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Abstract

This paper studies the dynamic-stability improvement of a two-area four-generator system connecled with
a large-scale offshore wind farm based on doubly-fed induction generator (DFIG) using a generalized
unified power-flow controfier (GUPFC) The power flows of the studied system in steady-stale conditions
with and without GUPFC are calculated. A time-domain method based on noninear-model simulations
subject to different disturbances on transmission Ines and wind speed variations are both performed to
examme the effectiveness of the proposed GUPFC It can be from the

results that the prop GUPFC better for imp. g the dynamlc stability of
the studied multl -machine system as well as a large-scale offshore wind farm based on DFIG subject to
various severe disturbances.

Keywords: Multi-machine system, generalized unified power fiow controller (GUPFC), offshore wind fam,
doubly fed induction generator (DFIG); flexible AC transmission system (FACTS).

Tom tit

Bai béo trinh bay két qua nghién ciru str dung thiét br diéu khlén dong cong suét hop nhét (GUPFC} dé car
thign on dinh dbng cho hé théng nhiéu méy phét c6 két nd1 vor 15 hop ngudn nang leong g6 quy mé ion

Dong cong sudt cia hé thung duoc nghién cw, tinh todn trong céc digu kign lam vigc tinh khi c6 p dat
va khi khong Bp gt thiét b GUPFC Thong qua phitong phép mé phung mién ther gran disa trén m6 hinh
khong tuyen tinh v61 cdc nhiéu loan khéc nhau trén duong day truyén tar va khi t6c 0o gié thay dbr durot
thue tign dé khéo sét hiéu qué cia thiét br GUPFC. Ttr céc két qud md phdng nhén du'orc S0 sénh rit ra
két ludn viée st dung thiét br GUPFC cho phép céi thién d6 dn dinh cia hé théng nhiéu mdy phat cling
nht t6 hop hé thng nang lwong gic khi c6 cac nhidu loan nguy hiém xay ra

Tir khna Hé nhidu may thiét b dieu khidn donq cdng suét hop nhét, hé théng ning lugng gi6; may phat
hai ngudn kép; hé théng truydn ta dién xoay chiéu linh hoat.

1. Introduction’

With the increasing concerns on energy shortage
and global warming, the research and development of

various renewable energies have been made
significant progress for several years Among the
renewable  energy  sources being  vigorously

developed, wind turbine has beng undergoing a
dramatic development and now has become the
world's fastest growing energy source {1] From 2010
onwards, wind power annual growth rates of 20%
will result in a total of 12 milhon MW being
installed by the end of 2020. This will generate 2,966
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Terawatt hours of electricity, equivalent to 10.85% of
the expected world consumption of electricity [2]
The dramatic increase in the penetration level of wind
power generation into power system as a Serious
power source has received considerable attention.
One of the major concerns related to the high level
penetration of the integrated wind turbines 1s the
impact on power system stability. As the penetration
level of the wind power m power systems increases,
the overali performance of the system will
ncreasingly be affected by the inherent
charactenistics of wind power generators.

An mnovative approach to utihze FACTS
controllers for providing multifunctional power flow
management was proposed mn [3]. There are several
possibilities of by combing
two or more converter blocks with flexibility, some
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20x5 MW DFIG-based OW|

Fig 1. The configuration of studied system.

of which are connected in series with a line and the
others are connected in shunt or a combination of
series and shunt. Among them, there are two novel
operating configurations, namely the interline power-
flow controller and the generalized unified power
flow controller (GUPFC) [4], which are significantly
extended to control power flows of multi-hnes or a
sub-network rather than control power flow of single
line by a unified power-flow controller or static
synchronous series compensator. GUPEC has been
widely studied in the technical literature and has been
shown to significantly improve the dynamic stability
of power systems.

In this paper, the proposed GUPFC is researched
and designed to contribute adequate damping
characteristics to the dominant modes of the system
under various operating conditions. The power flow
calculation and a time-domain simulation of the non-
linear model are investigated to test the impact of
various GUPFC control functions on power system
oscillations.  The results demonstrate that a

i y dynamic imp: of power system
can be achieved.

2. System configuration and mathematical models

The multi-machine system consists of two fully
symmetrical areas that are linked together through
two parallel 230-kV transmission lines of 220-km
length as shown in Fig. 1 [5]. A DFIG-based offshore
wind farm (OWF) with rated capacity of 100 MW is
connected to bus 12 of the studied multi-machine
system through a step-up transformer of 33/230 kV
The OWF is represented by a large equivalent
aggregated wind DFIG driven by an equivalent
aggregated variable-speed wind turbine (VSWT)
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through an equivalent aggregated gearbox. A GUPFC
is nstalled on the transmission line between bus 11
and bus 12. In Fig. 1, the GUPFC has three power
converters, where two of the three power converters
are connected in series with the parallel transmission
lines from bus 11 to bus 12 while one power
converter is connected in shunt with the transmission
line at bus 11.

2.1 Configuration of a DFIG-based wind turbine
system

The configuration of a wind DFIG driven by a
variable-speed wind turbine through a gearbox
(VSWT-GB-DFIG) is shown in Fig. 2. The DFIG

transforms the input wind-turbine power P, into

electrical power The produced stator power P, is
always positive The rotor power P can be cither
positive or negative due to the presence of the back-

| Doubly-Fed Induchon Generator
B FT
.01 Y

Conol e

Fig. 2. One-line dragram of wind DFIG driven bya
VSWT throueh a GB.
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Fig 3 Control block diagram for the RSC of the studied
DFIG

Vaoo

DC Voliage

Fig. 4 Control block diagram for the GSC of the
studied DFIG

to-back converter. This allows the machine to operate
at either sub- or super-synchronous speed [6].

The stator windings of the DFIG are directly
connected to the low-voltage side of the 0.69/33-kV
step-up transformer while the rotor windings of the
DFIG are connected to the same 0.69-kV side
through a  back-to-back converter, a

, and a ion tine. The op
the DFIG- based wind turbine is regulated by a control
system, ing of a lier for the rot
converter (RSC), a coniroller for the gnd-slde
converter (GSC), and a pitch angle controller.

Fig. 3 shows the control block diagram of the

RSC, and the operation of the RSC requires iq,w and

iz, to follow the varying reference points that are
determined by maintaining the output active power
and the stator-winding voltage at the setting values,
respectively. The required voltage for the RSC (v,, )
is derived by controiling the pu q- and d-axis currents
of the RSC.

The diagram of the GSC is shown in Fig. 4. The
pu g- and ¢~ control block axis currents of the GSC,

,and i, have to frack the reference points that

step-up
of

Mohmax

(a) The control block diagram of the shunt converter,
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(¢) The control block diagram of second series convetter,
Fig 5 The control block diagram of GUPFC,

are maintaining the DC link voltage ¥, at the setting
value and keeping the output of the GSC at unity
power factor, respectivety. The required pu voltage of
the GSC (v, ) is derived by controlling the per-unit
q- and d-axis currents of the GSC (7).

2.2, Wind speed Model

Wind power has characteristics of random and
intermittence. The wind speed usually can be
considered to consist of four terms. There are basic
wind ramp gust p
and turbulence or noise component [8]. The wind
speed model therefore is expressed by

V=V, 4V Y, m

ik

where ¥, is the base wind speed in m/s, ¥, is the

gust wind speed in m/s, 7,

'+ 15 the ramp wind speed

inm/s, and ¥, is the noise wind speed in m/s.
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2.3, Wind turbine Model

The power generated by a wind turbine,
P comes from the kinetic energy of the wind and
depends on the power coefficient,C,, according to
the following expression

Po=sp A LGB @

where p is the air densxty (kg/m?), 4, is the blade
|mpacl area (m?), Vi is the wind speed (m/s), and C,
is the dimensionless power coefficient of the WT
The power coefficient of the WT C, is given by

[;—C,B —c B e, Jexp[ P )(3)

with L . )
% Ataf, B+l

The blade tip speed ratio is defined as

C,(A.B,)=

R,
1= B s 5)

where @, is the speed in rad/s and R, is the blade

length or turbing radius n m of the WT. ¢, + ¢ are
the power coefficients of the WT.
2.4. GUPFC model

The GUPFC is significantly extended to control
power flows of multiple lines rather than a single
line The simplest form of the GUPFC is the
combination of three converters, two of them are
connected n series with two lines and one is
connected in shunt with the line. All three converters
are connected via 2 DC link [10]. The GUPFC is
capable of providing voltage control at a bus as well
as independent active and reactive power-flow
control on two lines therefore controlling a total of
five power-system quantities Each of the two
converters provides control capability for three
power system quantities. The addition of the third
converter provides two more degrees of freedom in
controlling power systems. The remaining capacity
of the shunt converter 1s utilized for providing
voltage support at the bus via reactive-power
exchange The reactive power is exchanged between
the two series converters and the power system to
meet the active power control objectives [1].

Three converters of GUPFC provide a total of
six contral variables. A simplified contro! system
block diagram for the GUPFC is shown in Fig. 5. In
the shunt part, the constant DC link capacitor voltage
control 1s achieved by controlling the firing angle of

a, of converter 1 and the constant GUPFC terminal

216

bus voltage control is achieved by controlling,,, of
the PWM controller of converter 1. The output of$hc
two series converters conirols the active and reactive
power flow of the two lines The constant active
power flow control is achieved by controlling the
amplitude modulation factors nr_, and m_,, and the
constant reactive power flow control is realized by
controlling the phase angle factors &, and e,

The control blocks shown in Fig S can be
p d by the following di ial

() p(m) =KV =V)-m, (6
(1) p(e,) = K (Vg ~Via) =2 (D
(T )p(m,) =k, (P, ~P)-m, ®
) p(e,) =K, (Qny —Ou)-an &

Table1l. Power-flow calculation results of the system without

Generation Toad
Bus [ Bus | Voltage P P
No. | Tyme | ipw) s Qo Lo
MW | (Mvan | (aw) | avan
L SWINE 103 581497 17576 - -
2 | v | 1ol o0 | m0m2 | - R
5 | eV | 103 715 | mse2s | - -
-V 101 700 103 565 - -
-V 101 100 44 153 - -
X 006 - 5 N 5
X [ - N N -
X 555 - - N -
X 987 - N 567 100
- 591 - - - -
i = 100 - - 1767 100
2 - 100 - - - -
3 1015 - - - -
Toral: 2800497 | s3054 | 2734 | 200 |

Table 2. Power-flow calculation results of the system with

GUPFC.
Generation Load
Bus | Bus | Voltage
No. | Type | (pu) i < P, Q
MW | (MVAD | (MW) | (MVAY)
V| swng | 103 | ss0817 [ 105276 - -
2 | pv 101 00 100 55 - -
3| pv 103 7y 126 759
= 107 700 3678
2% [ 00| i4s6p |
W 1025 - [ 5625 |
x 1005 - 5
X 1017 - -
x 100 -
X 556, -
021 -
X 1006 -
X 005 -
Q 01 - B
“Total: 2799 817
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Fig. 6. Transient responses of the system subject to a three-phase short-circuit fault at one of paralle] transmission lines 10-11
without and with GUPFC.

T.)p(m )=k (P, ~B)-m, (10)

() p(@.) =K (G - Q) - (D)
where Tl Do T Tt T and
K K KK K are the time

o ? ety N met? a2

constants and gams of first-order lag blocks of
GUPFC’s shunt and two series converters.

3. Power flow calculation

This part aims to perform the steady-state analysis
of the studied system and to demonstrate the
effectiveness of the proposed GUPFC. The power
flows are calculated for the studied system in steady-
state conditions with rated parameters when GUPFC
is in and out service as shown in Table 1 and 2. In
this performance, the generator number 1 (SG1) with
bus number 1 will be worked as the slack bus.

{c2) Pomc

O E ¢ 7
(@ te)
) wpro

From these tables, it can be seen clearly that
with GUPFC, the quantities of the system can be
significantly improved. The voltage magnitudes of
buses are improved and the active power losses are
minimized when the system with the proposed
GUPFC. Besides, the reactive power of each
generator supplies to the system can be reduced when
the GUPFC is in service (from 530.54 MVAr to
487.062 MVAr in total.)

4 Time-domain simulations

The main objective of this part is to demonstrate
the effectiveness of the proposed GUPFC on
enhancing dynamic stability of the system under
three disturbance conditions. A three-phase short-
circuit fault occurs at one of two parallel transmission
lines 10-11 at t = 1 s and cleared at t = 11 s is
analyzed in Case 1 as shown i Fig. 6. It can be
observed that the amplitudes of the transient
responses of the SGs and DFIG can be declined
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Fig 7. Dynamic responses of the system under the vanations of wind speed without and with GUPFC.,

during the fault interval when the GUPFC is in
service.

Case 2 illustrates the wind-speed variations on
the OWF: A gust wind speed with the peak of 1 m/s
1s added to the base wind speed at t = 4 s and 1s
cleared after 3 s At t =11 s, the wind speed 1s
assumed to ramp up from 12 m/s to 13 m/s and drops
back to 12 m/s at t = 13 s as shown in Fig. 7.

As can be seen, the effect of the noise wind
speed in the system responses is negligible comparing
to those of the gust and the ramp wind speeds. When
the gust and the ramp wind speeds occur, they cause
the corr ding fl ions in the DFIG resp
and the oscillations tn the four-SG responses
However, the magnitudes of oscillations n the four-
SG responses are quite small. Therefore, the wind
speed vanation may be regarded as the small
disturbance as seen from the SGs.
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The operating conditions of the studied system
prior the severe disturbance are properly selected at
rated conditions.

It is obviously seen from the comparative
transient responses shown in Figs 6 and 7 that
transient responses of the studied system with the
proposed GUPFC can offer a dynamic-stability
improvement  under  difference  disturbance
conditions.

5 Conclusion

This paper has proposed a GUPEC to achieve
dynamic stability improvement and power flow
control of a four-machine two-area power system
connected with a large-scale offshore wind farm
based on doubly-fed induction generator
The steady-state analysis of the studied system under
various operating conditions that involves power-
flow calculation of the system has been performed
The transient responses of the studied system subjsci
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{0 a severe three-phase short-circuit fault at one of
two parallel transmission lines as well as the dynamic
responses of the system subject to wind-speed
variations have also been analyzed The analyzed
results have shown that the system has a better
dynamic stability improvement when the proposed
GUPFC is in service.
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