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ABSTRACT Normally, HVDC links are used for the asynchronous interconnection of power system
networks. Similarly, asynchronous AC links are also used for the same application. Here, the performance
of a proposed flexible asynchronous AC link (FASAL) and a back-to-back line-commutated converter-
based high-voltage direct current (BTB LCC-HVDC) link is evaluated and compared. These links are used
for grid interconnection and to control the power transfer between interconnected grids. PSCAD/EMTDC
based simulation model is developed for both the links. Modified CIGRE benchmark system is used for
the simulation of the BTB LCC-HVDC link. The steady-state and dynamic simulations are carried out for
the systems under consideration. The simulation results show that both the links are able to control power
flow between the interconnected grids. It is evident from the results that the effect of fault is severe in the
LCC-HVDC link as compared to FASAL system. Also, the impact of the fault on the healthy side grid is
minimal in the FASAL as compared to the HVDC link.

INDEX TERMS Grid Interconnection, AC link, FASAL system, LCC-HVDC link, PSCAD/EMTDC
Simulation, power flow controller.

NOMENCLATURE Vs, Vr Sending, receiving end voltages.

ACA Ant Col loorith X1, Transmission line reactance.
nt Colony algorithm.
yas 8 Phase angle.
CNT Controllable network transformer. VoV Stat . It .
DE Differential Evolution. § or ator, rotor voltage vectors.
DFIM Doubly fed induction machine. Is. 1 Stator, rotor current vectors.
FACTS Flexible AC transmission system. ¥s. ¥ Stator, rotor flux linkage vectors.
FASAL Flexible asynchronous AC link. s, W Stator, rotor angular frequency.
GA Genetic Algorithm. Rs, R, Stator, rotor resistance.
HSA Harmony search algorithm. L, L, Stator, rotor self-inductance.
IA Immune Algorithm. L, Mutual inductance.
PSO Particle Swarm Optimization. Los, Lyy  Stator, rotor leakage inductance.
RiFC RF)tarly pow:r ﬂo‘;’ controller. Py, O Stator active and reactive power.
gT glmltl ate(; nneatng. Var, Vai  Rectifier, inverter terminal voltage.
en transtormer. o, O Ignition, extinction angle of rectifier and
STATCOM  Static synchronous compensator. inverter
TCR Thyr}stor controlled reactor. ar, a; Transformer taps setting at rectifier and
TCPR Thyristor-controlled phase-angle regulator. inverter
TSC Th}{l‘lStOI’ switched capacitor X.r» X;i  Commutation reactances in the rectifier and
VFT Variable frequency transformer. .
mverter.
The associate editor coordinating the review of this manuscript and Iy Direct current.
approving it for publication was Tariq Masood . 1% Overlap angle.
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I. INTRODUCTION

Electric power grids are interconnected with the neighbouring
grids for economic and reliable power supply. The power
flow control between the interconnected grids in the desired
path is necessary. The electric power industry is continuously
searching for the most economical mode of bulk power trans-
mission through a desired path. The overloading of the exist-
ing transmission lines is restricted by its thermal limit [1].
Electric power transfer through a transmission line is mainly
rely upon the line reactance (Xz ), magnitude of the voltages
of both the sending and the receiving ends (Vs and Vg), and
the phase angle (&) between these voltages. The parameters
which control the power transmission (voltage magnitude,
reactance and phase angle) can be regulated by the use of the
existing techniques, such as: (i) shunt inductor/capacitor for
the control of voltage, (ii) phase-shifting transformers for the
control of phase angle, (iii) series inductor/capacitor for the
control of series reactance [2]-[4]. Nowadays, the parameters
which control the amount and direction of power transmission
can be controlled by the use of a number of power flow
controllers. Some of them are given below.

The power electronic devices based Flexible AC Transmis-
sion System (FACTS) technology are found to be an effective
alternative for controlling power and enhancing the usable
capacity of present transmission systems. The key FACTS
controllers include, thyristor-controlled phase-angle regula-
tor (TCPR), static synchronous series compensator (SSSC),
static synchronous compensator (STATCOM), unified power
flow controller (UPFC), thyristor switched capacitor (TSC)
and many more [3], [4]. The FACTS devices can also be clas-
sified as shunt, series and combination of both shunt-series
depending upon their connection in the networks. These
devices controls the bus voltages, line impedances, and phase
angles in the power system rapidly and flexibly. Hence,
FACTS devices can facilitate the power flow control, enhance
the power transmission capability, decrease the generation
cost, and improve the security and stability of power sys-
tems [5]. The maximum benefits which can be achieved by
the FACTS installation depend upon their suitable ratings
at optimal locations [6]. The problem of optimal placement
of FACTS devices can be solved by analytical, linear pro-
gramming and heuristic based procedures [7]. The com-
mon heuristic techniques for the optimal location of FACTS
devices in the power system are Genetic Algorithm (GA),
Simulated Annealing (SA), Immune Algorithm (IA), Parti-
cle Swarm Optimization (PSO), Differential Evolution (DE),
Harmony search algorithm (HSA), and Ant Colony algo-
rithm (ACA) etc. [8]. However, the implementation of FACTS
devices in the power system is restricted due to injection of
harmonics into the electric power networks, high cost and
complexity [9], [10].

The high voltage direct current (HVDC) is used to inter-
connect two electric power grids and to control the power
transmission between them which may be synchronous
or asynchronous. It uses two basic topologies namely,
line-commutated converters (LCC) and voltage source
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converters (VSC) including both back—to-back (BTB) and
point—to—point topologies [11]-[14]. The LCC technology
is a mature technology which is suitable for low cost, long
distance and bulk power transmission [15]. On the other hand
VSC has advantages of enhanced efficiency of power trans-
mission, reactive power compensation, multi-terminal (MT)
topology, and independency and flexibility in power control.
Hence, VSC-HVDC offers a feasible alternative for city cen-
ters in-feed, power supply to islands, grid interconnection
and offshore wind farms (OWF) integration [16]. However,
the design, coordinated controls, requirement of large filter
banks and need of reactive power compensation makes the
HVDC system complicated and costly [17].

There are other types of power flow controllers available
which include, Sen transformers (ST) [18], [19], rotary power
flow controllers (RPFC) [20], [21], controllable network
transformers (CNT) [22], variable frequency transformers
(VFT) [23]-[25].

The Sen transformer (ST) improve the regulation perfor-
mance of the conventional phase-shifting transformer (PST).
The ST uses a three-phase four-winding transformer along
with a three sets of tap changers which injects a voltage of
variable magnitude and phase angle. The ST independently
control the active and reactive power flow through the trans-
mission line [26]. However, operation is step-wise due to use
of tap changers in ST [27].

The rotary power flow controllers (RPFC) is introduced
for continuous control of power flow in an electric power
transmission corridor. It can be achieved by the injection of a
controlled amount of series voltage in the transmission line.
The phase shift of the injected series voltage controls the
real power flow and its magnitude controls the reactive flow
in the transmission line. An RPFC consists of conventional
series and shunt transformers, and two rotary phase-shifting
transformer (RPST) [28]. However, the RPFC needs sepa-
rate, high power and special drive systems for the rotation
of the rotor shaft of two rotary phase-shifting transformer
(RPST) [29].

The variable frequency transformer (VFT) is a power trans-
mission technology which provide bidirectional power flow
control between two power system networks. It consists of a
wound rotor induction machine (WRIM) having three-phase
windings on both stator and rotor. One power system network
is connected to the stator windings and another power sys-
tem network is connected to the rotor windings of the VFT.
A dc motor and its drive system is employed to control the
torque applied to the rotor shaft of the WRIM. In order to
control the power transfer through the VFT, a closed-loop
control is applied to regulate the rotor position with respect
to the stator [30]. Moreover, a separate DC drive system is
employed for regulating the speed, torque, and position of the
rotor shaft. This indeed regulates the amount and direction of
power transmission between the interconnected electric net-
works. However, the VFT system needs periodical shutdown
and maintenance for the replacement of carbon brushes of the
DC motor [31]. Moreover, under severe fault condition, very
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high torque is required for the compensation of the fault [32].
Therefore, a high power DC motor and its drive system is
necessary [33].

A recently developed and reported asynchronous AC link
called flexible asynchronous AC link (FASAL) system is
also capable of controlling the power flow between AC net-
works [34]. Therefore, it is desirable to evaluate and com-
pare new techniques with the existing techniques. Since,
LCC-HVDC is a well established and mature technol-
ogy [35], therefore, focus of this paper is to evaluate and
compare the performance of FASAL system with BTB
LCC-HVDC system used for grid interconnection and power
flow control. The main contributions of this paper are stated
below.

o The steady-state mathematical model is developed and
expressions for stator and rotor power is derived for the
doubly-fed induction machines (DFIM) used as freely
rotating transformer.

o The dynamic model of a DFIM is also presented and the
equations describing the DFIM under dynamic condi-
tions are summarized.

o The simulation model of FASAL system is developed
using PSCAD/EMTDC software and its performance
during steady-state condition is evaluated.

o The performance of the FASAL system under various
fault conditions such as LG, LLG and LL is evaluated.

o The steady-state mathematical model of a LCC-HVDC
is presented and the equations describing the two-terminal
LCC-HVDC link are summarized.

o The simulation model of the conventional back-to-back
line-commutated converter-based high-voltage direct
current (BTB LCC-HVDC) system is developed which
is based on modified CIGRE benchmark model using
PSCAD/EMTDC software and its performance during
steady-state condition is evaluated.

o The performance of the BTB LCC-HVDC system under
various fault conditions such as LG, LLG and LL is
evaluated using PSCAD/EMTDC software.

e A comparative analysis between FASAL system and
BTB LCC-HVDC system is made under steady-state
and various fault conditions.

The remaining part of this paper is organized as follows.
In section II, system description and steady-state mathe-
matical model of proposed FASAL system are presented.
In section III, steady-state and dynamic simulation analy-
sis of FASAL is described. In section IV, system descrip-
tion and steady-state mathematical model of LCC-HVDC
link are presented. The steady-state and dynamic simula-
tion analysis of LCC-HVDC link is presented in section V.
In section VI, comparative analysis of FASAL system and
BTB LCC-HVDC are reported. Finally, the paper is con-
cluded in section VIIL.

Il. DESCRIPTION OF FASAL SYSTEM
A FASAL system is an asynchronous power transmission
link which is recently developed and reported [34]. It is
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a combination of doubly fed induction machine (DFIM),
voltage regulator and frequency converters. A power source,
Grid-1 (having voltage, Vi and frequency, f1) is connected
to the stator of DFIM and another power source, Grid-2
(having voltage, V> and frequency, f>) is connected to the
rotor of DFIM. Three-phase symmetrical balanced windings
with equal number of poles is placed on both the stator and the
rotor. A universal configuration of the FASAL system linking
two independent grid is presented in Fig. 1. The amount and
direction of power transfer are controlled by regulating the
voltage and frequency [36].

sl e | ———>
CBl1 | | CB2
o o——L alY = ) 3-Phase —|—-o/| --------- .
H_I - ) Voltage I—'—v/ o
"/°_‘_|' ——/ Vv Regulator |-——o—"o

Power system
Network—I
(PSN-I)

Power system
Network-I1
(PSN-II)

FIGURE 1. A general configuration of FASAL system linking two
independent power system networks.

The active power is transmitted from the higher fre-
quency network (grid) to the lower frequency network (grid).
If Grid-1 and Grid-2 are operating at 60 Hz and 50 Hz,
respectively, then, the active power flows from Grid-1 to
Grid-2 without any use of the frequency converter. Then,
the amount of power flow is controlled by regulating the
voltage magnitude by the voltage regulator. When both grids
are operating at the same frequency (e.g., 50 Hz), a frequency
converter is employed to raise the frequency which in tern
controls the power flow [37].

Ill. MATHEMATICAL MODEL

A. STEADY-STATE MODEL OF DFIM

A simplified single-phase equivalent circuit of a DFIM
referred to the stator-side is considered to analyze the real and
reactive power flow through the DFIM as shown in Fig. 2. The
impedance of the DFIM when neglecting the magnetizing
branch (as magnetizing impedance, Z,, is very high) is given
by, Z = R + jX, where,

R
Z=R+ 72+j(w1L1 +w1Ly) 1)

The simplified expressions of stator and rotor powers P; and
P, are derived by using the steady-state equivalent circuit
model (Fig. 2). The apparent power S; on the stator side is
given by,

S1 = P1+j01 = (ViLO)I} 2
The expression of current /1 and [{" are derived from equiva-
lent circuit shown in Fig. 2 as,
(V1 — Vo /scosd — jVa/ssin§)
- R+jX

I 3
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FIGURE 2. Single-phase steady-state equivalent circuit of the DFIM
referred to stator side.

s

R? + X2

V. Vo .
= |:R(V1 — % cos§)-x 2 51n8:|

| Xy — %c058)+R% sin §
+ lR2+X2 @)

where R = (R] + Ry/s), and X = (X1 + X>)
From (2), the stator apparent power can be written as,
R(V| — Y2 cos <S)—Xﬁ sin §
S| = 5 5 Vi
R? 4 X?
XV — % cosé) +R% sin 8
j 1% 5
+J [ X2 1O

Thus, the real power (P1) and reactive power (Q1) at the stator
side are:

P = |:XE siné — R(V| — E cos 5)} <—&> 6)
s ) Z2
%2 e ()
01 =|R—sind+X(Vi — —cosd) || = @)
s s 72

where Z = R+ jX
The apparent power S, on the rotor side is given by,

Vyls
Sy =Py +j0r = ( 2s )12* (8)

The expression of current /> and I based on equivalent circuit
shown in Fig. 2, are given by

(% cosé —}—j% sind) — Vj

I, = 9
2 R+jX ©)
I X%sinS+R(%cos$—Vl)
2 R + X2
RVZ : Va
. =2sind + X(V) — -2 cosé) (10)
/ R+ X2

From (8), the rotor apparent power S; is given by
1% V.
Sy = (—2 Cos 8 +j— sin5> x I3
s s

V22 Vs .
RS—2 + Vi-2(X sind—Rcosd)
R? +X?

XY _wy b i
5 - 1(X cosd + Rsiné)

i R+ X2

(11)
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Therefore, the rotor real and reactive power at rotor side are:

Vs . Vs
Py=|RZ2 +V,(Xsind —Rcosd) | =) (12
s sZ2

Vs . V2
0, = [X— — Vi (X cos 8 +Rsm8)} (—2) (13)
s sZ

It is evident from the above expression that the power
depends on the voltage and the frequency.

B. DYNAMIC MODEL OF DFIM

The equivalent circuit of a DFIM is represented in an arbitrary
reference frame rotating at angular speed of w is shown
in Fig. 3 [38]. According to Fig. 3, the stator and rotor
flux ¥; and ¢, are given as:

Yy = Lyds + Ly I
Yr = Ly + Ly I (14)

Rs [ L”“' Lm‘ [, R"

jwws j(m_wr)wr

FIGURE 3. Equivalent circuit of a DFIM in rotating reference frame.

The stator and rotor voltages Vs and V, in the arbitrary
reference frame can be expressed as [39]:

d

Vs = RyIs + ZS + jw. s (15)
dy,

Ve =R I+ d—t’ +j(@ — )Y, (16)

Using (14), the rotor flux and stator current can be
expressed as:

L
- L—m.¢s + oL,

S

1
Iy = L—S(Ws — Lpdy) a7

where 0 = (L;L, — L,zn)/(LSLr) is the leakage factor.
From (17) and (16), the rotor voltage in the arbitrary rotat-
ing reference frame is given by

dly =~ Ly dys
V=R, .1, L— 4+ —
r rdy +0 rdt + L, dr

i@ — o) (oLr.I, + ';—’”w) (18)

)

Under balanced network conditions, the amplitude and rotat-
ing speed of the stator flux are constant. Therefore, the stator
flux remains constant, i.e., % = 0. Neglecting the voltage
drop across the stator resistance, the stator voltage in (15) can
be simplified as [40]:

Vs & jo. s (19)
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P, LVI

HV1

Power System
Network-I

240 MVA

LV2

Power System
Network-IT

240 MVA

23020kvV 230120 kV
LG
100.0 [MW] Bkl py | Fae 10001MW]
FASAL
20kV System 20 kV

FIGURE 4. FASAL configuration used for steady-state and dynamic simulations.

When the d-axis of the reference frame is fixed to the stator
flux rotating at the synchronous speed (ws). The expressions
for Vs and V, in the new reference frame can be derived by
replacing w with w; in (15), (16) and (18).

The stator apparent power can be expressed as:

. 3 -
Sy = Py +jOs = _EVS x I

~

3, 1
N —Sjo s X L—(l/fs — Lnly) (20)

S
where IAS is the conjugated space vector of I5. Separating (20)
into real and imaginary parts, the stator active and reactive
power are:

Py= 22y
s = 2L, sbanlrg
3 wy
Qs = _E_WX(WS _Lmlrd) (21)
L

IV. SIMULATION STUDIES OF FASAL SYSTEM

The FASAL system is simulated in PSCAD/EMTDC simu-
lation environment. The parameters used for simulations are
given in Appendix A and Appendix B [36]. Two grids (i.e.,
Grid—-1 and Grid-2) are considered identical with different
operating frequencies. The stator and the rotor of the FASAL
system is connected to 240 MW, 230 kV, 60 Hz and 240 MW,
230 kV, 50 Hz grids through a 20/230 kV transformer. The
rating of FASAL system is taken as 20 kV and 200 MW.
The steady—state and the dynamic conditions are simulated
to evaluate the behaviour of the FASAL system.

A. STEADY-STATE SIMULATIONS

The switching of circuit breaker, Brk—1 at t = 0.5 s, connect
the stator terminals with Grid—1 (Power System Network-I)
which is operating at 60 Hz. The rotor is connected to the
Grid-2 (Power System Network-II) which is operating at
50 Hz by switching of Brk-2 at # = 1.0 s as shown in Fig. 4.
Moreover, Brk-3 is considered closed during complete sim-
ulation period and fault does not applied under steady-state
condition. The active power flows from higher frequency
network to lower frequency network, therefore, active power
flows from Grid-1 to Grid-2 [36]. The simulation results of
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stator voltage,rotor voltage, stator current, rotor current, real
power and reactive power under steady-state condition are
shown in Fig. 5. The power fed to the Grid-2 is about 186.00
MW and the real power available at Grid-1 is 227 MW at grid
voltages, V1 = Vo = 230kV and frequency, fj = 60 Hz, f, =
50 Hz (Fig. 5e). Moreover, under same condition the reactive
power Q1 = 180 MVAr and Q> = 120 MVAr as shown
in Fig. 5f. The simulation results of power transmission with
respect to voltage, V> while keeping voltage V; constant and
frequency, fi = 60 Hz, f = 50 Hz in given in Table 1.

Stator Voltage (kV)
-

Rotor Voliage (kV)
<

Z -5

4000 4025 4050 4075 4100 4125  4.150 4000 4025 4050 4075 4100 4125 4150
Time (s) Time (s)

(2) (b)

£ NV Y YYYY YV YV Y VY VY
g EAREAAARAARAERARRRARRRRAER 2 AR AAARARAARRARAAAAAAAN
VIV & YA VAV
£ AMMAMAMAMMAMUMMMA £ 2 AMAMAAAMAAAA
4.000 4.025 4.050 T:“O:?s‘ 4.100 4.125 4.150 4.000 4.025 4.050 T:“Ozi) 4.100 4.125 4.150
(c) (d)
AZSO x = 200 ‘
z Z 180
- = i <
2; 175 \Pla % 122 /Qz
150 2100 X
35 4.0 4.5 5.0 55 6.0 6.5 7.0 4.0 45 5.0 55 6.0 6.5 7.0
Time (s) Time (s)
©] H

FIGURE 5. Simulation results of FASAL system under steady-state
condition. (a) instantaneous (3-phase) stator voltage. (b) instantaneous
(3-phase) rotor voltage. (c) instantaneous (3-phase) stator current.

(d) instantaneous (3-phase) rotor current. (e) Real Power flow.

(f) Reactive power.

B. DYNAMIC SIMULATIONS

The resiliency of the FASAL system under dynamic con-
ditions is also evaluated using PSCAD/EMTDC based sim-
ulations. In this section, three types of faults are simu-
lated, namely single-line-to-ground (LG) fault, double-line-
to-ground (LLG) fault and line-to-line (LL) fault on the rotor
side of the DFIM (receiving end side).
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TABLE 1. Power transmission through the FASAL system with respect to
the voltage V,.

Voltage | Power P;| Power P;| 7 of power transmis-

V2 (kV) | (MW) (MW) sion (%)
10 126.66 93.59 73.89
11 147.89 109.69 74.17
12 167.63 126.14 75.25
13 183 140.53 76.79
14 190.65 153.92 80.73
15 205.58 165.06 80.29
16 212.58 173.27 81.51
17 219.75 179.65 81.75
18 225.6 184.67 81.86
19 226.44 185.69 82.00
20 227.05 186.72 82.24

1) SINGLE-LINE-TO-GROUND (LG) FAULT ON THE ROTOR
SIDE

A single-line to ground (LG) fault is simulated in phase-A on
the rotor side of the DFIM (Grid-2 side) as shown in Fig. 4.
The fault is applied at 1 = 4.0s and cleared at t = 4.05s,
hence, the duration of fault is 0.05s. Figs. 6a and 6b show the
simulated results of instantaneous stator and rotor voltages
during the LG fault on the rotor side. It is evident from
these figures that there is transient in the rotor voltage from
t = 4.0s tot = 4.05s whereas a little effect was observed on
stator voltage during the fault period. The simulated instanta-
neous 3-phase stator and rotor currents during the LG fault on
the rotor side is presented in Figs. 6¢ and 6d. It is evident from
Figs. 6¢c and 6d that the effect of LG fault is small on both
rotor and stator current. The simulation results of real power

_0 M Xxx)z(m@\l\\;/f “\\;}//l)p N
e (a) (b)()
s
(;) ((.i)u
———— BT

FIGURE 6. Simulation results of FASAL system under the LG fault on the
Bus LV2 side. (a) instantaneous (3-phase) stator voltage.

(b) instantaneous (3-phase) rotor voltage. (c) instantaneous (3-phase)
stator current. (d) instantaneous (3-phase) rotor current. (e) Real power
flow. (f) Reactive power.
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on the stator side (Grid-1) and the real power transmitted
to the rotor side (Grid—2) during the LG fault condition is
presented in Fig. 6e. It can be seen that there is dip of about
20 MW in real power transferred to the Grid—2 while about 12
MW dip in real power is observed on stator side (Grid-1) or
healthy side during the LG fault on rotor side (Fig. 6e). The
simulated results of reactive power under LG fault on rotor
side is shown in Fig. 6f. This shows that the effect of fault is
little on reactive power.

Thus, the performance of the FASAL system during the
single-phase-to-ground fault on rotor side is excellent as the
healthy side remains almost unaffected. Thus, FASAL system
is highly reliable.

2) DOUBLE-LINE-TO-GROUND (LLG) FAULT

ON THE ROTOR SIDE

A double-line-to-ground (LLG) fault is simulated on the rotor
side. The fault is applied at # = 4.0s and cleared att = 4.05s,
hence, the duration of fault is 0.05s.

The simulated instantaneous stator and rotor voltages dur-
ing the LLG fault on rotor side are shown in Figs. 7a and 7b.
There is sharp dip in the rotor voltage during the fault period
and very small effect is observed on the stator voltage.
The simulated results of instantaneous stator and rotor cur-
rents during the LLG fault on the rotor side are presented
in Figs. 7c and 7d. The rotor current increases abruptly during
the fault period, thereafter reaches to its normal value. It is
also evident that, the LLG fault on rotor side has little effect
on stator currents as the unbalance appears during the fault
period only.

e

4.000

73,950

rrrrr 4 4100

S=/.s=

3950 3975 4000 4025 4050 4075 4100

Time (s) Time (s)
© (@)
= 200
240 =
~ 230 s 180 e
£ " =1
= M T 5 160 N,
! z
2 200 £ 140
£ 190 | i 2 W Q
B 180 v ; 120
= i 2 100
ST a5 50 55 60 es 70 35 40 45 50 55 60 65 70
Time (s) Time (s)
(O] ®

FIGURE 7. Simulation results of FASAL system under the LLG fault on the
Bus LV2 side. (a) instantaneous (3-phase) stator voltage.

(b) instantaneous (3-phase) rotor voltage. (c) instantaneous (3-phase)
stator current. (d) instantaneous (3-phase) rotor current. (e) Real power
flow. (f) Reactive power.

The simulated results of real power at the stator side
(Grid-1) and the rotor side (Grid-2) during the LL.G fault on
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the rotor side is shown in Fig. 7e. It is evident that there is
about 25 MW dip in the real power transferred to the rotor
side (Grid-2) while comparatively small dip (about 15 MW)
in the real power on the stator side (Grid-1) during the fault
period. When fault is cleared the power transfer reaches to
its normal value. The reactive power also exhibit fluctuations
during LLG fault on rotor side (Fig. 7f).

Therefore, the performance of the FASAL system during
the double-line-to-ground (LLG) fault is also satisfactory.
The healthy side power system network remains practically
unaffected.

3) LINE-TO-LINE (LL) FAULT ON THE ROTOR SIDE

A double-line (LL) fault is simulated on the rotor side. The
fault is applied at + = 4.0s and cleared at r = 4.05s, hence,
the duration of fault is 0.05s.

The simulated instantaneous stator and rotor voltages dur-
ing the LLG fault on rotor side are shown in Figs. 8a and 8b.
There is sharp dip in the rotor voltage during the fault period
and very small effect is observed on the stator voltage as
depicted in Fig. 8g. The simulated results of instantaneous
stator and rotor currents during the LL fault on the rotor side
are presented in Figs. 8c and 8d. The rotor current increases
abruptly during the fault period, thereafter reaches to its
normal value. It is also evident that, the LL fault on rotor side
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FIGURE 8. Simulation results of FASAL system under the LL fault on the
Bus LV2 side. (a) instantaneous (3-phase) stator voltage.

(b) instantaneous (3-phase) rotor voltage. (c) instantaneous (3-phase)
stator current. (d) instantaneous (3-phase) rotor current. (e) Real power
flow. (f) Reactive power.
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has effect on stator currents as the unbalance and overshoots
appears during the fault period only. The simulated results
of real power at the stator side (Grid-1) and the rotor side
(Grid-2) during the LL fault on the rotor side is shown
in Fig. 7e. It is evident that there is about 27 MW dip in
the real power transferred to the rotor side (Grid-2) while
comparatively small dip (about 15 MW) in the real power on
the stator side (Grid-1) during the fault period. When fault
is cleared the power transfer reaches to its normal value.
The reactive power demand increases upto 40 MVAr during
LL fault on rotor side (Fig. 7).

Therefore, the performance of the FASAL system during
the double-line (LL) fault is also satisfactory. The healthy side
power system network remains practically least affected.

V. DESCRIPTION AND MODELING OF BTB LCC-HVDC
SYSTEM

Nowadays, an HVDC system become an important technol-
ogy for long distance, bulk power transmission, grid inter-
connection and submarine cable power transmission. The
conventional thyristor-based LCC-HVDC technology is still
attractive due to reduced power losses, low capital cost,
higher stability, and higher reliability for large-scale HVDC
networks [35]. Therefore, the proposed system is compared
with a well-established and commonly used LCC-HVDC
technology.

A typical BTB LCC-HVDC link interconnecting two elec-
tric power grids (Grid-1 and Grid-2) is shown in Fig. 9.
The CIGRE Benchmark model which provides reference for
HVDC system studies is modified as BTB LCC-HVDC [41].
To assess the behavior of the system, the steady-state and
dynamic conditions are simulated using PSCAD/EMTDC.

A. STEADY-STATE MODEL OF LCC-HVDC

The HVDC links can be represented by an equivalent HVDC
model which consists of two converter stations and a DC
transmission line. This equivalent model is irrespective of
type of connection and the number of bridges. In the
LCC-HVDC link, the converters perform AC/DC and DC/AC
conversions which consist of valve bridges and load tap
changer (LTC) transformers. The valve bridge is an array
of thyristors that sequentially connect each phase of the ac
three-phase system at the appropriate point of the voltage
cycle to produce direct current. The most frequent configura-
tions of HVDC link are monopole and bipolar. The monopole
employed one conductor to deliver the power and either
the ground or a metallic conductor as a return path. The
bipolar topology employed two conductors one for positive
and one for negative, and may require a return path. The
steady-state analysis of LCC-HVDC system is carried out
using the assumptions listed below [42].

o The AC source appeared at the converter terminals is
balanced (three phase voltages and currents), a sinu-
soidal voltage waveform having constant amplitude and
frequency.
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FIGURE 9. A typical BTB LCC-HVDC link interconnecting Grid-1 and Grid-2.

o All harmonic voltages and currents produced by the
converter are filtered out and are not reach to the
AC system.
o The converter transformers have no resistance and no
magnetising reactance.
o The converter has no active power loss because the
valves are considered ideal with no voltage drop.
o The DC voltage and current are free from ripple.
Based on the above assumptions, the magnitudes of
DC voltage at rectifier terminal (V;-) and at the inverter
terminal (V) are given as [43]:

32

3
Var = T(npr)ar Vycosa, — ;Xcr(npr)ld (22)
32 3
Vyi = T(HPi)aiVi cos oy — — ci(npi)ly (23)

where np, and np; are the number of series-connected bridges
in the rectifier and inverter, respectively; a, and a; are the
transformer taps setting at rectifier and inverter, respectively;
o, and «; are the ignition angle and extinction angle of
rectifier and inverter, respectively; V, and V; are the effec-
tive voltage magnitude at the AC terminals of the rectifier
and inverter, respectively; X and X,; are the commutation
reactances in the rectifier and inverter, respectively. I is the
direct current.

The real power flowing at the terminals of the rectifier and
inverter is given by

Pgr = Varly 24)
Pyi = Vyily (25)

The reactive power flowing into the AC terminals of the
rectifier and the inverter is given by

Qdr = Py tan br (26)
Qui = Pgitang; 27
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where ¢, and ¢; are the angles by which the fundamental line
current (¢) lags with the source voltage (line to neutral). The
4 is angle between both the source voltages.

The phase currents cannot change instantly during the
commutation process.Therefore, the transfer of current from
one phase to another requires a finite time which is called
as commutation time or overlap time. This overlap or com-
mutation angle is denoted by u [1]. A short-circuit of short
duration takes place between the two commuting thyristors
during the overlap period leading to dc voltage reduction
temporarily. This effect does not appear in the set of equations
presented above. However, it is considered by means of the
commutation resistance.

When considering an overlap angle p less than 60 degree,
the angles ¢, and ¢; can be expressed as below [42], [44]:

¢ 2, 4 sin 20 — sin 2(a + p4r) 28)
an =
r cos 2a, — cos 2(ay + Wy)

o — 2 + sin 20; — sin 2(o; + ;) (29)
¥ = cos 2a; — cos 2(o; + ;)

The overlap angle v on both the rectifier and inverter sides
may be given as follows:

2rer,

W = cos™! (cos oy — fer d> —ay (30)
a;V,
2reil,

Wi = cos™! (cosai _ d) — o 31
aiV,-

Moreover, the direct current through the DC link can be

expressed as:
Var — Vai
I = dr di (32)
Rc

where R¢ is the DC resistance of the cable.

VI. SIMULATION STUDIES OF BTB LCC-HVDC LINK

A. STEADY-STATE SIMULATIONS

The steady-state condition is simulated assuming that the
real power flows from Grid-1 to Grid-2, where as Grid-1
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is operating at 60 Hz and Grid-2 is operating at 50 Hz.
The simulated results of rectifier side and inverter side
AC voltages (instantaneous and rms), DC voltage and current,
and real power are shown in Fig. 10. The parameters used for

the simulation is shown in Table 2.
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FIGURE 10. Simulation results of BTB LCC-HVDC system under
steady-state condition. (a) V¢ on rectifier side. (b) V4 on inverter side.
(c) Vpc and Ipc on rectifier side. (d) Vpc and Ipc on inverter side.

(e) Py on rectifier side. (f) P,

on inverter side.

TABLE 2. Modified CIGRE HVDC benchmark system data used in

simulation.

Parameters Rectifier Inverter

AC Voltage Base 230 kV 215kV

Base MVA 100 MVA 100 MVA

Transf. tap (HV side) | 1.01 pu 0.989 pu

Voltage Source 1.088 £22.18° | 0.935£ — 23.14°

Nominal dc voltage 191.86 kV 191.86 kV

Nominal dc current 1 kA 1kA

Transformer X; 0.18 pu 0.18 pu

Source Impedance R=3.737 Q; R=0.7406 Q ;
L=0H L =0.0366H

System Frequency 60 Hz 50 Hz

Minimum Angle a=15° v = 15°

Fig. 10 shows the sending end AC voltage which is about

It is evident from the simulated results that overshoots
appears in dc current during initial part of transient period
and thereafter it attains steady-state condition.

B. DYNAMIC SIMULATIONS

The performance of BTB LCC-HVDC link under dynamic
conditions is also evaluated using PSCAD/EMTDC based
simulations. In this section, three types of faults are sim-
ulated, namely single-line-to-ground (LG) and double-line-
to-ground (LLG) and line-to-line faults at inverter AC bus
(receiving end side).

1) SINGLE-LINE-TO-GROUND FAULT

A single-line-to-ground fault is simulated at inverter AC bus
(receiving end side) of the HVDC system. Fault starts at
time + = 0.30 s and ends at t+ = 0.35 s, hence, duration
of fault is 0.05 s (2.5 cycles). Fig. 11 shows the simulation
results of rectifier and inverter side AC voltages (instanta-
neous and rms), DC voltage and current, and real power under
LG fault. It is evident from Fig. 11c that during the LG fault,
DC current on rectifier side rises abruptly upto 2.5 times the
steady-state value and settled at t = 0.45 s (settles within
0.15 s). Further, during the fault condition, DC voltage at
rectifier side decreases sharply upto —0.5 pu from the normal
value and settles down at t = 0.45 s (settles within 0.15 s).
Also, the real power falls upto —0.15 pu on rectifier side and
attains its steady-state (final) value at t = 0.53 s (Fig. 11e).
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1.00 pu, DC voltage and current is about 0.998 pu, more-
over, real power is about 0.998 pu. Similarly, at inverter
side (receiving end) parameters are: AC voltage = 1.00 pu,
DC voltage and current = 0.9790 pu and the real
power = 0.9790 pu.
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FIGURE 11. Simulation results of BTB LCC-HVDC system under LG fault at
inverter AC bus. (a) V¢ on rectifier side. (b) V4¢ on inverter side. (c) Vpc
and Ip¢ on rectifier side. (d) Vpc and Ipc on inverter side. (e) P, on
rectifier side. (f) P, on inverter side.
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This shows the effect of LG fault on sending end while the
fault appeared on the receiving end (at inverter AC bus).

Furthermore, from Fig. 11d, it is evident that during the LG
fault condition, inverter side DC voltage dip is upto —0.63 pu
and attains its final value at ¢+ = 0.45s. Also, during the LG
fault, inverter side DC current rises suddenly upto 2.53 times
the final value and settled at t = 0.45 s (settles within 0.15 s).
The fault at inverter (AC side) results a dip in the AC voltage.
Also, the commutating voltages are distorted in phase with
reduced magnitude. This results in a corresponding decrease
in the magnitude of DC voltage (Vpc) at the inverter side.
This sudden drop in Vpc causes increase of the input DC
current (Ipc) sharply to keep the real power (P) at the rated
power level of the inverter station (P = VpclIpc).

The real power during the fault period on inverter side
falls to approximately —0.4 pu and attains its final value at
time, ¢t = 0.50 s (i.e., it requires 0.20 s to resume its normal
condition as shown in Fig. 11f).

2) DOUBLE-LINE-TO-GROUND (LLG) FAULT

A double-line-to-ground (LLG) fault at the inverter AC bus
is simulated which starts at time + = 0.30 s and cleared
at t = 0.35 s. Therefore, the fault duration is 0.05 s. The
simulation results of rectifier side and inverter side AC volt-
ages (instantaneous and rms), DC voltage and current, and
real power under LLG fault condition are shown in Fig. 12.
The rectifier side DC current rises suddenly upto 2.55 times

the steady-state value during the LLG fault condition and
settles after 0.15 s (Fig. 12c¢). At the same time, rectifier side
DC voltage decreases sharply during the fault period upto
—0.5 pu and settles down after 0.15 s. Moreover, the real
power dips to —0.20 pu and attains its steady-state value at
t = 0.52 s (Fig. 12e). Hence, the effect of fault appears on
rectifier side (healthy side) while the LLG fault was occurred
on the inverter side.

During the LLG fault condition, the inverter side AC volt-
age dip is upto 0.4 pu from the normal value (Fig. 12b). The
DC current on inverter side rises sharply upto 2.55 times
the steady-state value during the LLG fault condition and
settled after 0.15 s (Fig. 12d). At the same time, inverter side
DC voltage decreases sharply upto —0.5 pu during the fault
period and settles down after 0.15 s. Moreover, the real power
dips to —0.60 pu and attains its final value at + = 0.55 s

(Fig. 121).

3) LINE-TO-LINE (LL) FAULT

A line-to-line (LL) fault at the inverter AC bus is simulated
which starts at time # = 0.30 s and cleared at t = 0.35 s.
Therefore, the fault duration is 0.05 s. The simulation results
of rectifier side and inverter side AC voltages (instantaneous
and rms), DC voltage and current, and real power under LL
fault condition are shown in Fig. 13.

AC Voltage (pu)

|

‘

fUA

AC Voltage (RMS)

B

Ve Mo (pu)

Ve Mo (pu)

00 02 04 06 08

0.0 0.2 0.4 0.6 0.8
Time (s) Time (s)
© (d)
1.2 T T T
0 2 08F ]
= ]
— e 04+ 4
£ £ 04} g
. 0.8 L L L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Time (s) Time (s)
(©) ®

FIGURE 12. Simulation results of BTB LCC-HVDC system under LLG fault
at inverter AC bus. (a) V¢ on rectifier side. (b) V;c on inverter side.
(c) Vpc and Ipc on rectifier side. (d) Vpc and Ipc on inverter side.

(e) Py on rectifier side. (f) P, on inverter side.
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FIGURE 13. Simulation results of BTB LCC-HVDC system under LL fault at
inverter AC bus. (a) V¢ on rectifier side. (b) V¢ on inverter side.

(c) Vpc and Ipc on rectifier side. (d) Vpc and Ipc on inverter side.

(e) Py on rectifier side. (f) P, on inverter side.

The rectifier side DC current rises suddenly upto 2.60
times the steady-state value during the LL fault condition and
settles after 0.15 s (Fig. 13c). At the same time, rectifier side
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TABLE 3. Comparative analysis of BTB LCC-HVDC link and FASAL system.

S.No. BTB LCC-HVDC link FASAL Inference

1. Under steady—state condition the re- | Under steady—state condition, reac- | Reactive power
active power demand is high and also | tive power demand is comparatively | requirement is high in
requires large filter bank. low and no need of filter bank. LCC-HVDC.

2. It has low overload capability. If over- | It has substantial overload capacity | FASAL possesses
loading is required, oversized capac- | because it is an electro-mechanical | high overload capacity
ity (oversized transformers, cooling | device to withstand the large transient | as compared to a
system, cable, converters) becomes | current. LCC-HVDC.
necessary [45].

3. During LG fault, the effect of fault is | During LG fault condition, the effect | Effect of LG fault is
very significant on fault side as well | of fault is very small on stator current | high in BTB LCC-
as on healthy side. The rectifier DC | and voltage i.e., healthy side system | HVDC as compared to
current rises sharply to 2.55 times the | (Fig. 6). Further, the active power dip | FASAL system.
normal value (Fig. 11c) and the real | is about 0.10 pu (20 MW) only on
power dips to —0.40 pu on fault side. | faulty side, whereas the effect of LG
The effect of LG fault on healthy side | fault on healthy side grid is not signif-
grid is also significant as the active | icant as the active power dip was 0.06
power dip was —0.15 pu (Figs. 11le | pu (12 MW) only (Fig. 6e).
and 11f).

4. During LLG fault, the effect of faultis | During LLG fault, the effect of faultis | Effect of LLG fault
significant on both fault and healthy | notsignificant on healthy side system, | is significant on both
side. The rectifier DC current rises | which is evident from Fig. 7. The | sides in LCC-HVDC
sharply to 2.55 times the normal | active power dip is upto 0.125 pu (25 | whereas the effect of
value (Fig. 12c). Further, the real | MW) only on fault side, whereas the | fault is not signifi-
power dips to —0.60 pu on fault side | active power dip was 0.075 pu (15 | cant on healthy side in
and —0.20 pu on healthy side. MW) only on healthy side as depicted | FASAL.

in Fig. 7e.

5. During LL fault, the DC current on | During LL fault, the dip in active | Impact  of  fault
rectifier side increases suddenly upto | power is limited to 0.15 pu (30 MW) | appears on rectifier
2.75 times the rated value and settles | only which attains its final value | side (healthy side)
down at ¢ = 0.13s, as shown in | within 0.7s (Fig. 8e). The Fig. 8¢ | although the fault
Fig. 13c. Moreover, the real power on | shows that the impact of fault on | was applied on the
rectifier side dips to —0.25 pu and it | healthy side network is not significant | inverter side in LCC-
attains its normal value at ¢ = 0.52s | as the oscillation and fluctuation in | HVDC. No significant
(Fig. 13e). the active power were small (0.06 pu | effect of healthy side
The dip in AC voltage on inverter | (12 MW) for 0.4s only). FASAL.
side is about 0.4 pu (Fig. 13b). There | The dip in the rotor voltage is about 9
appears a transient DC voltage (dip of | kV which attains its final value within
—0.75 pu ) and a DC current (over- | 0.2s and there is very small impact
shoots of 2.8 pu) during fault condi- | on healthy side (stator side) as voltage
tion which settles down at ¢ = 0.43s | fluctuation is about 1.5 kV only (Fig.

(Fig. 13d). The active power also dips | 8g). There is very small impact on
to about —0.75 pu (Fig. 13f). stator current due to fault on rotor side
as depicted in Fig. 8c.

DC voltage decreases sharply during the fault period upto
—0.5 pu and settles down after 0.15 s. Moreover, the real
power dips to —0.25 pu and attains its steady-state value at
t = 0.52 s (Fig. 13e). Hence, the effect of fault appears on
rectifier side (healthy side) while the LL fault was occurred
on the inverter side.

During the LL fault condition, the inverter side AC voltage
dip is upto 0.4 pu from the normal value (Fig. 13b). The
DC current on inverter side rises sharply upto 2.8 times
the steady-state value and contains fluctuations during the
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LL fault condition and settled after 0.15 s (Fig. 13d). At the
same time, inverter side DC voltage decreases sharply upto
—0.7 pu during the fault period and settles down after 0.15 s.
Moreover, the real power dips to —0.45 pu as well as contains
fluctuations and attains its final value at + = 0.55 s (Fig. 13f).

VIl. COMPARISON OF FASAL SYSTEM WITH BTB
LCC-HVDC SYSTEM

A comparative analysis between FASAL system and BTB
LCC-HVDC system is made and described in the Table 3.
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The comparison presented in Table 3 reveals that the
FASAL system has many distinct advantages over BTB
LCC-HVDC link in terms of (i) in-built natural damping
ability due to the presence of large rotating inertia, and
(ii) the effect of fault does not effect substantially the healthy
side grid. Hence, the FASAL system is an alternative of
BTB LCC-HVDOC link with better steady-state and transient
performance.

VIIl. CONCLUSIONS

This paper has presented a comparative analysis of the per-
formance of FASAL system and BTB LCC-HVDC system
for electric power network interconnection. Some world-
wide LCC-HVDC projects with their basic parameters
are listed for quick review. The system description and
steady-state mathematical model of proposed FASAL sys-
tem and LCC-HVDC link are presented in this paper. The
behaviour of FASAL system and BTB LCC-HVDC sys-
tem during the steady-state as well as LG, LLG and LL
fault conditions are evaluated using PSCAD/EMTDC based
simulations.

It is observed that the FASAL system exhibits better per-
formance than BTB LCC-HVDC system during the LG, LLG
and the LL fault conditions. The behaviour of the FASAL
system under fault condition is excellent as the healthy side
remains almost unaffected while in BTB LCC-HVDC system
the effect of fault is significantly high on the healthy side too.
It is also evident from the results that the LCC-HVDC system
consumed more reactive power than FASAL system.

APPENDIX A

PARAMETERS OF FASAL SYSTEM
PSN-I ratings: 230 kV, 240 MVA, 60 Hz;
Transformer-1 ratings: 230/20 kV, 240 MVA, 60 Hz;
Transformer-2 ratings: 230/20 kV, 240 MVA, 50 Hz;
PSN-II ratings: 230 kV, 240 MVA, 50 Hz.

APPENDIX B

DFIM SPECIFICATION AND PARAMETERS

Pratea = 200 MW, Vi = Vo, = 20kV, f = 60 Hz, Ry, =
0.0054 pu, R, = 0.00607 pu, L,, = 4.362 pu, Ly = 0.102 pu,
L, =0.110 pu, H=26s.
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