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ABSTRACT

Impulse voltages are detected using a measuring system consisting of a high voltage
divider, a transmission system and recording instruments. These measuring equipments must be
calibrated periodically to have an accuracy within permissible limits. This involves the
determination of a scale factor, linearity and the validity range with respect to signal parameters;
especially for impulse voltage measurements. The time response parameters can be determined by
comparing the measuring system under tests with a calibrated reference divider, or by using a unit
step generator. In this thesis, structures of various high voltage dividers are presented. A computer
aided tool is developed based on MATLAB/SIMULINK to evaluate the divider time response
parameters such as a base magnitude, a settling level, a virtual origin (0,), an overshoot B), a
distortion time (T,), a partial response time (Tq), an experimental response time (T,), and a
settling time( t ). In order to check the validity of the software tool, the experiments are performed
using two unit step generators with different high voltage dividers. The details of the algorithm

and capabilities of the software are also discussed.



ACKNOWLEDGEMENTS

This work is carried out at Department of Electrical Engineering, Faculty of Engineering,
King Mongkut’s of Technology Lardkrabang (KMITL).

Firstly, I would like to express my special gratitude to*Assoc. Prof. Dr. Anantawat
Kunakorn, my supervisor and examiner, for giving me the opportunity to explore the interesting
field of power engineering, and for his encouragement and guidance during the research. I would
like to thank Prof. Dr. Masaaki Kando from Department of Electrical and Electronic, Tokai
University, Japan, my co-supervisor, for his encouragement.

I would like to thank Mr. Norasage Pattanadech from Department of Electrical
Engineering, Faculty of Engineering, KMITL, Thailand, my co-supervisor, for his encouragement
and all practical techniques in a high voltage laboratory.

I would like to thank Mr. Atthapol Ngaopitakkul and Mr. Seksun Ngamsritrakul,
Doctoral and Master student respectively, for their encouragement.

I would especially like to thank all academic staff from Department of Electrical
Engineering, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang
(KMITL), for giving me very useful knowledge and experience.

I would like to tank Mr. Pearawut Yutthagowith from the Center of Excellence in
Electrical Power Technology, Faculty of Engineering, Chulalongkorn University, Thailand, for
providing some equipments and practical techniques to use in the experimental tests.

I sincerely thank my Thai friends, all staff and colleagues for their help and good
cooperation.

The financial support is provided by JICA. This is gratefully acknowledged.

Finally, I would like to thank King Mongkut’s Institute of Technology Ladkrabang
(KMITL) and AUN/SEE-Net (JICA) for giving me an opportunity to upgrade my knowledge.

Soumek Inthala

I



TABLE OF CONTENTS

PAGE

Thal ADSIFact ......coviniiiiiii i et e et e e e e e e saeenanneae I
ENGLSh ADSEIACE .......oiiiiiiiieeiiieetieeeeiiiieeeeieeere e eeeren e ee s See et eeeeevereeesnaeeesanss It
AcKnowledgements. ...........oouiniiii i et et e e e s snereeeas I
Table of CONtENES........ccovuiiiiiiiiiiiiiiiii ittt re s e e s aeasee e reeten e s s enenannes v
List 0f Tables.......o.ooiiniiiiiiii i et ettt e e VI
LISt Of FIgUIeS. ...ttt et rt e e e e st s ee et st teaaes et e enaesnsanensnnas VII
CHAPTER 1 INTRODUCTION. ..c. ottt cia et e e e e e raeeeane e e esraraaen s aas 1
1.1 Background.........cococvieiiiiiniininiiiioinian .l

1.2 Objective 0f the StUAY. ..ot e trnsee et sscs e eaeene e 2

1.3 Problem Statement. .....c.coiiiiuiiiiniimiiiieiiiiie i et e ee e e e e se e e e e s e e s 2

1.4 Proposed Solution............cocoeeiiiininnnane w3

1.5 Scope of the research Work.......cc.c.ceiiviin i essees 4

1.6 Outline of the thesis . ..coioiiiiiiiiiiaii ittt e e e reraeenaees 4
CHAPTER 2 HIGH VOLTAGE DIVIDERS........ .ottt iiiciaee et e e eneae s anes 5
20 B ¥4 (0 11T 4o o O e R Sy S S OO PP PT R 5

2.2 Resistive Voltage Dividers..........cccoueuiuans e

2.3 Capacitive Voltage DIVIAers......c..ovuiiiiiiiniiiiniiiiniiiri e se e ensossosesns 9

2.4 Damped Capacitive Voltage Divider.......c.ccoiiieviiiiiiiiiniiiiiiiiininininenen 10

2.5 The Low Voltage (LV) arm of the measuring system ...........cccceueervnnnncrcnennne 12

2.6 H.V. Divider in Measurement SYSIEIM. .....ovvuvrrrririieirrenererrersnerseeecneossnesinn

CHAPTER 3 UNIT STEP RESPONSES OF HIGH VOLTAGE DIVIDERS..................16

3.1 INtrodUCHON...c.uieiiiii i ettt
3.2 Unit Step ReSPONSES....coueiruecemnenriiineteertiaininiesrsirtisietteiesnserntrersesasstenesin

3.3 Transient Response Parameters...........ccccocuviueennnnn. ferrrere et

v



TABLE OF CONTENTS (Cont.)

PAGE

CHAPTER 4 EXPERIMENTAL RESULTS.........ciiiiiiiiiiireesnnssnineses

A, ] TIHTOQUCHION. c..eeeceieerieesreissneessseessasesssessrsneossasssrnsesssaesasssbornsserssassssasssnsessaseensssasssnnases

4.2 Measurement of Transient Response Parameters for High Voltage Dividers.........26

4.3 Transient Response Parameters Calculation.........ccovievnimniirecisnnnnnnesnenensnisnensess 28
CHAPTER 5 CONCLUSION AND FURTHER WORK.......cc.ccoiiiiiiiiiiiniiinimnneenans 42
REFERENCES........cceeirieriitnreeeneaneesisiesassssistossstssssesiassssestsasasanssssssssassstasssssmsasassnsnsassssssnssasassassses 43
APPENDICES.. £ A......cmmm i me 28T NI L WSS N o i mmmvevnan e e R s neeeemnsnn s 44

AppendiX Acerof . Ll D0l Lih \ ot L S R 44

Appendix B.....cocrveenirnieisernieneirenenn e ..50

AppandixC. . .[. ) Fyrrwrey AN\ L0000N . AR Frvevres S Y.l Y.l 53
BIOGRAPHY .. =~ . .S N 1A X B r s 0L SN O i 63



LIST OF TABLE

TABLE PAGE
3.1 The response parameters for reference measuring System.........c.coeevinieiiiiiniiiiniennnnenn 25
4.1 Calculated USR parameters for divider A.....cooeuvvememecrneennsisens Zuvieiinnennniiiinnnnnon. .38
4.2 Calculated USR parameters for divider B.........ommereemsessinsiennnesveveennneeeeneenneneeenn .39
4.3 Calculated USR parameters for divider C.........ominnermmernenessiesvncnenneeneeeeeeneee e .39
4.4 Comparative USR parameters for divider A with two unit step response generators.......... 40
4.5 Comparative USR parameters for divider B with two unit step response generators.......... 41
4.6 Comparative USR parameters for divider C with two unit step response generators.......... 41

A%



LIST OF FIGURES

FIGURE PAGE
2.1 Distribution parameter equivalent circuits of voltage dividers................oovvvvooeoeeeoo 6
2.2 Equivalent circuit for resistor voltage dividers..................... e 7
2.3 Common equivalent circuit representing the distribution parameter circuit...................e.e. 9
2.4 Equivalent circuit for capacitor voltage dividers..............ueeeveeeeveemieeeoiiieeoe 9
2.5 Simplified equivalent circuits for parallel-mixed resistor-capacitor dividers................... 11
2.6 Circuit for signal cable MatChing. ........ccoeeeeereiiiiieiieneeeee e eee oo 14
2.7 Basic voltage measuring SYSteMl.. .. uieeeereeererierssiinnenneeeessseeesesseseeeeeoee oo 15
3.1 Step response measurements for voltage measurement SYSIEIMS tovviniiiiiiiiii e e ineeaenes 17
3.2 A two port network for a voltage divider. ... .. covuereeeseeemmmmmnnn e oo 18
3.3 Comparison of the unit step responses with equal response time.................oooooeoeno, 20
3.4 Calculated unit step response for capacitor divider...............vvveeeeeeeeeeieioee, 20
3.5 Computed unit step response G(t) for damped capacitive divider according to equivalent

circuit Flighre-3:5n L2 002028\ oo L. AN N o L 282020 A S B 21
3.6 Normalized step response and its inte@ral.........c..coeeeemniereuimiinesssees oo 22
3.7 Overshoot P as a function of the related partial response time To/T T Y ¥ 23
4.1 Test circuit arrangements for divider A with difference USGS............0ovvvmneeeeemeei 27
4.2 Test circuit arrangements for divider B with difference USGSs............ovmveveeeemeeeeon, 27
4.3 Test circuit arrangements for divider C with difference USGs...........vevmeereveemeeeeo, 28
4.4 Flow chat of the developed program using MATLAB/Simulink..............ceeevveeeeeennnn. 30
4.5 Measurement USR waveform of divider A with Dr. Strauss USG in Figure 4.1,

4.6

4.7

4.8

For Ry=0ORM.....cooiiiiiiiiiiiiiiiie it 31
Measurement USR waveform of divider A with Dr. Strauss USG in Figure 4.1,
for Ry=30 ORmm.....oooiiiiiiii e, 32
Measurement USR waveform of divider A with Dr. Strauss USG in Figure 4.1,
Or Ry =100 ORM....oueiiiiiiiiicce e 32

VIl



LIST OF FIGURES (Cont.)

FIGURE PAGE
4.9 Measurement USR waveform of divider A with Haefely USG in Figure 4.1,

for Ry =300hm....ccoviiiiiiiiiiiii e e e Bt e een e 33
4.10 Measurement USR waveform of divider A with Haefely USG in Figure 4.1,

for Ry= 100 ORIM.....ccoivuiiiiiiiiiiiiiiie et e e e e e e e e e e e e e san e e 34
4.11 Measurement USR waveform of divider B with Dr. Strauss USG in Figure 4.2,

For Ry=0O0RM..coouiiiiiiiiii et e e e 34
4.12 Measurement USR waveform of divider B with Dr. Strauss USG in Figure 4.2,

for Ry =30 Ohm.... s ... a0 fohsbposnesereena DG Greresreseeermnnnrensassncsres 35
4.13 Measurement USR waveform of divider B with Dr. Strauss USG in Figure 4.2,

forR;=1200hm......coiiemveiiiiiiiiiianiniiieiinins AR o T, W T ORTORrrOrerRrn 35
4.14 Measurement USR waveform of divider B with Haefely USG in Figure 4.2,

for R,=p Phm... L. . ot LRS- L AAL o 2.1 Froad- - b ) oo d b e 36
4.15 Measurement USR waveform of divider B with Haefely USG in Figure 4.2,

for R =0 0hme) .~ SAE.. 3. 24 NSRS & - SUDE o B em L e 36
4.16 Measurement USR waveform of divider B with Haefely USG in Figure 4.2,

for R, =1A000Bm...... 0650 " Ao X0k -5 LG e pfhe e i) e mge e Bl e veeeaeenvenenne 37
4.17 Measurement USR waveform of divider C with Dr. Strauss USG in Figure 4.3,

ORI T 0t N T I o A~ P\ SRR NS 3 o/ A 37
4.18 Measurement USR waveform of divider C with Haefely USG in Figure 4.3,

for Ry,=00hm............... e o s P gt ..o cneeeesnararanonsesessnsnnenne 38
4.19 Overshoot (B) as function 0f To/T .. .. oeerveuuiiienieeriiiireii e it e eeecee et e e e reaas 40

VIII



CHAPTER1

INTRODUCTION

1.1 Background 3

Disturbances in electric power transmission and distribution systems are frequently
caused by two kinds of transient voltages whose amplitude may greatly exceed the peak values of
the normal a.c. operating voltage.

The first kind is lightning overvoltages, originated by lightning strikes at the phase wires
of overhead lines or the busbars of outdoor substations. These lightning will induce steep rising
voltages in the line and set up traveling waves along the line, and may damage the system’s
insulation. The magnitude of these overvoltages may reach several thousand kilovolts, depending
upon the characteristics of the lightning. Measurements and experiences have shown that
lightning overvoltages are characterized by short front duration, ranging from a fraction of a
microsecond to several tens of microseconds and then slowly decreasing to zero. The standard
impulse voltage has been accepted as a periodic impulse that reaches its peak value in 1.2 psec
and then decreases slowly (in about 50 psec) to haft its peak value [1].

The second kind is caused by switching phenomena. That is a transient overvoltage due
to sudden changes in the state of power systems, e.g. switching operation or faults. These are
known as switching impulse voltages. It has become, generally, recognized that the switching
impulse voltages are usually the dominant factor affecting the design of insulation in H.V. power
system rated voltages of about 300 kV and above. Accordingly, the various international
standards recommend that equipment designed for voltages above 300 kV be tested for switching
impulses. Although the waveshape of switching overvoltages occurring in the system may vary.
The recommended switching surge voltage has been designated to have a front time of about

250psec and half value time of 2500 psec [1].



Both lightning overvoltages and switching overvoltages are simulated in a laboratory in
order to perform an impulse voltage withstand test for electrical equipments.

The quality of high voltage impulse measurements requires adequate dynamic
performance of measuring systems with respect to the waveforms to be measured. The
qualification of the various impulse measurements is a prerequisite for repeatability and
reproducibility of testing results [5]. The variation of measuring system of response parameters
can lead to improper conclusions when only conventional examinations of the dynamic behaviour

are used.

1.2 Objective of the study

This research work is concerned with the measurement, calculation and analysis of unit
step responses. In this research, different methods available to calibrate the high voltage
measuring system such as methodology for voltage comparison method and dynamic response
method are discussed.

The time response parameters can be determined by comparing the measuring system
under tests with calibrated reference divider or by using unit step generators. In this thesis,
structures of various high voltage dividers are presented. A computer aided tool is developed
based on MATLAB/Simulink to evaluate the divider time response parameters such as a base
magnitude, a settling level, a virtual origin (0,), an overshoot (B), a distortion time (T,), a partial
response time (Tq), an experimental response time (T,)), and a settling time( t,). In order to verify
the validity of the software developed, the experiments are performed using a unit step generator
with different high voltage dividers. The details of the algorithm and capabilities of the software

are also discussed.

1.3 Problem Statement

An impulse voltage is a transient signal, which usually rises rapidly to a peak value and
then falls more slowly to zero. An impulse voltage divider is required to measure the peak value,
the time parameters and the overshoot or the oscillation of the impulse waveform. The impulse
voltage divider performance must agree the approval procedure according to the international

standards such as IEC, ANSI [2, 3] to ensure that the value of measured signal impulse is valid.



The widely-used method in the evaluation of the performances of a high voltage dividers
for impulse voltage measurements is the transient responses of the divider due to an injection of
unit step waveform. However, the procedure in analyzing the results from unit step tests is
normally performed manually, which cause some errors.

It should be useful to develop a computer-aided tool used th calculation processes of the
transient responses from the unit step tests so that the procedure can be more convenient, and

provide more precise judgment in measurements.

1.4 Proposed Solution

In HV measurement techniques, the step response of an HV impulse divider is often used
to characterise the dynamic performances. Although electromagnetic interference, traveling
waves due to mismatch and other effects may influence the experimental step response, the step
response is still enable for operators to render an overall judgment on the quality of the divider for
measuring HV impulse waveforms. To put this judgment on a more quantitative basis, five
parameters of the step response are specified in IEC 60 to approve a divider by the “component
method” [2].

This method of qualifying impulse dividers by their response parameters has, however,
several weak points. None of response parameters is directly related to the error of a divider used
to measure the peak value and time parameters of HV impulses.

Furthermore, the uncertainty of determining the response parameters is of comparable
magnitude as the specified IEC limiting values. A divider may rejected by the “component
method” though it may be accepted by the “comparison method” by which measuring errors of
the divider under test can directly determined [7].

This research work presents computer-aided analysis tool for a calculation of transient
responses of a high voltage divider. The analysis tools are developed on the basis of
MATLAB/Simulink. The results show that the computer—aided analysis tools are able to correctly
predict transient parameters of the high voltage divider, and this will be very useful for impulse
measurements in a high voltage laboratory

The results obtained for three high voltage dividers with two unit step generators were
compared with the values obtained by comparison measurements with a reference divider. The
possibility of replacing the response parameters by this technique for qualifying HV impulse

dividers is discussed.



1.5 Scope of the research work '

This research work is concerned with the evaluation of transient responses of various high
voltage dividers. A computer algorithm is developed using MATLAB/Simulink. The computer-
aided tool, then, is used in the investigation of transient response parameters for high voltage
dividers. i

Finally, the compatibility of the high voltage dividers with three types of impulse voltage

waveforms: full lightning impulses, tail chopped impulses and switching impulses is considered.

1.6 Outline of the thesis

CHAPTER 2 presents conventional high voltage dividers. In this chapter the various high
voltage dividers are used to reduce the high amplitude to a suitable value for a recording device or
low voltage meters.

CHAPTER 3 discusses some requirement of high voltage divider by using unit step
generator which could define the dynamic behaviour of the impulse dividers.

CHAPTER 4 discusses some simulation and experimental results about transient and unit
step response. In this chapter, the simulation results of three study cases were given and
explained.

CHAPTER 5 presents the conclusion of the work and some suggestions for the futures

are point out in this chapter.



CHAPTER 2

HIGH VOLTAGE DIVIDERS

2.1 Introduction 2

A voltage divider is an important high voltage device. The divider is employed to
reduce the amplitude of a measured signal to a suitable value for a record instrument. The
voltage divider consists of high voltage and low voltage units which may be constructed from
resistors, capacitors or a combination between resistors and capacitors. Generally, resistor
voltage dividers are mostly proper for d.c voltage measurements, and also applicable for a use
with a.c voltage measurements with a condition that the power loss is not too much. However
an additional error can occur due to the inductance of the resistor and the stray capacitances. As
a result, in a.c measuring system, the capacitive divider is normally used for measuring both
peak and RMS voltages. For impulse measurements, a capacitive high voltage divider can be
employed with a modification to improve response characteristics using a damp resistor. This is
called damped capacitive voltage divider [6].

It has been shown by many investigators that a distributed parameter network is
probably the best equivalent circuits to simulate the actual high voltage dividers. Generalized
distributed parameter network for a voltage divider is shown in Figure 2.1. A voltage divider os
formed by a large number (n) of elements or sections [1], and the n impedances Z'l in series are
providing the voltage reduction. An equal number of impedances Z'q to earth are distributed
along this column. The input voltage V is, thus, greatly reduced to the low output voltage V,.
The total impedances are then defined by

Z,=Y2 =nz

1 .. Z @.1)
Zq =(ZE_) l =_’_11
q

The number n is equivalent to the voltage ratio V/V, of the divider. The impedance Z_
of the lead may change the ratio of the whole voltage measuring system. The matrix
representation of such a network, which is equivalent to a transmission line network, is well

known. The normalized transfer function may be determined as [1]:



]
bt nsmh;,/Z, (5)/ Z,(s) 02
’ V. sinh\[Z/(s)/Z,(s)

0<—V———>g

z! z, ~
—{— $
z, Z
‘ — I
z,

n elements
f
A

i
I

1 element

Figure 2.1 Distribution parameter equivalent circuits of voltage dividers [1].
The normalized unit step response is:
a.1
&8O =L [-h ()] 23)

Both quantities can be computed and analyzed for different equivalent circuits, for
which the impedances Z', and Z‘q are specified. However, Z'q is always represented by stray
capacitances C'e to earth. This stray capacitance is, thus, assumed to be equally distributed.

There are many types of high voltage dividers employed in industries such as resistive
voltage dividers, capacitive dividers, ect. The following sections will detail the configuration

and equivalent circuits of widely-used high voltage dividers.



2.2 Resistive Voltage Dividers

The best representation of resistive voltage dividers has to insert inductive components
L' of the actual resistor R in series as well as capacitive elements C‘P in parallel to the resistors
(see Figure 2.2). Inductances are inherent with every flow of current due to the magnetic field,

and the parallel capacitors C'p are occurred by the construction of the resistors.

Figure 2.2 Equivalent circuit for resistor voltage dividers. R = nR'; L= nL'; C.= nC'e;

C,=C/mR,=R;L,=L;R,=(-1)R [1].

The normalized transfer function is easily found from equation (2.2) as:

X sinh 1 (R+sL)sC,
n\1+(R+sL)sC,
h(s)=n 2.4
S~ (R+sL)sC,
1+ (R +sL)sC,

The normalized unit step response is:

. cosh(b, 1) + bi sinh(b, 1)

() =142 (-1)* — ; (2.5)
k=l 1+ 2 k272

[




where a=R/2L;

2_2
b = |a* - km 7 3
LC,[1+(C,/C,)kx
k=1,2,3...0
It is clear that resistor dividers are ideal for d.c. voltage measurements. The transfer

function h(s) for high R values and accordingly small value of L / R increases steadily with a

decrease of the frequency. Fors — 0, h(s) =1 and therefore

n R +R,

The ability to measure a.c. voltages as well as the ripple inherent in d.c. voltages
depend upon the decrease of h(s) with frequencies. Since, for all constructions of high ohmic
resistor dividers, the L/R values are lower than about 0.1 ps, and also C, << C,, the controlling
factor of the transfer function is given by the product RC,. Neglecting L and C, in equation (2.4)

as well as in equation (2.5), the transfer function and the unit step response become:

sinh-l— SRC,
h(s)ymn—" (2.6)
sinh \/sRC,
e k27z2
H=1+2) (-1)* exp(- t 2.7
g(O)=1+ E( )* exp( w0 2.7)

where £k =1,2,3..00

The response time T, can be computed as:

RC,
6

Ty = (2.6)




-

R/2

R2 <<R V2

y
V4. ////////1/////// /4

Figure 2.3 Common equivalent circuit representing approximately the distributed parameter

circuit of Figure 2.2 [1].

2.3 Capacitive Voltage Dividers

A treatment of capacitor voltage dividers with stacked capacitor unit is thus justified. The
distributed parameter network is able to simulate the transfer properties. Figure 2.4 shows such a
network, which may encounter all possible circuit elements. The actual stacked capacitors are now
simulated by the capacitance units C', and L taking into account the inherent inductance. The series
resistance R may be used to simulate either only small losses within the capacitor units C', or even real
resistors in series with these units. The small values of stray capacitances are inserted in parallel to the

stacked columns C'p and to ground C'e.

Figure 2.4 Equivalent circuit for capacitor voltage dividers, R = nR‘; L= nL'; C.= nC'c;

C=C/m;C,=C /mR,=R;L,=L;C,=C [1].
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The normalized unit step response is:
c. ® cosh(b, 1)+ ;a~ sinh(b,¢)
2exp(-at) Y (-D* k ; .
810 =1- g ey 2o a)Z( D - ;23

C
where A=[l+-—”+ C. j;a=£

2,2
[l_l___cpk—”] b, = a’ _k27[2A

Pure capacitor voltage dividers are therefore sensitive to input voltages with short rise
times, and the oscillation may occur at the output voltages. Such a capacitance divider within a
whole measuring circuit, i.e. with leads connected to its input, will form a series resonant, and
thus the whole measuring circuit will oscillate.

It is obvious that pure capacitor dividers are not adequate to measure impulse voltages
with a steep front (front chopped lightning impulse voltages) or any highly transient phenomena
(voltage during chopping). Switching impulse voltages or even full lightning impulse voltages,
however, can be properly recorded, if the transient phenomena during the front of the impulse

have disappeared.

2.4 Damped Capacitive Voltage Divider

Damped capacitive voltage dividers have serial connected resistors, so that the internal
self-oscillations can be reduced. In order to reach an optimal transmission behaviour all
components of the voltage divider have to fulfill the following adjustment condition:
R,C,=R C,,.

The possible improvement of pure capacitor voltage dividers is achieved by inserting
real resistor unit in series with capacitor as shown the equivalent circuit in Figure 2.4, and the

same normalized unit step response of this voltage divider is likely to equation (2.8).
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Figure 2.5 shows the equivalent of the parallel-mix resistor and capacitor voltage

divider.
V2 R
R’ R #Ry
I 1 —— {1
Vi

1 il -=- {1
] i J 1 .J_ C
I T T°

Figure 2.5 Simplified equivalent circuits for parallel - mixed resistor-capacitor dividers.

R=10R;C,=C,/nC, =nC,;R, =R’;C, =C, [1].
The normalized transfer function of the equivalent circuit is:

SRC,

n\1+sRC,
h(s)=n (2.9)
SRC,

1+sRCp

sinh

The normalized unit step response is:

=142 (C1)f FCaD (2.10)
80 kz,,( : 1+k27tZCp/C,

k*n?

© RC,(+k*x%C, /C,)

where a,

k=1,2,3...
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2.5 The low voltage (LV) Arm of the Measuring System

The low voltage arm is an integral part of the high voltage divider and that impedances
of this arm are not different from those of a unit of the HV arm. However, if the ratio or scale
factors of HV dividers are large and the dimensions of any low voltage arms are relatively big,
the construction of low voltage arms is somewhat difficult. Therefore, some addition problems
are finally treated concerning adequate construction and layout of the LV of a measuring
system. Many distortions in the response can be related to this part of the system [8].

For voltage dividers used in DC and AC voltage measurements, the design of LV arm
is not critical, if only steady state voltages have to be recorded. However, if any fast transients
have to be transmitted from the voltage divider to the recording instrument, the LV arm of the
divider itself may introduce large disturbances to the response. As a result the adequate
impedance matching is necessary to transmit impulse voltages from the divider to the recording
instrument.

In Figure 2.6, the simplified equivalent circuits for the matching procedures for various
types of dividers are sketched. The signal cable is mainly treated as losses, so that the surge
impedance Z; = m becomes independent of the frequency, and the travel time of
T, = \/L—,,_C_'T . For resistor dividers as shown in Figure 2.6(a), the cable matching is simply done
by a non-inductive resistor R = Z, at the end of the signal cable. The transmission line theory
provides the well known background for this procedure, the reflection coefficient be come zero
and any step voltage appearing across R, is transmitted without any distortion by the cable. As
the input impedance of the signal cable is R = Z,, this resistance is in parallel to R, and forms an
integral part of the dividers Lv. am.

For parallel-mixed resistor-capacitor-voltage dividers the same procedure for cable
matching as shown in Figure 2.6 (a), can be used. A matching resistor R, coaxially designed to
meet the high — frequency requirements, will not reflect energy.

For capacitor voltage dividers as Figure 2.6 (b) or Figure 2.6 (c), the signal cable can
not be matched at its end. A low ohmic resistor in parallel to C, would load the Lv. arm of the
divider too heavily and decrease the output voltage with time. To avoid the traveling wave
oscillations, the cable can be terminated at its input end. A voltage step of constant amplitude at
C, will be halved by R = Z, at the cable input end. This halved voltage travels to the open end
and is doubled by reflection. Thus the original amplitude of the voltage across C, appears at the
input of the recording instrument. The reflected wave charges the cable to its final voltage

amplitude, and is absorbed by R, as the capacitor C, forms a short circuit.
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In reality, C, is of finite value and is therefore discharged during these transient events.
The computation shows that the discharge period is very close to twice the travel time. After
this time, the cable capacitance is charged to the final voltage, and from this can be obtained

two ratios of the voltage divider, namely:

no=—CLg—C-2— fort=0;

1

ne=£%—+—ci fort227,;
1

The signal cable, therefore, introduces an initial overshoot of the voltage of
AV =(n, /ny)-1=Cy /(C, +C,) which may well be neglected for short or medium cable
length, and high value of C,, i.e. high ratios of the voltage dividers. Capacitor dividers are often
used for field testing of transient voltages, and longer cables thus are often necessary. The step
response can be improved by transferring part of the Lv. capacitor C, to the cable end and
connecting it in series with a resistor, as shown in Figure 2.6 (c). This system, first treated by
Burch [4], offers some opportunities to decrease the overshoot effect. Burch proposed to make
both matching resistances equal and R, = R, = Z,. If then the condition C,+C, = C,+C, is
satisfied, the initial and the infinite time value of the voltage become the same, and the original
overshoot of about C,/(C,+C,) is reduced to about 1/6. There are, however, further opportunities
to improve the response as recently demonstrated by Zaengl [4]. For damped capacitor dividers,
the resistors R, and R, necessary within the Lv. arm, shown in Figure 2.6 (d). As R, is very
small in comparison to R,, the value of this matching resistor must only be reduced by the small

value of R,. The methods of Figure 2.6 (c) can be also applied.

R, .

o
|

l
n

Zk;Ck

|
|
1

CRO

9!
™~
=

~

crRo == C,

b~ - -
o
o
I
N
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]
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s

(a) (b)
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Z .
R3 Zk;Ck CI BT
l )
R, R,
I CRO
-1~ C2 CRO C .

(c) (d)

Figure 2.6 Circuits for signal cable matching. (a) Resistor or parallel-mixed capacitor-dividers.
(b) Capacitor dividers, simple matching. (c) Capacitor dividers with compensated

matching. (d) Damped capacitor divider, simple matching [1].

2.6 H.V. Divider in Measurement System

Basically, an impulse voltage measuring system [1, 4] consists of an impulse voltage
generator which is connected to a test object via a lead. These three elements are included in the
voltage generating system as shown in Figure 2.10 the voltage generating system is integrated
with the voltage measuring systems which are composed of a voltage divider, a lead cable
between the test object and the divider, a measuring cable, and a recording instrument. In
addition the measuring system must have an appropriate ground return.

Two important parameters, which are used to evaluate impulse measuring system
characteristics, are scale factors and transient behaviors. According to IEC [2] the scale factors
of the converting device and the transmission system are not varied by more than + 1% for the
ranges of the ambient temperature and given clearance. The transient behaviors must be
adequate for the measuring of the peak voltage and time parameters over the range of

waveforms.
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Figure 2.7 Basic voltage measuring system. (1) Impulse generator. (2) Lead cable to the test
object. (3) Test object. (4) Lead cable to the voltage divider. (5) Voltage divider.
(6) Measuring cable. (7) Recording instrument. (8) Ground return [1].



CHAPTER 3
UNIT STEP RESPONSES OF HIGH VOLTAGE
DIVIDERS

3.1 Introduction

High voltage signals are measured using a measuring system consisting of high Voltage
divider, transmission system and recording instruments. These measuring equipment are to be
calibrated periodically to have accuracy within permissible limits. It involves determination of
scale factor, linearity and its validity range with respect to signal parameters like frequency,
amplitude, and time parameters especially for impulse measuring systems [6]. The time
parameters can be determined by comparing the measuring system under test with another
calibrated reference divider or by using a unit step generator.

In a high — voltage impulse voltage measuring system, unit step response (USR) has
played an important role in evaluating dynamic characteristics of the system. It would be vary

useful if USR of a system can be reasonably analyzed before performing an actual test.

3.2 Unit Step Responses

In the step response method, the voltage or current step is applied to the primary of
measuring system and output is measured across the secondary using a digital or analog
oscilloscope. From the output the relevant parameters of the step response like partial response
time (T¢,), response time (T,), overshoot (B), initial response time (T,) and the settling time (t)
are measured. These parameters shall meet the requirement given in the relevant standard [2,3].

Step response is the output of a measuring system, which a function of time when the
input is a step function. All response parameters under discussion are derived from the step

response.
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The circuit arrangements are as shown in Figure 3.1a,3.1 band 3.1 ¢

= e © R P
Figure 3.1a Figure 3.1b

.

Figure 3.1c
Figure 3.1 Step response measurements for impulse voltage measurement systems

1. The lead is taken vertically and then horizontally to the divider forming a square
loop. In this method the step generator is kept at the ground level as shown in Figure 3.1a.

2. Divider lead is taken diagonally towards ground level where step input is applied
and thus forming a triangular loop on Figure 3.1b.

3. The step generator is kept approximately at the height, which is Same as that of the
divider and lead is taken horizontally to the divider as shown in Figure 3.1c. The metal strip is
connected Between the divider and step generator forming a square loop acting as a return path.

The IEC and IEEE standards recommend that the normal divider lead is drawn
horizontally and provided with a vertical extension to the ground level where the step generator

is placed.

46662
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A voltage divider is constructed from passive components, and can be represented by
two port network as show in Figure 3.1 [10]. The following parts will be mathematical analysis

for such a network [4].

i, o,
”"l [A] lvo
o—| ———o0

Figure 3.2 A two port network for a voltage divider

This 'network has relations between input and output waveform accordance with the

matrix equation (3.1)
[m@q=[An@) An@q.r@@q=Lﬂrz@1 (3.1)
1;(s) Ay (s)  An(s)| | 1o(s) Iy (s)

where [A] is the network matrix of the system defined by this equation.

The measuring system will load the generating system and those the input impedance of
the measuring system is some time necessary. As the output current I, for a voltage dividing
system of HV ratio can not influence the input, the condition I, = 0 can always be assumed.

From Equation (3.1) then the input impedance is:

Vi(s) _ Au(s) (3.2)

4= Ans)

The most important quantity is the voltage transfer function. For I, = 0, this function becomes:

_ Vo(s) _ 1
B =5 o ™ I 3.3)
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It contains the ratio N of voltage dividing system. This ratio is a constant quantity for
low frequencies only and hence we may derive this ratio by
Vi(s)

N= !_U)T(\)[;o(—s):' = }i_l;%[Al 1(s)]= 4, (0) (3.4)

The voltage transfer function, equation (3.3), is conveniently normalized by N. Denoting the

normalization by h(s), we obtain

h(s)= NH(s) = % 3.5)
1

When the input is a unit step and a unit step response output is g(t), the Laplace

transform of g(t) and a transfer function are written as equations (3.3-3.5).

1

3.6
SA“(S)] (3.6)

G@y="L" [-;-H(s)]=L"[

From equation (3.5), the Laplace transform of v,(t) and v(t) are calculated as shown in

equation (3.7).

vo () =LV ()= L [sG(s )V, ()]
A COAON 3.7)

_ d@®*,()
at

The response time, then, can be obtained from

T, = lim[“—f“ll 38)

550
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Transfer functions and unit step responses due to:
1) Resistive dividers
2) Capacitive dividers

3) Damped caPacitive dividers

1e

os}
oa}
¢
07§ ) =1 - - —
2 g+(t) exp( RC',!(S)
08}
g 05}
o4}
1
o3}
- 3
02f [ [ 2.0=1423 (o= 52
o1} 2 ¢
%97 94 @6 o8 1 12 14 15 5 2
} a0’
‘RC’,M'§

Figure 3.3 domparison of the unit step responses with equal response time. (1) For equivalent

circuit Figure 2.2 with equation (2.5). (2) For equivalent circuit Figure 2.3 with

equation (2.7).
4
C=150pF; L= 2.5:H; R=20 0
3r C,=40gF;C, =1 9F
2t
-
"Eo

o 1
10 \/O \/ tas) 100

Figure 3.4 Calculated unit step response for a capacitor voltage divider; equivalent circuit see

Figure 2.4, R = 20Q2; L = 2.5 uH; C = 150 pF; C_ = 40 pF; C,=1pF.
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Figure 3.5 Computed unit step response G,(t) for damped capacitive dividers according to

equivalent circuit Figure 2.4.

C =150 pF; L=2.5uH; C, =40 pF; C,=1pF
()R=250Q
2)R=750Q I
4|— =1000Q
(3)R=1000Q C.
(4) R=2000Q

Figure 3.6 Shows the idealized unit step response g(t) of oscillating system. Whereas
the step response of a low voltage circuit with small dimensions can be easily measured, this is
difficult for HV impulse dividers which are up to 10 m in height and which are unshielded. The
experimental procedure for measuring the step response of a divider is described in [2,3]. In a
square loop arrangement, the divider is connected to the step generator via a horizontal and a
vertical lead, each as long as the height of the divider. But the “experimental step response” so
obtained is, in general, not equal to the step response of the divider in the actual H.V. test

circuit, which is quite different from the step response measurement arrangement.
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Figure 3.6 Normalized step response and its Integral
a) Normalized step response g(t)

b) Response time T as function of t

Furthermore, as the divider is unshielded it is susceptible to electromagnetic
interference. This may lead to bumps or oscillations superimposed on g (t) at the beginning. In
order to eliminate this interference, the present standard [2,3] defines a virtual starting point 0,
by the intersect of the time axis and a straight line drawn as tangent to the steepest portion of the
front of the experimental step response in Figure. 3.2. This definition somewhat arbitrary, and
significant information about g(t) may be lost by replacing its original shape by a straight line.

The impulse voltage divider can measure full and tail — chopped impulses with a front
time T, if the overshoot B and the partial response time T, of the tested impulse voltage divider

should be such that Band Ty / T, are within the shaded of Figure 3.7.
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For measuring impulses hopped on the front in the range of chopping time T, to be
considered. The following conditions should be met:
- the settling should be such that:
t,<Te
- the experimental response time T, and partial response time Ty should be such
that:
Tg-003 T <T,<0.03T,

- dnd the initial distortion time T, should be small so that:

T, <0.005 T,

0.2

Figure 3.7 Overshoot [ as a function of the related partial response time T, / T,

3.3 Transient Response Parameters
The response parameters to be evaluated from the step response of the divider are [11]:
® Virtual origin (O,)
® Experimental time response time (T,,)
®  Partial response time (Ty)
® Settling time( t,)
® Initial distortion time (T, )

L Over{shoot (B)

i
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The initial response time (To) is the area bounded by zero line, the normalized step
response g(t) and the straight line used to determine O, . The overshoot (B) is the ratio of the
maximum value of the normalized step response to unit value.

The partial response time (T) is evaluated by finding out the area under the curve

from virtual origin to the settling level at the first peak. ;
h
T, = j(l— g()dt (3.9)
0

The step response integral T(t) can be found by integrating one minus normalized step

response over. the period of virtual origin to settling level
T
(1) = J'(l— g(@)dr (3.10)
0

Experimental response time T, is the value of the step response integral at t,, .
Ty =Tt )

Where t,,,, is the maximum of the relevant time parameter of the impulse for which the
measuring system has to be approved. The relevant time parameters are taken over nominal
epoch T,. For the impulse measurement it is applicable only for the front part T,= 0.8 ps to
T,=1.2 ps. The experimental response time is taken at T (t,,,,)

Two slopes with the tolerance limit of T + 0.2t and T - 0.2t are drawn from T. The time
t where the last point of the slope intersects with the unit step integral is the settling time t_.

The requirements for reference measuring systems accordance to the IEC [2] are:

An overall uncertainty of less than = 1 % for the measurement of the peak value and
less than + 5% for the measurement of the time parameters of full and tail chopped lightning
impulse voltages, switching impulse voltages or impulse current.

An overall uncertainty of less than & 3 % for measurement of the peak value and less

than + 5 % for measurement of the time parameters of front — chopped impulse voltage.
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The satisfactory performance of reference measuring system shall be shown by
comparative measurement at high voltage or current against a measuring system which is itself
traceable through national or international comparisons. The scale factor shall be established
with an uncertainty within £ 0.5 %

Alternatively the performance of a reference measuring system can be shown by the
measurement of the scale factor with an uncertainty of + 5 % and the measurement of the unit
step response. The response parameters should satisfy the following requirements as shown in

Table 3.1.

Table 3.1 The response parameters for reference measuring system

Parameters Full and tail Front-chopped Switching Current

chopped lightning | lightning impulses | impulses impulses

impulses
Experimental
<15ns <10ns - -
response time T,
Settling
<200 ns < 150 ns < 10ps -
tirnle t,
Partial response
< 30ns < 20ns .- 0.1T,
time Tq

Initial distortion
. <25ms == ---

time T,




CHAPTER 4

EXPERIMENTAL RESULTS

4.1 Introduction W

In thjs chapter, the evaluation of transient response behaviours of impulse voltage
dividers, the analysis tools are developed on the basis of MATLAB/Simulink, which employs
Wavelet transform to reduce noise signals of the measured impulse voltage, before computing
the unknown' parameters with an algorithm based on MATLAB as show in Figure 4.1, and
Daubechies 20 is selected as a mother wavelet for a filter process [6].

The results show that the computer-aided analysis tools are able to correctly predict
transient pardmeters of the high voltage divider, and this will be very useful for impulse
measurements in a high voltage laboratory, by comparing the measurements which were carried
out proved that the calculated values of the response characteristics lie very closely to the

reference measuring systems.

4.2 Measurements of Transient Response Parameters for High Voltage Dividers

An impulse voltage measuring system consists of a high voltage divider, a unit step
generator ancf a lead line as shown in Figures 4.1-4.3. Three high voltage dividers are employed
in the investigation, USG is a unit step generator or a pulse generator (PG) having a zero output
impedance. Occasionally, a damping resistor (R,), which is not indicated in Figures 4.1-4.3, is
inserted between lead and the unit step generator. The lead line is a band wire to reduce
inductance in a HV lead, and the grounding of the step voltage generator and the ground plane is
connected by a vertical metal sheet of 2 m width as shown in Figures 4.1-4.3.

In th:is research, the computer program is used to calculate the unit step response
parameters and verify three measuring systems using two unit step generators (USG), which
produced by two companies: as Dr. Strauss’s USG that having a rise time less 10 ns and other
one came from Heafely’s produced which having a rise time 3 ns. Two USG are used in this
thesis to evaluate the response parameters of impulse voltage dividers, and then compare the

results with the reference measuring system as mentioned in the national standard [2].
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There are three models for measurements of unit step response of high voltage dividers

as shown in the Figures below:

(2) (b

Figure 4.1 Test circuit arrangements for divider A with difference USGs
(a) Model A with Dr. Strause USG
(b) Model A with Haefely USG

(b)

Figure 4.2 Test circuit arrangements for divider B with difference USGs
(c) Model B with Dr. Strause USG
(d) Model B with Haefely USG
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(a) (®

Figure 4.3 Test circuit arrangements for divider C with difference USGs
() Model C with Dr. Strause USG
(f) Model C with Haefely USG

Divider A is a shielded capacitive voltage divider (Figure 4.1) with 4200 pF which is a
reference divider at KMITL high voltage laboratory. The divider has a rated voltage of 200 kV
for standard lightning impulse.

Divider B is a 100 kV capacitive divider (Figure 4.2) with 420 pF for high voltage arm
and without shielding ring at the top of high voltage electrode; used in the high voltage
laboratory at Chulalongkorn University.

Divider C is a 200 kV damped capacitive voltage divider (Figure 4.3) with 420 pF and
176 Q for high voltage arm and without shielding ring at high voltage electrode; used in the

high voltage laboratory at Chulalongkorn University.

4.3 Transient Response Parameters Calculation

The computer-aided analysis tool for a calculation of transient responses of high
voltage dividers is constructed for this research. The analysis tool is developed on the basis of
MATLAB/Simulink, the Wavelet transform is applied to get rid of needless noises super-
imposed on the step response waveforms. The approximation signals on scale 5, 8, 9 are nor-
malized for a lead resistance 0, 30, 100 and 120 Ohms respectively, and all transient parameters,
then, are analyzed.

Signals such as image and speech have different characteristics at different time or
space, i.e., they are non-stationary. Most of the biological signals too, such as, Electrocar-

diogram, Electromyography, etc., are non-stationary. To analyze these signals, both frequency
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and time information are needed simultaneously, i.e., a time-frequency representation of the
signal is needed. To solve this problem, The Wavelet Transform, which was developed in the
last two decades, provides a better time-frequency representation of the signal than any other
existing transform. Wavelets provide convenient sets of basis functions for function spaces, like
the Fourier basis consisting of sine and cosine functions. Wavelsts also oscillate and their
curves yield zero net area. But they are "small waves" as they are localized in time. The
wavelets are better suited to represent functions that are localized both in time and frequency (it
requires fewer terms than the Fourier analysis).

The developed program function is shown as a flow chart in Figure 4.4. The unit step
responses measured using a digital oscilloscope are employed as and input for the computer
aided tool.

The tesponse parameters to be evaluated from the step response of the high voltage
dividers are: a virtual origin (O,), an initial distortion time (T), a partial response time (T), an
experimental response time (T), an overshoot (f3) and a settling time (t,). Firstly, the data file of
unit step resp[onse are imported from DSO or a disk drive and then, performing a normalization
of the step response waveform at level zero to one unit or (per unit level). The Wavelet
transform is nsed as a filter, and then starting to evaluate unit step response waveform using
interpolation equations.

As defined in the standards [2, 3], the virtual origin O, of the step response is the
intersection vlvith the time axis of a straight line drawn as a tangent to the steepest portion of the
front of the step response. In the case of a response with oscillations in the front, a mean curve
is drawn through the oscillations and this mean curve is used to determine the tangent line. Any
initial distortion is neglected when drawing a tangent line.

The steepest portion is found by finding out the slope between two consecutive points.
After finding out the steepest portion, a tangent is drawn to the curve at the steepest point and is
extended to intersect the base level. The point of intersection is taken as virtual origin (0,).

The! initial distortion time (T,) is the area bounded by zero line, the normalized step
response g(t) and the straight line used to determine (O,). The overshoot (B) is the ratio of the
maximum value of the normalized step response to unit value.

The partial response time (T¢) is evaluated by finding out the area under curve from
virtual origi,n to the setting level at the first peak. The experimental response time (T,) is the

value of the step response integral at t,,, . Two slopes with the tolerance limit of T + 0.2t and
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T - 0.2t are drawn from T. The time t where the last point of the slope intersects with the unit

step integral is the settling time t. Finally all parameters of the unit step responses are

displayed.

( start ) R

A 4

Select and input data of step respons
1. From DSO
x 2. From disk drive

Normalize the step response
waveform at level 0 to 1 unit

A 4

\ Filtering the input data to reduce
: noise signals using Wavelet

=

A

. Evaluate unit step response waveform
by interpolation

Find the virtual origin 0,

.

Find a point which has a maximum
slope on the fitted curve

Change value of the

Level of the interpolation?
The value of slope?

Find the unknown parameters
1. Find the initial response time (To)
which is the area bounded by zero line.
2, Find the partial response time (T,)
3; Find the experimental response time (Ty)
4] Find the last intersection of T(t) and Ty+0.02t, (

'

t:)
5, Find the maximum values of the normalized step

C Display B, To Ta, Ty )

END

Figure 4.4 Flow chart of the developed program using MATLAB/Simulink

{
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The oscillations can be partly related to the travel timez = \/Za-, as a unit step
voltage applied to the input end of such a ladder network can travel along the column. If the
voltage amplitude is not reduced to zero value when the earthed L.v. part is reached, this will be
reflected excifing oscillations across the last column element, the Lv. part [1].

Pure capacitor voltage dividers are therefore sensitive to ifiput voltage with short rise
times and the output voltage may oscillate with non-oscillating input voltages. Such a
capacitance divider within a whole measuring circuit, i.e. with lead connected to its input, will
form a series resonant circuit and thus the whole measuring circuit will oscillate. Thus it is
obvious that pure capacitor dividers are not adequate to measure impulse voltages with a steep
front (front chopped lightning impulse voltages) or any high transient phenomena (voltage
during chopping).

The unit step responses of the divider A with and without damping resistors are shown
in Figures 4.5-4.10. The two unit step generators are used in the experiments for a comparison.

While Figures 4.11-4.18 illustrate results obtained from dividers model B and model C.

15} ﬂ -
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Figure 4.5 M:éasurement USR waveform of divider A with Dr. Strauss USG in Figure 4.1,

for R =0
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Figure 4.6 Measurement USR waveform of divider A with Dr. Strauss USG in Figure 4.1,
for R,=30 Ohm
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Figure 4.7 Measurement USR waveform of divider A with Dr. Strauss USG in Figure 4.1,
for R, =100 Ohm



2 1 l T L L
1.5¢ ﬁ -
1h c .
=
05¢p .
0 b i
-0.5 IL 1 1 1 1
D 5 10 15 20
Time - 10-6
Figure 4.8 Measurement USR waveform of divider A with Haefely USG in Figure 4.1,
forR =0
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Figure 4.9 Measurement USR waveform of divider A with Haefely USG in Figure 4.1,
for R;=30 Ohm
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Figure 4.10 Measurement USR waveform of divider A with Haefely USG in Figure 4.1,
for R, =100 Ohm
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Figure 4.11 Measurement USR waveform of divider B with Dr. Strauss USG in Figure 4.2,
for R;= 0 Ohm
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Figure 4.12 Measurement USR waveform of divider B with Dr. Strauss USG in Figure 4.2,

for R ;=30 Ohm
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Figure 4.13 Measurement USR waveform of divider B with Dr. Strauss USG in Figure 4.2,
for R;= 120 Ohm

35



1.6 T ¥ T ¥ T L]

1.4} | .

1.2

~ 0.8}

&«

0.6 .

0.4} .

.2} .

1 ). 1 i
0.2 0.4 0.6 0.8 1 1.2 t.4
Time [s] <10

Figure 4.14 Measurement USR waveform of divider B with Haefely USG in Figure 4.2,
for R;= 0 Ohm
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Figure 4.15 Measurement USR waveform of divider B with Haefely USG in Figure 4.2,
for R;=30 Ohm
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Figure 4.16 Measurement USR waveform of divider B with Haefely USGin Figure 4.2,
for R,;= 120 Ohm
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Figure 4.17 Measurement USR waveform of divider C with Dr. Strauss USG in Figure 4.3,
for R;=0 Ohm
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Figure 4.18 Measurement USR waveform of divider C with Haefely USG in Figure 4.3,

for R;=0 Ohm
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From unit step responses of three dividers shown in Figures 4.5-4.18. USR parameters

which are Tg (partial response time), T, (experimental response time), t, (settling time), and 8

(overshoot), are calculated summarized in Tables 4.1-4.3. There are slight differences between

USR parameters, which obtained from Dr. Strauss unit step generator and Heafely unit step

generator as shown in Tables 4.1-4.3.

Table 4.1 Calculated USR parameters for divider A

Dr. Straus USG Haefely USG
Parameters
R,=0Q R,=30Q | R;=100Q | R,=0Q R,=30Q | R,=100Q
T, [ns] 0.635 4.28 2.11 1.59 3.7 1.05
T [ns] 67.891 90.22 283.67 63.53 90.93 334.84
Ty [ns] -59.379 33.345 282.87 -72.57 43.16 334.57
T [ps] 3.61 0.898 1.01 2.38 0.865 1.05
B [%] 84.6748 33.51 0.4604 95.74 26.58 0.143




Table 4.2 Calculated USR parameters for divider B
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Dr. Straus USG Haefely USG
Parameters
R,=0Q | R,;=30Q |R,=120Q | R;=0Q | R,=30Q | R,;=120Q
T, [ns] 7.10 7.77 3.84 7.60 7.78 8.69
Ty [ns] 36.50 46.90 88.40 36.90 48.80 86.70
Ty [ns] -55.24 50.30 86.60 -70.30 52.10 86.70
T, [us] 991.40 270.50 228.10 1672.50 276.30 249.01
B [%] 38.83 20.28 0.61 41.92 19.46 0.17
Table 4.3 Calculated USR parameters for divider C
Dr. Straus USG (system E) Haefely USG (system D)
Parameters
Rd =0 Ohm Rd =0 Ohm

T, [ns] 2.99 2.65

T, [ns] 42.33 46.50

T, [ns] 37.53 39.90

ts [ps] 237.00 263.20

B [%] 3.05 2.99

The results from Tables 4.1-4.3, can be compared the response parameters with the

reference measuring systems which can be obtained the results as shown in Tables 4.4-4.6,

which accordance to the IEC recommendation [2]. For measuring full lightning and tail chopped

impulses with a front time T,. The overshoot 3 and the partial response time T, should be such

that B and Ty/ T, are within the shaded area of the Figure 4.19 and for measuring switching

impulse the settling time t, should be less than 10 ps.



Figure 4.19 Overshoot (B) as function of Te/ T,

0.2

Table 4.4 Comparative USR parameters for divider A with two unit step response generators

Results from Results from Dr.
Haefely Types of waveforms to be Strauss
Rdal USG for divider A measured USG for divider A
To/T, Blper unit) To/T, Blper unit)
0.0566 | 0.8468 | 5 | Full lightning impulse | x | 0.053 0.957
0 100113 08468 |+ | Tail-choppedimpulse | 4/ | 0011 | 0957
t, < 10us \j Switching impulse \/ t, < 10ps
0.0752 03351 | » | Full lightning impulse | / | 0.076 0.266
30 | 0.0150 | 03351 | /| Tail-choppedimpulse | 4/ | 0.015 0.266
t, < 10us \/ Switching impulse \/ t. < 10us
0.2364 | 0.0046 | » | Full lightning impulse | % | 0.279 0.001
100 | 0.0473 | 0.0046 | /| Tail-choppedimpulse | 4/ | 0.056 | 0.001
t, < 10ps \/ Switching impulse \/ t, < 10us

\/ = The accepted value of a comparison

X = The unaccepted value of a comparison




Table 4.5 Comparative USR parameters for divider B with two unit step response generators
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Results from Results from Dr.
Haefely Types of waveforms to be Strauss
R 086 for divider B measured USG for divider B
To/T, | Bloerunit 1 To/T, Blper unit]
0.03042 | 0.38800 \/ Full lightning impulse \/ 0.03075 0.41917
0 0.00608 | 0.38800 \/ Tail-chopped impulse \/ 0.00615 0.41917
t, <10ps '\/ Switching impulse \/ t, < 10us
0.03908 | 0.20280 \/ Full lightning impulse \/ 0.04067 0.19460
30 0.00782 | 0.20280 \/ Tail-chopped impulse \/ 0.00813 0.19460
t. < 10us \/ Switching impulse \/ t, < 10us
0.07367 | 0.00610 \/ Full lightning impulse \/ 0.07225 | 0.00171
120 | 0.01473 | 0.00610 | / | Tail-chopped impulse | / | 0.01445 | 0.00171
t, < 10ps | Switching impulse | 4/ t, < 10ps

Table 4.6 Comparative USR parameters for divider C with two unit step response generators

Results from Results from Dr.
Haefely Types of waveforms to be Strauss
Rlal USG for divider C measured USG for divider C
To/T, | Blperunit To/T, Bper uni)
0.03528 | 0.02990 Full lightning impulse \l 0.03872 0.02986
0 0.00706 | 0.02990 Tail-chopped impulse \/ 0.00774 0.02986
t, < 10ps \/ Switching impulse \/ t, < 10ps

In Tables 4.3-4.5, it is found that a good damping resistor for divider A, B and C for
each models are: 30Q and 1202 for dividers A and B. In addition, there is no damping resistor
for divider C because the influence from high voltage leads and electromagnetic builds

surrounding the divider can be neglected.



CHAPTER 5

CONCLUSION AND FURTHER WORK

The measurement of high voltage transients requires a means of reducing the high
voltage signal to levels which are compatible with data recording equipment. The measurement
devices which accomplish this reduction are known generically as voltage dividers and ideally
they should scale the signal to a smaller value without distortion. These dividers, however,
invariably introduce some distortion of the input signal, due to inadequate bandwidth or
aberrations such as overshoot. This distortion may be negligible or totally unacceptable,
depending on the allowable error associated with the particular measurement requirement.

A method is proposed for determining the correct settling level of the step response by
which the great uncertainty in the evaluation of five parameters such as the experimental
response time T, the partial response time T, the initial distortion time T, the over shoot § and
the settling time t; can be reduced to tolerable values. The method has been shown to be
effective for resistive, capacitive and damped capacitive dividers.

The computer-aided analysis tools for an evaluation of transient responses of high
voltage divider have been proposed. The unit step responses of three high voltage dividers are
used as an input for this computer-aided tool. The analysis algorithm on the basic of
MATLAB/Simulink has been developed to predict T,, Tg, Ty, T, and P of the high voltage
divider. Wavelet transform has been used in order to get rid of needless noises from the
measured signals. The results obtained from this computer-aided tool can be used as an
indicator to decide whether the high voltage divider under consideration are appropriate for
impulse measurement when considering B and the ratio of Ty/T, with a standard
recommendation.

The results of investigations in this thesis may be useful in the evaluation of the
transient response parameters. However, apart from the theoretical significance of any
parameters in characterizing the divider transfer error, the difficulties and uncertainties when
evaluating the response parameters from experimental data must also be considered. In addition,
other alternatives for predicting the performance of high voltage dividers in impulse voltage
measurements, such as a frequency responses or convolution methods should be taken into

consideration in the further work.
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ABSTRACT

This paper presents two computer-aided analysis
tools for a calculation of transient responses of & high
vohage divider. The analysis tools are developed on the
basis of Labview and MATLAB. The results show that
both computer-aided analysis tools are able to comrectly
predict transient parameters of the high voltage divider,
and this will be very useful for impulse measurements ina
high voltage laboratory.

Keywords: Step response, High voltage dividers
1. INTRODUCTION

A voltage divider is an important high voltage device.
The divider is employed to reduce the amplitude of a
measured signal to a suitsble value for a record
instrument. The voltage divider consists of high voltage
and low voltage units which may be constructed from
resistors, capacitors or a combination between resistors
and capacitors. Generally, resistor voltage dividers are
mostly proper for d.c voltage measurements, and also
applicable for a use with a.c voltage measurements with a
condition that the power loss is not 100 much. However an
additional error can ocour due to the inductance of the
resistor and the stray capacitances. As a result, in ac
measuring system, the capacitive divider is normally used
for measuring both peak and RMS voltages.  For
impulse measurements, a capacitive high voltage divider
can be employed with a modification to improve response
characteristics using a damp resistor. This is called
damped capacitive voltage divider [1, 2, 3, 4].

2. IMPULSE YOLTAGE MEASUREMENTS

An impulse voltage is a transient signal, which
usually rises rapidly to a peak value and then falls more
slowly to zero. An impulse voltage divider is required to
measure the peak value, the time parameters and the
overshoot or the oscillation of the impulse waveform. The
impulse voltage divider performance must agree the
approval procedure according to the international
standards such as JEC [2), ANSI [3] to ensure that the
value of measured signal impulse is valid.

Basically, an impulse voltage measuring system (1, 4]
consists of an impulse voltage generator which is
connected to a test object via a lead. These three clements
are included in the voltage generating system as shown in
Fig. 1. The voltage generating system is integrated with
the voltage measuring systems which are composed of a
voltage divider, a lead cable between the test object and
the divider, & measuring cable, and a recording
instrument.  In addition the measuring system must have
an appropriate ground return.

Voltage generating  Voltage measuring

<
<

>
»

]
1
)
'
'
i
'
i
.
'
'
'
’

Fig. 1: Basic voltage measuring system [4].

(1) Impulse generator. (2) Lead cakle to the test object,
(3) Test object. (4) Lead cable to the voitage divider. (5)
Voliage divider. (6) Measuring cable. (7) Recording
instrument. (8) Ground return.

Two important parameters, which are used to evaluate
impulse measuring system characteristics, are scale
factors and transient behaviors. According to 1EC [2] the
scale factors of the converting device and the transmission
system are not varied by more than = 1% for the ranges of
the ambient temperature and given clearance. The
transient behaviors must be adequate for the measuring of
the peak voltage and time parameters over the range of
waveforms. Usually, the transient behavior can be
evaluated from the parameters obtained from unit step
responses. IEC provides a recommendation on the test
circuit for determining the unit step response as shown in
Fig 2.
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Flg. 2: Step response measurement for voliage
measwrement sysiems. [2]

(1) Unit step function (2) Lead (3) Tested impulse voliage
divider (4) Measwring cable (5) Recording instrument.

The required parameters of the step response which
are evaluated, consist of the experimental response time
Ty, the partial response time Ta, the initial distortion time
To. the over shoot B and the settling time ts. The definition
of the parameters is described in IEC [2]. These
parameters from the step resp g(t) are ined as
illustrated in  Fig 3.

er- Comon ta Te andT,

| 1 S
Ttz
/
N )
! &
m Nty T~ g0 ¢

Fig. 3: Parameters gf the unit step response.
a) Normalized step response g(t)
b) Response time T as function of |

The response time T is give by the following equations:
2]

Ty = Ju=gionar M
9

With g(t) as a function of the measured signai.

For other p s, the calculation can be
performed manually with the output response provided
from the tests, Generally, a voltage divider can measure
full and tail-chopped impulses with a front time of T, if
the overshoot § and the ratio of Ta/T, the tested impulse
voltage divider are within the shaded area as shown in

Fig4.

Fig. 4: Overshoot B as a function of the related partial
response time Ta/T,

3. COMPUTER AIDED TOOLS AND RESULTS

To evaluate the transient behavmrs of lhc lmpulse
voltage divider, two aided tools are develop
The first tool employs the capability of the xoolboxcs of
Labview program to eval all p the
second nne employs Wavele( tnnsform to reduce noise
signals of the Hage, before
computing the unknown ymunaen with an algorithm
based on MATLAB. Daubechies 20 is sclected as a
mother wavelet for a filter process.

The input for these two analysis tools are obtained
from capturing a unit step response of a commercial high
voltage divider. The arrangement of test circuit is detailed
inFig 5.

Flg. 5: Test circuit arrangement
(1) Unit step generator (2) A high voitage divider
(3) Lead with adjustable resistor

The unit step signals were applied 1o the measuring
system with a lead resistance 0, 30 and 100 Ohms
respectively. The output at the low voltage arm of the
high voltage divider as a response due to the unit step
input was measured. Fig 6 shows output responses due
to several lcad resistances.
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The unit step response of high voltage divider, then,

XL P
f —+- were imported as input fites for the two computer-aided
L= analysis tools. For the Labview-based tool, the input files
ok * are lized and all transient parameters are analyzed
* v using an algorithm developed on the basic of toolboxes
10 LE] L provided by Labview package.
SmTITe Por the MATLAB-based tool, the Wavelet transform
0.5 is applied to get rid of needless noises superimposed on the
m step response waveforms. The approximation signals on
2.0 H . scale 5, 8, 9 are normalized for a lead resistance 0, 30 and
o b “ Lol Ll 08 100 Ohms respectively, and all ient p , then,
Tme alyzed
Flg. 6: Step response signal at various lead resistance are an g
values.
2
1.9
as)
0
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(a) Labview

(b) MATLAB

Fig. 7: The evaluated step response parameters at the lead resistance value of 0 Ohm.

(a) Step response paranielers determination on Labview

(b) Step response parameters determination on MATLAB
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(b) MATLAB

Fig. 8: The evaluated siep responss parameters at the lead resistance value of 30 Ohm.

(a) Step response paramelers deiermination on Labview

(b) Step response parameters determination on MATLAB
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10088 -4

(@) Labview

(b) MATLAB

Flg. 9: The evaluated step response parameters af the lead resistance value of 100 Ohm.

(a) Step response parameters determination on Labview
(b) Step response parameters determination on MATLAB

Tablel: Step response paramelers compared benveen two computer-aided (ools

Labview MATLAB
Parametess [~ — 55T ¢~ 300 | Re= 1000 | R3=0Q | Ry=302 | R,= 100
Tl | 3B | 055 | 559 159 17 105

Ty [ns] 68.30 97.18 33829 63.53 90.93 334.84

Ty [ns] 6391 49.22 33787 -72.57 43.16 33457

Tg [us] 239 0.866 105

2.38 0.865 1.05

B%] 96.30 25.54 4.35

95.74 2658 0.143

The resuits obtained from the proposed computer
-aided apalysis are summarized in Table 1. There are
slightly different values of two tools such s, the initial
distortion time T, and the overshoot p. This due to that
there is a noise reduction process for MATLAB
algorithm before starting calculations while such e
process is not included in Labview applications. It can be
seen that all these transient responses of a high voltage
divider under investigations give the ratio of TwT,
within the applicable range for standard impulse
measurements in both lightning impulses (1.2/50ys) and
switching impulses (250/2500ps)

4, CONCLUSIONS

The two computer-aided analysis tools for an
evaluation of transient responses of high voltage divider
have been proposed. The unit step responses of a high
voltage divider are used as an input for these two
computer-aided tools. The analysis algorithm on the
basic of Labview and MATLAB have been developed to
predict To, To, T, T, and B of the high voltage divider.
Wavelet transform has been used in order to get rid of
needless noises from the measured signals. The results
obtained from the computer-aided tools can be used as
an indicator to decide whether the high voltage divider
under consideration is appropriste for impulse
measurement when considering B and the ratio of T/T,
with a standard recommendation.
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Circuit diagram and equipments used in a high voltage loboratory

Unit Step Generator

High Voltage Lead
| g g

|LAARARATAREARARRARRRRRRRRR RN

{ PN
] Rd /&
Voltage Divider
E Oscilloscope
Ja 7\
U \
Ground return i
~ ! AT X

Circuit arrangement for the experimental test
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Dr. Strauss unit step generator Haefely unit step generator

Two unit step generators to enject step pulse in to high voltage divider

.

200 kV, Capacitive divider 100 kV, Capacitive divider 200 kV, RC divider

Three High Voltage Dividers used in this research



YOKOGAWA
DL1640(200M$/s, 200 MHz)

Digital Oscilloscope

PC computer used for evaluating data from
Digital Oscilloscope
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Appendix C

MATLAB Program for Evaluation of Unit Step Response Parameters of High Voltage Dividers

% %% %% %55 for test00.txt%55555555
signal = input ('Please enter a network:');
Length = size (signal);
scale = input ('Please enter a scale wavelet:');
time = signal(:,1);
temp_ampitude = signal (:,2);
[aa bb] = size (time);
delta_time = (time (aa)-time (1))/aa;
%time= time1-+delta_time;
% nor_ampitude=temp_ampitude;
% nor_ampitude=(temp_ampitude/temp_ampitude(aa));
temp_avg = mean (temp_ampitude (9000:10000));
nor_ampitude = (temp_ampitude/temp_avg);
temp_min = nor_ampitude (1);
%[temp_min round min] = min(nor_ampitude);
iftemp_min>=0
up_ampitude = nor_ampitude-temp min;
elseif temp _min <0
up_ampitude = nor_ampitude + abs (temp_min);
end
ampitude = up_ampitude / (1+abs(temp_min));
% amplitude=nor_ampitude
%ampitude=(nor_ampitude/nor_ampitude(aa));

% save ampitude.txt ampitude -ascii



Yotigure(1)
%plot(time,ampitude)
% %original signal
y0=0.00;
y30=0.3;
y90=0.9;
y98=0.98;
y100=1;
y102=1.02;
%%%%%%%% %% % %% %% %% Wavelet transform %%%%% %% %% %% %% % %% %%
ss = ampitude;
mother ='db20";
m = 10; %scale = 4;
[c,]] = wavc;dec (ss, m, mother);
for j=1m
LF_signal(:,j) = (wrcoef{'a’,c,],mother,j));
end
y = LF_signal (:,scale);
% figure(1)
%plot(time,y),grid;
save output.txt y -ascii
count0 = 0; count30 = 0; count90 = 0; count100 = 0;
Ref_time0 = 0; Ref time30 = 0; Ref time90 = 0; Ref _time100=0;
count_j=0;
countdownO = 0; countdown90 = 0; countdown30 = 0; countdown100 = 0;
for j = 1:(length(time)-1)
x1 =time(j); x2 = time(j+1) ;
yl =LF _signal(j,scale) ; y2 = LF_signal(j+1,scale);
%  yl=ampitude(j) ; y2=ampitude(j+1);

count_j=count_j+1;
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%% %% %% %% %% %%%%% find 0 percent of unit step by interpolation%%%%%%%
if (y1 <=y0) & (y2 >=y0))
x0 = x1+(((y0-y1) / (y2-y1)) * (x2-x1));
Ref_time0 = Ref time0+1;
count0 = count0+1; “
rec_timeQ (Ref_time0) = x0;
round_x0 (Ref time0) = count _j;
elseif ((y1>=y0) & (y2 <=y0))
xdownO = x1+ (((y0 - yD/(y2 - y1)) * (x2 - x1));
Ref_time0 = Ref_time0 + 1;
countdownO = countdown0+1;
rec_timeQ (Ref_time0) = xdown0;
round_x0 (Ref time0) = count_j;
%% %% %% %% %% %%%%% find 100 percent of unit step by interpolation%%%%%%%
elseif ((yl <=y100) & (y2 >=y100))
x100 = x1+(((y100 - y1) / (y2 - y1)) * (x2 - x1));
Ref_timel00 = Ref timel00 + 1;
count100 = count100 + 1;
rec_timel00 (Ref time100) = x100;
round x100 (Ref time1l00) = count _j;
elseif ((y1 >=1y100) &(y2 <=y100))
xdown100 = x1+ (((y100 - y1) / (y2 - y1)) * (x2 - x1));
% Ref time90 = 1;
Ref timel00 = Ref timel00 + 1;
countdown100 = countdown100 + 1;
rec_timel00 (Ref_time100) = xdown100;
round_x100 (Ref_time100) = count j;
end

end
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rec_time0;
rec_timel00;
round_x0;
round_x100;
%% %% %% %% %% %% %% %% find virtual origin of a step response %%%%%%%%%
Ref origin = 0; count_j = 0;
for j=round x0(1) : round x100(1) + 1
temp_ox1 = time (j); temp_ox2 = time (j + 1);
temp oyl =LF signal (j, scale); temp_oy2 =LF_signal (j + 1, scale);
temp_downl = y0; temp_up = y100;
count_j=count_j+ 1;
diff ox = abs (temp_ox2 - temp_ox1);
diff oy = abs (temp_oy2 - temp_oy1);
slop = (diff_oy / diff_ox);
Ref origin = Ref origin+ 1;
rec_slop (Ref_origin) = slop;
round_origin (Ref origin) = count_j;
end
[max_slop row_slop] = max (rec_slop);
round_slop = row_slop+round x0(1)-1;
max_slop_oy =y (round_slop);
max_slop_ox = time (round_slop);
diff oynew = (max_slop_oy - y0);
ol = max_slop_ox - (diff_oynew / max_slop);
round_ol = round_slop-round ((max_slop_ox - 01) / diff_ox);
newtime = time(round_ol : round_slop);
y_linel = y0; Ref line = 0; count_j = 0;
for j = round_ol-1:round_slop
x_linel = time (j); x_line2 =t ime (j+1);

diff linex = abs (x_line2-x_linel);
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y_linel =y _linel + (max_slop * diff linex);
count_j =count_j + 1;
Ref line = Ref line + 1;
y_new (Ref line) =y linel;
round_line (count_j) = count_j;
end
figure (2)

% cct=time(round_x0:aa)-time(round_ol);

% cct2=time((round_o1-1):round_slop)-time(round_ol-1);
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)

% subplot(2,1,1);plot(time(round_x0:aa),y(round_x0:aa),time((round_ol-

1):round_slop),y new)

% subplot(2,1,1);plot(cct,y(round_x0:aa),cct2,y_new)

subplot (2,1,1); plot(time(1:aa), y(1:aa), time((round_ol-1):round_slop), y_new)

start_to =0;
for j=round x0(1):(round o1-1)

temp_xtol = time (j); temp_xto2 = time (j+1);

temp _ytol =LF_signal (j, scale); temp_yto2 = LF_signal (j+1, scale);

temp_downl = y0; %temp_up = y100;
diff wtol = abs (temp_xto2 - temp_xtol);
diff ltol = abs (temp_down1 - temp_ytol);
diff 1to2 = abs (temp_down] - temp_yto2);
diff_Ito = diff_ltol + diff_lto2;
area_tol = 0.5 * diff_wtol * diff_lto;
start_to = start_to + area_tol;
end
start_to; count_j =0;
for j = (round_ol - 1) : round slop - 1
count_j=count_j+ 1;

temp_xto3 = time (j); temp_xto4 = time (j + 1);

temp_yto3 = LF _signal (j, scale); temp_yto4 = LF_signal (j + 1, scale);
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temp_down2 =y new (count_j); temp_up =y_new (count_j + 1);
diff wto2 = abs (temp_xto2 - temp_xto1);
diff lto3 = abs (temp_down2 - temp_yto3);
diff_lto4 = abs (temp_up - temp_yto4);
diff ItoS = diff Ito3 + diff ltod; »
area_to2 = 0.5 * diff_wto2 * diff_lto5;
start_to = start_to + area_to2;
end
total to=start to; % the initial distortion time.
%%% %% %% %% %% find area up and down 100 percent unit step %%%%%:%%%%%%
sum_area = zeros (size (rec_time100));
for jj = 1:(length(rec_timel00) - 1)
for j = round_x100(jj) : round x100(jj + 1)
temp_w1=time (j); temp_w2=time (j+1);
temp 11=LF _signal (j, scale); temp_I12=LF_signal (j+1, scale);
temp_downl=y100; temp_up = y100;
diff w1 = abs (temp_w2-temp_w1);
diff 11 = abs (temp_downl- temp_11);
diff 12 = abs (temp downl- temp_12);
diff 1= diff 11 + diff 12;
area = 0.5 * diff wl * diff |;
sum_area(jj) = sum_area(jj)+area;
end
end
tri_area = 0;
%for j = round_x0 (1):round x100 (1)
for j=round_ol:round x100(1)
temp_wl = time (j); temp_w2 = time (j+1) ;
temp_11 = LF_signal (j, scale) ; temp_12 = LF_signal(j+1, scale);

temp_downl=y100; temp_up = y100;



diff wl = abs (temp_w2 - temp_w1);
diff_11 = abs (temp_down1- temp_11);
diff 12 = abs (temp_downl1- temp_12);
diff 1=diff 11 + diff 12;
area_tri = 0.5 * diff wl * diff [; -
tri_area = tri_areatarea_tri;
end
total _area=tri_area; % The partial response time T alpha
sum_area;
for i = l:length(sum_area)
round ch =rem (i,2);
if round_ch=1
total_area = total area - sum_area (i);
elseif round ch=0
total area = total_area + sum_area(i);
end
end
total_area; = % Experimental response time
% %% %% % %% % % %% %% tind setting time %%%%%%%%%%%% %%
Ref_ts =0; ts_area = 0; count_j = 0;
for j = round_ol:(length(time)-1)
temp_xts1 = time (j); temp_xts2 = time (j+1);
temp_ytsl = LF_signal (j,scale) ; temp_yts2 = LF_signal(j+1,scale);
temp_down = y0; temp_up = y100;
diff_xts = abs (temp_xts2-temp_xts1);
diff_yts1 = abs (temp_up-temp_yts1);
diff yts2 = abs (temp_up-temp_yts2);
diff_yts = diff_yts1+diff yts2;
area_ts = 0.5 * diff_xts * diff yts;

count_j = count_j + 1;
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if (temp_down <= temp_yts1) & (temp_up >= temp_yts1))
ts_area =ts_areatarea_ts;
Ref ts=Ref ts+1;
rec_ts_area (Ref ts) =ts_area;
round_ts(Ref ts) = count j; 3
elseif ((temp _down <= temp_yts1) & (temp_up <= temp_yts1))
ts_area =ts_area-area_ts;
Ref ts =Ref ts+1;
rec_ts_area (Ref ts) =ts_area;
round_ts (Ref ts) = count_j;
end
end
%%%% %% find linear ts 0.02 %%%%%%6%%%%%%%%%% %% %% %%

Ref ts2 = 1; count_ts = 0; ttt =rec_ts_area;

for j = round ol(1) + 1:(length(ttt) - 1)
temp_xts5 = time (j); temp_yts5 = total_area(1);
% temp_yts5=rec_ts_area(l);
Ref ts2=Ref ts2 +1;
count_ts=count_ts + 1;
temp_lts (1) = time (round_ol);
temp_lts (Ref ts2) = temp_xts5;
y_ts_positive = temp_yts5 + ((0.02 * temp_Its (Ref ts2)) - 0.02 * temp_lts (1));
y_ts_neg =temp_yts5 - ((0.02 * temp_lts (Ref_ts2)) - 0.02 * temp_lts (1));
rec_lts_positive (1) = temp_yts5;
rec_lts_neg (1) = temp_ytsS5;
rec_lts_positive (Ref_ts2) =y_ts_positive;
rec_lts_neg (Ref ts2) =y ts_neg;
round_lts (Ref _ts2) = count_ts;

end
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%% %% %% %% % %% %% find ts %% %% %% % %% %% %555
x_ts = time (round_o~: (length (time) - 1));
x_lts = time (round_o1 (1) (length(ttt) - 1));
data_area_ts=rec_ts_area; %%%%% y-axis %%%%%%%%
data_time_area_ts=x_ts;  %%%%% x-axis %%%%%%%% ..
round_time_area_ts=round_ol; %%%%% row start of x-axis %%%%%%%
data_linear_ts_pos=rec_lts_positive'; %%%% data of linear positive or y-axis %%%%
time_linear_ts_pos=x_lts; %%%%%%%%%% time start of linear positive or x-axis %%%%
round_time_linear_ts_pos=round_o1(1); %%% row start of linear positive or x-axis %%%%
data_linear_ts_neg =rec_lts_neg’; %%%%%data of linear negative or y-axis %%%%%
time_linear ts negs =x_lts; %%%%% time start of linear negative or x-axis %%%%%
round_time_linear ts_neg=round ol(l); %% row start of linear negative or x-axis %%
chk_ts = 0; chk_area = 0; count_j =0; i=0;
for j = round_ol(1) + 1:(length(ttt)-1)
i=i+1;
time_xts = time (j); time_next_xts = time (j+1);
curve_impulse = data_area_ts (j); curve_next_impulse=data_area_ts (j+1);
curve_linear pos = data_linear_ts pos (i);
%curve next linear pos=data_linear_ts_pos(i+1);
curve_linear_heg = data_linear_ts_neg (i);
%curve_next_linear_neg=data_linear ts neg(i+1);
time_new (i) = time_xts-(time(round_o1+1));
count j = count j+1;
diff_curve_up = abs (curve_impulse - curve_linear_pos);
diff_curve_down = abs (curve_impulse - curve_linear_neg);
diff up (i) = diff curve_up;
diff down (i) = diff_curve_down;
if diff_up(i) > diff_down(i)
diff(i) = diff_down(i);
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else diff(i) = diff_up(i);
end
if i=1
temp_aa = diff (i);
temp_bb = time_new (i) ;
elseif temp_aa > diff(i)
temp_aa = diff (i);
temp_bb=time_new (i);
end
% setting_time = temp_bb-time (round o01); %%%%%%% setting time %%%%%%%%5555
setting time = temp_bb;
end
%%% %% % %% %% %% % % %% %% %% find overshoot %%%%%% %% % %% %
temp_B = max(y);
B = ((temp_B - y100)/y100) * 100;
%% %% % %% % %0 %% % %% % % % %o %% % % %6 % % %0 %6 % % % % %% % % %% %6 % % Yo% Yo
%% % %% %% %% %% % %% %% %% show Output %%%%%%%%%%
B %%%%%% overshoot %%%%%%%%%
setting_time %%%%%%%% setting time %%%%%
total_area %%%%%% TN %%%%%%%%% %%
total to  %%%%%%%% To %%%%%%%%%%
tri_area %%%%%%%% T-Alfa %%%%%%%%%%%%
ol %%%%%%%%%%%% virtual origin %%%%%%%%%%5
x_ts = time (round_o1 :( length (time)-1))-time (round_o1);
temp_lts = time (round_o1 (1) :( length (ttt)-1))-time (round_ol);
subplot(2,1,2);
plot(x_ts,rec_ts area,x ts,total areatemp lts,rec_lts_positive,temp_lts,rec_lts_neg);

tsemp = rec_ts_area';
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