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ABSTRACT

In this paper, the single-phase static VAR compensator (SVC) is applied to regulate and stabilize the generated terminal
voltage of the single-phase self-excited induction generator (single-phase SEIG) driven by a variable-speed prime mover
(VSPM) under the conditions of the independent inductive load vatiations and the prime mover speed changes. The
conventional fixed gain PI controller-based feedback control scheme is employed to adjust the equivalent capacitance of
the single-phase SVC composed of the fixed excitation capacitor FC in parallel with the thyristor switched capacitor TSC
and the thyristor controlled reactor TCR. The feedback closed-loop terminal voltage responses in the single-phase SEIG
coupled by a VSPM with different inductive passive load disturbances using the single-phase SVC with the PI controller
are considered and discussed herein. A VSPM coupled the single-phase SEIG prototype setup is established. Its
experimental results are illustrated as compared with its simulation ones and give good agreements with the digital
simulation results for the single-phase SEIG driven by a VSPM, which is based on the SVC voltage regulation feedback
control scheme.

Keywords: Single-Phase Self-Excited Induction Generator, Static VAR Compensator, Independent Power Conditioner,
Small-Scale Renewable Energy Distributed Power Supply

1. Introduction The use of the wind power energy for electrical generation

has been started in a major way. Some applications are

Nowadays, the wind Power generation requirements
have been become increasingly more and more popular in
the past few years especially after the 1970s during the
energy crisis.
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related to large-scale, utility-size wind parks or wind farm

where thousands of wvarious wind turbines are
interconnected to generate large-scale electricity in the
rural residential applications. In some other parts of the
world, a variety of wind turbines are installed on a smaller
scale. Most of wind turbines are equipped with
line-connected induction generators. The power rating

squirrel cage rotor type induction generators are more
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attractive as wind turbine-coupled ac generators due to
their low cost, compactness, ruggedness, high reliability,
low inertia and the need for little or no maintenance. In the
case of induction generator connected to a utility ac grid,
its output voltage and frequency have been already
determined by the utility ac power source, but in case of a
stand-alone independent generating plant, the induction
generator must determine and establish the output voltage
and frequency by itself"® Possible and effective
applications of the power conditioning and processing
system for independent power supply applications are
currently under investigation. The generated output
voltage can be directly connected to the load facility
installation and equipment are non-sensitive to the ac
frequency which include an electric heater, a battery
charger, a super capacitor energy storage using a diode
rectifier circuit or power factor correction converter and a
telecommunication energy distribution power supply
which can be flexibly supplied and distributed by
rectifying its output terminal voltage with the voltage
regulation to provide a specified dc output voltage.

Over the past decade years, few researchers have
attempted to analyze the steady-state and dynamic
performance of the single-phase SEIG driven by a
constant-speed prime mover>],

In this paper, the authors propose a new small-scale
stand-alone power generating system employing the
variable-speed prime mover (VSPM) coupled the
single-phase self-excited induction generator (single-phase
SEIG), which 1s excited by the static VAR compensator
(SVC). In our proposal, the absolute constant output
voltage can be obtained even though the rotor shaft speed
changes in accordance with the load disturbances. The
closed-loop PI compensator for the terminal voltage
regulation of the single-phase SEIG driven directly by a
VSPM is established using the SVC, which is composed
of the fixed excitation capacitor (FC) in parallel with
thyristor phase controlled reactor (TCR) and thyristor
switched capacitor (TSC). The operating performances in
the steady-state and dynamic-state of the single-phase
SEIG are evaluated and discussed as a stand-alone power
conditioner on the basis of the simulation and the
experimental results. The practical effectiveness of the
simple rotating type power conditioner treated here is

proved as rural renewable energy and power utilizations in
the independent distributed load.

2. Voltage Regulation Implementation of
Single-Phase SEIG Excited by Pl Controlling
Static VAR Compensator

The whole proposed stand-alone power conditioner
voltage regulation scheme is schematically depicted in Fig.
1 for a simple wind turbine coupled a single-phase SEIG
with SVC. In this system configuration, a stand-alone load
is directly connected to the stator winding side of the
single-phase squirrel cage rotor type SEIG and the SVC
composed of FC in parallel with TCR and TSC, which is
controlled by a closed-loop feedback control with a Pl
compensator. The stator voltage of the single-phase SEIG
is controlled to be constant by the implementation of the
reactive power control required for the power conditioner
from the SVC under the conditions of the inductive load
variations and the prime mover speed changes. The
single-phase 4 poles, 220 V, 2 kW, squirrel cage rotor type
induction generator supplies to a resistive load or an

inductive load in stand-alone applications.

Table {. Design Specifications and Circuit Parameters.

ftems Machine Ratings and
Machine Parameters
Rated Voltage 220V
Single-Phase Rated Power 2 kW
Squirrel Cage Number of Poles 4
Rotor Rated Frequency 50 Hz
Induction -

Machine Rotor Type Squirrel Cage
(Single-phase Induction Machine Parameters at 50 Hz
SEIG) R4=1.40 ohm X4=2.1 ohm

R.=0.59 ohm X,=1.05 ohm
XTCR at 50 HZ;LTCR 56 ohm, 0.18 H

SVC composed of
FC, TCR&TSC Xc at50Hz C

13 ohm, 244 pF

(see Fig.1) Xrsc at 50 Hz; Crsc | 32 ohm, 100 pF
P! Controller :p i:: :zz
VSPM (Modeling To(see eqn.(1)) See Fig.4

by dc Motor) ve(see eqn.(1)) See Fig.4
Inductive Load R 35-200 ohm
Components X, at 50 Hz 25-140 ohm
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Fig. 1. Schematic system configuration of single-phase SEIG excited by SVC for its voltage regulation.
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Fig. 2. Designed thyristors triggering circuit for TCR.
The thyristor triggering pulse control circuit for the TCR 3. Torque-Speed Characteristics of
and the PI controller circuit in a feedback control scheme Variable-Speed Prime Mover

are designed and shown in Fig. 2 and Fig. 3, respectively,
for the purpose of regulating the single-phase SEIG

The mechanical output power P,, of the VSPM is
generated terminal voltage. Table 1 includes the design

defined as!',
specifications and circuit parameters of the voltage

regulation system description for the single-phase SEIG P, =(1T, — L, VIOV (1)
with the SVC adjusted by the PI controller in the feedback
control loop implementation. where, v is the per unit speed of the VSPM (v=N/N,), N
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R, =47KQ

Fig. 3. Designed PI controller circuit.
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Fig. 4.
against its per-unit shaft speed.

Mechanical output torque characteristics of VSPM

and N, are the rotor speed and the singfe-phase SEIG
synchronous speed in (rpm), respectively. @ is the rated
synchronous angular speed (m; =2nNy/60). 1, and v,
respectively are the torque coefficient and speed
coefficient in N.m. In experiment, a controllable
separately excited dc motor is used with a constant
armature voltage and a field current control. Fig. 4
illustrates the effect of the field current control on the
torque speed characteristics and the corresponding

torque-speed coefficients T, and v, which are given by,

tq)mva

1, =————= and 1)0=L—‘—9£NS
R ,

60R ,

where, K, is the torque constant, ¢,, is the field flux in Wb
per pole of the dc motor, V, is the armature voltage in volt
and R, is the armature resistance in ohm.

4. Static VAR Compensator for Voltage
Regulation of Single-Phase SEIG

Capacitors are routinely placed in parallel with
inductive loads connected to the constant voltage and
frequency utility ac grid for power factor improvement. If
the inductive load connected to the utility ac power source
has a constant reactive volt-ampere (VAR) requirement, a
fixed capacitor can be selected to correct the power factor
to be unified. However, if this inductive load has a varying
VAR requirement, the fixed-capacitor arrangement results
in a changing power factor. The circuit of Fig. 1 represents
an application of an ac voltage controller to maintain a
constant generated terminal voltage of the single-phase
SEIG with varying the load VAR requirements. The
voltage regulation fixed excitation capacitance supplies a
fixed amount of reactive power, generally more than the
required for both the inductive load and the single-phase
SEIG. The parallel inductance of the TCR absorbs a
variable amount of the reactive power, depending on the
delay angle of the SCRs. The net reactive power supplied
by the inductor-capacitor combination is controlled to
match that absorbed by the load and the single-phase
SEIG to keep its generated terminal voltage is constant.
As the VAR requirement of the load changes, the delay
angle is adjusted to maintain a constant generated terminal
voltage of the single-phase SEIG. This type of terminal
voltage regulation is known as a static VAR control. (The
SCRs are placed in the inductor branch rather than in the
capacitor branch because very high currents could results
from switching a capacitor with an SCR.). Static VAR
control has the advantage of being able to adjust to
changing load requirement very quickly. Reactive power
is continuously adjustable with static VAR control, rather
than having discrete levels, as with capacitor banks, which
are switched in and out with circuit breakers or
anti-parallel on/off control thyristors; TSC. Static VAR
control is becoming increasingly prevalent in installations
with rapidly varying reactive power requirements, such as
electric arc furnaces.
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The instantaneous reactor current flowing through the

inductor of TCR shown in Fig. 1 with the thyristor

triggering delay angle o is expressed by,

J2v,

. (cosa—cosmt o<t <o+o

frer (D=1 Xye ) )
l() C+A<MSO+T

where, o is the thyristor triggering delay angle with
respect to the zero crossing output voltage waveform, & is
is the
equivalent inductive reactance of TCR inductor. V| is the

the conduction angle of the thyristor, Xycg

effective value of the single-phase SEIG generated output
voltage and o is the electrical angular frequency. With
neglecting the harmonic currents generated by the
switched inductances, the fundamental component of the
TCR inductive reactor current defined previously as the
above equation is obtained on the basis of using the

Fourier series expansion as follows,
Trrer = Brer (0)VL 3)

where B¢y is the equivalent inductive susceptance of the
TCR and defined a function of the conduction angle G as,
—sinG

o
Brer (0)=——— (4)
X 1er

where o +% =7 3)

The control range of the thyristor triggering delay angle
o is between /2 and m. Observing (4), the control range
of the conduction angle ¢ corresponding to the control

range of & will be between 1t and zero.

5. Steady-State Analysis and Operating
Performances of single-Phase SEIG Excited
by Static VAR Compensator

The single-phase SEIG electro-mechanical equivalent
circuit excited by the SVC is depicted in Fig. 5. The
equivalent inductive susceptance By of the TCR, which
is a function of the thyristor conduction angle ¢ and the
capacitive reactance Xrgc of the TSC which is switched on
under the conditions of the terminal voltage of the single-

By x (o) i%

Single-Phase Self-Fxcited Induction Generator Kl a15¢] TR Lead

Fig. 5. Approximate electro-mechanical equivalent circuit of
single-phase SEIG with SVC.

phase SEIG is less than the desired or reference voltage;
220 and the conduction angle 6=0 of the TCR or the
triggering delay angle a=n are connected in parallel with
the fixed excitation reactance X¢ terminal ports as shown
in Fig. s¥1°1,

In Fig. 5, f is the per-unit frequency, (f=F/F;, F and F,
are the generated output frequency and base frequency of
the single-phase SEIG; F,=50Hz), R, X, Ryand X, are
the single-phase induction generator parameters referred
to the stator winding side, R and X are the inductive
load components in ohm, Xc¢ (Xc=1/2nF,C; F,=50Hz and
C is the fixed excitation capacitance in farad) is the fixed
excitation reactance in ohm, Xygc is the capacitive
reactance of the TSC, X, is the magnetizing reactance in

ohm, E;, Ey. Vi, Iy, Doy lops Ties Iys I,
I and I are the air gap voltage due to the forward

rotating field in volt, the air gap voltage due to the
backward rotating field in volt, the single-phase SEIG
generated terminal voltage in volt, the stator current in
ampere, the forward rotating field rotor current referred to
the stator side in ampere, the backward rotating field rotor
current referred to the stator side in ampere, the
magnetizing current of the forward rotating field, the
backward rotating field magnetizing current, the inductive
load current in ampere, the fixed excitation capacitive
current of FC in ampere and the capacitive reactance
current of the TSC in ampere for the single-phase SEIG,
respectively.
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5.1 Per-unit frequency and Per-unit Speed of
single-phase SEIG

The steady-state circuit analysis of the single-phase
SEIG controlled by the SVC connected to its terminal
ports is derived as follows. By observing the approximate
electro-mechanical equivalent circuit of the single-phase
SEIG illustrated in Fig. 5, the squirrel cage rotor current I,
referred to the stator winding side of the single-phase
SEIG excited by the SVC can be expressed by,

E|

Ly = >
R2 1 5 +[&j
(f-v) R,

The term (f-v) is usually extremely small from a

()

practical point of view. As a result, the term (X,*/R,%)
could be substantially neglected with respect to [1/(f-v)*].
Eq. 6 of the rotor current I,; referred to the stator circuit
side can be expressed by the following equation,

(f-V)E,
Iy =——+»>— 7
2f R, N

The mechanical input power P; of the single-phase
induction machine can be written as the references!'),

_ g2 R, v
=L ) (8)

By substituting I, in (7) into (8) and making the
mechanical power balance from the principle of the
energy conversion through equating (8) to (1). The per

unit speed L can be obtained as follows:

E
(rO+R1 )
O‘)S
V=——2 : 9)
i

RZ(DS

vof +

5.2 Series impedance approach for steady-state
circuit analysis of single-phase SEIG
By applying the series impedance approach on the
per-phase approximate equivalent circuit of the
single-phase SEIG with SVC depicted in Fig. 5, the
following equation can be written as follows,

(Zg 42y +Zp )1y =0 (10)

But I, does not equal to zero for the generated

terminal voltage of the single-phase SEIG, the following
series impedance relationship yields,

(Zg+Zy+2pg)=0 (11)

With neglecting the magnetizing reactance X,, in the
negative-sequence rotor branch of the single-phase SEIG
depicted in Fig.5 as compared with the negative-sequence

rotor branch [Ry/(ffo)+jX,],Zy,Z,, and Z, can be

represented as,

R . . X+ X
(4 X =
7 = f f° =B (X + Xpse) (12)
st R, . X+ Xose
—+ XL -
f £° = Bpep (X¢ + X1s¢)
R . .
. [?__Z—U*'szj(JXm)
Z, = (13)

m R .
[:f 2 +J(X2+Xm)
. R R
and 7 =—t+—2+jX +X 14
ms f f+'l) .](1 2) ( )

The two non-linear simultaneous equations of the
magnetizing reactance X, as a function of the per-unit
frequency f with susceptance Brcr (see (4)) to be
controlled by the PI controller and connected in parallel
with Xcand Xrgc are obtained by equating the imaginary
and real parts of (11) to zero and arranged as follows,

Cy+Cf +Cof 2+ Cf* + Cf +Csf” +Cf
(Ag+A[f +Af2 + AL + A £

X = (15)

D, +D/f +D,f” + D,f> + D,f* + Dsf® + Dyf°
By +B/f +B,f” +Byf’ + B,f* + Bf” +Bf°

X = (16)

Through equating and crossing multiplication (15) and
(16), the 12" degree polynomial equation represented in
the per unit frequency f is derived by,

Y, 2+ Y 1 Y0 0 4 Yo f? + Y 4 Y f7 4 Y, F°
+Y Y Y Y, 2 f Y, =0
17
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where, the real coefficients from Y, to Y, can be
systematically expressed in terms of constants A; (i=0~4),
B; (=0~6) , Cx (k=0~6) and D; (1=0~6) which are
indicated in Appendix.

5.3 Output Voltage Characteristic of Single-
Phase SEIG

The per-unit frequency f can be determined from (17)
by using Newton Raphson method and then substitute the
per-unit frequency f into the (15) or (16) to calculate the
magnetizing reactance X, The air gap voltage E, is
evaluated from the magnetization characteristic, which is
the relationship between the air gap voltage E; and the
magnetizing reactance X, of the forward rotating field. To
determine the magnetization curve of the single-phase
SEIG, the single-phase induction machine is driven at the
rated synchronous speed Ns=1500 rpm and a single-phase
variable voltage ac supply is supplied to its stator winding
at the rated frequency 50HZz'™. 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 is equivalently opened. Also, the magnetizing
reactance in the negative-sequence rotor branch of the
single-phase induction motor could be neglected as
compared with the negative-sequence rotor branch.
Therefore, the magnetizing reactance X, is estimated
using the equivalent circuit shown in Fig. 5 without FC,
TSC, TCR and the load impedance by,

AY R
Xn =‘/(I—S)2—(Rl+—2—2—)2 (X, +X,) (18)
S

where the experimental data of the single-phase supply
voltage V, against the supply current L is indicated in Fig.
6. The air gap voltage E, is calculated by,

E,=1X, (19)

The relation between the air gap voltage E, and the
magnetizing reactance X, is obtained experimentally and
depicted in Fig. 7. To evaluate the single-phase SEIG
output voltage characteristics, the magnetization curve
obtained experimentally is represented with a piece-wise
linear characteristics by the following equation giving a
sufficiently good mapping of the air gap voltage E; versus

191

the magnetizing reactance X, nonlinear curve and given

by,

342.86-5.850X

_]450.00-3.773X ,

~ 1871.43-26.860X

X, <22.69
22.69<X, <25.77
2577<X,, <27.12

0 X, 227.12

(20)
Observing Fig. 5, the terminal voltage of the single-
phase SEIG can be defined as,

@n

Measured Input Voitage (V)

N,=1500 rpm
0 2 4 5 8 10 12
Measured Input Current{magnitizing current) (A)

Fig. 6. Supply voltage against supply current of single- phase
induction motor at no load.
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6. Pl controller for Voltage Regulation of
Single-Phase SEIG

The Laplace transformation of the output signal E.(s) of
the PI controller shown in Fig.1 is indicated by,

K
E (s)= (Kp +TIJ(VM(5)—V“.(5)) (22)

where, V,.(s), V(s) are the Laplace transformation of the
reference voltage and rectified voltage proportional to the
output voltage of the single-phase SEIG, respectively, Kp
and K are the Proportional gain and Integral gain of the PI
controller, respectively. The above equation can be
expressed in the discrete form as follow,

E (k)= E (k-1 +(K , +T,K )V, (k)= V,,. (k)]
~K plVyo h=1)=V,, (k=1)] (23)

where, [V.d(k)-V (k)] is the terminal voltage error at the
sampling time k, [V, (k-1)-V,(k-1)] is the error signal at
the sampling time (k-1), T, is the sampling period(sec).

7. Performance Results and Discussions

7.1 Reference voltage disturbances
The PI controlled feedback
regulation scheme of the single-phase SEIG driven by the
VSPM is designed on the basis of the static VAR
compensator (SVC) and expressed in Fig. 1. The reference

closed-loop voltage

voltage disturbances are applied to test and verify the
closed-loop terminal voltage regulation of the single-phase
SEIG coupled by a VSPM and supplied an inductive
passive load using the single-phase SVC with the PI
controller. For an inductive load with 0.8 lagging power
factor (R, =90 ohm and X, =68 ohm) and a fixed excitation
capacitance (C=244puF) in parallel with the TCR (Xtcr=56
ohm), the digital simulation results and experimental ones
of the generated terminal voltage response of the
single-phase SEIG driven by a VSPM with a certain
torque-speed characteristic (1,=120, v,=133, as shown in
Fig. 4) and excited by SVC with the reference voltage
disturbances which is defined as the actual desired output
terminal voltage of the single-phase SEIG are depicted in

YN S AT

lenmmal Voltage (V1

nme {sec)
(a) Generated FTerminal Voltage Response of Single-phase SEIG
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Fig. 8.
voltage responses in case of using SVC composed of FC and

Single-phase SEIG terminal voltage and reference

TCR with 0.8 lagging power factor load.

time tsec) + J

Fig. 9.
reference voltage responses in case of using SVC composed of

Single-phase SEIG experimental terminal voltage and

FC and TCR with 0.8 lagging power factor load.

Fig. 8 and Fig. 9, respectively. The simple PI control-
based SVC for the voltage regulation of the single-phase
SEIG driven by the VSPM proves its feasible utilization
and ability for stabilizing and regulating the single-phase
SEIG terminal voltage.

7.2 Steady-State Simulation Results for Single-
Phase SEIG Voltage Regulation

The steady-state analysis of the VSPM coupled
single-phase SEIG excited by the SVC for its voltage
regulation as a stand-alone system is based on its
equivalent circuit depicted in Fig. 5 and derived as
explained in section 5. The inductive load, as stand-alone
equipment, is changed for observing and testing the action
of the SVC to regulate and stabilize the terminal voltage
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TSC and TCR under the condition of load variations with 0.8
lagging power factor.

of the single-phase SEIG driven by the VSPM with a
certain torque-speed characteristic (to=120, ve=133). Fig.
10(a) illustrates the terminal voltage response of the
single-phase SEIG driven by the VSPM due to the
inductive load variations and at the same time the prime
mover speed variations according to the torque-speed
characteristic shown in Fig. 4. While Fig. 10(b) shows the
thyristor triggering delay angle response of the TCR. The
SVC composed of TCR and FC can regulate the generated
terminal voltage under the condition of a certain reactive
power required by the single-phase SEIG and the
inductive load. To increase the output power of the
single-phase SEIG, the maximum excitation capacitance
of the SVC composed of FC and TCR equals to the fixed
excitation capacitance FC when the TCR is off state. At

this condition, the capacitance of FC is not sufficient to
increase the terminal voltage of the single-phase SEIG
above the reference voltage. To increase the operating
allowable range of the output power of the single-phase
SEIG with its terminal voltage regulation, an additional
capacitance is required to increase the terminal voltage of
the single-phase SEIG above the reference voltage. The
thyristor switched capacitor; TSC is connected in parallel
with the TCR and the FC as shown in Fig. 11.

7.3 Experimental Results for Single-Phase SEIG
Voltage Regulation

Fig. 1 illustrates the terminal output voltage regulation
feedback closed-loop system including the single-phase
SEIG block diagram with SVC and driven by a VSPM
with a certain torque-speed characteristic (T,=120,
vy=133). To validate and test the practical effectiveness of
the SVC for regulating and stabilizing the terminal voltage
of the single-phase SEIG driven by a VSPM, an inductive
load with 0.8 lagging power factor are connected on the
SEIG ports. The

single-phase SEIG voltage regulation response and the

single-phase terminal measured
TCR trigging angle response due to the inductive passive
load variations under the conditions of increasing the load
impedance value using the SVC composed of FC in
parallel with TCR and then decreasing the load impedance
value until the terminal voltage is decreased than the
reference value; 220 V using TCR in parallel with FC and
TSC switched on manually are represented in Fig. 12, Fig.

13, respectively.
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: : : ; Yﬂlmg point 1o inject the Inductive Load :
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Fig. 12.
thyristor triggering angle responses in case of using SVC
composed of FC and TCR under load variations with 0.8 lagging
power factor.

Single-phase SEIG experimental terminal voltage and
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Fig. 13.  Single-phase SEIG experimental terminal voltage and
thyristor triggering angle responses in case of using SVC
composed of FC, TSC under TCR under load variations with 0.8
lagging power factor.

8. Conclusions

introduced the PI
controller-based feedback control scheme using the

The present paper has
single-phase SVC composed of the FC in parallel with the
TCR and the TSC implemented for the stable generated
terminal voltage regulation of the single-phase SEIG
driven by a variable-speed prime mover VSPM and loaded
by different independent inductive loading conditions. The
VSPM coupled single-phase SEIG exited by the SVC
prototype setup has established for simple structure, low
cost, downsizing in physical volumetric size, ruggedness,
low inertia rotor, maintenance free, high reliability and
simple control strategy in stable wind turbine driven
power conditioner in the rural alternative energy effective
utilization area from an earth environmental protection
point of view. The feasible experimental results have good
agreements with those obtained from the digital simulation

ones.
Appendix

A0=GOWO0+G2(T0-X2Z0)
A1=GOW [+GIWO0+G2(T1-X2Z1)+G3(T0-X2Z0)
A2=GOW2+G1W 1+G2(T2-X222)+G3(T1-X2Z1)
A3=GOW3+G1W2+G2(T3-X2Z3)+G3(T2-X2Z2)
A4=GI1W3+G3(T3-X2Z3)

DO=GOT0-G2F0X2,

D1=GOT1+G1T0-G2F1X2-G3F0X2,
D2=GOT2+GITI-G2F2X2-G3F1X2,
D3=GOT3+G1T2-G2F3X2-G3F2X2,
D4=G1T3-G2F4X2-G3F3X2,
D5=-G2F5X2-G3F4X2,
D6=-G3F5X2,

C0=GOF0,

CI=GOFI1+GIF0,
C2=GOF2+GI1F1+G2T0X2,
C3=GOF3+G1F2+G2T1X2+G3T0X2,
C4=GOF4+G1F3+G2T2X2+G3T1X2,
C5=GOF5+G1F4+G2T3X2+G3T2X2,
C6=G1F5+G3T3X2,

B0=G0Z0+G2F0,
B1=G0Z1+G1Z0+G2F 1+G3F0,
B2=G0Z2+G1Z1+G2(F2+X2W0)+G3F1,
B3=G0Z3+G1Z2+G2(F3+X2W 1)+G3(F2+X2W0),
B4=G1Z3+G2(F4+X2W2)+G3(F3+X2W1),
B5=G2(F5+X2W3)+G3(F4+X2W2),
B6=G3(F5+X2W3),

Y0=B0OC0O
Y1=BOC1+B1C0
Y2=A0D0+B0C2+B1C1+B2C0
Y3=A0DI+A1D0+BOC3+B1C2+B2C1+B3C0
Y4=A0D2+A1D1+A2D0+B0OC4+B1C3+B2C2+B3(C1
+B4C0
Y5=A0D3+A1D2+A2D1+A3D0+B0C5+B1C4+B2C3
+B3C2+B4C1+B5C0
Y6=A0D4+A1D3+A2D2+A3D1+A4D0+BOC6+B1C5
+B2C4+B3C3+B4C2+B5C1+B6C0
Y7=A0D5+A1D4+A2D3+A3D2+A4D1+A5D0+B1C6
+B2C5+B3C4+B4C3+B5C2+B6C1
Y8=A0D6+A1D5+A2D4+A3D3+A4D2+B2C6+B3CS
+B4C4+B5C3+B6(C2
Y9=A1D6+A2D5+A3D4+A4D3+B3C6+B4C5+B5C4
+B6C3
Y10=A2D6+A3D5+A4D4+B4C6+B5C5+B6C4
Y11=A3D6+A4D5+B5C6+B6CS5
Y12=A4D6+B6C6

where GO0=E12/ws, G1= VOR2, G2=-10, G3=v0,
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G4=E12/ms+R1[2E12/(@sR2)+10],
G5=v0(R2+R1), G6=2E12/(wsR2)+10,
XCE=XC+XTSC

TO=XCEG4(XLBTCR+1)
+XCEG6[(X1+X2)RLBTCR+RL],
T1=XCEGS5(XLBTCR+1)
+XCEG3[(X1+X2)RLBTCR+RL],
T2=-XLG4-RLG6(X1+X2),
T3=-XLG5-RLG3(X1+X2),

FO=-XCE(RLBTCR)G4,
F1=-XCE(RLBTCR)GS,
F2=RLG4+XCEG6[(X1+X2)XLBTCR+XL+X1+X2],
F3=RLGS5+XCEG3[(X1+X2)XLBTCR+XL+X1+X2],
F4=-G6(X1+X2)XL,

F5=-G3(X1+X2)XL,

WO0=XCE(XLBTCR+1)G6,
WI1=XCE(XLBTCR+1)G3,
W2=-XLGS6,
W3=-XLG3,

Z0=-XCE(RLBTCR)GS,
Z1=-XCE(RLBTCR)G3,
Z2=RLGS,
Z3=RLG3,
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