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Abstract— In this paper it is possible to load the transnsision lines
very close to their thermal limits by allowing the conductors to
carry usual ac along with dc superimposed on it. Té added dc
power flow does not cause any transient instabilityThis project
gives the feasibility of converting a double circudi ac line into
composite ac—dc power transmission line to get ttedvantages of
parallel ac—dc transmission to improve stability ad damping out
oscillations. Simulation and experimental studiesre carried out
for the coordinated control as well as independentontrol of ac
and dc power transmissions. No alterations of condtors,
insulator strings, and towers of the original lineare needed.

Index Terms— Extra high voltage (EHV) transmission, flexiate

transmission system (FACTS), simultaneous ac—depow
transmission

I. INTRODUCTION

I N RECENT years, environmental, right-of-way, andtco

concerns have delayed the construction of a nevermgsion
line, while demand of electric power has shown dyebut

geographically uneven growth. The power is ofteailable at
locations not close to the growing load centers diutemote
locations. The wheeling of this available energyotigh

existing long ac lines to load centers has a aedpper limit

due to stability considerations. Thus, these laresnot loaded
to their thermal limit to keep sufficient marginaaigst transient
instability.

The present situation demands the review of ti@ahti power
transmission theory and practice, on the basieof concepts
that allow full utilization of existing transmissiofacilities

without decreasing system availability and securifyo

achieve this is by simultaneous ac—dc power trasson in

which the conductors are allowed to carry supersapodc
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In these proposals Mono-polar dc transmission ghttund as
return path was used. There were certain limitatidue to use
of ground as return path. Moreover, the instantase@lue of
each conductor voltage with respect to ground besdnigher
by the amount of the dc voltage, and more discstarbe

added in each insulator string to withstand thisréased
voltage. In this paper, the feasibility study ofheersion of a
double circuit ac line to composite ac—dc line withaltering

the original line conductors, tower structures, ansulator

strings has been presented. In this scheme, tipwer flow

is point-to point bipolar transmission system. Twvelty of

our proposed scheme is that the power transfemeehzent is
achieved without any alteration in the existing ElY line.

The main object is to gain the advantage of pdrale-dc

transmission and to load the line close to itsrtidimit.

Il. SMULTANEOUS AC —DC POWER TRANSMISSION

Fig. 1 depicts the basic schewresimultaneous
ac—dc power flow through a double circuit ac traission
line. The dc power is obtained through line comnaadal 2-
pulse rectifier bridge used in conventional HVDGl amjected
to the neutral point of the zigzag connected seagnaf
sending end transformer and is reconverted togaindy the
conventional line commutated 12-pulse bridge itereat the
receiving end. The inverter bridge is again core@db the
neutral of zig-zag connected winding of the recwjviend
transformer. The double circuit ac transmissiore loarriers
both three-phase ac and dc power. Each conductsaabf line
carries one third of the total dc current alonghvat current.
Resistance being equal in all the three phasesadnslary
winding of zig-zag transformer as well as the thterductors
of the line, the dc current is equally divided amgaal the

current along with ac current. Ac and dc power flowihree phases. The three conductors of the secoacpibvide

independently, and the added dc power flow doescaase
any transient instability. Simultaneous ac—dc
transmission was first proposed through a singteuti ac
transmission line.
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return path for the dc current. Zig-zag connectéadding is

powe¥sed at both ends to avoid saturation of transfodue to dc

current. Two fluxes produced by the dc curregf3jlflowing
through each of a winding in each limb
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Fig.1 Basic Scheme for compo: ac— dc transmissic

of the core of a zig-zag transformer are equalagmitude and
opposite in direction. So the net dc flux at anstamt of time
becomes zero in each limb of the core. Thus, theatieration
of the core is avoided. A high value of reactqriX used to
reduce harmonics in dc current.

In the absence of zero sequence and third harmoniis
multiple harmonic voltages, under normal
conditions, the ac current flow through each trassion line
will be restricted between the zigzag connecteddimigs and
the three conductors of the transmission line. Evee
presence of these components of voltages may @ngbke to
produce negligible current through the ground doehigh
value of Xd.

Assuming the usual constant current control ofifiec and
constant extinction angle control of inverter, thguivalent
circuit of the scheme under normal steady-staterating
condition is given in Fig. 2. The dotted lines e figure show
the path of ac return current only. The secondstrassion line
carries the return dc current,land each conductor of the line
carries §/3 along with the ac current per phase.

Vao and Vj, are the maximum values of rectifier and
inverter side dc voltages and are equal to2(3) times
converter ac input line-to-line voltage. R, L, dddare the line
parameters per phase of each ling. ,RR; are commutating
resistances, and. , ¥ are firing and extinction angles of
rectifier and inverter, respectively.

Neglecting the resistive drops in the line condrgtand
transformer windings due to dc current, expressifmmsac
voltage and current, and for active and reactivevgrs in
terms of A, B, C, and D parameters of each line beyvritten
as

E, = AE+Blg (1)
ls= CEs+Dlg (2)
P.+jQ=-ESEr/B + D'E%/B’ 3)

www.ijera.co

operating

Pr+jQr= - EsEr /B - A'E%R/B’ (4)
|5:|d{3 L *‘:\' 5 I+, /3
X Lo +c.f2 X
T T
E, LB EqL0
1 ; Pk 1
o
ld Id —
W, Cosce ; ; VaiCos
r = R -R.. =

L R
YV

A

Neglecting ac resistive drop in the line and trarskr, the dc
power R, and R of each rectifier and inverter may be
expressed as

Par= Varlg
Pai = Vailg

®)
(6)

Reactive powers required by the converters are

er = Pdrtarer (7)
Qui = Pyitar; (8)
cod),=[cosu + cosfr + W)]/2 (9)
co®;=[cogy + cosf + W)]/2 (20)
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4 and 4 are commutation angles of inverter and rectifie’lWhere X is the transfer reactance per phase ofdthéle

respectively, and total active and reactive povarshe two
ends are

Transmission loss for each line is

PL=(Ps+Pur) - (Pr+Pai) (13)
I, being the rms ac current per conductor at anytpafithe
line, the total rms current per conductor becomes

I=[12+ (143"
Power loss for each line 583I°R

The net current | in any conductor is offseted freero. In
case of a fault in the transmission system, gateass to all the
SCRs are blocked and that to the bypass SCRs laesed to
protect rectifier and inverter bridges. The currémt any
conductor is no more offseted. Circuit breakersgC&e then
tripped at both ends to isolate the faulty line.s@GBnnected at
the two ends of transmission line interrupt curranhatural
current zeroes, and no special dc CB is required.

Now, allowing the net current through the conduequal
to its thermal limit ().
I=[1 2+ (14/3)°T (14)
Let Vi, be per-phase rms voltage of original ac line.Vgtaso
V, be the per-phase voltage of ac component of coitepas—

dc line with dc 4 voltage superimposed on it. As insulators g = 3Vly 2 — 1,2

remain unchanged, the peak voltage in both casmddlie
equal
Vimax= V2Vpn = Vg + V2V, (15)

Electric field produced by any conductor possesaedc
component superimpose on it a sinusoidally varyeg
component. However, the instantaneous electrid fallarity
changes its sign twice in a cycle if {V. < V2) is insured.
Therefore, higher creep age distance requiremenns$olator
discs used for HVDC lines are not required.

Each conductor is to be insulated fog,.y, but the line-to
line voltage has no dc component and; Vhax =\6V..
Therefore, conductor-to-conductor separation degtaof each
line is determined only by rated ac voltage oflthe.

Allowing maximum permissible voltage offset suchttthe
composite voltage wave just touches zero in eaehyesycle;

V= VN2 and 4= V2 (16)
The total power transfer through the double cirtinig before
conversion is as follows:

P total= 3 Vi Sindy/X (17)
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circuit line, 5, and is the power angle between the voltages at
the two ends. To keep sufficient stability margi, is
generally kept low for long lines and seldom exceéd.
With the increasing length of line, the loadabilitiythe line is
decreased. An approximate valuedpfnay be computed from
the loadability curve by knowing the values of surg
impedance loading (SIL) and transfer reactance hefine
P total = 2.M.SIL (18)

Where M is the multiplying factor and its magnitutiecreases
with the length of line. The value of M can be ab¢a from
the loadability curve.

The total power transfer through the composite line

Potal = PactPac = 3 V2 Sind,/X+2V4lg (29)

The power anglé, between the ac voltages at the two ends of
the composite line may be increased to a high véiligeto fast
controllability of dc component of power. For a stant value
of total power, B. may be modulated by fast control of the
current controller of dc power converters.

Approximate value of ac current per phase per tiafitthe
double circuit line may be computed as

1= V (Sind/2)/X (20)

The rectifier dc current order is adjusted onlise a
(21)

Preliminary qualitative analysis suggests that comgused
techniqgues in HVDC/AC system may be adopted for the
purpose of the design of protective scheme, filtand
instrumentation network to be used with the contedsie for
simultaneous ac—dc power flow. In case of a fanltthe
transmission system, gate signals to all the SCRDlmcked
and that to the bypass SCRs are released to pratetifier
and inverter bridges. CBs are then tripped at heottls to
isolate the complete system. A surge diverter coteae
between the zig-zag neutral and the ground protduts
converter bridge against any over voltage.

[ll.  DESCRIPTION OF THE SYSTEM M ODEL
The network depicted in Fig. 1 was studied in whigh
synchronous machine is feeding power to infinites ma a
double circuit, three-phase, 400-KV, 50-Hz, 450-Kac
transmission line. The 2750-MVA (5 550), 24.0-KV
synchronous machine is dynamically modeled, a foail on
d-axis and a damper coil on g-axis, by Park’'s @qoatwith
the frame of reference based in rotor. It is eqgedppith an
IEEE type
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'lJ
" Vi - Kel IV. CASE STUDIES: COMPUTAIONS AND SIMULATION
1481 WY g;; A. AC Configuration Only
e vl
1451} Gale 1447y . . .
T The loadability of Moose (commercial name), ACSRint
Vo bundle conductor, 400-kV, 50-Hz, 450-km double wiirdine
has been computed.
The parameters of the line are
] o z = 0.03252+j0.3308@8/km/ph/ckt
Fig.3 IEEE type AC4A Excitation system y = 3.33797*1°S/km/ph/ckt
hMastEr Cament; Contralles Current carrying capacity of each sub conducto®kA.
A 4= A M .1d_ord
ld=3[lth*2-1a"2]1/2 o liy = 1.8KA/Ckt.SIL = 511MW/ckt.
M=1.1,(from loadability curve=74.44858ph.
|_;‘,3,‘Z‘,m Using (17)—(20), the computed power at receiving and

) conductor current is
Fig.4 Master Current Controller

P o= 1124.2MW§,~ 30°

AC4A excitation system of which block diagram i®im in | phveke = 0.803KA

Fig.3. Transmission lines are represented as theyeBen

model. It is based on a distributed LC parametaveting SIMULINK MO DEL
wave line model, with lumped resistance. It repnesghe L ... .oommon

and C elements of a Pl section in a distributedneafi.e., it
does not use lumped parameters). It is roughlyvedgnt to
using an infinite number of Pl sections, exceptt ttze

resistance is lumped (1/2 in the middle of the,libid at each
end). Like Pl sections, the Bergeron model acclyrate E
represents the fundamental frequency only. It aégmesents
impedances at other frequencies, except that g®e$odo not
change. The converters on each end of dc link adetad as
line commutated two six- pulse bridge (12-pulseheif

control system consist of constant current (CC) emdstant
extinction angle (CEA) and voltage dependent curceder

limiters (VDCOL) control. The converters are conegcto ac
buses via Y-Y and Y- converter transformers. Eattige is a
compact power system computer-aided design repeien

of a dc converter, which includes a built in siXgeuGraetz
converter bridge (can be inverter or rectifier) jmernal phase
locked oscillator (PLO), firing and valve blockirgpntrols,

and firing angle /extinction angle measurements.aldo

includes built in RC snubber circuits for each tstgr. The

controls used in dc system are those of CIGRE Beadk,

modified to suit at desired dc voltage. Ac filtatseach end on
ac sides of converter transformers are connectdilt¢o out

11th and 13th harmonics. These filters and shuptdtor

supply reactive power requirements of converterandster
current controller (MCC), shown in Fig. 4, is usedcontrol

the current order for converters. . It measurestir@uctor ac
current, computes the permissible dc current, andyzes dc
current order for inverters and rectifiers.

Fig.6 Simulation Diagram

TABLE |
COMPUTEDRESULTS
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Power Angle (5) w* 45" 60° 75" | &0°
Degrees
ac power(MW) 290 410 50261 | 56006 | 571.55
=3V 28ind./%
ac current [, (kA) 04166 | 0.6122 | 0.805 0.98 10135
I, = V(Sind/2 )X
de Current (k&) 5.253 5.078 4.829 | 4529 4418
I4

7 L)
3 \I"',H: i _Iu B
De Power Py =2Vdi x | 16848 | 16249 | 15455 [114944) 1413.76
Idi (MW}
Ptnl:l=Pan+Pdr 1971 2034 2048 2000 1985
(MW)

TABLE I
SIMULATED RESULTS

Power Angle 30" 45" 60" 75° 80°
(&)
Ps {MW) 2306 2371.0 23813 23420 2318380
Pac (MW) 20489 | 41100 | 4953 341,86 | 34843
Transfer
Pdc (MW 17155 1657.0 15858 14985 1467.0
Transfer
Pac_loss 11.94 30030 54,08 &1.94 91.73
(MW)
Pdc_loss(MWY 2B0.51 26588 24117 217.61 208.53
Ploss_total( 20245 | 296.18 | 29525 299.55 300,26
MW)
Pr (MW) 1988.8 2051.14 | 2062.0 2019.36 | 199500
Total
Transfer
Qs line -13.78 6998 18558 | 32512 37535
(MVAR)
Qr line 39,08 146,84 | 280.85 | 43196 | 48438
(MVAR) 1]
Qrec 8830 BR4.30 | BE5.29 | 8781 B69 48
(MVAR)
Qinv B41.3 B23.5 T97.43 764,64 753.04
(MVAR)
ac current la | 041577 | 061123 | 079684 | 096952 | 1.02383
(kA)
de current Id | 524263 | 51136 491185 | 4.6355 4.52512
(ki)
Cond. de | 174754 | 170453 | 1.6373 1.5452 | 1.5084
current  1d/3
(kA)
conductor 1.78587 | 1.78264 | 1.78281 | 1.78641 | 1.78833
current
Tsim{kA)
Increase  of | 76.94% | B2.49% | B3 451%| 79.66% | 77.5%
power
transfer

The computed and simulated results are found ton idose
conformity.
The conductor current 0.805246 KA is much belowthigemal
limit 1.8 KA.
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B. Conversion of the Conventional Double Circuit AC e
Into Composite AC—DC Power Transmission Line

Using (15) and (16)
V,= 120kV/ph (208kY, );V4 = 160kV

The above ac voltage Va has been increased fromd 1350
120 kV, and Vd has been decreased from 163.328QdkV
to have zero crossing in voltage wawe.is assumed to be
maximum 80 , which is commonly used in lines colieb by
FACTS devices.

The computedapproximatepower transfers for converted
line at various transmission angles are shown bi€ra
The proposed composite ac—dc power scheme shotig.irl
has been simulated in steady-state mode as aystafrsusing
Simulation. The power and current readings at waripoints
on the system are tabulated in Table II.

Pdc_loss includes line loss due to dc current amyerter
losses. Pac_loss is line loss due to ac current dtie total
power Pr at receiving end is the actual net poversfer after
subtracting all losses like circuit breakers, tfamaers, etc.

It has been seen from computation as well as stiooléhat
the maximum power transfer of 2062.0 MW transmittgd
composite ac—dc line occurs at power angle 8f e same
amount of power transfer through conventional deutcuit
line would require a power angle of 73.68, whichéyond the
safe limit for power angle. The corresponding candu
current (bnew) is 1.7744 KA.
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Fig.8 Sending End & Receiving End Currents

Fig.13 Active Power at Pdc

Fig.9 Rectifier & Inverter DC Side Voltage, ReaifiDC
side Current

Fig.14 Active Power at Pac

Fig.15 Active Power & reactive power at Ptotal

Fig.16 Rectifier AC side Voltage & Currents

Fig.12 Active & Reactive Power at Ps

A
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Fig.17 Combined AC — DC Current & AC Current tozag
Transformer

Fig.19 Receiving End Current with DC

Fig. 7 to 19 shows the time response of variousesys
performances at power angle of’30

VI. CONCLUSION

The feasibility to convert ac transmission lineat@omposite
ac—dc line has been demonstrated. The line is tbadets
thermal limit with the superimposed dc current. Tuepower
flow does not impose any stability problem. Theatage of
parallel ac—dc transmission is obtained.

Dc current regulator may modulate ac power flowerehis
no need for any modification in the size of condust
insulator strings, and towers structure of theinabline.

The optimum values of ac and dc voltage compongitse
converted composite line are 1/2 and times the atage
before conversion, respectively.
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