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Single-Phase Self-Excited Induction Generator with Static VAR
Compensator Voltage Regulation for Simple and Low Cost
Stand-Alone Renewable Energy Utilizations
Part I : Analytical Study

Tarek Ahmed*, Osamu Noro**, Koji Soshin*, Shinji Sato*, Eiji Hiraki* and Mutsuo Nakaoka*

Abstract - In this paper, the comparative steady-state operating performance analysis algorithms of
the stand-alone single-phase self-excited induction generator (SEIG) is presented on the basis of the
two nodal admittance approaches using the per-unit frequency in addition to a new state variable de-
fined by the per-unit slip frequency. The main significant features of the proposed operating circuit
analysis with the per-unit slip frequency as a state variable are that the fast effective solution could be
achieved with the simple mathematical computation effort. The operating performance results in the
simulation of the single-phase SEIG evaluated by using the per-unit slip frequency state variable are
compared with those obtained by using the per-unit frequency state variable. The comparative operat-
ing performance results provide the close agreements between two steady-state analysis performance
algorithms based on the electro-mechanical equivalent circuit of the single-phase SEIG. In addition to
these, the single-phase static VAR compensator; SVC composed of the thyristor controlled reactor;
TCR in parallel with the fixed excitation capacitor; FC and the thyristor switched capacitor; TSC is ap-
plied to regulate the generated terminal voltage of the single-phase SEIG loaded by a variable induc-
tive passive load. The fixed gain PI controller is employed to adjust the equivalent variable excitation
capacitor capacitance of the single-phase SVC.

Keywords: single-phase self-excited induction generator, per-unit frequency nodal admittance ap-
proach, per-unit slip frequency nodal admittance approach, static VAR compensator, thyristor con-
trolled reactor, thyristor switched capacitor, voltage regulation scheme for wind turbine power condi-

tioner

1. Introduction

1.1 Equivalent Circuit of Single-Phase Induction
Machine

Nowadays, the single-phase induction machine has been
used widely in the fields of the automobile, transportation,
industrial and consumer electrical drive applications as

compared with the other kinds of the AC rotating machines.

It is logical that the least expensive, the ruggedness, the
smallest volumetric size, the lowest maintenance type of
the AC machines should be used most often. In general, the
single-phase induction machine is more suitable and ac-
ceptable for the cost effective machine in small-scale resi-
dential domestic utilizations. There are several types of the
single-phase induction motors such as the split-phase and
the shaded-pole in use today [1]. The equivalent circuit [1]
of the aforementioned single-phase induction motor is
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shown in Fig.1 with the main winding of the stator sup-
plied by the two or three wiring for the single-phase power
source.

O

Fig.1 Equivalent circuit of single-phase induction motor

The slip; s is defined by s=(Ns-N)/Ns, N is the rotor
shaft speed in rpm and Ns is the synchronous speed;
Ns=1500 rpm when the supply frequency is 50Hz, R;, X,
R,and X, are the resistances and the leakage reactances of



18 Single-Phase Self-Excited Induction Generator with Static VAR Compensator Voltage Regulation for Simple~ Part [

the stator winding and the rotor winding referred to the sta-
tor winding side in ohm, respectively, X, is the magnetiz-
ing reactance in ohm, R, is the magnetizing reactance in
ohm, and E,, Ey, Vi, I, L Ly, Iy, and I, are the air gap
voltage due to the forward rotating field, the air gap volt-
age due to the backward rotating field, the single phase
supply voltage, the supply current, the forward rotating
field rotor current referred to the stator side, the backward
rotating field rotor current referred to the stator side, the
backward rotating magnetizing current and the magnetiz-
ing current of the forward rotating field of the single-phase
induction machine, respectively.

1.2 Representation of Magnetization Characteristic
of Single-Phase Induction Machine

The single-phase squirrel cage rotor type induction ma-
chine used for the feasible implementation has the follow-
ing specifications; 4 poles 2 kW, 240 V, 15.7 A, 50 Hz,
1500 rpm. The induction machine parameters are estimated
from the locked rotor test and the synchronous speed test
of the single-phase induction machine as; R;=1.4 ohm,
X;=2.1 ohm, R,=0.59 ohm, and X,=1.05 ohm. To deter-
mine the magnetization curve of the single-phase induction
machine, the single-phase induction machine is driven at
the synchronous speed Ng=1500 rpm and a variable AC
supply voltage is applied to the stator winding at the rated
frequency S0Hz[2-9]. According to the above conditions,
the slip; s of the single-phase induction motor is equal to
zero and hence the positive-sequence rotor branch
(Ro/stjXy; s=0) in Fig.1 is equivalently opened. Also, the
magnetizing reactance in the negative-sequence branch
could be neglected as compared with the negative-
sequence rotor branch ((R,/(2-s)+jX,; s=0). Therefore, the
magnetizing reactance X,, of the positive-sequence rotor
branch is estimated by using the equivalent circuit shown
in Fig.1,

X, =J(%)2 ~(R,+R +522—)2 X, +Xy) (D)
S

where the experimental data of the supply voltage V;
against the supply current I is indicated in Fig.2. The posi-
tive-sequence air gap voltage E, is calculated by,

E, =IR2 + X2 )

The relation between the positive-sequence air gap voltage

E, and X, is obtained experimentally and depicted in Fig.3.

The magnetization curve obtained experimentally is repre-
sented by the following equation giving a sufficiently good

mapping of the air gap rms voltage E; vs. the magnetizing
reactance X, curve using a piece-wise linear representation
and given by,
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Fig. 2 Supply voltage against supply current of single-
phase induction motor at no load
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Fig. 3 Air gap voltage vs. magnetizing reactance of single-
phase induction machine

1.3 Equivalent Circuit of Single-Phase Self-Excited
Induction Generator

For power generation mode of the single-phase induc-
tion machine, the above equivalent circuit can be adapted
by connecting an appropriate excitation capacitor in paral-
lel with a certain stand-alone electrical passive load across
the stator terminal ports of the single-phase induction ma-
chine instead of the single-phase power supply source as
shown in Fig.4. In this case, the induction machine is
driven by a mechanical prime mover.

Owing to the operation on an isolated network, the fre-
quency of the output voltage can no longer be kept con-
stant. The frequency variation affects to both the reactances
and the value of the slip; s for a given speed. To take ac-
count of the frequency variation, all the reactances are rep-
resented in the per unit terms referred to the values meas-
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ured at the base frequency 50 Hz, so that any reactance at a
given frequency can be denoted by X=f Xy, where X is
the reactance in ohm at the output frequency F of the sin-
gle-phase SEIG, Xy is the reactance at 50 Hz and f=F/50
is the per unit frequency. By dividing all the equivalent cir-
cuit parameters and voltages denoted by f, the following
equivalent circuit as illustrated in Fig.4 is obtained. In this
circuit, the slip s is defined in terms of the per-unit fre-
quency f and the relative rotor shaft speed v where
(v=N/Ns), N is the mechanical rotor speed in rpm and Ns
is the synchronous speed Ns =1500.0 rpm for S0Hz.

Fig. 4 Electro-mechanical equivalent circuit of single-
phase SEIG

where R; and X; are the load resistance and reactance
components in ohm, respectively. C is the excitation ca-
pacitor capacitance in farad. X, is the excitation capacitive
reactance in ohm (Xc=1/100xC; F=50Hz) and V|, I;, I
and [ are the output voltage, the stator current, the load
current of the single-phase SEIG and the excitation current,
respectively.

For only one paper presented previously [6], the ap-
proximate steady-state analysis in the frequency domain of
the single-phase SEIG loaded by a resistive load has been
done with the following assumptions

- Iron losses are negligible

- Only fundamental M.M.F. due to the forward rotating
field waves are considered

- Resistances and inductances of the induction machine
are constant, except for the magnetizing inductance de-
scribed graphically by means of the magnetization curve.

- The rate of change in the parameters and variables of
the equivalent circuit is extremely small, so that the steady-
state equivalent circuit can be used. The electro-
mechanical equivalent circuit of the single-phase SEIG
based on the rated frequency is simplified and approxi-
mated to another one as depicted in Fig.5.

This paper presents comparative analytical studies by util-
izing the nodal admittance approach to illustrate the opera-
tion of the single-phase SEIG in an isolated stand-alone op-
eration along with the experimental evaluations. The steady-

state operating performance calculations are described to
support the frequency domain analysis. In addition, a closed
loop PI compensator for the terminal voltage regulation of
the single-phase SEIG driven directly by the wind turbine
modeling represented by the separately-excited dc motor is
established using the static VAR compensator; SVC com-
posed of the thyristor phase controlled reactor; TCR in paral-
lel with the thyristor switched capacitor; TSC and the fixed
excitation capacitor FC connected to the single-phase SEIG
with the passive electrical load.
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Fig. 5 Approximate electro-mechanical equivalent circuit
of single-phase SEIG

2. Steady-State Operating Performance Analysis
of Single-Phase SEIG

The equations representing the steady-state operating
performance of the single-phase SEIG driven by the con-
stant speed prime mover can be obtained by using the
nodal admittance approach across the magnetizing branch
in Fig.5, the following equation can be written as follows,

(Ye+Ym+Yr)El =0 (4)

where Y,, Y,, and Y.are the equivalent admittances
of the positive-sequence rotor branch, the magnetizing
branch and the sum of the parallel combination of the exci-
tation capacitive reactance and the load branch with the
stator winding and the negative-sequence branches. E, is
not equal to zero for the voltage building up successfully,
the relationship of the following nodal admittance holds;

Yo+ Y, +Y, =0 (5)

where Y,

.. Y, and Y, can be represented by using the

equivalent circuit as follows;
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Equating the sum of the imaginary terms in eqn.(5) to zero,
the magnetizing reactance can be obtained by,

1
= —— 9
™ B.+B, ©)

and then equating the sum of the real terms of eqn.(5) to
zero, the 13" order polynomial function in the per unit fre-
quency f can be written by,

Yisf 2 + Y2+ Y Yo f 10 + Y f°
FY 3+ Y7 + Y FC + Y% +Y,
+Y,f2 +Y, 2+ Y, f+Y, =0 (10)

where B., B, and the fourteen coefficients from Y, to Y3
are derived and given in the appendix ( i ).

Observing eqn.(10), the per-unit frequency f can be de-
termined using Newton Raphson method and then from
eqn.(9), the magnetizing reactance Xm is also estimated.
The air gap rms voltage E; is evaluated from eqn.(3). The
following equations derived from Fig.5 represent the sin-
gle-phase SEIG performances. That is,
the terminal voltage of the single-phase SEIG;

1

TR R ix %,y
Y. Lf f+v

V, = fE, :
Y.

€

(1D

The load current of the passive inductive load in stand-
alone application system;

P (12)

JR? +£2X?
The active power of the passive load;
P =I{Ry (13)
The reactive power of the passive laod;

QL =X, (14)

3. Single-Phase SEIG Analysis based on Per-Unit
Slip Frequency Variable Approach

The equations govern the steady-state operating per-
formances of the single-phase SEIG based on the per-unit
slip frequency state variable are derived from the approxi-
mate electro-mechanical equivalent circuit of the single-
phase SEIG displayed in Fig.6 by applying the nodal ad-
mittance approach with a given excitation capacitor capaci-
tance, load impedance, machine equivalent circuit parame-
ters and the speed of the prime mover modeled by the sepa-
rately-excited dc motor.

R R
1, R

Se+U §p+20

Inductive Load

~ Single-Phase Self-Exdited Induction Generator
Fig. 6 Approximate electro-mechanical equivalent circuit
of single-phase SEIG as a function of s¢

Y., Y, and Y, can be expressed by using the above

approximate electro-mechanical equivalent circuit as fol-
lows,

Y. =
"R, . -iX
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S R
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R X Sp  Sp, +V
L Pl
Sty St (15)
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where sz =s;+v and s; is the per unit slip frequency

and defined as s—=f-v.

yA— (16)

and

AL 17)

r
R
|i—2+jX2:!
S¢

Equating the sum of the imaginary terms in eqn.(5) to zero,
the magnetizing reactance X,, can be obtained by,

1
=— 18
" B, +B, (18)

and then equating the sum of the real terms of eqn.(5) to
zero, the 5" order polynomial as a function of the per- unit
slip frequency sr can be written by,

Yosi+Yusf+Yys) +Y,s2 +Y s, +Y, =0  (19)

where B,, B, and the six coefficients from Y, to Y5 are de-
rived and provided in appendix( ii ).

From eqn.(19), the per-unit slip frequency s¢ can be de-
termined by using Newton Raphson method and then the
air gap voltage E, is evaluated on the basis of eqn.(3). The
single-phase SEIG performances such as the generated
terminal voltage of the single-phase SEIG , the load current,
and the active and reactive load power can be respectively
estimated by,

S S +
vV =siE, - v -
1
Y, (20)
\%
[ =— (21)
Ri+st2X%
P, =I’R (22)
L LML
Qp =sgli X (23)

4. SVC-based Voltage Regulation Scheme of
Single-Phase SEIG in Parallel with Passive Load

The SVC is employed in some different power applica-
tions such as the power factor correction, the enhancement
of the power system stability, the increasing of the power
transfer capability of the long transmission and distribution
power network lines and the voltage regulation [12]. There
are different techniques employed to regulate the generated
terminal voltage of the single-phase SEIG. The single-
phase SVC composed of the TCR in parallel with the FC
and the TSC for the generated terminal voltage regulation
of the single-phase SEIG due to the passive electrical load
changes as shown in Fig.7 is established herein. The con-
ventional proportional and integrator PI controller is syn-
thesized for controlling the equivalent excitation capaci-
tance of the single-phase SVC.

5. SVC with PI controller for Voltage
Regulation of Single-Phase SEIG

In Fig.7, the single-phase SVC composed of the TCR in
parallel with the TSC and FC is implemented for the output
voltage regulation of the single-phase SEIG. It is known
that the control range of the triggering delayed angle o of
the TCR is between m/2 and n. When the triggering de-
layed angles of the anti-parallel thyristors in TCR are equal
to m/2 and 3n/2, respectively, the anti-parallel thyristors of
the zero current switching TCR are fully conduction. While
the anti-paralle] thyristors in the TCR are both off as the
triggering delayed angles are  and 27, respectively. There-
fore, the equivalent susceptance of TCR change occurs
when the triggering delayed angle a is between n/2 and n.
The instantaneous current flowing through the inductor in
TCR for different triggering delayed angle a is expressed
by[12],

Jav

L
. —(cosa—cosmt)
Ircr (t): XTCR

0 c+osotLa+n

o<otfa+o

(24)

where o is the thyristor triggering delayed angle with re-
spect to zero crossing voltage waveform, o is the conduc-
tion angle of the thyristors, Xtcr is the equivalent induc-
tive reactance of TCR inductor. V| is the effective value of
the single-phase SEIG generated terminal voltage and o is
the electrical angular frequency. The fundamental compo-
nent of the inductive reactor current through TCR defined
previously by the above equation is obtained on the basis
of using the Fourier series expansion as follows,



22 Single-Phase Self-Excited Induction Generator with Static VAR Compensator Voltage Regulation for Simple~ Part I

T

‘jXIS('.—_

Xier iX,

WIND Single-phase
TURBINE SEIG
Separately-excited dc
motor modelling
Single-phase . o " " X .
Transh Fixed Excitation Thyristor Switched  Thyristor Controlled  Inductive
ran;;or/rger Capacitor FC Capacitor TSC Reactor TCR Load
n= N1
n: Turns Ratio a_ —_— : » TCR Phase
TSC ON/OFF
b o Angle Control
D — ] Control Circuit Circuit
a y Y 41
b= - o
T - e
b I
L, Single-Phase €
Bridge Rectifier || Low Pass Filter Pl Controller | “c
> Circuit G(s) = Kp +—H

Fig. 7 A schematic system configuration of single-phase SEIG wind turbine regulated speed with SVC voltage regulation

feedback closed loop scheme

c-sinoc
ey =—— V. (25)
X 1cr
where
c
a+—=7 26
3 (26)

The eqn.(25) can be conveniently written as a function of

the inductive susceptance of TCR,
Ixrer =Brer (VL (27

where Brcg is an equivalent inductive susceptance of TCR

and a function of the conduction angle ¢ (rad) and it is
given by,

c-sinc

Bricr (o) = (28)

X 1er

Observing the above equation, the value of inductive sus-
ceptance Brcy is between 1/Xycg and zero when o is equal
to m i.e. a is equal to 7/2 and o is equal to zero i.e. o is
equal to w, respectively.

The Laplace transformation-based transfer function of
the PI controller with Kp and K; parameters in the voltage
regulation feedback loop is represented by,

K,

G(s)=K,+—~ (29)
S

where Kp is the proportional gain and K; is the integral
gain.

The input signal to the PI controller is
by,

also estimated

E(8) = Vi (8) -V, (5) (30)
where E(s) is the Laplace transformation of the output
voltage error, V. (s) is the Laplace transformation of the
reference voltage Vi (t)and V(s) is the Laplace transfor-
mation of the rectified output voltage v (t) of the single-
phase SEIG.

The Laplace transformation of the output signal of the PI
controller is indicated by,

K
Ec(s) = EG)(K, +TI) (31)

The eqn.(31) can be expressed in the discrete form for the
MATLAB-based simulation analysis by,
Ec(k)=Eq(k-D)+(Kp +T,KDEK) -KpEk-1) (32)

where E(k) is the terminal voltage error signal V,.d{k)-
Ve(k)at a sampling time k, E(k-1) is the error signal at a
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sampling time (k-1), T is the sampling period(sec) .

6. Steady-State Performances of SVC-based
Voltage Regulation Feedback Scheme

As mentioned above, the equivalent susceptance Brcr of
the TCR controlled by the PI controller is changed on-line
in order to minimize the terminal generated voltage error.
The approximate electro-mechanical equivalent circuit of
the single-phase SEIG with the equivalent susceptance
Brcr of the single-phase SVC composed of the FC in paral-
lel with TSC and TCR which is a function of the thyristor
conduction angle o relating to the triggering delayed angle
o. is modified as shown in Fig.8.

b
Ry T i i
Tﬂ) s+ IC TC &
. M
X, R s j
y * A
(8 +u)3 {8y +u\3
0
SrgePrase Sti-Baited Indudion Gererater C TR

Fig. 8 Approximate electro-mechanical equivalent circuit
of single-phase SEIG with SVC

Using the admittance approach with the per-unit slip
frequency state variable, Y. Y,, and Y, can be ex-

pressed using the approximate electro-mechanical equiva-
lent circuit represented in Fig.8,

. 1
Y. =
¢ ) R, .
- J(XSV(‘)(T +1X1) R
R fu + D + 2 + le2
. Sg, +V
;L +XL—Xgye] 0 0 (33)
fu
where X gy = Xc ¥ Xrsc
c=
s fuz - (X¢ +Xrse)Brer
: ]
y - 34)
n=Tx (
and

. 1
Y =

]
X,
S¢ (38)

Equating the sum of the imaginary terms in eqn.(5) to zero,
the magnetizing reactance X,, can be obtained by,

1
" B.+B, (
and then equating the sum of the real terms of eqn.(5) to
zero, the 7" order polynomial function with respect to the
per unit slip frequency s¢ can be written by,

7 6 5 4 3
Yosp +Ysy +Yssp + Y57 +Y;87

, (37)
+Y,s7+Y;5¢,+Y, =0

where B., B, and the eight coefficients from Y, to Y, are
derived and provided in appendix (iii).

From eqn.(37), the per unit slip frequency s¢ can be deter-
mined by using Newton Raphson method and the air gap
rms voltage E, is then evaluated from eqn.(3). The single-
phase SEIG Performances, the generated terminal voltage
of the single-phase SEIG, the load current and the active
and reactive load power can be respectively calculated by
using,

R R )
S S +v
Vi =sgEy £ o L
1
38
Y, (38)
\Y%
[| = —rt—r (39)
w/Rf-{—stin
P, =1{R, (40)
QL =sgli X, (41)

7. Conclusions

The present paper has introduced a novel steady-state
algorithm to analyze and evaluate the single-phase SEIG
performances for the stand-alone clean renewable energy
utilizations in a rural alternative area, which is based on the
per-unit slip frequency state variable defined newly instead
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of the per-unit frequency. The essential features of the pro-
posed power conditioner technique were that the order of
the resultant equations used to find the single-phase SEIG
performances are in principle reduced and then the com-
puter software solution was very easy and simple. More-
over, the PI controller-based feedback control scheme us-
ing the single-phase SVC composed of the FC in parallel
with the TCR and the TSC has implemented for the stable
generated terminal voltage regulation of the single-phase
SEIG loaded by different inductive loading conditions.

In the next part of this paper, a single-phase SEIG proto-
type setup has established for a small-scale stable wind
turbine driven power conditioner with simple control strat-
egy and the feasible experimental and simulation results in
the operating performances in the steady-sate of the single-
phase SEIG will be presented.
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Y s=Ry(G3+H))-0Ry(G4tHy)+E,0,+E O3 +E(Oq,
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Y 11=Ra(G101tHs)-UR;Ho+E;Og+E O+ EqOny,
Y 12=RoHo-URH+E; 0101 E 011, Y13=Ry(H 0)+E201
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Where, OlzBvo, 02:B|A0+B0A1 503:B2A0+B1A1+B0A2’

04=B;A+B,A | +B Ax+BoA;,

Os=B4Ag+DsL+D;Ly+ D Lat+DeLy,

Os=B;sAo+B4A +B3A+B,A+B A +BoAs,

0=B;sA,+B,A;+B;A;+B,A,+B As,
O5=BsA,tB4A;+B3A+BAs, Og=BsA3+Bi AT B3AS,

01=BsA4+B4As, O1=BsA;,

Go=B¢%, G;=2B,B,, G»=2B,B(+B,%,G3=2B;B,+2B,B|,

G,=2B,By+2B;B,+B,’, Gs=2BsBy+2B,B,+2B;B,,

G¢=2BsB,+2B,B,+B;%, G;=2B;B,+2B,Bs,

Gs=2BsB3+By’, Gy=2B;B;, G10=Bs’,

Ho=Cy*, H,=2C,C,, H,=2C,Co+C,*, H;=2C;Cy+2C-C,,

H,=2C,Cy+2C;3C+Cy2%, Hs=2CsCy+2C4C,+2C5Cs,

Hg=2CsC+2C4C+Cy%, H=2CsC>+2C,Cs,

Hg=2CsC3+C4%, Hy=2CsCy, H1o=Cs’,

E=R,+u’X,%, E;=-20X,%, E-=X,7,

Appendix (ii)
Xe
Be :(Sf +U)ﬁ
[ +Xe
2
where Re :M
As+A

and x, = C28 #CisrCy

As+A,
Assuming that, s/ is neglected with respect to v
A=X2 0 R 20X 207X X
A=20R *+40°X 40X X,
R1,=Ry/2v, Ry;»=R |+ R,/2,
B0:R22A0+RLXC29 B1=RpA +R 1244, Bo=R 1A,
Do=R *Xc+0*X *Xc-X X2, Di=20X "X,
X=X 1+X,, Ci=0(De-X12A0),
Ci=Detu(D-X12A1)-X12A0, C=Di-X A,
S%X 5

B, =
R

r

Assuming that, s¢X,’is neglected with respect to R,”
0¢=ABg, O,=AsB+A By, 0:=A:B>+A B, 0;=A B,
Go=B,", G|=2B,B,, G,=2B,B+B,%, G;=2B,B,, G;=B,’,
Yo=Qo, Y1=Qi+HotGy, Yo=Q,THi+G, Y3=Qa+Ho+Ga,
Y,=Q4+H;+G3, Ys=H+G,y

Where,

Hy=C,’, H,;=2C,Cy, H,=2C,C*+C,%, H;=2C,C, H=C,’,

Qo=vR,0y, Q=R,(v0,+0y), Q:=Ra(LO,+0)),
Q3=Ry(LO3+0,), Q4=R,0;

Appendix (iii)
X,
Bc = (S [y U) T}(z

3 2
D;sy +D,s5 +Dysp + Dy
2
A,sp+A s +Ag

where, R, =

Cy51 +Cpsf +Cys¢ +C,
ASE+A s +A,
A=Xey bR, A=2beR 2 X 63, A=Xed?, Xer=Xc/2,

v X (o-sino)
©” 2 2noX g

and X, =

b

X
Xy = 2—5 , Xe=obeX [ -Xei, Xeam(vtbe) Xi-Xes,

X=X X, C=Bg-uvX2A¢, C=Bi-0X1:A-X 5 A,,
CmBa-XpA1-X2Ay, Ci=-X A,
By=bcRi X1+ 0XoXes X,
Bi=R *(bc X+ Xe )+ X (0XeaXeatuXeiXes +XerXes)s
By=R X2+ X1 (0X X eat X Xeat XeaXes)s
R;=Ry/20, Ryp=R,+R4/2,
Dy=RaAgtFp, D1=RaA+R1AF,
Dr=RayAs+R A 1+F3, Di=R 1A, Fi=Xci 'Ry,
F1=2X 2 XeRe, F 2:X(‘22RL,

s % X,

R3

Yo=Qo, Y1=Qi+tHotGo, Yo=QutHi+Gy, Y3=Q3+Ha+Gy,
Y =QstH;3+Gs, Y5=QstHatGy, Y=QtHs+Gs,
Y,=H,+Gq
Where, Og=DpAy, O=D;Ay+DoA,,
0:=DA¢tD A1 +DoA,, O5=D3A¢+D2A1+DA,,
04=D3A,1D1A,, O5=D3A,, G¢=DoDo, Gi=D1DgtDyD;,
G2=D1Dy+D D1 +DgD2, G3=D3Dg+D;Dy+DDy+D3Dy,
G4=D;D+D,Dy+D D3, Gs=D3;D2+DyDs, G¢=DsD;,
Hy=CoCo, H,=C,Co+CyCy, Hy=CrCot+CCi+CoCy,
H;=C3Co+C,C+C Gyt CoCs, Hy=C3C+CCy+CiCs,
Hs=C3C,+C,C5, He=C3Cs, Eg=UR,, E1=Ry,
Qo=0¢Eq, Q1=0,Eg+OE,, Q:=0,E¢+04Ey,
Q3=03E¢+0;E,, Q4=04E¢+O;E |, Qs=OsE(+O4E,,
Q¢=0sE,

B =

r
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