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Abstract
This research work shows the working principle of two combined cases and application of
flexible AC transmission system tie-line and high voltage direct current tie-line for
interconnection and synchronization of two large thermal power grid system of 12 areas when
load disturbance occurred in power grid-/ AP ¢ = 0.01 pu. This research work is done with
two interconnected linear, conventional and traditional thermal power grid system of 12 areas
accepted reheater. Synchronization of thermal power grid system is done by two different
cases of FACTS and HVDC parallel tie-line with the traditional integral controller in terms of
settling time of frequency deviation of individual control areas and power grids and settling
time of tie-line power deviation of individual control areas interconnected the power grids

and two interconnected thermal power grids.
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INTRODUCTION

Designing a controller for very large power
grid system is very difficult and complicated
because programming for such system is very
large. To overcome this problem two
combined cases of FACTS tie-line and HVDC
parallel tie-line are applied for interconnection
and  synchronization of two linear,
conventional and traditional thermal power
grids of 12 individual control areas with
traditional integral controller.

Description of two interconnected thermal

power grid system:

1. Control Area-6 (Power Grid-1): Control
area-6 is receiving power from its
interconnected individual control areas
(control area-1, control area-2, control
area-3, control area-4, control area-5) and
sending power for control area-12.

2. Control Area-12 (Power Grid-2): Control
area-12 is receiving power from control
area-6 and its interconnected individual
control areas (control area-7. Control area-
8, control area-9, control area-10, control
area-11).

The description of two combined cases of
FACTS tie-line and HVDC parallel tie-line for
interconnection and synchronization of two
thermal power grid systems of 12 areas:

1. Case-1: FACTS-HVDC parallel tie-line is
applied for interconnection of control
area-6 and control area-12. In FACTS tie-
line of FACTS-HVDC parallel tie-line two
TCPS is applied in between control area-6
and control area-12 ends. For
interconnection of individual control areas
(control area-1, control area-2, control
area-3, control area-4, control area-5,
control area-7, control area-8, control area-
9, control area-10, control area-11) to the
respective control area-6(power grid-1)
and control area-12(power grid-12) only
one TCPS is applied in the individual
control areas end. Case-1 as shown in
Figure 1.

2. Case-2: FACTS tie-line is applied for
interconnection of control area-6 and
control area-12. In FACTS tie-line two
TCPS is applied in between control area-6
and  control area-12  ends. For
interconnection of individual control areas
(control area-1, control area-2, control
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area-3, control area-4, control area-5,
control area-7, control area-8, control area-
9, control area-10, control area-11) to the
respective control area-6 (power grid-
l)and control area-12 (power grid-12)
HVAC-HVDC parallel tie-line is applied.
Case-2 as shown in Figure 2.

In FACTS tie-line of above two cases, TCPS
is always applied in series with HVAC tie-
line, so it is called FACTS tie-line.

Load change in control area-6 (power grid-1):
AP =0.01 pu.

K.P. Singh Parmar [2] is done in his research
work, the compression between the
performance of open loop feedback controller
and closed loop feedback controller for load
frequency control of multi-area multi-source
power system with environment of HVAC tie-
line, HVAC-HVDC parallel tie-line, flexible
AC transmission system (FACTS) tie-line and
deregulated environment. Operation and
designing technique is easy for open loop
feedback controller as compare to the closed
loop feedback controller because less number
of state variables is required for designing of
open loop feedback controller as compare to
the closed loop (full state) feedback controller.
Full state feedback controller requires all the
state variables of the power system in case of
load variation in the power system,
measurement of all state variables of the
power system with accurate value in case of
load variation in the power system is a tough
task, so that the open loop feedback controller
is batter as compare to the full state (closed
loop) feedback controller.

Majority of research work is done by the
power system researchers regarding the Load
Frequency Control (LFC) or Automatic
Generation Control (AGC) of interconnected
power system considering with only HVAC
tie-line with two or multi area power system.
But present days as the load demand
increasing researchers are required to focus on
generation and transmission of huge amount of
electrical power through FACTS and HVDC
system efficiently, effectively and
economically. HVDC link is operating in

parallel with HVAC tie-line for improvement
of power system dynamics performance of
system in case of small disturbances with
greater stability margins [5, 6]. And also other
research work of load frequency control with
HVAC-HVDC parallel tie-line is present in
[2-10].

Flexibility require in any power system for its
proper operation and control. Flexible AC
transmission system (FACTS) device is
connected in series with tie-line, for tie-line
power flow control by its phase shifter angle
of the FACTS device. Thyristor controlled
phase shifter (TCPS) is an important FACTS
device for improvement of power system
dynamic performance in case any load change
in interconnected power system. TCPS is
connected in series with tie-line in the Load
Frequency Control interconnected system and
it is presents in [2, 8-14].

MATHEMATICAL MODEL OF TIE-

LINE POWER EXCHANGE

12-Area Two Interconnected Thermal

Power Grid with Case-1

The 12-area two interconnected thermal power

grid with Case-1 as shown in Figure 1. In

Case-1 for interconnection of two power grids,

FACTS-HVDC parallel tie-line is applied.

1. In FACTS tie-line two TCPS is applied in
series with HVAC tie-line between two
power grids in each end of HVAC tie-line.
Also for interconnection of individual
areas to the each power grids, only one
TCPS is applied in series with HVAC tie-
line, this is shown in Figure 1.

Power transfer from power Grid-1 to power
Grid-2: Without TCPS612 in a conventional
interconnected thermal power grid system, the
incremental tie line power flow from power
grid-1 to power grid-2 APries12ups(S) iS:

27 Te12wps
APries12wps(S) = % [AFg(S) - AF15(s)]
Where,
Teiowps = Synchronizing power coefficient

without TCPS612

AFg¢(s) = Frequency deviation of area-6 and
AF15(s) = Frequency deviation of area-12
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Fig. 1: 12-Area Two Interconnected Thermal Power Grid with Case-1.

Current Flowing from AREA-6 TO AREA-12

|612 - |Var6| 4( 4 are™t ¢6)_ |Var12| £9 ari2
o Xtiee12
Now, the tie line power equation is:

PrieracTse12 — JQrieracTse12 = (Varﬁ)*|612= [Vl
Z-(8a+ $6)] lor2

= [lvar6| ya '(Sar6 + ¢6)]
|Var6|4( 6 are™t ¢6)_ |Var12| L4 ari2

Xties12
_ VarellVariz2lq:
- X Sm(SarG - 6ar12 + ¢6) -
tie612
j IVarel*= Varel|Var12] €05( 8 are— 0 ar12 + ds)
Xtie612

The real part of the above equation PrieracTsei2

—_ |Var6| |Var12| :
ST Sin(8a6 - Sari2 + D)
tie612

Moving Ous, 0412 and ¢pg from their nominal
values 8 4, 0 ar12 and g respectively.

— |Var6| |Var12| ° °
APriceacTss12 = T Xaees CoS( 0 are= O ar1z2 +

P ) * Sin(ASys - Adariz + Adg)
Since (Adxs - Ada2 + Adyg) is very small,
therefore Sin(Adgs - Ada12 + Adg) = (Adae -
A8ar12 + A(1)6)

— Varel [Vari2| ° °
APrigeacTser2 = T Xueers CoS( 6 are= O ar12 +

q)OG ) * (ASarS - Asarlz"' A(I)ﬁ)

Let Te1, be the synchronizing coefficient with
TCPS612, Tep, = Lvarel Vamzl coge 5. -

R Xties12
0 ar1z+ ds )

So that APriceactse1z = Te12 (Aar - Adariz +
APe)= Ter2 (Adars - Adar12)+ Ter2 Adg

Where, A8y = 2nf, AF, dt and Ady, =
2nf AFy, dt

APrieractser2 = Te12 (21 fot AFg dt -
anot AF;, dt)+ Teia Adg

Taking Laplace transforms of above equation
22612 [AFy(s) - AFy(s)] +

S

APricracTse12(S) =
Te12 Ade(S)

But TCPS126 is present in series at other end
of tie-line in side of Power Grid-2, so that the
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power flow from Power Grid-1 to Power Grid-
2 is now becomes

27 T612

APriceacTss12(S) = [AFg(s) - AF15(s)] +
Te12Ad6(S) - Tize A(1312(3) 1)

In above equation the tie line power flow can
be controlled by controlling the phase shifter
angle Adg(s) of TCPS612 and Adq,(s) of
TCPS126. The phase shifter angle A¢6(S) is,

Adg(S) = T T AError(s) = T¢6 AF4(S)

Where, Kgg = Galn and Ty = Tlme constant of
TCPS612

AError(s) = AFg(s)= Frequency deviation of
area-6

The phase shifter angle Ad;(S) iS
Ad1,(8) = 1+sq'>r12 AError(s) = —22— AF,(9)

Where, Ky, = Gain and Tg;, = Time constant
of TCPS126

AError(s) = AF1,(s) = Frequency deviation of
area-12

Also,
APrieractsi(S) = APrieracTsis(S) = ﬂTls [AF4(s)
- AFg(s)] + T1s Ad4(s),
APrigracts2(S) = APrieracts2s(S) = ET% [AF5(s)
- AFe(S)] + Tas Adp(S),
APrieractsa(S) = APrieractsas(S) = : ET% [AF3(s)
- AFe(s)] + Tas Adp3(9),
APrieractsa(S) = APrieractsss(S) = ET% [AF4(s)
- AFg(S)] + Tas A4 (s),
APrieractss(S) = APrigracTsse(S) = T56 [AFs(s)
- AFg(S)] + Tse Ads(S),
APrigracts?(S) = APrieracts7i2(S) =2nTT712
[AF7(S) - AF15(8)] + T712 Ad(s),
APrieractss(S) = APrieracTssi2(S) =2nTT812
[AFg(S) - AF12(S)] + Te12 Adg(s),
APrieractso(S) = APrieractsora(8) = ZTTT%Z
[AFo(S) - AF12(S)] + To12 Adg(S),
APrieracts10(S) = APrieractsi012(S) = @
[AF10(S) - AF12(S)] + T1012 Acp1(S),

27 T1112

APriceacts11(S) = APrieracts1i12(S) =
[AF11(S) - AF12(S)] + T1112 Ad44(S).

S

Power Transfer from Power Grid-1 to Power
Grid-2 through HVDC LINK

APriepce(s) =APriepce12(S) :S Kbce AFe(S)
AF15(s)]

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

APries(5) =APricracTss(S) + APiencs(S) 2)

APriceactss(S) = @16 APrieracTsa(S) + az
APrigracTs2(8) + asg APricractsa(S) + aue
APrigracTsa(S) + @sg APricractss(S)+
APriceacTss12(S)

[Here, APrieractss12(S) # APrieractss(S)]

= 16 APriceacTs16(S) + a6 APrieracTs26(S) + aze
APriceactsas(S) + aus APricracTsss(S) + ase
APrigracTsse(s) + APrieractse12(S)

2r
=~ [Xi=12345 i Ti6AF; (5) -
Yi=1,234,5 Qe Tic AF6(5)]
+i=123,4,5 Qi Tie AP;i (S) + APrieractse12(S)
21T
= a6 [ {AFy(S) - AFg(5)} + T1sAd,(s)] +

26 [“T“ {AF5(S) - AFo(S)} + TosAdp5(S)]
L 25 AFy(5) - AFg(8)} + TasAd3(5)] +
s 212 (AF,(5) - AF(9} + TasAps(9)]
i —SE{AF5(5) - AFg(5)} + TssAds(S)] +
[27TT612 {AF¢(S) - AF15(8)} + Te12Ad(S) - T1zs

AC|)12(5)] 3)
APriepcs(S) =APrience12(S) —ﬂ [AFs(s) -
AF15(s)] 4)

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

APrie12(s) =APriracts12(s) + APriepc12(S)  (5)
APrieeacts12(S) = @612 APrieeacTse12(S) + ar12
APrieeacts7(S) + ag12 APricractss(S) + g1z
APriceactso(S) + @1012 APrieeactsio(S) + @112
APrieeacts11(S)

[Here, APriceactse12(S) # APrieractss(S)]

= ap12 APrieracTse12(S) + @712 APrieractsr12(S) +
ag2 APricractssi2(S) *+ Qo2 APrieractsor2(S)+
A1012APTieracTs1012(S) + 1112 APrieracTs1112(S)

2
= ag12 APricracTse12(S) + Tn

[Xk=7891011ak12Tk12AFk (5)-
Yk=7,89,10,11 Ak12Tk124F12 (5)]
+Xk=7,89,1011 Ak12Tk12 APK(S)
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= 8g12 [2 n:ﬂz {AFg(S) - AF12(8)} + Te12 Ad(S)

- Tis Ad12(S)] + an2 [m {AF(s) -
27 :812 {AFg(S)

S
271 Tgq2

AF1,5(8)} + T2 Ad7(S)] + as1o

- AF12(8)} + Te12 Adg(S)] + Qo2 [T
{AFo(S) - AF12(S)} + Tor2 Ado(S)] + az012
22012 (AF1(S) - AFs2(8)}+ Taosz Ay o(S)] +
1112 [Z[T% {AF11(S) - AF12(8)}+ T111
Ad11(9)] (6)

APriepci2(S) = @s12 APriencs(S)= as12 APrience12(S)
=2612 KDC6 [AF((s) - AFy5(S)] (7)

sTpce +1

Area control error for area-1 with FACTS tie-
Iine, ACEl(S) = Bl AFl(S) + APTieFACTSl(S)
Area control error for area-2 with FACTS tie-
line, ACEx(S) = By AF5(s) + APrieeacts2(S)
Area control error for area-3 with FACTS tie-
line, ACEs(s) = B3 AF3(s) + APrigracTss(S)
Area control error for area-4 with FACTS tie-
Iine, ACE4(S) = B4 AF4(S) + APTieFACTS4(S)

Area control error for area-5 with FACTS tie-
Iine, ACEs(S) = B5 AFs(S) + APTieFACTSS(S)
Area control error for area-6 (power grid-1)
with FACTS tie-line, ACEg(S) = Bg AFs(S) +
AI:’TieG(S)

Area control error for area-7 with FACTS tie-
line, ACE+(S) = B7 AF7(s) + APrieeactsi(S)
Area control error for area-8 with FACTS tie-
line, ACEg(S) =Bg AFg(S) + APTieFACTSB(S)
Area control error for area-9 with FACTS tie-
line, ACEq(S) = By AFy(s) + APricracTso(S)
Area control error for area-10 with FACTS tie-
line, ACE1(s) = B1o AF19(s) + APrieractsio(S)
Area control error for area-11 with FACTS tie-
line, ACE11(S) = B11 AF11(s) + APrigracts11(S)
Area control error for area-12 (power grid-2)
with FACTS tie-line, ACE,(S) = By, AFy,(S) +
APrie15(8).

12-Area Two Interconnected Thermal
Power Grid with Case-2

The 12-area two interconnected thermal power
grid with Case-1 as shown in Figure 2.
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Fig. 2: 12-Area Two Interconnected Thermal Power Grid with Case-2.
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In Case-2, for interconnection of two power
grids, FACTS tie-line is applied. In FACTS
tie-line two TCPS is applied in series with
HVAC tie-line between two power grids in
each end of HVAC tie-line.

Power transfer from Power Grid-1 to Power
Grid-2 through FACTS tie-line: From equation
no. (1)

APricracTss12(S) = ST612 [AFg(s) - AF12(s)] +
T612A¢6(5) T126 Ad12(S)

The power transfer from area-1 to area-6
(power grid-1), then the tie-line power
equation is APrie1(s)= APrieaci(s) + APtiepci(S)
= APrie16(S)= APrieac16(s) + APriencis(S)

=20 [AFy(S) - AFG(9)] + 57 2 [AFA(S) -

AFg(s)]

The power transfer from area-2 to area-6
(power grid-1), then the tie-line power
equation is APriea(s)= APrieac2(s) + APriepca(S)
= APrie26(s)= APrieac26(s) + APriepcas(S)

=220 [AFy(S) - AFG(9)] + 5 22 [AFA(S) -

AFg(s)]

The power transfer from area-3 to area-6
(power grid-1), then the tie-line power
equation is APriea(s)= APrieacs(s) + APriepcs(S)
= APrie36(s)= APrieacss(s) + APriepcas(S)

=220 [AFy(S) - AFG(9)] + 5 22 [AFA(S) -

AFg(s)]

The power transfer from area-4 to area-6
(power grid-1), then the tie-line power
equatiorl is APTie4(S): APTieAC4(S) + APTieDC4(S)
= APriess(S)= APrieacas(s) + APriepcas(S)
=21 [AFy(5) - AFg(9)] + o 24 [AF(S) -

AFe(S)]

The power transfer from area-5 to area-6
(power grid-1), then the tie-line power
equatiorl iS APTieS(S): APTieACS(S) + APTieDCS(S)
= APriese(s)= APrieacse(s) + APriepcss(S)
= 238 [AF5(s) - AFo(S)] + o2 25— [AF(s) -

AFe(S)]

The power transfer from area-7 to area-12
(power grid-2), then the tie-line power

equation is APrig7(s)= APrtieac7(s) + APrienci(S)
= APrie712(8)= APricacr12(5) + APriepcr12(S)
= 2282 [AF/(5) - AFp(S)] + o7 2L [AFA(S) -

AF3,(s)]

The power transfer from area-8 to area-12
(power grid-2), then the tie-line power
equation is APTieg(S): APTieACS(S) + APTiech(S)
= APrigg12(5)= APrieacs12(s) + APriepce12(S)

= 2222 [AFy(s) - AFsa(s)] + 1 220 [AFo(s) -

AF3,(s)]

The power transfer from area-9 to area-12
(power grid-2), then the tie-line power
equation is APTieg(S): APTieACQ(S) + APTiech(S)
- APT|e912(S): APTieAC912(S) + APTleDCQlZ(S)

= 22282 [AF(5) - AFp(S)] + 1 22— [AF(S) -

AF1,(s)]

The power transfer from area-10 to area-12
(power grid-2), then the tie-line power
equation is  APri1o(s)=  APricac1o(S)  +
APriencio(s) = APrie1012(S)= APricac1o2(S) +
APriepc1012(S)

2T1012 AFlo(S) AFlz(S)] KDC10

cio+1
[AF10(s) - A1:12(3)]

The power transfer from area-11 to area-12
(power grid-2), then the tie-line power
equation is  APrinn(s)=  APrieacna(S) +
APtienc11(S) = APrie1112(S)=  APrieac1i2(S) +
AP-iepci112(S)

2T K
12 AR, (9) - AF(S)] + et

[AFM(S) AFlz(S)]

The tie-line power equation of power grid-1
(control area-6) is APrigs(S), then
APrigs(8) = APrieacs(s) + APriencs(S) (8)

Where, APrieace(s) and APrience(S) are,
APricacs(S) = @16 APrieaca(S) + @26 APrieaca(s) +
azs APricacs(S) + aus APrieaca(S) + ass
APrieacs(s) + APrieractssi2(S)

[Here APrigractss12(S) # APrieacs(S)]
= a16 APrieac16(S) + a2 APricac26(S) + @se
APricacas(S) + ass APrieacas(S) + asg APrieacss(S)
+ APrigracTse12(S)
= 2;[ Yi=12345 %6 Ti6AF; () -
Yi=12345 %6 lic AF6(S) ] + APrieracss12(S)
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= 28 [AFY(S) - AFg(S)] + T [AF(s) -
AFg(s)] + 222356 [Ay(5) - AFq(s)] + 2226Ta6
[AF,(s) - AFe(s)]+25"*56T56 (AFK(9) - AFs]+
ZR612 [AF(S) - AF3(8)]+ Tor2Ad(S) - Taze
AP12(5) )

APriepcs(S) = 816 APrienca(S) + 826 APrienca(S) +
a36 APiepca(S) + s APricpca(S) + @se APiepcs(S)
+ {APricpcs12(S) = 0}

[Here APriepce12(S) # APriencs(S), Also {
APriepce12(S) = 0 }]

= a16 APrienc16(S) + @26 APriepc2s(S) + ass
APriepcas(S) + @ss APriencas(S) + @ss APriencss(S)

a6 K aze K
= Tocer 1 [AFL(S) - AFg(s)] + ZE=2 [AFs(s)

- AFq(s)] + 2500 AR y(s) - AFe(S)]+ T

[AF4(s) - AR(@]{?&ﬁ (AF(9) - AF(S)
(10)

The tie-line power equation of power grid -2
(control area-12) is APtie12(S), then:
APrie15(s) = APrieaci2(s) + APrienci2(S) (11)

Where, APrieac12(s) and APriepci2(S) are,
APricac12(S) = @p12 APrieracTse12(S) + a7z
APricac(S) + @12 APrieacs(S) + 8912 APrieacs(S)
+ a1012 APrieac10(S) + @1112 APrieac11(S)

[Here APricractse12(S) # APrieacs(S)]

= ag12 APrieracTse12(S) + @712 APrieacr12(S) + @s12
APrieacsi2(S) + @912 APrieaco12(S) + @012
APricac1012(S) + 1112 APrieaci112(S)

=812 APricracTss12(S) + %

[2k=7,8,9,10,11 ag12Ti128F (5)-
Zk=7,8,9,10,11 ak12Tk128F 12 ()]
= 22012 T612 AF(5) - AF1o(5)]+ TorzAdps(S) -

T126 Ad12(S)+ 25:;172& [AF(S) - AF15(s)] +

2 3812T812 AFg(S) AFlz(s)]+253912T912 AFg(S) _
AFo(9)] + 2210122012 [AFy(s) -

AF1p(s)]+ 221212 [AF 1 (5) - AFyo(s)]  (12)

APriepc12(S) = @612 {APiencs12(S) = 0} + a7,
APriepc7(S) + ag12 APriencs(S) + @912 APrienco(S)
+ a1012 APiepc10(S) + @1112 APrienc11(S)

[Here APriepce12(S) # APriencs(S), {
APriepce12(S) = 0 }]

= @712 APriencr12(S) + ag12 APriepcs12(S) + ao12
APriepco12(S) + a1012 APriepcio12(S)+ @112
APriepci112(S)

az;12 K agyz K
= Sroo a1 [AFA(S) - AFpp(s)] + SEEE

[AFe(s) - AFlz(s)]+am—"‘°C" [AFg(s) - AF3(5)]

21012 Kpcio a1112 Kpci1a
+ = AF O(S) AF]_Z(S)] —_—
STDC10+1 STDC 1+1

[AF11(S) - AF12(8)] (13)

Area control error for area-1 with HVAC-
HVDC parallel tie-line,
ACE]_(S) = Bl AF]_(S) + APTiel(S) = B]_ AFl(S) +
[APrieaci(s) + APriepci(S)]

= By AFi(s) + APric16(S) = By AF4(s) +
[APrieacis(s) + APriencis(S)]

Area control error for area-2 with HVAC-
HVDC parallel tie-line,
ACEz(S) =B, AFz(S) + APTieZ(S) =B, AFz(S) +
[APrieaca(s) + APrienca(S)]

= B, AF(s) + APriea6(S) = B2 AF,(s) +
[APieacas(s) + APrienczs(S)]

Area control error for area-3 with HVAC-
HVDC parallel tie-line,
ACE3(S) = B; AFg(S) + APTieg(S) = B; AFg(S) +
[APrieacs(s) + APriepca(s)]

= B3 AF5(s) + APriess(S) = B3 AF5(Ss) +
[APrieacs(s) + APriencss(S)]

Area control error for area-4 with HVAC-
HVDC parallel tie-line,
ACE4(S) = B4 AF4(S) + APTie4(S) = B4 AF4(S) +
[APrieaca(s) + APriepca(S)]

= B4 AF4(s) + APrieas(S) = B4 AF4(S) +
[APieacas(s) + APriencas(S)]

Area control error for area-5 with HVAC-
HVDC parallel tie-line,
ACE;(s) = Bs AFs(s) + APries(s) = Bs AFs(s) +
[APieacs(s) + APriencs(S)]

= Bs AFs(s) + APriess(S) = Bs AFs(s) +
[APrieacss(s) + APriepcss(S)]

Area control error for area-6 (power grid-1)
with HYAC-HVDC parallel tie-line,

ACEe(S) = 85 AFe(S) + APTieG(S) = BG AFG(S) +
[APieacs(s) + APrience(S)]

Area control error for area-7 with HVAC-
HVDC parallel tie-line,
ACE7(S) =By AF7(S) + APTie7(S) =B, AF7(S) +
[APtieac(s) + APriencr(S)]

= By AF4(s) + APrig712(S) = By AF(S)
+ [APrieacr12(8) + APtienc12(S)]
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Area control error for area-8 with HVAC-
HVDC parallel tie-line,
ACEg(S) = By AFg(S) + APTieg(S) = Bg AFg(S) +
[APrieacs(s) + APriepcs(S)]

= Bg AFg(s) + APrieg12(S) = Bg AFg(S)
+ [APrieacsi2(s) + APtiencsi2(S)]

Area control error for area-9 with HVAC-
HVDC parallel tie-line,
ACEqg(s) = Bg AFg(s) + APrigg(S) = Bg AFo(s) +
[APrieaco(s) + APrience(S)]

= By AFy(s) + APrieg12(S) = Bg AFy(S)
+ [APrieaco12(s) + APriepcer2(S)]

Area control error for area-10 with HVAC-
HVDC parallel tie-line,

ACEo(S) = Biy AFio(s) + APrie10(S) = By
AF10(s) + [APrieac10(s) + APriencio(S)]
= Bio AF10(S) + APric1012(S) = Buo

AF10(s) + [APrieac1012(S) + APriepci012(S)]

Area control error for area-11 with HVAC-
HVDC parallel tie-line,

ACE(S) = Bir AFu(s) + APriens(S) = Bu
AF11(s) + [APrieac11(s) + APriencia(S)]
= B AFu(s) + APrie1112(S) = Bu

AF11(s) + [APrieac1112(S) + APrienc1112(S)]

Area control error for area-12 (power grid-2)
with HVAC-HVDC parallel tie-line,

ACEix(s) = B AF1y(s) + APri1a(S) = Bio
AF15(s) + [APrieac12(s) + APriepca2(S)].

12-Area Two Interconnected Thermal

Power Grid Parameters with Case-1 AND

Case-2

The transfer function of various blocks in 12-

area two interconnected thermal power grid

with Case-1 and Case-2:

Transfer function of load (machine) Pes ) (S) =
Kps(i)

STps(i)+1

Transfer function of governor (boiler) Pg ) (S)
1

:STG(i)+1
Transfer function of turbine Pt (s) =

STy +1
Transfer function of re-heater Pgr ) (S) =
S KR(i)TR(i)+ 1
s Tray+ 1
Transfer function of integral controller, Ggi(s)
Ki

S
The control signal is, AP;(S) = -
[Gci(s).-ACEi(s)]

The area control error ACE () (S) = By AFi(s)
+ APrie;)(S)

Transfer function of HVDC link L TN
STDC(i)+1

In above equationsi=1,2,3,4,5,6,7,8,9,
10, 11, 12.
Transfer function of Thyristor Controlled

Phase Shifters is: TCPS612 = Ter,—2— and
1+ST¢,6
_ Ko12
TCPS126 = T1261+5T¢12
Rated capacity of control areas and two power

grids in MW:

I:’rlz I:’rz = Pr3= I:’r4= I:’r5= PrG: Pr7 = I:’r8= I:’r9=
PrlO = P;1;1= Py, = 2000MW and Base MVA =
2000 MVA

Area capacity ratio a;¢ = ax = a3 = a4 = 856 =
Q12 = A712 = g1z = Aoz = Q1012 = A112 = -1
Maximum tie-line power Prigmax = 200 MW
Synchronizing coefficients T = 0.0868
puMW/radian

Bias constants B = 0.425 puMW/Hz,

Speed regulation of governors R = 24
Hz/puMW

Frequency of power system = 60 Hz,

Power system gain constants Kps = 120
Hz/puMW

Power system time constants Tps = 20 sec,
Turbine time constants T, = 0.3 sec,

Re-heater gain constants Kg = 0.5 sec and and
Re-heater turbine time constants Tg = 10 sec.
HVDC-Link: Gain Kpc = 1, Time constants
Toc = 0.2 sec and Capacity of HVDC-Link =
20 MW

TCPS: Gain Ky = 1.5 rad/Hz and Time
constants Ty = 0.1 sec

Phase shifter angle of TCPS: ¢pax = 10° and
$min = -10°

Load change in power grid-1: APz =0.01 pu

Value of integral control gain in Case-1:
Ki =Ky =Ks =Ky =Ks = K7 = Kg = Kg = Kyo
=K;; =1.35 and Ke =Kyp=15

Value of integral control gain in Case-2:
Ki=K;=Ks=K; = K5 = K7 = Kg = Kg = Kyg
=K;; =2.35 and Ke =Ky =11,

(1) Tie-Line Power Calculation with Case-1
Power Grid-1 (Control Area-6)

Power grid-1 is receiving 1000 MW power
from its interconnected areas (area-1, area-2,
area-3, area-4, and area-5) and sending 200
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MW power for power grid-2. We know
APTieG(S) is:
APries(8) =APrieractss(s) + APriepcs(S)

Where, APrigractss(s) and APriepcs(S) are,
APrieracTse(S) = @16 APrieracTsis(S) + @
APriceacTs26(S) + @ss APricractsss(S) + aus
APrieracTsas(S) + ass APrieractsss(S) +
APricracTss12(S)

= [ (-1) 200 + (-1) 200 + (-1) 200 + (-1) 200 +
(-1) 200 + {180}]

= [ (-1000) + {180}] = -820 MW

APriepcs(s) =APriencsi2(S) = 20 MW

APries(s) =APrieractss(s) + APrience(S) = [ (-
1000) + {180} + {20}] = [ (-1000) + {200}] =
-800 MW

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

Power Grid-2 (Control Area-12)

Power Grid-2 receiving 200 MW power from
Power Grid-1 and 1000 MW power from its
interconnected areas (area-7, area-8, area-9,
area-10, area-11). We know APrie12(S) is:
APrie15(s) =APrieeactsia(s) + APrienci2(S)

Where, APrigractsi2(s) and APrigpcio(S) are,
APrigracts12(S) = @12 APrieractss12(S) + ar12
APriceactsr12(S) + agi2 APrieracssi2(S) + Qg2
APrieracTso12(S) + 81012APTieracTs1012(S) + 1112
APrigeacTs1112(S)
= [{(-1) 180} + (-1) 200 + (-1) 200 + (-1) 200
+ (1) 200 + (-1) 200]

=[ {-180} + (-1000)] = -1180 MW

APriepci2(S) = as12 APriencs(S)= 8612 APrience12(S)
= (1) 20 = -20 MW

APrig12(8) =APrieeactsiz(8) + APrienc12(S) = [ {-
180} + (-1000) + {-20}] = [ £-200} + (~1000)]
=-1200 MW

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

(2) Tie-Line Power Calculation with Case-2
Power Grid-1 (Control Area-6)

Power grid-1 is receiving 1000 MW power
from its interconnected areas (area-1, area-2,
area-3, area-4, area-5) and sending 200 MW
power for power grid-2. We know APries(S) is:
APries(8) = APrieacs(s) T APriences(S)

Where, APTieACG(S) and APTieDCS(S) are,
APricacs(S)= 16 APrieac16(S) + @z APrieac2s(S) +
ass APrieacss(S) + aus APrieacss(S) + ase
AP-ieacss(s)T APrigracTss12(S)

= [ (-1) 180 + (1) 180 + (-1) 180 + (-1) 180 +
(-1) 180 + {200}]

=[ (-900) + {200}] = -700 MW

APriepcs(S) = @16 APrienca(S) + 826 APrienca(S) +
a36 APrienca(S) + ass APrienca(S) + ase
APrigpcs(s)+ {APriepcs12(S) = 0}

= a16 APrienc16(S) + @26 APriepcas(S) + ass
AP-iencss(S) + aus APriencas(S) + @ss APriencss(S)
+ {0}

=[(-1) 20 + (-1) 20 + (-1) 20 + (-1) 20 + (-1)
20 + {0}] =-100 MW

APries(s) = APrieacs(s) + APrience(S) = [ (-900)
+ {200} + (-100)] = -800 MW

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

Power Grid-2 (Control Area-12)

Power Grid-2 receiving 200 MW power from
Power Grid-1 and 1000 MW power from its
interconnected areas (area-7, area-8, area-9,
area-10, area-11). We know APqie12(S) is

APrie12(8) = APricac12(8) + APrienci2(S)

Where, APTieAClZ(S) and APTieDClZ(S) are:
AP-ieac12(S)= @612 APricractss12(S) + ariz
APieacr12(S) + @g12 APrieacs12(S) + @o12
APricaco12(8) + a1012 APrieac1012(S)+ 1112
APrieac1112(8)

= [{(-1) 200} + (-1) 180 + (-1) 180 + (-1) 180
+(-1) 180 + (-1) 180]

=[ {-200} + (-900)] = -1100 MW

APriepci2(S) = as12 {APriencs12(S) = 0} + a1,
APriepcr12(S) + @g12 APriencsi2(S) + @12
APriepco12(8) + @1012 APriencio12(S)+ 1112
APriepc1112(S)

=[{0} +(-1) 20 + (-1) 20 + (-1) 20 + (-1) 20
+(-1) 20]

=-100 MW

APrie12(s) = APrieaci2(s) + APriepci2(S) = [{-
200} + (-900) + (-100)] = -1200 MW

Negative sign shows the power grid-2 is
receiving power from power grid-1 and its
interconnected areas.
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MATLAB SIMULINK MODEL OF 12-
AREA TWO INTERCONNECTED
THERMAL POWER GRID WITH
CASE-1 AND CASE-2.

The simulation is done in MATLAB Software-
Math Works, Volume Version 8.1.0.604
(R2013a).

The simulink model of 12-area two
interconnected thermal power grid with case-1
as shown in Figure 3.

The Simulink model of 12-Area two
interconnected thermal power grid with Case-2
as shown in Figure 4.
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Fig. 3: Matlab Simulink Model of 12-Area Two Interconnected Thermal Power Grid with Case-1.
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Fig. 4: MATLAB Simulink Model of 12-Area Two Interconnected Thermal Power Grid with Case-2.
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MATLAB SIMULATION OUTPUT OF
12-AREA TWO INTERCONNECTED
THERMAL POWER GRID WITH
CASE-1 AND CASE-2

The simulation is done in MATLAB Software-
Math Works, Volume Version 8.1.0.604
(R2013a).

Before presentation of MATLAB simulation
output of 12-Area two interconnected thermal
power grid with Case-1 and Case-2 some
definition are present below, this are important
as output concern:

FD-PG-1: Frequency deviation of Power-Grid-
1, FD-PG-1: [AFg(S)].

FD-PG-2: Frequency deviation of Power-Grid-
2, FD-PG-1: [AF1,(3)].

FDIG-PG-1: Frequency deviation of
interconnected group of Power-Grid-1
FDIG-PG-1: [(AFy(s), AF2(s), AF3(s), AF4(S),
AFs5(s)].

FDIG-PG-2:  Frequency  deviation  of
interconnected group of Power-Grid-2
FDIG-PG-2: [(AF4(s), AFg(s), AFg(s), AF10(S),
AF1(s)].
TPD-PG-1:
Power-Grid-1
TPD-PG-1: [APrie6(s), APriezs(s), APriess(S),
APrieas(s), APriess(S)]-
TPD-PG-2: Tie-line power
Power-Grid-2

TPD-PG-2: [APrier12(S), APrieg12(s), APrieo12(S),
APrie1012(8), APrie1112(S)]-

TPD-PG1 and 2: Tie-line power deviation
between Power-Grid-1 to Power-Grid-2

[APrigs12(S)].

Tie-line power deviation of

deviation of

MATLAB simulation output of 12-Area two
interconnected thermal power grid with Case-1
as shown in Figures 5-8.

FD-PG-1
FD-PG-2

FD-PG-1 & FD-PG-2in Hz
"

o 10 20 30 40

50 60 70 80 920 100
Time in secon d

Fig. 5: Waveform of FD-PG-1 and FD-PG-2 with Case-1.
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Fig. 6: Waveform of FDIG-PG-1 and FDIG-PG-2 with Case-1.
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Fig. 8: Waveform of TPD-PG-1 and 2 with Case-1.

MATLAB simulation output of 12-Area two interconnected thermal power grid with Case-2 as shown

in Figures 9-12.
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Fig. 9: Waveform of FD-PG-1 Aand FD-PG-2 Case-2.
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Fig. 12: Waveform of TPD-PG-1 and 2 with Case-2.
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MATLAB SIMULATION RESULT OF
12-AREA TWO INTERCONNECTED
THERMAL POWER GRID WITH
CASE-1 AND CASE-2.

The simulation is done in MATLAB Software-
Math Works, Volume Version 8.1.0.604
(R2013a).After load changed in power grid-1
(area-6)(AP¢ = 0.01pu), power grid-land
power grid-2 is synchronized at 22.72 sec in
case-1 and power grid-1 and power grid-2 is
synchronized at 20.38 sec. Settling time of
frequency and tie-line power deviation of 12-
area two interconnected thermal power grid
with case-1 and case-2 are presents in Table 1.

Table 1: Settling Time of Frequency and Tie-
Line Power Deviation of 12-Area Two
Interconnected Thermal Power Grid with
Case-1 and Case-2 when AP s = 0.01pu Load
Change in Power Grid-1 (Control Area-6).

Frequency and Tie- | Settling time | Settling time
Line Power Deviation | with Case-1 | with Case-2
of Power Grids (in sec) (in sec)

FD-PG-1 22.72 sec 20.38 sec
FD-PG-2 22.72 sec 20.38 sec
FDIG-PG-1 21.91 sec 27.09 sec
FDIG-PG-2 21.91 sec 27.09 sec
TPD-PG-1 14.75 sec 16.97 sec
TPD-PG-2 14.75 sec 16.97 sec
TPD-PG-1and 2 7.447 sec 20.00 sec
CONCLUSION

Power system dynamics performance of Case-
2 is better as compare to the Case-1 in
synchronization of 12-area two interconnected
thermal power grid after AP ¢ = 0.01pu load
changed in power grid-1 (area-6).

(1) Quality of power system dynamics
performance of Case-2 is better as
compare to the Case-1 because in Case-2
first power grid-1 and power grid-2 is
settled in 20.38 sec then its interconnected
individual areas are settled in 27.09 sec.

(2) Quality of power system dynamics
performance of Case-1 is closer to the
Case-2 because presence of HVDC LINK
in parallel with FACTS tie-line. In Case-1
first individual interconnected areas are
settled in 21.91 sec then power grid-1 and
power grid-2 is settled in 22.72 sec.

Finally says the order for power system
dynamics performance improvement byusing

Case-1 and Case-2 for synchronization of 12-
area two interconnected thermal power grid in
case of load change is:

Case-1 < Case-2.
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