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Appendix A 

List of Symbols 

z 

y 

zc 

Y 

Zo 

Po 

V0 

K 

K 

I 

i, 
5 

ss 

l 
Ps 

Pr 

Qs 

Qr 

R 

L 

G 

C 

Series impedance per unit length/phase of the line 

Shunt admittance per unit length/phase of the line 

Characteristic impedance of the line 

Line propagation constant 

Line surge impedance 

Natural load or SIL 

Rated voltage of the line 

Sending-end voltage 

Receiving-end voltage 

Current at the sending-end 

Current at the receiving-end 

Phase angle difference between RE and SE generator rotor 

Apparent powers at the SE 

Apparent powers at the RE 

Active powers at the SE 

Active powers at the RE 

Reactive powers at the SE 

Reactive powers at the RE 

Series resistance per unit length/phase of the line 

Series inductance per unit length/phase of the line 

Shunt conductance per unit length/phase of the line 

Shunt capacitance per unit length/phase of the line 

angle 
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(D 

E
q 

K 
fd 

xd 

Tj 

Td0 

x'd 

K 
vd 

v«. 

h 

l* 

x, 
X 

B 

&SVC 

RL 

xL 

X-se 

I'D 

E0 

/v5 fCf 

f 
r 

E 

Vdc 

h 

Pd 

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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rriE, rttB 

(>E, 8 B 

Ke 

' se 

Sse 

v* 
Vsh 

Ssh 

I 

I 
L 
^shl 

set 

Sse 

Ssh 

Psh 

ise 

Pset 

Qset 

a 

<P 

fi 

1 

6 

cos 6 

he 

Lf 

1L 

h 
VL 

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 VpQ and VL 

Phase difference between IL and Vt. 

Phase angle of Is 

Power factor of the HQ load 

SOFC stack current 

Link inductor between the Inv.l and the PCC 

HQ load current 

Upstream source current 

HQ load terminal voltage 
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Vs 

0) 

vs 

Is 

Vsag 

'sag.max 

v P 

vt 

vthv 

ft 

' i,m 

PuQi 

*inj,max) "abs.max 

^max 

PDC, PSP 

PHQ, POQ 

Pdg 

*Pdg, max 

Pd, max> Pd, mm 

Pr,Qr 

14 

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.l 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.l 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. 

AVP _ MpUS5 +Mp2 ,S4 +Mp 3 ,53 + Mp4JS
2 + Mp5JS + M'p6J 

^sva M'qX,S5 + Mq2JS
4 + M'q3JS

3 + MqAJS
2 + Mq5JS + Mq6J 

AVH K^KljLS2 +2jf0Ky[K"6J(Du +D3Jlfv + A X ) " 4 i D v + A X + A X ) ] 

AFn. = gXgjg j j g ^ K ^ +AA +AA)~4(A; +AA +AA)1 
^ j . 4^A53 +^2 + 4 4 2 / ^ + A A +JD4.//;J.)5+2 0̂[(AJ +/V4 +D<iiry)-Kikii(Du +A,/4 +AX>] 

(B.3) 

where, 

M , U = -KpMM
P6,lTi,2,T2,2l J ^ , 2 , 1 = - ^ p i l ( M „ 4 , l + M p 6 , l ^ U / > 

Kv =-^«(M,2,i +^6,1 -KAVu,; ^4,1 = M M , A ~MPV -Kv -M^ +Mp7,Tl2t); 

M,5>1 = ̂  (MpU + M,?J )72,2,; M;6>1 = * „ , (M,,,, + M,3>1 + M,5)) + M ; 7 J ) ; 

^ i u =-Mq6,Th2lT2a!; M\u =-(M?4>I +M?w)r i>2/; 

< 3 , i = - ( ^ 2 , . +^6 , i -Mql,TX2t)T2<2l; Mq4A =MqXlT^-Mq2,-Mq^-Mq^+Mq7,Tl2t; 

M^=(M,u +M
qi,x)T2in Mq6>l =MqlA + Mq}l +Mq5A +Mq7y, 

M'ph2 = ~Kpb2M
P6,2T\MT2M > M'p2,2 = ~Kpb2 (Mp4,2 + MptlKu '> 

Ku =~KP^MP2,2 +MPU -Mp7aTiuKM; Mp4,2 =Kpbl{MpX2T,M -MpX2 -M^ -M^ +MpiaTUt); 

M'Ps,2 = Kpb2 (Mph2 + Mpl2 )T2U; M'p6a = Kpb2 (MpU + Mp32 + Mp5a + Mpl2); 

M\\,2 = -M„6,2TU1T2M I K l l = ~ ( M
? 4 , 2 + ^ ? 6 , 2 WU, ', 

Kit = - ( ^ 2 , 2 +Mq6a ~MqiaTXM)T2M-

KA,1 =M
q3,2TUl " M

9 2 , 2 " ^ , 4 , 2 - ^ 6 , 2 + ^ 7 , 2 ^ 1 / 5 

M
95,2 = (M

qi,2 + M„i,2 )T2,u; M'q62 = Mql2 + Mqit2 + Mq52 + Mql2; 
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r -_I / 2 ri i ^SVCOy^m -.. ^ - _ J / 2 n • SVCd,2^SL2 -,. 
-^•pW ~ K5rC0,lL1"'" 1 _ y . R J J ^Pb2— VSVC0,2V-+._ Y R J ' 

^ U = 2 ^ 0 ^ 1 , 1 % / - 2nf0Kp2^N2M; M p 2 j l = TnKp2XN%Xt; 

M
P3,i = 27^0^1,1^6,1/ - 2KfoKp2,\N2M; Mp4>1 = TJXKp2^N9M; 

M
P 5, i = -WOKP2,\NIU ; Mp6>1 = r^y^o, ! , ; 

^ 7 , 1 = 2KfoKp\,\N7,u -2nf0Kp2lN4M; M ? 1 1 = 2nf0KQllN5>u -2izf0KQh2N3M; 

M<?2,i = TjiKQiaNitU; M ^ , = 2Ttf0KQllN6U - 2nf0KQl2N2M; 

M<?4,i = TnKQU2N9M; M?5>1 = -2Kf0KQ{aNlu; 

^ 4 , 1 = TJXQ^N^U ; M?7>1 = 27^0^0,1^7,1/ " 276^21,2^4,1/ 5 

Nl,lt = ( ^ 1 ^ 4 , 2 1 " ^ 2 , 2 / % X % % l A , 2 — ̂ 4,1^4,1^1,2) 5 

^2,1/ = ^3,2/^4,1^1,2 +^4,2/(^1,1^3,1^1,2 +^4,1^2,1^1,2)' 

^3,1/ = -^l,2/(A,l ~^3,1^3,1^3,2 + ^4,1^4,1^3,2 ~ A , l ^ , 2 ) 

+^2,2/(A,1^4,l + A,1^3,1^4,2 _ A , l%1^2 ,2 +D3,\R2,\ +^4,1^4,1^2,2 - ^4,1^2,1^4,2 )J 

-̂ 4,1/ ~ A,l +D\,lR3,\R3,2 +A, A 2 ~A,Al^W5 Ail/ = ^ 2 / ( A A l +A,1^ 1 _ A l ^ l ^ t 2 ~ D 4 , A R T ) I 

N6AI ̂ ^ ( A A +A.A); 7̂,./ = A,. - ^ 2 (AA +AX) ; 

^ 8 , 1 / = ^2,2/ (^4,1 + ^3,1^4,2) 5 N 9 1, = K42tR3lRl2; JV10 „ = /?j ,/?3)2 + 1 ; 

M „ l , 2 = 2tfoK'pUNS* ~ 2^Kp2,2Ni,2, '* M
P 2 , 2 = Tj2K'p2aN»X '* 

Mp3,2 = 27foKpl,2N6.2t ~ 27foKp2,2N2,2, > M p4,2 = TJ2Kp2.2N9,2t \ 

^ p5,2 = ~27V 0^ p2,2^ \,2t '•> "A.p62 = * J2& p2,2^ l02l', 

Mpl,2 = 2*tfoKpl.2N7,2t ~ 27foKp2,2N4.2< I Af , l , 2 = 27foKQ2,\N5,2, ~ 2¥oKQ2,2Ni,2, J 

tl It It 

M<?2,2 = TJ2KQ2,2N8,2t '> Mq\2 = 2^hKQ2,\ N6,2t ~ 2%foKQ2,2N2,2t > 

II It 

M ? 4 , 2 = TJ2KQ2,2N9,2t' M ?5,2 = -2nfoKQ2,2Nl,2t i 

^ ? 6 , 2 = TJ2KQ2,2N10,2, . ^ ? 7 , 2 = 27tfoKQ2,lN7,2, ~ 2¥oKQ2,2N4,2, . 

^1,2/ = (^1,1/^4,1/ _^2,1/-^3,1/)(A,2^1,1^3,2 + A.2^1,1^2,2) > 

N2,2t ~ K3,ltD4,2RU +-^4,1/(A,2^3,2^1,1 ~ A,2^1,1^4,2) 5 
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N3,2t = Kl,\t(D3,2 ~D3,2RXlRl,2 + DMR2,\ ~DA,l\\R2,l) 

+K2,\t(Dl,2R3,2R2,\ ~ A,2^2,2 + ^3,2^4,1^3,2 _ A.2^4,2 + DA,2RA,\R2,2 ~D4,2R2,\R4,2> 

NA,2t --D^iAx +D\,2 + A,2^3,l^,2 ~ A,2^,l 5 

N5,2t =K2,\t ("^2,2^2,2 + A,2^1,2 + A2,2%2^2,1 + ^4,2^1,2^2,1) » 

•^6,2/ = ^ 4 , l 4 A , 2 ^3,2^1,1 + £ ) 4 , 2 ^ , 2 ^ u ) ; ^7,2r = A , 2 ~ A,2^3,2^3,l ~ A,2^1,2^3,l ' 

-^8,2/ = ^ 2 , l A - ^ 3 , 2 ^ 2 , l — - ^ 2 , 2 / ' "^9,2/ = -^4,1/^3,2^1,1» -^10,2/ — "^3,1^3,2 " * " 1 ; 

4,1 = Ge920 S i n $0 " 5e?20 C O S <5i'o 5 

4,1 = ^ 1 ^ 2 0 S l n ^ 1 0 ~ A 1^10 — HlX^qlO COS<?,0 J 

4 , 1 = 5 e ? 20 S i n ^ 1 0 + ^ 2 0 COS<?10 5 

4 , 1 = ^ 1 ^ 1 0 + ° 2 1 ^ 2 0 C O S < 5 i o + A l ^ 2 0 S i n < 5 1 0 ; 

4.1 = ~BeqlO ' 4 o , l = Geq\0 ' 4 , 2 — ~Bel2,20 ' 

4 . 2 = ^ a 2 , l A l O S i n A o — ° 2 , 2 1 ^ ? 2 0 - % A l O C O S ^ 1 0 ' 

4 , 2 = Gel2,20 ' 

4 , 2 = a2,21-^20 + a 2 , l 1-^10COS^10 - % l - ^ ? 1 0 S l n ^ 1 0 ' 

4 , 2 = ~Gel2,\0 S l n ^ 1 0 - -"e/2,10 C O S ^ 1 0 > 

fll,l 1 = ^e?l,l 10-^13 + Ge?120^1,l 1 ~Reql,\ 10-^14 ~ B eq\20 M \ , \2 > 

al,12 = ^eqtl.l 10^13 + ^eq\20N\,l\~Req\,\\0Nl4~Req\20N\,\2 > 

b[,l 1 = Geq\,l 10M14 + Geq\20M\,\2 + 5e ? l , l 10^13 + Beq\2QM\,\ 1» 

\\2 = Geq\,\ 10-^14 + ^120^1 ,12 + Beq\,\10-^13 + Beq\20Nl,\ 1 ' 

al,21 = Geq\,2\0M23 + Geq220M\,2\ ~Seq\,2iOM24 ~Beq22QM\,22 

al,22 = ^1,210-^23 + Geq220N\,2l ~Req\,2\Q^2A ~Beq22QN\,22 > 

b[,2\ = Geq\,2WM24+Geq22QM\,22+ Beq\,2\QM23+ Beq22QM\,2\ > 

^1,22 = Geq\,2^0N24+Geq220N\,22+Req\M0N23+Req220N\,2l > 

a2,\ 1 = Geq2,\ \QM\3 + ^ 1 2 0 ^ 2 , 1 1 ~ Req2,\ 10^14 ~ ^ 1 2 0 ^ 2 , 1 2 > 

a2,12 = ^2,110-^13 + Geq\20N2,\ 1 ~~ Req2,\ \0NU ~ Beq\20N2,\2 > 

4,1 = Geq20^q20 COS<?10 + Beq2Q^q2Q S i n d , 0 ', 

4 , 1 = ° 2 2 ^ 2 0 S l n ^ l 0 ~Pl2T'qlO ~ H22^q20 COS^lo J 

4.1 = Req2oEq20 COS<?10 _ Geq20^q2Q S l n ^ 1 0 5 

4.1 = ° 1 2 ^ 1 0 •*" ̂ 22^q20 C 0 S < V "*" P22^q20 S i n ^ 1 0 J 

4.2 = ~Gel2,vfiqW C O S A o + "e!2,l0^ql0 Sln<?10 9 

4.2 = ~CL2,l2^Jq\0Sln^lO _ ^2 ,22^20 ~^2,l2^q\0COS^10' 

4 , 2 = ~Gel2,loEq\0 S l n ^ 1 0 ~~ Bel2,l0^q\0 C O S ^ 1 0 > 

4 , 2 —Ch.,22pq2Q + a2,12^?10C O S^10 — ^,12^?10 S i n < ^0> 

4 o , 2 = "e/2,10 C O S ^ 1 0 ~Bel2,\0 S m<?10 > 
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b2,\ 1 = Geq2,\ \QM\A + 6 ^ 1 2 0 ^ 2 , 1 2 + Beq2,\ 10 M 13 + 5 e?1 2 0 ^2 , l 1 5 

^2,12 = Geq2,\\dN\A+Geq\2QN2,\2+ Beq2,\\f)^n+ Beq\2QN2,\\'-> 

a2,21 = Geq2,2\QM2l+Geq220M2,2\ ~Beq2,2\0M24 ~Beq22<iM2,22 5 

a2,22 = Geq2,2\0N21+Geq220N2,2\ ~ Beq2,2\QN2A~ Beq22QN2,22 5 

^2,21 = ^ 2 , 2 1 0 ^ 2 4 + Geq22vMizi + Beq2,2\0M23 + Beq22QM2,2\' 

^2,22 = Geq2,2\0N24 + Geq22dN2,22 + Beq2,2\0N23 + Beq22QN2,2\ 5 

°11 = -KeAl 1 ~ XeqK\ 1 ' °12 = ^ a i , 1 2 ~ X e q K \ 2 > A 1 = ^ « 1 . 1 1 + ^ « A l 1 » 

^12 = ^ a i , 1 2 + BeqKl2 > °h.\ ~ Reqa\.2\ ~Xe<P\,2\\ #22 = Kfrn ~ Xeq^Ol > 

Pl\ = XeqQ\,2\ + Reqb\,2l > A 2 = XeqCl\.22 + ^ A , 2 2 ' 

j V ^ g l 
KId\,\ ~ 

Rel'+(Xel+Xq])(Xel+Xdl) 

-A51(Xel+Xq])-Re]Au 

Re]
2+(Xei+Xg,)(Xel+Xdl) 

K -^(X^+X^-R^ 
Idh5 Rj+(Xei+Xq,)(Xei+Xd]) 

K ~ 4o , l (Xel + Xq\) ~ ^ e l 4 , l . 

*"'2 Jtf+c^+jr^+J^)' 

HM Re?+ix*+x
q^

x«+x'dy 

!dl6~ReX
2+(xeX+xq,){xe{+x'dy 

KIq\,\ ~ 

K-lq\,i ~ 

R. 
R/+(Xel+Xql)(Xel+Xd]) 

A^X^+X'^-R^ 

Rei
2+(Xei+Xql)(Xel+Xd{) 

£ _ 4 , 1 (Xel + Xd\) ~ ^e l4o , l 
W ^1

2+(^1+^,X^1+^.) 

js _ 4 , 1 (Xe\ + Xd\) ~ ^ e l 4 , l 

* W ^ l 2 + ( ^ , + ^ l ) ( ^ . + ^ l ) 

w Rel
2+(Xel+Xql)(Xe]+X'dl) 

^Id2,l — 
1 

^ e 2 + Xd2 

&ld2A 

KIq2,\ = 0 5 

^/?2,4 = 

_ 4,2 
Xe2 + ^rf2 

*2,2 

Xe2 + Xq2 

X-Id2,2 ~ 

X-Id2,5 = 

Klq2,2 

V — 

— A 
10,2 

-^e2 + Xd2 

~4,2 
^ e 2 + ^</2 

4,2 
Xe2 + Xq2 

4,2 
'/?2,5 y 

A e 2 + A
9 2 

-^/?1,6 -
4 , 1 (Xe\ + ^ r f l ) ~ ^ e l 4 , l 

Rj+(Xel+Xql)(Xe]+Xdl) 

K,. 

•^A/2,6 — 

_ 4,2 

;2+^ 

~~4,2 

'W2,3 -
 v y.' > 

A e 2 + A r f 2 

^ e 2 + ^ r f 2 

KIq2,i ~ 

K,„i, — • 

\2 
Xe2 + Xq2 

4,2 

"/<?2,6 
Xe2 + Xq2 
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„ Vd\o(A,l2 + RelK/dlA - Xe\KIq\A^ , ^ l o ( 4 , 1 6 + Re\Klq\A + XelKId\A^ . 
A , , = 1 , 

V V 
* / io * / i o 

~ _ Vd\o(Re\K-Id\,\ ~Xe\Klq\,\) , Vq\Q^Re\KIq\,\ + Xe\Kld\,\) 
K6,l ~ y + y ; 

„ Vd\<i(A,\\ + Re\KId\,3 ~Xe\KIq\,3) K\o(A,\5 + Re\KIq\,3 + Xe\KId\,3) 
A 7 1 = 1 ; 

r,io rtl0 

„ Vd\0^A,\9+Re\KId\,2~Xe\KIq\,l) , ^ 1 0 ( 4 , 2 0 + Re\KIql,2 +Xe\^Id\,l) 

v _ Vd\o(A,\3 + Re\KId\,5 ~Xe\KIq\,5) , Vq\o(A,\l +RelKIql,5 +XelKIdl,s) 
AJ,C 1 — 1 , 

5 ' Vtio VM 

„ _ Vd\o(A,U+RelKId\,6 ~Xe\Klq\,6) Vq\o(A,18 + RelKIql,6 + Xe\KId\,b) 
Kb6,\ - - + y ; 

yt\0 KdO 

TS *d2<k\\2~Xe2pk-IdL,V . Vo(-4,16+^e2^7d2,4) ^ - 'd20Xe2^Iq2,l , %20X e2^Id2,\ 
• f t j ? ? — 1 » A-f. ~> ~ 1 ? 

** V V • V V 

v _KnO\A\l~Xe2^lqZi) Kt2(kAl5+Xe2^Idli) v _KnoyA\9~Xe2^1q2a) V o C ^ O " 1 " ^ ^ ^ ) 

* » " V V ' ^ 3 2 ~ V V ' 
'/20 W20 r(20 r(20 

v _ KndAl 3 ~Xe2^Iq2^) K,2<kA\l'>rXe2^Idl^ v _ ^ 2 o ( 4 , 1 4 ~ ^ 2 A / ^ 6 ) ^2p(4,l 8 + ^ 2 ^ 2 , 6 ) 

r/20 '/20 */20 *r20 

5£,,1 = -GelUOEq\0 S i n $ 0 - ^ , , 1 0 ^ 1 0 C 0 S ̂ 10 i BLi,2 = Geli,\0 COS J , 0 - B ^ SUl <?,„ J 

5 i / , 3 = -Geli,20Eq20 s i n ^20 " Beli,20Eq20 C 0 S ^20 J 5 i / , 4 = Geli,20 C 0 S ̂ 20 " Beli,20 S i n 3 w ' 

5 i , , 5 = aiME
9W

 C O S ^10 ~ fy.ll^lO S i n ^ 1 0 + ai,2lEg20 C O S ^20 - ^ ,21^20 s i n ( ^20 5 

5L/,6 = ai,l2EqlO COsS\0 ~ bi,UEqlO S i n < 5 i o + ai,22Eq20 ^ ^ O ~ bi,22Eq20 s i n ^ 2 0 I 

5L/,7 = ^ , 1 0 ^ 1 0 C 0 S $ 0 - ^ . l O ^ l O S i n <*10 ! 5L,,8 = Ge//,10 s i n $ 0 + Beli,l0 C O S $ 0 ' 

5L/,9 = Geli,20Eq20 COS<^20 ~ Be!i,20Eq20 s i n ^ 2 0 5 5I/,10 = Ge/,,20 s i n <^20 + Beli,20 C O S ^20 5 

1-̂ glO S i n ^10 "*" fy,UEqW COS<^10 + °i,2\Eq20 Sin<^20 "*" fy,2\Eq20 COS<^20 » 

,12 - ai,UEq\0 S i n ^ 1 0 + bi,\2Eq\0 C O S ^ 1 0 + ai,22Eq20 ^ ^20 + ty,22Eq20 C O S ^ 2 0 » 

„ _ Y SVCR0,inLi,\ T y SVCI0,i£>Li,1 „ _ V SVCRO.i13Li.i J_ y SVCIO.i13Li,9 

^SVCIJ ~ Tr ' ^-SVC2,i y • • » " . ' y 
r SVC0,i ' SVC0J 

„ _ 'SVCR0,iBLi,2 + 'SVCIO,iBLi,S „ _ 'SVCRO,iBLiA "*" ^SVCIOj"Li,W 
^SVClj ~~ y '•> ^SVC4,i ~ y 

ySVC0,i ySVC0,i 
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V B +V B V B +V B 
^SVCSJ ~ y ' KSVC6J ~ y ' 

*SVCOJ ^SVCO.i 

^ 3 , i • - T ~ T v - 7v v 7 ^ ' K i i = ^ w / > 4 ^ d i ~^di}' ^ 9 . ' ~~ K !d ' , i (X d i - X d i ) ; 

K\u = ~KM,2 i^di - Xdi)' -^63,/ = ~Kidi,5 (Xdi - Xdj); Kb4i = -KIdj6 (Xdj - Xdj); 
K\,i = AJqiO + AJdiO + KIqiA(ReiiqiO ~ X' eSdiO + ^/O ) + KIdiAXeitqiO + ^a/'rfiO + r̂f,0 ) ' 

^ 8 , , = ^5,,^,0 + 4jZ'<«0 + ^/g,\3 (RJqiO - ^e/'rf/O + ^/O ) + ^/rf/,3 ( ^ W o + ^ « * * < « 0 + Frf/0 ) ! 

Kuj - Ao/qiO + ^JdiO + ^lqi,2 (RJqiO ~ XJdm + VqjQ ) + K,a2 (XJqi0 + RJm + VdjQ ) J 

Kbl,i = AjjiqiO + AJdiO + Klqi,5 (RJqiO ~ XJdiO + ^giO ) + ^Idi,5 (XJqiO + RJdiO + ^diO ) > 

^62,i = ^ 8 A<0 + A./'rf/O + ^lqi,6 (RJqiO ~ Xeihid + ^qiO ) + ^/rf,,6 (XAqlO + RJdiO + r̂f/O ) > 

K-QU = ~*"SVCOJ*'SVCQjK-SVC\,i ' ^Q2,i = ~^SVC0,i*'SVC0,i^-SVC2,i '•> 

•^03,1 = — ™srcoj"srcoj**-syc3j » ^{?4,i = — ^"svcoj"srcojK-src4j> 

**-Q5,l = ~^'SVCO,\"SVC0.\^SVC5,\ ~ *SVCO,\ ' A(?5,2 = —^^5rC0,2 "sVC0,2^SVCS,2 » 

-^06,1 = —^^SCCO,1-"5KCO,1-̂ 5KC6,1 ' ^06,2 = — ^ ' SVC0.2 SVC0,2 SVC6,2 ~'SVC0,2> 

R _ 1 + ^ / r f l . l ( ^? l~^ r f l ) . ^ ^"/rf l ,4(^1~^rf l ) . „ -KId\,l(Xql~Xd\) 

1 _ -^/rfl,2 (^ ? 1 ~ X d \ ) 1 ~ ^/rfl,2 (^ ? 1 ~ ^rfl) 1 ~ ^tfl ,2(^91 - - ^ r f l ) 

D KldlA-Xql ~Xdl)
 KIdlAXql~Xdl) . „ _ | + ^"/d2,l (Xq2 ~ ^r f2) . 

1 — A T , , , , ( X , — X J , ) 1 — AT,., -,(X„, — J j , ) 1 — ^ U 1 , (X„- , — Xj-,) ^Idl,2 

1 ~ -^W2,3(^?2 ~ ^rf2) 1 ~ ^M2,3(^?2 ~ Xd2) 

D KId2j(Xq2-Xd2) KIdl(){Xql -Xdl) 

1 _ "^/d2,3 ( ^ ? 2 _ Xd2 ) 1 - ^ « 2 , 3 ( ^ 2 _ Xd2 ) 

^ F l =-^-SKCl,l > ^ P 2 =-^5KC2,l ' ^ P 3 =-^5KC3,l ' 

A p 4 = - ^ 5 K C 4 l ; A p 5 =A5KC5,1 ' **-P6 = - ^ 5 f C 6 , l ' 

-^•p7,l = 1 ~ ^ p S ^ S V C l ~*-p6,l*JSVC2> 

KpU =~Z [KpU +Kp3,\R2,l +Hl,\(Kp2,\ ~Kpi,lR4,l) + H3,\(Kp4,\ - - ^ p 3 , 1 ^ 3 , l ) ] ' 
A p7, l 
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Kp2,\ ~-Z [Kp3,lRU + H2,\(Kp2,\ -Kp3,\R4,\) + H4,\(Kp4,\ ~Kp3,\R3,l)] > 

Kp7,l 

KQ\,1 =KQl,\ + KQ\,3R2,\ +HlAKQL2 ~ KQ\,3R4,\) + # 3 , 1 (KQ\A ~KQl,3R3,l)> 

KQl,2 = KQ\,3R\,\ +H2,\(KQ\,2 ~ KQl,3R4,\) + # 4 , 1 (KQIA ~ KQU3R3,\) > 

£f" _ # 8 1 # l l + # 5 l ( 1 - # 4 l ) . JJ" _ # 8 1 # 2 1 + # 6 l ( 1 ~ # 4 l ) . 
U ( / / 7 1 - l ) ( i / 4 ] - l ) - / / 3 1 / / 8 1 ' W (i /7 1-l)(^4 1-l)-i/3 1 /fg l ' 

# " _ # 3 i # s i + # n ( 1 - # 7 i ) . H" _ # 3 i # 6 i + # 2 i ( 1 ~ # 7 i ) . 
3>1 ( # 7 1 - l ) ( # 4 1 - l ) - # 3 1 # g l '

 4'] ( t f 7 1 - l ) ( t f 4 1 - l ) -# 3 1# 8 1 ' 

/ / " - # 8 2 # 1 2 + # 5 2 0 ~ ^ 4 2 ) . 17" _ # 8 2 # 2 2 + # 6 2 fl ~ # 4 2 ) 

( # 7 2 ~ 1 ) ( # 4 2 ~ 0 ~ # 3 2 # 8 2 ' ( # 7 2 ~ 1 ) ( # 4 2 ~ 1) _ # 3 2 # 8 2 

. _ Hi2H52+Hn(l-H72) . _ #32#62 + #22 0 ~ #72) . 

(#72 ~ 1)(#42 ~ 1) - #32#82 ' (#72 ~ 0(#42 ~ 0 ~ #32#82 

#1,1 = ^1,2^3,2 + ^2,2 ~R4,2^U2 + ^2,1 (^1,2^4,2 ~ ^4 ,2^2 ,2 " ^ 3 , 2 ) » 

# 2 , 1 = ^1,1 (^1,2^4,2 "" ^ 4 , 2 ^ 2 , 2 ~ ^3,2 ) ' # 3 , 1 = _"^4,1 ("^1,2^4,2 ~ ^ 4 , 2 ^ 2 , 2 ~ ^3,2 ) ' 

# 4 , 1 = " ^ 3 , 1 ( ^ 1 , 2 ^ 4 , 2 " ^ 4 , 2 ^ 2 , 2 ~ ^ 3 , 2 ) 5 # 5 , 1 = ^ 1 , 2 + ^2 ,2^2 ,1 5 

# 6 , 1 = " 2 , 2 ^1,1 ' # 7 , 1 = — ^ 2 , 2 ^ 4 , 1 # 8 , 1 = _ ^ 2 , 2 ^ 3 , 1 ' 

# 1 , 2 = ^ 1 ^ , 1 + 4 , 1 ^ , 1 _ ^ , 1 - ^ , 2 ( ^ , 1 ^ 4 , 1 + ^ ! , l < J 2 , l _ ^ , l ) ; # 2 , 2 = ^ 1 , 2 ( ^ 1 , 1 ^ 4 , 1 + ^ 2 , 1 ^ 2 , 1 _ j R 3 , l ) 5 

# 3 , 2 = ^2,2 (^1,1^4,1 + ^2,1^2,1 ~ ^3 ,1) '•> # 4 , 2 = ""^3,2 (^1,1^4,1 + ^2,1^2,1 _ #5 ,1 ) > 

# 5 , 2 = "1,1 — ^2 ,1^4,2 ' # 6 , 2 = ^2,1 #1,2 > # 7 , 2 = "2 ,1#2,2 ' # 8 , 2 = — ^2 ,1#3 ,2 ' 

A , l = ^1,1 + ^14,1 #2,1 > A , l = ^ 2 , 1 + KU,lRl,l I A , l = _ ^ 1 5 , 1 ~K\4,\R4,\ > A , l =KS,\ ~KU,\R3,l > 

A , 2 = —^15,2 — -^8,2-^,2 > A , 2 = ^ 2 , 2 + #8,2#1,2 » A , 2 = A1,2+-^8,2#2,2 ' A , 2 = ^ 1 4 , 2 — "^-8,2#3,2 > 

r S3 #- A i . r A,i. T _ TJ2 _ A,2 . ^ _ A,2 . 

V A A,l A,l 2#oA,2 A,2 A,2 

j ^3,1-T/Ol . „ -^3,1^3,1 . 

\ + G2lKix
 u iA 4 4 1 + ^21^31 

2,1 3,1 ~ 2,1 3,1 ^ 

^ #3 ,1 "4 ,1 . T _ K3t2Td(n 
A4,u _ n v n ' i2,2( ~" 

( / , A A A i ' 2'2' 1 , ^ ' f- A,2-^3.2A,2 
1 + CJ2 , A 3 , 1 + Cr2 2 A3 2 

A,i A,2 
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K3,2t - " 

K3,2G1,2 

1 + G22K32 -
D2,1K\2D*,2 ' 

^ 4 , 2 / -
- ^3 ,2^4 ,2 

D 
~^~ 2 2 3 2 — 

• ^2 ,2^3 ,2 - ^4 ,2 

1.2 D 1.2 

1 1 

^ 3 , 1 ^ 3 , 1 
"•^12,1^1,1 - "^2,1 (^16,1 - ^ 1 2 , 1 - ^ 4 , 1 ) - # 4 , 1 (-^9,1 ~ ^12,1^3,1) ' 

•^4,1 - " ^ 4 , 1 ~ ^12,1^2,1 _ #1 ,1 (^16,1 - -^12,1^4,l) _ # 3 , 1 (-^9,1 _ -^12 ,1^3 ,1 ) ' 

1 1 

^ 3 , 2 "^3,2 

- K92Rl2 + H22 (K42 - Kg2R22) - H42 (KU2 - Kg2Ri2); 

^ 4 , 2 = _ A ' l 6 , 2 + - ^ 9 , 2 ^ 4 , 2 + # 1 , 2 ( ^ 4 , 2 ~ ^ 9 , 2 ^ 2 , 2 ) _ # 3 , 2 (^12,2 - "^9,2 ^ 3 , 2 ) ' 

^ 5 , 1 ="^5 ,1 +-^13,1^2,1 - # 1 , 1 (^17,1 + ^13.1^4,1) + # 3 , 1 ("^7,1 _ ^13,1^3,1)» 

^ 6 , 1 = K6,i +^13 ,1^1 ,1 -H2,\(K\l,i + Kli,lR4,\) + H4,\(K7,\ - ^ 1 3 , 1 ^ 3 , l ) 

KS,2 ~~Kn,2 ~Kl,2R4,2 + # 1 , 2 ( ^ 5 , 2 + ^ 7 , 2 ^ 2 , 2 ) + ^ 3 , 2 (^13,2 ~ ^ 7 , 2 ^ 3 , 2 ) > 

K(,,2 ~K(>,2 + ^7 ,2^1 ,2 + ^ 2 , 2 ( - ^ 5 , 2 + - ^ 7 , 2 - ^ 2 , 2 ) + -^4,2 (^13.2 ~ ^ 7 , 2 ^ 3 , 2 ) ' 

t^/ ,1,1 + ^ p 3 , 1 ^ 2 , l + # 1 , 1 ( ^ 2 , 1 ~ ^ P 3 , 1 ^ 4 , l ) + ^ 3 , l ( ^ p 4 , l _ - ^ p 3 , 1 ^ 3 , l ) ] ' 

[Kpi,\R\,\ + # 2 , 1 iKp2.\ - ^ 3 , 1 ^ 4 , 1 ) + # 4 , 1 (Kp4,\ _ ^ p 3 , 1 ^ 3 , l ) ] ' 

[-^p2,l - ^ 4 , 1 - ^ 4 , 2 + # 1 , 2 ( ^ 1 , 1 + - ^ p 4 , 1 ^ 2 , 2 ) + ^ 3 , 2 ( ^ p 3 , l - ^ p 4 , 1 ^ 3 , 2 ) ] > 

Ku 

Kp2,\ 

Kph2 

K' 

- v r 
Kpi,\ 

1 

Kpl,\ 

A/>7,1 

1 
'p2,2 K 

[Kp4,\R\,2 +^2a(KpU +KpA,\R2,2) + H4,2(Kpi,\ ~ K p4,\R\2 ) ] > 
P7,\ 

KQU = KQU + KQl,iR2,\ + #1 ,1 (KQU ~ KQ\,iR4,\ ) + # 3 , 1 (KQl,4 ~ KQ\,iRi,l) > 

KQl,2 = ^ 0 , 3 ^ 1 , 1 + # 2 , 1 (KQ\,2 ~KQl,3R4,l) + H4AKQ\A ~^Ql,iR3,l)l 

&Q2,\ = &Q2,2 ~ &Q2A 4,2 ~*~ # 1 , 2 vAg>2,l "*" ^Q2,4R2,2) "*" # 3 , 2 VAg2,3 — ^-Q2,4Ri,2 ) > 

A 2 2 , 2 = A@2,4^N,2 "*• # 2 , 2 ^ 0 2 , 1 ~*~&Q2,4 2,2S~*~" 4,2 vAg2,3 ~ ^-Q2,4 3,2 ) » 

^1,1 = A1,1 + " T ; \ A M , l " S r a +&b2,\(JSVC2/ » A 8 , l = A 8 , l + ~ ^ VAftU^WCl + - ^ i 2 , l ^ 7 S r C 2 j ' 
A p 7 , l A p 7 , l 

•^14,1 = A14,1 + T ; V^f tU^Sra + A62,1^SKC2/ ' ^15,1 = A1,1 7^ l-*VM,l"Sra + '^-62,l^ r5KC2/ > 
A p 7 , l A p 7 , l 
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, XV I I / \ , A A I / \ 

^1,2 = "^1,2 + ~7; 1^*1,2 "SKC1 + A&2,2"',SKC2/' ^ 8 , 2 = A 8 ,2 + ~7; l ^61 ,2"SKa +-^A2,2^75CC2 / ' 
A p 7 , l A p7,1 

, xv i . / \ , xv 21 / \ 
A14,2 = A14,2 +~Z [K-bU^SVCl "*'-^62,2^75KC2/' -^15,2 = A l , 2 ~ V^61,2"SKC1 + Ab2,2 ( jSVC2 I 

A p 7 , l A p 7 , l 

, p\\ I \ p4 
A 4 , l = A 4 , l ^ VA63.1^5KC1 + A64.1^r5KC2 ) > A 9.1 = A 9 , l + " ^ 

A p 7 , l A p 7 , 

, -^ nl\ / \ ' D2 
A12.1 = A 1 2 , 1 " ^ " ^ vAw.l^SKCl "*" A64,l*JSVC2),> A16.1 = A 4 .1 " '""TT -

A p 7 , l A p 7 

, XV | | / \ , XV A 

A 4 , 2 = A 4 , 2 ^ 1^63,2 HSKCl + ^bA.l^SVCl I ' A 9 , 2 = A 9 , 2 + 

^ 7 , 1 £ p7 

, p31 / \ ' o2 
A12,2 = A 1 2 , 2 ^ " ^ l A 63 ,2" i s r a "^"Afc4,2^75KaJ» A16,2 = A 4 , 2 ~*~TT~ 

A p7 , l A p 7 , 

A' A' 
^5.1 = ^5,1 + ~7T^~ 1^65,1 ̂ Wci + ^66,1 &SVC2 b ^7.1 = ^7,1 + "TT" 

A p 7 , l A p 7 . 

A' AT 
A13,l = A 1 3 , 1 ~^~~Z V^bSA^SVCl "^"A i6, l^75^C2/ ' A17,l = A 5 , 1 ~Z 

A p 7 , l A p 7 , 

' nl 1 / \ ' n4 
A 5 ,2 = A 5 ,2 + ~P l A i5 ,2^5KG + A i 6 ,2^SrC2 J ' A 7 , 2 = A 7 . 2 +TT~ 

A p 7 , l A p 7 . 

, z?3 1 / \ ' D2 

*N3,2 =-^13,2 *~Z V*-b5jySVa + ' ^ M ^ S K a / ' ^17.2 = ^5 ,2 ~ 
^ 7 , A: 

P? 

V^bifosVCl "*"A64,1^7SKC2/ ' 

"\A63.1"SKC1 "*"A64.1^75KC2 j ' 

lAM,2^SKCl "*"Afc4,2^r5rC2/ ' 

\ A M , 2 " 5 K C I "*" K-MX^srei) '•> 

\ A 65 , l "SfCl "*" ^b6,VJSVC2l » 

VAft5,l"5CCl + A * 6 , l ^ r 5 K C 2 / » 

VAjM^SHCl '*"Aft6,2"SFC2/ » 

lAft5,2^7SKa "*"Afe6.2^r5KC2/ ' 

* U = 
^7,1^1,1 

' ^2,1 
Ap7,i^2,i "*"-^BUV^u"sra + '^biy^svcii , 

* U = 

A / . 7 , l A p 3 , l V^MJ^SFCl +^62,1^ 75CC2) A p7 , l A p3, l l"ftU"SKCl +-*\!>2.1 "SKC2 ) 

Ap7,1^3,l — A-p4,l\*V>l,l"sra "*"Rb2rJSVC2) 

R\,2~ 

A p7 , l A p3 , lC"M, lHs ra + '"i2,l^7SKC2) 

Kpl,lRl,2 

D ' _A />7,1^2,1 Ap2,lv/v>l,l*JSKCI "*"K-b2,V~rSVC2) 
'•> K4,\ - ~ 

; A J J 

Ap7.1 A p3, l ( ^ U OT3 + Rb2,VJSVC2) 

Ap7,l-^2,2 + A p l , l \ ^ M , 2 ^ K a "*"Rb2,2^JSVC2l . 

A p 7 , l Ap4,lV-^Al,2^75ra "*"^i2,2^7S»'C2) Ap7.1 A p4, l V^61,2"iSKQ ^^2,2^SVC2' 

_ Ap7,l"^3.2 ~ A p 3 , l V^U^TyKa ^ ^2,2^SVC2I. „• _ Ap7,l-^2,2 ~ Ap2:,1 \^V>1,2"5Ka ^ Rb2.2^rSVC2 ) , 

A p 7 , l _ A p4 , l VV>l,2"Sra "*" Rb2XJSVC2 1 Ap7.1 ~ A p4, l V ^ l ^ ^ S K a "*" ^b2jSJSVC21 

Ri,2 ~ 

K Kp2,\ 
A e / ,1 — A £ / , 1 + j ^ \ A e i 5 " 5 r a "*•^Qi.b^SVCl) ' A e / , 2 — A g / .2 + ^ VAei,5"S>'a + A 0 , 6 ^ 5 K C 2 / ' 

A: p7.1 Kpl.\ 

K K 
A e / , 3 = A ( ? / . 3 +~P l A e i 5 " s r a + A e i . 6 ^ r S r C 2 / ' A 0 . 4 = A e / . 4 + " P VA 'ei,5"SKa + A 0 , 6 " 5 K C 2 / ' 

Ap7.1 A p 7 , l 
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Appendix C 

Derivation of Equation (3.5.5) 

From Figure 3-8(d), the voltage of SVC 1 and SVC2, i.e., Vsva and VSVC2 can be obtained: 

Vsvcx =[{Zequ2 +Z,s)VelZbel + ZequlVe2ZSe2]/(Zeqid + Zequ2 +Z45) (C.l) 

=[zegu2veXzbel+(z 
equl + Z*5 

) ^ 2 ^ 8 e 2 ] / ( z ^ 1 + Z ^ 2 + 4 ) (C.2) 

From Figure 3-8(b), the terminal voltage of G/, i.e., Vtl can be derived: 

^1 =\ZL^SVC\
 +

 ZL5Zl2Ix )/(z'L5+Zn) (C.3) 

From Figure 3-8(c), the terminal voltage of G2, i.e., Vl2 can also be obtained: 
K2 = 'svci + JXt2^2 (C4) 

Let, 

( ^ 2 + ^ 4 5 ) 1 
GelU +JBelU = 

Gel\,2 + JBel\,2 = TZ 

Gel2\ + JBel2,l = 

1 - - - . \ r ,, . . . .. ,. . . . ., -1 ' 
[Zequl +Zequ2+Z45) \(} + R\2GU ~X\2BL\ -Xl2BSVCl) +J(X12GLI +R\2BL\ +R\2BSVC\)\ 

Zequ\ 1 . 

\Zequ\ +Zequ2 + Z45){[\-X2(BL2+Bsyc2)] + jX2GL2} 

Zequ2 1 ( — — —. \ r .. . . . . .. . . . I. . .. 1 ' 

Zequl +Zequ2 + Z 4 5 j [0- + Rl2GLl ~X12BLI -Xl2BSVCl)+J(Xl2GLl + %2BLl +Bi2BSVCl)\ 

r , i R (Zequl+Z\5) J 
el2 2 *" JDel2 2 — ~T~- — —'• w I I I I T~' 

' (Zequi +Zequ2 +Z45) {[l-X2(BL2 +Bsyc2)] + jX2GL2] 

Thus, 

Vsvci =(^n,i +JBelu)EqlZbi +(Gen>2 + jBdia)Eq2Z82 (C.5) 

VSVC2 = (Gel2,l + A / 2 , 1 )EqlZ5} + ( G e / 2 2 + jB
el2,2)Eq2Z§2 ( C . 6 ) 

Substitute (C.5) into (C.3), 

Vn = ,*" rKCwij +jBm)EqlZbl +(GWU +jBdl>2)Eq2ZZ2]+ JLsZ" /, (C.7) 
yZL5+Zuj [ZL5+Zuj 

Let, 
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Geq\+JBeq\ 
'L5 

(Z'LS+ZU) 
(GelU+JBetu)'' Geg2+JBeq2 = 

"LS 

(Zls+Z'n) 
(GelW+JBellj) ' 

7? 4. !Y - ZL$Z\2 

ZLS
 + Z\2 

Thus, 

Vn = (GeqX+jBeql)EqlZdx + {Geql+jBeql)Eql/3>2 +(*el + /*„)/ , (C.8) 

Substitute (C.6) into (C.4) 

V* =i.Gen,x + A , 2 , , ) £ / 5 1 + (Ge/2>2 +/fie/2i2)£(?2Z82 +jXe2I2 

(C.9) 

Transfonn equations (C.8) and (C.9) to d-q systems and obtain the d- and q- components: 

v4x = ~Beq\Eq\ +
 GeqiEql sin 8[ - Beq2Eq2 cos 8[ + RJdl - XJqi 

*q\ = Geq\Eq\ + Geq2Eq2 cos St + Beq2Eq2 sin S[ + RJq< + XJdl 

Ki = -Geii.\E
qx «nS[ -Bel2lEqi cosS[ -Bel22Eq2 -XJq2 

%2 = GtH\Eq\ 

cos S\ - BMiEql sin Si + Gel22Eq2 + Xe2Id2 

where, 

<5, = 8X — S\ 

(CIO) 

Linearization is carried out at the following operating point: generator Gj internal voltage 

is Eqio, its rotor angle is dio, generator G2 internal voltage is Eq2o, its real power output is 

P20', the susceptance of SVC1 is Bsvco.i, the susceptance of SVC2 is Bsvco,2- The main 

load connected to node G is R u + jXu, while the loads at the sending end A and the 

intermediate points C, D and E are R LS + jXu, RL3 + jXu, RLI+ jXu and R L4 + jXu , 

respectively. 

After linearization, equation (CIO) can be re-written as: 

AVdx = 4,jM„ + 4,,A£,2 + A2XA*,' + AxlABsvcl + A„ABSVC2 + RelMdl -XelMql 

AV
qX = Ao,Mq\ + 4.1^,2 + A.M'x + Ai^SKX + 4 . 1 ^ ^ 2 + ̂  A,l + Xe\&t\ 

AVd2 = A9i AEqi + Ai2AEq2 + A22AS[ + A32 ABsvcl + AA2 ABSVC2 - Xe2AIq2 

AV
q2 = Ao.l^l + 4 . 2 ^ 2 + A.2AS\ + A12ABSVC\ + A.l^SVCl + * r t ^ 2 

Substitute (3.2.2) into (CI 1), A/rfl and Az . can be obtained: 

(C.11) 
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A*</i =Km.\AE
qi

 +Kid\.iAEq\ +Kui3&E
12

+Km.A% + KUi5ABsycx+K!dX6ABsyc2 

% = KIqUAE'qi+KIqUAEq\ + KW&Eq2+KIqlM+KW.SAB
Sva +^,q^^BSVC2 

&*d2 = KId2.\^Eq2 + KId2,2^Eq\ + KId2 3&Eq2 + ^Id2.A^\ + KId2.5&BSVC\ + KU2.6^BSVC2 

A»,2 = K[q2iAEq2 + KIq22AEqX + Klq22AEq2 + K,q2AAS'x + KIq2iABsya + KIq26ABSVC2 

Use (3.2.2) and (CA2),AEqi can also be solved 

AE 
i+*As 

(-K4JAS; +AEfdi +K9.AEq2 +KxvAEgX +KbyABs^ +KMJABSJ 

T 
j' 

The input to the AVR is: 

AF, = (Vdi0/Vli0)AVdi+(Vqi0/Vli0)AVqi 

Substitute (C.l 1) and (C. 12) into (C. 15), AVti can be obtained: 

AF. =K< AS' +K,AE'+KTAE , + KX%AE . + K„AB ,+K.,AB , 

Separating (C.5) and (C.6) into the real and imaginary parts: 
vsvcR,i = GelLlEqi cos8, -BeliXEqX sinSx + Geli2Eq2 cosS2 -Beli2Eq2 sinS2 

vsva.i = GeiixE
qi

sin 3 + BeliXEqX cos 5X + Geli2Eq2 sin S2 + Beli2Eq2 cos 82 

After linearization, equation (C.l7) can be re-written as: 

Wsvau = BL,M + Bu,i*Eqx + Bu,AS2 + BLiAAEq2 + BLi5ABsvcX + B^AB^ 

Wsvaj = BuM + BLi,%AEqX + BLi9AS2 + BUX0AEq2 + B^AB^ + BUX2ABsvc2 

AVSVCj can be obtained: 

**"src,l ~ \^SVCRO,i/^SVCO,i)^^SVCR,i "*"vSVCIOj f* SVCQj)^SVC1J 

Substitute (C.l8) into (C.l9), AVSVCi can be rewritten as: 

&VSVC.i =KSVaA^\ + KSVClA^2 + KSVCi,i^Eq\ + KSVC4j&Eq2 +KSVC5JABsvcl +KSVa,i^Bsvc2 

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

a = -V B 
SVC,i rSVC,iL>SVC,i 

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

^Usvci ~ "srcojBsvcoA svc,i 

Substitute (C.20) into (C.21): 

'SVCOJ^BSVCJ 

Ag, SVC,i Km AS, + K„ AS, + K„ ,. AE„, + Kni;A£„, + Kn<, A# , + Kn, ;AB 

(C.12) 

(C.l 3) 

In (3.2.2), d(A(Q.^dt can be obtained using (C.l 1) and (C.12), 

SAco, =-±(KuASi+K2JAEqi + KSJAEq2 +KXA,AEqX +KbuABsvcX +Kb2JABsve2) (C.14) 

(C.l 5) 

(C.l 6) 

(CI 7) 

(C.l 8) 

(C.l 9) 

(C.20) 

keu"vi Q2J 'QXi'-^ql Q4,i'-x*-'q2 •Q5,i'-ilJsvc\ ^Q6,i^L^svc2 

(C.21) 

(C.22) 
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From the definition of generator internal voltage, 

AEqi=AE'qi+(Xqi-Xdi)Mdi 

Substitute (C.12) into AEgj: 

*B* = RiMqi + R
2M - Ru^2 + *w*B*i + Rm*Bsvc2 1 

AEq2 = Rl2AEq2 +R2M -*3.2A£?1 +^M,2A5WC1 +i?62,2A5Jvc2 

The input to the SVC and SGC is: 

WP = Wsvci = KPA8, + KP2AS2 + KP3AEq, + KPAAEq2 + KP5ABsvci + KnAB^ (C.24) 

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-l. All per unit values are 

based on its own generator unit rating. 

Table D-l Generator parameters in studied power system 

Generator Identifier 

Unit Rating (MVA) 

Unit Power Rating (MW) 

Direct axis synchronous reactanceXd, (p.u.) 

Direct axis transient reactance Xd, (p.u.) 

Direct axis sub-transient reactance^, (p.u.) 

Quadrature axis synchronous reactance Xq, (p.u.) 

Quadrature axis transient reactance Xq, (p.u.) 

Quadrature axis sub-transient reactance Xq, (p.u.) 

Negative sequence reactance X2, (p.u.) 

Direct axis opern circuit transient time constant TdQ (s) 

Direct axis opern circuit sub-transient time constant Td0 (s) 

Quadrature axis opern circuit transient time constant T'0 (s) 

Quadrature axis opern circuit sub-transient time constant Tq0 (s) 

Inertia constant Tj 

G, 

1000 

800 

2.127 

0.277 

0.176 

2.127 

0.49 

0.191 

0.14 

5.86 

0.05 

1.5 

0.04 

5.6 

G2 

50 

30 

2.04 

0.2 

0.13 

2.04 

0.42 

0.18 

0.134 

4.2 

0.032 

0.57 

0.03 

6.14 

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

Table D-2 Parameters of loads in studied power system 

Load Name 
A 
C 
D 
E 
G 

PL (P.u.) 
5.82 
0.10 
0.20 
0.10 
2.00 

Q.L ( P.U.) 
3.632 
0.088 
0.176 
0.088 
1.76 

Power Factor 
0.85 
0.75 
0.75 
0.75 
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 
From 

B 
C 
D 
E 

To 
C 
D 
E 
F 

R(p.u.) 

0.038 
0.0165 
0.0198 
0.0331 

X (p.u.) 

0.066 
0.0287 
0.0345 
0.0574 

B/2 (p.u.) 

0.6747 
0.2934 
0.3520 
0.5867 

The four 3-winding autotransformers in Figure 3-1 are identical. Each is of YYD11 

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 areZ^ = 0.0529; XL = -0.0004; 

XT = 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^f, = 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 

Kr 

rr(») 
KA 

Ta(s) 

r.w 
* / 

7>(s) 

£ ( » ) 
TgA (s) 
v 
v RMAX 

V 
' RMIN 

ufdMAX 

^fdMIN 

Gl 

1.0 

0.012 

100 

0.08 

0.56 

0.04 

0.5 

2.4 

0.7 

5.6 

-4.5 

5.6 

-4.5 

G2 

1.0 

0.04 

84 

0.014 

0.49 

0.06 

0.5 

2.4 

0.7 

5.6 

-4.5 

5.6 

-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-l. All per unit values are 
based on its own generator unit rating. 

Table E-l Generator parameters in studied power system 

Generator Identifier 

Unit Rating (MVA) 

Unit Power Rating (MW) 

Direct axis synchronous reactance Xd, (p.u.) 

Direct axis transient reactance Xd, (p.u.) 

Direct axis sub-transient reactance Xd, (p.u.) 

Quadrature axis synchronous reactance Xq, (p.u.) 

Quadrature axis sub-transient reactance^, (p.u.) 

Negative sequence reactance X2, (p.u.) 

Direct axis opern circuit transient time constant Td0 (s) 

Direct axis opern circuit sub-transient time constant Td0 (s) 

Quadrature axis opern circuit sub-transient time constant T"0 (s) 

Inertia constant T, 

Gl 

2000 

2000 

1.305 

0.296 

0.252 

0.474 

0.243 

0.18 

1.01 

0.053 

0.1 

3.7 0 

G2 

5000 

5000 

1.305 

0.296 

0.252 

0.474 

0.243 

0.18 

1.01 

0.053 

0.1 

3.7 0 

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

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

Line 
From 

B 
C 

Name 
To 
C 
D 

Resistance 
(Ohms/km) 

0.01755 
0.01755 

Inductance 
(H/km) 

0.8737e-3 
0.8737e-3 

Capacitance 
(F/km) 
13.33e-9 
13.33e-9 

Line length 
(km) 
350 
350 
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The parameters of transformer are listed in Table E-3. 

Table E-3 Parameters of transformer 

Transformer Name 

Nominal power (MVA) 

Nominal frequency (Hz) 

Winding 1 connection 

VI Ph-Ph (Vrms) 

Rl(pu) 

Ll(pu) 

Winding 2 connection 

V2 Ph-Ph (Vrms) 

R2(pu) 

L2(pu) 

Magnetization resistance Rm (pu) 

Magnetization reactance Lm (pu) 

Tl 

2000 

60 

Delta (Dl) 

13.8e3 

0.002 

0.0 

Yg 

500e3 

0.002 

0.11 

500 

500 

T2 

5000 

60 

Delta(Dl) 

13.8e3 

0.002 

0.0 

Yg 

500e3 

0.002 

0.11 

500 

500 

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

1 
l + STr 

Kef 

H 
r 

r 
V 

_jT 
K4 

\ + STa 

/ 

*fr 
^KW 

SKf 

l + STf 

l + STe 

SE 

• 

* fdMAXl 

IF 
^ fdMIN 

E# 
• 

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

AVR Location 

r,(s) 
KA 

Ta(s) 

Ke 

r.(s) 
7i(s) 

r e (») 
K.r 

7>(s) 

^ fciMIN 

F 
^ fdMAX 

KP 

V 
Y RMIN 

V 
rRMAX 

Gl 

0.02 

200 

0.001 

1.0 

0.0 

0.0 

0.0 

0.001 

0.1 

0 

7 

0 

0 

7 

G2 

0.02 

200 

0.001 

1.0 

0.0 

0.0 

0.0 

0.001 

0.1 

0 

7 

0 

0 

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) 

Nominal reactive power (MVAr) 

Reference voltage Vref (pu) 

Droop Xs (pu) 

500e3 

1050 

1.009 

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 = (Vs-Vsht)l{jX) (F.l) 

l={Vsh^Vse-Vr)lj{X^Xx) (F.2) 

h=(Vs-Vr)l{jX2) (F.3) 

IS=I+I2 (F.4) 

Ir=Ix+I2 ' (F.5) 

L=(Vshl-Vsh)l{jXsh) (F.6) 

I=l+L (F.7) 

Ke,=Khl+Ke (F.8) 

From (F.l), (F.2), (F.6) and (F.7), Vshl can be derived: 

K» = [X,„ {X„+XX)VS+X {Xse + Xx) Vsh + XXJ, - XXJm ] / x i (F.9) 

v,heKX2
eq={Xse + kxX)X + XXsh+{Xse+kxX)Xsh. 

From (F.8) and (F.9), Vsel can be derived: 

^ = [ * * ( * . + * , ) ^ ( A ^ ^ (F.10) 

From (F.l), (F.3), (F.4) and (F.9), Is can be derived: 

I =(K-K)/Ux2)+[(x1 +xse+xsh)vs-{xx +xse)vsh-xshvr+xshvse]/(jx2
eq) (F.ii) 

From (F.l), (F.3), (F.5) and (F.9), Ir can be derived: 

^=K-̂ J/(̂ 2) + [^+^+(^ + ̂ ,)(^-^)]/(^) (F.12) 

From (F.6) and (F.9), Ish can be derived: 

4=[(^+^)^+^-^)-(^+^,+^)^]/(^) (F.13) 

From (F.l) and (F.9), / can be derived: 
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/=[(*! +xse+xsh)vs-{xl+xse)vsh -xsh (vr-vse)]l(jx]q) 

From (F.2) and (F.9), Ix can be derived: 

l=[Xshvs+xvsh+(x+xsh)(vse-vr)]l{jx]q) 

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

(F.14) 

(F.15) 

S -j?r = KK™8 | {Xx+Xse)VsVsllsm{d-dsh) + XsiysVrsmd-XsiysVsesm{8-8se) 
s s s 

x2 xei 

+j 
Vs

2-VsVrcosS | (X, +X„ + X,h)V?-{Xy+X5e)VsVshcos{8-8sh)~XshVsVrcosS + XAV,r„cos(5-S„) 

(F.16) 

s -rr = KKsins i x*V'Vrsin-+XVrVs"sinS* + ( X + ^ ) K K e s i n & 
*2 ' K 

+j 
VsVrcosS-Vr

2
 | X^FfcosJ + ̂ ^cos^,+(X + ̂ / , )^ e cos^-(X + ̂ /,)Fr

2 

X, jsrj 

(F.17) 

From (F.16) and (F.17), Ps, Qs, Pr and Qr can be derived. 

The power exchange of the voltage sources VseZSseand Vsh/L8sh with the system are: 

* _ - r XshVsVsesm(8-Sse) + XVshVsesm(Ssh-Sse) + (X + Xsh)VseVrsmSse 

>eq 

+j 
XshVsVse cos(Sse -S) + XVshVse cos (5se -Ssh) + {X + Xsh )(vs] - VseVr cos S„) 

X. 
eq 

(F.18) 

Ssh ~Kh1sh 
n 7* {Xx+Xse)VsVshsm{6-5sh)-XVshVrsindsh+XVshVsesin{dsh-dse) 

X eq 

+J 
{Xx +Xse)VsVsh cos(8sh -S)+XrAVr <x*SA -XVAVM oosfo -6m)-{X+Xt +Xse)Vs sh 

X, 
eq 

(F.19) 

From (F.18) and (F.19), Pse and PSh can be derived. 

The power at the terminal of UPFC is: 
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= _ ^ 7. _K[Xsiys sm6 + XVshsmSsh+(X + Xsh)Vsesm5se] 

eq 

\vr[x*V. cos8+XVsk™s8sh+{X+Xsh){Vsecos8se-Vr)\ < X^V2
+ X2V2

h+(X+xJ(V2
 + V2)] 

x2 xl eq 

^lX,XAVt{{X + XA)[VMc^{S-SM)-Vrc^SyxvAc^{S-Slk)} 

Aeq 

2Xx{X+Xsh){x2Vsh[Vsecos{8sh-8se)-Vr cosSsh]-(X + Xsh)VseVr cosSse] 
+j — (F.20) 

Aeg 

From (F.20), Pset and Qset can be derived. 

From (F.9), the magnitude of voltage Vshl can be derived as (5.2.14). 
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Appendix G 

Derivation of f(5se) 

From Figure 5-3, 

p=VsVrsinS ^ VsVshtsin{8-8sht) 

k2X 

Vyr sin8 {vrvsht sin8sht + VrVse sin8se) 

{Xse+kxX) k2X 

(G.l) 

(G.2) 

Combine (G.l), (G.2) and Pr = Ps + Pj, the following equation can be obtained, 

{Xse+kxX)VsVshtsm{8-8sht)-VrVshtXsm8sht-VrV^ 

(G.3) 

(G.3) can be rewritten as, 

(G.4) 

From (G.4), Vsht sin 8sht can be expressed as, 

_ [{Xse + kxX)Vs cos8+VrXj{Xse+kxX)XPd -VrVseXsin8se] 
VshtS™8sht=-

{Xse+kxX)2V2 + V2X2 + 2{Xse + kxX)XVsVrcos8 

(Xse+k,X) Vs sin S^(Xse +k]X)2 V2+X2V2+2{Xse+kxX)XVsVr mSfa -[VrVseXs\n8se-{Xse + k^)XPd] 

[{Xse +kxX)2 V2 + V;X2 +2(Xse+klX)XVsVr cos*] 

(G.5) 

Substitute (G.5) into (G.2) 

P = 
VsVr sinS | VrVsesinSse { Vr[(Xse + kxX)VscosS + VrX][{Xse+kxX)XPd-VrVseX sinSse] 

k2X (Xse + kxX) (Xse + kxX) {Xse + kxX)2V2 +Vr
2X2 +2(Xse+kxX)XVsVrcos8 

VsVr sinS^[(Xse +kxX)2 V2 + X2V2 +2(Xse + klX)XVsVr costfjrj, -[VrVseXsmd„-{X„ +kxX)XPd] 

[{Xse + kxX)2 V2 + Vr
2X2 + 2{Xse+ kxX) XVsVr cos s\ 

(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 

Pr with respect to dse and set the resulting equation / (dse) to zero. The expression so 

obtained, f(Sse), is as shown in (G.7). 

f(Sse) = ̂  = VrVsecosS! 

2iA (Xse + k}X) XVsVr cos 8 - X2V; 

{Xse + kxX) (x„+klX) (X^+^X)2Vl +X2Vr
2 +2(Xse+kiX)XVsVrcosS^ 

VsVr smSlV^smS^-jX^+k^P^X^ + k.X)2 V2
S +X2Vr

2 + 2{Xse+klX)XVsVr cose?] 

^[{Xse + kxxf V2+X2V2 + 2(Xse + k]X)XVsVr cosS]v2
lt -[VrVseXsin5se-{Xse + k,X)XPd~^ 

(G.7) 

From (G.7), it can be readily found that maximum Pr occurs when Sse = 90°. This dse value 

is denoted as the critical angle, 3se,cr- The maximum power that can be transferred is 

denoted herewith as Prmax- It can be obtained by substituting Sse with dse,Cr into (G.6). 
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Appendix H 

Typical 100 kW SOFC Power Plant Experimental Data Used for 

Simulation Studies 

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

Symbol 

*rate 

'derate 

T 

Eo 

No 

Kr 

Us 

KH2 

K.H20 

K02 

?H2 

TH20 

T02 

Tf 

r 

rn_o 

bact 

Qact 

&con 

Ocon 

Representation 

Rated output power 

Rated FC terminal voltage 

Operation temperture 

Ideal standard potential 

Number of series cells in the stack 

Modeling constant 

Fuel utilization factor setting 

Hydrogen valve molar constant 

Water valve molar constant 

Oxygen valve molar constant 

Hydrogen flow response time 

Water flow response time 

Oxygen flow response time 

Fuel processor response time 

Ohmic loss 

Ratio of hydrogen and oxygen 

Tafel slope 

Tafel constant 

Concentration loss constant 

Concentration loss constant 

Value 

lOOkW 

330 V 

1273 °K 

1.18V 

384 

0.993x10"3 mol/(s.atm) 

0.8 

0.843 mol/(s.atm) 

0.281 mol/(s.atm) 

2.52 mol/(s.atm) 

26.1s 

78.3 s 

2.91s 

5 s 

0.126 Q 

1.145 

0.11 

0.05 

lO^V 

8x10"3 
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Appendix I 

Phasor Diagram Corresponding to the Conditions Described in 

Table 7-1 

L2 LI L3 

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

Figure 1-2 Phasor diagram corresponding to Case 2 of Tables 7-1 and 1-1 
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Figure 1-3 Phasor diagram corresponding to Case 4 of Tables 7-1 and 1-1 

L2 ii L3 

Figure 1-4 Phasor diagram corresponding to Case 5 of Tables 7-1 and 1-1 
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Figure 1-5 Phasor diagram corresponding to Case 6 of Tables 7-1 and 1-1 

i 

0 

I 

k ^ * > — ' 

X ! B 

k- *v —̂  

i F 

D VUm J 

i 

L2 LI L3 

Figure 1-6 Phasor diagram corresponding to Case 7 of Tables 7-1 and 1-1 
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H— Vipi —*\Vip2"- II 
L2 LI L3 

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

L2 LI L3 

Figure 1-8 Phasor diagram corresponding to Case 9 of Tables 7-1 and 1-1 
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Vipi^Vipi 
L2 

ip2< 
LI L3 

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

energy injection/absorption strategy 

Case 

1(a) 

1(b) 

1(c) 

1(d) 

2(a) 

2(b) 

2(c) 

2(d) 

3(a) 

3(b) 

3(c) 

3(d) 

3(e) 

4(a) 

N 
^vl+vlm-2VthvVi>msme 

> vthv-vUm 

<vthv 

^ v + ^ m - 2 ^ > m s i n 0 

^vL+V^m+2VthvVhmsin0 

>vthv 

<vthv+vim 

Zyjvl+v^+iv^v^sme 

> vthv-vim 

< Vthv-Vi,m 

>^vl + V^m-2VthvVUmsm0 

>vthv 

< ^ v C O S ^ - ^ m _ K 2 v S i n 2 ^ 

> Vthv-Vi,m 

< Vthv cos 8 

zvfacosd-jvfn-rlrsijd 

<vthv 

> Vthv cos 6 

<Jv£v+v?m+2vthvvhmsme 

>Vthv 

^vlv+vtm+2VthvVUmsme 

<vthvco,e-^m-vl^i2d 

^4v + V?m-2VthvVitmcoS£ 

hi 

' i,m 

^ s i n 0 - ^ - K j v c o s 2 0 

\v2
p -Vices2 9-Vlhvsme 

'i,m 

'i,m 

Vfosme-^vj-vlc^e 

yp -vices2 e-vthvsme 

*i.m 

'Urn 

^vl + vl-2VthvVpcos9 

v^sme-^v2-vices2 e 

\v2
p -Vices2 6-V^saie 

'i,m 

'i,m 

y 

6 + a rccos 
(vl +v? -v1 \ ' thv T ' i ,m 'p 

2VthvVi,m 

90° 

-90° 

6 - a rccos 

6 + a rccos 

(yl +y.2 ..v2 ^ "thv + ';,m ' p 

^thv^i,m 

(v\ + v2 -V1 \ 

2VthvVi,m 

90° 

-90° 

0 - a r ccos 
Vthv + ^/',m ~ Vp 

*-'thvVi,x& 

0 + a rccos 

arcsin 

vl + v2 -v2 

' thv T yi,m y p 

*'thv'i,m f \ 

Vthvs.m6 

Jvl+vj-WthvVp^e ^ 

90° 

-90° 

8 -arccos 

6 + arccos 

'v?hv + vZm-vf 

vl + v2 -v2^ 

' thv T r i,m yp 

2VthvVi,m 

Sector 

ABin 
Fig. 1-1 

BDin 
Fig. 1-1 

DEin 
Fig. 1-1 

EFin 
Fig. 1-1 

ABin 
Fig. 1-2 

BDin 
Fig. 1-2 

DEin 
Fig. 1-2 

EFin 
Fig. 1-2 

ABin 
Fig.7-6 

BCin 
Fig. 7-6 

CD in 
Fig. 7-6 

DEin 
Fig. 7-6 

EF in 
Fig. 7-6 

ABin 
Fig. 1-3 
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4(b) 

4(c) 

4(d) 

4(e) 

5(a) 

5(b) 

5(c) 

5(d) 

6(a) 

6(b) 

6(c) 

6(d) 

7(a) 

7(b) 

7(c) 

7(d) 

< Vthv cos 6 

> ^ c o s 0 - ^ m - * i , s i n 2 0 

<Vthv 
> Vthv cos 6 

^Vihv+vim + 2VthvVi<msme 

>Vthv 

^vL+V^m+2VthvVi!msme 

< V^vcos 6 
> VthvCosO- Vip] 

<Vthv 

> Vthv cos 6 

<Jvl + V?m + 2VthvVhmsine 

>Vthv 

Zyjvl,+vZm+2VthvVKmsme 

*Jr&,+v£m-2vtkvvitmSme 
> Vthv-Vi,m 

< Vthv-VUm 

^ t l v + ^m-2VlhvV^msme 

^ 4 v + vlm + 2VthvVi>msme 

>Vthv 

<Vthv + VLm 

^vL+^m+2VthyVitmsmO 

^^t2hv + V^-2VthvVt,msine 

> Vthv-Vi,m 

< Vthv-Vi,m 

^vL+V^m-2VthvVitmsm9 

<^v + V?m + 2VthvVhmsme 

>Vthv 

^d+^m+2^ ,mCOS77 

^vL+vtm+2VthvVUmsm9 

JvL+rf -2VthvVpzos0 

F^s in0-^-* i ,cos 2 0 

^-Vl.cos^-Vthysme 

'i,m 

ylvfhv + Vp1-2VthvVpcos0 

v^smd-^-vl^e 

^-vlWe-v^sine 

'i,m 

'i,m 

v^sme-^-vl^e 

Jrf-vlrOate-VfomB 

'i,m 

'i,m 

v^sme-^-v^^e 

^vj-vl^e-v^sme 

Vi,m 

6 + arccos 
(yl +V2 _y2\ 

2VthvVj%m 

90° 

-90° 

6 - arccos 

arcsin 

yl +y.2 _y2 
'thv T 'i,m ' p 

2'thv'i,m 

f \ 

Vfass&e 
JvL + V^-2VthvVpcos0 

90° 

-90° 

6 - arccos 

6 + arccos 

fyl +y.2 _y2} 
' thv+ 'i,m 'p 

^ 2VthvVi,m 

<' yl +y2 _ v 2 \ 
'thv + 'i,m 'p 

, 2^thv^i,m 

90° 

-90° 

6 - arccos 

0 + arccos 

(yl +y.2 _y2) 
'thv T Ki,m ' p 

2'thv"i,m 

f yl +V2 _y2 A 
'thv T ' i,m ' p 

, 2VthvVim 

90° 

-90° 

9 - arccos 
41 

(
V1 +V-2 -V2] 'thv T 'i,m ' p 

2VthvVi,m 

BCin 
Fig. 1-3 

CD in 
Fig. 1-3 

DEin 
Fig. 1-3 

EF in 
Fig. 1-3 

BCin 
Fig. 1-4 

CD in 
Fig. 1-4 

DEin 
Fig. 1-4 

EFin 
Fig. 1-4 

ABin 
Fig. 1-5 

BDin 
Fig. 1-5 

DEin 
Fig. 1-5 

EF in 
Fig. 1-5 

ABin 
Fig. 1-6 

BDin 
Fig. 1-6 

DEin 
Fig. 1-6 

EF in 
Fig. 1-6 
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8(a) 

8(b) 

8(c) 

8(d) 

9(a) 

9(b) 

9(c) 

9(d) 

9(e) 

10(a) 

10(b) 

10(c) 

10(d) 

WF'*v+^m-2«,msin0 

^vL + V^-2VthvVi>mcose 

<vthv 

^ v + ^ m - 2 W ; m S i n £ > 

<yjv£v+V?m+2VthvVUmsmd 

>vthv 

^vL+vlm+2VthvVUmsm6 

< ^ v c o s 0 - ^ 2
m - * i , s i n 2 0 

^ ^ v + ^ m - 2 ^ v ^ m C O S £ 

< F , A V C O 5 0 

> Vthvcos6-^-Vl,sin2 0 

< F M v 

> F/Av COS 0 

<ylv?hv+vZm+2VthvVi<msm0 

>vlhv 

^ 4 + ^ + 2 ^ , 0 0 8 7 7 

< F",Av cos 0 
>VthvcosO- Vipi 

<vthv 
> Vthv cos 6 

<Jvl+V?m+2VthvVi!msme 

>Vthv 

' i,m 

VfaSme-^l-vlrV^O 

Jfi-VlroJe-Vfoaae 

'i,m 

'i,m 

^V2
hv+V2-2VthvVpcos0 

V^smd-^VI-Vi^d 

^-Vlaxte-V^smO 

'i,m 

yjvl.+Vp1 -iVfoVpCose 

Vfafmd-frl - 4 , cos2 6 

^Vj -Vices20-VfaSine 

'i,m 

0 + arccos 
'vtlv + v£m-vy 

2VlhvVi>m 

90° 

-90° 

0 - arccos 

0 + arccos 

<v\ +K-2 -V2 1 ' thv + yi,m 'p 

^ 2VthvVi,m 

2VthyVi>m 

( \ 

arcsin K,M,sin0 

Jvl,+v^-2vthvvpC0Se 

9 0 ° 

-90° 

0 - arccos 

arcsin 

{vl + v-2 -v2) 

'thv x '(,m ' p 

^ 2VthvVi,m 
f \ 

Vthx,%m6 

Jyl. + yp-2VlhvVpcos0 ^ 

9 0 ° 

-90° 

0 - arccos 
(v\ +V-2 -V2^ ythv + yi,m yp 

ABin 
Fig. 1-7 

BDin 
Fig. 1-7 

DEin 
Fig. 1-7 

EFin 
Fig. 1-7 

ABin 
Fig. 1-8 

BCin 
Fig. 1-8 

CD in 
Fig. 1-8 

DEin 
Fig. 1-8 

EF in 
Fig. 1-8 

BCin 
Fig. 1-9 

CD in 
Fig. 1-9 

DEin 
Fig. 1-9 

EF in 
Fig. 1-9 
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