the mathematical models for
these components will be presented separately.

A. DFIG-Based Wind Turbine

In Case 1, the DFIG-based wind turbines generate power at
the standard frequency (60 Hz). However, the wind turbines in
Case 2 produce power directly at 20 Hz. So, the base frequency
of the model for DFIGs in Case 1 and 2 is different. The reduced
base frequency in Case 2 may lead to the changes in the model
of DFIG-based wind turbine.

The DFIG-based wind turbine is composed of the drive train,
the induction machine, the back-to-back converter, the rotor side
and grid side converter, as shown in Fig. 2. The mathematical
model for each part will be introduced in the following.

1) The Drive Train: The drive train includes the wind tur-
bine, the gearbox, the shafts and other mechanical components,
and it is often represented by a two-mass model as shown in
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Fig. 2. Diagram of DFIG-based wind turbine.

Fig. 3. Two-mass model of drive train.

Fig. 3. The total moment of inertia of the drive train can be
obtained by [16]

J =
Jt

(NGB )2 + Jg (4)

where J is the total moment of inertia of the drive train; Jt is
the moment of inertia of the wind turbine; Jg is the moment of
inertia of the generator; NGB is the gearbox ratio.

Then, the total inertia constant of the drive train can be derived
as

H = Ht + Hg = Jt
(ωb)

2

2S(NGB )2 + Jg
(ωb)

2

2S
(5)

where H is the total inertia constant of drive train; Ht is the
inertia constant of the wind turbine; Hg is the inertia constant of
the generator; ωb is the angular velocity of the base frequency;
S is the nominal apparent power of the generator.

In Case 2, the DFIGs generate power at 1/3 of the standard
frequency, so the base frequency and the gearbox ratio both
decrease to 1/3 of those in Case 1. According to (5), as for Case 2,
the inertia constant of wind turbine Ht remains the same, and the
inertia constant of generator Hg decrease greatly. Consequently,
the total inertia constant of the drive train is reduced when the
DFIGs are integrated via FFTS.

The mathematical model of the two-mass drive train can be
demonstrated as [17]

ẋwt = fwt (xwt, uwt) (6)

where xwt = [ωt, θtw , ωr ]T , uwt = [Te ]T ; ωt is the angle speed
of the wind turbine; ωr is the angle speed of the ro-
tor of generator; θtw is the shaft twist angle; Te is the
electromagnetic torque.

Fig. 4. Control block diagram of rotor-side converter.

Fig. 5. Control block diagram of grid-side converter.

2) Induction Generator: The generator of DFIG is a wound
rotor induction machine. The 4th order model of the induction
generator, in the d-q reference, is given by [17]

ẋg = fg (xg ,zg ,u) (7)

where xg = [ids , iqs , Ed, Eq ]T , zg = [vdr , vqr ]T ,u = [vds ,
vqs ]T , E′

d and E ′
q are the d and q axis voltages behind the

transient reactance, respectively; ids and iqs are the d and q
axis stator currents, respectively; vds and vqs are the d and q
axis stator voltages, respectively; vdr and vqr are the d and
q axis rotor voltages.

3) Back-to-Back Converter: The energy is balanced in this
converter, so the following equations can be obtained,

CvDC
dvDC

dt
= vdg idg + vqg iqg − (vdr idr + vqr iqr ) (8)

where vdg and vqg are the d and q axis voltages of the grid-side
converter; idg and iqg are the d and q axis currents of the grid-
side converter; idr and iqr are the d and q axis rotor currents;
vDC is the DC capacitor voltage; C is the capacitance of the DC
capacitor.

4) Converter Controls: The objective of the rotor side con-
verter is to control the electromagnetic torque and the reactive
power of the DFIG. The grid side converter is responsible for
maintaining the DC link voltage and controlling the reactive
power of the terminal.

The control block diagram of the rotor side converter and grid
side converter are shown in Figs. 4 and 5 respectively. x1 , x2 , x3
and x4 are the intermediate variables in the controller of rotor
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Fig. 6. Structure of a three phase cycloconverter.

side converter. x5 , x6 and x7 are the intermediate variables in the
controller of grid side converter.

The entire model (17th order) of a DFIG-based wind turbine
can be represented by

ẋW F = f (xW F , u) (9)

where xW F = [xw t , xg , x1 , x2 , x3 , x4 , vD C , x5 , x6 , x7 , idg , iq g ]T .

B. Cycloconverter

The cycloconverter is the core component in the FFTS, and
it is usually used to drive induction and synchronous motors in
high power applications. The structure of a three phase cyclo-
converter is shown in Fig. 6, and it consists of 36 thyristors.
In each phase, two three phase six-pulse converters, named P-
Group and N-Group (also referred to as Positive-Group and
Negative-Group), are connected back-to-back.

The cycloconverter was used to step down the frequency
of the power in the drive systems. However, in Case 2, the
cycloconverter need to step up the transmission frequency from
20 Hz to 60 Hz. This requires both the P-group and N-group in
the cycloconverter to operate in their inversion mode. This kind
of application was first proposed in [4].

There are two basic operation modes for cycloconverter: cir-
culating current-free mode and circulating current mode. The
circulating current mode needs an intergroup reactor to avoid
the short circuit, and this increases the size and cost of the cy-
cloconverter. As for the circulating current-free mode, although
it causes the zero distortion, to some extent, less power losses
and higher efficiency can be achieved. In the FFTS, the circu-
lating current-free mode is preferred. In this paper, we have the
following assumptions.

1) The converter is operated in the non-circulating current
mode, or blocking mode.

2) Control algorithm is assumed to be the cosine-wave cross-
ing method.

Ideally, the cycloconverter can be modeled as an amplifier
with linear gain characteristics. For a 6-pulse cycloconverter
with firing angle α [18], the model of cycloconverter can be
expressed by

Vl =
3
√

2
π

Vh cos α (10)

Pl = Ph (11)

cos θh = 0.843 cos θl cos α (12)

where Vl is the rms value of the line-to-neutral voltage at the low
frequency side, Vh is the rms value of the line-to-line voltage
at the standard frequency side. θh and θl are the power factor
angle at the standard frequency side and the low frequency side,
respectively.

However, the practical cycloconverter is a discrete-time sys-
tem, and the control voltage of the cycloconveter is sampled
periodically. During the sampling period, the control voltage
may step up or down, and this lead to the uncontrolled time
of the thyristors in a cycloconverter [7]. The uncontrolled time
is often modeled as a time delay element. For more practical
modeling of cycloconverter, the (10) can be rewritten as

Vl =
3
√

2
π

Vh cos α • 1(t − Ts) (13)

where Ts is the uncontrolled time of the thyristors. The value of
the uncontrolled time is random, and its average value can be
approximated by

Ts =
1

2mf1
(14)

where f1 is the frequency of the standard power, and m is pulse
number of a commutation cycle.

The Laplace transform of (13) can be obtained as

Vl(s) =
3
√

2
π

Vhe−Ts s cos α. (15)

The time delay can also be expressed by

eTs s = 1 + Tss +
1
2!

T 2
s s2 +

1
3!

T 3
s s3 + · · · . (16)

Ignoring the high order terms in (16), (15) can be treated
approximately as

Vl(s) =
3
√

2
π

Vh
cos α

1 + Tss
. (17)

In the time domain, the above equation is transformed as

dVl

dt
= − Vl

Ts
+

3
√

2
πTs

Vh cos α. (18)
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TABLE I
SELECTED EIGENVALUES OF DFIG-BASED WIND FARM

WITH FFTS AND STANDARD AC SYSTEM

Dominant States Case 1(60 Hz) Damping Case 2(20 Hz) Damping

id s , iq s –79.54 ± 383.67i 20.30% –26.50 ± 193.22i 13.60%
id g , iq g –1.35 ± 377.30i 0.36% –0.03 ± 128.16i 0.02%
E ′

d , E ′
q –4.56 ± 17.66i 25.00% –0.70 ± 13.11i 5.33%

ωr –6.05 ± 18.58i 31.00% –2.41 ± 13.58i 17.10%
vD C –1.09 ± 7.49i 14.40% –0.16 ± 4.40i 3.63%

Fig. 7. Feedback control loop for cycloconverter.

C. Transmission Line

In the d-q referencew frame, the voltage equation of the trans-
mission line is given by

[
vds

vqs

]
=

[
cos(ϕ1 − ϕ2)
− sin(ϕ1 − ϕ2)

]
Vl −

[
RT L −XT L

XT L RT L

]

×
([

ids

iqs

]
+

[
idg

iqg

])
(19)

where Vs∠ϕ1 is the voltage angle of the DFIG; Vl∠ϕ2 is the
voltage angle at the low frequency side of the cycloconverter;
XT L is the combined reactance of the transmission line and the
transformer; RT L is the combined resistance of the transmission
line and the transformer.

IV. EIGENVALUE ANALYSIS

For the sake of simplicity, the main grid in Case 1 and Case 2
are supposed to be the infinite bus in the following eigenvalue
analysis. The state space model of the DFIG-based wind farm
are derived from (9) at a steady state operating point. It can be
written by

ΔẋWF = AWF ΔxWF + BWF Δu. (20)

The linearized equation of cycloconverter can be derived from
equation (18) as

Δẋcyc = AcycΔxcyc . (21)

According to (19), the linearized equation of the transmission
line can be expressed in an algebraic equation as

Δu = C1ΔxWF + C2Δxcyc . (22)

The inputs in (20) can be eliminated by (22). Then, the model
of the Case 2 can be represented by a complete state space
equation as

Δẋ = AΔx (23)

where Δx = [ΔxW F ,Δxcyc ]T .
The model for Case 1 can also be obtained by excluding the

state of cycloconverter in (23).
The eigenvalue analysis of both Case 1 and Case 2 are carried

out. The wind speed is supposed to be 12 m/s, and the output
power of each DFIG is 2 MW. The wind farm is obtained by
aggregating 100 2-MW DFIG into an equivalent DFIG, and the
parameters of a single DFIG are given in the Appendix.

The eigenvalues of the wind farm in Case 1 and Case 2 are
shown in Table I. Compared with Case 1, the damping of wind
farm in Case 2 decreases significantly. This means the FFTS has
a negatively effect on the damping of DFIG-based wind farm.

The reduced damping of FFTS with the wind farm is mainly
attributed to the reduced inertia constant of the drive train in
DFIG. Based on previous model analysis, the major difference
of the DFIG model in Case 1 and Case 2 is the transmission
frequency. According to (5), if the transmission frequency is 1/3
of the standard frequency in the FFTS, the total inertia constant
of the drive train in DFIG is reduced obviously. The reduced
inertia constant finally leads to less damping of the FFTS with
wind farms.

V. DYNAMIC DAMPING IMPROVEMENTS FOR FFTS

From the analysis in the previous section, it is found that the
FFTS decreases the damping of DFIG-based wind farm obvi-
ously. To improve the damping performance of wind farms, the
damping controller [19] and better control design [17] for DFIG
are two established approaches. However, these approaches are
based on the model of a single or a single aggregated DFIG.
In fact, the DFIGs in a wind farm usually operate at different
operating points. Thus, the general effectiveness of these two
methods needs further discussion.

In this paper, this problem can be easily solved by adding
additional control loop to improve the damping of FFTS. In the
FFTS, the cycloconverter is a thyristor phase-controlled con-
verter, and it is possible to devise a feedback control loop on it
to improve the damping of FFTS. Through the feedback control
on the cycloconverter, the dynamic performance of the whole
wind farm can be manipulated, no matter with the operating
point of individual DFIG. In the following section, the general
effectiveness of this controller will be verified through the sim-
ulations in both the single DFIG system and the multiple DFIGs
system.

As mentioned before in this paper, the cycloconverter applies
cosine-wave crossing method, which is an open-loop control.
This method generates firing instants for the cycloconverter in
a fixed procedure. To improve the situation, a feedback con-
trol loop is proposed shown as Fig. 7. The voltage of the low
frequency side of cycloconverter Vl is chosen as the feedback
signal, and the proportional-integral controller is used to tune
the control reference.
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Fig. 8. Dynamic responses of wind farm for Case 1, 2, and 3 under fault.

To verify the effectiveness, the proposed control loop is im-
plemented in the FFTS in the following simulations. It is tested
in both SMIB and multi-machine system.

VI. DYNAMIC SIMULATIONS

To verify the results of eigenvalue analysis and the pro-
posed controller, the dynamic simulations are carried out in

Fig. 9. Voltage profile at Bus B for Case 1, 2, and 3 under fault.

PSCAD/EMTDC. The following simulations are conducted in
a single machine infinite bus (SMIB) and a multi-machine sys-
tem, respectively. The dynamic responses are compared between
the FFTS with wind farms and the conventional AC system with
wind farms.

A. Simulations on SMIB System

In this part, the wind farm is obtained by aggregating
100 2-MW DFIG into an equivalent DFIG. The simulations
are carried out in SMIB to observe the dynamic responses in the
following three cases:

Case 1 and Case 2: as described in Section II. The main grid
is substituted by an infinite bus.

Case 3: a control feedback loop is added to cycloconverter
in the FFTS with DFIG-based wind farm (Case 2).

1) Dynamic Responses Against Disturbances: In order to
study the dynamics of Case 1 and Case 2, a three-phase ground
fault is applied to excite the corresponding dynamic responses.
The three-phase ground fault happens at Bus Bin both cases as
shown in Fig. 1. It starts at 6.0 s during the simulation, and then
it is cleared after 0.025 s.

Fig. 8 shows the dynamic responses of the active power,
reactive power, rotor speed, DC-link voltage of the DFIG in Case
1 and Case 2. From the dynamic responses, it can be concluded
that the damping of the wind farm with the FFTS decrease
significantly compared with the wind farm with conventional
AC system.

Fig. 9 shows the voltage profile at Bus B after the fault. In the
FFTS, the voltage fluctuation at Bus B is improved compared
with that in the standard AC system. According to (3), the im-
proved voltage fluctuation is attributed to the reduced reactance
of the transmission line in the FFTS.

2) Damping Improvement for FFTS: From previous simula-
tions, it is observed that the FFTS reduces the damping of wind
farms significantly compared with standard AC system. To im-
prove the damping of FFTS, an additional feedback control loop
on cycloconverter is proposed as Fig. 7, and its effectiveness is
also verified through the simulations in SMIB. The same fault
in Case 1 and Case 2 is also applied in Case 3.



1544 IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 7, NO. 4, OCTOBER 2016

Fig. 10. Configuration of the simulations in four-machine system.

Fig. 8 compares the dynamic responses of the active power,
reactive power, rotor speed, DC-link voltage in Case 3 with those
in Case 1 and Case 2. With the support from additional controller
on cycloconverter, the damping of the wind farm with FFTS is
greatly improved, and it can be even better than the wind farm
with standard AC system. The simulation results also indicate
that the problem of less damping in the FFTS can be easily
solved by adding feedback control loop.

Fig. 9 compares the voltage at Bus B in Case 3 with those in
Case 1 and 2. The voltage fluctuation can be further improved
with the additional controller on the cycloconverter.

B. Simulations on Multi-Machine System

To further verify the general effectiveness of the small signal
analysis and the proposed controller, the simulations will be
conducted in the four-machine system. The four-machine sys-
tem is shown as Fig. 10, and the details of system can be found
in [15].

Moreover, the wind farm in previous section is divided into
two wind farms: WF1 and WF2. Each wind farm includes 50
DFIG, but the wind speed is different for each one. The wind
speed for WF1 is 10.903 m/s, and the output power for a single
DFIG is 1.5 MW. The WF2 is under 12 m/s wind speed, and the
output power for a DFIG is 2 MW.

For comparison, simulations are carried out in the following
three cases:

Case 4: the WF1 and WF2 are directly connected to B6 (as
in Fig. 10) through a 100 km 230 kV standard AC transmission
line.

Case 5: the WF1 and WF2 are integrated with the four-
machine system through a 100 km 230 kV low frequency trans-
mission line. The low frequency side of the cycloconverter is
connected to B12, and the high frequency side is linked with B6
in the four-machine system.

Case 6: based on Case 5, the proposed controller is imple-
mented on cycloconverter as shown in Fig. 7.

In Case 4, 5 and 6, the total output power of WF1 and WF2
is 175 MW. Consequently, the output of G1 is reduced by 175
MW to guarantee the overall output from G1 and wind farm
remain 900 MW.

1) Dynamic Responses Against Disturbances: The three-
phase ground fault happens at B8 as shown in Fig. 9. It starts at
6.0 s in both Case 4 and Case 5, and then it is cleared after 0.1 s.

Fig. 11. Dynamic responses of WF1 and WF2 for Case 4, 5, and 6 under fault.
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TABLE II
EIGENVALUES OF DFIG-BASED WIND FARMS IN CASE 4 AND CASE 5

Dominant States Case 4 (60 Hz) Damping Case 5 (20 Hz) Damping

id s , iq s (WF1) –61.60 ± 377.84i 16.10% –24.10 ± 168.52i 14.20%
id g , iq g (WF1) –5.06 ± 375.79i 1.35% –0.8 ± 125.23i 0.64%
E ′

d , E ′
q (WF1) –6.90 ± 33.89i 20.00% –1.83 ± 19.48i 9.35%

ωr (WF1) –2.87 ± 16.58i 17.10% –0.97 ± 9.67i 9.98%
vD C (WF1) –1.64 ± 7.93i 20.30% –0.29 ± 5.18i 5.59%
id s , iq s (WF2) –39.10 ± 377.84i 10.30% –13.90 ± 168.52i 8.22%
id g , iq g (WF2) –5.04 ± 375.77i 1.34% –0.75 ± 125.24i 0.60%
E ′

d , E ′
q (WF2) –6.94 ± 33.92i 20.00% –1.84 ± 19.46i 9.41%

ωr (WF2) –2.87 ± 16.59i 17.00% –0.96 ± 9.67i 9.88%
vD C (WF2) –1.77 ± 8.89i 19.5% –1.04 ± 5.78i 17.70%

Fig. 12. Voltage profile at Bus B12 for Case 4, 5, and 6 under fault.

Fig. 11 demonstrates the dynamic responses of the active
power and reactive power in both WF1 and WF2 for Case 4
and Case 5. The state responses in the four-machine system
also indicate that the damping of the DFIG-based wind farm
with the FFTS decrease significantly compared with that of the
wind farm with traditional AC system, which is the same as the
simulation results in SMIB. The eigenvalues of the wind farms
in Case 4 and Case 5, as shown in Table II, also confirm the
above result.

Fig. 12 shows the voltage profile at Bus B12 in Case 4 and
Case 5, and it also indicates that the voltage response is improved
in the FFTS.

2) Damping Improvement for FFTS: The effectiveness of
the proposed controller on the cycloconverter is also tested in
the four-machine system.

Fig. 11 shows the dynamic responses of the active and reactive
power in both WF1 and WF2 in Case 6. From the dynamic
responses of Case 6, the cycloconverter with additional control
can greatly improve the damping of the wind farm with FFTS.
Meanwhile, with the help of cycloconverter, the damping of
wind farm with FFTS can perform better than that of the wind
farm with the traditional AC transmission system.

Fig. 12 demonstrates that the feedback controller on the
cycloconverter can further improve voltage fluctuation at
Bus B12.

VII. CONCLUSION

This paper has applied the FFTS to deliver the power gen-
erated by a DFIG-based offshore wind farm to the main trans-
mission grid. The mathematical model of the FFTS has been
proposed in detail. Based on the model established, eigenvalue
analysis has been conducted to investigate the dynamics of the
DFIG-based wind farm with FFTS. The time domain simula-
tions have also been conducted in the SMIB and four-machine
system to verify the results of the eigenvalue analysis. Both
eigenvalue analysis and time domain simulations have demon-
strated that the damping of the DFIG-based wind farm is greatly
decreased by utilizing the FFTS in comparison with the wind
farm with the traditional AC transmission system. However, this
problem can be easily overcome by adding control loop to the
cycloconverter. With the control loop, the damping of the wind
farm with FFTS can perform better than that of the wind farm
with with traditional AC system.

APPENDIX

A. Data of the DFIG-Based Wind Turbine

1) Per unit system: Sb = 2.2 MW, Vb = 0.69 kV.
2) Wind Turbine: Vw =12m/s, Cp =0.4382, R=37.049m,

ρ=1.225 kg/m3 ,Ht =1 s.
3) The generator of DFIG:

Rs = 0.00462 pu, Lm = 4.348 pu, Lss = 4.450 pu,

Lrr = 4.459 pu, Rr = 0.006007 pu,Hg = 0.5 s.

4) Converter:C = 0.11F, vDC = 1.5 kV, Lg =
0.3 pu, Rg = 0.003 pu.

5) Control parameter: Kp 1 = 0.5, Ti1 = 0.4,Kp 2 = 0.025,
Ti2 = 0.075,Kp 3 = 0.5, Ti3 = 0.4,Kp 4 = 1, Ti4 =
0.05,Kp 5 = 0.8, Ti5 = 0.032.

B. Data of the Transmission Line

Length of the transmission line: 100 km
Line-to-line RMS voltage: 230 kV
Combined resistance of the transformer and transmission line:
RT L = 5Ω
Combined inductance of the transformer and transmission

line: LT L = 0.13H

C. Parameters of the Controller on Cycloconverter

Kp = 100, Ti = 0.01
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