CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

CHAR SYSTEM
OPERATION & TRAINING ‘

Module 2
Basic Measurement Theory

AT CONCLUSION OF THIS MODULE,
THE STUDENT WILL BE EXPECTED TO:

Calculate capacitance, inductance, and resistance of
basic circuits

* Describe a traveling wave transmission line
* Calculate characteristic impedance
* Calculate velocity of propagation

* Recognize standing wave effects on capacitance
measurements
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

LOOP RESISTANCE

..... is the total series resistance in a
circuit
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OOP RESISTANCE OF CABLE
TERMINATED IN SHORT CIRCUIT

150 FEET

TWISTED PAIR TWISTED PAIR

18 GAUGE 14 GAUGE

From wire table 18 gauge: 0.00659 ohms/foot
14 gauge: 0.00258 ochms/foot
(18 gauge wire) + (14 gauge wire)
R= 2 x 50 ft x 0.00659 ohms/ft + 2 x 150 ft x 0.00258 ohms/ft
R=1.433 ohms total resistance
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

CIRCUIT IMPEDANCE

The LCR Meter measures impedance at 100 Hz, 1 kHz,
and 10 kHz, calculating:

Rac (AC Resistance)
and

C (Capacitance)

or
L (Inductance)
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CIRCUIT CAPACITANCE

* Capacitance is Linear for parallel plates:
C=28.854 A/D picoFarads
A = area of plate, meters
D = separation between plates, meters
* Capacitance is NON-Linear for parallel wires:

27.8
C=Ln—Fp%— picoFarads/meter (D>>r)
T
D = Conductor Separation, cm

r = conductor radius, cm
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

&.@j CONDUCTOR SEPARATION

* The TDR and FDR will show a capacitive
change. This can be seen with cable going
from conduit to cable tray, and changes within
a multiple conductor cable, and moisture
intrusion.
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g@ DETERMINING TOTAL CAPACITANCE
IH/ OF A CIRCUIT

RG-8A/ S>>  RG58) | DETECTOR 2nf
50' 150

RG-58/U = 28.8 pF/ft x 150 ft = 4320 pF

RG-8A/U = 29.8 pF/ft x 50 ft = 1490 pF
Detector = 2000 pF
Total = 7810 pF

(Obtain cable capacitance by measuring
sample or from mfg’s specifications)
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

AMPLE APPLICATIONS

* Capacitance calculations can be used for
verification of the presence of moisture in a
cable

* Typically used for verification of the condition
of nuclear instrumentation (NI) detectors
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DETERMINING TOTAL CAPACITANCE
OF A CIRCUIT

The cable manufacturer provides the unit
resistance and capacitance per foot for the cable

* By determining the length of the field cable and
multiplying this length by the capacitance per foot,
you can calculate the total cable capacitance

* The detector manufacturer provides the
capacitance of their detector
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

Wavelength is the distance between identical points on
a periodic signal

—

—
™, il
L/ N ANV V4 A

To calculate wavelength:

Wavelength = Velocity of Propagation (Meters/Sec)
Frequency (Hz)

Proprietary / Duplication Prohibited / Copyright 2022 by AMS Corporation E@g Slide 11 of 50

HEN MEASUREING IMPEDANCE
OF LONG CABLES (> 1,000 FT)

* Consider cable length

* To prevent radiated emissions, cable length
must be < 1/8 signal wavelength

* CHAR System measures capacitance at 100 Hz, 1
kHz, and 10 kHz.

* Wavelength @ 100 Hz = 6,481,728 ft
* Wavelength @ 1 kHz = 648,172 ft
* Wavelength @ 10 kHz = 64,817 ft
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

&E} REQUENCY vs. WAVELENGTH

Frequency may affect capacitance:
- If the cable is long.
- If the frequency is high.

Line resonance is not a problem if the cable length is
less than 5% of the wavelength.

— Critical frequency is 10kHz, so 5% of the wavelength
is 3,241 ft.
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RESONANT CIRCUIT

Reactive loads at the end of a line may create a
resonant circuit even on short transmission lines — this
may create errors.

Transmission Line Shunt Capacitance End Load

resonant frequency
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

IME DOMAIN REFLECTOMETRY (TDR)
FREQUENCY DOMAIN REFLECTOMETRY (FDR)

 TDR/FDR is used to locate circuit problems

* Operator needs to understand where
reflectometry signal is traveling

e Operator needs to understand limitations of
TDR/FDR testing

— Over 4 kQ looks like an open to TDR
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ENERAL DESCRIPTION OF
REFLECTOMETRY (TDR/FDR)

A measurement technique that sends a traveling wave down a
radio frequency transmission line

* The signal is guided between the two conductors, and the
reflections are observed to determine the integrity of the
transmission line.

* The reflections are caused by changing circuit parameters
along the transmission line, i.e., impedance and permittivity

* Any two adjacent conductors, separated by a dielectric, have
the capability to guide a traveling wave
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

GENERAL DESCRIPTION (conr)

The cable dielectric will determine the speed of the traveling wave
and the losses of the traveling wave

* The surface resistance and incremental capacitance and inductance
of the transmission line will affect the losses of the traveling wave

* Maximum speed of the traveling wave would be the speed of light
in an air dielectric

* Distance between reflections along the transmission line is
determined by measuring the time delay between points

* Frequency Domain Reflectometry (FDR) is more
sensitive than TDR to changes in dielectric
permittivity that correspond to thermal and
radiation aging
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TDR/FDR USES GUIDED WAVE OF ENERGY

As energy moves down the line, it is impeded by losses to the
incremental inductance and capacitance.

— Parallel capacitance between the conductors
— Series inductance along the conductors.

(T )
ﬂ ﬂ
Dielectric ;: _> ;:
J J
(T )
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

GUIDED WAVE TRANSMISSION LINE

* Consists of two conductors separated by a dielectric
— Coaxial cable or triaxial cable
— Parallel insulated conductors
— Insulated conductor over a ground plane or
in conduit

* Also called Radio Frequency or RF transmission line
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CHARACTERISTIC IMPEDANCE

Characteristic Impedance:

* What the line looks like to the guided wave of
energy

* What the guided wave would see if the line were
replaced with a resistive load

* Ratio of Voltage to Current on infinitely long
transmission line
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

ELOCITY OF PROPAGATION

A traveling wave travels in a cable at a velocity
determined by L and C of the dielectric.

1
Vp = — meters/sec

VLC
Where L is the inductance per unit length and C is the

capacitance per unit length.

If the wave is traveling across an air dielectric, it will
travel at the speed of light.

V, = 3 x 108 meters/sec
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RELATING VELOCITY OF PROPAGATION
TO DIELECTRIC

Material Relative Dielectric Velocity of Propagation (ft/nS)

Air 1.0 1.0
Polypropylene 2.25 0.667
Water 81 0.111

Velocity of Propagation can range from 0.2 (mineral filled cable)
to 1.0 (AIR) in feet per nanosecond.
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

APPLICATION OF TDR/FDR

Measure reflection coefficients
* Determine the characteristic impedance of a cable
* Measure transmission line delay

* Recognize the difference between resistive and
reactive transmission line discontinuities

* Trend changes in dielectric permittivity

g Slide 23 of 50
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REFLECTION COEFFICIENT

_ ZIr-Zc
pV - ZT+ZC
Z,= Termination (load) impedance

Z .= Cable (source) impedance
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CHAR SYSTEM TRAINING V6.0 BAsiIC MEASUREMENT THEORY

ag SAMPLE REFLECTION CALCULATION

: : Zr—Z

Using equation: =—
g €q Pv Zr 1 Z,

(76.58 ohms — 50 ohms)

(76.58 ohms + 50 ohms)

rho =

B (26.58 ohms)
~ (126.58 ohms)

rho

rho = 0.21 (unitless ratio)
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e/ CALCULATE CABLE LENGTH

Cable Length = Time Delay multiplied by velocity of propagation
For example:
¢ L(ft.) =TD (nS) x Vp (ft./nS)

e L(ft.)=TD (100 nS) x Vp ( 0.67)

* L=67 feet
TD = Time Delay (read from TDR) (1/2 round trip time)
TD =200 nS/2 =100 nS

(Vp = Velocity of Propagation for the cable tested)

g Slide 26 of 50
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

TDR/FDR REFLECTION WILL DOUBLE
AT AN OPEN CIRCUIT MEASUREMENT

™

| Doubling Effect |

| 50 Ohm Reference | -
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CALCULATING REFLECTION
COEFFICIENT AND LOAD IMPEDANCE

1.0

Cable Under Test
05 End of C‘able‘
\ (Open Circuit)
T s i T ~J ............. Rho = 0.285
o
=
X oo
Test Lead Cable Impedance
Z =50Q
-0.5
Cable Impedance (Z)
Z,= Z (%)
Z,=900Q
-1.0 T T T
-50 0 50 100 150
Distance (ft)
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CHAR SYSTEM TRAINING V6.0

BASIC MEASUREMENT THEORY

Use formula:

_ 1+ py
Z; =(50o0hms)*(1+0.285)/(1-0.285)
Z; =(50o0hms)* 1.285/0.715
Z. =50o0hms *1.797
Z; =89.86 ohms

SAMPLE CALCULATION FOR IMPEDANCE
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P =1
p=0T C g
apacitor

‘ _f e

p =1
0

P =1

p=0+ ? Inductor

P =1 ‘
0
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CHAR SYSTEM TRAINING V6.0 BAsiIC MEASUREMENT THEORY

Y&/ METHODS TO RESOLVE COMPLEX
(M) REFLECTIONS (CONT'D)

Height is equal to value of resistor
P =1 e L N S S

Resistor +
Inductor
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Y)Y/ METHODS TO RESOLVE COMPLEX

(M) REFLECTIONS (CONT’D)
% Resistor +
Inductor

ffffffffffffffffffffffffffffffffffffffffffffffffffffff 4

0 Height is equal to value of resistor
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CHAR SYSTEM TRAINING V6.0 BAsiIC MEASUREMENT THEORY

METHODS TO RESOLVE COMPLEX
REFLECTIONS (CONT’D)

Height is equal to value of resistor

. \
P = \
p =07 Resistor +
Capacitor
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METHODS TO RESOLVE COMPLEX
REFLECTIONS (CONT’D)

Height is equal to value of resistor
N
P =
I

p= Resistor +
Capacitor

p =-1 ''''''''''''''''''''''''''''''''''''''''''''''''''''
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CHAR SYSTEM TRAINING V6.0 BAsiIC MEASUREMENT THEORY

ANALYZING CHAR TDR DATA
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E.a TO DISPLAY THE TDR PLOT, IN ARCHIVES,
' / SELECT “DETAILS” TO SHOW PLOT

Mux Online: Huwasrnme FHEY

[ |Equipment 10~ [type _|cable |mnsulation _|Mits ez |we [1v# [F# [view Fijvp  [utiniy Plant Room “
[®] % & *[O-TROVBLESHOOTING D-UNK_ G-UNKNOWN O-UNKNOWN 20 i 0 1 1000 06 UNKNOWN UNKNOWN UNKNOWN

B % ¢ | |eEnaiRma IRMG  CORX OUNKNOWN 20mi 23 7 3 6 1000 067 TVA BROWNS FERRY CONTROL ROOM

B Manage | |FFNHRME IRMG  COAX CUNKNOWN 20mi 2 7 3 6 1000 067 TVA WIS FERRY CONTROL ROOM

& Deaks BFN-3-IRM-C IRMG  COMRX OUNKNOWN 20mi 23 7 3 & 1000 0.67 TVA OWINS FERRY CONTROL ROOM

8 Repors || [FIHRHD IRMG  COAX CUNKNOWN 20mi 23 7 3 6 1000 067 TVA BROWNS FERRY CONTROL ROOM

- t 3 BFN-3-IRM-E IRMG  COAX OUNENOWN 20mi 23 7 3 6 1000 0.67 TVA BROWNS FERRY CONTROL RODM

< >

[0 Notes | [EID used for “Traubleshooting” testing - cannat be deleted or edked!

B Characterization 2 Waveform Kl v curve 3 FoR © Live Cable

Normal Test Queue Archives

B €IE>

B Load ipment ID Atc|Positive Lead E R [Equip

H Ede T

- [
=i Delete g
B ety %
By set Cfg =
1§ Report

A Acgure

< >
Characterization Archives - 248 of 280 Records Double click a record to edit
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

NOW SELECT “TDR” TO DISPLAY TDR PLOT
Y e BH~««-wHod BV CHAR Bascline [] Analyze Data
L gose
7 Heb
< >
B Notes B gk
Attachments:
Posiive Lead: (HV Cable Center Conductor Hegative Lead:[HV Cable Shekd £ _Detes
Cabinet: Terminal Board: Type: [High Impedance | Work Order #: [CHAR @ Load Queue
Comments: |Mode 1 Testng - Ferrtes at Pre-Amp Removed
& Characterization E ror
Voltage Check - 2500 Pis:
Current Data i , Soeen
‘Check Level [00.6 mV 8006 mv @ Sous
Peok to Peak_[9.52 mV 9.52 m Eadd
Hean 60,86 v 5086 my S\ Cobratio
RMS 1.38 mV 1.38 mV.
Impedance: TOR - 60000 Ps - 1000 Ft
Current Data__Baseline Data
ROC
e z 18.1. 1813 H
L/C1KHz 1.80 nF_ L.80 nF
UC10KHZ [3.16 nF 3.16 nf
e [z n
D1 KHz__|309.94 m 309.94 m
QD 10K (755 m Tsm |
IR - Not Acquired!
|SDataks _Current Data_GDetals _ Basedine Data 5 e
[vobage]is | voragels |
IROF | IRof |
TR ra—
m off m off B_me
[1IR off [1r off
IR Off 11k off B pach
Characterization Archives - 248 of 280 Records
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TDR PLOT DISPLAYED

§

-
=
= With open circuit at test
L lead, the rise is nearly
= vertical, characteristic
= of resistive loads.

e
1R CHECKOUT 06 How 20 165900 50000 2.5
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

TDR PLOT CAN BE DISPLAYED IN
DIFFERENT FORMATS

Y-axis can be Rho, impedance, or Volts
X-axis can be distance (ft. or m) or time

g Slide 39 of 50
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HOW MANY CHANGES IN REFLECTION
ARE IDENTIFIED FROM THIS PLOT?

TOR

Westinghouse Source
ot Range Signal Cable ﬁ,

S Praprietay © 2010
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CHAR SYSTEM TRAINING V6.0 BAsiIC MEASUREMENT THEORY

SAME TDR PLOT, BUT ZOOMED IN

Identify:
1. Preamp (Bypassed)
2. Outboard Penetration
3. Inboard Penetration

Bool 4. Mineral Insulated

Cable

5. Detector
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ANALYZING CHAR FDR DATA
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CHAR SYSTEM TRAINING V6.0

BASIC MEASUREMENT THEORY

O DISPLAY THE FDR PLOT, IN ARCHIVES,
SELECT “DETAILS” TO SHOW PLOT
HBuuirnonGo@lEY
[Type _|Cable insulation |Mils _|C# |ws [Ive |F# |view Felvp  [unitity Plant Room -
OUNC  DUNKNOWNOUNKNOWN 20mi 0 7 1 7 1000 0.6 UNKNGWN NN UNRIOWY
NG CONC  OUNKNOWN Zmi 23 7 3 6 100 067 TVA BROVING FERRY CONTROL ROOM
MG COMX  OUNKNOWN Zmi 23 7 3 6 100 067 TVA BROVINS FERRY CONTROL ROOM
MG COAX  OUNKNOWN 20mi 23 7 3 6 1000 047 TVA BROVIMS FERRY CONTROL ROOM
MG COMC OUNKNOWN 20mi 23 7 3 6 1000 047 TVA BROVNS FERRY CONTROL ROOM
MG COMC OUNKNOWN 20mi 23 7 3 6 1000 047 TVA BROWHS FERRY CONTROL ROOM
< >
1D use for “Troubleshoating” esting - cannot be deleted cr ecedt
8 characterization E Waveform 1 ¥ Curve @ Live Cable.
Nomal Test Queue.
ke exm» a BT -1k
B Loed w" WS P _[kquipment 1p- [ate-|s- Test ate™ [Time” [status [Acq_[uriity
8 g O =1 »[EELE 5 L C G i
=} Delete & Detaks :L SAH
¥ eroy T
Bosecly A
& Report M EE
A =
< >
z > [Eihees
Ho FOR Test Queu records available! Double click a record to cdit
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| HE =«

.

Notes | Doa taa #6. This cable tvbe was used in the Phase II FDR
Attachments:

¥/ NOW SELECT “FDR” TO DISPLAY FDR PLOT

AMS TAP ?

AMS TAP
AMS TAP

orofect.

Cabinet:

Pos Lead: |Red Wie

Comment:|Cable aging

8: |

Meq Lead: [Whte Wre |
Attachment Type: | WO #: [CHAR |

pen Crout

Test Data: Current Data TN FDR Current vs Baseline - 20000 Pts for 100 Ft
Start: 50.00 kHz 50.00 kHz & Statws
Stop: 1.00 GHz 1.00 GHz "\ Calbraton
Length: |10 100
vp Fifns:[0.57 0.57
Current Data Baseline Data Z Exed
1 2 1 2 3 EDF
24.04 27.87
47.27 Ji240 ll Ila [z
0.0918 0.0082 T
3 1 E DR
124.45 mRha B ad
FDR Archives - Filtered: 26 of 27 Records
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CHAR SYSTEM TRAINING V6.0 BASIC MEASUREMENT THEORY

&@ FDR PLOT GATING FEATURE

wwwwwwwwwwwwwwwww
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What are limitations of the reflectometry test?
 What can the TDR tell you?

* What can the FDR tell you that TDR cannot?

* Where can you find the cable information?

* Is it necessary to perform all the hard
calculations?

e Can you determine the approximate
resistances or characteristics?
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LAB EXERCISE
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D
BB/ LAB EXERCISE

Configure CHAR System for TDR
* Objectives:
— Calculate cable impedance

— adjust velocity of propagation to match cable
length

— understand time base adjustments on TDR plot

* Each group will perform the exercises in Lab
Procedure
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Thank You!

Questions?
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