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Abstract - This research work expose the advantages of HVYDC
technology for synchronization of two interconnected thermal
power grid of 12 areas when load disturbance occur in power
grid-1. Three types of tie-lines HYAC-1HVDC parallel tie-line,
HVAC- 2HVDC parallel tie-line and HVAC-3HVDC parallel
tie-line are applied for synchronization of 12 area two
interconnected thermal power grid. For synchronization
purpose of power grid this research work shows the HVAC-
3HVDC parallel tie-line is better as compare to the HVAC-
2HVDC parallel tie-line and HVAC-1HVDC parallel tie-lie.
This research work also shows the HVYAC-2HVDC parallel tie-
line is better as compare to the HVAC-1HVDC parallel tie-
line. Quality of all three types of tie-line is judged by the
frequency deviation of two interconnected power grid of 12
areas when load disturbance occur in power grid-1. The
biggest advantage of this research work is that the two
interconnected thermal power grid of 12 areas is Synchronize
by HVDC technology with traditional integral controller.
Keywords: Synchronization, HVAC-3HVDC parallel tie-line,
HVAC-2HVDC parallel tie-line, HYAC-1HVDC parallel tie-
line, HVAC-High Voltage Alternating Current, HVYDC-High
Voltage Direct Current, Traditional integral controller

I. INTRODUCTION

For synchronization of two interconnected power grid of 12
areas three types of tie-line are applied.

1. HVAC-1HVDC parallel tie-line.
2. HVAC-2HVDC parallel tie-line.
3. HVAC-3HVDC parallel tie-line.

Load disturbance in power grid-1 is AP; 4= 0.01p.u.

For synchronization of two interconnected power grid of 12
areas, frequency correction is done by tradition integral
controller with three different types of tie-line above shows
and any non-linear power system elements are not
considered. That is the major advantage of this research
work.

A. Details of Two Interconnected Thermal Power Grid

Power Grid-1 (Control Area-6): Power grid-1 is receiving
power from its individual interconnected areas (control
area-5, control area-4, control area-3, control area-2, control
area-1) & sending power to power grid-2.
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Power Grid-2 (Control Area-12): Power grid-2 is receiving
power from its individual interconnected areas (control
area-11, Control area-10, control area-9, control area-8,
control area-7) and power grid-1.

Sahu Pankaj Kumar [18], this research work shows the
advantage of HVAC-HVDC parallel tie-line over FACTS
tie-line & normal HVAC tie-line. In this research work
performance analysis of all three types of tie-line is done in
terms of settling time of frequency and tie-line power
deviation of two interconnected thermal power grid of 12
areas in case of load change in power grid-1.

Sahu Pankaj Kumar [19], this research work shows the
advantage of combined application of FACTS and HVDC
parallel tie-line for interconnection & synchronization of
large thermal power grid. In this research work two
combined cases of FACTS-HVDC parallel tie-line is
applied for interconnection & synchronization of large
power grid. Case-2 is better as compare to the Case-1.

Majority of research work is done only with HVAC tie-line
with two area or multi area power system by power system
researcher regarding the Automatic Generation Control
(AGC) or Load Frequency Control (LFC) or
Synchronization. For improvement of power system
dynamic performance of the system in case of small
disturbance with greater stability margins the HVDC is
operating in parallel with HVAC tie-line [2, 9].

Other research work of synchronization or load frequency
control with HVAC-HVDC parallel tie-line as shown in [1,
3-8, 10-16].

Il. MATHEMETICAL MODEL OF TIE-LINE
POWER EXCHANGE

A. HVAC-1HVDC Parallel Tie-Line Applied for
Synchronization of Two Interconnected Thermal Power
Grid of 12 Areas

The Two Interconnected Thermal Power Grid of 12 Areas
with HVAC-1HVDC parallel tie-line as shown in figure-
(1).

The HVAC-1HVDC parallel tie-line as shown in figure-(2).
The tie-line power equation of power grid-1 (control area-6)
is APrie6(s), then

APrige(s) = APieacs(s) + APriepcs(s) (D
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Where APrieacs(s) and APriepce(S) are,

APricacs(S) = ais APricacis(s) + ax APricacas(s) + ass
APricac3s(S) + a4 APrieacas(s) + ase APricacse(s) +
APricace12(s) 2
APricpes(s) = a1 APriencis(S) + @z APriepcas(s) + ass
APricpc3s(s) T s APriepcas(s) +  ase APriepcse(s) T
APiepcs1a(s) (3)
The tie-line power equation of power grid-2 (control area-

12) is APrie12(s), then
APric12(8) = APricaci2(8) + APriecpcia(s)
Where APricaci2(s) and APriepcia(s) are,

“)

APtieac12(s) = 8512 APricacs12(s) + @712 APrieacria(s) + agin
APrieacs12(8) + agiz APrieaco12(s) + ajo12 APrieaciona(s) + aiinz
APicaciiS) (5)
APricpci2(s) = agi2 APriepcei2(s) + @712 APriepcria(s) + asiz
APriepcsi2(s) + g1z APriepco1a(s) + @012 APrienciona(s) + ain
APiepcinia(s) (6)

B. HVAC-2HVDC Parallel Tie-Line Applied for
Synchronization of Two Interconnected Thermal Power
Grid of 12 Areas

The HVAC-2HVDC parallel tie-line as shown in figure-(3).
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Fig. 1 The Two Interconnected Thermal Power Grid of 12 Areas with HVAC-1HVDC parallel tie-line.

If HVAC-2HVDC parallel tie-line is applied for
synchronization of two interconnected thermal power grid
of 12 areas in figure-(1), then the tie-line power equation of
power grid-1 and power grid-2 are following:

The tie-line power equation of power grid-1 (control area-6)
is APrie6(s), then

APries(8) = APricacs(s) + APriepcs(S) = APricace(s) +
APriepcea(s) + APriencen(s) (N
Where APricacs(s), APricpcsa(s) and APricpcss(s) are,
APrieacs(s) = @16 APrieacis(s) + ax APrieacas(s) + azs
APricac3s(s) + a4 APricacas(s) + ass APricacss(s) T
APricacs12(S) 3
APtiepcsa(s) = ais APriepcisa(s) + @z APriepcaea(s) + ass
APricpc3sa(s) + s APriepcasa(s) + ass APricpesea(s) +
APiencs124(S) ©
APtiepcs(8) = ais APriepcien(s) + @z APriepcaes(s) + asg
APriepc3en(S) + s APriepcasn(S) + ass APriepcses(s) +
APiepcsi28(S) (10)
APriepcs(s) = APriepcsa(s) + APriepces(s) (1)
aj6 {APricpcica(s) + APriepcies(S)) +a 26
{APricpcasa(s) + APriepcaen(8)} +a 36 {APriepcssa(s) +



APricpc3en(s)} a6 {APriencasa(s) T APricpcass(s)} +a s
{APricpcsea(s)  +  APriepcsss(s)} T {APriepcsioa(s)  +
APiepcs128(8) (12)
The tie-line power equation of power grid-2 (control area-
12) is APrie12(s), then
APric12(8) = APrieaci2(s) + APriepcia(s) = APrieacia(s) +
APienci2a(8) + APricpci2s(S) (13)
Where APricaci2(s), APricpci24(8) and APriepei2s(s) are,
APricaci2(8) = ag12 APricace12(s) + @712 APrieaci2(s) + agi
APrieacsi2(8) + agiz APrieaco12(s) + ajo12 APrieaciona(s) + aiinz
APicaciiAs) (14)
APtiepc12a(S) = 8612 APriencs12a(S) + @712 APriepcr124(8) + asi2
APiencsi2a(8) + @912 APriepcoi2a(8) + aior2 APriencioizals) +
aj112 APriepcii12a(S) (15)
APrtiepc128(8) = 812 APrience128(8) + @712 APriepc7128(8) + asi2
APriepcgize(S) + @912 APriepcoi2s(s) + aio12 APriepcioizs(s) +
ay112 APriepcii128(8) (16)
APiepcia(8) = APriepci2a(8) + APriepci28(S) (17
= ag12 {APriencei2a(8) T APriencsi2s(s)} +a 712
{APricpc7124(8) + APriepcri2s(8)} + @ g12 {APriencsioa(s) +
APricpcsie(S)} T8 912 {APriepcoi2a(8) + APricpcorzs(s)} +
a2 {APriepcioi2a(s)  +  APripcionzs(s)}  ta

{AP1iepci1124(8) + APTiepci1128(8) } (18)
C. HVAC-3HVDC Parallel Tie-Line Applied for

Synchronization of Two Interconnected Thermal Power
Grid of 12 Areas
The HVAC-3HVDC parallel tie-line as shown in figure-(4).
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Fig. 4 HVAC-3HVDC parallel tie-line

If HVAC-3HVDC parallel tie-line is applied for
synchronization of two interconnected thermal power grid
of 12 areas in figure-(1), then the tie-line power equation of
power grid-1 and power grid-2 are following:

The tie-line power equation of power grid-1 (control area-6)
is APrie6(s), then

APries(s) = APrieacs(s) + APriencs(s) = APrieacs(s) +
APriepceal(s) + APriencen(s) + APriencec(s) (19)
Where  APrieacs(S),  APriencea(s),  APriences(s) — and
APriepcec(s) are,

APrieacs(s) = a6 APrieacis(8) + @z APrieacas(s) + ass
APrieacss(s) + i APrieacss(s) + ass APrieacss(s) +
APrieace12(8) (20)
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APticpcsa(s) = ais APricpcisa(s) + @z APriepcasa(s) + ase
APricpc3sa(s) + as APricpcssa(s) + ase APriepcsea(s) +
APricpcsi2a(s) (21)
APricpess(s) = a6 APricpcien(s) + @z APriepcaes(S) + asg
APricpcss(s) T s APriepcass(S) + ass APriepcsen(s) +
APiencs128(8) (22)
APricpesc(s) = a6 APricpcisc(s) + @z APriepcasc(s) + asg
APricpcssc(s) + s APriepcasc(s) + ass APriepcsec(s) +

APiencsiac(s) (23)
APiencs(S) = APriepcsa(s) + APriecpcss(s) + APricpesc(s) (24)
= a6 {APricnciea(s) +  APriepcies(s) +
APricpcisc(s)}  + a6 {APrienc2sa(s) +  APriepcass(s) +
APricpcasc(s)} + az6  {APriencssa(s) +  APriencies(s) +
APricpcssc(s)}  + as6  {APriepcasa(s) +  APriepcass(s) +
APricpcasc(s)}  + ase {APriencsea(s) +  APriepcses(s) +
APricpessc(s)} + {APriepcs124(S) + APriepceizn(s) +
APiencsiac(s)} (25)

The tie-line power equation of power grid-2 (control area-
12) is APrie12(s), then

APric12(8) = APrieaci2(s) + APriepcia(s) = APrieacia(s) +
APriepci2a(8) + APriepci2s(8) + APriepciac(s) (26)
Where  APricacia(s),  APriepci2a(s),  APricpcize(s)  and
APricpciac(s) are,

APtieac12(s) = 8512 APricacsi2(s) + @712 APrieacria(s) + agin
APrieacsi2(8) + agiz APrieaco12(s) + ajo12 APricaciona(s) + aiinn
APicacii(s) (27
APriepci2a(8) = @12 APriencei2a(8) + 8712 APriencri2a(s) + agi2
APricpcgi2al8) + @912 APriepcoiaa(s) + aiorz APriepcioiza(s) +
aj112 APriepciiiza(s) (28)
APriepci28(8) = @612 APrience128(S) + 8712 APrienc7128(S) + 8312
APriepcsize(S) + @912 APriepcoi2s(s) + aior2 APriepcioizs(s) +
ay112 APriepcii128(8) (29)
APrtiepc12c(8) = as12 APriencsiac(s) + a712 APriepcriac(s) + asin
APiepcsiac(s) + g1z APriencor2c(s) + aior2 APriecpcioiac(s) +

a1112 APrienciii2c(s) (30)
APiepci2(8) = APriepci2a(S) + APrienci28(S) + APriepciac(s)
(31)

= ag12 {APricpcsi2a(s) + APricpceias(s) +
APricpcsiac(s)) +a 712 {APrienc7124(8) + APriecpcrios(s) +
APricperiac(s)} +a g1 {APriencsiza(s) + APriepcsion(s) +
APricpcsinc(s)) +a o1 {APriencoi2a(s) + APricpcoins(s) +
APricpcoinc(s)} +a 1012 {APricpcioinals) + APriepcioizs(s) +
APriencionc(8)} a2 {APrienciiinals) + APrienciiia(s) +
APricpeiiiae(s)} (32)
D. Parameters of Two Interconnected Thermal Power Grid
of 12 Areas with HVAC-1HVDC parallel tie-line, HVAC-
2HVDC parallel tie-line and HVAC-3HVDC parallel tie-
line
The transfer function of various blocks of two
interconnected thermal power grid of 12 areas with HVAC—
1HVDC parallel tie-line, HVAC-2HVDC parallel tie-line
and HVAC-3HVDC parallel tie-line:

Transfer function of HVDC link = _Hoc
Tperiy+l

. . 1
Transfer function of governor (boiler) Py (s) = T
Fei

Transfer function of turbine Pr ; (s) = Y
Tyiy
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. 4 KR:UTHU;I"' 1
Transfer function of reheater Pgr ) (s) = —————

] TH:U+ 1
. . Kes g
Transfer function of load (machine) Pps i) (s) = HL‘UL
Slpsmint

=3
Transfer function of integral controller, G¢i(s) = %

The control signal is, AP;(s) = - [Gci(s).ACE;(s)]
The area control error
ACE ;) (s) = B AF;(s) + APriei(s)
In above equations, i=1,2,3,4,5,6,7,8,9, 10, 11, 12.
Rated capacity of two power grids and control areas in MW:
P =Py =P3=Py=Ps=Px=Py=Pyg=Po=Pyy=Py=
P, =2000MW & Base MVA =2000MVA
Area capacity ratio a;5 = a5 = a3¢ =
ag;y = Agpp = Ajg12 = a1z = -1
Maximum tie-line power Prievax = 200 MW
HVDC-Link: Capacity of HVDC-Link =20 MW, Gain Kpc
=1 & Time constants Tpc = 0.2 sec
Load change in power grid-1: AP ¢ =0.01 p.u.
Governor (Boiler) time constants Tg = 0.08sec
Turbine time constants T, = 0.3sec
Reheater gain constants Ky = 0.5sec,
Reheater turbine time constants: Tg = 10sec
Power system gain constants Kpg = 120Hz/puMW
Power system time constants Tps = 20sec
Synchronizing coefficients T =0.0868puMW/radian
Bias constants B = 0.425puMW/Hz
Speed regulation of governors R = 2.4Hz/puMW
Frequency of power system = 60Hz
Values of traditional integral control with HVAC-1HVDC
parallel tie-line: K; =K, =K; =Ky, =Ks =28 & K¢ =K, =
Ks=Ky=Kjo=K;1 =K =3.5
Values of traditional integral control with HVAC-2HVDC
parallel tie-line: K; =K, =K; =Ky, =Ks=35 & K¢ =K, =
Kg = Kg = K10 = K11 = K12 =435
Values of traditional integral control with HVAC-3HVDC
parallel tie-line: K; =K, =K; =K4;=Ks=4.55 & K=K, =
Kg = Kg = K10 = K11 = K12 =5.35
(1) Tie-Line Power Calculation with HVAC-1HVDC
Parallel Tie-Line: The tie-line power calculation with
HVAC-1HVDC parallel tie-line is following:
Power Grid-1 (Control Area-6): Power grid-1 is receiving
1000 MW power from its individual interconnected arecas
(control area-5, control area-4, control area-3, control area-
2, control area-1) & sending 200 MW power to power grid-
2.
We know that APre6(s) is
APrig6(s) = APieacs(s) + APriencs(s)
Where APricacs(s) and APriepcs(S) are,
APtieacs(8) = @16 APrieacis(S) + @ APrieac2s(s) + ase
APricacss(s) + a6 APricacss(S) + a8ss  APricacse(s) +
APrieacsi2(s)

=[(-1) 180 + (-1) 180 + (-1) 180 + (-1) 180 +
(-1) 180 + {180} 1= (-900) + {180} ]1=-720 MW
APrience(s) = a1 APriencie(S) + @z APriencas(s) + ass
APtiepcis(s) + s APriepcas(s) +  ass APriepcse(s) +
APriepcsia(s)

=[(-1) 20+ (-1) 20 + (-1) 20 + (-1) 20 + (-1)
20 + {20} ]=[(-100) + {20}]=-80 MW

A6 = A5 = Ag12 — A712 =
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APrige(s) = APrieacs(s) + APrience(s)
= (-720) + (-80) = -800 MW
Negative sign shows the power grid-1 is receiving power
from its individual interconnected areas.
Power Grid-2 (Control Area-12): Power grid-2 is receiving
1000 MW power from its individual interconnected arecas
(control area-11, Control area-10, control area-9, control
area-8, control area-7) and 200 MW power from power
grid-1.
We know that APr.1»(s) is
APric12(8) = APricaci2(8) T APriepcia(s)
Where APricaci2(s) and APriepcia(s) are,
APtieac12(s) = 8512 APricacsi2(s) + @712 APrieacria(s) + agin
APrieacs12(8) + agiz APrieaco12(s) + ajo12 APrieacioia(s) + aiinz
APricaciina(s)
=[(-1) 180+ (-1) 180 + (-1) 180 + (-1) 180 +
(-1) 180 + (-1) 180 1= {-180} +(-900) ] =-1080 MW
APriepcia(s) = as12 APrienceia(s) + a7z APriepcria(s) + agi
APriepcsi2(s) + g1z APriepco12(s) + @012 APrienciona(s) + ainn
APriepciiia(s)
=[(-1)20+ (-1) 20+ (-1) 20 + (-1) 20 + (-1)
20+ (-1) 1= {20} +(-100) ] =-120 MW
APric12(8) = APricaci2(8) + APriepcia(s)
=(-1080) + (-120) =-1200 MW
Negative sign shows the power grid-2 is receiving power
from its individual interconnected areas and power grid-1.
(2) Tie-Line Power Calculation with HVAC-2HVDC
Parallel Tie-Line: The tie-line power calculation with
HVAC-2HVDC parallel tie-line is following:
Power Grid-1 (Control Area-6): Power grid-1 is receiving
1000 MW power from its individual interconnected areas
(control area-5, control area-4, control area-3, control area-
2, control area-1) & sending 200 MW power to power grid-
2.
We know that APri(s) is
APrige(s) = APieacs(s) + APriencs(s)
= APicacs(S) + APricpcsal(s) + APriepcss(S)
Where APricacs(s), APriencea(s) and APriepces(s) are,
APrieacs(s) = 16 APrieacis(s) + @z APrieacas(s) + azs
APricac3s(8) + as APrieacas(s) + ass APrieacss(s) +
APrieacsi2(s)
=[(-1) 160 + (-1) 160 + (-1) 160 + (-1) 160 +
(-1) 160 + {160} 1= (-800) + {160} ] =-640 MW
APtiepcsa(s) = ais APriencisa(s) + @z APriepcaea(s) + ass
APricpc3sa(s) + s APriepcasa(s) + ass APricpesea(s) +
APricpcsi2a(s)
=[(-1) 20+ (-1) 20 + (-1) 20 + (-1) 20 + (-1)
20 + {20} ]=[(-100) + {20}]=-80 MW
APtiepcss(8) = ais APriepcien(S) + @z APriepcaes(S) + asg
APriepc3en(S) + s APriepcan(s) + ass APriepcses(s) +
APiepcsi28(s)
=[(-1)20+ (-1) 20+ (-1) 20 + (-1) 20 + (-1)
20 + {20} ]=[(-100) + {20}]=-80 MW

APiencs(8) = APricpcsa(s) + APriencss(s)

— (-80) + (-80) = -160 MW
APrics(s) = APricacs(S) T APriepcs(S) = APricace(s) +
APiepcsals) + APricpess(S)

Z (-640) + (-80) + (-80) = -800 MW



Negative sign shows the power grid-1 is receiving power
from its individual interconnected areas.
Power Grid-2 (Control Area-12): Power grid-2 is receiving
1000 MW power from its individual interconnected areas
(control area-11, Control area-10, control area-9, control
area-8, control area-7) and 200 MW power from power
grid-1.
We know that APri12(s) is
APric12(8) = APrieaci2(s) + APriencia(s)
= APricac12(S) T APricpci2a(S) + APricpei28(S)
Where APricaci2(S), APrienci2a(s) and APriepci2s(s) are,
APtieac12(s) = 8512 APricacsi2(s) + @712 APrieacria(s) + agin
APrieacs12(8) + agiz APrieaco12(s) + ajo12 APricaciona(s) + aiinn
APricaciina(s)
= [ (1) 160 + (-1) 160 + (-1) 160 + (-1) 160 +
(-1) 160 + (-1) 160 ] = {-160} + (-800) ] = -960 MW
APriepci2a(8) = @12 APrience12a(8) + 8712 APrienc712a(s) + agi2
APriepcsi2a(8) + @912 APriencoina(s) + aioi2 APrienciona(s) +
aj112 APriepciiiza(s)
= (-1) 20+ (-1) 20+ (-1) 20 + (-1) 20 + (-1)
20+ (-1) ] =[ {-20} + (-100) ] = -120 MW
APiepci28(8) = as12 APriencs128(8) + 8712 APricpe7i28(8) + agin
APiepcsi28(S) + @912 APrienco128(S) + ai012 APricpcioiza(s) +
a1112 APriencii128(8)
=1 (-1)20+ (1) 20 + (-1) 20 + (-1) 20 + (-1
20+ (-1)]=[ {20} + (-100) ] = -120 MW
APriepci2(8) = APriepci2a(8) + APrienciop(s)
= (-120) + (-120) = 240 MW
APric12(8) = APrieaci2(s) + APriencia(s)
= APrieaci2(8) + APriepci2a(s) + APriencizn(s)
= (-960) + (-120) + (-120) = -1200 MW

Negative sign shows the power grid-2 is receiving power
from its individual interconnected areas and power grid-1.

(3) Tie-Line Power Calculation with HVAC-3HVDC
Parallel Tie-Line: The tie-line power calculation with
HVAC-3HVDC parallel tie-line is following:

Power Grid-1 (Control Area-6): Power grid-1 is receiving
1000 MW power from its individual interconnected areas
(control area-5, control area-4, control area-3, control area-
2, control area-1) & sending 200 MW power to power grid-
2.
We know that APri(s) is
APrics(S) = APricacs(s) + APricpcs(s)

= APricace(s) T APricpcsa(s) + APriecpcss(s) +
APiepcsc(s)
Where  APricacs(s),
APriepesc(s) are,
APricace(s) = ais APrieacis(s) + 2z APrieacas(s) + as
APricac3s(s) + a4 APricacas(s) + ass APricacss(s) T
APicacs12(S)

=[(-1) 140 + (-1) 140 + (-1) 140 + (-1) 140 +

(-1) 140 + {140} 1= (-700) + {140} ] =-560 MW
APtiepcsa(s) = ais APriepcisa(s) + @z APriepcaea(s) + ass
APriepc3sa(s) + s APriepcasa(s) + ass APricpesea(s) +
APiencs124(S)

APricpcea(s),  APriepces(s)  and
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—[(-1) 20+ (-1) 20 + (-1) 20 + (-1) 20 + (-1)
20+ {20} ]=[ (-100) + {20}] = -80 MW
APriepcss(8) = ais APriepcien(s) + @z APriepcaes(s) + asg
APriepcsen(S) + s APriepcasn(S) + ass APriepcses(s) +
APiepcsi2s(s)
= [ (-1) 20+ (-1) 20 + (-1) 20 + (-1) 20 + (-1)
20+ {20} ]=[ (-100) + {20}] = -80 MW
APriepcec(s) = ai6 APriepcisc(s) + @z APriepcasc(s) + ass
APriepcssc(s) + s APriepcssc(s) + ass APriepcsec(s) +
APricposiac(s)
= [ (1) 20+ (-1) 20 + (-1) 20 + (-1) 20 + (-1)
20+ {20} ]=[ (-100) + {20}] = -80 MW
APriepcs(s) = APriepcsa(s) + APriepcss(s) + APriepcsc(s)
— (-80) + (-80) + (-80) = -240 MW
APries(s) = APricacs(S) + APriepcs(S) = APricace(s) +
APriepcea(s) + APriepcen(s) + APriepcsc(s)
= (-560) + (-80) + (-80) + (-80) = - 800 MW
Negative sign shows the power grid-1 is receiving power
from its individual interconnected areas.

Power Grid-2 (Control Area-12): Power grid-2 is receiving
1000 MW power from its individual interconnected areas
(control area-11, Control area-10, control area-9, control
area-8, control area-7) and 200 MW power from power
grid-1.

We know that APri15(s) is
APric12(s) = APricacia(s) + APriepcia(s) = APrieaciz(s) +
APienci2a(S) + APricpci2a(8) + APriepciac(s)
Where  APricacia(S),  APricpci2a(s),  APriencias(s)
APricpciac(s) are,
APricac12(s) = ag12 APricacsi2(S) + a712 APricac7ia(s) + agin
APicacsi2(8) + a912 APricaco12(s) + @012 APricacionz(s) + annz
APricaciina(s)

=[(-1) 140+ (-1) 140+ (-1) 140 + (-1) 140 +
(-1) 140 + (-1) 140 ] =[ {-140} + (-700) ] = -840 MW
APiepci2a(S) = @612 APiencs124(S) + @712 APriepc7i2a(s) + agiz
APricpesioa(8) + 2912 APriencoina(s) + aio12 APriencionza(s) +
1112 APriepci1124(8)

=[(-1)20+ (-1) 20+ (-1) 20+ (-1) 20 + (-1)
20+ (-1) =1 {-20} + (-100) ] =-120 MW
APricpc128(S) = 812 APriepcei28(8) + a712 APricpe7ios(s) + asin
APiencsiaa(s) + 912 APrienco12s(S) + ai012 APriepcioizs(s) +
a1112 APriencii128(s)

=[(-1)20+ (-1) 20+ (-1) 20 + (-1) 20 + (-1)
20+ (-1) =1 {-20} + (-100) ] =-120 MW
APiepciac(s) = as12 APriencsiac(s) + a712 APricpe7iac(s) + agin
APricpesiac(s) + 2912 APriencoinc(s) + aio12 APriepcionac(s) +
a1112 APrienciiizc(s)

=[(-1)20+ (-1) 20+ (-1) 20+ (-1) 20 + (-1)
20+ (-1) 1= {-20} + (-100) ] =-120 MW
APricpcia(S) = APriepci2a(8) + APriepci2s(s) + APriepciac(s)

= (-120) + (-120) + (-120) = -360 MW
APrici2(s) = APricacia(s) + APriepcia(s) = APrieaciz(s) +
APriepci2a(8) + APriepcian(s) + APriepciac(s)
— (-840) + (-120) + (-120) + (-120) = 1200 MW

Negative sign shows the power grid-2 is receiving power
from its individual interconnected areas and power grid-1.

and
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I1l. MATLAB (R2013a) SIMULATION MODEL

The simulation is done in MATLAB Software-Math Works,

Volume Version 8.1.0.604 (R2013a).

1. The MATLAB SIMULINK MODEL of Two
Interconnected Thermal Power Grid of 12 AREAS with
HVAC-1HVDC parallel tie-line as shown in figure-(5).

2. The MATLAB SIMULINK MODEL of Two
Interconnected Thermal Power Grid of 12 AREA with
HVAC-2HVDC parallel tie-line as shown in figure-(6).

3. The MATLAB SIMULINK MODEL of Two
Interconnected Thermal Power Grid of 12 AREA with
HVAC-3HVDC parallel tie-line as shown in figure-(7).

IV. MATLAB (R2013a) SIMULATION OUTPUT

Before  representation of  MATLAB (R2013a)
SIMULATION OUTPUT of Two Interconnected Thermal
Power Grid of 12 Areas with HVAC-1HVDC parallel tie-
line, HVAC-2HVDC parallel tie-line and HVAC-3HVDC
parallel tie-lie some definition are shown below regarding
the output of this research work:

TPD-PG-1: Tie-line power deviation of Power-Grid-1
TPD-PG-1: [APricss(S), APricas(s), APric3s(s), APricas(S),
APric16(8)]

TPD-PG-2: Tie-line power deviation of Power-Grid-2
TPD-PG-2: [APrici112(5), APrici012(5), APrieo12(8), APriesia(s),
APrie712(8)]

TPD-PG1&2: Tie-line power deviation between Power-
Grid-1 to Power-Grid-2 [APries12(5)]

FD-PG-1: Frequency deviation of Power-Grid-1,
1: [AF(s)]

FD-PG-2: Frequency deviation of Power-Grid-2, FD-PG-
1: [AF12(s)]

FDIG-PG-1:  Frequency  deviation
interconnected group of Power-Grid-1
FDIG-PG-1: [(AFs(s), AF4(s), AF;(s), AFs(s), AF(s)]
FDIG-PG-2:  Frequency deviation of individual
interconnected group of Power-Grid-2

FDIG-PG-2: [(AF(s), AF((s), AFy(s), AFs(s), AF(s)]

FD-PG-

of  individual

A. The MATLAB (R2013a) SIMULATION OUTPUT of
Two Interconnected Thermal Power Grid of 12 AREAS
with HVAC-1HVDC parallel tie-line as shown in figure-(8)
and figure-(9).

B. The MATLAB (R2013a) SIMULATION OUTPUT of
Two Interconnected Thermal Power Grid of 12 A REAS
with HVAC-2HVDC parallel tie-line as shown in figure-
(10) and figure-(11).

C. The MATLAB (R2013a) SIMULATION OUTPUT of
Two Interconnected Thermal Power Grid of 12 A REAS
with HVAC-3HVDC parallel tie-line as shown in figure-
(12) and figure-(13).
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V. MATLAB (R2013a) SIMULATION RESULT

MATLAB (R2013a) Simulation Result of Synchronization
of Two Interconnected Thermal Power Grid of 12 Areas
with  HVAC-1HVDC parallel tie-line, HVAC-2HVDC
parallel tie-line & HVAC-3HVDC parallel tie-line: After
AP ¢ = 0.01p.u. load change in Power Grid-1/Control Area-
6 Synchronization of Two Interconnected Thermal Power
Grid of 12 Areas is done by HVAC-1HVDC parallel tie-
line, HVAC-2HVDC nparallel tie-line & HVAC-3HVDC
parallel tie-line with traditional integral controller.

1. The simulation result of synchronization of two
interconnected thermal power grid of 12 areas with
HVAC-1HVDC parallel tie-line {from figure-(8)} as
shown in Table-I.

2. The simulation result of synchronization of two
interconnected thermal power grid of 12 areas with
HVAC-2HVDC parallel tie-line {from figure-(10)} as
shown in Table-II.

3. The simulation result of synchronization of two
interconnected thermal power grid of 12 areas with
HVAC-3HVDC parallel tie-line {from figure-(12)} as
shown in Table-III.

It’s clear from the simulation results under synchronization
process frequency deviation with HVAC-3HVDC parallel
tie-line is smaller as compare to the HVAC-2HVDC
parallel tie-line & HVAC-1HVDC parallel tie-line. Also the
frequency deviation with HVAC-2HVDC parallel tie-line is
smaller as compare to the HVAC-1HVDC parallel tie-line.
Quality of HVAC-3HVDC parallel tie-line is high as
compare to the HVAC-2HVDC parallel tie-line & HVAC—
IHVDC nparallel tie-line. Quality of HVAC-2HVDC
parallel tie-line is high as compare to the HVAC-1HVDC
parallel tie-line.

The SIMULATION is done with MATLAB SOFTWARE-
MATH WORKS, volume version 8.1.0.604 (R2013a).

VI. CONCLUSION

Synchronizing Quality of HVAC-3HVDC parallel tie-line

is best for Power Grid.

1. HVAC-3HVDC nparallel tie-line shows better power
system dynamic performance as compare to the
HVAC-2HVDC parallel tie-line & HVAC-1HVDC
parallel tie-line.

2. HVAC-2HVDC nparallel tie-line shows better power
system dynamic performance as compare to the
HVAC-1HVDC parallel tie-line.

Finally says the order of HVAC-HVDC parallel tie-line for

power system dynamics performance improvement of Two

Interconnected Thermal Power Grid of 12 Areas in case of

load disturbance in Power Grid-1:

HVAC-1HVDC parallel tie-line < HVAC-2HVDC parallel
tie-line < HVAC-3HVDC parallel tie-line.
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Fig. 5 MATLAB (R2013a) SIMULINK MODEL of Two Interconnected Thermal Power Grid of 12 AREAS with HVAC-1HVDC parallel tie-line
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Fig. 6 MATLAB (R2013a) SIMULINK MODEL of Two Interconnected Thermal Power Grid of 12 AREAS with HVAC-2HVDC parallel tie-line
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Fig. 7 MATLAB (R2013a) SIMULINK MODEL of Two Interconnected Thermal Power Grid of 12 AREAS with HVAC-3HVDC parallel tie-line
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Fig. 8 Waveform of FD-PG-1, FD-PG-2, FDIG-PG-1 & FDIG-PG-2 with
HVAC-1HVDC parallel tie-line

Fig. 11 Waveform of TPD-PG-1, TPD-PG-2, TPD-PG-1&2 with HVAC—
2HVDC parallel tie-line
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Fig. 13 Waveform of TPD-PG-1, TPD-PG-2, TPD-PG-1&2 with HVAC—

Fig. 10 Waveform of FD-PG-1, FD-PG-2, FDIG-PG-1 & FDIG-PG-2 with
3HVDC parallel tie-line

HVAC-2HVDC parallel tie-line

TABLE IFREQUENCY DEVIATION OF TWO INTERCONNECTED THERMAL POWER GRID OF 12 AREAS WITH HVAC-1HVDC PARALLEL
TIE-LINE WHEN AP, = 0.01P.u. LOAD CHANGE IN POWER GRID-1

Frequency Deviation | FD-PG-1 | FD-PG-2 | FDIG-PG-1 | FDIG-PG-2
+ve Hz 0.07294 0.04367 0.07843 0.03872
—ve Hz -1.274 -1.23 -1.236 -1.233

TABLE I FREQUENCY DEVIATION OF TWO INTERCONNECTED THERMAL POWER GRID OF 12 AREAS WITH HVAC-2HVDC PARALLEL

TIE-LINE WHEN AP =0.01P.u. LOAD CHANGE IN POWER GRID-1

Frequency Deviation | FD-PG-1 | FD-PG-2 | FDIG-PG-1 | FDIG-PG-2
+ve Hz 0.04409 0.02608 0.0471 0.02296
—ve Hz -0.8691 -0.8604 -0.8607 -0.8628
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TABLE III FREQUENCY DEVIATION OF TWO INTERCONNECTED THERMAL POWER GRID OF 12 AREAS WITH HVAC-3HVDC PARALLEL
TIE-LINE WHEN AP 4= 0.01P.u. LOAD CHANGE IN POWER GRID-1

[10]

Frequency Deviation | FD-PG-1 | FD-PG-2 | FDIG-PG-1 | FDIG-PG-2
+ve Hz 0.03019 0.02028 0.0316 0.01837
—ve Hz —0.7083 | —0.6854 —0.6857 —0.6873
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