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INTRODUCTION

An electrical power system is composed of various power distrib-

uting elements and loads. The properties of these elements are generally

specified by the manufacturer for 60 Hz , using such standard measure—

ments as open—circuit and short—circuit tests. Thus , if the power

elements were in operation , to tes t  them would be impossible withou t

a f f e c t i n g  the loads on the system because tire loads must be disconnected

before open— or short—circuit tests can be performed . For power element :~
found extensively in powe r distribution systems at Nava l facilities , it

would be advantageous to perform tests and measurements while the elements

were in operation .

This report introduces a new techn ique to circumvent the curren t

problems of performing tests on these elements. The new measurement

techni que provides the characteristic immittances , the impedances or

admittances , of the power element for high frequenc ies (in the range

from 1 kHz to 100 kHz), measured with artificial short and open cir cuits.

These measurements can then be extrapolated down to 60 Hz to prov ide the

operating characteristics of the power element. Perhaps the most signif—

leant facet of this new measurement techn ique , however , is that tire

element can be tested on—line in normal operation at 60 Hz. This p r ll v id s-s

the advantage of running tests withou t taking equi pment or loads off—

line and thereb y minimizes equ ipment down t ime for period ic maint enance .

In addition , measurements are achieved through e lee tromagnet Ic coup I I og

to min imize t ire effect of measuring equ ipment on the operat  ion of loads.

Tb is report , being the first on this top ic , covers the tl ir-o r~’ and

imp i ementation of the measuremen t tecim ique . Var loris theorized coof igura —

t ions ire presented , as well as the prob l ems and shortcomings I)f  L , S ( ’lI.

The final implementation of the method is prese nted in measrl remt irt s

Carried out on a two—port network (a t ransformer)

_ _ _  ~~~~ ., ~~~ - -‘~~ 
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CHA RACTERIZATION OF POWER ELEMENTS

A power element is said to be characterized if its response to any

given excitation can be predicted. If the element is linear , then its

characteristics ~re described by the matrix equation :

[VI = [Z][II (1)

or

[I] = [ Y ] [ V ]  (2)

where [ZI is the impedance matrix and [Yl is the admittance matrix. The

general expression for the elements in the impedance matrix is:

Z
ij 

= J L k = O
ali k
k 3 l j

The expression for the elements in the admittance matrix is:

=

V = 0F 

~l lk
k~~~ j

The impedances Z.. are measured with various currents set to ze ro , which
‘3

implies open c i rcui ts.  Thus the z—parameters are re fer red to as the

open circuit parameters . The admittances Y .., on the other hand , are

measured with various voltages set to zero , win ch implies short circuits ,

and are called the short—circuit parameters. Then , by performin g open—

and short—circuit tests , we - .in determine either tire impedance or admit—

tance parameters of the power element. Roth the impedance and admit tarn-c

_ _ _ _ _ _ _
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arc not required , however , to c l raract t - r ize t i re powe r c i ement because , i f

Oi)o is known , ti re ot her can be cal ct i  Ia ted.  Since

[v] [ Z ]  [11

and

[I] = [ Y ] [ V ]

t irv in

[V I  = [ZJI Y I [V1

Thus , t ine product [ Z ]  [ Y ]  must give tine idonti tv  mat r i x , or that

[Z ]  = [ Y 1
1 ( ‘i )

[ Y ]  = [Z ] ~~~ (h)

If either [ Z  J or [Y I can be determined , t hen the element ’ s response b r

any known ex c i t a t i o n  can be ca lcu la ted .

For a linear element , tire superpos it ion t ineorem s ta tes  t hat the

to ta l response to a number of sources is equal to tire sum of the responses

of each source.  If lire element is cxc ited by a 60—Hz si gnal and a hi gh

frequency s igna l tin-ti

LV I  = [V 60 Hz ’ + [V 1 1
to ta l  response response
response to 60 liz t o hi gin

on iv f requency
on Iv

= L ZI [1 6() H~~
1 + [ z ] [ i 1~ (7 )

response o respo nse
60 Hz only  to hi gin

f requenc v
oil I 

------ .5——- - —- k.AJ - - - - - - - -
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since ‘ h 1 = [ z I ‘in ~ the c i emen t can be ( ira rae t er I zed (tha t is , the in—

pedance ezra be determined ) b~’ measurement at tine high frequenc y si gna l
un iv .  A s inn i Jar der iva t ion  can be used to sirow that I = LY I [\ I ] ; again
on ly  irigh frequency measurenients a re  required to d e f i n e  t i re admit tz i nc es

linus , if open or short circuits can be s imulated for hi gh frequency

signa ls , and the higir f requency vol tage and current measured , then the

z— or v—parameter s can be measured w i th  no e f f e c t  on tine 60— liz AC power.

A R T I F I C I A L  SHORT AND OPEN C I R C U I T S

A technique for producing an artificial short or open circuit ( tha t

is , one that appears like a short or open circui t to a higin frequency

signal but one t lnat has no e f f e c t  on the (~O—Hz AC power) is introduced.

Tine c i r c u i t  used to produce an a r t i f i c i a l  open c i rcu i t  is sirown h r

Figure 1 for a t w o — p o r t  network. Tine method , however , can be genera l i zed

for three or more P~~ t networks. The high frequency si gnals are in jected

simultaneously into both por ts .  Tine phase and amp litudes are care fu l  Iv

adjusted to obtain a minimum in tine reading for the high frequency

component of I,, l~ (subscri pt ii is to desi gnate inigin f requency com—

poncilts) . Wi tin ‘in approximately zero , we Inave an (Ip~~~ c i rcu i t  in tire

secondary fo r  the higin frequency but not for the 60 lIz as the 60 lIz

component of 12 is not affected . Now measurement s of the ln i gh frequency

signa ls of V~ V 1 , and wil l provide tine values for z1 I and ~ , as

1. 2 1

V h1 j
= 

~~
— (8)
in 1

I = 0

V hr
= 

— (91

1 = 0in ,,

4
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In a simi lar fashion obLa in ing  a minimum in the high frequency component

of 1~ will provide the values of Z 12 and Z 22 .

Al ternate proposals f o r  producing an a r t i f i cia l open circuit are

shown in Figure 2. A variable capaci tor  can be connected across the

transformer terminals , as shown in Figure 2a , to form a tank circuit

which is resonant at a particular high frequency . At resonance the tank

circuit would appear like an open circuit. The 1’ -~pac i ta nce can be

adjusted to provide resonance (and thereby open circuits) at various

high frequencies with no effect on the 60 Hz power signal.

The circuit in Figure 2b operates on the same principl e as the one

in 2a. A clamp—on device with a shunt capaci tance provides the resonant

circuit. Designed for resonance at high frequencies , the circuit presents

a large impedance providing the artificial open circuit. The variable

capacitance as before provides the capability of achieving open circuits

at various high frequencies.

The circuit for producing an artificial short circuit is illustrate d

in Figure 3. The high frequency signals are again injected into both

ports. The phase and amplitudes of the high frequency signals are

adjusted to obtain a minimum in I - As I approaches zero , V 1hC 2 hC
2 

1 7
approaches zero; that is , the secondary port appears like a shurt circuit

f o r  the high frequency signal. Measurement of V
h ‘h 

and I~ w i l l
1 1 2

give the values of Y 11 and as

= -
~~

----
~~

-- ( 10)

V
h 

0
2

Ih2

~
‘2I 

= 
V.~ 

( 1 1)

l vh2 0

I~
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l’he procedure can be repeated to obtain 1 minimum in 1hc ‘ ~~~~ t in e

y znlu es of Y 1 and Y can h. determined in a similar mar nA c r.

Thus , i t is puss i h Ic to det clam inc tine i mm i  t Lance (impedance kr

adrn i t tznne i-) of a poser  element tin rough measurement of ii igh frequency

s i gnials withou t a f f e c t i n g  the 6(1—Hz si gna l.

ELEC’i’RO~-L\(~NETIC Cib’ 1 . 1  ~‘~ ( ‘ F[CII N I Ql 1-~S

To minimize the ~- f t ~~ e t s  ~ 1f  t i ne  measuring equi pment on tire load , and

to minimize the number of  connect  ions to  the power s\ ’st em , tine measure—

nient of all cu r ren t s  w i  11 be .nc -omp l isined througin electromagnetic cou—

p1 ing . An examp le of tl~e eli-c t romagn~.-t  Ic coup i ing method is i l lustrated

iii Fi g u r e  4. Th roug h 1 - , t r ’::J t 1~a~ tie induct ion , tire amp litude of the

de tec t ed  vol tage V w i  ii he depe ndent on the magnitude of I~~. Thus , by

a c c u r a t e ly  cal ibrat ing tire t ransfer function of the ferromagnetic core

we can determine ti ne current f low from measurements of f requency

and voltage \‘ -
0

Two methods are proposed for measuring ti’e voltage . One method is

to use n,easurement 01 tin e ~nmpli tude of the injected high frequency

si gnal to determine tire voltage. Tine second method utilizes shunt

reac t znn l es and e lec t ro magnet ic  coupling to calculate the vol tage.  These

meti,ods will he discussed in more detai l  in the “Instrumentation” sec t  ion

under ti ne topic “Vol  tz lge  Measurement. ” In most of these measurements ,

d i r i-ct e l e c t r i c a l  connections to the powe r system Inave been el iminated

because ~e fleed only measure the small hi gh frequency si g n a l s  and not

the much larger 60—Hz s i gnals.  Thus , these meti - nods provide grea t er

s~n l e t  V to opera t ing personne I as wel 1 as m it ,  innize effects of t ine mezisur ing

dev ices on tine powe r sys tem or lo)ids.

The same .‘onf igurat ion (F igure 4) can be a ls o  used t c~ induce or

i n j e c t  a in igh f requency signal into tire powe r svs t em. With a ii igin

f r i-queue v la i r  I’ e con ili l ’ t d a c r o s s  t i .  t c m i i  mn Is • a in i gli f requene V

51 gnzi I w ii I he induced in t i ne power sv s t  ian.

6
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Two m aj I r  problems were  encountered in the a t t e m p t s  t I  use icc tr n—

magnet te ct ut~ I ing to per form measurement s .  One w ,ns t ine ferromz ngn. ’t Ic

cores , w hich tended t o  sa tu ra te  due t o  hi gin currents found in t is-  norma l

I lperat ion of powe r e l e m e n t s  and resul ted in nonl inear eharac t  er r St  i Cs.

The ether signif icant problem was fil ti-ring out the 60 Hz and i ts harmon-

ies , so tha t  t h e  h i gh frequenc y si gnals could he measured .

To prevent tine core from saturating, a se r ies LC c ircuit was con—

necte d across tile fe r romagnet ic  co re .  The LC c i rcu i t  was resonant at

60 Hz; it was t ineorized that the low impedance i tt resonance would shunt

tine 60—Hz current and thus prevent tire core from saturating . At the

same time , the LC circuit would present a large impedance to t h e  hi gh

frequency si gn al , making detection and measurement easier. However ,

di f f icul ty  in obtaining resonance at precise ly 60 Hz proved this scheme

unsat i s fac to ry .  A l so , the large capac i tance required and the harmonics

introduced in the sy s t e m  made this method i m p r a c t i c a l .

Finall y, inductances were used in parallel with the c o r e s  to  prevent

t hem from saturating. Tire effect of these shunt inductances can he seen

in Figure ~~ . The inductance value used in the de tec to r  c ircuit  was

pic ked to g ive a linear relat  tonsh ip between current I and d e t e c t e d

vo l tage  V .  Thus fo r  any g iven f requency , tine rat io of V and I would

be a constant  va lue.

To minimize the e f f e c t  of the 60—Hz signa l, an L s e c t  ion f i l t e r  sirs

added , w h ich s i g n i f i c a n t ly a t tenuated t he 60— Hz si gna l, t hereby a l l ow ing

measurement of t ire h igh f requency si gna l.

IN SF RI MENTAT Ii IN

Current Measurements

The equ iva len t  c i r c u i t  of  t h e  d e t e c to r  c i r c u i t  g i v e n  in l”i gnire (1

m d  tea ti’s t hi- shunt induc lance h,~ and I — s e c t  ion f i l t e r  mache up of C and

L2 . The d e t e c t e d  v o l t a g e  V is:

7 
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Z L + Z

C 
+ LU i

~ 2

w h e r e  1,, =

a = N
1

/N
2 

(turns ra t io)

ZL 
=

= — j / - .-C
= j —.i L 2

Substitutin g these identities , the magnitude of V is:

o a 
\w(L1

+L
2) 

-

For a par t icu lar f requency,  the larger the magnitude of I
l~ 

the larger

wi ll he the magnitude of V . Then if t he transformer core is not driven

into saturation , the transfer function 1
1
/V is:

H a(~
L l +

~~
L 7

_
~~

_
C )  

(12)
0 - - l~J l~ )

and presents t ine restrict ion that  we cannot operate at  ~, =

By ,nc ’ t i r at e i v  measuring the va lue of tire t ransfer  funct ion I I’.’ , we- - l o
can determine the magnitude of currents f rom measurements of V and

f r . ’ q t n e n e v .  T ire result  of cal ibrat ing t h e  d e t e c t o r  c i r c u i t  is g iv ,’n in

the p r r p ir of Fi gure 7.  I l l u s t r a ted  ri re liii- ‘l’~
’o trans t er finn,’ t ion

for two d i f fer i - irt  vii lues of capac i tance .  Bot h c i r c u i t s  p r o d u c e d  a c c e pt -

able results; however , since ti re f i It er e I re in i t  sev , ’ r ,’ lv - It  t - u n i t  is

si gnals be low f = l/ (2
~~~~~~~

h 2
)
~~~

. t ire c i r c u i t  w i t h  t i ne  Ia rp -i e i lb l . n c i t , r n r e e

proved to is’ s un irer ior in prov id ing resu n i  Is t ha t  co u ld  he more i - h i l t  c i v

-x l  r,nll k l int,’ . ]  to obtain the parameters at (1(1 Hz.

8
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Voltage Measurements

I
The method of measuring voltage using shunt capacitrnnees and electra—

magnetic cotn p ling is illustrated in Figure 8. Knowing the current ,

ca pac itance , and frequency of the hi gh f requency si gna l , t ire vo l tage  can

be calculated from the expression :

V = 
2rifC 

( 13)

This method , emp loyed itt the exper iments at  CEL , provided satisf actory ,

duplicatable data; however , it required careful app l ication in tile

measurement of z—parameters when an artificia l open circuit was needed .

The othe r proposed voltage measurement method was developed for

open—circuit testing only . The schematic diagram for the secondary

terminals is given in Figure 9a. Considering only the hig ir frequency

signals , the Kirchhoff’s Voltage Law equation is:

V . = I T  + V ( 14 )
m d  2 e f f  2

Z f f  is the impedance of the capaci tor  and load . With the irig h f requenc y

current null ed to zero , there is an a r t i f i c i a l  open circuit and V .m d  2
A comparable circuit is shown in Figure 9h. By determining tire transfer

curve  A. = V - /V . . of the inject inn c i rcu i t  for tine Ini gir fre qu encyv t md  mnj  -

rang e, we can theoreticall y determine tire value of V ,, in the open circuit

tests , as:

= V _ ,A (is)2 tn~ ~

Same ser loins prablems , however , ares .’ in tin is v.’ it iig~ ’ m~’ . n i-itt ri-lint-nt

techn ique. The value of A\k was on tire order oF 10 ~~
, re q ci i r iiig v e ry

n et -u rzn t e measu re-men t s of V . - to ob tain  re I jab I c ’ v rn I u . s  t \‘ 
- and V1113 n d  2

i\ iser , t h e  vain.’ of V .,, tint - Ol)etr c ireni ~t vol tag&- , c e c i n l d  ire i t  I c I t e d  b’.

L ~~~~ - - - -‘ - - ___— - -~~~~~~~~ 
-
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the v o l t a g e  i n j e c t ed in ti n e’ n im~ir v sid . - lh is  u-c r n r re d  w i t h  no d i sce rn—

lhle .‘i n~nn)ge III I’ - .  e e l  t i n . ’  s e e  oind ai ’’. - l i n e ’ i -r i ot introduced by no is.- ~nir dmiii -

inarmonics s ignif i .’a i nt l v  ri f t  - c 1.-il the e- , n- , nnr i -i ui,’ n n t s (so mucin so that  t in is

t i- c ‘ u n  ique Wi15 -o ns id .‘r~-d inn r.- I j i b  I .- ) -

Tire f~n i lur i- of t in . ’  I r . - Co i i rg  i - c t  hue d I or vo l tage  measurement necessi-

ta ted a mod i f i ca t ion  III t ine . ircin it cent igurat ion for (open circui t

t e s t s )  measuring ‘L- h r rn r r tc r i ’ t e rs .  [i tese  i-hanges wil l be discussed in tire

sect  ion i-IEASIJREMEN’l’ ON A iWO—PORT NRTWORR -

Detec tor  C i r cu i t

The ac tua l  detector  circuit used in the electromagnetic coup ling

measurements is shown in Figure 10. It consists of (1) Hewlet t—Packard

wave ana lyzer  model 3 58lA ; (2) Weston transformer coil model 327;

( 3) sinunt inductances and f i l ter  circuit , and (4) a capaci tor  use d for

vo l tage  measurements. The most important component in the d e t e c t o r

c i rcu i t  is item (1). It provides tine high se lec t iv i ty  and accuracy

required in the measurement of tI’e in jected high frequency vol tages and

currents .  Tire wave analyzer is tunable to a part icular f reque-nc” and

will measure tire amplitude of that par t icu lar  frequen.- \’ using a bandwidth

as narrow as 3 Hz Thus it f i l te rs  out much of the noise , 60- Hz signal ,

and harmonics present on the system , provid ing accurate measurement s on

the injected high frequency signals. In addition , it is capah ie of

accu r a t e ly  measuring amplitudes smaller than 0.1 microvolt , rind pruv ides

digi ta l  readn nut of tine frequency and an ana log ind i -a t ion  of t ine

amp i itude. These features  n r c  e-ss i- nr t ial to tire s uc c e s s f u l  - i n a rac te r i za—

t ion of tine power element by e lect romagnet ic  cer up i ung rind ii 1gb frequi-n ev

inj ect ion techu iques.

I n j ect i o n  C i r c u i t

The c i r c u i t r y  for iii j.’cting t Ine high f requienc ’.’ s igna l i n t o t ine

p owe- r i- i t-me-nt is shown in Fi gure i i .  ‘Fire e i r c u i t r \  consists c c l

hO
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(I) Hewlet  t—i’nnck ard Audi. . u s c  ii la te r  Mode l 20 1C (no. 2 ,

Fi gure ’ 11 )

( 2 )  P h n a s e — s l n i f t  ne twork  (no . 3 , Fi gure I I )

( 3 )  Me Intoshi ~l( 2 100 sa l  id s ta t.’  s t e - r c a  dual powe r nnmp li—

I j e t s  (ira . 4 , 1- ’ igure ’ Ii)

( 4 )  We - s t  on c urr e-nt  t rans fo r me r - i  model 327 (no . 1 and ‘3 ,

F iginre II)

5) F ii icr c irc nn i t s  rind shunt indit e tances (no . 6 and 7 ,

Fi gure i i)

Tine M cintosh sal Id s t n n t c - s t e r e o  power nrmp i if icr is an important par t  of

tire- iri gin f reque’ irei- ’  in~~i’c t  ion c i r c u i t  ri- . I ts two independent channels

w i tin nnss o , ’ i n i ted  grniir c o n t r o l s , prov ide  tine capabi l ity  of s imu l taneous ly

inj  ect  h g  hr 1gm 1 requencv s ignnI is of di f fere’nt ampl 1 tudes rind phase i n to

tine pr imary and si-cond n nri-’ s ide’s  of tire’ t ransformer .  Tire phase sir 1 f t

ne two rk , show ir Ii .‘hem nr t i ’ r n I iv in F i ginre 1 2:n , prov ide’ s r n mc ’ rnns of  c mm ng hug

ti re ’ p inase  of tire- hi gin F reqineire V si gm I . As tire potent  tome-icr is adj inst e-d

tine ’ angular d isp I mne - e-ment he’twe’ e-n V . and 
~
‘

e. 
is ehrnnged wi t i re ru t  m nf f e - c t  lug

tine - irnntgn I tinde e~f V - The pirasor d i nngram in Fi gure - 1 1h ii lust rates t h e

p hase- re-Inn i onsin ip be’ t we- en V - nn nd V m s  t i r e ’  v r n I Inc of tine ri-s is t ; nt rc ’ e isin
c hanged . ‘fbi’ c ul t  ra Is af forded by tine’ stir .- ,. perwe’r ampi if i c r  and pin n nsc—

s it i f t network a re’ e’ssent  i mi 1 f r e  oht ,n mr ing the m n r t i f  ie ia l  .epen rind slror t

.‘ i n - u  i t s  re’qu i re -el  iii d.’t , -rm in ing tine ’ op ermn t iirg par m n it ne -te ’rs r e f  t i re powe r

e’ l en ii int .

[in mt-ast ir jug tint- nr ;l n nt ’ t .- r i - ; of t in t ’ t r nnns forirrer , a sing le’ rind I c e

i rs.’ ii Ini t eer is nnse ’ei t o  p e - r l - r , r t  .- l ine ’  in 1 gm f requie’ ircv si gnni Is , w h n i . ’ h n i n s u r e - s

t lnm n t both  s i puu n is  inn j . ’ e ’ t .’d hut a line’ p c c w e ’ r  sy s t e m  Inav e pree Isi’ lv  t ine ’ sm n l ( r , ’

f r . - q n r . - u r c ’ v  — 
‘[‘lie’ m i d l e e  t e s t ’ i I I m i t e r out p int is led l i n t ,r one- ehnninn e - I of t h t , ’

ew e - r amp 1 i i  icr - t m d  - n 15cr  l i n t  c c I inc ph t , n  - —s i n  i f  t n u e  - 11c c i’b . ‘ l ine - s i gir;n I t ram

liii’ p un ‘ - c ’  - m i t  IN nut S r  k is t lie u I i’d i in III t he- oh ire - i’ cmii mit re 1 at  t inc pc )w t ’  I’ 

-~~~~-- - - - -~~~~~~~~~----- - —-~~~~~~~~~~ -- - - -  ----- -~~~_ _ _ _ _
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ampl if ie- r .  The output of tine stereo powe- r a n n p l i f i e r  is two si gna ls of

t he same f requency,  but w i t h  di f fe-rent ampl i tudes and phase- , win i d r  are’

tine-n inj i-c - ted  into the primary and secondary  ,rl tii e transformer.

Tire instrumentation for measuring tine ’ pa raimre 1cr  s of tine two—p a r t

network is shown in Figure 13.

MEASUREMENT ON A TWO-PORT NETWORK

z—Parame ters

The initial attempt at using tine electromagnetic coup ling measure-

ment techn iques was carried out on a two—port network. This was a

Standard Transformer , 1200V/ l 2OV , 37. 5 kva , Serial No. 533604. The

ob jec t i ve  was to determine its open—circuit parameters. Several prob lems

were encountered . Problems with tire voltage measurement techn iques

(discussed previously in the Voltage Measurement of the INSTRUMENTATION

section) necessitated modification of the circuit hookup from t h at

indicated in Figure 1 to tha t shown in Figure 3, as voltage measurements

would irave tel use shunt capacitance and electromagnetic coupling. Also ,

the proposed t e ’ e i n un iques of obtaining open circuits by using resonant

tank circuits m s  illustrated in Figure 2 could no longer be used , because

tin t-re’ was me) valid me’throd of measuring voltages wi th these conf i gurations.

Tank circuits also appeared to introduce harmonic interference to tine

system whic in increased tine’ noise level , making consistent , accura t e’

measurements d ifficult.

‘li ne comp lete detailed diagram of tine inst rumentat ion is sinown in

i-’ iginre 13. Using this new setup,  measurement of tine z— paramete- rs  we-re-

one- e aga in attempted. Great difficulty was encount ered in int l I ung tint’

e’urrent to  obtain tine artificial open circuit. Wit in no 60—Hz AC applied ,

it was f m irl y simple’ to nui l I the current to w iue’ re’ the d e t e - e t e d  vo l  tage ’

V was a few mie- rovo lts (measured by tire wave nina lyz e r )  . However , vi  t In

12
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60-Hz AC app lied , the system harmonics and sporadic noise only allowed

nulls in the range of 20 to 100 irV. These readings weri- often oscillating

erraticall y; as a result , nulls were often guessed at — again making it

very difficult to obtain consistent , dup licatable da;:a.

Anothe r problem encountered was that the currents to be memnsure -d

were ’  minuscule; and sporadic noise and harmonics p laye- d h avoc w i t h the

readings. In retrospect , these very small currents could irave beeu r

predie -ted from evaluation of the equivalent circuit of a transformer

shown in Figure 14. Considering the case of an open -ircuit in the

sec ondary , we have - R
L~~ 

and 1
2

0. The input current ~~ the- n , is equal

t e e  I , or t ine magnetizing curre-nt.  For a typ ical transformer , X~ and

R nrc  v e ry  large- (muc h larger than or R 1, respectivel y ), which

sc -v t - r e l y  l imi ts current f l o w  in the transformer should an open c irc’ult

occur  in c- l  t i n e ’ r tine ’ pr imarv or see -o nd m nrv.  At hi gh frequencies , X~ would

c - le n  more- se - ve r i ly  d e c r e a se  t i r e ’ curr e -nt , as its impedance is directl y

p r e e p e e r t  i 1 11 , 11 to  f r e - q u e - n c v .

Fi nes.’ di f f i c i n l t i e - s  pr, -’ .’ e- i r t e ’d ti le’ co] le - .- t  ion ref any coge-n t data from

o pen— c ’ n r c  u n i t  1 e Ht S .  i h c c W e ’’.’,’r , mis ti n)t t ’d pn ev ia in s i v , t i ’ e ’ HP wave’ anal y ze r

has tire- i -ap ah il i t  v . 1  uure ’ n s c r r i f l g  nimp i itni des l e s s  t iuair 0. 1 V . whic h

should he- mi d e ’ q n im nt ’ ’  f e e r  n r c - usia’ l ung t h e ’ m i ur i n seule’ c - tt rr t ’nts. To verif y tire-

va l i d i ty  of the- a r t, i t  j e j , i I  c e p c - n — c - i r e  u n i t  t e s t  and t e e  sinew t i r m n t  it was tire ’

harmonics and no ise in t i r e ’  powe r s v - ~t c-rn t in,i t pre’ve-nted the nic’ br e’ve’mi’nt

o f r e - I  habIt ’  da ta , an a d d it  i c e i r m n i  expe-r imi - nr t was ,‘onduc- t e-d .

A c-rn pa.’ it or was use- d itt p lac - c’ of tine ’ two—part nrc’ tw,urk , and a low

pass fi l t e r  was use d at the- input.  Tire low pass f II ti-n wou I ci b loc- k mint- li

of the Ii igin f requc-n i ’v hnarmon ic ’s and noise of tint ’ AC powl-n si --st em , a 11 owing

i-mi s i t -n de’ t c - i ’ t i on of t he I i n j e c t  e’d iii gin f requenc’.’ si gnu Is. The re-sn I ts c c  I

the te-sts witin 60—liz AC applied t e e  tine capacitor eonre’i nn t ed we-li wit l n

t ine- o re- i ic-a l  lv c u  l ent mi t ed v alu e s As expected ,

= = Z
21 
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‘[Ire imprm ie ’t  i c’a l itv  ee l using l i t t e r s  ,eun m i i i  p re ve ’ r  ele’irr e’nts , tl ue -re f ,ere- ,

le n - v e n t s  using a r t i f i c - j ul open e irc ’u i t s  in de te - rm i i n iurg z—par anr e ’ t e - r s .

‘l inus z—para nne -t  e-r measuremeuits were- d i s.-ont i nine’d , aund met n e e ds of measnur  hug

— pmn r m nme ’ ters we ’ re- i indc- r taken.

i-’ — Pmr r m n me - t e ’ rs

‘l ire’ e-xp e ’ r inn e-irtal setup for measuring tin e y—parmnmetc’rs is the same

,e t n , -  mis t h nmn t use’d in tire z—p a ra me t c ’ r measurements , i l lus t ra ted in Figure

ii. Initial iirdi emntions were tira t tine substantiall y large r c’urre’nts

weru ld fmne - ili t at e measurements of verltages and curre’nts. Tire value ’ of

t ine shunt c a p a c i t a n c e s  for vol tage measurement was picked so t i m m r t  t i n e ’

de ’ te ’ e ’ te ’d vo l tage  c-an be easily measured bi-’ tine wave analyze’r. Adjust—

menn~~s of the phase and amplitude- s of the’ i n j e c t e d  high f requency si gnals

produced a d ist m e t  minimum in the measure-me-ni t of V
1 

or 
~
‘2~ 

‘Ibi s m m imum

corresponds to  
~ l 

or 
~2 

being approximate iv  z c - r o ;  t h ra t  is , a s h o r t

c’ irc-uit occurs m it - ross one of tine ports.  These ’ indicat ions w e-re  vt -nv

promising in v iew of the d i f f i cu l t i es  encountered in z—par a nre t , ’r me ’a—

su rements .

The y—paramet e rs were Lu st measured u s i n g  e ’ renvc ’nt lana i means. lii,’

loads were disconnected , and each port was siuort— ,-ircuited in t n n u n .

Mc’mn sinremeuts were made using voltmeters and ammetc -rs . This ei ,, t , r proved

t ,e  he cons istent and was used as the reference ; tha t is , nne-a --er r.-um r t - u nt s

us ing e lectne rn ragne t ie  coupling would have to provide s i m i l a r  r.-~ u Its I c e

prove- that tire methods work.

Nt-x t , measc nre me nts were donie using e l e c t  rournagnet he c a u p i i n g :  f Inst

w it h o u t  hO—H z AC app lied then w i t h )  60—Hz AC app I he ’d . ‘Fire ’ re -sti l t s  c c l

I m i sc ’ ri l e n s in re-nr c- mr t s ai  I co r r c l a  ted , as m d  icr -nt  e d ia. t i l t  g rmr h i s  in Fl gnu n. i ‘3 ,

win ic - h co mpare-s t i n e -  re - s u i t s  o f tire thre’i’ t e s ts .

t i l e ’  t’ c ’ s n n l t — m  s ince w tiuit 3’ 1,, ( j )  rind 
~ - e~~

( . i - ) ,ir~- ,n I)in i’ c e x i f l n m n t c I v  e qu m i l ,

- ; as w o u l d  he’ expe’c’te’d in a l i i n e ’ mn r , re -e ’ i pu’c e c m u l  net work  l i ke’  ml t r m n m r s l c - r i - m e - r .

‘

~~~ 
) ( H )  is It) time- s li rgc -r than Y

1 1  ( j , ) ,  and ‘3’~~~( j u c r )  is ml i t u i i r , h r e ’ d  t int -s

l arge r t u tu Y
1 ~( - ) .  ‘Ii ne ’se’ I indin igs to r e  m ire c’ ,rmi sist e ’nt us’i t i r  c \ p c c t e d

re-s u I ts .

1-3



~ .~-_ ,---- ~~~~~~
—

~~~~~~~
“

~
- - -,‘,,

- .:
--,-- -

~~~~~~
,-.-—-- - -~~

—--~~~~ 
‘, ‘ - -

~~~~~~~~~~~~~ 
—‘---------- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

They can be venif it’d by tine fo l lowing der iva t ions.

h
l (

j- )
~~

= 

v -

2

1
1
(jw)

= 

~~ ~ij~
’y 

=
1

~
2l

~~~
’
~ 

= 
V ( jw)  

V
2 

= 0

12 ( jw )
Y22 (jsr) = 

V
2
(jw) 

= U

Also , V 1 
= aV 2, I~ = 12/a , and a N

1/N 2 
= 10 for tine- transformii c- r be ing

evaluated . Then

1
1
(j ,

~ ) l
2 (j r.r ) 1,i- ( j w )

Y12 (j) = 
V
2
(j~ - ) 

= 
aV 2 ( jw )  = 

V
1
(j) 

=

and

\ ‘

1
j ’ )  = 

V , ( j c ~) 
= 

V
1 

= a 
\1~~~~~) 

= 10 Y
1 1

( j ,  )

a

mind

I,,( i )  m u  (
~i - )  - e

= 
\ 7 (  ~~) = 

V ( j ’ )  ~ 
( j

’ )  

= 1 01) 
~~ 

( j ~~)
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The , ndmi t t m nu nces are p lo t ted  on lag— log Puller ~ t1 FIgure’ 16. Tin-i s

nt - su i t  seems to im i d i cm n t t -  a purel y Induct ivi ’ e ire ’uit . This result is not

surpr is ing if we cons ide-n t i l t’ equ iva I cur t  c i  rt -u it for tint-  t ransforme r In

Fi ginrt - 14 under sm a r t — c i r c u i t  load condi t i om is ;  thrat  is , RL 
= 0. The

e [rein it is simp lified by eons ide- n lug tine ’ following c ’ond it i o n s .  In
2 2

ge-micra I , R - is much gre m nter t i nmnn a R .~ mind X is mucir greater t luaur a X -

Ignoring R~ and X , then , gives ~i se -n c ’s R L e i r cu i t , wi t in  (R
1 + a 2R 7 )

2
as

tint - res [stance’ , and (X
1 

+ r i X  ,) mis tine t i e t a l  reae ’t au ie ’e. For a trans-

former , we e x p e c t

+ a
2

x 1) >> ‘

~ I (R~ + a
2
R
2) I

5,C t u e  t ransformer  wou ld appear like a pure inductance in tire sh o r t—

c ire -tn it t e s t s .  Tin s hypothesis is borne out by t he data of short—

c i r c u i t  t e s t s  aund hi-’ tine y—parameters plotted in Figure 16. Tite data

m l Isa m d  it -mite ’ tirat the approx imat ion  of tire t ransformer as a pure iniduc —

lance’ is valid even at 60 Hz. Tine results in the high f re q t nc ’ n . ’v nange

can then he extrapolated to g ive- tine! results for operat ion mi t 60 Hz.

‘f ine imnpedan. - c ’ parameters can be c - mi Iculcnted from tine- y—pr n n mn nne te ’ r s .

i-ic r a twa—por t  ne- twork , Equat ion 5 c n n  be w r i t t e n

j - 

~ 22 ~~ 2l ~22 ~
‘ 2 l

= 
~~~~~~ = 

y 12 y 11 
= 

~~~ ‘1 
3’

~~~ ( 16)y
11 ‘12 ~“ II~

’22 
— 

12 ’ 2i
y 71 y 22

y - ) -e
z = — ( 1 7 )

i i  
I I~~22 

- 

I 2~~2i

z = 
-- ——— ( li t )

‘ I l’22 
- ‘I 2 ’21

lii
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(:oNcl ,u ’ s I ONS

In I ire! e ’ li’t’ t romnnagne - t h. c- ceci l) 1 jog uncm l sin re’nr e’n t s p~- r fo nuite-d by C i- I -

Se)  l id let re rmnni g mr et ic I rmnnsla ntr rt-r e c e n e ’s we ’ re- use’ d - ‘lii i s proved t c c  i ce ’

sa t  j ‘u fae- t ,e u’ y leer I nibei rat  ,eu’ v use’ hint would ncr I he lena, ’ t l e a  1 feet ’ t h e ’ Id List ’

beca use pelwi- r I Inc ’s waui Id  inmn~- t ’ to  lit’ d i see rnun e- .- t i’d t e e  pass t ine- tin t hni ’ ce i tg in

tine- care ’s. For I Ic iii ape -ra t iaurs , ,‘l mn ur np— .rui d e v i c e ’s sine - hr us t h r e e ~~c ’ s i n c e c s ’u t

i nr i- I g u n ’  17 e ’ e e n n  ld he’ u s e d . Tin is watt  Id mu 1 I c e w  set cup e e l  tin .’ mnie ’asin i’i’ulne’mi

I nrs t  ninme - u r t  5 wit inoi nt cie—c ’une -n g i z ing tire ’ powe r i~I e’mrre’ur t

F h e - c t  ro i r tm ugt ret  I c — c o u p I ing nueni siure ’unn e’mn t t c ’e ’hn le l ue ’s  ,uici hi ghn I i- e ’q u neuie -\-

I m i j e ’.’ t ion e n l t i  he- cisc-cl to ci i~ t i-m u liii- i_ I re’ e’ i l’ e ’U i t  pm rmnmlne - t ens  c c i  m u peewe ’ r

e’l i’ment win I Ic it is m I re- m n I imr g d r — i i re’ m i t 61) Hz. ‘I’ m is prerv ide ’s tire ’

t’ e’meneie c i ns midv amn t age - of in in h int i z htr g t i r e ’ e ’qiu I pnue’n t clownr I inc f e r n  p e n  i ced Ic

u r n in I i’minince , by ml I lew i mr g sucin St  ml nch mn mci t e s t  s as open— ml mi d sl icer  t — .‘ I r.- iu it

c - s t  s t e e  hi’ rum w i t  m e r i t  I (his  til pt  iung I hut ’ pe lWe’ r SLIPI) I \‘ c c i ’  I e e;ids

‘lIre ’ I e ’ c ’ i t i l  i q c l e ’S de’sr ’ r ihr e’d m i  tint ’ tire n u-ucmne - mium -mr t an ml t le’ c e I ) c e r t m r e - t w e e r k

c - r u i n  he gene ’ m l I ze’d t c c  mliii-’ mci I t I pee l’  t ire ’ I weerk . ‘h in t s , ut renn sii i’,’une ’mr Is in c - i-el

ur e et  lie’ re -s t  n i. te ’e l to s h i n g l e ’  peewe r e l  c-t i ne-n Is , am id c -nt i re  c ’ I e ’ c - t r  I c m i  I s y s t  e-u nus

n i n n y  Ire’ me ’ ml snu me’c l m i d  e - h l a r m l c ’ I .-m i ze’d

A t ten time ’ I urr l nm ’ c im umll’ e’s c c l  r idi til t tmn t rc ’e’S c c i  ml ne-t wa rk  i n m i t e ’ lie- i- mr e ’ I n m n t ’ nc ’ —

t m - r i  zi -ci • ml 1 in c -m I  r ma I i renum i  I l e n t  I nnnec ie - I mmiv lit’ si- ui t I n t - s I  zc ’d . ‘i ’m is  n u d e  I c - m o n

b r i - i r lie- u s e d c n n  miii au n , n  I c e  e ’ enn n pin t e n  i c e  s in u c u i m u t t ’ m e ’ s p .cm n sm ’s m u d  e e i re ’u’ , ut I .em r

c c l  tint ’ mn e ’ t w e e r k  . In t in is mn nam nn. - r , c - t n t  i i~c ’ u - i . - .’ t r I c m i  I m n c e w c ’m s i - c t  c-ills e m i t ]  lie’

s mmc i  h i t  ee t  m u rd a n n  l v’ t ’ci I ee r .- t  I’ e ’ e ’ t s c e t  I enad c e m  s i - s  t i -tin e - h inu urge-s c c l ’  I er

r c ’ s pt e mis.’s cc i t , n u a ;  I e’u l t -n .

17
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Tb is method of measuring c -r io readi ly he adapted for  c- crnt itiuous

monitoring e e f  power e lements  re m sys tems . S i n c e ’  t i re re  is  e ’ s s e n t i a i  iv ntl

e ’ f f e ’ct on t he system or loads , c irc’uit parm rmete ’rs can be monitored

cont inuocus ly to provide imm ediate’ indication of faul ts in t i r e ’  power

m ’ i omen I s.
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