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ABSTRACT 

of a modelThis investigation involves the development and analysis 

Instrumentationof an electronic signal processor used in the Advance 

for Reflood Studies Program, The electronic circuit is based on a 

concept of Dr. M. J. Roberts at the Oak Ridge National Laboratory. 

The purpose of the signal processor is to measure the impedance and 

changes in impedance of a two-phase flow inside a reactor during a 

reflood process. This measurement provides information about the velocity 

and void fraction of the flow. However, an exact analysis of the system, 

based on feedback theory, can be difficult, since the transfer function 

that expresses the system response is dependent on an impedance measure 

ment taken in the feedback path pf the signal processor. 

This thesis presents a model which approximates very closely the 

actual electronic system. The model is based on a voltage-to-vol tage 

transfer function approximation which is analysed using standard feedback 

system analysis. 

Experimental results confirm the validity of the model developed 

and are also presented in this thesis. 
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CHAPTER 1 

INTRODUCTION 

The objective of this thesis is to develop and analyze a model of 

an electronic system that measures two-phase flow parameters. The 

development work was conducted under the Advance Instrumentation for 

Reflood Studies (AIRS) program at Oak Ridge National Laboratory (ORNL). 

The AIRS Electronic System was developed by E. G. & G. Oak Ridge 

Operations under contract 62X-45745V to the Nuclear Division of Union 

Carbide Corporation. 

The function of the AIRS Electronic System is to measure three-

dimensional two-phase flow parameters in the upper plenum and core of two 

German and two Japanese pressurized-water reactor loss-of-coolan t 

accident in nonnuclear reflood test facilities. AIRS is part of the 

national program on water reactor safety sponsored by the United States 

Nuclear Regulatory Commission, and is also part of the joint 3-D program 

the United Stateson reflood studies involving Japan, West Germany, and 

[1]. 

1.1. Scope of Work 

This thesis will present a development of a model which approximates 

here willvery closely the AIRS Electronic System. The work presented 

be organized as follows: 

1 
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Chapter 2 covers the method used to measure the two-phase flow 

inside the reactor when a loss-of-coolant accident 

occurs, and some previous experimental work. 

System.Chapter 3 deals with the analysis of the AIRS Electronic 

In this chapter, a description of the Roberts loop 

is made. Oscillation stability analysis and closed-

loop frequency response are studied based on the 

model developed. 

Chapter 4 presents the system performance and the scheme used 

to measure the transient response of the system. 

This test was performed with both the actual system 

and the model developed. 

be consideredChapter 5 describes the important points that must 

when optimizing the system. 

furtherChapter 6 states some conclusions and suggestions for 

work. 



CHAPTER 2 

BACKGROUND 

2.1. Measurement of Two-Phase Flow 

accidentMeasurement of two-phase flow starts when a loss-of-coolant 

the fuel elementsoccurs, and the emergency coolant begins to reflood 

inside the reactor, This reflood phase begins to cool the fuel rods. 

which are at extremely high temperatures, During this quenching, the 

flow appears in two phases, steam and water, To study this reflood 

to the total volume).process, the void fraction (ratio of volume of steam 

and the velocity of the flow must be known. Analysis predicts that this 

two-phase flow condition generates a change in the impedance of the fluid 

that a method toinside the reactor, thus, leading to the conclusion 

A method wasdetect the impedance and change in impedance was needed. 

developed at ORNL to detect these impedance changes involving the 

been found to haveinsertion of a probe into the flow. This probe has 

with a resistor;an impedance consisting of a capacitance in parallel 

therefore, the probe impedance may be represented as 

2 _ R I_L = ] (2.1)
probe Ija)C ^ 

resistiveHowever, the probe is basically capacitive, and the 

in the water usedcomponent is mainly due to the impurities contained 

for the reflood process. Analysis determined that values of probe 

since thecapacitance could change over an 80 to 1 dynamic range 

differentdielectric constant of water is about 80, thus creating 

3 
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[2].impedance measurements for the steam to water variations 
small voidConsequently, analysis was made, and it was found that at 

fractions, the conductance (1) varies according to changes in the void 

fraction; however, at high void fraction with no water bridging, there 

is a small amount of water and the changes in conductance are negligible, 

then Eq. (2.1) can be approximated by 

1 
(2.2)|Z| probe jwc 

occurHere small changes in the capacitive part of the impedance 

when water or steam passes through the electrodes of the probes, and 

correlation between two sensors can be used to infer information about 

the velocity and direction of the flow [2]. 

SomeThe probes developed at ORNL can take many configurations. 

are characterizedsmall probes called "prong probes," and "flag probes," 

by all-air capacitance values of 0.1 to 1.0 pF. Another type, somewhat 

larger, are called "string probes," and have all-air capacitance values 

shown infrom 2.0 to 12.0 pF [1]. These different configurations are 

Fig. 2.1. 

Problems were encountered in the fabrication of these probes due to 

the thermal stress they must withstand (600° to 900° Celsius) at quench 

in a very short period of time, thus implying that special materials 

were needed (ceramic coated) to operate at these sudden changes in 

temperature. Due to the high temperatures, the electronic signal 

between theprocessor is at a remote location so that interconnections 
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(b) Flag probe 

Figure 2.1. Different probe configurations 
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(d) String probe 

Figure 2.1. (continued) 
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system and the probe were needed, To reduce electromagnetic interference, 

special triaxial cable was used. 

2.2. Previous Experimental Work 

at ORNL inEarly studies were conducted by Roberts and others 

laboratory experiments using the air-water and steam-water loop facili 

were simulated andties, where impedance changes in the two-phase flow 

measured. 

ofThe work presented here was directed by Dr. T. J. Paulus 

and furtherE. G. & G. Oak Ridge Operations and is a continuation 

development of the earlier work at ORNL. All the experiments presented 

in this thesis used a capacitor to simulate the probe capacitance and 

changes in probe capacitance in the two-phase flow. 



CHAPTER 3 

FREQUENCY RESPONSE ANALYSIS OF AIRS 

ELECTRONIC SIGNAL PROCESSOR 

3.1. Introduction 

The operation of the Roberts loop will be described in this chapter, 

and the dependent current source approximation (Ke ) used to develop 

the electronic model will be discussed. Oscillation stability analysis 

and calculated and experimental closed-loop response are also presented 

based on the model developed. 

3.2. Description of the Roberts Loop 

The principle of the Roberts loop is to produce an analog output 

voltage proportional to the magnitude of the impedance of the probe in 

the two-phase flow, The complete schematic of the electronic loop and 

phase detection circuit is shown in Fig. 3.1. 

The Roberts loop can be interpreted as a circuit that is capable of 

indicating an impedance change by incrementing an output voltage, In 

simple terms, the Roberts loop can be interpreted as an integrator with 

circuit and thetwo major feedback loops. One defined by the probe 

is shown in aother by the integrator's network. This interpretation 

functional diagram in Fig. 3.2. The input signal to the integrator is 

a fixed dc voltage ). The output voltage of the integrator(V set 

feedbackdepends on both, the dc input voltage and the equivalent 

impedance of the integrator. This feedback impedance changes as probe 

8 
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change in the output voltage of the(Cp) variations occur causing a 
integrator circuit. 

and itsReferring to Fig. 3.2, the integrator Op Amp is 105 

and R13integrating circuit is composed of 06 (integrator capacitor) 

and 07 (compensating and shaping network). Resistor R13 and capacitor 

07 are chosen to shape the transient response of the system. 

The probe is coupled to the integrator circuit using a signal 

derived from the 100 KHz sine wave reference signal, requiring both 

modulates themodulation and demodulation. The output of the integrator 

100 KHz sine wave in the multiplier circuit (106). The output of the 

multiplier is connected to a driver stage (107) whose voltage gain is 

is a 100 KHzunity set by R15/R14. Thus the signal fed to the probe 

sine wave whose amplitude is proportional to the voltage at the output 

of the integrator. 

The probe couples the 100 KHz signal into the input of a charge 

sensitive preamplifier (102) which detects the ratio of probe capacitance 

to a reference capacitance. The feedback components of 102 are R^-j 

which provides a dc path, and the reference capacitors O^-j and 0^^ 
101 whichwhich set the voltage gain. A switch controls the relay 

0switches 0 for large values of probe capacitance. The value off2 fl 

and 0 The 
f2 will be referred to as 0^ in the succeeding chapters. 

voltage gain of 102 will be dependent on the value of probe capacitance 

(Op) and 0^, being approximately Op/0^. 
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The ICS circuit is a bandpass filter which helps reject any low 

frequency signal from power lines. The AC coupling furnished by Cl and 

C4 provides additional low frequency rejection. 

A variable gain stage (IC4 circuit) follows the bandpass filter. 

The voltage gain of this circuit can be varied by adjusting R7. 

Following the gain stage, a half-wave rectifier is present (Ql). 

Resistor R8 sets the amount of current into the emitter of Ql. Under 

normal operation, the output voltage of IC4 is at 2 volts peak sine wave 

(modulated signal). The function of D1 is to compensate the transistor 

voltage drop of 0.6 volts. The output of the half-wave rectifier is 

filtered by C5 and is also fed to the integrator circuit (IC5) through 

Rll. 

The probe circuit is composed of the modulator (multiplier) and 

demodulator (rectifier) sections, and consists of: the multiplier, 

input stage, bandpass filter, a variable gain stage, and a rectifier. 

The voltage levels from the output of the preamplifier to the input of 

the rectifier are held at constant amplitude. This is explained in the 

following matter: assume that during normal operation the output of the 

integrator is 10 volts signal for a minimum value of probe capacitance 

cause a decrease(Cpmin); then, an increase in probe capacitance will 
in the output voltage of the rectifier and the loop will correct the 

output of the integrator to keep the constant amplitude mentioned pre 

viously. The output voltage of the integrator is inversely proportional 

to the value of probe capacitance in the two-phase flow. 



13 

isSection 3.3 will explain in more detail how an approximation 

made, which will lead to the model development, This approximation is 

valid when the modulating signal is much slower than the carrier signal. 

3.3. The K e
-ST 

Approximation 

In the preceding section it was noted that the output voltage of 

the integrator acts as the modulating signal of the system, which is 

inversely proportional to a probe capacitance change in the two-phase 

flow. to occur at aThese probe capacitance changes have been expected 

maximum frequency of IKHz [3]; which means that a maximum modulating 

frequency would be about IKHz. 

Previous analysis done by Dr. T. V. Blalock [4], at The University 

section can beof Tennessee, show that the modulation-demodulation 

approximated by a constant K times a delay in time defined by 

0 
c 

(3.1)
"^d ■ 2Trf^ • 

modulationThis same time delay must exist also for the low frequency 

signal which flows around the entire loop, Therefore, for the "loop 

signal" 

e ®cm 
(3.2)'^d 2TrT 

loop 

thus 

e 
m 

where fc is the carrier frequency, and 0 is the total phase shift of 
m 
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if thethe modulation-demodulation section at the modulation frequency f 

frequency,modulation frequency is much slower than the carrier The 

form asconstant K times a delay t can be expressed in Laplace 

-ST
Ke 

The modulation-demodulation section is composed of the probe circuit 

as mentioned in the previous section, If the sum of the phase shifts in 

the delay t will bethe probe circuit at the carrier frequency is small, 

can be approxialso very small, thus the modulation-demodulation section 

mated only by the constant K. To find the amount of phase shift in the 

modulation-demodulation section, it is necessary to investigate the 

frequency response of each of the stages that constitute the probe 

circuit. This investigation follows. 

Amplitude modulation is accomplished with an analog multiplier. 

oscillator whichThis multiplier has two inputs, one provided by an 

100 KHz, and thegenerates a 10 volt peak sine wave at a frequency of 

The first one is theother is the output voltage of the integrator, 

carrier wave and the second one is the modulating wave, The input to 

the multiplier from the oscillator can be expressed as [5] 

(3.3)= Ecp sin t 

where E carrier 
cp is the peak value of the carrier wave and f^ is the 

frequency. The modulating signal is described by 

(3.4)Em = V^[1 + sin Eny] 
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where is the peak modulating signal and is the modulating frequency. 

The output of the multiplier is defined by 

V .IeIc
o(mult) c 

= V E (3.5)sin Zirf^ t + VQE^,p(sin 27Tf^t)(sin 27rf^t)0 cp 

where c is a constant equal to 10 for this multiplier, Equation (3.4) 

ascan also be expressed using trigonometric identities 

V E 

'^o(mult) 

V.E V E 

. ^ cos 2.(f^ - fjt -
0 
2
^ 

cos 27r(f^ + fj^)t . (3.6) 

From Eq. (3.5), it can be seen that is composed of two sine waves 

are the sumwith frequencies different from either E^ or E^. They 
frequency f + f , and the difference frequency f - f . Note that the 

^ III ^ III 

carrier is also present. These resulting frequencies are called upper 

and lower side frequencies. Figure 3.3 shows a block diagram of the 

multiplier and its frequency spectrum. 

One input to the multiplier is held constant, the carrier signal 

(oscillator), while the other is varied at the modulating frequency (Cp 
change). A typical first order response for this case, will have 45° 

For thisphase lag at the -3db frequency, f^, of the multiplier. 
multiplier, the -3db frequency is 100 KHz. Wait et al, show that at 

as [6]frequencies well below f^, the phase shift can be estimated 

e 
mult = -

'̂o rad for f«fQ . (3.7) 
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and frequency spectrum (b) 



17 

where fo is the -3db frequency, and f is the modulating frequency. 

that the phase shift of the multiplier isEquation (3.7) implies 
than the carriernegligible when the modulating signal is much slower 

signal. 

by a driverThe output of the multiplier (AM signal) is followed 

driving a diamondstage which is composed of an operational amplifier 

and thedriver power amplifier. The gain of this stage is unity, 

frequency response is well beyond 100 KHz. The amount of phase shift 

of this driver stage is also negligible. This stage drives the signal 

to the probe location. 

The preamplifier section (input stage), that follows, has an output 

signal proportional to the capacitance ratio of the probe to a reference 

capacitance. The Laplace transfer function of the preamplifier is 

defined by 

_ V2 _ 
SRC

p
Hi = (3.8)

Vi " S+ 

RC^ 

section andFigure 3.4 shows a simplified schematic of the preamplifier 

the Bode plot. 

A bandpass Sallen-Key active filter follows the input stage. Figure 

3.5 shows a simplified circuit diagram of this filter. The Laplace 

transfer function of the active filter is defined by [6] 

C KoINO 

H (3.9)
(S) n

BPF 
+ S r 1 + _j_ + _L + (i-Ko) + ^ Ra 

RiCi R3C1 R3C2 R2C R3C1C2 
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or in a simplified form 

Hs 
H (3.10)
(s) BPF + sai + ao 

The resonant frequency too is 

a 0 
rad/sec (3.11)“0 = \J i 1 

and the Bandwidth (BW) 

BW = ai (3.12) 

The Q factor is 

/a0 _ too
Q = BW ’ 

(3.13) 
ai 

and the gain at resonance Ho is expressed as 

Ko
Ho = (3.14)

3-Ko 

where Ko is the d.c. gain 

Rfz
Ko = + 1 (3.15)

Rfi 

Therefore, the characteristics of the bandpass filter (substituting the 

component values) are 

5(1451772.74)
H (3.16)
(s) BPF + 5(436495.53) + (4.0699 x lO^M 

where 

too 100 KHz (3.17) 

https://5(436495.53
https://5(1451772.74
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BW == 70 KHz (3.18) 

(3.19)Q 1.43 

(3.20)Ko 2.3 

(3.21)Ho 3.3 

At theThe frequency response of the filter is also shown in Fig. 3.5. 

100 KHz carrier frequency the gain is approximately 3.3 with a phase 

shift of about 4 degrees. However, the phase shift of the filter is 

adjusted to 0° by R3. 

A variable gain stage follows the filter. Fig. 3.6 shows a simple 

schematic of the variable gain stage, The gain stage provides a constant 

output voltage of approximately 2 volts peak to the input of the 

rectifier (demodulating) section when the loop is in normal operation. 

The gain (Ag) of this stage is defined by 

-R
Vout f 

Ag = (3.22)
Vin Ri 

The frequencywhere R^ is the total feedback resistance selected. 
response of this gain stage is well beyond 100 KHz with a negligible 

phase shift at 100 KHz. 

This gain section is followed by the demodulation stage. 

This detectorDemodulation is performed by an envelope detector [7]. 

uses a half wave rectifier. The equivalent circuit is shown in Fig. 3.7. 

The input peak voltage is held constant at about 2 volts. Therefore, 

the amount of current provided from the collector of Q1 is 

I (3.23) 
m TT 
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The rectified output voltage at the collector of Ql is approximately 

-3.1 volts. The resistor R2 and capacitor C2 define the ripple voltage 

of the demodulated signal. The ripple factor is determined by [8] 

RF = (J0R2C2 = 2TrfR2C2 (3.24) 

A plot of ripple factor as a function of toRC is shown in Fig. 3.8 [8]. 

The output of the rectifier is fed to the integrator circuit 

(shown in Fig. 3.9). The voltage at node Vi is maintained at a virtual 

ground, therefore, R3 can be neglected in the calculation of loop trans 

mission. When there is a probe capacitance change, the output of the 

rectifier creates a fluctuation in current, which makes the voltage at 

the V..„ node of the integrator be different from the d.c. set voltage
in 

(Vset)> thus, creating the error signal that is integrated and propor 

tional to the probe change. The Laplace transfer function of the 

integrator is 

V 
out (1 + S R2C2)

H (3.25)(S),mt. ■ —-
in R2C2C1

Ri(C2 + Cl) s(l + s 
Cl + C2 

Equation (3.25) can also be expressed in terms of the -3db critical 

frequencies associated with each pole and zero in the s-plane (Laplace 

form). Substituting component values and expressing Eq. (3.25) in the 

frequency domain gives 

(1 
H = 9469.7 (3.26)(jf).int 
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where 

1
fz = 13.1 KHz (3.27)

2tt • Ra • Ca 

and 

(Cl ^ C2) 247 KHz (3.28)fpi = 2tt • Ra • Cl • Ca 

The Bode plot for the integrator circuit is also shown in Fig. 3.9. 

shift in theIt is interesting to note that the sum of the phase 

of 100 KHz.probe circuit is relatively small at the carrier frequency 

Neglecting the small delay in time t, defined previously, the probe 

since thecircuit can be represented by a dependent current source 

output current of the rectifier is dependent on the output voltage of 

the integrator (input to the multiplier) to drive the specific probe 

incapacitance. Any change in the rectified voltage caused by a change 

an errorprobe capacitance will inject more current, thus creating 

voltage signal at the input of the integrator. 

Since the delay time is small, the dependent current source 

approximation (probe circuit) can be represented only by the constant K. 

Figure 3.10 shows the block diagram of the probe circuit as a dependent 

current source. Using this approximation (probe circuit as a dependent 

current source) the Roberts loop can be simplified by replacing the 

of thecurrent source Fig. 3.10 in the schematic diagram interpretation 

loop shown in Fig. 3.2; this is shown in Fig. 3.11. 
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on theFigure 3.11 shows the model of the Roberts loop (based 
-ST The next section will showK e approximation) which will be analyzed, 

how the value of K is obtained for certain values of probe capacitance 

related to its corresponding output voltage. 

3.4. Definition of "K" as a Dependent 
Current Source 

The K e
-ST 

approximation will permit, as mentioned before, and 

This section will show how theeasier analysis of the Roberts loop, 

value of K is derived from the probe circuit. Referring to Fig. 3.10, 

K can be described by 

Ho • Ag • 
1 

(3.29)
Cf TT • 383 

where Cp is the probe capacitance, Cf the reference capacitance. Ho the 

gain of the bandpass filter at resonance (100 KHz), Ag the gain of the 

1 
variable stage, and is the gain of the rectifier. The it factor 

7T • 383 

in the denominator is introduced due to the halfwave rectification of 

the sine wave (half a complete 2tt cycle). 

to set theThe value of Ag (variable gain) must be calculated 

input voltage (peak) of the rectifier at a constant value. This input 

rectifier demoduvoltage defines the amount of current provided by the 

lation section, which sets a voltage level equal to the d.c. set voltage 

with opposite polarity. 

Figure 3.12 shows the circuit diagram used to calculate Ag. The 

d.c > which will•voltage at Vi (Fig. 3.12) must be approximately -3V 

set the input of the integrator at zero volts d.c. allowing any error 



31 

I 

O 
O 

1 

CX5 

lO 

AAA 
ID 

I 

I 
< 
LU 
Gl 

o 
• 

■a 
O' -nAA 

CM 

LO 

Ln 

cn 
<C 

O) 

I rO 

U 

I 

<+-
a: 

as 
U 

o 

“O 
OJ 
t/) 

q: 

3 
U 
S-

o 

o. 
CD 

CO 

CO 

II 

CM 

CO 

<u 
s-
3 

a> 

I 

I 
M-
O 

Q. M-

O |o 

I 

Q. 
O 

I 

X 



32 

The current needed from thesignal to be created for a change in Cp. 
rectifier (I ) can be calculated by simple circuit analysis: 

m 

I - ■|2V . ^ , iIL = 1.7 mA (3.30) 
m " Ok 100k 100k 

d.c. theThis current will set Vi to approximately -3 Volts Therefore, 

Vin (peak) = x 383 x tt 2.048V peak . (3.31) 

This input voltage (Vin(peak)) is also a function of Vx (refer to 

Therefore,Fig. 3.10) which is the output voltage of the driver stage. 

Vin (peak) can be expressed as 

Vin (peak) = (3.32)Vx • ^ • HO • Ag . 
For the case of V is equal to 10 volts. Replacing the values 

X 

known and solving for Ag we have 

(2.048) 
Ag = (3.33) 

Vx • Cp • (3.3) 
Substituting values in Eq. (3.29) K is 

K (3.34)= Cp(1.702 X lO"**) . 

current sourceEquation (3.34) shows how the value of the dependent 

approximation is described. Note that Eq. (3.34) depends on the probe 

capacitance. This implies that for a particular value of Cp an output 
voltage can be set. The settings for (or |Z|) are selected forV out 

a 10 voltthe specific probe capacitance. If for a value of Cp, 
be 1 volt. Thus,output is selected, then for 10 Cp the output would 
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to the probethe output voltage of the system is inversely proportional 

value of K to
capacitance, because an increase in Cp will cause the 
increase which increases the voltage Vi (Fig. 3.12). Since the loop 

will try to maintain a virtual ground at the integrator input, the 

output voltage of the integrator must decrease to keep the preamplifier 

The output of thestage output constant for the new Cp/C^ voltage gain. 
thus this C valuesystem can be set to 10 volts for any value of C , 

r r 

becomes , 
pmm and for any increase by a factor of 10 in Cp the output 

voltage will decrease also by a factor of 10. 

3.5. Oscillation Stability Analysis 

a smallA system is said to be stable against oscillation if 

impressed disturbance, which itself dies out, results in a response 

which dies out. A system is unstable if such disturbance results in a 

response which goes on indefinitely and increases until it is limited 

by a nonlinearity in the system [9]. Bode analysis is often used to 

study the magnitude and phase angle of the system, In this type of 

analysis, a negative feedback system will be stable if the phase angle 

does not exceed 180° when the magnitude is equal to or greater than 

unity. The phase margin, PM, is given by 

PM = 180° - ZJL (3.35) 

where XT is the angle at which the loop transmission magnitude (|T|) 

is unity [8]. 
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theTo determine the loop transmission T, we need to break 

loading effects, insert aclosed-loop at a point without any change in 

test voltage V^, and observe how much signal returns (V^). The loop 

gain then is defined as 

V 

T (3.36) 

matter:Referring to Fig. 3.11, T is calculated in the following 

a) The loop is broken at the input of the dependent 

current source, leaving the integrator in a closed 

loop form, 

b) Inserting a test voltage and observing the 

voltage returned. 

The circuit used for stability analysis is shown in Fig. 3.13. The 

open loop gain of the operational amplifier used at the integrator is 

10\ 

The transfer function for loop gain analysis can be interpreted as 

(Refer to Fig. 3.13) 

T = Vi 

Vt 
V 

(3.37) 

where 

V 'mt 
(3.38)v7—r; 

and 
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K(Ril|R2 (3.39)y = K (R.IIR.II^) = 1 + sCi(Ri11R2) 
L 

Substituting Eq. (3.39) into Eq. (3.38) gives 

V ^int= . K(RiI|R2) (3.40)
R2 1 + sCi(Ri||R2) • 

The integrator impedance is calculated as 

1 + SR3C3
Z. (3.41)
int 

R3C2C3
s(C2 + C3)(l + s 

C2 + C3 

Substituting Eq. (3.41) into Eq. (3.40) in terms of jf yields 

jf(1 + fz 
T = (3.42)^mid 

jf(1 + i^)(' + 1^)Pi 

where 

(3.43)^mid - - 2.r!(c!''N7T ° ’ 
1 

== 13.1 KHz (3.44)fz = 2tt R3C3 

1 
580 HZ (3.45)^1 " 271 Ci(Ri||R2) " 

(C2 + C3) 
== 247 KHz (3.46)

Ztt R3C2C3 

frequenciesThe frequencies f^, fp-j, fp2 constitute the -3db critical 
of the pole-zero constellation of the loop transmission. The term jf 

in Eq. (3.42) is the critical frequency associated with the pole at 

s = 0 in Laplace form (pole at the origin). 

https://R.IIR.II
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willIt is interesting to note that different loop transmissions 

This factor is introduced in the
be obtained for several values of Cp. 

for.eachK term which is dependent on the output voltage (integrator) 

C„ affecting T„. .. However, the pole-zero constellation of T remains 
p ^ mid 

fact that K is aunchanged. These changes in T^..^ are caused by the 
therefore,function of Cp and as Cp increases K will increase, 

increasing T Table 3.1 shows the importantmid by the Cp factor. 
points from the Bode analysis found using a computer program (see 

Appendix A). 

Figure 3.14 shows the Bode plot of T and the phase vs Cp values of 
IpF, lOpF, and lOOpF. 

The loop transmission was also found using computer analysis 

are shown(PCAP) in the IBM 360/65 (see Appendix B). These results 

in Fig. 3.15. Results from computer analysis and Bode analysis agreed. 

theAs expected, the pole-rzero constellation of T defines 

stability of the system. Chapter 5 will mention how changes in the 

poles and zero causes certain changes in the closed-loop frequency 

response. 

3.6. Closed-Loop Frequency Response 
Calculations 

The closed-loop transfer function of the Roberts loop for the 

impedance measurement can be expressed by 

A 
Vout 

(3.47)cl 
s 
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to the fact that anHowever, finding this unusual form is difficult, due 

impedance measurement is being taken in the feedback loop. 

obtainThe idea behind the development of the model is to a 

transfer function that uses an electrical signal equivalent to a probe 

of circuitimpedance change. Once this is accomplished, all methods 

analysis can be used to calculate the system performance. 

can be used.Several methods of introducing the electrical signal 

or the useFor example, the injection of current into the preamplifier, 

of two electrodes, which have a certain value of capacitance, having a 

motor. This motormoving part between the electrodes controlled by a 

which controlscould change the capacitance as the speed of the motor, 

of thesethe moving part, is increased. However, the implementation 

methods can be difficult. Alternatively, the insertion of a voltage 

source could be used to measure a transfer function which could be then 

analysed using standard feedback system analysis. The place to intro 

duce the voltage source must be carefully considered. The voltage 

source can be placed at any point in the network and a transfer function 

obtained; however, the most logical place to introduce it would be at 

be possiblethe dc set point (V^g^). At the point it would also 
not just to compute closed-loop response, but also to implement transient 

responses equivalent to changes in probe capacitance. Using the 

approach of the voltage source at the set point makes easier experi 

mental calculations and computer analysis; consequently, this method 

was used. Figure 3.16 shows the closed-loop model of the Roberts loop. 

The closed-loop response can be described by 
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V 
out ZillZ.-int 

(3.48)\l " V. 
in R4 

is thewhere 1\ is the probe circuit transfer impedance and 

integrator impedance. 

The probe circuit impedance, Zi, can be calculated in (refer to 

Fig. 3.17) the frequency domain as 

, - 'out.= - n +L\ (3.49)
i 
fl K(Ri||R2) ^' f^i 

domainwhere f is the critical frequency associated with the Laplacezl 

zero. The frequency f^^ is 

1 
(3.50)^zl ■ 2tt • Cl • (R1IIR2) ■ 

The integrator network (Z^^^) is given by 
ifV (1 +

out 1 1 fZz
Z_. = (R3 + (3.51)
int I SC3 SC2 2Tr(C2 + C3)fl 

defined before by Eq. (3.44), (3.45), and (3.46). 

Substituting Eq. (3.51) and Eq. (3.49), after algebraic 

manipulation, into Eq. (3.48) we get 

- ^ ^ 

\l = 

[R2(27r)(C2 + C3)] jf(l + i^)(l + ^) + K(Ri||R2)(1 + if 
fZ2 

(3.52) 

OpAmp , 
in 

, „^0pAmp ,Assuming A 2^_0pAmp 
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Equation (3.52) represents the closed-loop transfer function (in 

model, Due to itsfrequency space) approximation for the Roberts loop 

complexity, the electronic signal processor was simulated using a digital 

computer (PCAP program, IBM 360/65), where the frequency response was 

lOOpF). These plotsobtained for different values of Cp (IpF, lOpF, and 
results.will be shown in the next section with the experimental 

3.7. Experimental Closed-Loop Response 

system differsThe closed-loop response (A^-j) of this electronic 
due to the factgreatly in comparison to most ordinary feedback system, 

and, consequently,that a parameter (Cp) in the feedback path is changing 
change is accountedcreating different A^icl responses. In the model the 

for in the K term. 

Frequency response of the closed-loop system was taken by inserting 

a sinusoidal wave at the set point and observing the output voltage such 

that 

''o 
(3.53)^cl " ■ V. or A^^ = 20 log |A^^ 

in 

The theoretical closed-loop response was calculated by the computer 

with a sine wave input at the set point (see Appendix C). 

at the setFigure 3.18 shows how the bias level was maintained 

point, Results of the experimental and calculated closed-loop gain are 

to IpF, lOpF, andplotted and shown in Fig. 3.19 for values of Cp equal 
lOOpF. 
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be divided intoReferring to Fig. 3.19, the frequency response can 

three different regions. The first one being the linear region that 

extends in this case to about 200Hz, the second region composed of the 

peaking in the response, and the third one the high frequency region 

for the system (beyond 30 KHz). 

The linear region, the peaking in response, is caused by the loop 

transmission. willThe cross-over frequency, f^, and the phase margin 

determine the amount of peaking observed and its frequency location. 

Note that the closed-loop transfer function is not a pure second order 

approximation. 

The third region is defined by the gain at high frequency, This 

gain is defined by R3/R4 in Fig. 3.2, on page 10. 

Results from calculated (computer analysis), and experimental 

responses were very close for this unusual type of frequency response. 

3.8. Summary 

A general description of the Roberts loop has been presented in 

this chapter and the approximation made to derive the model used for 

analysis was justified. Using the model, oscillation stability analysis 

was performed and, both calculated and experimental closed-loop 

frequency response functions were generated. 



CHAPTER 4 

TRANSIENT ANALYSIS AND SYSTEM PERFORMANCE 

4.1. Introduction 

used toThe objective of this chapter is to present the method 

obtain the transient response of the system. This transient response 

was based on the model developed. Results from a matching method used 

for calculating the transient response are also presented. The perfor 

mance of the system is included to show how linearity and sensitivity 

of the signal processor is effected by changes in probe capacitance. 

All of this experimental work was performed in laboratory attests 

E. G. & G. Oak Ridge Operations. 

4.2. Transient Response Analysis 

The transient response for the AIRS electronic signal processor 

will show how fast the output can follow the change in probe capacitance. 

However, according to the model developed, a similar response must be 

This test onobtained from a voltage change at the set point (V^g^.). 
will enable us to predictset’ 

the response for any change in component value when optimizing the 

system. It will also prove the validity of the model, since an 

electronic system can be disturbed at any point in the network to create 

a transient. This transient, though, must be interpreted in the correct 

to implement; 

transient matching, from a ACp to a AV 

manner. A step change in capacitance, ACp, is difficult 

therefore, Cp changes are obtained by switching a known ACp with a relay 

52 
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Figure 4.1 shows this arrangement. When the relayin parallel with Cp. 
switched ON the

is OFF the capacitance is Cp, and when the relay is 
Due to the timecapacitance is C + AC , thus incrementing C by AC . 

p p P P 

an RC networkrequired by the armature of the relay to close (delay), 

time of towas introduced at the set point to modify the rise 

simulate the relay delay. 

To match a transient response for the model (voltage-to-voltage) , 

a step change in (d.c. set point) will be used. This step change 

will create a transient and the value of will match a certain 

The theoretical transient
value of ACp which cause the same response, 
response was implemented using PCAP transient analysis in the IBM 360/65 

the model at thecomputer. The RC network was placed at the input of 

was foundset point (V^g^) [3]. The value of this RC time constant 
transients. The theoreticalexperimentally when matching ACp and AV^g^ 

the calculatedtransient response also used the RC network to obtain 

is a small-transient; this is shown in Appendix C. Note that this 

signal analysis so that T does not change much during the ACp excursion. 

4.3. Measurement'Scheme and Transient 
Response 

ofFor transient response measurement very accurate values 

capacitance were needed. Probe capacitance measurements were performed 

with a direct capacitance bridge (Booton Electronics model), where all 

stray capacitance was included. Values of ACp (change in Cp) were 
approximately 10% of the probe capacitance (Cp). These changes, ACp, 
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were taken with the relay in the ON and OFF states, thus, allowing data 

readings of (Cp + ACp) to be accurately obtained. 
used toFigure 4.2 shows a complete block diagram of the scheme 

measure the transient response of the system. 

with theTesting was simplified by synchronizing the relay drive 

system clock (oscillator). This synchronization was accomplished with 

the use of discriminators and divide by 1000 pre-scalar [3]. Figure 4.3 

discriminator wasshows a block diagram of the setup. The input to the 

was tothe 100 KHz oscillator. The purpose of this discriminator 

of the sine waveprovide a negative logic pulse when the trailing edge 

to set thecrossed zero. The divide by 1000 pre-scalar was used 

triggering frequency at 100 Hz. The output voltage of the pulse gener 

ator was the voltage used to switch the relay that provided the Cp 
changes. 

from switchingWhen testing transient response, changes in Cp occur 
transients of thethe relay with V^; these responses were the actual 

system. 

To perform experimental analysis based on the model developed, the 

square wave from the pulse generator was used to provide a (step 

change in V ) at the d.c. set point. The RC time constant was incor-
set 

porated in the circuit to provide the necessary rise (t^) for thetime 

signal to compensate for the relay delay time {t^). 
The transient match was approximated by finding a particular value 

of AVgg^ which would cause the same transient response with ACp. To 

J baseline restoration was used•maintain the set point at +3 volts d.c 
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[10]; this was accomplished easily with the use of a Germanium diode. 

restorationFigure 4.4 shows the arrangement used to provide baseline 

and the RC network. 

Results from transient analysis are shown in Fig. 4.5. Picture (a) 

shows the transient obtained by switching 0.401 pF (ACp) parallel to 
of thea probe capacitance of 3.896 pF. Note the down excursion 

transient due to the relay closing time (approximately 85 usee). 

Picture (b) shows the AV set voltage applied to obtain a similar 

transient response as (a); as can be seen, the rise time of AV 
set 

(550 psec) was needed. Picture (c) shows a superposition of the two 

transient responses which illustrates excellent matching. The calculated 

transient response obtained through PCAP analysis is shown in part (d) 

using a change at the d.c. set point.AV set 

Table 4.1 shows the results in a tabulated form for several 

capacitance values. It is interesting to note (refer to Table 4.1) that 

the rise time increased as the percentage overshoot decreased for probe 

pF) to 2.85 pFcapacitance values ranging from 10.85 pF (ACp = 0.97 
there are(ACp = 0.247 pF) respectively. This is expected since 

different loop transmissions and closed-loop responses for each value 

of Cp. 
Table 4.1 compares the different determinations of the output 

voltage, percentage overshoot, and rise times, The rise time calculated 

from f^ was taken from Pierce and Paulus [8]. 
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Cp = 3.896 pF 
ACp = 0.401 pF 

(b) 

Figure 4.5. Results from transient analysis 
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4.4. System Linearity and Sensitivity 

that theResults of the analysis of AIRS Electronic System show 
1 

or . Tests for linearity were doneoutput is proportional to |Zp 
by calibrating the system to 10 volts output for a Cp value of 2.493 pF 

This calibration was per-and 0.12 volts output for Cp of 207.7 pF. 
formed to make the output voltage pass through zero volts for equalZp 

The output voltage,to zero. The value of 2.493 pF constitute Cp^^-^. 
therefore,as mentioned before, is inversely proportional to Cp, 

can be expressed by [11] 

H 
V (4.1) 
out C . 

pmin 

the probe capacitancewhere H is the proportionality constant and Cp^^.^ 
used for an output voltage equal to 10 volts. 

output voltage.Figure 4.6 shows the relationship of Cp versus the 
For this case, H is equal to 24.93 from Eq. (4.1). The range of error 

for five units in percent of reading is shown in Fig. 4.7 for probe 

capacitance changes over a 176:1 dynamic range. 

isSensitivity of the system to changes in probe capacitance 

Figure 4.8 shows the sensitivity of the system.proportional to 1/Cp^. 
The AIRS Electronic System is most sensitive to small changes in probe 

impedance at very high values of void fraction. This sensitivity 

and is derived(1/Cp^) proportionality an be calculated as |dV/dCp|, 
from 

H 
(4.2)'^out C 

pmin 
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Figure 4.6. Linearity with H = 24.93 
(Courtesy of E. G. & G. 
Operations) 
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so 

dV 
H

dC . (4.3) 
pmin 

then 

dV 
out H (4.4) 

dC . C" . 
pmin pmin 

where H is the constant used for calibrating the system. 

As can be seen, the output voltage (V^^j^) is proportional to 1/Cp, 
Thewhere the constant H sets the desired for a particular 

value of H is defined by the variable gain stage (Ag). 

4.5. Summary 

In this chapter the scheme used to perform the transient 

experiments was presented, Results from matching transients for ACp 
Sensitivity and linearity were also presentedand AVgg^ are also shown. 

for a minimum probe capacitance value which was used for calibrating the 

system. These results prove the validity of the model. 



CHAPTER 5 

OPTIMIZATION CONSIDERATIONS 

5.1. Introduction 

take intoThis chapter will present the important details to 

consideration when optimizing the AIRS Electronic System for a particular 

application. These details are based on the analysis previously done. 

5.2. Considerations for Desired System 
Response 

The signal processor model will allow the determination of a 

desired closed-loop response bandwidth and the trade-offs that must be 

made. Transient response can be predicted from loop transmission calcu 

lations for any changes in parameters which lead to optimization. 

In Chapter 3, the expression for the loop transmission, T, was 

derived and shown to have the form 

(1 
(5.1) 

From experimental and calculated closed-loop response, peaking can 

be observed to occur approximately at the od.B. crossover frequency (f ) 

of T. TheThis is characterized by an approximate second-order system, 

pole location associated with f is created at the output of the
Pi 

rectifier-demodulation section with the RC network, where C is the filter 

capacitor that defines the ripple factor since R is fixed to determine 
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the voltage at that point. Changes of C will move the pole location. 

voltage which mustThis change in C will also cause a change in ripple 

be considered due to the fact that the multiplier nonlinearities 

become significant at about 200 mV ripple in the modulating signal input 

of integrator).(V out 

KHz to 200 KHzThe closed-loop gain at frequencies ranging from 50 

the 12.1l«^ resistorappear at a gain of -19 dB approximately, caused by 

in the integrator's circuit, Parameters in the integrator feedback 

choicesalso determine the value of the loop gain, and careful 

must be made to keep the system stable. These parameters in also 

phase margin.define a lead network given by f^ which improves the 
causeTable 5.1 shows how changes in component values will 

certain pole-zero locations to change. 

andTo perform an optimization, the desired frequency response 

locations bespeed of time response must be known, so that pole can 

shifted properly, Linearity will also vary as a trade off in bandwidth 

Note that a sixth order pole low passsince fp primarily defines f^. 
filter is located at the output of the integrator (refer to Fig. 3.1, 

page 9) which has a cutoff frequency at IKHz; therefore, the response 

seen at the output of this filter will not contain any signal beyond 

IKHz in frequency. 

Figure 5.1 shows the closed-loop response modified by placing a 

1.21Kfi resistor in place of the 12.1Kfl and a O.OlyF capacitor instead 

This change bringsof O.OOlyF to keep the same zero location (f^) of T. 
the gain to -39 dB at frequencies beyond 10 KHz. 
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TABLE 5.1. Changes in Pole-Zero 
to Component Changes 

Locations Due 

MODEL COMPONENTS 

Ri Rs 

I 

+ Cl fc3 

I 

to 

CD 

< 

O 

^P. 

f 
P2 

I 

I 
I 

^mid I I 

♦ / 

Indicates a change in "T 
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bandwidth toFigure 5.2 shows the possibility of increasing the 

mV. The filterabout IKHz with a ripple factor of approximately 100 

capacitorcapacitor was changed to O.OlyF, and the lead compensation 

from 1000 pF to 1500 pF. 

on severalIt can be noted that the closed-loop response depends 

factors and trade-offs in linearity have to be made to achieve the 

factor at thedesired response; this is primarily caused by the ripple 

rectifier section. Linearity tests were made for a 100:1 dynamic range 

of probe capacitance; however, an 80:1 range will improve the linearity 

since the nonlinearities were observed for high values of Cp [3]. 
Figure 5.3 shows linearity for compensation made with 200 mV ripple 

factor (bandwidth of IKHz). 

5.3. Summary 

taken intoThis chapter showed some considerations that must be 

account when optimizing the system. Importance must be placed on the 

desired linearity and bandwidth of the system when dynamic range of 

operation is specified. 



73 

o 
o 

o 

o 

JZ 

+J > 

y ^ 
"5 2 
-a o 
c 

(O 
M-
O

iii. 
+j OJ 

CDN 
2 (O

I 
(U 
I/) o>* 
c > 

u 
o 

c Q. CD 
a> to 

3 O) Q-

o- S- Q. 

0) 
Q. S-
o 
6 -o 

c 
o 

I re 
o 

T3 
0) N 
to ZZ 
O 

o 

OtJ 

LT) 

O) 
s-

3 

O CTi 

o oo o oo o COCM CM I I 

(ap) apniiuBew 



74 

100.0 

10.0 

> 

0) 

n> 

> 1.0 

3 
Q. 

3 

o 

0.1 

8194 

0.01 
10 100 1000 

Probe Capacitance (pF) 

Figure 5.3. Linearity with ripple voltage of 200 mV 
and bandwidth of 1 KHz 



CHAPTER 6 

CONCLUSIONS ANU SUGGESTIONS FOR FURTHER WORK 

6.1. Conclusions 

the AIRSThe work presented in this thesis leads a model of 

Electronic signal processor which uses the Roberts loop. Based on this 

model, stability studies, transient analysis, and closed-loop frequency 

response were determined to understand how the system operates. 

the modelResults from experimental work show the validity of 

developed. Also, for any parameter change in the electronic system, a 

can also beprediction of system response could be made. This response 

described inexperimentally tested using the measurement scheme 

Chapter 4. 

6.2. Suggestions for Further Work 

that theThis model approximation is as based on the restriction 

sideband frequencies occur very close to the center frequency (lOOKHz); 

these sidebandsfurther analysis can be done to define the limits where 

accurate results,can be located in frequency space and still provide 

The K e" 
ST 

analysis could also be extended to determine how it 

sectionaffects the approximation of the model. The modulating 

a mathematical(multiplier) could be analyzed in more detail since 

representation of its output is a real-time convolution of the two input 

signals. 
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investigationThe phase detection circuit was not included in this 

and could also be studied in more detail. 

are placed,Finally, depending on how specification requirements 

a desired system response can be achieved and studied taking in 

consideration the details pointed out in Chapter 5. 
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APPENDIX A 

c 

c 

C THIS PHuGhAM computes THE FREQUENCY RESPONSE 
C OF THE LOuP transmission FOR STABILITY ANALYSIS 
C WHERE The compensation CAN BE VARIED TO OBSERVE 
C THE PHAiE margin AND CROSS-OVER FREQUENCY. 
C 

C 

REAL C1,C/;*C3.R1.R2.R3»TMID»F.K.CP.FC»PM,PHASE 
REAL FZl,hPl.FP2 
COMPLEX NI»D1»02»D3»T 

1 LAST=10u0u.00E3 
F = I.O 

CI=0.0A7E-6 
C2 = 56.0t.-l2 
Rl=6.2Ej 
R2=100.uEj 
R3=1.21t3 
TYPE 5 

5 FORMAT (• DO YOU WANT TO CHANGE C3.Y=I»N=0') 
ACCEPT 10,W 

10 FORMAT(il) 
IF(W.EQ.O) GO TO 25 
TYPE 15 

15 FORMAT(I tNTER VALUE OF C3 (FORMAT Ell.A)') 
ACCEPT *,l3 

25 TYPE 26 

26 FORMATd uO YOU WANT TO CHANGE CP? (Y=1,N=0)') 
ACCEPT iO.Wl 
IF(Wl.Eu.o) GO TO 40 
TYPE 30 

30 FORMATd tNTER VALUE OF CP (FORMAT E11.4)') 
ACCEPT *,cP 
TYPE 35 

35 FORMAT (• tNTER OUTPUT VOLTAGE FOR CASE OF PROBE CAPACITANCE') 
ACCEPT *,vT 

C 

C 
C START LuOp gain COMPUTATIONS 
C STARTING bY COMPUTING POLE LOCATIONS 
C 

C 

FZ=0.15y/(R3*C3) 
FPl=0.1b9/(Cl*((R1*R2)/(R1*R2))) 
FP2=0.1b9*(C2*C3)/(R3*C2*C3) 

40 AG=(2.048*33E-12)/(VT*CP*3.3) 

K=(CP/3jE-12)*3.3*(1/(3.1416»383))*AG 
TMID=K*(Ri*R2/(R1+R2))/(R2*(C2*C3)*2*3.1416) 
TMIDDB=t0*ALOG10(TMID) 
N1=CMPLX(1.0*F/FZ) 
D1=CMPLa(u.0,F) 

D2=CMPLa(1.0*F/FP1) 
D3=CMPLx(i.0,F/FP2) 

C 

C 

T = TMID*i>,l/ (Dl*D2*03) 
C 

C 

ABSVAL=CAbS(T) 
PHASE*57.,'957e*ATAN2(AlMAG(T) ,REAL(T) ) 
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PM=180+hHaSE 
F=F*1.0l 
IF(A8SVaL.LE.1.0) go to 50 
IF (F.LE.LaST) go to 40 
GO TO <3^9 

C 
C 

C OUTPUT results 
C 

C 

50 TYPE 60,Fii*FPltFP2 
PRINT 6o,kZ»FPI,FP2 

60 FORMATd hole LOCATIONS: •/ 
1 » FZ= t,fI0.3»2X,'FPIr • ,F10.3.2X. •FP2= •tF12.3/) 
TYPE 70,Ri.R2.R3*C1*C2»C3.CP.F.PM»PHASE*TMID.TMIDOB 
PRINT TOfRl.R2*R3.CI.C2fC3*CP*F«PM,PHASEfTMIO.TMIDOB 

70 FORMATd COMPONENT VALUES:'/ 
I • RI= •,F10.3.6X. *82= •»F10.3f7X. •R3= '.FIO.S./ 
2 • Cl= • ,E14.7*2X.'C2= • *E14.7,3Xt•C3= •♦E14.7.// 
3 • PRObE capacitance: CP= ',£14.7*// 
4 » FREuUfcNCEY FC= • tF10.4.5X.•PM= '.F7.3*5X* • PHASE= •»FI0.3f// 

5 * TMIo= •tF12.4f3X.'TMID (DB)= •.F10.4//) 
PRINT luO.K 

100 FORMATd K='*1X,E14.7/) 
PRINT lo2,VT 

•102 FORMAT(' OUTPUT VOLTAGE FOR CP= '.F5.1/////) 
TYPE 80u 

800 FORMAT(i-oO YOU WANT TO CONTINUE Y=0»N=1') 
ACCEPT 10,W2 
IF(W2.Eu.u) GO TO 1 

999 STOP 

END 

https://��FI0.3f
https://�,F10.3.6X
https://F10.3.2X
https://F=F*1.0l


APPENDIX B 

The model used for computer analysis (T) 

nodes and branches are defined by circles and 

is 

B# 

shown in Fig. 

respectively. 
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Figure B.l. Model for computing loop transmission 
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C 

C 

C This PROGRAM COMPUTES THE LOO^ TRANSMISSION 
C UijiNG PCAP PROGRAM. THE BRANCHES AND NODES 
C akE defined in the model. 
C 

C 

//THESIb JOB (A42611****^^^ REMOTE 1 ♦G-X)»LUIS BRYAN 
// EXEC PtAP 
//GO.SYblw DD * 

AC ANALrSlS 

81 N( 1 «0)»E = 1.0»R = 0.01 
B2 N(2.0)♦R=1ER 
B3 N(2»0).C=C1 
H4 N(2»0)♦R=R1 
B5 N(2»3)»R=R2 
H6 Ni3.0).R=R4 
B7 N(4.3)*C=C2 
B8 N(4.5)♦C=C3 
89 N(5»3),R=R3 
BIO N(4 » 0)» R = R5 

C Ai IS THE amplifier CARO FOR THE CONSTANT 
C Current source defined by k and varies 
C DtPENDiNG ON THE PROBE CAPACITANCE USED 
C FuR CALCULATING THE LOOP GAIN. 

Al B ( 1 . 10).GM = K 
OAl N ( 3 ♦ 4 ♦ 0 ) 

C OaI is the OPERATIONAL AMPLIFIER CARD VJHICH 
C USES THE LIBRARY MODEL OF PCAP 

FREO=l(*1.24)100E3 
TAB.NV4 

EXECUTE 

MODIFY 

CANCEL 

FREQ=1(*1.24)100E3 
PL0T»LG(1,4) 
EXECUTE 
END 



APPENDIX C 

The model used for computer analysis ) is shown in Fig. C.l. 

The nodes and branches are defined by circles and B# respectively. 

1E9 

R2 

B7

© 1 

X 
~B8 -

C3 

BIO 

B2 C2© © ©aa-
R4 

B1 0.01 t 
B3 

R5 ''out 

© E^^l.O 

Figure C.l. Model for computing closed-loop 
frequency response. 
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C 

C 
COMPUTES the closed LOOP RESPONSEC This PROGRAM 

C UbiNG PCAP PROGRAM. THE BRANCHES AND NODES 
C AhE DEFINED IN THE MODEL. 
C 

C 

//THESIb JOB (44261 REMOTE 1 
// EXEC PlAP 
//GO.SYbliM DD * 

B1 

82 

B3 

B4 

B5 

B6 

B7 

B8 

B9 

810 

C 

C 

C 

C 

Al 

OAl 

C 

C 

Ao analysis 

N(1»0)»E=1.0»R=0.01 
N(1,2),R=R4 
N(3»0)♦R=R5 
n(3»4)»R=1E9 
N(4 » 0) » R = R1 
N(4»0)♦R=C1 
N(4«2)♦R=R2 
j(3,5)»C=C3 
N(5»2)♦R=R3 
N(3,2)»C=C2 

Ai IS THE amplifier CARD 
Current source defined by 

»G-X)»LUIS BRYAN 

FOR THE CONSTANT 
k and varies 

DtPENDiNG ON THE PROBE CAPACITANCE USED 
FuR calculating the LOOP GAIN. 

B(3 »4)« GM = K 
N {2 ♦ 3» 0 ) 

0«1 IS THE OPERATIONAL 
UbES THE LIBRARY MODEL 

FhEQ=1 (<»1.24) 100E3 
TaB«NV3 
EaECUTE 
MuDIFY 
CaNCEL 
FhEQ=1 (<»1.24) 100E3 
PlOT »LG(1*3) 
EaECUTE 
EnD 

AMPLIFIER CARD WHICH 
OF PCAP 

https://N(1�0)�E=1.0�R=0.01


APPENDIX D 

shown inThe model used for computer analysis (transient) is 

The nodes and branches are defined by circles and B#Fig. D.l. 

respectively. 

86 



87 

0 
■* 

cn r vvvHi* 
CO UJ 

Ln
GQ o 1*'^ 

00 00 a: a; 

CO o 
c 
o

CT» 
Q-

ca 
(/J 

(U“WN—|l'

!• 

© 
s. 

I— cvj 

u CO (_) 4-> 
c 
(U 

o 
00 

CQ O oo c: 

0(—II—I 
I— CM 

CQ DC fO
CO QC 

I J-
4-> 

cn 

i" 
c 

ca.0
3 

o 
VO ^ O 
CQ QC 

S-

o 

© 
v+-

O) 
T3 
O 

O 
IT) . 
CQ 

> 

< Q 

S-

3 
O)OH" 
cu 

V ■wvHii 
CQ UJ 

0 II—in 
oCO 

00 o 

CVJ 
lO OC oo 

UJ 

VWk-0_||, 
CQ0 



c 

C ThI5 PROG^<AM COMPUTES THE TRANSIENT RESPONSE 
C UoiNG PCAP PROGRAM. THE BRANCHES AND NODES 
C AhE DEFINED IN THE MODEL. 
C 

//THESIb JOB REMOTE 1 »G-X) tLUIS BRYAN 
// EXEC PtAP 
//GO.SYblivi DD 

TRANSIENT 

HI N(1«0)«R=1.0 
B2 N(1» 2)»R = R 
83 N(2«0)»C=C 
B4 N(?»0),R=1E7 
85 N(3,0)»R=1,0 
B6 N{3 »4) » R = R4 
B7 N(5»0)»R=R5 
R0 N(5,7)»R=1ER 
B9 N(7»0)»R=R1 
BIO N(7,0)»C=C1 
811 N(7,4),R=Ra 
812 N(5 ♦ 6) » C = C3 
813 N(6»4)♦R=R3 
B14 N(5»4)♦C=C2 

c Ai IS THE DEPENDENT VOLTAGE SOURCE USED 
C Tu INVER the input VSET. 

C At: IS THE DEPENDENT CURRENT SOURCE WHICH IS 
C Varied depending on the probe capacitance, its 
C Value is defined by k. 
C OaI is the operational amplifier card which uses 
C ThE PCAP LIBRARY MODEL. 
C El IS THE VSET CARD USED FOR THE TRANSIENT 

C RtSPONSE. 

Al 8(4.5)♦VG=1.0 
A2 8(7»8)»GM=K 
OAI N ( 4 » 5 » 0 ) 

El VSETAl(lE-9)tO, 
Time STEP=1.8E-6 
Output interval=20 
final TIME=1.«E-3 
PlOT»NV(2)»NV(3)♦NV(5) 
EaECUTE 
EnD 
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