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Appendices
Appendix A
List of Symbols
z Series impedance per unit length/phase of the line
y Shunt admittance per unit length/phase of the line
7. Characteristic impedance of the line
7 Line propagation constant
Zy Line surge impedance
Py Natural load or SIL
Vo Rated voltage of the line
2 Sending-end voltage
/2 Receiving-end voltage
I Current at the sending-end
I, Current at the receiving-end
0 Phase angle difference between RE and SE generator rotor angle
ds Apparent powers at the SE
§, Apparent powers at the RE
P, Active powers at the SE
P Active powers at the RE
Qs Reactive powers at the SE
0O, Reactive powers at the RE
R Series resistance per unit length/phase of the line
L Series inductance per unit length/phase of the line
G Shunt conductance per unit length/phase of the line
c Shunt capacitance per unit length/phase of the line
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NS
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B o® ® ok e
S

2

Nominal system frequency
Generator internal voltage
Generator transient voltage
Generator field voltage
Generator reactance
Inertia constant
Field open circuit time constant
Generator transient direct axis reactance
Generator transient quadrature axis reactance
Armature voltage, direct axis component
Armature voltage, quadrature axis component
Armature current, direct axis component
Armature current, quadrature axis component

Transformer equivalent reactance

Transmission line reactance

Transmission line susceptance

Susceptance of SVC

Load resistance

Load reactance

Series transformer reactance

Total internal resistance of a fully charged battery
Open circuit voltage of a battery cell when fully charged
Experimental constant

State of discharge of the battery
Equivalent internal resistor of the battery/SOFC
Equivalent open-circuit voltage of the battery/SOFC
DC link voltage of the PQCC/UPFC system

Instantaneous current of the battery

Output power of the battery
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Mg, Mp

Og, 03

ol

Modulation indexes of Converter 1 and Converter 2 respectively

Phase shift of Converter 1 and Converter 2 respectively
Series injected voltage of the UPFC system

rms value of series injected voltage

Phase angle of series injected voltage

Shunt injected voltage of the UPFC system

rms value of shunt injected voltage

Phase angle of shunt injected voltage

Line current through transmission line “AC” section
Line current through the series inverter

Shunt VSC current

UPFC-AP from-bus voltage

UPFC-AP to-bus voltage

Series converter transformer rating

Shunt converter transformer rating

Active power exchange of the shunt VSC and the external system
Active power exchange of the series VSC and the external system
Active power at the downstream output terminal of UPFC-AP
Reactive power at the downstream output terminal of UPFC-AP
Phase angle jump of the voltage sag

Phase angle of the upstream source voltage

Phase shift between fpg and ¥,

Phase difference between 1, and V..

Phase angle of I

Power factor of the HQ load
SOFC stack current
Link inductor between the Inv.1 and the PCC

HQ load current
Upstream source current

HQ load terminal voltage
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P O

P maxs Pabs,max
Smax

Ppc, Psp

Pro, Pog

Py

AP g max

P maxs P min
Py, O,

u

Upstream source voltage

Nominal system frequency

rms value of the upstream source voltage
rms value o the upstream source current
Upstream source voltage during voltage sag

The amplitude of the most severe sag the system can ride-through
Phase vector of the PCC voltage

Inv.1 front-end voltage

Minimum voltage level for prolonged operation of the loads

Injected phase voltage of the series compensator

Maximum injected voltage of the series compensator
Injected active and reactive power of the series compensator
Maximum injected and absorbed active power of the SC
Power rating of the series compensator

Active power demand of the DC, SP respectively

Active power demand of the HQ, OQ loads respectively
Output power of the DG

Maximum instantaneous power change of the SOFC
Maximum and minimum power flow from the DG to Inv.1
Active and reactive power transferred from the Inv.1 to the PCC
Fuel utilization factor of the SOFC
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Appendix B

Transfer Functions and System Coefficients in Chapter 3

The transfer functions, which are used in Chapter 3, are given below.

AV, M, S +M,,S*+M,, S+ M, S+ M, S+M,,

3,
ABgq M, S°+M,,.S*+ M;.S3 +M,, S+ M S+M,, B
AV, " K;,;‘ K:aZ.:' 1,8 ’ +QquK;.; [K:gli (D, +D;;H ;; +D4.;'H.:.,s )_K,‘pl.i D, +D3J'H;.I' +D4.;'H:‘i )] (B.2)
AV, Ky Ko T,S* +20,K, (K, (D, +Dy H,, + Dy Hy,)~K;, (D, +Dy, H,, +D, H, )]

A Ky KTy + 20, K (Ko, (D, +DyH, + D, Hiy)~ K, (DBy, + Dy, + Dy H,))

AEy  TyTKyS' +T,8° + T3 Ky, 20(D, + Dy H;, + Dy, H, )S+24,[(D, + D, Hy, + Dy Hy )~ Koy Koy (Dy, + Dy Hy + Dy H,)

(B.3)
where,

M;al,] = _KpblMpﬁ.lﬂ.ZrTE.Zf ) M:oz.i ==K (M 4 +M )T, 55
Mpll ==Ku My +M e, =M 5,101 5 Mp4,| =K (M 1o =My =M,y —Mg +M,, 1)
M, =K (M, +M,,T,,; M, =K (M + M+ M +M 1)
M.:;l.l =-M 6.1 2T525 M.-;z.l =—(M 4 +M )T 5,5

M:;.-a.l =My + Mg, =M 5 115,075, 1‘14;4.1 =My Ty —M =M, _Mqé.l +M ;1T

M;S.l =M, +M ;)15 M;5,1 =M, M, + M5, + M,

M;;I,Z = _KprMp6.2T;JIT2,l!' ) M;:z,z = _Kpbz (M4 +M 4, s

Mp3,2 ==K, M0+ My =M 10505 Moy =Ky (M, T —M oy, —M —M o, +M,, T,
M::;S,E =K,y (M, +M ;007,45 M,roa,z =K (M, +M 3, +M s, + M ;5);
M:;Lz ==M 211 Doy M:;z,z = _(Mq4.2 +M )T

M;_’,,z = _(qu,z Moo =M ;50100075

Mq4.2 = qu.le.I: _qu,z -M,, - M, + Mq'?,ETI.lr s

q

qu.z = (Mqu + Mq?.Z )75 qu-,z = Mq].2 * Mq3,2 F qu,z + Mq'?.l;
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2BgycosX 511
Kpbl — _Vsz;fcz},l [1+ IT%] s
suPsvcoy

Mp = 2ﬂf0K:a1,1N 50t~ 27‘ﬁ}K'p2,1N 3
Mp,= ZEfOK;;l,lNﬁ,lf - 2nfoK :oz,lN 21t
M 51 ==21/K ;5 Nyt

M 7, = 211K 11Ny, = 27K 21Ny
My, = TJlKél,ZNS,lt ;

Mgy = TJIKéle 9,115

M4, =TnKpi12No

2By, X 515 1:

K, ==V2,[1+
pb2 sVco,2 ’
1- Xs;.zstc:}.z

My, = TJIK;;z,lN 8,15

M 43 =T5iK p Ny

M 61 =T;K 51 Nioys

M g1y =21foK 11 N5y, — 2foK g1 2Ny
My, = 2TffoK;_)1,1N6,1r = 27'5f0Kél,2N 2,115
My, = —2ﬂf0Kél,2N L1t >

My, = 27%1(2_::,1}\[ 5 i ZEfoKél,zN 415

Ny = (K 2 K420 =Ky 2 K3 9 ) (D31 Ry | Ry 9 = Dy 1Ry 1R 1) 5

Ny =K35D4 Ri2+ Ky (D Ry R 2+ Dy 1Ry 1Ry 5)

N3, =K /(D3 —Ds Ry Ré,z + Dy Ry Ry — D4,1R-.4,2)
+K3 (D) Ry; + Dy Ry Ry — D3 Ry Ry o + D3 Ry + Dy 1Ry Ry = Dy 1Ry 1 Ry )

N, =D, +D1.1R;.1 R;.z +D;, R.Z.Z -D,, R;LzR;,z ;

N¢y = K4.21R;2(D2‘1R;] + D4.1R1‘|) :
Ngy, =Ky 5(Ryy + Ry R, 5);
M,,= ZJQFOK;LENH, -ZIQCUK;HNHI;
M,, = Z#OK;)LZNé,Zr - 279’;,K;2_2N2.2r;
M,,= —Z%K;z_le_zf :

M,,= ZIQ"OK;I_EN-,J, - ZIQFUK;MNH,;
M2 =T)5Kgy 2Ny

M40 =T12Kg22Nogss

Mqﬁ,z = I}zKQz.z Nm.z; .
: ]

Ny, = K4.2:R:I,.1R1..2 )

NS.lf =K.’..2.r (Dleru +D.L1R; 1 _Dz,lR; lR;z _Dfuﬂl I'RIIE) ;
N;yw=D,, - Réz (DI.]R;I + D4.1R|I| );

Niow =Ry Ry, +1;
My, = TJZK;;Z.?.NE.I: ;

M,,= TJzK,;z.zNg.z; ;

My, = TJZK;JZ.ZNIO.Z-‘ ;

Mql.z = 279(0K;22.1N5.2r - zﬂuK;;z.sz: ;
M 35 =21f4K 05 | No 2r = 21foK 2.2 N2 215
Mgsy =-21foKpp 2Ny 215

Mq?.z = 279r0K{;2.1N7.2: - 2%1(;32.2‘”4.2: :

Nio = (K 10K 430 = K21 K31 (D3 2R 1 Ry 5 + Dy 5 Ry | Ry 5) 5

Noo = K31 DyyRiy+ Ky (DyaRs o Ry — Dy o Ry 1Ry )5
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Ns.z.- = Kz,u (R;,ZR;,I = R‘z,z )z N9,2:
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an
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= B, 2020 €080} = GogaoE o Sin G ;

eq20

4 =06,E 1 +06,E cosd, + BBy sindy;
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Vio Vio
_Varo(Aja+ RaKiare —XaKigs)  Vyoldins+ ReaKigre + XerKrare) |
b61 = 7 * v ;
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&‘2 e V. ! v s Klz v ! % ’
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KZU KEG , KZU KEU ’
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By, =Gy c0sd,, — B

eli
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.
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eli,
208N 0, + B, 5 cOs 0305

eli,

q20
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VSVCRO.:'BL:'.I i VSVC.’U.;'BLJ.? i
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SVCO0,i
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K _ VsveroiBuis + VsveroiBua . K _ VsvcroiBuris T VveroiBurix .
svesp = % 5 svced = v >
SVCO4i SVCO.i
1 ; ;
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K\, = Agiigo + Ay iiao + Ky a(Roitgio = X i gio +

ei"qil

.fqr 1 (‘Rer qiﬂ Xet'idl{) J()) + K!d; 1 (X
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ei qJO
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K
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e qu

quO) + K4 (X i gio T Ralyo +V40)5
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Vao)s

e qd]
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= Ayl + Ayl T Kfq: s(R,;i gi0 =X g + ;o) + K s (X it qgo T Ryigo +Vao)s
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Kons =g iRyt Hos (K = Ky R+ Hiy (s = K )
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R = Kp?,lRl.2 . R2 _Kp?.lR2.2 +Kp1.l(‘Rbl‘2GSVCI +Rb2.2Gsm) .
1.2 = » 2 ?
K pll K pal (Rbl.z Gsm + sz.st;fcz ) K XA K pal (Rbl.ZGSVCi + sz.z Gsm )
R' _ Kp?,lRa.z _Kps,l(Rbl.stm +Rb2.IGSVC2)_ v Kp?.IRz.z _sz.l(Rbl.stm +Rb2.2GSVC2) N
32 — ’ 2= ]
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Appendix C
Derivation of Equation (3.5.5)

From Figure 3-8(d), the voltage of SVC1 and SVC2, i.e., Vg, and V., can be obtained:

Vsver = [(Zequl +Z:45)V;£45e| + ZequiVe2 L83 ]/(Zequ[ +Z "'Z;s) (C.1)

Vsver =| ZaaVa 8 +(Zegu + Zas Vi 802 | Zegus + Zegua + Zis (C2)
From Figure 3-8(b), the terminal voltage of G}, i.e., ¥, can be derived:
Vo = (z:zsﬁsm +Z;5Z 1], )/(ZLS +Z;2) (C.3)
From Figure 3-8(c), the terminal voltage of G, i.e., ﬁ,z can also be obtained:
Vs =Vsyes + JX 1 (C4

Let,

G +f _ ( Zeqmz * Zts ) 1 )
E“,l 8”,] = = = T " ] n U " 5 " ' " " " b
(Zequl 2oy + 245) [(l"'Rl:Gu = X1Byy = XipBgyer) + J(X12Gpy + Ry By +RIZBSVC1)]

Zequ 1 1

oo+ JBunz =53 = = — ——ria
(Zequl +Zogur + Zas ) {[1 = X5(Byz + Bgyea)]+ }XzGu}

ZeqrtZ 1

(Zml +Zoqua + Zus ) {(l*‘}z;'zdm = X2By; = X13Bsycr) + j(X12Gyy + R By, + Ry By )}

Gy +JBony =

(Z_equ] +Z‘;5) 1 )
(Z_equl +Zequ2 +Z:15 ) {[1 HX;(B.:’_Z +BSVC2)]+jX;G;.’.2}

GuzptJBan =

Thus,

Vsver =Gy + JBon ) )E( 48, +(Gyp + JBoyy 2 )quéaz (C.5)
Vsvea = (Gerng + JBoay )Eq1451 +(Guzz + jBa )quéaz (C.6)
Substitute (C.5) into (C.3),
" Z : ;
Va= A—-[(G&’].l +JjBon; )quéal +(Gona + JBuy 2)Ef2£8,1+

252,
(Z}.s +Zp ) 1s+2,

(C.7)
(Z.f.s "‘le)

o~
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Gt + JBeg = %(G&f],l + jBoyy) G2 + jBeya '—‘#(Gen,z +JjByy2)

(Zu"' 12) (ZLs"'Zrz)

. 2,2

Ry+jX, ==

1s+Zp
Thus,

V= (Gogt + JBeg) )E £8) +(Gpp + B2 )E2 48, + (R, + jX ), (C.8)

Substitute (C.6) into (C.4)
V2 =Gy + JBop VEn£8) +(Gyp 0 + jByn 2 )Egr 49, + jX o1,

(C.9)

Transform equations (C.8) and (C.9) to d-q systems and obtain the d- and q- components:
V,= —-B‘,q]Eq, +G,,E,, sin 5, —B{,ME‘;,2 cos (5,' +R, 1, ’Xe11q1
V;;Jl = GNIEQI + G!QIE«;Z COS(S; +Beq2Eq2 Sl‘né‘l‘ + REIIQI + Xelldl (C. 1 0)
Vir =Gy B,y sin '5; -B,,,E, cos ‘gl =B, E, - Xooly
V2 =G, E, cos ‘5; =B,,,E, sin 5; +G B+ X0l

where,

5 =6-9,

Linearization is carried out at the following operating point: generator G; internal voltage
is E4 9, its rotor angle is d,¢; generator G; internal voltage is o, its real power output is
P3; the susceptance of SVCI is Bgycy,, the susceptance of SVC2 is Bsycp,z. The main
load connected to node G is R + jX,, while the loads at the sending end A and the
intermediate points C, D and E are R ;5+ jX;5, R 3+ jXz3, R+ jXiand R 14+ jX14

respectively.

After linearization, equation (C.10) can be re-written as:
AV, = Aq.lAqu + A.IAE.',:E + Az.rAJ; + 4, ABgyc, + 4,,ABgyc, + R, Aly, _XeIAiql
AVql =4,,,AE,, + AS.IM:;Z + Aﬁ.lAall + 4y ABgye, + 45, ABgyc, + Relmql +X A, | 1
AV, = A9.2AEq| + A‘I.ZAE:;Z + A2,2A51‘ + A, ,ABgyc, + 4, ,ABgyc, — Xequz
Aqu = A, AE, + As,zAqu + A\s.zA‘s; +4,,ABgyc) + 4, ABgy, + X AL,

Substitute (3.2.2) into (C.11), Ai, and Ai, can be obtained:
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Ay, = deI.IAE;I + del,zAeq i K.’dl,3AEqE + de|.4A51' & del,SMSFCI + del,éABSVCZ

Ai, = K,rqs,lAE;-f + K, AE, + K, ,AE , + K.rq1,4A5; + K1 sABsyc, + Ky 6ABgycs (C.12)

Ay, = K!dﬁ,lAE;Z +de?..2Aqu +de:.3AE¢2 + K!dZﬁAJI. + de:.sABsm + de:.aABsycz

A'iql = Kfql,lAE;Z +K.’q2.2AEq1 +K.’q2.3AEq2 + KquAAaI’ +Kfq3,5ABSVC| + KIq!.ﬁABSFCE J
Use (3.2.2) and (C.12), AE;,. can also be solved:

; K.,
AE, =——2 (K, A8 +AE, +K, AE,, +K,, AE, +K,,,AB, , +K,,AB,,) (C.13)
14K, T}, S :

In (3.2.2), d(Aw,)/dt can be obtained using (C.11) and (C.12),

SA®, = _T_l_(KlJA(Si. +K,,AE, + Ky AE,, + K\, AE,, + K,  AB,, + Kb?.JABS\rZ) (C.14)

Ji

The input to the AVR is:

AV, = V4o /Vn'o JAV, + (quo/Vrfn )Aqu (C.15)
Substitute (C.11) and (C.12) into (C.15), AV, can be obtained:

AVH = KSIA(S; +KG,EAE=;1' *: K?,EA‘EqE +K|3,EAEQI + KbS.iAstcl +Kb6.:'Astc2 (CI6)
Separating (C.5) and (C.6) into the real and imaginary parts:

Veveri = Geﬁ.lqu cos 0, — Be-':',lEq] sind, + Geu.quz cos 0, — Be!i.quz sind, (C.17)

Veveri = Gel'f.lqu sind, + Beﬁ.]qu cos 6, + Ge!i.quZ sin 52 + Be.'f.quz cos &, .
After linearization, equation (C.17) can be re-written as:
AVSVCR.I' = BLi.lAé‘l + BL:'.ZAqu + BLI'.JA52 + BLi.liA‘EqQ + BLJ'.SABSVCI £ BI.f,ﬁABM2 (C ]_8)
AVSVC!} = BLI.TAJI + BLE.SAEQI + BLE.9A52 # BLI'.]UA'EQZ % BI.:'.I IABml =k BL!.IZABIW::Z
AV, can be obtained:

AVSPCJ = (VSVCRUJ /VSVCGJ )A VSVCRJ‘ + (VSVC!G,I‘ /VSVCU.r’ )AVSVCIJ (C'lg)

Substitute (C.18) into (C.19), AV, ; can be rewritten as:

AVgye, = KSVCI.:‘Ml + KSVQJMZ + KSVCB.:'AE(;I +K SVC4.fAEq2 + Ky, AB,, + Ksms.fABsm

The reactive power output of the i-th SVC is,

- 2
QSVC,." - _VSVC,EBSVCJ

After linearization, the above equation can be written as:-

AQSVC.:‘ =-2 Vsrco.; BSVCD.:'A VSVC,:' = Vszrco.s AB SVC.i
Substitute (C.20) into (C.21):
AQgyc,; = KQ:.fA5| + KQEJ'A52 +KQ;,;'AEq1 +KQ4,;Aqu + KQS.;'ABMI "‘ KQe.fAstcz
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From the definition of generator internal voltage,
Aqu = AE;:' + (Xqi o X;‘F)Aidi
Substitute (C.12) into AE; :

Aqu = R]_]AE(:T[ + R2,1A§]r i R_},IA‘qu + Rb],]ABsw'l o RM.IABJVCE (C 23)
Aqu = R},zAE:;z * R2.2A51’ = R.’-.ZAEQI + R, A, + Ry ,AB

svel sve2

The input to the SVC and SGC is:
AV, = AV, =KpAS, + K,y AS, + K, AE, + K 1, AE,, + K ,sAB

svel

+K,AB,.,, (C24)

Therefore, combining (C.13), (C.14), (C.16), (C.22), and (C.24), the state space model of
the system can be obtained as (3.5.5).
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Appendix D

Detailed Data for the Studied Power System Used in Section 3.6

Nominal frequency: 50 Hz.
The generator parameters used in the project is given in Table D-1. All per unit values are

based on its own generator unit rating.

Table D-1 Generator parameters in studied power system

Generator Identifier G, G;
Unit Rating (MVA) 1000 | 50
Unit Power Rating (MW) 800 30
Direct axis synchronous reactance X ,, (p.u.) 2.127 |2.04
Direct axis transient reactance X, (p.u.) 0.277 0.2
Direct axis sub-transient reactance X ,, (p.u.) 0.176 |0.13
Quadrature axis synchronous reactance X, (p.u.) 2.127 | 2.04
Quadrature axis transient reactance X q , (pu.) 0.49 0.42
Quadrature axis sub-transient reactance X q , (p.u.) 0.191 |0.18
Negative sequence reactance X, , (p.u.) 0.14 0.134
Direct axis opern circuit transient time constant 7, (s) 586 (4.2
Direct axis opern circuit sub-transient time constant 7}, (s) 0.05 |0.032
Quadrature axis opern circuit transient time constant 7, ,(s) 1.5 0.57
Quadrature axis opern circuit sub-transient time constant 7,,(s) | 0.04 | 0.03
Inertia constant 7, 5.6 6.14

The parameters of loads are listed in Table D-2.

Table D-2 Parameters of loads in studied power system

Load Name P (p.u.) O (p.u.) Power Factor
A 5.82 3.632 0.85
C 0.10 0.088 0.75
D 0.20 0.176 0.75
E 0.10 0.088 0.75
G 2.00 1.76 0.75
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The parameters of transmission lines are listed in Table D-3.
Table D-3 Parameters of transmission lines in studied power system
Line Name
rr— To R (p.u.) X (pu) B/2 (p.u.)
B ¢ 0.038 0.066 0.6747
C D 0.0165 0.0287 0.2934
D E 0.0198 0.0345 0.3520
E F 0.0331 0.0574 0.5867

The four 3-winding autotransformers in Figure 3-1 are identical. Each is of YYDI1
connection and has winding voltages of 220 kV, 132 kV and 29.5 kV. Star-circuit
equivalent reactances in per unit on a base of 100 MVA are X ,, =0.0529; X, =-0.0004;

X, =0.0921; H denotes the 220 kV windings, L denotes the 132 kV windings, and T

denotes the 29.5 kV windings. Corresponding value on a base of 100 MVA for the 2-
wingding transformer in Figure 3-1 is X, =0.053.

The parameters of AVR are listed in Table D-4.

Table D-4 AVR parameters for generators in studied power system

AVR Location Gl G2
K, 1.0 1.0
T. (s) 0.012 0.04
K, 100 84
I, (s) 0.08 0.014
T, (s) 0.56 0.49
K, 0.04 0.06
T, (s) 0.5 0.5
T, (s) 2.4 2.4
Ty (3) 0.7 0.7
Viiir 5.6 5.6
Vissans 4.5 4.5
E inux 5.6 5.6
E FAMIN -4.5 -4.5
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Appendix E

Detailed Data for the Studied Power System Used in Section 4.7

Nominal frequency: 60 Hz.

The generator parameters used in the project is given in Table E-1. All per unit values are
based on its own generator unit rating.

Table E-1 Generator parameters in studied power system

Generator Identifier Gl G2
Unit Rating (MVA) 2000 | 5000
Unit Power Rating (MW) 2000 | 5000
Direct axis synchronous reactance X ,, (p.u.) 1.305 | 1.305
Direct axis transient reactance X ,, (p.u.) 0.296 | 0.296
Direct axis sub-transient reactance X, (p.u.) 0.252 | 0.252
Quadrature axis synchronous reactance X, , (p.u.) 0.474 1 0.474
Quadrature axis sub-transient reactance X, , (p.u.) 0.243 | 0.243
Negative sequence reactance X, , (p.u.) 0.18 | 0.18
Direct axis opern circuit transient time constant 7, (s) 1.01 | 1.01
Direct axis opern circuit sub-transient time constant 7, (s) 0.053 | 0.053
Quadrature axis opern circuit sub-transient time constant 7, (s) 0.1 (0.1
Inertia constant 7 3.70 | 3.70

The parameters of transmission lines are listed in Table E-2.

Table E-2 Parameters of transmission lines in studied power system

Line Name Resistance | Inductance | Capacitance | Line length
From | To (Ohms/km) ( H/km) (F/km) (km)

B C 0.01755 0.8737e-3 13.33e-9 350

C D 0.01755 0.8737e-3 13.33e-9 350
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The parameters of transformer are listed in Table E-3.

Table E-3 Parameters of transformer

Transformer Name T1 T2
Nominal power (MVA) 2000 5000
Nominal frequency (Hz) 60 60
Winding 1 connection Delta (D1) | Delta(D1)
V1 Ph-Ph (Vrms) 13.8¢€3 13.8€3
R1 (pu) 0.002 0.002
L1 (pu) 0.0 0.0
Winding 2 connection Yg Yg
V2 Ph-Ph (Vrms) 500e3 500e3
R2 (pu) 0.002 0.002
L2 (pu) 0.11 0.11
Magnetization resistance Rm (pu) 500 500
Magnetization reactance Lm (pu) 500 500

AVR model is illustrated in Figure E-1 and the parameters of AVR are listed in Table E-4.

SE

F 3

e

1 _ﬁ%
1+ST; =4

SK

NP

148T,

E

SAMIN

fd

\J

1+STf

Figure E-1. AVR model ---IEEE type
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Table E-4: AVR parameters for generators in studied power system

AVR Location Gl G2
7 (s) 0.02 0.02
Ky 200 200
T (s) 0.001 0.001
K, 1.0 1.0
T, (5) 0.0 0.0
T, (s) 0.0 0.0
T, (s) 0.0 0.0

K, 0.001 0.001
T, (s) 0.1 0.1
EfdeN 0 0
E ax 7 7

K, 0 0
Vs 0 0
V vigise i} 7

The parameters of SVC are listed in Table E-5.

Table E-5 SVC parameters for studied power system

Nominal voltage (Vrms Ph-Ph) | 500e3
Nominal reactive power (MVAr) | 1050

Reference voltage Vref (pu) 1.009
Droop Xs (pu) 0.003
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Appendix F
Derivation of Equations (5.2.6)- (5.2.14)
From Figure 5-3, the following basic circuit equations are obtained:
I=(7,-7,)/(iX) (F.1)
L=V +V.=7,)]J (X, + X)) (F2)
L=(V,-7,)/(jX,) (F.3)
I, =I+1I, (F.4)
I=I+I, (F.5)
L=V V) [(7X ) (F.6)
I=T+I, (F.7)
Vi =V +Ve (F.8)
From (F.1), (F.2), (F.6) and (F.7), ¥,,, can be derived:
Ve =[ X (X + X))V, + X (X, + X,)V,, + XX .V, - XX .V, || X2, (F.9)

where X}, =(X,, +k X)X + XX, +(X, +kX)X,,.
From (F.8) and (F.9), V., can be derived:

Ve =[ X, XX, 7 (X, + X)) (X +X,)7, /X5 (F10)

(X +X)V.+X(X,+X,)7,

sh

From (F.1), (F.3), (F.4) and (F.9), I, can be derived:
L=(V,-7)/(iX,)+[(X,+ X, + X, )V, ~ (X, + X, )V, - X, 7, + X7, ]/(;Xz ) (E.11)
From (F.1), (F.3), (F.5) and (F.9), I can be derived:

IL=(7,-7))(iX,)+| X7, + XV, +(X + X,,)(7..-7,) ]/ (iX2) (F.12)
From (F.6) and (F.9), I, can be derived:

L=[(X+X, )7, +X(V,-7,)~(X+X, +Xse)ﬁ;h:‘/(ijq) (F.13)

From (F.1) and (F.9), I can be derived:
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I=[(X,+X,+X,)V, (X, + XV~ X, (7,-7,) ]/ (iX2) (F.14)

From (F.2) and (F.9), I, can be derived:
I=[X,7,+ XV, +(X+X,)(7.-7,)]/(x2) (F.15)

The sending-end power and the receiving-end power are expressed as:

= I;; T _ VSV, Sin5+ (XI +Xse)VsVsh sin(5—5s,,)+XmVsVr SinanXﬂ:KVn Sin(é‘_ase)
s sts T Xz Xelq

%1}

+j1i112 o V;V, 0085 + (Xl +Xse i Xsb)pf _(XI +X38)V1Kh cos(é_axk)_XJhKK COS5+X.7#KKB cos((s—.ase)j'
X, X

(F.16)

< o VV.sind X, VV,siné+XVV,sind,+(X+X,)VV,sind,
S, =VI ==L + 5
X, X,

sh

X Ko

N {VSVJ_ cosd -V’ N X, V.V, cosd+ XV.V, cosd, +(X+X3;;)KV;9 cosd,, —(X+X$h)Vf}

(F.17)
From (F.16) and (F.17), P;, O;, P, and O, can be derived.

The power exchange of the voltage sources V,,Zd_ and V,,£6,, with the system are:

*__ XsthVse Sin(6_558)+Xp;hV.¢e Sin(ash —é‘se)+(X+Xsh ) VseVr Sincsse

se se”l 2
X

| XV c08(8,, = 8)+ XV, ¥, cos (8, =8y ) +(X + X ) (Viz =V, ¥, cos, )

+
J ng
(F.18)
B (X, + X, )V, Vysin(8 -0y, )= XV, V, sin 8, + XV, V,, sin(6,, -5, )
sh — Vshtsh —
X
+7 (Xl +Xse)Vsp;."l cos(é‘sh _5)+XI/;JJK COS(S;;I _XVS.‘JP;E COS((SJh _(S.ie)—(X-l-Xl +X”)p;§
J 2
X
eq

(F.19)
From (F.18) and (F.19), P, and Py, can be derived.

The power at the terminal of UPFC is:
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. V[ XV, sind+XV,,sing, +(X +X,,)V,,sind, |
XZ
eq

V,[ XV, cos8+ X, cos8, +(X +X,,)(V,, cos8, -V, )Lxl [+ X7 +(X+X,) (V24+77)]

+j XI X4
2XX,7, {(X+X,)[V, cos(6-6,)-V, cosd |+ XV, cos(6-3,,)}
+) X4
2X, (X+X, | Ve cos(0,, =0, )-V, cosd,, |-(X+X,,)V.V, cosd,
e N AL S A N R A AT R
eq

From (F.20), Py and Qs can be derived.

From (F.9), the magnitude of voltage 7,,, can be derived as (5.2.14).
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Appendix G
Derivation of f(8s.)
From Figure 5-3,
p ViV sin8 Vi sin(8-08) (G.1)
5 ICZX X
~ vy, sin5+(VfI/;"‘ S;‘né‘jm V.V sinﬁse) (G.2)
" (X, +hX) '

Combine (G.1), (G.2) and P, = P; + Py, the following equation can be obtained,

(X, + kX )V,Vy,sin(8 -6, )~ V,Vy X sin by, —V,V,, X siné,, +(X,, +k,X) XP, =0
(G.3)

(G.3) can be rewritten as,

K [Vs (Xe +kX)(sin 1 —sin’ &, —cos Ssind, |-, X sin a;,,,] =V¥, Xsin8, —(X,, +khX)XP,
(G.4)

From (G.4), V,;, sind,;, can be expressed as,

[(Xs +k X )V, cos6+V, X |[(X,, +KkX)XP, -V,V, X sind,, |

[(Xse +hX) V212X +2(X,, + b X)XV,Y, cosé']

Vo SIin0,, =

s

(X, +kX)V,sin JJ[(X,, +h X V24XV 42(X, +hX)XV,Y, cosé‘} Vi~V VX sind, —(X,, +k])())cir:,,]2
+

(X b XY VE 412X +2(X, + R X) XV, cosJ]
(G.5)
Substitute (G.5) into (G.2)
_V, sind V.V, sind, V,[(Xye +kiX)V, cos5+V,X |[ (X, +kX)XB, ~V,V, X sind,, |
TTRX (K thX) (Xse+k,X)[(Xse+k1X)2 VE+VEX2+2(X,, + X)XV, cosé']

vy, sinﬁJI:(Xse+le)2 Ve+ X2 42(X,, +k X)XV, cos&]Vj,, [V,V, Xsind,, —(X,, +k,X),nf;]2

+

(Xt B X V472X 42( X, 4K X) XV,Y, cos5 |

(G.6)
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There are sufficient results now for one to determine the condition of maximum power
transfer in a UPFC-DG compensated line. One could make use of (G.6) by differentiating
P, with respect to ds. and set the resulting equation f (ds) to zero. The expression so
obtained, f(ds.), is as shown in (G.7).

dP, 1 (X, +5X)XVV,cosd— XV}
2 =V,.VSECO.S‘5“ - T 2 ]
(X +hX) (Xse-rk,k')[(}(”-}-le) VSZ+X2K2+2[X,e+k,X)XV,P;cos5J

VY, sind[V,V,,sind,, m(XN+k1X)I-ﬂ/[(X” +R XV V2 + XV +2(X,, +5X) XV,V, cos 5}

J[(X,e +hX) VE+XWE +2(X,, +kX) XV,V, cos 5} Vi = ViVee X sind,, - (X, +k1X)XT;:|2

(G.7)
From (G.7), it can be readily found that maximum P, occurs when d;, = 90°. This J,, value
is denoted as the critical angle, ;... The maximum power that can be transferred is

denoted herewith as P,,,.. It can be obtained by substituting d;. with J;, ., into (G.6).
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Appendix H

Typical 100 kW SOFC Power Plant Experimental Data Used for

Simulation Studies

Table H-1: 100 kW SOFC power plant data [157]

Symbol Representation Value
Pisiié Rated output power 100 kW
Vvt Rated FC terminal voltage 330V
T Operation temperture 1273 °K
Ey Ideal standard potential 1.18 V
Ny Number of series cells in the stack 384
K, Modeling constant 0.993%10™ mol/(s.atm)
Us Fuel utilization factor setting 0.8
K Hydrogen valve molar constant 0.843 mol/(s.atm)
K0 Water valve molar constant 0.281 mol/(s.atm)
Ko Oxygen valve molar constant 2.52 mol/(s.atm)
T Hydrogen flow response time 26.1s
T20 Water flow response time 783 s
702 Oxygen flow response time 291s
7 Fuel processor response time 5s
r Ohmic loss 0.126 Q
YH O Ratio of hydrogen and oxygen 1.145
[, - Tafel slope 0.11
Qact Tafel constant 0.05
Qoon Concentration loss constant 10°V
beon Concentration loss constant 8x10°
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Appendix |

Phasor Diagram Corresponding to the Conditions Described in
Table 7-1

B

|

|

|

|

|

|

|

|

|

|

|

|

|

| |

— Vip — Vi <
L2 Ll L3

>
Ir

Figure I-1 Phasor diagram corresponding to Case 1 of Tables 7-1 and I-1

6
O o h Nk b
L2 L1 L3

Figure I-2 Phasor diagram corresponding to Case 2 of Tables 7-1 and I-1
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Figure I-4 Phasor diagram corresponding to Case 5 of Tables 7-1 and I-1
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e Vipr = Vipa |
L2 Ll L3

Figure I-5 Phasor diagram corresponding to Case 6 of Tables 7-1 and I-1
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Figure I-6 Phasor diagram corresponding to Case 7 of Tables 7-1 and I-1
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? A
D
I i i _.>
o Vip} _":Vip.?u_ I
L2 Ll L3

Figure I-7 Phasor diagram corresponding to Case 8 of Tables 7-1 and I-1

<!

Figure I-8 Phasor diagram corresponding to Case 9 of Tables 7-1 and I-1
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Figure I-9 Phasor diagram corresponding to Case 10 of Tables 7-1 and I-1
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Table I-1 : Expressions for the computation of injection voltage under the minimum

energy injection/absorption strategy

Case II_’p] r?f| y Sector
2 2 : 2 Ly2 _p2 -
1(3) $JV”W +P}’m _ZVrth',m sin@ Vi,m 0 + arccos Vihw + Vr,m Vp A_B m
S o 2VimVim Fig. I-1
< Vin BD in
1 Vi sin6—[V2 V2, cos* 6 P :
®) 1> 2, 72~y it | "o SO s %0 Fig. I-1
<JV +2V; Vi m sin @ DE in
1 \/ thy T m thv”i,m V2 _y? 29~—V in@ _on° -
i > Vi licamintian » Fig I-1
3\
@ < Vi +Vim " A Vitw +Vim ~V2 || EFin
sz%v'*'p;',zm + 2V m sin@ = 2VinVim Fig- I-1
2 2 : _p2 .
2(a) SJV,;,M-V,»‘m—ZP;;wK‘m sin @ Vim 4 §-arccos Viky +Vitm =V 3 A}B in
S W <P 2VipoVim Fig. I-2
< Viv—Vim BD in
2 ‘ Vg Si 9-1}1/2—1:’2. 29 2 :
© 2 W2 +70 —Fimsing | SO i » Fig. 12
<V +Vin+ Wi i msin @ DE in
2 = thy ,m thv?'i,m V2-V2. 29“17 sin@ _an° ;
(c) iy J >~V iny 08" 0~V sin 90 Fig L2
- < Vit 4V + Wi Fymcosn . L [ Vi +Vim ~V3 ] EF in
im - .
Vit + Vo + Wi msin® Pohom ) Fig 12
. 3 ol ol .
3(a) |SVveos6={Vim ~V3,sin 6 v, 0 + arccos| LM+ Vim =V5 || ABin
SV. V. L WarVim Fig.7-6
2 V;‘hv Vi,m 5
< Vi cos 0 Wy Sin 0 BC in
V2, +V2 -2V, V, cos6 | arcsin the 2 :
3(b) 2V, 0080~ \[Vion Vi sin” 6 J L (V3 +V2 =WV, coso || Fig. 7-6
< Vin e [2 22 2 o CDin
— V5=V .
) > Vipvcos 0 ViSO~V Vi 0576 0 Fig. 7-6
3(d) J Voo +Viom + i msin @ /Vs_dew o2 6V, sind -90° F]i)E '}1'{16
z V:‘hv g
2
36) <V Vo + Wm0 v 0 arceas| Vv *Vim =5 || EF in
e . L WaiVia Fig. 7-6
2 Vr}w"‘Vi,m"'ZthvV;' mSiné ’ /
- ’ ol 2 2 2 :
4(3) <V!‘fwm89 Vﬂwsm 0 v, v —— Vigy + Vi,m - Vp AB in
Lm *
2JV§v+rf;?m~2V;;wv;.mcose Fiphn )| Pl 12
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< Vivcos 6 Vv +Vim -V2 || BCin
Vi, +V2 WV, cos0 |6 +arccos| ———=—F ||
4(b) 2Viny cosf— Vf',zm_ a%v Sin29 J % P L 2VinvVim Flg I3
< Vi W R 0 CDin
e > Vivcos 6 Vi S6 =V Vi 056 4 Fig. I-3
<V V20 + Wi msin® L o DE in
- : ‘} ~V2, cos 6 - :
4((1) S va VP thy CO8 g Vﬂwsmﬂ 90 Flg 1_3
2 2
4(e) S\[P;}"’ +V;’m+2P;th/E,mOCGT} V: @ —arccos ___M i Vf'zm - Vﬁ EF in
5 JVZ 2 . R WiVim Fig. I-3
= rkv"‘Vr',m"'ZV;hvVi,m sind ’
< Vyycos 6 TR : Yy sin 6 BC in
Vipe +V 5 =2V ¥, @ | arcsin 5
5#) > Vinw c0s6- Vi, J Gy ™p =Sy p OB JV2,+V2 -V, 050 || Fig. I-4
< Vr}w : 3 2 2 0 CD in
v, —,’V V. .
5(b) > Vv cos 0 thy SINO—[V ~V 0056 20 Fig. I-4
SV VA WaFimsinb| 773 ‘ o DE in
' ; ,/V -7, Vi, - :
5(c) > Vi p Vg™ 0~y S0l 2 Fig. 1-4
2 2
s) < VitV D mc0ST . 6 - arecs| Y+ Vim =Vp || EFin
>JV2 2 : e 2V nvVim Flg‘ -4
2\ Vi + Vi + 2V Vi m sin @ '
< Vi +V2n =WV msin® Vi +Vim =V2 || ABin
6(3) =\ thy TFim thv" i,m Vim 0 +arccos| —Y LM B .
> Vi —Vin * 2VinVim Fig. I-5
< V.rhv_Vim BD in
. Vi Si —JVZ-Vz, } g :
6(0) 2‘];1,3u +Vn =Wy Vimsing | sl R i L Fig. [-5
< Jszv +Vom+ Wi Vimsind | 35— : 0 DE in
’ ’ 2y = 4 :
6(c) "y V3 ~Viucas® 0V p,sind A Fig. I-5
G(d) < V.rlw +Vi.m v & S55608 Vrﬁv + Vi,zm _V,g EF in
ZJP;%V+I/;,2m+2V;;n,I/},msin6 b WuVim | Fig. I-5
<V +Vin =WV m sin® View +Vim V5 || ABin
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