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service that is sumelied by these Lines . 

bave led to the term "Lightning proof” tranemiasion lines . 

IMPULSE GENERATOR INSTRUCTIONS AND OPERATING PROCEDURES 

Z. General Discussion of Lightning 

Sinee the beginning of recomled time, Lightaing has been an occurrence of - 

fear and mystery. Very little about it was know until Benjemin Franklin demonstrated = 

that lightning was an electrical phenomenon. 4 

With the coming of transmission lines it became more importent to determine 

juet what lightning wes. At a vexy cavly time in the nintory of trensmiscsion Lines it 

wes noted thet Lightning vas one of the major technical problems that kad to be ones 

come. S ince transmission Lines axe constructed at some height above the eurround lug 

terrain, they ere usually the a ‘prominent aoject of that particular Locality and 

Toererore moet suscepteble to being struck by lighteing. when a trancm aston Line is 

struck by Lightaing serious damage oceurs. to Line insulation ; Sub-e cati ons, and . 

genere ting equi ements creating wuch expense ant pelted os tion of the eon LLnelty of the 

Over the years transmission Line engineers and high voltage experts have | 

sats nmaged to develop many types of protective devices. These protec: bLve devices auch ¢ as; 

fe, ee 

‘Lightning arrestors, expulsion tubes, overhead ground wines, and fast relaying techniques : 4 



ti, Lightuing Tnves weatigations 

the engineers’ Piret studies were confined to the effect of lightning, and it 

was foul thet Lightuing etrokes are characterized by &@ relat tively high current TLowe 

ing for = short interval of 1 bine . This means that when the transmission Line ia stauck 

by Lightning this fest surge ‘of eurxent through the lupedance of the Line produces a 

volcage éxop between the line and ground. This voltage wave imeciatezy starts to 

travel. in both directions 5 along the tranemiaaion line subjecting the Line ineulation and 

equipment to welatively high voltage stwesses. These “traveling waves" may algo be 

groduced by induced effects trom oy gieokes whaich do not ectuaily contact the 

iwanemiagion line. By actual field investi gation it has bean Pound thet she shape of 

these high voltege weves varies considerably. 

<2 
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TIT. Actunl Lightning Veves 
Weve fronte have been found to range f¥om one to 90 microseconmis to erest - 

and vor i. tO BOO nieroseconis duration on the teil » &m enalysia of these deta oy 

Bewley indicated that the majority of the fronts were from 1 to 5 microseconds and 

that the duration of the tail wes from 10 to 40 microseconds. From this date a standard — 

test wave Gescrived es 6 12 x 40 microsecond wave wes established by the induetry se 

that tenting could be conducted on af comon basis. seshines: of defining wave shape will 

be explained later). 

| From the above discussion it becomes apparent that the 13 x 40 microsecond Weve 

ig not sn actual lightning stroke but is a standardized voltage wave which is eotape 8 

Little more severe then mest actual Lightning strokes. 

Im Seterminivg whats ee of voltage right be fount to exist on transmission 

Lines Guein: 3 iightning strokes 1% fe S Realized thes tae hign rate of change of eueeent 

must be determined. Field Lavoe bigats 4oa bas deca: that the curyent in lightning strokes 

ss be es Low es 1000 of as high as 100 ,000 euperes and that the rate of change of current 

may be as high as 40,000 eeperes per mierosecona, with a probable average of )500 amperes 

per mievosecon?. From this date it is estimated that lightning volteges will. range 

between 1 KV and 10,000 KV depending upon the impedance of the line struck. 

Fortunately this voltege wave can be "chopped of f" by the line insulation and 

Ss voltages having 2 magn tute of a Little mxwe than tae evitical flashover voltage or 

she dime would reach the trauefoxrmers and sub-station or generating eteation equipment. In 

addition the nature] attenuation of a transmiasion line deeresses the mogni tude os 

Leesens ihe oeverlity of & a ieolse as it approeches sub-stations or generating equipment. 



cyoos of Lightning Waves 
Ee iytaarnin deere scat dpa perce ATOR TENT SAA IES 

Sinee inttnine waves are altered by the Line insulation, expensive equipment 

ay be aublected to three different types of caves . Waves having menitudes slightly 

higher than the critical Sleshover value will be “chopped off" at or beyond the rest a | 

and the wave reaching the apparatus will be & "chopped wave". Magnitudes greatly in 

excess of ‘the evitdeal flashover value will be "ce opped off" on the crest or before 

the crest. This wave vhen reaching the apparatus will be “steep fronk” vave provided 

tnes the point of lightning stroke contact is not so distant from the appara wus 23 GO 

be greatly attenuated by the time it reaches the emparatus. The other wave is the full 

wave iu woich the magnitude of the Lightning voltage is lesa than the eritical flashover 

of the Line insulation. Therefore in leboratory tests, we attempt to duplicate these 

three different types of waves. 

pe 
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V. Wave Shape 
| Pig. I. iliustrates a typical full. ee. Such waves are specified es , txts 

where Ty and To are the intervals 0)X), and 0,%), respectively. For practical reasons 

the virwual gevro time is established at O; and is determined by the intersection of a 

line Grawn Uhrougs the ie and .o2 points on the front of the wave, with the zero axig. . 

My is the time at which the crest cecurs. The time interval 01%) = T, ond defines the 

yave Prout. 

for convenience when the crest is not clear the time of the wave front can be 

considered as te himes the actual time imtverval between the .3E polat and the .ch point 

oe T, = 2 (Xp - ¥3). : | 

TP there ave sourious osellietions on the wave Treat which can 'S be dompened ows, 

the .38 and .o8 points ehould be establieked on aa average curve sketched through the 

oselLiatlons . | 

in Fig. I. the poins X), ie established by determiniag the time at whieh . 3S 

occurs in the teil. of the wave. The time interval 0, %, = T, defines the teil of the 

WEES? o 

Pig. I. Wave Shape 



VE. Qesting Weves | | 

As explained in the previous section, laboretory impulse testing waves are an 

attenpt to duplicate the different types of waves which might actually oceur Of 

“apparatus due to the eccurrance of a lightning stroke contacting a transmission Line. 

Figure I illuetvates these three different waves. Referring to Figure I vave fi ie 2 

14 x hO mlercsecond full wave the emplitude of which is such that the weve wouls ‘pot 

COMBE flashover of the line ineuletion or apparatus bushings used with the pawticuler 

yoltage class of the apparstus unier consideration. Such voltege amplitudes have been 

atus would. have stantinrd ged for all, common voltage classes. This means that the aypas 

f 

to have internal insulation with sufficient strength to withstend this full vave. Wave 72 _ | 

of Figure T is en example of “chomoed wave", the amplitude of which is approximetely 154 | 

higher then the full wave. Im general this voltege vould cause Plsshover of the ling 

nowged off" effect om the tail. On imuletion or apparatus bushing thus producing a “s 

d off” effeet may be preduced by gans or the apparatus bushing . | ammaratus thie "chopp 

The third wave, the Steep Prout wave zs gives rise to a somevhet special test. This is the 

ne front wave aie by wave eurve £3 of pias TI. Such & wave is roughly 60% 

higher than the fuli vave but of very shoxt duration. mis type of wave is only 

experienced on transmission Lines which Go not mrovide lightning arrestors or other 

pretactive devices. When these operating practices are adhered to » voltage yeves mech 

in excess of the critical impulse flashover value of the line insulation, when oceurring 

- at or near the egparctus , Will | produce the steep front wave even if spilled gxyps are 

uged, this type of wave is a mach more severe wave than either of the other two Gypes » 

Thesoloxe , this operating wrocedinre in whieh Lightning protective devices are not used, 

oan only be justified on an economic besis where continuity of service ia not of prime 

importance . 
~H~ 
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Figure IT 

fypes of Lightning Waves 

#1 Full Wave 

42 Chopped Wave 

#3 Steep Front Wave 
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VIL. Artifical Lightwing Cirevits 

The leboretory Lightning generators waich made poss ible the production of en 

artifical Lightning gtrcke axe essentially a discharge of a ecapecltor. Most grenerators 

in.use today are mdigied Merx's circuit generators. By using 4 series resietence 

between the capacitance of the generatoy and the impedance of the apparatus under 

test and by using shun ting resistors the wave shape applied to the test piece nay be 

controlled end wade to couforn to the coumercially standardized is x 40 mlercsecand 

wave. A typical eqguivelent ecirewlt for an slmeo-ate generator is iliustreted in Pigere Itt. 

he impulse generstor itself? is vepresented oy the capacitance (Cy) the induetanee (L.) 

end the isolating gap (e). In the actual cireuits Cy is made up of many capacitors 

conmectes in series by many caps. Le is aise distributed esong the capacitors. The 

rewainder of the equivalent cireult is to ghene the output of the generator inte % the 

Stendard LS x hO weve. The yesis teuces Ra and Ra, are resistance voltage — whose 

Lunect ott iS to produce ¢ reduction in the voltage wagnttude so that the Lupulse were 

cen be recorded by a cathede say oscillograph. Re if ¢ shunting resistor which aids 

Ln the contro. of the TALL of the WAVE » 

Axter the impulse generator capecitezee (C.,) gi bas heen aaa by a DC voltage 

to some predetermined value, the series gep (G) is wade to aypark over, thus caus ing, 

the impulse generator to discharge into the vest of the cizeult. the output voltage 

divider) vises (the vette acsoss the test specimen, Load capael tor, and the voltage 

until the load panaci tance and the impulse generator capacitance are essentially at the 

peme Voltage. Tate ie the ereat voltage aud the part of the wave up to this point is 

called the weve front. Beyond the ernat che impulse generator capacitance Ce and the 

Load capacitance Cy, act in pavaliel and discharge “through the series xesietence Res sa 

yYoltege divider resietance Rs aid wave tall shaping resistance R, » Thts sumo. of +t 

wave is called the weve tealil. 

Ba 



Vilz» Galeuiations fox Wave Front | 

The wave front is determined by the RC time constant of the load capacitance 

(Cr) end the series resistence (Ry) ,the self inductance (1L,),and the Tes generator 

cagacitance (Cp) (Appendix I gives the theoretical caleulation for wave fronts and 

Gave tealis. From this 1t can be shown that, acdc the series resistance (2) is 

suféficlentiy large to prevent oscillation om the erest of the wave , the equation for the 

tixe to erest is approximately 2.5 times the RO constant of tne outyut eipreuit. Where 6 

ig the efYeetive sexies capacitance of the generator copaciiuane (Ce) | and the Load | 

eapecitance (C;,) or where C is equel to C « Gy, C, «» In other words, the wave front 

CG, ¢ G | | 
3 & et 

time in microseconds equels 2.5 times Reg times C. The mluluami value of Rg can be determined 
EG TRE eee: 

from the equation Tor erltieal dampening or R, minim tee /e. Ip aetuel practice it is 

found that the lead capscitance (C;,) is only ecout 1, to 10% of the generator eapanl tance 

if G) thevefore the equation for weve front may he seduced to tine of wave front in micro- 

seconde {%) in equal te 2.5 B, Cy in microfernds. The constant ¢.5 is theoretically 

obteined by assuming thas ‘the voltage bukit up aerosa {¢ g) the generator capaci tance 

(C,,) xemains constent during the time to the crest value. Obviously this is an exror 

inee the peuapates eepaci tence Cy starts te dtedares the instent that the geo (G) 

breaks down. Since the constant 2.5 is dependent uwoon a discharge rate of Ce it is 

covious that the length of the teil will have an effect upon this constant. 



Lee Cale uiations fOr We ave Teil 

As soon es the load cepeacitow veaches crest value, the generator capacitor 

(Co) and the load capacitor (C,) immediately start to discharge through the effective 

resietance shunting them. In the type of wave shaping clreult used In the Locke High 

Yoitage Laboratory in which an Ra, R,, end RB, are used the effective sinumting resistance - 

considered to be the parallel combination of Ry plus R, arn Ry -« 6ines Ce $8 much 

greater than c, the Cigenesge curvent ig considered te split at the jumetioa of aig @ 

Te Ry. Thesefors, the equats nm for effective shunting wesintence is a R a Ry (Ry ? Ra. 

8 eT 1," g 
From Appendix A we find the equation for time of wave tail (tp) is to - 0.78 (Cy $C.)- 



a 

—K. Voltege Regulation — 
an Gnpeveting an Lag ulse generator it is desirous to know the EMOPOXLLE Le - 

veguintion which will occur in the output cirenit. Tue types OF regulations take place. 

One ig the effective retio of the capecitence of the generator end the capacitance 

of the Load civeult, the other the voltage divider effect of the combination between 

Rg and Ra. The generator output E, in teras of the capacitance regulation is E. = 

BoC p » Where E . is equal to the charging voltage of the geterator times the nusber 
Ce $+ & | yee 
o éaneettore anh F & ig the generator voltage {E,) regulsted by capecitos effects . 

Em condidering the sage a regulation — a= z would equal Ra Ey, - Therefore F 

in terms of both By and B, the output regulation Ty s Sg n, te? Ra 
Bg E a) Eo a G = “, fy 

Tais equation is net preciae, however, for most oils generators using tne 

15 x 40 microsecond impulse vave it gives a very close approximation. ‘The error is due 

w neglecting the geriez infuctence of the cireult which eauses adéitional voltage rise 

et the cvest. 



KI. The Locke Dnpulse Generator ¢ 
The 3,000 ,000 volt impulse generator ae in the High Voltege Laboratory of 

the Locke Department, G.E. is indicated schematically in Figure IV. ‘The generator 

cousiste of the following main parts Influction regulator, rectifier, capacitor 

pant: » wave sheping resistors, and a trip unit. | 

In normal operation power is. supplied to the induetion reguiatey Which varies 

the input voltage to the rectifier transformer. The BDC cutput which is pleced across 

C, and Co is obtained from a. vel tess doubler type ef circuit using two kenetron tubes 

(V, and Vo) - ne operation of this rectifier set is as follows: At any given positive 

| halt eyele of the exeitation voltage 9 Vo Will, conduct through the capacitor Co and the 

| treusfoxrmer by means of the charging resistors R g aad R el’ | Dusting the negative nol? 

eyele of the excitation voltage ‘ WLLL conduct placing 2 : charge across ¢ oy by means 

of the rectifier txensformer and the charging resistors R og aud R eo* En this marmer 

during the charging up period a Peer bte chevee wlll be oe on one side of each gxeoup 

oF capacitors and the negative Monty Will. be placSd upon the other. 

The charging resistors a > Rap wt oe R, y SLLOW the capacitors to charge enue 

relatively long time constant but issolate them during the aischarce of the generator 3 

Caution: Inasmuch es the capecitars Cy ene Co, etc. ere individually ve tod ae 75> EY DC, 

the Lower side voltage ore the rectifier transformer immut should be Limited to 

approximately 360 volts. 

Tf the trip gap Ty were now to be short-circuited, the generator would fixe 

in the following wamer. When f, choses, point (1) woud. be reduced from some positive 

yotential to a ground potential. This pulse would travel through Co and C,. Point (2) 

would now have twice the negative potential then what it had while the generator vas 

charging. This would inerease the voltage exodient across G, enusing it to break down. 

Tt then ee that the voltage at point (2) would be placed at point (3) causing 

a further reduction in voltage at point (4), causing Gy to break dam and soon. Ix 

thia memner, through its internal gaps, the voltages across the Imivicual capacitors 

of the generator would be added up and discharged through the Pinal sep into the 

ay pee 



wave shoping cireuit coumieline of Rg, Rg, Rg, Bgy, acd Cy, placing the output 

voltage across the test specimen. , 

in actual prectice the gep Te is ehort-eizeuited by means of the trip unit. The - 

teip wit is essentially another small impulse conerator which has en output voltage 

of approximately 62-1/2 KV. One end of this small teip unit is grounded through the 

tube Vo which is a hydrogen filled thyreton. The 6241/2 KV pulse is placed upon the 

Ay (Ty) which upsets ite gradient sufficiently ta break dowm the center gone. ‘Ene 

grid of V, is triggered by a pulse from the time delay cireult of the CRO. This rather 

eouplicated firings mechenion is essential in that xelieble control oF the Instant the 

generates Fires is éestrous ginee that time must be teach baat with the stay of the 

horizontal evegp on tae CRO. 

A wonltive outgut voltage on Mats impulse generator may be obtained by chang ine 

the outpet commections of V, and Vp as shown by the dotted lines in the schemtilc 

dingram of Figume IV. 
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RIX. Voltage Dividers ; | 

Since there is no known method of eceurately measuring high voltages directly, 

HoOue type of voltage divider must be used. Several types are in use today. These are 

the capacitance dividers, the compensated dividers and the resistence dividers. - Since 

the main purpose of a divider is to accurately reproduce a voltage shape in miniature the 

weenltude being reduced by 4 ve.Lue equivalent to the voltage divider ratic, extreme | 

seution must be observed in obtaining this ratio. The capacitance divider is greatly 

effected by stray capacitance and therefore must be walipected py the use of a reaiatance 

divider. ‘The compensated divider, ag found to be experimentally very effective in 

that it attenvates all frequency to che game degree , ia not too practical because 1%. 

pecomes extremely lerge at higher voltages . The resistance divider is favored by most 

leboratories withia the G. EB. Goureny as it is the most flexible and when used properly 

gives the best result. fae resistance voltage divider must te kept well. away from the . 

influence of the generator field otherwise it would be a partially compensated Givider. 

The RC time coustant of the divider mst be kept to a small enough values so thet the 

waves placed across them are not distorted on the output end. The resistors used in 

this divider must be as highly non-induetive as possible ‘ Piece attempt mist be made 

to uniformly ne the applied voltage across thene reste tors, and again, the voltage 

divi ger Patia at ye ies aml capable of being accurately es - All connecticas 

muet be tight beceuse any spurious ghod toad ie woulda distort the weve shape and Shane: 

the voltage gradieat on tre resistors ercating @ transient change in divider radio. 

Tie resistance values of the component parts of the voltage divider must be very 

accurately determined . This Measured resistances value must be checked aeainat the 

caleulated resistence inasmuch as the non-inductively wound resistors might have one 

HLGe opewy giving talee the vated wesiatance across this pee vieniar abd ; When the 

high voltege ip impressed across this eard, the smalltreak will spark over giving the 

: rated value of resistence, therefore, the [——— resistance value would not be the 
° 

GPUS yalne under operating conditions. 

“15- 



the voltage divider ratic is equal to VDR «= Ra 3 Ro where RB, is equal 

to the paralle l effective resistance oF R, and the terminating impedance Bes oF the 

co-axial plek-up cable. In selecting the proper size of voltage divider, two things 

must be considered. The minimum time to be measured and the mascimumn voltage to be 

impressed across the divider. The maximum voltage per resistor card should not 

exceea 50 KY and the totel value of the resistance divider should correspond wlth the 

values as indicated in AIEB Standerds No. 4, Revised, Paragraph 4-163. 

-16- 
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XIII. Cathode Rey Cselliograph 

| The eathode oy Be viceraph ig an instrument containing various DC power . 

supplies, timing eee » Sweep circuits end other associated control equipment, ali 

. built. to operate an evacuated tube containing an electron beam emitter (cathode) focus- 

is electrodes, deflection plates and accelerating plates (anodes). 

os Tf eo voltege which varies Lincerly with time is suddenly impressed upon the 

horizontal, deflection pletes of the CRT and the voltage wave to be measured is impressed 

upow the vertical deflection plates ; : the electron beem will be deflected proportionally, : 

and thus the time-voltage seletionship of the wave to be Gennes Will be plotted when 

these deflected electrons impinge upon. & florescent screen. Photographic prints may be 

taken of this plot > Securing a permanent record of the wave. | 

By means of the timing waves, DC calibration volteges, end the voltage divider 

vatios, the exact wave shape and magnitude may be determined. | : 

In most testing the accuracy of the voltage magnitude as indicated vy the CRO 

an) the voltage divider vatio must ‘be eheckeat. against the epenittae of the same voltage 

wave as measured by standard sphere gaps. They mst not differ fron gaan other by 

more than 5%. Methods of making these checks are outlined in AYEE Stendaxds Wo. 4, 

Revised, Paragraph 4-166. | : 

When testing and using voltages in excess of 1400 KV, the oscillograph mist be 

solely relied upon because as sphere gaps are inaccurate in that range. ‘Therefore, the 

faet that the eceuracy of the CRO and the voltage divider must be maintained is 

euphesized. | 

iG ia highly important that the pick up eable Prom the voltage divider to the 

CRO be terminated by 6 value of resistance equivalent to the surge impedance of the 

test pick-up cable. This terminating impedance is imperative et the CRO end of the 

pick-up cable but is not necessary at the voltege divider end. 
| | } 

‘ 
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XIY. How to Select The Proper Stenderd Generator Circuit 
SEI STALL G EAT A RF . 

Determine the range of voltage at which tests will he desired. Determine 

minim time to Pleshover which will be expected. Select e stendard size generator 

© 
colpatible with the above conditions. Stendard generator curves are given in the Appendix. 

hey have been set wp so that ea vide varlety of the above conditions way be obteined. The 

particular curves are 2 calibration of lower side voltage versus sphere gap epark overs 

for lj x 40 waves. The calibrations hold only es Long es the exact eireuitry is 

cuplicatec as given on the curve sheet. Any varlation in the circuitry. (Except changes 

* * a, ye : ei as = P Oe lier © Com. of Ff 4 28 Ray) Coneiliutes & non-standerd set-up and a new calibration curve must be obtained. 

«Gm 



KV. Non-Btendard Generator Circuits 

| When the use of a standard size Pears is not Feasible other types of 

generators any be set up by poralleling the generetor capacitors, splitting up the 

generator, inserting Internal resistance, making variations in wave sheping resistors 

or load capecitor. | 

Take folloving rules should be strictly adhered to when setting up non-standard 

SSRSPAtOLs » | | 

(a) Always waintain adequate charging resistence in the generator between 

ali vanks of capacitors. 

(>) Grade all voltages as uniformly BS posal ble. This is iiperative in the 

ease of the voltege divider as non-uniform gradients WilL agfect the divider 

ratio. | 

(ec) Bo not exceed 75 KV erest per vesistor card. (50 KV per card on voltage divide 

{a} Keep the inductance as low ag poss ible by avoiding the use of tons Lead. 

lengths or email @iameter wires. 

(e) Appearance of “over shoot” on the ereet of a full wave indicates nee 

excessive inductance if present in the clireult. This will lead to an error 

in the calibration. 

(7) Keep the return currents separate from the grounding circultea. The nich 

return curzvents if introduced in any major proportion into the ground 

circuit, will create = dzop in these ground leads end will, therefore, 

¥aise,ebove actual ground, points which should be kept at ground. 

(z) Meintain generator sphere geps in as clean a condition as possible. 

(th) Metel pexsts of the generator sheild always be tied in with ths xest of 

the circuit. Ficating metal parte yee capattcive eurvents which will 

cause spurious spark-overs which have the effect of distorting the output 

wave. Allepurious spark-overs mist be avoided. 

ice 



DO not exceed 2500 volte across R aL’ 

Or ge ne side of the test specimen and the grovnd side of Ray must be kept at 
ey 

Ce eine a eae tgaey Muiawhiplatk YR 

vf pry, ~ ee or . ground potentie] at all times. 
POCONO reso 4 i SNRs ome CELERANT 



erating Procedure | 
| ; ae fim impulse generator ia an expensive and highly specialized piece of equipment. 

s in ite design optimm mechanical strength has been. saerificed to enhance its electrical — 

strength. For this reason it would not be subjected to excessive mechanical stresses 

of auy type. | | 

| After the proper type of generator hos been set up the following procedures 

should be followed in starting up the generator, = 
ec Check entire circuit for proper connections and tightness of connectors . 

2. Select the propex polarity. | 
3. Remove both grounding and shorting straps on the condensers. ? 

bn, Throw in safety disconnect switeh loceted on left side of the control panel. 

(a) Green light comes on indicating power available. 

(b) Green light ia gate clreuit signel light comes on if safety circuit | 

selector switch located by the stairs ‘is in the proper position. 

S. Throw Pfiianent sviteh to start position and hold for 10 seconds then quickly change 

to run position. | 

(a) Adjust filement voltage to red line by using fine control knob. 

(b) Woes the rectifier filament switch is placed in the rum position, the 

filament on the trip unit pover supply ehaise ere also turned on. Since | 

e, nedvonsn filled thyration is used for tripping, a 5 minute time delay 

locks cut the high voltage to the thyration to aLLow it % reach the proper 

opereting temperature . . 

a aed on 110 volt switeh to the oscillograph. 

(a) Be sure that the back oscillograph door is closed. The back door is 

| 

| interlocked with the high voltage power supply of the oscillograph. 

(>) The oscillograph contains a thermal time deley to allow 1t to heat UD. 
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La « 

L336 

Turn on the 300V, SOOV and 25 KV power supplies is bhe oscillograpnr. 

(a) Observe the CRO tube while turning on the 25 KV power supply since 

the tube would burn up if @ failure had occurred in the 900 volt 

nover suyply. | 

Adjust the osciliograrh to the proper sweep speed, timing wave, DC eulinen tien” 

Pocus, intensity, biag end the camera to the proper. aperature opening. 

{a) Excepsive intensity should be avoided in that it clouds films and shortens 

the Live of the CRT. | 

(b) Use the green CRO button for tripping the CRO while waking these adjuet- 

ments. This button does not tyip the impulse generator. 

Clese all, interlock gate circuits. 

(a) A large green light located on the left-hand side of the control panel 

Lights when all. gates are properly geeneeted ene. sidead . 

With the volt meter selector switch on the highest range, turn the control arviteh 

to “regulator” position. 

() Red light over remulator Beiter goes on indicating that reguletor 

Ls energized. OQhserve VORtGES on volt meter. 

Check the operation of the gate Sind a opening oos of the gates. The regulator 

contactor should trip out. | 

(a) Sign safety record book to iiests the above checks and state condition 

of circulis. 

Throw regulator in and adjust to the approximate lower side yoltege (LSV) as 

determined by the standard curve of LSV verses KV for the particuler generator which 

hes been bet up or Drom some other appropriate calibration curves. 

Adjust the gep specing to correspond with the LSV as per posted curve. 

Hote: This gep spacing is approximate and should be used enly as a guide in making 

| 

initial settings. ‘ 

DD wm 



14. With the "Grip-no-trip” switch in the “no-teip" position, throw the control 

switch to the rectifier position. This will perform the following operations ; 

(a) Remove the ground from the output of the rectifier set. 

(b) Close the contactors between the reguletor and rectifier. 

(ec) Turn on the high voltage to the trip unit. 

(a} Switch the gate signel lights from green to red. 

(e) Start the charging time timer. 

Caution: If excessive regulation of the LSV is indicated, trip the cirenit immediately 

since a short is probably on the cireult. If rapid firing of the genevator 

occurs, the gaps are probsbly too close together and must be ‘immediately 

opened up. Continued rapid firing will blow the 1.25 am fuse in the trip 

unit powers supply. | 

25. Ween the charging time bugser sigvels ecundé end with the CRO selector sulteh on the 

VD position, push the red surge button on the CRO. This willl cause the following 

deaccnce or operation - he CRO button picks up a relay on the time delay circuit | 

wWaich fires a thyrvation which sends out two pulses. One going through & Varleble | 

time €elay circuit to the trip unit, the other goes through a 1. microsecon’ time 

delay cable and starts the sweep. ‘The one going to the trip unit will short out 
the thyrvation causing the trip generator to fire and thus the main generator to fire. 

If all comnections and adjustments are correct, you will observe the output weve 

of the generator on the CRO scope. If it is desired to take a picture of this vave, 
pricy to pushing the surge button, the switeh on the top of the canera | holder muct _ 

be closed. | | 

16. If CRO feace is not in the center of the tube, correct by using the timing control; 

or bias control. If trace does not appear at all, the main gape in the generator | 

may be spaced too far apart in which case they should be closed down ‘by use of 

the gep control mechaniam. « 



17 -. The nenecgtee may be shut down automatically at the end of eny one firing by | 

placing the "teip-no-trip” toggle switch in the trip position. This switch has 

to be reversed to the "no-trip" position prior to starting up scain. 

Caution: Prlor to doing any work in the Impulse generator area or immediately opop 

entoeing the impulse generator area, all. dangerous parts of the impulse senerat oF 

must be grounded and shorted. These are (1) Horma2 gvounding safety switches 

mounted on output of rectifier. (2) Gromeine Brel shorting Strap on crank 

MECREnIS for both sides of the generator. (3) Test specinens having high 

capacitance. | | 

38. When re-adjusting the LSV te a different level, it should be renembered that the 

generator will charge to epproxinately the highest ISsV epplied, not necessarily to 

the final point of ad un ent. For this reason it would be good practice to tem off 

the rectifier to adjust. the SV. 

LD Date should consist of the following items: specimen Lutosuetion, generator se t-up 

(if atendard, the curve number may be referred to), wet and dry bulb readings, 

Mirometer reetiine, (cute! of the generator, lower side voltace { (LSV), timing wave, 

frequency, sweep apeed, DC ealibration voltage and polarity, number of the picture 

taken, whet type of flashover oceurred. For most of the testing done in the Locke 

Laboratory, it has been found expedient to place both timing wave an a DC calibration | 

voltages om every exposure. 

mee) ee 
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EVIT. ‘Trouble Shooting” 

Symptom A: Regulator wild not tri ip in. 

{a} Cheek all gate eircuite. 

(b) Cheek position of sefety circuit selector switch. 

(c) Check fuses to piek up coil. 

(a) Check filament switch, should be in run position. 

Syuptorn #2: Wo high voltage on trip unit. | 

(1) Check 1.25 amp fuse. Buse probably blew bpeceuse gans on trip 

generator were too close. ee 

(2) Check 123 tube for proper cperation. 

| Syupten in & Lack of control over generator firing. The four electrode gap, 

although irvadiated » 18 irreguler in its nexformnce with respect to changes in hunid Lty. 

fn addition, small amounts of dirt or dust will greatly change theiz Flashover characteristics 

Since a ee majority of the variable time delay in firing a generator is located in these 

cape , it is esgentiel that they be @lean and spsceé properly. The pou side set of | 

Sas should be spaced closer than the high side set of gaps. Prior to re -ed justing Ghe 

| spacing of the gaps, it should be determined whether or not the tri unit itself is 

operating properly. This may be done by turning the rectifier on bus & vedueing the L5V to _ 

2eEG and then attempting to trip the trip unit. if the trip unit is operates properly, 

jou should then look to the relative apaniae between the large internal gaps of % 

generator and the four electseacte gep. If the genevator Seems to be firing at a spacing 

which is quite a bit higher wien toat indicated on the ISY versus gep spacing curve the 

Tour electrode gOps are probably set too close. On the other hapd, if 1% imposslble 

vis) pote a the coerce timing so. that the impulse can be observed on the sereen of the 

CRO tubes , it is highly probable that there is too much delay in this gap because it 

is too far apert. With experience these gaps should be relatively easy to maintain 

in proper cpereting condition. 

| Syuption #4: No trace = tube. 

& Leck of surficient imtens iby or focus. oS 4 rane 

2. Peilure of 25 KV acce lereting reat Check fuse. Failure of sweep cireult to- 
| i. 



2 

~ 2 

produce & CRO grid txip. Check sucep circuit operation by checking curvent jacks 

a Se 

2 

fot ct BGS + @ 

Sommoton #5: Ixvetic firing of the generator. 

I 74ean and re-adjust all gaps. 

<e Listen for canpaciter breakdowns. 

3. eip unit gaps toca close. Tonizing wisker too close, 

- Symptom #6: Poor timing between start of sweep and firing of generator. This 

cl ig also probably poor adjustment of gape and is more noticeable on the shorter suse 

#4 gy G gs tir hig ea ke Pte Gpeeis. Check irradiation for proper operation. Check thyrations of time delay circuit. 
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APPENDIX fA 

DERIVATION OF AN APPROXIMATE FORMULA FOR FRONT OF WAVE CALCULATION. 

Cy 2 Load Capacitance 

Ce = Generator Capacitance 

R, 2 Series Discherge Resistance 

Ra 
ee 

Voltege Divider Resistance 

Discussion of Cireult 

Since Cy is mich greater than Cy, and Ra is much greater than Res which is much greater 

than Be, and aimee the time for the voltese across Cy to reach crest is very enelL 

compared to the torte discharge time af © es? tre elrenul & can be assumed to take the form 

of Figure IT. Inductance is very small and so is neglected. 

oe. 
- a 

Figure Il 

Here the load capacitance is cherged from a constant potential (Ve 2 * BE a) Source 

theouch the dampening ond charging resistor (R,) - Tale BE, is also assumed to be equal 

to the ereat voltage thet would have been obtained in Figure I. 

Ael 



& | @ 

in other words the discharging effect of Re er Ra ie neglected. Keeping Figure IL 

and the agsumption above tn uind, the voltage appearing acrose Cy, V~s time would appear 

as in Pigure IT. 

A ie ee 

Z Eo 

wotsicn = OR RI i ee 

Figure ITT 

Derivation of Wave Front PFornula 

At any time (%,) the sum of the voltages in the circuit of Figure IT is equal to zero. 

if, idt 4 IR, - Ep = 0 | Equation ia 

Dizterentiate Equation la with respect to t: 

Life, 4B, di/dt = 0, ov 1} R, C, di/at = 0 | Equation 22 

Tnis has the classical solution which takes the forn. 
3 mG 
Laé Equation Sa 

wt 
: 

di/at =. me Equation 3.la 

Substitute Equation 3e and Equation 3.la in Equation yee 
Faye nt 

@ Re Cy, me =svorl +R, Cymso 

Solve for m: - 

m- -l Equation te 
Rc, 



subetiiarte Equation he in Equation Je end remeubering that 

for every value of m there is a constent EK to be determined 

from the limiting conditions: 
~6/8Cy, | 

4 = Ke | Equation Se 

at time ty = o from Equation la, 1 = 8/R, 

So from Equation Sa at time eo, i «K = B/R, 

Thererore at any time +, 
sty /Retr, | i = B/R,.e | Equation Ga 

Tne Equation for the voltae (ve, ) aCPOsSs Ce at any time from 

Equation le is; Ve, = 1/C, idt =< EB, - iR, | Equation 7a 

Substitute cee, 6a, Aa Equation cs ‘2 

Vey 2 oo 7 Bo/Re Re 7 = By (i-e (ace iy Equation Ga 

Since the ATED stendard #) defines the virtual zero of the | 

wave ag the line through the .3 Eo and .9 E. points and 

assuming that by coincides with ¢he time of crest equala 

Bo: we can solve for bg eat .9E., and % at EB, will be 

proportional. ; 

i 3/BQCy,) b .9 Ey E uation 8a reads, iy +9 Bo, = Ee, (l-e 
* wty/R R ats. 3 ms _ta/Bett, 

Jel ol = 

Taking the ln of both sides: 

ae tae t,/8,C 

be : Boos, im ek - Be3 RACs Equation Sa 

eines .9 Ea/l.dllg = ta/t; | 
be 2 09 Gy : ; Equation 10a 

Substitute Equation lta in Zqustion 9a 

a ig 



ty ~ 2.3/ 9 Boy : e9 Rear, | ce : | BQuation Le 

The ebove Equation holde true for wave front provided E Ps 

Le en RO the exrest value reached. This weans that Ge, 

mat be atall Ceres to Cy and that BR, “i weld to as ermal 

4 value as Possible. : | 3 

The above Equation also assumed that the inductance or the 

Gischarge circuit was very ome wad ch is usually true for 

tupulse geterators. The assumption of constant Bo and smoil 

inductance | axe comps bible because the effect, 17 any, of 

the imductanee in the cireuit is to keep E,, coustant. 

Tell of wave (dischexge time) 

Sor this calculation the ‘gquivaient eLreuit of (ca 

would be as Bigure IV. 

att ie 

“ amy 

5 

te R = Effective Resistance to Ground 

ie C = Bivective Cap to Grout 
) includes Cy and C,. 

Imdiuetence is again Neglected 

Figure IV 

Let ae again equal, the erest voltage reached. 

Then at any time t,, the voltage (Ve) across C equals the 

yoltage drop serosa R. 

Ve - E, = L/e idt < Vp, = iR | 

RwEy = 1/o idt | Lb 

The above Equation is similar to Rauation le and the boundery conditions 

of Vp <« IR at t = o is the same, therefore, the solution wlll be the same. 
BX 

felt 



~tp/RC 
is E/R e 2b 

ATES standards Ps define the Limits in microseconds of 

the tail as the time t,, plus the time from t, to ty as 

die nig V 

Subetituting In — 2b fox the time when Vp = - OE 

i= SER = che | 3b 
~ty, (RC 

5 = @ i | Lis 

In .5 = +, /RC | 

t, = -6932 RC | | Sh 

SiLnee Gy = tt + ty | 

to = ty 4 -6932 RC | 6b 

C=C, $C, 1 Cy vis 

R= Ry, (Ry + Rg) /Rg +R, + Ry | 8b 

then equati on Gb becomes approximately: — 

TR, (R, + Ra) (Cg # Cy, # CQ) 
4 

ee, oat 
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LARGE MOTOR GENERATOR SET (M.G. SET) 

STARTING AND SHUT-DOWN PROCEDURE 

be INTRODUCTION 

When starting the M.G. set, only half voltage (6 900 v) is used, and 

the motor starts as a three-phase, wound-rotor italiano owgene re 
UuduelTronu 

Ret oy the: Deo. exciter is adjusted:.to 125 volts,. it: 46° fed. ange the 

motor's field making the motor a synchronous type. 

When the field current has stabilized, the starting 6 900 volts are 

released and the full 13 800 running volts are quickly applied. 

| The motor is connected to a three-phase generator with a controlled 

variable field resistance, operating at 62.5 Hz. 

Although provisions are made that each phase can be tied to a separate 

transformer, all testing is made using a single-phase tied to a single 

| transformer, or three transformers in cascade. 

A ies Oo STARTING AND RUNNING PANEL WITH LOCATED OPERATING POINTS, 

A. Neon bulb. 

B.::.-Ds€.. Volt Meter 

Cc. A.C. Ammeter 

. Under Voltage relay. if 

2. Starter lever. pi 

3. Resistance control knob. Motav Fld, Res, 

4. Small D.C. lever metertid. Sw, 

5 ~ Running, hever, 

D.C, Ammeter (not marked) 

above #4, D.C, lever. 



TII. MOTOR-GENERATOR 

Step-by-Step Starting and Running Procedure 

La Open generator room wooden doors to garage. Tie lLéft door against 

stop and Leave metal fence door open until M.G. (motor generator) 

set. is running. | : 

' ; O 
2 Open both front windows unless outside temperature is below 40 F, | 

in which case only one window need be opened. | 

| 

i Note that neon bulb "A" (top of control panel) is lit. This 

indicates that the 13,000 volts needed to run the M.G. set | 

are available. | 
| | 

| 
4. Close under voltage relay #1. 

Xs Be sure that the small.D.C, switch, #4, and large running: lever, 

#5, are open with handles in "out" position. 

6. Turn resistance control knob, #3, to maximum clockwise position 

(all resistance in). | R S : 

7% Disengage catch and lower starting lever, #2, until roller pin is I 

below hammer of the switch mechanism. | 

8. Close starting lever, #2.. Motor will start »revolving. 

=m While M.G. set is gaining speed, check all six oil rings: 

rings must be turning on shaft and oil flowing with them. Check 

oil level in all. three cups, at center, and end bearings. The 

M. G. system will pass through one resonant speed and vibration 

will be felt for a few seconds. | | 

10. Adjust resistance knob, #3, to maintain 125 D.C. volts. 

Ll. The: A.C, Ammeter - "'C'' - will oscillate between six to fourteen 

amps as the M.G. set reaches full.speed. When the A.C. ammeter ''C!' 

oycles to its lowest reading. (six +), close the small D.C. lever, #4. 

The A.C, ammeter ''C" will cut out)and the D.C, ammeter (above #4) 

WL 

TF: ‘ 
ti 2 

~ £ mull el 

AC awmete, 
% 

En 

i 

register between 25 and 20 D.C, amps. 

At the completion of 8tep 11, it will be necessary to readjust the 

resistance knob, #3, resetting D.C. volts to 125. 

Before changing from starting to running, be sure that the meters 

are relatively stable, with no oscillating of the D.C. volt- or ammeter, 

and only a very slow movement (about two amps) indicated on the 

A.C. ammeter. 
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14. Final Step -- to change from starting to running. 
With the meters stable (as in Step 13) hold the handle of 
the starting lever, #2, with the left. hand and release the 
catch which holds he: ger’ in, place with the right hand. 
When the catch is free, release the starting lever and allow 

it to €akl open, then very quickly close the. running. lever, 
#5. This change from starting to running should be made in 
no more than two to three seconds. 

15. . Recheck the D.C. voltage, adjust if necessary with knob #3 
to 125 volts. If the M.G. set is started at the beginning 
of the working hours, this step should be checked at intervals 
of every two or three hours because of the G.M. room rise in 
temperature. Because of this temperature rise, the resistance 
“may have to be adjusted to maintain a 125 volt level. 

16... Close and-latch the south metal screen door, also the M. G, 
door when returning to the laboratory. 

17. Should ay urbe aide ele earl any time during starting, flip 
open the under voltage relay, #1; the starting lever, #2, 

should be open; proceed through the shut down steps. 

a | : Check problem, correct, repeat start-up procedure steps. 

IV. M.G, SHUTDOWN PROCEDURE 

1. Flip open the under voltage relay, #1. This releases the 
mechanical holding device and allows the running breakers 

to open. The running lever, #5, which is now disconnected 
can be moved to the open position. 

2 Turn. resistance knab, #3, to maximum clockwise position, thereby 

putting all resistance in the field circuit. 

23%, While the M.G. set. is slowing down, close the outside M.G. 
‘room doors, the metal fence door, and lock them. Close 
the two windows. 

“4, The M.G. set should by now have slowed down enough to allow 
the D.C. ammeter to drop below three amps. When at three 

amps, or lower, open. the small D.C. lever, #4. 

“5, _All necessary disconnections have now been made, and the M.G. 

_ set will slowly come to a stop. The ido EL Che Labexatocy 

should remain open at end of shut down. | 



SAFETY = 

Check to be sure the doors and windows are open, as 
described in Steps land 2, 

Prior to performing Step 9, remove all loose articles from 

shirt pockets as they could fall into M.G.: set while in motion. 

Always check the panel before starting M.G. set. 

' Check: Mean: bulb "Al -= if lit. 

Small D.C. lever #4 -- if open. 
Field switch -- horns and contacts. 
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HIGH VOLTAGE AND MECHANICAL LABORATORY 

PROCEDURE FOR HANDLING TEST REQUISITIONS 

INCOMING REQUISITIONS 

Incoming test requisitions will be assigned a sequence number and 

entered into the "Record of Test Requistions" High Voltage Laboratory. 
Usually this will be done by the laboratory technician normally 

assigned to this task, but any High Voltage Laboratory technician may 
make this entry, 

Carbon or duplicate copies of test requisitions will be numbered and 

returned to their originators by the person numbering and recording the 

requisition. Requisitions should be on Form BQC-800-2. 

A separate tab folder will be numbered for each test requisition and 
the requisition. put inte ~it.. 

SCHEDULING 

All requisitions will be entered into a Job Log. Requisition folders 
will then be put into the "Active Test Requisitions" file, except as 

needed for immediate test or as requested by the Laboratory Supervisor. 

REPORTING AND DISTRIBUTION OF COMPLETED REQUISITION TEST REPORTS 

A. © Requisition Close-Qut 

When all work is completed on a test requisition, it is to be 

closed as follows, usually by the technician specifically 

assigned this responsibility: 

1. Enter Date-Closed and the initials of the person 

handling the closing into the Record of Test 

Requisitions. 

bi Number the report sheets in sequence starting from 

l on the requisition form, BQC-800-2. 

ns Completed or cancelled tests covered in.the requisi- 

tion are.to be checked off in the Job. Log. 



A. 

Reproduction and Distribution 

4, Folders continaing reports are to be used again. 
The test requisition number is to be erased and the 
folder put in the ‘back of the, file titled ''Active 
Requisitions". 

os Reports, including data sheets and test requisition 

sheets are to be taken to the reproduction room. 

Reproduction will copy with blueprint or other machines, 
as required, the data and requisition. sheets which to- 

gether make up the Test ‘Report. Test reports are to be 

copied in sufficient quantity to meet the distribution 
requirements. Copies are then marked for distribution and 
put in to the Department mail. 

One copy. of each test report is to be sent to the High Voltage 

-and Mechanical Laboratory to be. filed in the completed requisi- 

tion file according to requisition number. 

Original data sheets, with the requisition sheet/s/, are to be 
filed in the Product Engineering file by test report/requisition 
number. 

cd REPORTING AND DISTRIBUTION OF PARTIAL REPORTS 

When to Distribute a Partial Report: 

Requisitions requiring aging, time load, or other tests that 

will require extended periods to complete should be distributed 

prior to. completion. Partial distribution: will normally be 

made when. tests completed will not be followed by other tests 

for;more than one. month. 

A partial report will be made also on an.aging or time load test 

when more than one month remains before the requisition.is 

completed. 

What and How to Distribute 

Normally ‘the requisition sheet/s/ and all.data sheets not 

previously distributed will make up a partial report. Data 
“Sheets are to be numbered in sequence, but the ‘space for 

‘total number of pages is to be left blank, 
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The word "Partial" is. to be written:in pencil on the top .of the 
test requisition. It sis to be erased when the requisition is 

completed. The test requisition is to be at the first of the 
“report, and assigned to page one. 

When partial aging test results are reported, as a six-month 
result on.a two-year test, the data sheets showing the test 

results are to be numbered with the proper report number and 

page numbers. The data sheets are to be distributed along with 

those pages of the requisition that. (1) describe the insulators 
tested and (2) describe the aging test being run. Originals and 

a copy of the distribution are to be returned to the Laboratory 

file. 

When requisitions, such as for Project Pearl, have supplements 

issued and tests run over a:‘long period of time, only the latest 

data sheets and latest supplement will be distributed at a time. 
The data sheets should note the applicable ‘supplement after the 

requisition number. 

Reports, including data sheets and test requisition. sheets, are 

to be taken: to the reproduction room with a pink, ''Partial 
- Report" form. attached. 

Reproduction and Distribution 

Reproduction will copy with blueprint or other machines, as 

required, the data and requisition sheets which together 
make up the. test report. Enough reports are to be copied to 

meet the distribution requirements. Reproduction will mark 

copies for distribution and put them into the Department mail. 

One copy of the partial test report is to be distributed to the 

High: Voltage and Mechanical Laboratory as a record of the dis- 

tribution. Original data sheets and test requisition sheets are 

to be returned to the laboratory also. 

After Distribution of a Partial Report 

Original data sheets that have been distributed are to be 

marked with a "D" and dated in the upper left corner when. they 

are returned to their test requisition folder, When original 

data sheets have been checked against copies distributed and 

marked ''D', the distribution copy may be destroyed. 

Laboratory, folders not in. immediate use should be returned to 

the active requisition file, 



APPENDIX 

FORMS FOR HANDLING LABORATORY 
REQUISITIONS 
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TEST. REQUISITION ee Bi Fg aaa 
Engineer ing Index Tae : : 

HIGH VOLTAGE | Ae Test Number _ 

AND | 3 . 

MECHANICAL LABORATORY Page ___ of 
Date Entered | 

Date Material Avail. Wao § 

Tests Requested ee ve ee ee Date ___|Date Closed 

Who is to Witness Tests? . oa | Closed By 

| CUSTOMER, PROJECT OR 

Report Copies To: OTHER REFERENCE gle gs 7 Ke 

lab Bite |. eee | 

TESTS REQUIRED ie recs as | | ap one 
(Reference, ANS, or iP | | oes | 

Other Standards) Er
 ee 

———— ——- ee ee 
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Blueprint and Reproduction: Room 

Please copy and distribute the attached partial lab report to: 

Please return original sheets and one copy to: 

(test req. 

High Voltage and Mechanical. Laboratory. 
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INTRODUCTION 

The Tower Insulation Design Study developed recommendations of insulator 

string length and clearances to tower steel required to achieve satisfactory 

Operating performance. 

Lightning, switching-surge, and sixty-cycle conditions were considered 

independently, and the required number of insulators and air gap clearances were 

determined on the basis of the limiting (most severe) condition. Data from 

extensive flashover tests conducted both in the laboratory and with full-scale 

outdoor towers were used to determine the switching-surge strength of alternate 

designs. Tower insulation design conclusions are based in part on the results 

of the Lightning Outage and Switching-Surge Studies. 

Mechanical design considerations are beyond the scope of this study, and 

recommendations are limited to electrical requirements which the mechanical design 

must meet, 



x. 

Le LIGHTNING PERFORMANCE 

Based on achieving a lightning trip-out rate below 5 per 100 miles per year, 

the Lightning Outage Study demonstrated that counterpoise will be required. With 

counterpoise, the lightning trip-out rate shows little variation with number of 

insulators for the insulator string lengths being considered. Therefore, the 

lightning trip-out rate will not be the limiting criterion for tower insulation 

design. 
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TI. SWITCHING-SURGE PERFORMANCE 

Switching-Surge Voltage : Resistor Preinsertion 

The Switching Surge section of the report shows maximum switching-surge levels 

with resistor preinsertion ef 2.2 per unit for three-pole energization and 2.1 per 

unit for three-pole reclosing .* These values are based on the ultimate system 

(as planned through 1986). 

The ultimate system will have no shunt magnetic devices on certain line sections. 

Therefore, essentially full trapped charge may be seeuuie during high-speed re- 

closing. Also, with the initial system and reclosing times on the order of 5 

cycles, a high percentage of the trapped energy will still be retained in the form 

of an oscillatory voltage. Thus, the design should be based on the reclosing surge 

to allow for the satisfactory application of high-speed reclosing. 

Owltching-Surge Voltage : Without Resistors 

The TNA Study showed maximum switching-surge levels without resistor pre- 

insertion of 3.0 per unit for three-pole energization and 4.5 per unit for three- 

pole reclosing. With single-pole reclosing, the maximum surge was limited to 2.2 

per unit. 

it is recommended that three-pole reclosing without resistors be avoided. A 

design based on the 4.5 surge level would be very costly and would require extremely 

7 te 1.0 per uit = 102 , V2 = 326 KV. Ae V3 

The maximum operating voltage is assumed to be 5% above nominal (400 KV). 
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large structures campared to those required with the alternatives of resistor 

preinsertion or single-pole reclosing. Also, three-pole reclosing without resistors 

would not be desirable with a tower design based on a lower surge level, since 

approximately 25% of the surges would exceed 3.0 per unit. 

Switching~Surge Design : Resistor Preinsertion 

To minimize switching-surge trip-outs, the wet switching-surge withstand 

level should be greater than the maximum surge level” Since the bulk of test 

data available is on a critical flashover (CFO) basis, the design withstand level 

Will be converted to an equivalent design CFO level.* 

The design CFO level with resistor preinsertion would be 950 kv, wet, determined 

as follows: 

400 
V3 

x ye x 206 x 2.10. 21,10: = 950 KV 

Line-to-ground factor = y 3 

Crest factor = 2 

Maximum surge = 2.4 per unit (three-pole reclosing) 

CFO : Withstand ratio = 1.10 

Maximum atmospheric correction = 1.10 (including effect 

of altitude and daily variations) 

Assumes reasonably clean insulators and a self-supporting 

tower of typical thickness (longitudinal). 

Leena eee er nsnrennssnnntnennsnrennrntrs 

1. Withstand is defined as the voltage below which no flashovers will occur. The 
absolute withstand is very difficult to determine accurately. For purposes of 
this report, "withstand" will refer to a virtual withstand, where the probability 
of flashover is less than 1%. 

@. Critical flashover is defined as the voltage at which the probability of flash- 
over is 50%. Based on extensive test experience, the ratio of CFO to virtual 
withstand will be assumed to be 1.10. 
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The 950-kv wet CFO design criterion would be met by a design of 18 insulators 

with a minimum clearance to tower steel of 104 inches (2.65 meters) at a 15° swing 

| angle. 

The design clearance is based on maintaining a 15° clearance at least equal 

to the length of the insulator string (5.75 inches x number of units). Tests have 

shown this clearance relationship to result in an efficient design, balancing 

tower size with the effect of tower proximity on the flashover strength of insulators 

and air gaps. The selection of a 15° design angle is based on past METIFOR studies 

of a variety of weather patterns which showed that only about 15% of the time will 

the swing angle exceed 15° at any point on the line. These swing calculations 

include very conservative assumptions, and actual swings are expected to be aah 

less than calculated. These studies used weather samples from a northern 

Minnesota location where the winds are reasonably severe and steady. A wind span 

to weight span ratio of 1.0 was assumed, but the swing angle frequency distribution 

does not vary significantly with moderate changes in this ratio. The hanger length 

is not critical except as it is required to achieve the proper clearances. The 

design is not based on the maximum swing angle, since the probability of a maximum 

surge occurring during maximum swing conditions is very small. 

Switching-Surge Design : Without Resistors 

The design CFO level without resistor preinsertion would be 1190 kv, wet. 

This level is based on a maximum surge of 3.0 per unit; it is assumed that three- 

pole reclosing without resistors will not be utilized. 

The 1190-ky wet CFO design criterion would be met by a design of 26 insulators 

with a minimum clearance to tower steel of 150 inches (3.8 meters) at a 15° swing 

angle. 
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For comparative purposes, Table J. shows the switching-surge strength of designs 

with from 17- to 30-unit insulator strings. In each case, the ne clearance is 

assumed equal to the insulator string length. The per-unit surge corresponding 

to the withstand strength of each design is also shown. Table 1 emphasizes the 

problems that would be associated with attempting to design for a 4.5 surge, since 

a 30-unit design has a withstand strength corresponding to a per-unit surge of 

only 3.35. Table 1 shows that a 2l-unit design would have a wet CFO of 1050 kv 

corresponding to a per-unit withstand of 2.65. With the 3.0 surge distribution, 

the 2l-unit design would have a flashover probability of less than 0.5%, assuming 

that wet conditions prevail 6 hours a day for 8 months of the year. Based on the 

relative costs, it is recommended that if resistor preinsertion is not applied, 

this small flashover probability be accepted and the 2l-unit design be adopted. 

This probability corresponds to one flashover for every 200 switching operations. 

Phase-to-Phase 

Insulation designed to meet phase-to-ground requirements will be adequate 

for phase-to-phase conditions. On their Peandahive per-unit bases, phase-to- 

phase insulation levels will be greater than phase-to-ground, since the phase-to- 

phase insulation will be 2 x (phase-to-ground insulation) while the phase-to-phase 

voltage will be ¥3 x (phase-to-ground voltage). Phase-to-phase switching-surge 

voltages have been found to be lower than phase-to-ground surge voltages on their 

respective per-unit bases. 



III. SIXTY-CYCLE PERFORMANCE 

The two major considerations in evaluating 60-cycle performance are the 

strength of air gaps at extreme swing angles and the 60-cycle flashover strength 

under contaminated conditions. Contamination will be discussed in the following 

section; this section will consider the extreme swing criterion. 

Extreme Swing 

METIFOR calculations have shown that swing angles in excess of 50° are not 

unlikely. Therefore, it is recommended that the clearance to tower steel at a 

60° swing angle be sufficient to withstand the crest 60-cycle voltage. Assuming 

a 10% air density correction, a CFO : Withstand ratio of 1.20, and a 10% safety 

factor, previous test results show that a 40-inch (1 meter) clearance would be 

required.” 

An approximate hand calculation of these clearances indicates that the 

clearance at a 60° swing angle will be the limiting clearance for the outside 

phases of both the 18- and 2l-uni: designs. 

SITIO DRL 

1. For conservatism, the CFO : Withstand ratio was increased to 1.20 to represent 
an "absolute" withstand rather than the "virtual" withstand used in switching- 
surge calculations. 
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IV. CONTAMINATION 

Tn this section, a moderately severe degree of contamination for a non- 

industrial, nonagricultural area will be assumed and the probable influence of 

contamination on switching-surge and 60-cycle performance examined. The 

contaminated switching-surge strength of the insulators will be assumed to be 

80% of the clean, wet switching-surge strength. Experience in testing contaminated 

insulators has shown that the corresponding contaminated 60-cycle strength would 

be 65% to 75% of the clean, wet 60-cycle strength. (The relative influence of 

contamination in reducing flashover strength is somewhat less for switching~surge 

waveshapes than for 60-cycle waves.) 

Effect _on Switching-Surge Performance 

The probability of maximum switching-surges occurring during the relatively 

ork time interval during which insulators reach their minimun contaminated 

strength (a fog or light rain following a prolonged dry spell) is very small. For 

this reason, the contaminated switching-surge analysis will be based on maximum 

surges of 2.2 per unit with resistor preinsertion and 2.5 per unit without resistor 

Sreingertion.~ In each case, less than 10% of the surges on the EDELCA system 

would exceed the level selected. 

Tests at the High Voltage Laboratory in Pittsfield have shown that contaminated 

flashover strength is independent of the tower proximity effect. Therefore, the 

clean, wet strength used as a reference for determining the contaminated .flashover 

1. 1.0 per-unit = 400 x {2 = 326 KV. 

ae 
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strength did not include a correction for tower proximity. 

Table 2 shows the contaminated switching-surge strength of 17- through 30-unit 

insulator strings. The contaminated withstands are expressed in terms of the cor- 

responding per-unit surge. Based on Table 2, the 18-unit and 2l-wnit designs 

satisfy the contaminated switching-surge strength criterion. 

Effect on Sixty-Cycle Performance 

Table 3 shows the contaminated 60-cycle strength of 17- through 30-unit insula- 

tor strings, assuming the contaminated strength to be 65% of the clean, wet strength. 

The contaminated 60-cycle withstand strengths are shown in terms of per-unit of 

the maximum crest 60-cycle voltage, assuming a maximum operating voltage 5% above 

nominal (4.00 *) Be Based on this table, an 18-unit insulator string would have a 

53% margin between its contaminated withstand and the crest 60-cycle voltage of 

342 kv. Contaminated 60-cycle strength is a critical design criterion, since the 

60-cycle strength receives a continuous test from the operating voltage. With the 

exception of unusually severe contamination conditions, the contaminated performance 

of the 18-unit design should be satisfactory. 

Broken Insulators 

No allowance has been included for broken or damaged insulators. This con- 

sideration should not be critical from the standpoint of switching-surge or 

lightning performance. A broken insulator at one structure would have only a very 

minor influence on the surge flashover probability for the entire line. A 17-unit 

insulator string would have a 45% margin between its contaminated withstand and the 

crest 60~cycle voltage; therefore, sufficient 60-cycle strength should be maintained 

with a broken insulator. 

ee 4.00 - lL. 1.0 per-unit = Tr HS. x. 1.05. we ghe Ky, 
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Tower testing experience has shown that V-string assemblies have Lower switching- 

surge strength than single-strings with the same number of insulators. The number 

of vestring insulators required to achieve CFO's equal to the 16-, 21-, and 26-unit 

single-string designs would be ec, 25, and 30 (assuming a clearance to tower steel 

equal to the length of the insulator strings). Significant factors in a comparison 

between single-strings and V-strings are summarized below. 

Single-String Advantages 

1. The total cost for insulators, hardware, and fittings is less than 

with V-strings. 

2, Gingle-strings are less restrictive to tower contour, since only one 

connection point (hanger) is required. 

3. Single-strings are mechanically simpler, and should require less 

maintenance. 

h, Single-strings do not have the potential problem of becoming unweighted 

during high winds (a possible source of television interference). 

V-String Advantages 

L. V-strings permit closer phase~to-phase spacing and reduce the cost of 

rights-of-way and perhaps the tower truss (depending on the design). 

2, Insulators suspended at 4 45° angle have some advantage in contaminated 

strength. 
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3. With V-strings, the flashover strength is independent of wind velocity, 

since swing angie is not a factor. 

It is the judgment of the authors of this report that the single-string vs. 

V-string argument is primarily an economic one. Unless significant savings are 

demonstrated for V-strings, siete gtd wae are considered preferable. For the 

EDELCA system, right-of-way cost is not an important factor; therefore, single- 

strings are recommended. 

IE OTS 
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VI. EXAMPLE TOWER LAYOUTS 

Figure 1 shows a schematic of the tower tops for the 18-unit and 2l-unit single- 

string designs. One-half of the tower top is shown (from center-phase suspension 

point to outside-phase suspension point). For the 18-unit design, a phase spacing 

of approximately 27.8 feet (8.5 meters) is required. For the 2l-unit design, the 

phase spacing is increased to 30.2 feet (9.25 meters). 

Also shown in Figure 1 is a contour above which additional structural members 

may be installed without decreasing the flashover strength of the towers. Such 

modifications may be desirable from either a structural or an aesthetic standpoint. 

Figure 2 shows a schematic of the center phase with a 22-unit V-string assembly. 

Here, the width of the tower window is determined by the clearance to ‘eae steel 

at equilibrium position. This clearance should be at least equal to the insulator 

string length. The insulator string should be at an angle approximately 45° from 

the vertical. Note that the lower portion of the tower leg can be modified provided 

it remains within the contour body shown. 

The 22-unit V-string corresponds to the flashover strength of an 18-wnit single- 

string. Therefore, if outside-phase single-strings were used in nom diet Baa with 

the 22-unit center-phase V-string, they should have 18-units. The center-phase 

V~string assembly, eke with outside-phase single~-strings, would permit a reduction 

in phase spacing from 8.5 meters to 8.2 meters (27 feet). 
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VIT. CONDUCTOR GROUND CLEARANCE 

Minimum ground clearance requirements are largely a matter of opinion and 

judgment. For a 400-kv line with 350 meter spans, the 6th Edition of the National 

Electric Safety Code in the United States would require a minimum clearance of 

35 feet (10.7 meters) for areas accessible only to pedestrians and 40 feet (12.2 

meters) for areas accessible to vehicles. Since portions of the EDELCA lines 

will traverse areas accessible to vehicles, particularly agricultural vehicles, 

it is recommended that 4O feet (12.2 meters) be adopted as the minimm ground 

clearance under maximm sag conditions (generally assumed in the United States 

to correspond to final sag at 120°F, no ice, no wind). This clearance is 

believed to be conservative and to be justified through its precedent in the 

U.S. National Electric Safety Code. 

The appropriate initial stringing (installation) sag-tension characteristics 

must be determined on the basis of maintaining the 40-foot clearance under final, 

maximum sag conditions. 
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VIII. CONCLUSIONS 

Surge suppressing resistor preinsertion on the Looe-kv circuit breakers would 

be desirable, since this is a significant factor in the achievement of optimum 

switching-surge performance. 

For the EDELCA lines, single insulator-string assemblies are recommended for 

all phases. 

3. Lightning considerations are not limiting in selecting the number of insulators. 

The recommended design with resistor preinsertion is 18-unit insulator strings 

for all phases, with a minimum clearance to tower steel of 4O inches (1 meter) 

at a 60° swing angle or 104 inches (2.65 meters) at a 15° swing angle, whichever 

is limiting. 

Three-pole reclosing is not recommended without resistor preinsertion. It would 

not be economical to design for satisfactory performance levels under this 

condition. 

The recommended design without resistor preinsertion (assuming reclosing would 

be single-pole only) is 2l-unit insulator strings for all phases, with a 

minimum clearance to tower steel of 40 inches (1 meter) at a 60° swing angle 

or 121 inches (3.08 meters) at 15°, whichever is limiting. This design would 

have a flashover probability of less than 0.5%. It is recommended that if 

breaker resistors are not used, this probability be accepted--based on the 

additional cost of the 26-unit design required to protect against the maximum 

surge level. 



The recommended designs should provide satisfactory performance under moderately 

severe contamination conditions. Heavy industrial or agricultural contamination 

‘might require special measures. 

No additional margin should be required for broken or damaged insulators. 

A minimum ground clearance of 40 feet (12.2 meters) under maximum sag conditions 

is recommended. 



TABLE 1 

Wet Switching-Surge Strength of Various Designs 

Clean, Wet 
Clean, Wet Clean, Wet Withstand in 1 

Nee oe cemmemmemtmmmnnn conenammmimmaismoevend Fer-Unit Surge 

7 915 KV 830 KV 2.31 

18 955 870 2.41 

19 990 900 2.50 

20 LOLS 930 2.58 

21 1050 955 2.65 

22 1080 980 2.72 

23 1110 LOLO 2.81 

ek 1145 LOLO 2.89 

25 1175 LOTO 2.97 

26 1205 1095 3.04 

27 1235 1120 3.11 

28 1265 1150 3.19 

29 1295 1180 3.28 

30 1325 1205 3.35 

lL. 1.0 per-unit = - x 2 x 1.10. :=s. 360 KV, 
3 

where 1.10 is a correction factor to account for atmospheric 
variations. 3 



TABLE 2 

Contaminated Switching-Surge Strength of Insulator Strings 

Clean, Wet 
CFO Contaminated 

No Proximity Contaminated Contaminated Withstand in 7 

17 1025 KV 820 KV 745 KV 2.28 

18 1065 850 TTS 2.38 

19 1110 885 805 2.47 

20 1155 925 840 25D 

21 1200 960 870 2.67 

ee 1245 999 905 2.Tf 

23 1290 | 1030 935 2.87 

2h 1330 1065 970 2.97 

25 1375 1100 1000 3.06 

26 L415 1135 1030 3.16 

2T 1460 1170 1060 3.26 

— 28 1500 | 1200 1090 3.35 

29 1540 1230 1120 3.44 

30 1580 1260 1150 3.54 

1. 1.0 per-unit = eo x 2 =: 326 KV. 

The 10% atmospheric correction is not included, and air gap flashovers 

are not considered. 



TABLE. 3 

Contaminated Sixty-Cycle Strength of insulator Strings 

Contaminated 

1 Withstand in 

Clean, Wet Contaminated Contaminated Per-Unit of 

LT 920 KV 595 KV 495 KV 1.45 

18 970 630 229 1.53 

19 1020 660 550 1.61 

20 LO7O 695 580 1.69 

21 Lis 725 605 Litt 

22 1160 755 630 1,84 

23 1205 785 655 | 1.92 

2h 1250 815 680 1.99 

25 1290 84.0 700 2.05 

26 1330 865 720 2.11 

27 1370 890 TLO : 2.16 

28 - 1420 915 760 2,22 

L. CFO : Withstand ratio of 1.20 assumed. 

2. Maximum crest 60-cycle = 400 x 2 x 1.05 = 342 KV. 
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ANATOMY OF INSULATED TOOL WORK 

by 

J. M. Van Name, Superintendent 

Overhead Transmission Section 

Philadelphia Electric Company 

SUMMARY 

The training of personnel in the Overhead Transmission Section in the practices to 
be followed during energized line work followed the prior training presented, and also, 
depended on the practices followed in maintenance and operation of the facilities of the 
Company. Through the use of demonstrations and the explanation of the why of each 
practice, confidence was obtained in the new concepts, and the employment of insulated 
tools is now standard practice in the accomplishment of line work. 

Training emphasized the unit work or building block concept, and was divided into 
Phases covering the essentials related to each technique. De-energized techniques had 
been the standard practice. The new techniques of hot stick and bare hand were taught 
in a classroom-fashion, with a specific instructor. Upon completion of all Phases of 
the training, personnel became fully qualified in the new work concepts and have per- 
formed many diversified jobs with equipment still in service. 

Prior and complete study of the entire concepts involved, the procurement of 
necessary tools and equipment, investigation of secondary effects, such as static 
charge, and demonstrations to familiarize all personnel with the normal and adverse 
events that may happen developed confidence, and inspired acceptance of the concepts. 

Many seemingly small points were combined into an entire program that permitted 
the conversion to the new concepts at one time, and with the enthusiastic support of the 
Section's forces. 



CHAPTER A 

IN'TRODUC TION 

The title of this presentation, "Anatomy of Insulated Tool Work Training", when 

analyzed, really involves the analysis of the training presented to the personnel work- 

ing on a transmission line while it is energized from the first time he is placed on a 

structure through his advancement to a lst class lineman. Each step in the individual's 

training is really related to insulated tool work by any method. Rigging principles are 

involved in each method, as an example, and proper initial training will permit the 

progression of the individual to insulated tool work methods with a minimum of re- or 

- additional training. 

Training requirements are also related to the design of a transmission system, 

methods of operation, construction practices, operational practices, and geographic 

considerations. The division of work among personnel influences the adoption of the 

concepts involved. 

Only by considering the full extent and implications of the adoption of these new 

techniques, which permit the maintenance and construction of transmission lines 

operating at voltages from 69 KV to 500 KV, can supervision evaluate the subject that 

should be included in the training. Each company and system will have its specialized 

requirement. 

The Philadelphia Electric Company will have over ninety miles of 500 KV line in 

service this year. These lines are part of the Keystone Project. The Company is an 

active participant in the Task Force concerned with the live line maintenance practices 

to be followed on these lines. Although specific mention is not made of the activities 

of this Task Force or the application of insulated tool work methods to EHV 500 KV line 

work, it is definitely applicable, and really provides the base of similar work at lower 

voltages. 

The bare hand concept, wherein the workman is placed at line potential and at the 
work location, is really only applicable in conjunction with other methods, such as hot 
sticks. Strains must be supported by a structure through the employment of insulated 
tools; then the lineman using the bare hand concept may disconnect the part, as an 
example. He alone cannot support these strains. 

A complete manual of Insulated Tool Work Practices is in preparation. Instruc- 
tions have been issued, but many are being revised to reflect new developments, 
particularly with reference to their application to the Keystone Lines as they are 
presently designed. The basic training concepts and practices followed by the P. E. Co, 
are outlined herein for the consideration of other companies. Suggestions, comments 
and criticisms are welcomed. 



The system concept adopted by the Philadelphia Electric Company considered the 

following in relation to the state of training of the personnel assigned to the Overhead 

Transmission Section: es 

a. Objective: To fully qualify all personnel in insulated tool work methods, which 
would permit the maintenance and operation of the aerial transmission system 
with the lines in service and carrying load without any increase in hazard to 

personnel. 

b. Policies: | 

1, Provide adequate and complete training and training facilities. | 

2. Equip personnel with the required tools and equipment, and also the neces- 

sary static reduction equipment. 
| 

, 
3. Explain the new concepts involved and prove their adequacy through 

demonstrations, tests, and explanations related to known facts. : 

4. Maintain an uncompromising attitude toward safety. | 

c, Programs: 

1, Plan well in advance and publish the training programs to be followed. . 
Orient personnel in the concepts early. ( C) 

2. Qualify Company personnel in the concepts so that they may train other : 

Company personnel. | 

3. Have available answers to all known questions, but do not attempt to "fool" 
the personnel. | 

d. Procedures: 

1, Continue the same basic training philosophy during the integration of the 
new concepts into the work routines of the personnel. 

2. Seek advice of all who may provide essential data. Have the Safety, and 
Methods and Training Departments take part in the development and 
training. 

of training. 

| 
| 
| 

| 
{ 

| 

| 

| 
3. Use the "unit work procedure" or building block technique in the conduct 

| 



4, Explain the ''WHY" of all practices in each case. 

5. Orient personnel early, brief them before the start of training, take notes 

during training, and critique each training procedure in detail. 

Highlights of some aspects that are related to the training are included in this Paper. 

A Paper concerning the entire training program is in preparation, and should be avail- 

able about July 1, 1967. Persons desiring a copy should forward their name, title, 

company, address and the number of copies desired to the author, c/o Plymouth Service 

Building, Ridge Pike and Chemical Road, Plymouth Meeting, Pennsylvania 19462. 

The relationship of the existing and future components on the Philadelphia Electric 

Transmission System to the need for insulated tool work is included in brief form in 

this Paper. Work techniques are applicable to every transmission voltage and, with the 

proper training, personnel can make an intelligent selection of the practice or practices 

to be followed in accomplishing any specific job or task. 

3/4 





CHAPTER B 

THE PHILADELPHIA ELECTRIC COMPANY TRANSMISSION SYSTEM 

A. SCOPE 

The overhead transmission system of the Philadelphia Electric Company System 

extends throughout the southeastern portion of Pennsylvania and the northern part of the 

State of Maryland. (Figure IV-1) (Note: All Figures will be found in Appendix IV). 

The area served is approximately 2300 square miles and has a maximum north-south 

extent of approximately 97 miles and a maximum east-west dimension of about 88 miles. 

At present, the aerial line mileage is: (Figure 1V-2) 

CIRCUIT MILES 

220 KV 220 

132 KV 159 

69 KV 200 

During the month of May, 1967, it is expected that approximately 90 miles of 500 KV 

line and approximately 30 miles of 220 KV double circuit line will be placed in service. 

Not included in the above totals are the miles of line that are built for a higher 

transmission voltage, but presently in operation at a lower 33 KV voltage. These lines, 

when insulated for 69 KV or higher voltage are operated and maintained by the Overhead 

Transmission Section. There are approximately 100 circuit miles of line in this class- 

ification. 
me, 

B. STRUCTURE TYPES AND CONSTRUCTIONS ARE VARIED: 

They include lattice steel and aluminum towers, steel wide flange columns, round 

and Poly-12 steel poles, wood single poles and wood H-frame structures, and combina- 

tions thereof. (See Figures IV-3, 4,5, & 6). Pole height average is 70-feet, with a 

maximum of 100 feet. The average height of steel towers is 100 feet, with a maximum 

height on the system of 345 feet; these towers are part of the crossing of the Delaware 

River near Chester, Pennsylvania, and are located on man-made islands in the river. 



Structure weight average is 10,000 pounds for the steel towers, and the maximum 
weight of a tower, not including the special river crossing structures, is 153 tons. 

C. CONDUCTOR SIZES: 

There are 42 sizes of wire or conductor installed on the transmission system, 
ranging in size from 2/0 copper to 2,505 mem AACSR Wire, with a diameter of 1.904 
inches and a weight of 2.925 pounds per foot. 

The most common sizes are 795 mem ACSR, both 26/7 and 30/19 stranding and 4 
1,590 mem ACSR, 54/19 stranding. The 500 KV Keystone lines employ a bundle of | 
two conductors with a diameter of 1.821 inches. Each conductor weighs 2.341 pounds , 
per foot. 

The usual ruling span for lines on private Rights-of-Way is 1,200 feet. Along 
railroads, and in some congested areas, the average span is approximately 400 feet. 

D. ELECTRICAL LOADS: 

Transmission lines built since World War II were, in general, designed with | | 
795 mcm ACSR as the phase conductor. These lines have a current rating of 1,200 
amperes, and the wire size is employed on lines in all voltage classifications, Start- 
ing in 1966, standard construction used 1,590 mcm ACSR as the conductor and double 
circuit 220 KV aluminum towers as the supporting structure. Lines now being built C3 
on railroad Rights-of-Way also employ 1,590 MCM ACSR as the conductor. 

Current ratings of the lines, when limited by the conductor, are approximately 
1,200 amperes for 795 mem ACSR and 500 MCM copper, 1,900 amperes for lines em- 
ploying 1,590 MCM ACSR and 1,500 amperes-plus for each sub-conductor of the bundle 
used on the 500 KV Keystone transmission lines. 

St re SF ES RT = = = 
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EK. MECHANICAL LOADS: 

The initial lines built for operation at 69 KV in the period 1915-1918 employed | 
towers that supported 2/0 copper conductor with a maximum tension of about 3,000 
pounds. The Conowingo Project (220 KV lines) used 795 mcm 30/19 ACSR strung at 
approximately 7,000 pounds; the maximum tension is 18,000 pounds. 

In 1959, the crossing of the Delaware River south of Chester was installed. The 
conductor is strung at approximately 21,000 pounds. The new 220 KV lines employing 
1,590 MCM ACSR are strung at about 10,000 pounds. The Keystone line employs a 
stringing tension of about 12,000 pounds per sub-conductor, making a total of 24,000 
pounds per bundle or phase, 

: 



The special river crossing on the Keystone line located up-stream from the 

& Conowingo Dam on the Susquehanna River has a conductor size of 1.904 inches; this 

conductor has an ultimate strength of 126,000 pounds and is strung at 24,000 pounds 

per sub-conductor of the bundle. Hence the 0-degree F., horizontal tension, unloaded, 

is 48,000 pounds. 

Thus, the tensions encountered by line crews on the transmission system have in- 

creased from 7,000 pounds in 1928, to 21,000 pounds in 1959, to 48,000 pounds in 1967. 

F. LOCATION OF LINES: 

The area served by the Company includes the City of Philadelphia, and several other 

small cities. It also includes many square miles of rural area and farming country. 

The terrain is considered rolling, but there are several "hills" on which the Company 

has erected transmission structures (Figure IV-3). Thus, there is a wide diversity of 

terrain, and access to structures is diversified. 

In addition, approximately 200 miles of the aerial transmission system are located 

on railroad rights-of-way, both electrified and non-electrified. This adds greatly to 

the access problem, and calls for ingenuity in working methods (Figures IV-7, 8 and 9). 

Lines along railroad R/W mean also that the Company personnel must be familiar 

with, and work around, the railroad's transmission, signal, and catenary systems, and 

e also maintain clearances, as required, to tracks. 

7/8 





CHAPTER C 

SYSTEM ORGANIZATION 

A. GENERAL: 

Two major Departments are concerned with the design, construction, maintenance 
and operation of the aerial transmission system. The Engineering and Research De- 
partment is responsible for engineering and major line construction. Electric Opera- 
tions includes the System Operation Division who is responsible for load dispatching, 
switching, and related functions and includes the Transmission and Distribution De- 
partment. The T. & D. Department maintains and operates the aerial transmission 
system. 

B. ENGINEERING: 

Within the Engineering and Research Department, a central group known as the 
Transmission Projects Branch handles major line design. Information required by this 
Branch is obtained from many sources, including a Material Group. 

C, CONSTRUCTION: 

Construction of major new lines is usually performed by contractors hired and 
supervised by the Construction Division of the Engineering and Research Department. 
Upon completion of the line, the plant is inspected by the Overhead Transmission Sec- 
tion (O.H.T.), and then placed in service, in conjunction with the System Operation 
Division. Upon placement in service, the line is the sole responsibility of the O.H. T. 
Section. 

D. OPERATION: 

Operation is directed by the System Operation Division (Load Dispatcher). This 
Division has a major office in the City of Philadelphia, and two smaller offices located 
at Plymouth Meeting and Morton, Pennsylvania. The offices operate the system through 
a Release, Permit and Restriction Procedure. Responsibility for lines is divided 
geographically, but only one office has the operating responsibility for the individual 
circuit or line. 



E, THE OVERHEAD TRANSMISSION SECTION (O. H. T.): 

This Section, directed by a Superintendent, is responsible for the entire aerial] @ 

transmission system throughout the P.E. Co. System. Included are the lines in 

Maryland. In addition, through agreement with the Atlantic City Electric Company, ; 

the Section maintains and operates the Delaware River Crossing, south of Chester : 

within the State of New Jersey. 4 

The Section is headquartered at Plymouth Meeting, Pennsylvania, as this location 

provides good highway travel, and is roughly in the center of the aerial transmission 

system. All personnel of the Section work from this location. 

The responsibilities of the Section include patrolling, maintenance, construction 

involving operating lines, R/W care and maintenance, painting, etc. Also, certain 

maintenance work for other departments, such as insulator testing, and river survey 

work are performed upon request. 

Personnel include engineers, linemen, chauffeur-groundmen and a varying number 

of contractor personnel. The average work force is approximately 100 men. 

10 



CHAPTER D 

BASIC EMPLOYMENT AND TRAINING 

A. GENERAL: 

To understand the reasons for the organization and training of the O.H. T. Section's 

personnel, and how energized line work techniques fit into the picture, it is necessary to 

provide a brief outline of the progression of a lineman from the date he is hired by the 

Company. This influences the final part of his training, wherein he is qualified in 

insulated tool work. 

B. EMPLOYMENT: 

All individuals employed for training as linemen are required to pass a qualifying 

aptitude test and a stringent medical examination, which includes a thorough back 

examination and X-ray. These tests have proven their value in detecting whether an 

individual will be able to qualify as a lineman, and advance through the progression 

periods to Lineman, First Class. 

C. LINE SCHOOL: 

Upon passing the initial tests and examinations, the individual is sent to a line 

school for a period of 6 weeks, during which time he is taught the fundamentals of 

climbing a pole, working on a pole, handling basic pole construction equipment, etc. 

Upon completion he is assigned to a distribution division or to the Overhead Trans- 

mission Section. Individuals may or may not have been earmarked for the O. H. T. 
Section at the time of employment. 

D. BASIC O.H.T. SECTION TRAINING: 

The line school only provided training in wood pole distribution construction and 
climbing methods, After this school, further training is conducted by the O. H. T, 
Section on steel towers, steel column structures, round steel poles, and the other 
varied structures on the transmission system. Occasionally one or two men from a 
line school class will not be adapted to climbing or working on these structures, or 
they cannot stand the heights involved. Quite often difficulty is experienced by linemen 
in climbing steel column structures where "skates" are used to support the man. (See 

Figure IV-10.) When this happens, the individual is transferred to a distribution 
division. 

pi 
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g who still cannot ''make the grade" in linework are released prior to the 

Individu the 6-month probationary employment period. & 

completion ° 

a{ON TRAINING: 
Ess! E, PROGR 

- ning the fundamentals of climbing on transmission structures, and be- 

After le agi $0 the heights involved, the new lineman is trained in many other phases 

coming adaP nese include the making of joints or splices on transmission-size con- 

of the work- of nook ladders, operation of small boats, helicopter and other types of 

ductors, poe R/W maintenance, painting structures, railroad rules and regulations, 

line patrol’ tne 52-months that pass between the time he is employed and the achieve- 

etc. During gsification as Lineman, First Class, Overhead Transmission, the individual 
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rigging met" g examination consisting of a written examination and a performance 

trade qualify” actual field work procedures and methods. Ratings by superiors are 
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groundmen are also given examinations, and advance through progressive 
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Chauffer is ed on their ability to show adequate knowledge and good work perform- 
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n are selected from linemen, and they also must pass a qualifying exami- & 

Foreme vancement. 
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loyee of the Section must become qualified in other areas of work, These 

assing of a heavy truck drivers examination, qualification in operation 

F | tension pulling equipment, operation of small boats, etc. Included for 

el is a school in burning of steel. A welding school and qualification in 

most ae welding are considered part of this specialized training. 
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_ areas that required periodic inspection work by qualified lineman, such 

Certain action R/W mowing and maintenance inspection, pole treating inspection, 
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qualified 4° oe performed by contractor personnel, and determine that it is accom- 
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CHAPTER E 

CONDITIONS DICTATING CHANGE IN WORK METHODS 

Several factors combine to make it desirable and necessary to convert the basic 
work methods of the O. H. T. Section from non-energized work to live line or insulated 
tool work methods. The transmission system was designed so that a line could be re- 
moved from service for maintenance during the'40s and '50s. However, increased 
loads, additional dual service customers, expansion of the system, and the great in- 
crease of work that must be accomplished in existing lines, all combine to make it vir- 
tually impossible to maintain the system without using some form of energized line 
maintenance. 

Many miles of lines are now 30 years old, and require major maintenance work in 
the form of insulator and hardware replacement. Some lines were scheduled for 
re-conductoring in the '50s, but it became almost impossible to accomplish this work due 
to the limited time periods the lines could be removed from service. 

As mentioned, the transmission system is composed of a large number of relatively 
short lines - approximately 10 miles in length. But the electrical loads are large, and 
substation and generation capacity connected to them involves a large block of power. 
Most lines have a current rating of approximatly 1,000 amperes at all transmission 
voltages. Hence, their removal from service involves a sizeable block of power. 

The P.E,Co. system sits within the PJM Interconnection, and hence is called upon 
to transport large blocks of interchanged power between utilities of the interconnection, 
This also complicates the line outage problem. | 

Line electrical loads, increased tensions, physical location of lines, adjoining fa- 
cilities, and other factors all pointed to the fact that maintenance work would have to be 
accomplished with the lines energized. This was realized in the '5 Os, and became a 
reality in the '60s. 

However, it might be said that the Keystone 500 KV transmission system was the 
straw that broke the camel's back. These lines will form part of the backbone of the 
transmission system within the P. E.Co., in addition to carrying a sizeable generation 
into the System. 

The physical size of the transmission line components, their weights, and the ten- 
Sions employed dictate the use of light weight tools to accomplish much of the mainte- 
nance. Insulated tools provide this capability. 
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CHAPTER F 

ENERGIZED LINE MAINTENANCE TECHNIQUES 

Line work performed on electrical facilities generally falls within the two catego- 
ries of work methods known as "insulation" and "isolation."' The "insulation" concept 
means that the workman is insulated from the higher potential through the employment 
of rubber gloves, insulated sticks, etc. "Isolation'’ methods mean that the line or 
equipment is de-energized, and suitable protective devices are employed to prevent 
the establishment of a dangerous potential across or through the workman. De-energize 
the line and then ''ground" it is the common practice for this method. 

The practice followed until 1966 on the transmission system of the P, E, CO. was 
to perform work involving the normally energized parts of a line with the line out of 
service and grounds installed. Thus the equipment could not be employed to carry 
load. The factors outlined in Chapter E dictate that a change in this method would be 
required. 

A. WORK TECHNIQUES AVAILABLE: 

The Section had studied the work techniques available to accomplish maintenance 
on transmission lines for a long period of time. In general, they fall into three 
classifications: 

1. De-energize the line. Here the line is taken out of service and blocked at the 
station ends, After a test for potential, grounds are installed by the work- 
man to provide positive -protection. 

2, Employ Insulated Stick. An insulated stick, in combination with other devices, 
may be employed to manipulate the tools and components to permit the accom- 
plishment of the maintenance: work. This practice means that the man is at 
"earth" potential, and insulation is provided by the insulated stick, or "hot 
stick.’ At lower voltages, employed in distribution, this same protection is 
achieved by using rubber gloves. 

3. Live Line techniques. Here the individual is brought to the line potential via 
a suitable insulating device. The device supports the man, as he is raised to 
the work location using an appropriate insulated device. The bare hand 
technique means that the man is at the line potential. 

He may be supported by the line itself, an insulated platform, aerial insulated 
bucket truck, etc. He is thus positioned at the work location, and can manipu- 
late the tools and parts without the need of a long hot stick. 
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B, ACCOMPLISHMENT OF THE WORK TECHNIQUE: 

As mentioned, there are two ways that the man can accomplish the work, and, at 
the same time, maintain the equipment in service. With these ways, however, there 
must be additional insulation or protection provided to maintain safety and prevent in- 

jury to the workman, The structure itself can be employed as the supporting item for 

the insulation and the workman; an insulated platform, or aerial bucket truck that is 
insulated, may be used to support the man; finally the energized equipment itself may 

be the supporting device, 

When the energized part is used as the supporting device for the workman, we have 
the basic live line technique or bare hand method. This is the extension of the "bird- 
on-the-wire' concept. Birds sit on low voltage energized wires and are not injured, 
as they do not complete the electrical circuit. There is no difference of potential 
across or between any part of their bodies. Bare hand work employs this same basic 
concept. 

Birds do not sit on the higher voltage lines due to the magnitude of the field around 
the wire, which prevents their approaching the energized equipment. This higher 
strength field also induces more current in the workman, and thus there is the require- 
ment that he be shielded while in the field. The Faraday cage, or metallic shield, pre- 
vents the field from inducing the current in the man, and hence is employed at the 
higher voltages to the extent necessary. 

Shielding may be achieved by using a metal cage, conducting suit, or other device. 
The metallic shield is bonded to the energized part, and thus there is no difference of 
potential across the workman, nor is there a field of sufficient strength around the 
man to induce a body current that is injurious. 

C, SAFETY: 

Safety is not compromised in any work operation when insulated tool work concepts 
are employed. Actually, there may be less hazard when the bare hand technique is 
employed. 

In the case of work using rubber gloves or hot sticks, any leakage current passes 
through the lineman on its way to ground or earth. With a metallic shield around the 
man, or when the man is supported on an insulated platform and bonded to the ener- 
gized part, any leakage current will pass from the part through the bond, and thence 

via the insulation to earth. It does not pass through the lineman. 

During the demonstrations conducted in the training, the bare hand technique was 

illustrated. To prove the point concerning the leakage current passing around the man, 

and to show the results of a failure of the insulation under the man, the voltage on the 
conductor, to which the platform is bonded, is increased until flashover of the insula- 

tion occurs. This is approximately 126 KV in the laboratory. 
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There is no sensation to the man, nor does he feel any of the leakage current. 

This is also applicable to the power follow-up current. The insulator system should 

be designed so that any arc produced will not cause burning or other injury to the line- 

man, should a failure happen in the field. 

Leakage current monitoring systems are employed in aerial lift devices to indi- 

cate the condition of the insulation. When placed directly on the energized part, like 

the bird, this additional device is not necessary, as the man is bonded to the part, and 

not supported by some other insulation that is in contact with earth. 

Included as Appendix III is an outline of the considerations evaluated in the develop- 

ment of the bare hand technique in particular. 

D, CLEARANCES: 

Clearances, specified for de-energized work, are also followed in insulated tool 

work by the P, E, Co. Bonds (the new term for grounds) are applied with a stick of 

specified length after a test (''buzz" test) for the presence of potential is made. 

The first bond is installed using a specified stick length and clearance. This is 

done so that, should the part be at a different potential, or the insulation system fail, 

the resulting power arc will not cause eye injury, burns, etc., to the man. 

All bonds are of a design that provide sufficient capacity so that the voltage drop 

across one bond will be approximately 50 volts. Thus, with a 500 ohm man, there will 

be less than 1 milliampere of current through his body since he is in parallel with the 

bonds. Fault current capacity of the all-angle clamp and 2/0 bonding cable is 30,000 

amperes. 
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CHAPTER G 

INSULATED TOOL WORK TRAINING: 

(See Appendix I for Course Content and Hours) 

A. DEVELOPMENT: 

As mentioned above in Chapter F, the development of insulated tool work by the 

P. E, Co. has proceeded over a long period of time. Actually hot sticks were used in 

line maintenance in the '20s. Hot stick work has been performed on high voltage lines 

since the '30s by many utility companies. During the period to the present, limited 

use was made of insulated tools and devices in conjunction with maintenance work on 

the system. The uses included clearance measurements using sticks and special 

string lines, installation of measuring devices for recording vibration on energized 

lines, removal of kites, strings, and wires from energized lines, and the determi- 

nation of the condition of insulators using the live line insulator tester manufactured 

by the I. T. E. Company. 

For the past fifteen years, all new tools and equipment were purchased and tested 

with an eye toward energized line maintenance. Thus, the Epoxiglas ladder, although 

initially used because of its superior strength characteristics, was also developed 

for the potential use as an insulated support platform for bare hand work. The All- 

angle ground clamp manufactured by the A. B. Chance Company was also designed 

to incorporate the features of a high-capacity jumper clamp, a bonding clamp, anda 

wire holding clamp. Polypropylene ropes have always been tested both mechanically 

and electrically to strict specifications so that it too could be used around energized 

equipment with safety. 

B. ACTIVE INVESTIGATION; 

Active investigation of the entire insulated tool work concept commenced in 1960. 

Other utility practices were studied, all possible methods investigated, and thought 

given to all phases of the work procedures. These studies again indicated the 

advisability of waiting until the conversion could be made at one time. This would 

preclude the re-training of personnel a second time when the bare hand concept was 

introduced after teaching hot stick methods. 

Planning was commenced in earnest, and a complete review made of all present 

and proposed work practices. Included as specific points were hardware orientation, 

currently employed tools and equipment such as cages, carts, ladders, grounds and 

bonds, jumpers, aerial devices, and other related items. With the availability of a 
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jumper clamp that could be installed with the line energized and one that would carry 

currents of 1,200 amperes, the problem of opening a current carrying connection of 

item was solved. 

Hardware orientation has been specified in all construction specifications for over 

ten years. These specifications include the requirement that sockets be turned down, 

or toward the ground on deadened or strain insulator strings, pins be positioned with 
the cotter key hole toward the tower or structure support location, and similar 

specifications. All of these specifications were reviewed and it is to be noted that 

they simplify the performance of hot stick work to a great degree. 

Visits were made to other utilities, and demonstrations were conducted on the 

P, E, Co. system by the insulated tool manufacturers to provide information on the 

items available and the recommended work techniques. Each point was evaluated by 

the Company in conjunction with the existing training and work practices. A program 

for training was drafted in 1964, reviewed again in 1965, and placed in effect in 1966. 

From 1965 to 1966 all necessary tools and equipment were purchased or manufactured, 

and the basic items necessary were available at the start of the training. 

C, ORIENTATION OF PERSONNEL: 

Personnel were orientated in insulated tool work techniques during a six week 

period. Movies of actual jobs, visits to other utilities, and laboratory demonstrations 
and tests were conducted on the Company property. Slides were taken of job perform- 

ance of other utility companies. Our appreciation is extended to the others for their 

assistance in this respect. 

Probably the most important point considered in all the investigations concerned 

was the possibility of "fear" in the mind of the lineman who would be called upon to do 

the work. Extensive study was directed to provide ways that this could be dispelled. 
The linemen themselves actually provided the answers to this possible problem. 

"Show me" what happens - and then I too will be a believer! 

From this study was developed the laboratory demonstration that is outlined in 
Appendix II. By going over each of the possible happenings from a failure of equipment 
in the field, and showing what is inherent in the insulated tool work methods they 
would be asked to employ, the men developed confidence in the methods. 

A very important fact that was demonstrated in the laboratory was the need to 
check the condition of insulators before and after all work. The apparently "good" 
insulator - one not broken - may actually be defective, since it is possible to have 
an internally punctured insulator in a string. The use of the Live Line insulator 
tester permits the determination of the string's condition prior to the performance 
of any work. (See also Figure IV-13 ). 



A brief outline of the actual practices followed in ascertaining whether it is safe 

to work on or near a string of insulators is included in Appendix II. Forms are 

supplied to the crews for plotting the readings taken. Figure IV-11 shows the single 

prong tester being employed to check an insulator in a deadend string, 

The bare hand concept was to be included as a final part of the laboratory demon- 

strations on insulated tool work using the stick (hot stick work) initially, but the 

interest of personnel advanced the accomplishment of this Phase of the training so 

that it was included in the initial demonstrations. It might be said that the students 

ran ahead of the instructor! 

The Safety Department and the Methods and Training Division of the Company 

were included in all planning and concept development. Their advice and suggestions 

have been appreciated by the Section. Appendix III outlines some of the considerations 

evaluated in planning the training program. | 

D. IMPLEMENTATION: 

Since the lineman had actually participated in the development of the entire 

Program, and had been orientated and informed of the proposed techniques, they were 

receptive to the conversion to the new work techniques. The detailed studies have 

provided answers to all questions raised, and the men have been provided with the 

necessary tools and equipment at the start to permit the employment of the techniques. 

As an example, the need for devices to discharge the individual, or prevent the 

accumulation of the annoying static charge and leakage current build-up on the work- 

man was recognized. These devices, known as static reduction equipment, are part of 

the tools furnished the lineman, He is taught what charging current is; that it is 

present whether sticks are used or the bare hand technique employed. With the high 

load current present on the transmission system, even at 132 kv, static reduction 

equipment, such as conducting sole shoes, leg-stats, etc.. must be employed to 

discharge the lineman and eliminate the annoying tickle felt when he is discharged 

or touches a metallic object that may or may not be charged. 

The Program or Manual to be used in conducting the training, and the initial 

essential items of information necessary to establish work rules and guides were 

distributed to the personnel of the Section early in 1966. After distribution, several 

classes were conducted where the new concepts were reviewed, questions answered, 

and areas that were not clear or covered in sufficient detail developed. Hence there 

was a six-month period of more intensive study by the personnel, and supervision, 

of the new concepts and techniques. 

Also, during this same six-month period, the Insulated Tool Work training yard 

was constructed. This yard has four basic structures, and is so built that typical types 
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of construction of the most common types found on the transmission system would be 
available for the training of personnel, and later the practicing of the techniques 
developed. Furthermore, the yard would also provide an area where developmental 
work could be carried out without the necessity of taking a line out of service, or 
travelling a great distance. 

The basic yard included a steel lattice tower, a single wood pole, steel column, and 
a wood H-frame structure. Four sizes of wire were run as conductors, and the hard- 
ware assemblies installed were such that the most general assembly, more difficult 
to work assembly, and the normal line tensions could be used during the training ses- 
Sions, Thus any one location on the structure was a typical field condition, even to 
the sag in the conductor. 

With a view toward the future, the conductors were all insulated so that they could 
be energized at 69 KV for bare hand training using a test transformer. 

In addition, a "Kiddie Yard" was built. This yard is used to show closeup the 
installation of tools, methods of installing armor rods, tying wire, and similar 
operations. The conductors are near ground level, and the man can stand on the 
ground and practice the necessary unit work procedure. Skill and practice in the work 
is accomplished without the necessity of climbing and working from a high structure. 

The ''Kiddie Yard" also provides an excellent location for the development of 
specialized tools and equipment. Old or field-hardware assemblies and structure 
configurations can be mounted at ground level, and the assurance of fit of the 
insulated tools, safe handling techniques, and other necessary development work 
conducted prior to the performance of a job in the field. 

Adjacent to the "Kiddie Yard" is a storage yard where sample sets of all hard- 
ware and other assemblies are stored. Thus, there is available a set of just about 
every assembly, with the condition of the assembly (rust, worn pins, frozen nuts, etc.) 
that can be installed in the ''Kiddie Yard", and the work requirements determined. 
This permits the adoption or modification or development of the tools that will be 
needed to remove the older type assembly prior to the actual job in the field. An 
attempt is made to maintain a "stock" of every old type assembly for trial and 
practice use. 

E, CONCEPT OF TRAINING: 

The previous training given to personnel in the O, H. T. Section emphasized the 
"Unit Work Concept.'' Under this concept, the personnel are taught the individual 
building blocks that may be assembled into a complete job accomplishment. All 
previous training emphasized this concept; lineman were not taught the step-by-step 
procedure to accomplish any one job. Training provided the what, where, when and, 



most important, the why of the unit work practice. Thus the man knew the why and 

could judge its applicability to a specific work need. He was always trained to think! 

The training itself was conducted using the school-room approach, where there 

was oneinstructor or professor, and the men were students. Classes were held with 

this concept in mind at all times. The only individual present during the actual training 

were representatives of the Safety, and Methods and Training Departments. When it 

was necessary to present a briefing to others concerning some Phase of the training 

program, these presentations were conducted by a selected group after the training 

of the individuals. Outside observers were not permitted to be present during the 

actual training sessions, in the same way that visitors are not permitted in the school 

classroom, : 

Complete notes were taken of the performance of the individuals during the conduct 

of the training sessions. Prior to this, the trainees had been notified that this would 

take place; it was explained that this information would be used to prepare the final 

Manual for the work, and to provide data for the critique of the Group's training. A 

tape recorder was also employed to permit the transcription of the lectures, instruc- 

tions and briefings presented to the Groups. This material provides excellent data 

for the final text material, and also enables the instructor(s) to determine that the 

same points are covered in each class presentation. 

In addition, Polaroid photographs were taken of the step-by-step performance to 

permit the explanation of the good or correct methods and also the poor ways of 

performing a unit work procedure. Thus visual aids may be utilized in the final 

Manual. 

A portable amplifying system is used during all instruction and also by the crews 

when performing work in the field where experiences or conditions make it difficult 

to communicate from structure top to ground. (Figure IV-12). A whistle is furnished 

all crew members to serve as a warning that there exists some hazard; when it is 

blown, all personnel "freeze" until instructions are issued concerning the correction 

of the hazard. 

Experience has also proven the value of not providing the students with a composite 

step-by-step procedure for the individual yard practice and training jobs. An outline 

that provides a method of accomplishing the desired task, and, at the same time, should 

teach the necessary concepts, was included in the Manual distributed early in 1966. 

In this way the students attempted to complete the task using the information available, 

and in accordance with their interpretation of the safety rules and practices, related 

them to the specific task or unit work procedure. As the students progressed through 

the procedure, the instructor directed their efforts, as necessary, and corrected 

mistakes immediately. At times they were permitted to deviate from the expected 

performance method to illustrate the wrong way of performing the job. 
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This technique made it possible to have the students do most jobs the "hard way". 

In some instances, they were directed toward the performance of the work in this 

manner to illustrate some of the possible pitfalls that may be encountered in actual 
field work. Thus, they might not be permitted to use a wedge or pry-type cotter 

key puller to remove a cotter key, even though this would be the normal tool used in 

this case. The spring loaded puller could accomplish the task, although it required 

the exact positioning of the tool. Thus the successful student or group found that there 

is a right and wrong way to use the specific tool or rigging procedure, and this point 

was driven home to them by actual experience in the training yard. 

The final part of Phase I training involved actual work on an energized 220 KV 

tower, where the personnel were required to replace the entire hardware assembly 

with the line still in service. This experience permitted correlation with the labora- 

tory demonstrations, training yard use of tools, and the sensations produced by 

induced charge while in the field of an energized transmission line. The need for 

conducting sole shoes and other static reduction devices was demonstrated, and the 

variations between individuals and in the case of the same individual when wearing 

various types of clothing, in reference to the amount of charge received was illustrated. 

Phase IV training involves the bare hand concept. At the training yard, a bare 

hand platform was erected, and the line energized at 69 KV to permit training on a 

field structure. (Figure IV-13 and 14). Work and training has included the develop- 

ment of a universal cart, .equipped with removable shielding panels, that may be | 

supported from an insulated ladder or similar device. (Figure IV-15 and 16). 

F, JOB PRACTICES: 

No formal step-by-step procedures have been or will be prepared for the per- 

formance of insulated tool work. As mentioned, all lineman training conducted by the 

Overhead Transmission Section is based on the unit work concept, or the building 

block approach. Hence, the men are expected to, and do look upon each individual 

job, be it a simple insulator change or the replacement of a complete structure, as a 

challenge and a chance to employ the fundamental techniques taught to complete the 

work safely. | 

This training and work concept is necessary on the P, E, Co. transmission 

system due to the wide diversity of structures and wire sizes, and the range of 

tensions and loadings that may be encountered. To prepare detailed instructions for 

each entire job would be virtually impossible, and accomplish no useful purpose, 

except to remove any incentive to think and make sound judgement concerning the 

work methods to be followed. Also, the individual's pride in thinking a job through 

in detail would be lost. 
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CHAPTER H 

TOOLS AND EQUIPMENT 

A. TOOL LISTS: 

Complete tool lists were prepared for the hot stick trailers, and the linemen 

participated in the identification and stocking of the trailers. This gave them the op- 

portunity to become familiar with the tools and equipment prior to their reporting to 

the Training Yard. Tools are carried in three basic sets: 

1. Wood tool trailer, which has the basic items for a wood pole job; 

2. Steel tool trailer, which is equipped with the essential tools and rigging 

equipment for work on steel structures; and 

3. Van trailer. 

The van trailer is stocked with the specialized tools and long poles necessary in 

some instances, and is also provided with a work area to permit the building of spe- 

cialized tools that may be found necessary in specific cases. The van trailer is of the 

5-th wheel type and moved to the job site when necessary behind a tractor. It is ap- 

proximately 30 foot long, and also equipped with heaters to keep the tools and rope 

dry. (Figure IV-17. ) 

B, LINE TRUCK AND PICK-UP TYPE TRUCK: 

Details of the line truck and pick-up type truck used by the insulated tool work 

crews will not be covered in this presentation; further details may be fcund in the 

Paper to be made available in July, 1967 (see Introduction). (Figure IV-18. ) 

C., SPECIALIZED EQUIPMENT ITEMS: 

Many items of tools and equipment have been developed and put into use to simplify 

the work of the crews. They include a rigging board, load calculation sets (drafting 

equipment, charts, loading data, etc.), special tools for lifting insulators and position 

plate yokes, pivot type milking tool (Figure IV-19), holder for emery cloth, adjustable 

wedge cotter key puller, handline hook gauge to check for overloaded hooks (Figure 

IV-20), and many others. 
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Illustrations of their use will be found in the paper referred to in the Introduction. 

A very important auxiliary item incorporated into the training involved the use of 
aperture cards and the associated capability of having prints and other data concerning 
the actual field structure available for the crew's use. Aperture card records of 
drawings and photographs of each transmission structure are available to the men at 
the office and permit the preliminary evaluation of the job before they leave for the 
field. Hence, specialized tools or equipment can be loaded, accessibility of the 
structure determined, and the tensions and mechanical loads they may encounter 
calculated, including clearance dimensions. Scaling from drawings permits the 
plotting of the loads using simple force diagrams. In conjunction with the rigging board, 
full model job procedures can be portrayed, and the loads measured on the board to 
see that the selected rigging equipment will not be overloaded or clearance rules 
violated. 

It is impossible to list or include all the individual tools, equipment or training 
aids that have been employed by the Section in conducting the training and work on 
energized lines. More examples will be included in the Paper cited in the Introduction. 
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CHAPTER I 

ACTUAL JOB EXAMPLES 

The Section has performed many different jobs since the completion of the basic 

phases of the training. Although it might be anticipated that most of the work would in- 

volve the replacement of damaged insulators, this has not been the case inthe Company. 

Damaged insulator replacement has only required about 5% of the time of the personnel 

engaged in energized line work maintenance. 

Most of the jobs that have been accomplished have resulted from the requirement 

to maintain a line in service, while still accomplishing a maintenance or construction 

operation. 

Some examples of the work done are as follows; they are not described in detail in 

this Paper, but may be found in the paper cited in the Introduction: 

A. REMOVE WAVE TRAP: 

On a 69 KV line at the substation terminal, it was necessary to remove a wave trap 

from the line and rebuild it so it could be installed at another location. The trap was 

jumpered, the 795 mcm ACSR wire cut and leads removed, and the trap relocated while 

the 69 KV line was carrying approximately 50 MW of load. 

A hydraulic cable cutter was employed to cut the ACSR conductor. It was powered 

with a portable 12-volt battery pump, which was moved to the cut location using insu- 

lated tools. The electric switch to actuate the pump was operated with a tool stick. 

It is believed that this is the first time wire of this size was cut with the line energized 

using only hot sticks. (Fig. IV-21). 

B. PLACE LINE CONDUCTOR IN RUNNING BLOCKS: 

The conductors on a 69 KV line had to be relocated. Since the line could not be 

taken out of service except on a Sunday, and the scope of the work was such that the en- 

tire job could not be accomplished in one interruption without extensive temporary con- 

struction, the line's conductors were placed in running blocks, and the lower crossarm 

removed from the single pole structures using insulated tools prior to the Sunday inter- 

ruption. 

This enabled the line crews to complete the work requiring the Sunday interruption 

on one Sunday, and without any temporary construction. 
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C. PHASE IDENTIFICATION: 

In conjunction with the placement of a new generating facility in service, it was 

necessary to identify the phases at the station. A 220 KV test voltage was sent to the 

station, one phase at a time, from the location where the new 220 KV line was T-tapped 

to an existing line. The connections were made with insulated tools. Had it been nec- 

essary to block and ground the 220 KV line, the job would have required over 6 hours. 

With insulated tools, the phase identification was completed in two hours. 

D. DEVELOPMENT CREW: 

One crew of men is generally engaged in planning and developing new tools and work 

techniques at all times. They are split, as necessary, and accomplish a wide variety 

of tasks including new specialized tools, determination of a practical method to accom~- 

plish a new job or task, revision of existing methods, and many other activities. 

The development personnel are also engaged in implementing all the concepts and 

methods available to accomplish the work; they are not restricted to hot stick work only. 

Hence, the bare hand technique, in combination with the hot stick, is considered as one 

entire concept of work accomplishment, and treated as such. The method selected is 

generally a combination of hot stick and bare hand work in many cases; the best and 

most efficient being the one actually employed in the job. 



@ CHAPTER J 

THE FUTURE 

The future of energized line maintenance on the P, E Co. transmission system 

seems to be limited only by the availability of jobs and the time to complete the devel- 

opment of the necessary tools and equipment. The basic knowledge to accomplish 

almost any job is available, and the combination of the best technique permits the suc- 

cessful completion of a job. 

Our enthusiasm for the bare hand and hot stick methods is really boundless, and 

cannot be adequately expressed in a Paper of this type. Espirit de Corps of all per- 

sonnel seems unmeasurable and has exceeded expectations. This extends through the 

Chairman of the Board, who has also become a member of the "P. E, CO. Bird-on-the- 

Wire Club." 

Costs, overtime, interruptions all have been reduced, while pride in their work has 

raised the spirit of the crews. Safety is still primary, and we feel the hazard, such 

as it is, of doing line work by any method has been reduced. 
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APPENDIX I 

INSULATED TOOL WORK TRAINING PROGRAM 
COURSE CONTENT AND HOURS 

May 1, 1967 

The training of personnel of the Overhead Transmission Section in the employment 

of Insulated Tools follows the basic course content listed below. Cognizance must be 

taken that this training program follows after the instructional material given to these 

personnel during their previous training periods in the Section, and hence certain funda- 

mental concepts are already routine practice. 

As an example, the word "bond" and the fact that a 'bond'' must be installed at the 

work location during any de-energized work has been made a matter of routine practice 

by the personnel in the Section, and is not included in this block of instruction. 

A. SUMMARY OF TRAINING: 

Training conducted in Insulated Tool Work practices, methods, and procedures, 

after a lineman completes progression to Lineman, First Class, Overhead Transmis- 

sion, and has received basic orientation on aerial devices, rigging, nylon slings, etc.: 

CONTENT SUMMARY HOURS (See *NOTE at end) 

1. Pre-Training Briefings Approx. 6 hours 

2. Introduction to Entire Program 4 hours 

3. Phase I - Insulated Tool Employment 55-1/2 hours 
from a Structure 

4, Phase II - Insulated Tool Employment 19 hours 

from an Aerial Lift (Not Insulated) 

(a) Basic Training (13 hours) 

(b) Refresher Training (8 to 24 hours; 

average 16 hours) 

5. Phase III - Insulated Tool Employment from 30 hours 

an Aerial Lift (Insulated - ''Bare-hand"') 

6. Phase IV - Insulated Tool Employment from — 28 hours 

Various Insulated Supporting Devices 

(Various 'Bare-hand" Concepts) 
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CONTENT SUMMARY 

7. Continued Development of Procedures 

Involving Insulated Tools 

TOTAL TRAINING HOURS 

HOURS (See *NOTE at end) 

(At least 1/2 hour per month, 

plus development time; 

continual requirement) 

142-1/2 hours * 

B. DETAILED INSULATED TOOL WORK TRAINING SCHEDULE: 

(Based on Training of Group III in Fall, 1966 (13 Trainees and 4 Instructors) 

Par. Procedure - Instruction 

i Pre-Training Briefings:- 

(Movies, talks, etc.) (Conference 

Room at Service Building) 

2 Introduction to Entire Program: - 

a. Distribute "Manual" (Conference 

Room - Individuals Read at Home) 

b. Discuss Manual (Conference Room) 

c. Electrical Principles - 

Laboratory Demonstration 

(At Electrical Laboratory) 

d. Training Yard Orientation 

(Visit to yard site) 

"Reference" 

Material 

Manual, Lineman's 

Handbook, Methods 

Manual, Previous 

Instructional 

Material 

TOTAL Par. 1 

Manual 

Manual 

TAB D 

TAB E 

TOTAL Par. 2 

Time 

(Approx. 6hrs. 

over a 2 year 

period prior to 

start of Phase I 

Training 

Approx. 6 hours Co 

1 hour 

(About 1 hour) 

(2 hours) 

4 hours 

*NOTE: Time for any particular block of instruction will vary depending on progress 
of the class, weather, availability of lines and equipment for practice, etc. In each block, 

the instruction shall cover all points, and all students shall become knowledgeable in the 

subject matter before proceeding to the next block of instruction. 



Par. 
"Reference" 

Procedure - Instruction. Material 

Phase I Training - Insulated Tool 

Employment from a Structure: - 

ae 

_ (Use of Insulated Tools) TAB F 

Classroom Orientation prior to TABs A thru D and 

start of yard tool work training H thru L 

(Conference room at Service Bldg.) 

Yard Training-Orientation at TABs F andG 

Yard (Structures, loads, tools, 

wire sizes, etc.) 

Procedure F - I (Str. B) TAB F-1 

(Change Insulators on 132 KV- 

Class Deadend Lattice Tower) 

Procedure F-2 (Str. A) TAB F-2 

(Remove & re-tie 66 KV post 

insulator; tighten eye bolt; 

remove wire from strut insulator 

clamp; change insulators and 

clamp on suspension string) 

(Single wood pole 66/132 KV- 
class structure) | 

Procedure F-3 (Str. D) TAB F-3 

(Support conductors deadended 

on arms by various methods; 

replace crossarms on structure) 

(Wood H-Frame double arm 132 KV- 

Class deadend structure) | 

Procedure F-5 (220 KV Suspension TAB F-5 

Tower; Line De-energized) 

(Remove old hardware, clamp, 

insulators, armor rods and install 

new modern assembly) (220 KV-class 

single string suspension tower; 

Line de-energized) 

Procedure F-5 (Modified) (220 KV TAB F-5 

Angle Suspension Tower - Hard angle; 

Line De-energized) (Remove old hard- 

ware, clamp, insulators, armor rods, 

and install new modern assembly) (220 

KV-class angle double string suspension 

tower; Line de-energized) 

I-3 

Time 

2-1/2 hours 

1-1/2 hours 

8 hours 

9 hours 

12 hours 

5 hours 

5 hours 



| "Reference" ; 
Par. Procedure - Instruction Time 

Material —< ‘ee 

h. Procedure F-5 (220 KV Suspension 

Tower; Line energized) 

(1) Orientation before Start of Job TAB F-5 and 1 hour 

Notes 

(2) Replace insulators and TAB F-5 4 hours 

suspension clamp. (Line ener- 

sized) (Single string tangent 

220 KV suspension tower; Line 

Energized) 

i. Critique of Training (Notes) 3-1/2 hours 

Review of all previous training 

in classroom 

j. Practice Sessions (Field work on 

actual lines, etc.) 

(1) Armor Rod Conductors (Notes) 1 hour 

(At "Kiddie" Practice Yard) 

(2) Land and handle deadend (Notes) 1 hour 

tool yokes (At ''Kiddie'' Practice - 

Yard) 

(3) Change single string 69 KV (Notes) 2 hours 

suspension insulators on 

live tower 

4 Phase II - Insulated Tool Employment 

from an Aerial Lift - Not Insulated: - 
(Use of an Aerial Bucket as work 

platform) 

a. Orientation in classroom (Notes) 1 hour 

b. Field work - change insulators (Notes) 4 hours 

on a 69 KV suspension tower using 

aerial bucket 

c. Field work - change arms and hard- (Notes) 8 hours 

ware on 66 KV single wood pole 

suspension structure 

[-4 



Par. - Procedure - Instruction 

Refresher Training: -— 

(Conducted as necessary. Personnel 

use training yard and/or actual 

line structures to develop work 

techniques) 

Phase III - Insulated Tool Employment 

from an Aerial Lift - Insulated:- 

(Use of an aerial bucket in '"bare-hand" 

work) 

a. 

b. 

Orientation in Classroom 

Review of Aerial Device Operating 

Rules and Instructions (Classroom 

and Field) 

Review of Electrical principles 

involved; Electrical requirements 

of aerial device (Classroom and 

Field) 

Procedure - Replace Insulators on 

Suspension structure (Field) 

Procedure - Handle "hot" end of 

Job involving replacement 

insulators on 132 KV deadend 

structure - ''cold" end work by 

sticks (Field) 

Procedure - Install armor rods 

over damaged wire strands (Field) 

Procedure - Install full tension 

compression joint in line wire 

carrying full load current (220 KV 

line) (Field) | 

Critique of all work and Review of 

Methods and Practices (Classroom) 

I-5 

"Reference" 

Material 

(Notes and 

Actual Job 

Requirements) 

(Notes) 

Operating Rules 

Electrical Prin- 

ciples Course 

TAB III-A 

TAB III-B 

TAB III-C 

TAB III-D 

(Notes) 

Time 

(8 to 24 hours) 

2 hours 

1 hour 

1 hour 

8 hours 

8 hours 

4 hours 

4 hours 

2 hours 



"Reference" 
“~ Time | Par. | Procedure - Instruction National 

7 Phase IV - Insulated Tool Employment 

from Various Insulated Supporting 

Devices - 'Bare-hand'' Methods: - 

a. Orientation in classroom TAB IV 3 hours 

Explain again principles; illustrate 

and show various concepts including: 

(1) Reaching energized part from and 

with a ladder 

(2) Use of Insulated platform 

(3) Use of cart and/or cages 

(4) Shielding requirements 

(5) Conducting suits and related 

devices 

(6) Rigging; insert insulating 

devices in rigging 

b. Thru ? - Procedures involving (Prepared for Total 24 

actual field jobs (Exact procedure the Procedures) hours ‘- 

depends on the jobs to be performed 

at the time training is conducted) 

(1) Each "Job" is practiced in a 

"dry-run" at the Training Yard 

prior to first field performance. 

(2) After rehearsal, the job is 

performed in the field on 

actual structures 

c. Critique in Classroom (Notes) 1 hour 

(Conducted as required during (additional 

course of all work operations time when 

and Procedures) required) 

8 Continued Development: - (Field Performance (At least 1/2 

There exists a requirement for Reports; Jobs; hr. per 

continued review and development Notes) month) 

necessitated by: 

(1) New job requirements 

(2) Better construction techniques 
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''Reference" 
Par. Procedure - Instruction Time 
——. —— Material —— 

(3) New Equipment and Tools 

(4) Refresher training to point out any 

techniques that should be changed, 

etc. 

Hence, training of this nature is continual. 

At least once per month 1/2 hour is devoted 

to a review of the above with all personnel. 

General Notes: 

1. When the word "notes" is indicated under 'Reference" Material, it is 

understood that the material is an extract of all previous material, and 

additional material developed for the particular situation. 

2. TABs are the sections of the current Insulated Tool Work Manual 

published by the Overhead Transmission Section; this Manual is not 

complete, or in final form, as of this date. 

Overhead Transmission Section 

May 1, 1967 

Attachment: 

Poel, L-= Training Organization Chart 

dated May 1, 1967 
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Training Organization Chart | 

May 1, 1967 & 

OVERHEAD TRANSMISSION SECTION REET 
METHODS & |__| EMPLOYEES ff 

| 
[ 

TRAINING | 
] 

| 
od > ag rt 

pone tb -- 

TRAINING GROUP TRAINING GROUP TRAINING GROUP een. A 
I i IIL anes 

| 

3 | 

' 

“ PROFESSOR " 
(SUPT., ENGINEER, ETC.) 

(ONE INDIVIDUAL) 

INSTRUCTORS 
( SUPERVISOR, FOREMAN, 

LINEMEN, ETC) 
(ONE TO FOUR INDIVIDUALS) 

STUDENTS 
(LINEMEN, ETC.) | 

(BETWEEN IOAND [5 | 
INDIVIDUALS) | 

Overhead Transmission Section 

May 1, 1967 

(Enclosure 1 to Appendix I) 



Program for Insulated Tool Work 

on Transmission Lines 

APPENDIX II 

INSULATED TOOL WORK TRAINING 

SCHEDULE 

BRIEF OUTLINE OF LABORATORY DEMONSTRATIONS 
May 2, 1967 

The Insulated Tool Work Training Program of the Philadelphia Electric Company 

includes a series of demonstrations conducted at locations where required electrical and 

other laboratory facilities are available. Below is an outline of typical material included 

during the Phase I training on the employment of insulated tools (hot sticks) from a 

structure or platform, and the introduction of the live line (bare hand) technique. Dem- 

onstrations of this type were presented to management and other interested groups to 

inform them on the training program. 

The outline does not include all points mentioned or demonstrated during this 

training; full coverage is included in the reference paper mentioned in Chapter A, 

Introduction. 

Below is the anticipated lesson plan for the Brief Outline Demonstration to be 

conducted for the Section Personnei at the Fifth Floor Testing Laboratory, 2301 Market 

Street in 1966. 

A. OUTLINE OF PROGRAM: 

1. Appreciation to the management of the Philadelphia Electric Company. 

a. Number of years in development: Adoption of entire concept of work: 

"Insulated Tool Work" - actually practiced for a long period of time. 

b. Really four (4) types of methods of doing work on a transmission line: 

(1) Insulated Tool Work - "Hot Stick" work. 

(2) 'Bare Hand" 

(5) De-energized work 

(4) Combination thereof 

IT-1 May 10, 1967 



a. 

ae 

2. Program developed to include the following: Phases of training for the Overhead 

Transmission Section. 

Phases: I - Insulated tools from a structure. 

IT Insulated tool work from a bucket. (Bucket not insulated) 

III - Insulated tool work from a bucket. (Bucket insulated) 

IV - ''Bare-hand" method (from insulated platform, or other 

supporting means) 

Program and training started August 29, 1966. Program Schedules and 

Manuals for Phase I were distributed in March of 1966. 

3. Description of Program: 

Orientation - Movies of work. Presented to Foremen over a period of five 

(5) years; to Linemen prior to the beginning of the actual field training. 

Details of Phase #1 Training. 

Phase I - Insulated tool work from a structure, involves eight (8) sessions. 

Session 1 - Electrical Demonstration, as presented in this laboratory 

(TAB D). 

Sessions 2 thru 7 - Involves Yard Training in 'Unit Work Procedures". 

Session 8 - Involves Field Work Training as a crew. 

Phase II - Insulated tool work from bucket or platform with tools or under 
de-energized work conditions will be conducted, starting about October 15, 
1966. The boom of the bucket will not be insulated at this time. 

Phase III - Bucket/platform work - ''Bare-hand" This work is expected to 
commence on/about December 1, 1966. 

Phase IV - "Bare-hand" using all means of support can be performed at any 
time, basic tools and needed equipment, including all techniques, is available. 

The objective of the entire program is the training in combining of all of the 
methods or techniques of work. The actual work-method employed will be 
combination(s) of those most practical for the particular job. 



Training Concepts: 

ae Personnel of the O.H. T. Section divided into three (3) Groups of 11 to 15 

men each. 

All in one class, or in individual classes and/or sections. 

Refresher training, and repeat of previous parts or sessions of any phase, 
to be conducted as necessary. 

All training of personnel in the O.H.T. Section to be conducted based on the 
"Schoolroom" concept, where there is only one teacher for the students. 
Observers from Methods and Training, and Safety to be present at all sessions. 

Present Status: 

ae Rapid advance. Demonstration - Introduced the "bare-hand" technique - All 
personnel of this Section participated in the demonstration. 

Show/explain all points of the work - eliminate "fear". 

Prior planning resulted in having all basic tools/equipment ready. Answers to 
all questions appear to be available, because of detailed previous investigation. 

Although not completely printed in a Manual, all the concepts were/are avail- 
able. The rate of teaching actually is following the rate of advance of the 
classes, which is rapid. Recordings were taken of the sessions in order to 
obtain complete lesson material. Repeat of any section or lesson may be 
made when necessary. Each group or individual in this Section to pass same 
"Exam", Repeat, if necessary, any or all the training material. 

Personnel participated in the training, and, as appropriate, assisted in the 
development of the training material, concepts used, and in the conduct of the 
training. 

Emphasized then, and now, that these procedures and practices are applicable 
to "Transmission". In preparation is a Manual titled: "Manual of Overhead 
Transmission Practices". 

Demonstrations and instructions show "minimums". Emphasized that they are 
minimums. 

Explanations given of the EEI Accident Report-fatalities used to emphasize 
the points. 

Thru films and field training, emphasized that the Philadelphia Electric Com- 
pany adopted the best points of all the methods practiced by others. 
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6. Certain New Terms Defined: 

a. Insulated Tool Work". ® 

b. "Bond", "Jumper", "Shunt"; 'Ground"; 'Potential', "Voltage"; "Static Charge". 

New Operating terms: "Permit", ''Restriction". 

c. "Safe'' work - Safety or "safe" versus "hazard" defined. Emphasize three 

(3) "factors of safety" included in all work practices or methods. 

7. ‘''Teachinge" Method: 

a. Class versus demonstration. 

b. Present in the class or for class training: Safety, Methods and Training, one 

observer from engineering. During demonstrations, other interested 

individuals were present. 

c. Laboratory participation. Appreciation to laboratory personnel and develop- 

ment of this demonstration. 

d. Record made of actions - photographs taken of actual work procedures. 

e. Demonstration proved that it was an excellent training vehicle to emphasize ® 

proper existing 'Methods" (those previously used with de-energized work | 

techniques). 

8. This Demonstration: 

Listed is a brief outline of the Insulated Tool Work electrical demonstration to be 

conducted as a briefing on this Phase of the Insulated Tool Work Training. 

A detailed outline and explanation is included in a separate Memorandum (TAB D-a). 



B. OUTLINE OF ELECTRICAL DEMONSTRATION: 

by Voltages: 

The following Table of Voltages for operating lines on the Philadelphia Electric 

system is furnished to provide a means of comparing the demonstration results with 

field conditions. Voltages are approximate; that is, within the tolerances observed 

by field forces. 

TABLE D-bl 

Voltages on P. E. Co. System 

Crest 

"Nominal" | Phase to pal EPETOR: 
Plus 10% Maximum | Rod gap 

Phase to Ground Peak Surge ; 
| for Over- Any time | Flashover 

Phase or (Actual Maximum Factor 
voltage from 60 | Voltage 

Line to Voltage) Voltage (Examples) 
cycle 60 cycle 

Line (rms) (rms) 
Power Peak 

Voltage 

(rms) 

0.26 It. 

(3.1 in.) 

0.87 ft. 
(10-1/2 in.) 

2 It. 

3-1/4 ft. 

6-1/4 ft. 

VOLTAGE WAVE FORM: | 

RMS VALUE OR 
GROUND = O AVERAGE VALUE 

PEAK OR CREST 
60 CYCLE VOLTAGE WAVE VALUE 
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2. Flashover Distances. 

a. General - Demonstrations 

Conducting Object Distance Expected Flashover Voltage 

(1) Sphere Gaps 7.9 Gry 24 95"' 140 KV 

(2) Plate Gaps | 7.5 cm/2. 95" 60 KV 

(3) Rod to Plate Gap 7.5 om/2.95" 40 KV 

(4) Rod to Rod Gap 5 em / 2.95" 48 KV 

(5) Rod to Rod Gap 1038/4" 100 KV (Between rungs of an 
Epoxiglas ladder) 

b. Other illustrations 

(1) Change in voltage 

(2) Electrical characteristic of Epoxiglas ladder 

3. Voltage (Potential) Characteristics of Insulators: & 

a. General - Demonstrations 

(1) 5 -10' Suspension insulators - all good. 150 KV - no flashover. 

Measure leakage with R. and I.E. Tester (Live Line insulator tester, 

now manufactured by the I. T.E. Company). 

(2) 5 -10' Suspension insulators - all good 75 KV. Plot curve of leakage 

using data from R. and I. E. Tester. 

(3) 5 - 10" Suspension insulators - One defective (#3 or middle one). 

75 KV. Plot curve of leakage using data from R. and I. E. Tester. 

b. Illustrations 

(1) Use of R. and I.E. Tester - determine "xood" insulators. 

(2) Voltage distribution on and in an insulator string. 

(3) Safe handling of tester. 

(4) Plotting of "curve''to show voltage distribution in string (TAB D-b1 attached) QO 



4. Insulator String Flashover: 

re 

cm 

General - Demonstrations 

(1) 5 - 10' suspension insulators - all good. No flashover at 150 KV. 

(2) Corona at end of pipe simulating line conductor or sharp object. 150 KV. 

(3) 5 - 10" suspension insulators - Units 1, 2, 4 and 5 defective (bad); Unit 
#3 (middle) good. Flashover at 110 KV (illustrate ''Thomas" case of de- 

fective insulators). 

(4) As in (8) above. 5 - 10" suspension insulators - Units 1, 2, 4 and 5 de- 
fective (bad); Unit #3 broken (middle unit) 'partially'' good. Flashover at 
84 KV. 

(5) As in (8) above, Unit #5 alone. Flashover at 30 KV. 

(6) Epoxiglas link stick. 12-inch gap between end metal fittings. Flashover 
at 127 KY, 

(7) As in (3) above (same string), 5 - 10" suspension insulators - Units 1, 2, 
4 and 5 defective (bad); Unit #3 (middle unit) is good. (Only good unit in 
string.) Add link stick so that the metallic portion of stick is next to the 
skirt of the good #3 unit - the metallic portion of stick "shorts" out the 
good unit. Flashover at 70 KV, 

(8) As in (7) above, 5 - 10" suspension insulators - Units 1, 2, 4 and 5 de- 
fective (bad); Unit #3 (middle unit) broken, but "partially" good. (Same 
broken unit as used in test in paragraph (4) above.) Add link stick so that 
the metallic portion of the stick is next to the skirt of the broken unit #3 
(partially good). Position, if possible, so that metallic portion fits into 
the "groove" or cracked area of unit and this is closer to the metallic cap 
and pin of unit. Flashover at 44 KV. 

(9) Wet down a string of 5 - 10'' suspension insulators that are all good. 
(String from (1) above). Lower flashover value and time to this value 
(approximately 130 KV in test of 9/7/66). 

(10) Link stick "wet". 

Illustrates: 

(1) Good insulator string. 

Wd 



ye 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(3) 

Corona formed at sharp edge or corner. 

Reduction in insulation strength with one defective unit and with 4 defec- 

tive units. 

Appearance is not a firm guide to insulator string insulation strength. 

Flashover strength of Epoxiglas. 

Metallic parts of insulated tools, when positioned near an insulator, 

change the insulation strength of a string. 

A broken insulator may still have some insulation strength left - a part 

of original flashover level. 

Wetting an insulator string changes the flashover strength of the string. 

Use of Insulated Tool Tester: 

a. 

b. 

General - Demonstrations 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Maximum voltage across sphere gaps inside tester is 1300 volts. 

Resistance in the small stick that is used as a standard to see that tester 

is working is 1,030,000 ohms (1.03 megaohms). Gap between metal 

rings is 5-1/2 inches. 

Current (leakage) that the meter reads and indicates "Bad" is 0.001 

ampere or 1 milliamp. 

If the meter, when used on a stick does not indicate "bad" or "red", stick 

is good and leakage current low enough. 

Check a stick that "looks" bad with the tester. Tester shows ''good". 

Use same stick as in (5) above and with gaps at 5-1/2" show that it flashes 

over at 50 KV (5-1/2"' or still 100,000 volts or 100 KV per foot). 

Ulustrates 

(1) 

(2) 

Insulated tool work tester components. 

Use of tester and test standard 



(3) Tester results agree with the actual laboratory check on a stick, 

6. Insulation Strength of Epoxiglas insulated tools: 

We General - Demonstrations: 

(1) 

(2) 

(3) 

Test stick with 42 inch gap to 150 KV. No flashover. 

Move down stick and shorten gap across stick. No flashover at 150 KV 

with 18 inch gap. 

Flashover when gap approaches 10-inch separation (135 KV). 

Illustrates: 

(1) 

(2) 

That Epoxiglas insulated tool strength is about 100,000 volts or 100 KV 

per foot - length for 60 cycle power voltage flashover. 

Compare with link stick flashover. 12" gap flashed over at 127 KV. 

i. Comparison of Surge (Lightning/Switching) and Power Arc Follow-up: 

a. General - Demonstrations 

(1) 

(2) 

(3) 

(4) 

Charge capacitors and discharge across "door handle" spheres. Charged 

to 46 KV. Sphere spacing about 2 inches. Note "yellow" arc. 

Charge capacitors and then discharge, but with addition of power current 

from power transformer. Note "blue" arc, and "size" of arc. 

Insert wood block with hole that is filled with sawdust. Discharge capaci- 
tors only - 46 KV. Sawdust blows out. 

Again fill hole in block with sawdust. Charge capacitors and discharge, 
but add power current from transformer. Sawdust blows out and also 
catches fire. 

Illustrates: 

(1) 

(2) 

Color and magnitude of impulse are (yellowish) compared to power arc 
(bluish). Lightning surge or bolt. 

Forces set up due to an electrical arc. Thunder in connection with 
lightning. 
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(3) Damage that power are produces. Longer duration and hence more power *. 

or force. Breaks insulators, severe wire damage, etc. ''Burns" on 

. wire - copper vs. aluminum. 

8. Insulated Tool Work from an Insulated Platform (Bucket, Cage): 

a. General - Demonstration 

(1) Platform on 66 KV class stack type insulators. Copper rod simulates the 

wire at end of string of 5 - 10'' suspension insulators (all good). Metallic 

plate on platform. 

(2) Raise voltage on "wire" to 40 KV (approximately the phase or line to ground 

voltage on a 66 KV line). 

(3) Bond to the wire. Use 6' stick and then shorter stick. Two bonds. Make 

"buzz" test prior to installation of any load (energized or de-energized). 

(4) "Tickle" that can be felt. 

(5) Remove bonds and discharge the platform. 

(6) Make "buzz'' test from platform and from "ground". % 

(7) Short out a unit - hot end unit. Change voltage distribution on units. 

b.. Illustrates: 

(1) Charging current to platform (2-1/2 ma.) and "man", 

(2) Difference in "arc" during buzz test. Use of buzz test each time. 

Check that object is now 'HOT" vs de-energized concept that it is "DEAD", 

(3) "Bonding" is really being done in all work practices. 

(4) Discharge of platform. 

(5) Extend parts of body outside "shield" area. Shielding by any metallic 

parts at same potential ("'voltage"'). Difference in potential is im- 

portant. 

(6) Reliability of a "ground" - absolute reading. 

(7) Bucket truck - bonding at bucket and at chassis. 
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(8) First stick used to have proper length of insulation. (6 foot length of 

"insulation"; obtained from an 8 foot stick.) Need for two bonds. 

(9) Use of "conducting" sole shoes and other devices. 

(10) Movement of stick head-end beyond the first part of a conducting object; 

judgement of distance. 

(11) "Arc" blindness if too close to the arc. 

Insulator Voltage Distribution: 

a. Pass out copies of Curve (TAB D-b2) showing percent of voltage across each 

insulator in a string. (Ohio Brass Data). Discuss. 

b. Furnish copies of insulation strength of various numbers of insulators ina 

string. Dry, Wet, 60 cycle, impulse, etc. (Ohio Brass Data). (TAB D-b8). 

Remarks, Questions, Comments: 

(a) Further developments necessary. 

(b) (Go over Tab D-b) 

(c) Repeat certain applicable ''points''’. We illustrate in this presentation the 

major items. 
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APPENDIX II 
TAB D-bl 

SAMPLE INSULATOR-R. &I. E. 
METER TEST DATA 

August 31, 1966 

Sample plot of R. and I.E. Test Set meter reading for a particular scale setting 

obtained under two conditions: (1) All good insulators; (2) One defective (bad) insulator 

(Internal puncture or short). 

Ree ONE DEFECTIVE (BAD) 

Py 

6 

| Se ms 
4 RSS| INSuLaTor (uniT#3) 

i a Se 
4 Sa PSE naire a EN Pe es 
j i [I 

Insulator Number (Unit) - From 

Conductor or "Hot" End of String 

#1 to "Ground" #5. 

Conditions: (1) 5-10"insulators in string 

(2) Voltage is 75 KV rms phase to ground. 

(Slightly higher than 66 KV System 

peak voltage of 62.3 KV - See Table D-bl1). 

Prepared by: 

Overhead Transmission Section 

Philadelphia Electric Company 

August 31, 1966 
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APPENDIX II 

TAB D-b2 
PERCENT VOLTAGE ON INSULATORS 

IN A STRING 
ike August 31, 1966 

Curves and data illustrating the percent of the voltage impressed or applied to a 

string of suspension insulators. The curve shows that the insulator nearest the ener- 

gvized part has the highest potential difference across it compared to the other in- 

sulators in the string. No shielding present during the obtaining of the data. (From 

Ohio Brass Company technical data Cat. #31 - page 31-41). 

(See table on next page) 

Prepared by: 

Overhead Transmission Section 

Philadelphia Electric Company 

August 31, 1966 
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UNITS IN STRING — NUMBERED FROM CONDUCTOR TO SUPPORT 

TAB D-b2 

PERCENT VOLTAGE ON INSULATORS IN A STRING 

CooNAN 
UN 

PERCENTAGE IMPRESSED VOLTAGE ON RESPECTIVE 

UNITS 
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TAB D-b3 

FLASHOVER VALUES OF INSULATOR STRINGS 

August 31, 1966 

Table of data showing flashover values of various lengths (number of units) of 

suspension insulators in a string, under dry, wet, 60-cycle power and impulse (similar 

to lightning) conditions. (Ohio Brass Co. Technical Data, Cat. 31, page 31-42). 

ns a Ef 

TABLE D-b3-1 

5 3/4 x 10 Inches - Suspension Insulators 

Impulse Flashover - kv 

No. 60-Cycle 1-1/2 x 40 micro-sec. (4-s) wave 
Flash : 

2 90 
3 130 
4 170 
5 215 

6 255 
fi 295 
8 335 
9 375 

10 415 

11 455 
12 490 
13 525 
14 | 565 
15 600 

16 635 
17 670 
18 705 
19 740 
20 775 

Prepared by: 

Overhead Transmission Section 

Philadelphia Electric Company 

August 31, 1966 
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APPENDIX III 

CONSIDERATIONS IN STUDY OF INSULATED 

TOOL WORK PRACTICES 

The Philadelphia Electric Company devoted much time to the complete study of all 

phases of insulated tool work practices prior to the adoption of the methods for routine 

work. These studies encompassed many areas and were accomplished through the as- 

sistance and cooperation of many Departments and Divisions within and outside the 

Company. 

An outline of some of the areas studied follows: 

1. Safety. 

a. Insulated tool work would eliminate some of the hazards present in per- 

forming line work. 

b. Related factors. 

(1) Obtain adequate equipment. 

(2) Provide complete and thorough training. 

(3) Develop work rule and individual unit work practices. 

2. Equipment is a major factor in performance. 

a. Accept industry standards with respect to hazards involved. 

b. Statistics prove that there would be less hazard under the insulated tool 

work concept, due to the built-in hazard reduction factors, than would 

normally be encountered in driving a car or climbing a flight of stairs. 

c. Itis possible to develop and employ safe equipment. 

d. The greatest hazard is human failure. 
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Questions to be answered. 

The personal characteristics of men who will perform insulated tool work. 

How to train the personnel involved. 

Number of personnel to be trained. 

Change from previously employed methods and its effect. 

How to develop safety rules and practices. 

Limitation of the work techniques to the transmission system at present. 

Establish set unit work practices. 

Care of and testing of all equipment to be employed. 

Acquired answers over an extended period of time. 

a. Visited vendor's plants and laboratories where equipment and tools were 
tested. 

Personnel volunteered for the work without specific selection. All per- 

sonnel were trained. 

The necessity to develop a "work together" attitude among personnel. 

Acceptance of concepts. Discuss early in Safety Meetings and other train- 
ing sessions. Brief Foreman and linemen early. Request that they think 
about concepts and ask questions; but supervision must have adequate ans- 
wers available. 

Develop training methods. 

(Covered in the main body of this paper). 

Two greatest hazards in bare hand work. 

a. Contact another voltage or develop a difference of potential across the in- 
dividual. Solved through the employment of adequate clearances, wherein 
it is virtually impossible to reach an energized part at different potential. 
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b. Place the man in series with a conductor carrying current. Solved by 

maintaining the rule that two bonds shall be installed at the work location 

and a jumper placed whenever a current carrying connection is to be 

opened. 

Summary 

a. Hach man must understand the electrical principles involved. 

b. Personnel taught the unit work procedure or building block. He shall 

know the WHY of each work operation. 

c. Use of the analogy of the water pipe to explain current and voltage, and 

the "bird on the wire'' for the bare hand concept. 

d. Continually interject safety, and emphasize that by following the work 

procedures set forth, a man would have to commit at least three "viola- 

tions" of safety guides before he may be hurt. 

e. Safe and efficient work performance depends on the performance of each 
individual in the work crew. 
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APPENDIX IV 

MAPS AND FIGURES 
May 6, 1967 

This Appendix includes a map (Fig. IV-1, Page IV-2) of the area served by the 

Philadelphia Electric Company, and a Schematic Map showing the lines or circuits of 

the bulk power Transmission System as of January 1, 1967 (Fig. IV-2, Page IV-3). 

The Schematic Map does not show all lines maintained by the Overhead Transmission 

Section. 

A limited number of photographs are included to illustrate some points mentioned 

in the Paper; a complete story will be found in the final paper mentioned in the Intro- 

duction. 



PENNSYLVANIA 

AREA SERVED BY PHILADELPHIA 
ELECTRIC COMPANY SYSTEM 

Covering 2346 square miles 
with a population of 3,850,000 

ELECTRIC GENERATING STATIONS 

IN SERVICE Tae 
@ Conowingo (Hydro) ............ 512,000 
 ChOSIEr . od ous bodes iccscc 272,000 

MEddystone .. 0c. wcsslimecatee 679,000 

@ Southwark .................. 377,000 

(S) Schuylkill -. 0.0.00. 00sec case 314,000 - 
@© Delaware .................., 445,000 
@ Richmond: o:sasccccnnsonscth 464,000 

Grom: soe iin. ac ee 1 ee 366,000 
@ Barbadoes ....:. none eelen, 228,300 

Plymouth Meeting ............ 6,000 

Total in Service ...... 3,663,300 

AUTHORIZED ADDITIONS 

P.E. Owned 

@ Muddy Run (Pumped Storage) . . . 800,000 
@ Peach Bottom No. 1 (Atomic) .... 40,000 

Jointly Owned (P.E. Portion) 

@ Peach Bottom No. 2 (Atomic) .... 427,000 
Burlington (Atomic) ........... 391,000 

@ Keystone (Mine Mouth) ........ 378,000 
Conemaugh (Mine Mouth) ...... 373,000 

GAS PLANTS 

@ West Conshohocken 

® Chester 

LANCASTER 

Re OF Muddy Run 

AD 

MARYLAND 

i “Norristown . Plymouth 
Z  @ 10) 

“King of 
Phoenixville j 

Prussia 

Square NEW JERSEY 

“eeKest Grove 

Philadelphia Electric Service Area Shown in White 

LEGEND 

ELECTRIC AND GAS SERVICE 

ELECTRIC SERVICE ONLY 

GAS SERVICE ONLY 

STEAM SERVICE 

Approximate scale of miles 

Figure IV -1. Area Served by the Philadelphia Electric Company. 
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Figure IV-3. Typical 69KV Lattice Steel Figure IV-4. Four-Circuit 69KV Line 

Tower Line Located on Hilly R/W. Located on Bank Between a Railroad 

and an Expressway | 

“Hea ge 

RES REINER 

Figure IV-5. Typical 132KV Poly-12 Figure IV-6. Poly-12 Steel Pole Dead- 

Steel Pole end Structure 



te 

Figure IV-7, Example of 132KV Transmis- Figure IV-8. P.E.Co. 69KV Line Supported 
sion Line Supported by Steel Pole. P.E.Co. by Top Horizontal Beam. Line Located on 
Line is on Second Arm Supporting Three Railroad Trestle and is Above Other Rail- 

Conductors. road Electrification, 

Figure IV-9, Transmission Line Support- ' Figure IV-10. "Skates" used to Permit the 
ed by Steel Columns installed in Con- Climbing of Steel Column-Type Structures, 
junction with Railroad Elevated Line. P. 
E. Co. Line Located at Topof Structure 

on Horizontal Beam, 
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Figure IV-11. Checking Insulator Con- 

dition Using the Live Line Insulator 

Tester. 

Figure IV-13. Lineman on Bare-hand 

Platform Wearing Conducting Suit 

Making a Test of Insulation Using the 

Live Line Insulator Tester. 

Figure IV-14. Lineman on Bare-hand Plat- 

IV-6 

Figure IV-12. Portable Amplifier and 

Speakers Used by Crews for Ground 

to Tower Communications, 

form loading Platform to Energized 
Conductor, 



Figure IV-15. View from Line of Shielded Figure IV-16. Shielded Cart Supported by 
Cart Supported by Epoxiglas Insulated Insulated Ladder Prior to Movement 

Ladder. Out to Energized Conductor. 

Figure IV-17, Interior of Van Trailer Figure IV-18. View of Pick-Up Truck 

Used to Store and Transport Hot Used to Tow Trailers and Transport 

Sticks and Related Line Items. Larger Length Sticks and Ladders. 
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Figure IV 19. Pivot-Type Milking 

Stool Disassembled. 
Figure IV-20. Metal Gauge Used to Per- 

mit Checking of Handline Hooks for 

Excessive Loading. 



POz , All Supervisors 

FROM: Paul Ankrim 

SUBJECT : Roof Leaks Survey Report 

May 3, 1989 (Wednesday) 

Attached are three different reports (six sheets of paper) relating to the 
factory leaks that were reported by Locke supervisors. 

Fach leak has a unique number and locator number. The number in most cases 
takes the Department Number and adds to it sequential two- -digit numbers 
beginning with 01. Hence, for example, | leak Number 02001 is the first leak 
reported by the Shipping Department. 

Only the Ceramics Lab and High Voltage Lab have a different numbering system 
in this survey. (The specially eee? map for the Ceramics Lab is not : 
attached to this report.) 

The attached map records 68 of the 79 leaks’ approximate positions. Those of 
the Ceramic Lab and High Voltage Lab are not plotted. | 

Please see the attached data recording form for understanding the various 
headings such as "*Prior#¢i,." “other-des," etc. 

The reports are: 

1 "Leaks Summary, All Fields--this provides an overview of all responses. 

2 Three reports providing detailed information about leaks in each of the 
three classifications. The number of each classification is as 
follows: 

ais Dangerous: 24 (30.4 %), of which eight are in department 165 
and four are in department 169. 

Dt Hazerdous: 21.(26.6 %), of which, four are in department: For: 
o- Damaging: 34 (43.0%), of which half are equally shared by 

departments 020 and the ceramic lab. 

Thank you very much for your cooperation in completing this survey. Perhaps 

you will discover leaks or condensation that are not recorded, especially from 

pipes;)drain leaders, "heaters, air conditioning tubes, etc. Please provide 
that information at your convenience. , 

Documenting the leaks was the easiest step; making the repairs is the real 

challenge, but you have my assurance that these will be made as efficiently 

and timely as possible. 



LEAKS SUMMARY--ALL QUESTIONS 

MAY 1, 1989 

LEAK# _LOC#  PRIOR#1 _ PRIOR#2 __TYPE OTHER-DES WEATH DATE _ TIME NOTE SURVEY -BY 

16506 G21 DAMA HEAVY DIRECT MED 890403 8:00 A.M. MEL TAYLOR 

16507 G22 DANG HEAVY DIRECT : MED 890403 8:00 A.M. NEL TAYLOR 

16508 N25 DANG MEDIUM DIRECT MED 890403 8:00 A.M. MEL TAYLOR 

16509 N27 DANG HEAVY DIRECT NED 890403 8:00 A.M. NEL TAYLOR 

16601 F17 HAZA LIGHT DIRECT MED 890404 9:00AM RED HARTLEY 
16602 PS HAZA - HEAVY DIRECT MED 890404 9:00AM RED HARTLEY 

16603 R6/7  HAZA HEAVY CONDEN DRY 890405 8:00AM RED HARTLEY 
16701  KLMNO28 DAMA HEAVY DIRECT HEV =: 90400 9:AN EMMETT LEPLE 
16702 032 HAZA HEAVY DIRECT HEV = =—s- 890400 93 AM EMMETT LEPLE 

16703 034 DAMA HEAVY DIRECT HEV ——- 890400 9:AM EMMETT LEPLE 

16704 H4l]  HAZA HEAVY DIRECT HEV —s- 890400 9AM EMMETT LEPLE 

16705 047 DAMA HEAVY DIRECT HEV 890400 9°AM EMMETT LEPLE 
16901 B51 #§ HAZA MEDIUM DIRECT HEV TOM NELSON 

16902 D51 DAMA HEAVY SEWER HEV TOM NELSON 
16903 D48 DANG HEAVY DIRECT HEV TOM NELSON 

16904 SEE* HAZA HEAVY DIRECT HEV * CHARGE FLOOR BETWEEN #7 AND #8 ‘TOM NELSON 
16905 #48 DANG HEAVY DIRECT HEV | ‘ TOM NELSON 

16906 F52 DANG HEAVY DIRECT HEV TOM NELSON 
16907 £53 DANG HEAVY DIRECT HEV TOM NELSON 

17001 D40 . DAMA MEDIUM DIRECT MED 890325 6:00 A.M. Rain leader JOHN GROSSKO 

17002 B40 DAMA MEDIUM DIRECT a MED 890325 6:00 A.M. JOHN GROSSKO 

17003. B4l DAMA MEDIUM DIRECT MED 890325 6:00 AN. JOHN GROSSKO 

CLab01 AA70  HAZA MEDIUM DIRECT MED MILT VANIK 
CLab02 BB70 DAMA MEDIUM DIRECT MED NILT VANIK 

CLab03 BB73 DAMA MEDIUM DIRECT | MED MILT VANIK 

CLab04 BB76 DAMA MEDIUM DIRECT MED : NILT VANIK 

CLab05 (C74 DAMA HEAVY DIRECT MED MILT VANIK 
CLab06 E72 DAMA LICHT DIRECT MED NILT VANIK 

CLab07? FF72 DAMA LIGHT DIRECT MED Open hole in roof about 15" MILT VANIK 
diameter 

CLab08 FF73 DAMA LIGHT DIRECT MED MILT VANIK 
CLab09 HH74 DAMA LIGHT DIRECT MED MILT VANIK 
HVLab0] Note  HAZA MEDIUM INDI MED North end, where drain enters lab CHARLIE QUAM 

from roof 3 

HVLab02 Note  HAZA MEDIUM INDI MED Area between GCB assembly and high CHARLIE QUAM 
volt lab, in corner where die-bomb 
is located. 
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SS 
DATE. _ TOR 

890321 MORNING 

890321 MORNING 
890321 MORNING 

890321 MORNING 
890321 MORNING 

890321 MORNING 

890321 MORNING 

890321 MORNING 

890321 MORNING 

890321 MORNING 

890330 4:30 PM 

890406 7:00AM 

890406 9:00AM 

890415 

890415 

890415 

890415 
890415 
890415 

890415 
890415 

890321 9:30 AM 

890321 9:30 AM 

890403 8:00 A.M. 

890403 8:00 AM. 

850403 8:00 A.M. 

890403 8:00 A.M. 

890403 8:00 A.M. 

LEAKS SUMMARY--ALL QUESTIONS 
MAY 1, 1989 

LEAK? _LOCf PRIOR#1 _-PRIOR{2 _—_‘TYPE OTHER-DES _WEATH_ 

02001 FO7 DAMA HEAVY DIRECT MED 
02002 £08 | DAMA HEAVY DIRECT MED 
02003 Cll DAMA HEAVY DIRECT MED 
02004 £12  # DAMA HEAVY DIRECT MED 
02005 37 DAMA HEAVY DIRECT MED 
02006 F23  #HAZA HEAVY DIRECT MED 
02007 H23 DAMA HEAVY DIRECT MED 
02008 F27 DAMA HEAVY DIRECT MED 
02009 125 DAMA HEAVY DIRECT MED 
02010 25 HAZA HEAVY DIRECT MED 
15201 M38 DAMA MEDIUM CONDEN HEV 
15202 G40 DANG  MEDIUN DIRECT MED /HEV 
15203 L/M46 DANG HEAVY DIRECT MED /HEV 
15301 131 DANA HEAVY DIRECT V-RAPTER; LEAKING A LONG WAY EVERY ALL 

RAIN 
15302 136 DANG | MEDIUM DIRECT POOR LIGHTING AND BAD FOOTING HEV;MED 
15303 H37 DANG | HEAVY;MEDIUM DIRECT LEAKS BETWEEN #5 & #6 DRYER; HEV ; MED 

ELECTRICAL BOXES AND WARE AFFECTED 
15501 K05 DAMA HEAVY DIRECT LITE 
15502 Ll0 DAMA HEAVY DIRECT LITE 
15503 Lill DAMA ‘HEAVY DIRECT LITE 
15504 009 DANG HEAVY DIRECT LITE 
15505 012 DANG LIGHT INDIR LITE 
15506 O11 DAMA LIGHT INDIR LITE 
15507 018 DAMA HEAVY INDIR LITE 
15508 112 HAZA HEAVY DIRECT LITE 
15601 V22 DANG HEAVY DIRECT MED /HEV 

15602 $20  HAZA HEAVY INDIR MED /HEV 
15603 022  HAZA  MEDIUN INDIR MED/HEV 
15604 $39 HAZA HEAVY INDIR MED /HEV 
15605 139 DAMA  MEDIUN INDIR MED /HEV 
15606 58 DANG HEAVY INDIR MED /HEV 
16101 150 HAZA MED NO-INFO MED /HEV 
16102 J49 HAZA HEAVY NO-INFO - MED /HEV 
16103 P57 HAZA MEDIUM NO-INFO MED /HEV 
16104 (55 HAZA MEDIUM NO-INFO MED /HEV 
16105 B54 DANG HEAVY NO=INFO MED /HEV 
16201 P40 DAMA HEAVY DIRECT MED /HEV 
16202 V42 DANG MED SEWER 
16203 H59 DAMA ‘HEAVY DIRECT MED /HEV 
16204 V42 DANG MEDIUM OTHER BRICK WALL: WATER LEAKS THROUGH © HEV 
16401 744 DANG MEDIUM DIRECT MED 
16402 P45 HAZA LIGHT DIRECT MED 
16501 027 DANG MEDIUM INDIR MED 
16502 128 DANG MEDIUM DIRECT MED 
16503 F28 DANG MEDIUM DIRECT MED 
16504 M23. DANG = LIGHT DIRECT MED 
16505 M23 DANG HEAVY DIRECT MED 
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NOTE 

Leak 01 allows water to fall on 

electrical equipment. 
Rain leader 
Rain leader 

Rain leader 
Broken skylight 
Rain leader and roof leak 

Drain in mold shop 

SURVEY -BY 

DAN KALENDEK 
DAN KALENDEK 

DAN KALENDEK 
DAN KALENDEK 

DAN KALENDEK 
DAN KALENDEK 

DAN KALENDEK 
DAN KALENDEK 

DAN KALENDEK 
DAN KALENDEK 

JOHN WILLIAM 
JOHN WILLIAM 

JOHN WILLIAM 
JIM WILLHOIT 

JIM WILLHOIT 

JIM WILLHOIT 

CALVIN WILKI 

CALVIN WILKT 

CALVIN WILKI 
CALVIN WILKI 

CALVIN WILKT 

CALVIN WILKI 

CALVIN WILKI 

CALVIN WILKI 

Lee Hofmann 

Lee Hofmann 

Lee Hofmann 

Lee Hofmann 

Lee Hofmann 

Lee Hofmann 

DAVID WALTHE 

DAVID WALTHE 

DAVID WALTHE 

DAVID WALTHE 

DAVID WALTHE 

MARK ROGERS 

MARK ROGERS 

MARK ROGERS 

NARK ROGERS 

CURT FARRARE 

CURT FARRARE 

MEL TAYLOR 

MEL TAYLOR 

MEL TAYLOR 

MEL TAYLOR 

MEL TAYLOR 



HAZARDOUS LEAKS REPORTED 
MAY 1, 1989 

DANGEROUS LEAKS REPORTED 

MAY 1, 1989 

LEAK LOC# PRIOR#1 PRIOR#2 TYPE REC _LEAK# | LOC# PRIOR#1 PRIOR#2 TYPE REC 

15202 G40 DANG MEDIUM DIRECT O31 02006 F223 HAZA HEAVY DIRECT 006 
15203 L/M46 DANG HEAVY DIRECT O32 02010 K25 HAZA HEAVY DIRECT 010 

Laso2 : bss DANG MEDIUM DIRECT 014 L5508 Fiz HAZA HEAVY DIRECT 046 
Loos thee DANG HEAVY;MEDIUM DIRECT 015 15602 S20 HAZA HEAVY INDIR 025 

15504 009 DANG HEAVY DIRECT O41 15603 Q22 HAZA MEDIUM INDIR 026 
1305) O12 DANG LIGHT INDIR 042 15604 Soo HAZA HEAVY INDIR 027 

L5601L.V22 DANG HEAVY DIRECT 024 16101 L50 HAZA MED NO-INFO 047 

15606 K58 DANG HEAVY INDIR 029 T6102 J49 HAZA HEAVY NO-INFO 048 

L6105 - BS4 DANG HEAVY NO-INFO.. 051 16103 ro? HAZA MEDIUM NO-INFO 049 

16202 V42 DANG MED SEWER O35 16104 C55 HAZA MEDIUM NO-INFO 050 

16204 V42 DANG MEDIUM OTHER 037 16402 P45 HAZA LIGHT DIRECT O12 

16401 T44 DANG MEDIUM DIRECT O11 16601 Fry HAZA LIGHT DIRECT 016 

L65G1.. O27 DANG MEDIUM INDIR 059 16602 P5 HAZA HEAVY DIRECT 017 

16502 L238 DANG MEDIUM DIRECT 060 16603 R6/7 HAZA HEAVY CONDEN 018 

LOGOS: . £2e DANG MEDIUM DIRECT O61 16702 O32 HAZA HEAVY DIRECT 020 

16504 M23 DANG LIGHT DIRECT 062 16704 H41 HAZA HEAVY DIRECT 022 

16505". Mas DANG HEAVY DIRECT 063 16901 B51 HAZA MEDIUM DIRECT O52 

LES07. G22 DANG HEAVY DIRECT 065 16904 SEE* HAZA HEAVY DIRECT 055 

LOSOG. N25 DANG MEDIUM DIRECT 066 CLabol1 AA70 HAZA MEDIUM DIRECT 070 

16509 N27 DANG HEAVY DIRECT 067 HVLabo1 Note HAZA MEDIUM INDI 068 

16903 D48 DANG HEAVY DIRECT 054 HVLab02 Note HAZA MEDIUM INDI 069 

16905 H48 DANG HEAVY DIRECT OBB em i ni i i ie eo 

L6906 «- F5z2 DANG HEAVY DIRECT C57 Count : 21 
16907 E53 DANG HEAVY DIRECT QBS a a a a a 

Count: 24 

Page 1 Page 1 



DAMAGING LEAKS REPORTED 
MAY 1, 1989 

LEAK# LOC# PRIOR#1 PRIOR#2 TYPE 

02001 

02002 

02003 

02004 

02005 

02007 

02008 

02009 

15201 

15301 

L5501 

15502 

15503 

15506 

15507 

15605 

16201 

16203 

16506 

16701 

16703 

16705 

16902 

17001 

17002 

17003 

CLab02 

CLab03 

CLabo4 

CLabo5 

CLab06 

CLab07 

CLabo08s 

CLabo9g 

P40 

Hog 
Gai 

KILMNO28 
O34 
047 
D51 
D40 
B40 
B41 

BB70 
BB73 
BB76 
CC74 

EE72 
Prive 
FF 73 
HH74 

HEAVY 

HEAVY 

HEAVY 
HEAVY 
HEAVY 

HEAVY 

HEAVY 

HEAVY 

MEDIUM 

HEAVY 

HEAVY 
HEAVY 

HEAVY 

LIGHT 
HEAVY 

MEDIUM 

HEAVY 

HEAVY 
HEAVY 

HEAVY 

HEAVY 

HEAVY 
HEAVY 

MEDIUM 

MEDIUM 
MEDIUM 

MEDIUM 
MEDIUM 

MEDIUM 

HEAVY 

LIGHT 

LIGHT 

LIGHT 

LIGHT 

DIRECT 
DIRECT 
DIRECT 
DIRECT 
DIRECT 
DIRECT 

DIRECT 
DIRECT 
CONDEN 
DIRECT 
DIRECT 
DIRECT 

DIRECT 
INDIR 
INDIR 
INDIR 
DIRECT 
DIRECT 
DIRECT 
DIRECT 

DIRECT 
DIRECT 
SEWER 
DIRECT 

DIRECT 
DIRECT 

DIRECT 
DIRECT 

DIRECT 
DIRECT 
DLRECT 
DIRECT 
DIRECT 
DIRECT 
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The ada@guacy oF the mecaanical ructure of an electrical bus te.” 

withstand short eee Bi 3 fas been an inde oceans consideration for “ae 
many years. During this “ey tne preben must have occupled the attention’ #2 
of many capable emzineers, 6nd as a resuit one wouid expect to find a basie 
knowledge of the subject widespread. However vthnis does not seam to be true. *> 
Possibly this is because there may have been insufficient economic pressure 
to cause a deviation from an over ‘eile obe method which resulted, fortu- 
na telys in an over strong structure. nother possible reason is that the 
sub) ject demands both electrical and mecnanical snalysls. Unfortunately, 
the ejactrical engineer tends to drop hie careful thinking onee the elec- 
trical considerations are analyzed, and the Bebe rene, engineer may have 
trouble in making ar adequate analysis because of insufficient knowledge of 
the @lectrical origin of the problem. ‘whatever tne reason, confusion seems 
to exist, and the purpose of thia paper is to make an earnest attempt to 
contribute information whien will lead to an appreciation of the basic 
elements of the problem. | : 
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There are many questions which might be: asked about ye desien 
&@ new bus structure for an intended. service, or the analyegis of t4e ade- 
quacy of an old one for a new service condition. ‘The answersatye such 
questions must reault from an enalysis, and henee must be de WPerrods. ‘until at 
L@ast some ac ceptably approximate arinivsis has been made, 

a Y _" 

it is necessary drastically to limit the sub joc % matter in order 
ZO permit a grasp of the elementary asyects of the probier. tor this 
PUYrPOSe, a single oars Cirevit employing parallel conductors en rigid 
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ei ee wae, a ti ety Me ba OS ta tae tan » ft 
4 Bato Vk ik & Lu Wai tit eu 4GE ee en oe eee eee pomugubiiensenammnceets ita, AND FORCE 

AM ideal single phase circuit is shown 1 oe: Fe 7 
&re thé total resistance and reactance invelved in the current flow, and E 
ig an ideal voltace source naving no impedance. It is assumed that the 
gwiteh is ¢closad at tie time necessery to produce the greatest initial 
oriset of the current wave. With 1 representing the inatanteneocus va 
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r ; ek phe ee 

: The conductor of Fig. Ys is intended to nave Cistributed masg and 
Clastieity. ia Pige ib the conductor is soonsidered elastic but MASBLOSS» 
and a ealected portion of the actual mags of the conductor has been core 
Gentrated in the middle of the span. ‘he smount of the consgentrated mass 
is that whieh will make the natural frequeney of the structure shown tn 
Pig. Wb the same as that of the oricine]l conductor shows in Pite ia when 
the conductor vibrates in tne simple form of a single loop. There ts no 
need to know just how wuel megs te concentrate. ALL that ta necasenry ie 
to believe thet there Is an amount of mass whiten wlll meke she frecuencies 
the same. 

vitnout any additional error or approximation, Yaa oonduetor of 
Pic, kb oan be sohematleally represented as shown in Pig. 5. The dynami¢c 
response of the aystem of Fic. 5 to rorees whieh are single funetiona of 
time is treated in many undercreduate engineering text books. ‘These books 
are food edugational preparation bat do not Supply the solution here | Sesired. in general, in the case under consideration, the driving forces 1s 
aifferent and the tranglent nature of the proklem is emphasized, because  . 
only tho meximu atress, deflection, or support: lonading is of major inter- 
esate 

Although it is coneeivable thet a direct stepebysstep proceas 
might be used to obtain «a deflection solution corresponding to the foresa 
curve Of Nlge 3, it ia certainly easier and more clearly understandable to _ resolve the curve of Pig. 3 into the component parte shown La equation (2). these components are shown graphieelly in Paige G& The conatant is curve 0. ‘he exponential is curve i. Particularly note that due to the operation of squaring the current to obtain force, the exponential in the foree GKpPLe Be 
sion detsys twice as rapidly as in the axpression for current. To emphasize further, uote that in the conventional method, the angucption of zere elete trical decrement leads to zero decrement in the exponential force term, and hence this term reducer to an additional constant having a vaiue of unity. 
Curve 2 shows tue power frequency forac term, and note that 1t deonys at the same rate as the direet current component of the current wave of Fig. 2. if zero electrical decrement had been assumed, this foree wave would have 
been ever present at the full initial acplitude as indleated by the dotted peaka of Pie, 6. Curve 3 represents a couble frequency Tforea term of cone. 
stant amplitude. Note that, after the danped terms nave diminished to une importance, the continucusly present remainder 1a 1/2 + if/2 cos 2wt, whieh hae &@ peak value of 1 but an averace Or steatile value of only 1/2. The alectrieal aampine is responsible for the transition in Charseter of the 
foree wave of Fie. 3. The approacn to reduced steady atate conditions 
should be evident, i | ae 

| One Purther mental preparation may be necessary before presenting the sOQlution for tne case at nand. Consider the bus to be part of a reate- tive Cirect current eireutt. the current would rise from en assumed newile gible lond value to shert cireult value #1 zero time and then remgin 
congtant., The foree would do likowise. The response of the bus bars would 
De an cutward movement and an oselllation about 4 now position, The system 
of Flg. 5 would show the sane type of response. The application of a | stepped force to a apring without mags would procucs a stepped graph of 
dlgbliacement and without oseillation. But the presence of the mass makes 



the Byer POT eapable of osoillation and an oacillatory system cannot be 
disturbed without preducing osolliation in some degree. If instead of 
appl ying the forae guddeniy, it nad been applied a8 a Torte vnieh inereases 

to a final vealuo enc then remains donestanit, the amount of oselllation would 

beuditia Lesa for lower rates of build up of force. Time must be considered 
relative to the natural period of free vibration of the system. The oscil- 
lation sorves She purpese of combinine with the response associated with | 
the force so as to permit tae syetem to nave the desired conditions of 
atarting from sero dleplacement with zero veloolty. 

ae 

Now returning to the earlier diseugssion, the ave ten of Pie 5 is 
to be subjected te the component forees whieh appear in equation (2) and 
whieh have been discussed. The solution may be expec! tad to contain tarns 
wnieh are quite aisiiilar to the force temas, and a frees vibration term which will permit the proper atarting condi tions of z Z0PO displacement and veloc 
tty. Por Bier $14 8008 » the salution will be gaic so consist of forged: 
vibration serm and a free vibration term. it may be expected that all magni tudes ww Li be funetiong of toe relation of the constants of the ey stem 
and the driving forces, Witan an important ites being the ratio of the free quency of the driving foree to the mechanical natural frequency of the 
system. Wurthermore, because of the alternating character of two of the 
dvivine forte terms, phase angles may be expected to enter the solution. 

The solution will be quite similar te common cases treated in 
mechanitel vibration, but different because of the electries] deerement 
aasumed to be present in the electrical circuit, Because of the similarity 
and becanse of cerbain benefite, the solution will be presented in similar 

t 

THE SOLUPION 

Uging the sy atem or } Pio, 5 te represent the single phase bus on 
rigid supports, the solution for tue deflestion Sst 

R R 

yy hte 0 FO Ze FM cos (wt As) $ 

+33 cos(2wt-A,)- ce Fl egs (LE wt -o ) <i 

| 3 

« conatent + axponential term - power frequency tem 
+ couble frequency term - free vibration term, 

in order to gain an appreciation of the characteristics of the 
| various terms in this equation, 16 1s necessary to make some munerical cale 
culations and plot some curves. As A particular @xample, the electric 
eireuit s/A was chosen ag 0.1, which corresponds to a cireult power factor 
of approximately 105, and an one pal of mechanical damping, represented by 
%, Wae taken as 0095 times the value of eritieal damping (eritieal damping» 
ig @6Xplained in the Appendix) « The ¥éiues are thought to be in the range 
of the nore dynal applications. For these chosen values, eurves are pre 
sented, in BABS « 7 and S&, for the various ecefficients and phase angles as 
funoetions of sha ratio of tae frecuensy of toe principal driving force, 
here the. electrical power frequeney, to the natural frequency of the Be 



2 oe a “dg 

vector makes about a half turn. This ia important because the more time it 

‘mechanical stracture. it might heve been preferable to use the reciprocal 
of this frequency ratio as abscissa since the driving force has a fixed 
frequency, and attention le directed to structures of different frequen- 
cles. However, if one will think in terms of period instead of frequency 
then the structure natural period increases toward the right. Irrespective 

of the mental viewpoint, an infinitely stiff structure is at the left of 
the plots and movement to the right corresponds to more flexible structures. 

? _ he various coefficients of the solution as functions of the fre- 
queney ratio, p » will now be discussed. The forced vibration coeffictent 
due to the constant force is a constant having a value of 1/2, and is not 
shown in Pig. 7. The exponential coefficient starts at 1.0, and after an 
almost imperceptible rise 1% drops to lower values for more flexible struc- 
tures, as shown by curve 1/24; Fige 7. The power frequency cosffleient 
increasee in magnitude as the structure goes from an infinitely etiff 
structure to one that would be in resonance at the power frequeney, and 
then drops as the structure is made still more flexible. See curve 2/ho of: 
Fig. 7 for magnitude and A, of Fir. 8 for the phase of the term relative to 
the foree. This phase curve dees not follow the usual eurve of elementary 
mechanical vibretion theory because of the inelusion of resistance in the 
@lectrical cireuit. The double frequency coefficient is smaller than the 
power frequency coefficient, and 1t comes into resonance when the structure 
is reduces in Slexibility only enoush to ceuse ite natural frequency to be 
the same as double the power frequency. The curve shape is very nearly the 
same as the previous curve, as shown Ww ourve 1/(2Z.) of Pig..7. ‘The phase 
corresponds te the usual mechanical vibration phase”curve and is shown, as 
Azin Pig. &. The magnitude of the necessary free vibration coelficlent 
is shown by curve C, Fig. 7?. ‘The phase of thie term is shown as o in 

LIVESTIGATION IN AN APPLICATION RANGE 

These curves provide the raw material for proceeding with the 
study of a structure of any frequency one may wish to consider, but beeause 
of the many cases where the bus structure has a low natural frequency or a 
Sigh period, further numerical consideration here has been on the right 
hand portion of Figs. 7 and 5, beyond the frequency ratio ef 2. For 
60 cycle electrical systems, buses haves been considered ha ing natural free 
quencies from a high of 30 eps down to a low of 2 eps. 

For a specific case, the termes of the solution may be picked from 
curves and a veotor diegram drawn, with the understanding that the result 
enall be obtained by projection of the vector sum on the vertical axtea, A 
eonetent 1s a fixed vertical vector. The exponential is a vector which 
ahnrinks in magnitude but remains vertical. The power frequency vector 
rotates at power frequency end also shrinks. ‘The double frequeney vector 
rotates at double frequency but does not shrink, The free vibration veetor 
shrinks and rotates corresponding to the constants of the mechanical system. 
Yor the cases here considered, the retatien of the free vibration vector is 
relatively Slow compared to the power frequency vector. 

a st Fig. 9 showa a vector diagram at the time, t = 0. If by command 
the vectors could start rotating and shrinking, all one would have to de 
would be to sit by and observe the meximun. Because of the relative size 
and phase of the free vibration term, the maximum will occur when that — 
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2 takes for the free vibration vector to spproach the vertieal position, the 
greater has been the shrinkage that has taken place in the exponential and 

Power frequency terms. Fig. 10 corresponds to Fig. 9 when time has proe 
 gressed so that maximum conditions are obtained. The free vibration vector 
always shrinks by about the same percentage because it always makes about 

® half turn in order to create the first and largest maximum. Increase or — 
decrease in mechanical damping inereases or decreases the shrinkage of this. 
vector. For a given structure, the ratio of the maximum here obtained to 
the maximum that would heave been obtained from the conventional method is 
a convenient way to express the result. This form of expression permits 
comparison to a method that is familiar and simple, | a | 

HEOULTS 

fhe particular choice of H/X = 0.1 and r = 0,05 has been suffi- 
@ient to permit a genersl discussion of the characteristies of the terms 
given in equation | | 
Maximum value. However, when comparing the results of the analysis given — 
in this paper with the results obtained by the conventional method, it is 

3}, and the manner in which a veetor diagram yields a 

Gesirable to inciude results for additional cholees of R/X and r. Having 
the maxima for a few combinations of system constants Yand-a few frequencies 
will permit surves to be drawn which show the effect of the various cone 
stants on the response of the simplified system used here as a beginning 
approximation of the bus. Such curves are shown in Fig. li. Note the use 
of a logarithmic abscissa scale for this figure. 

* These curves will now be discussed.. Refer to Fig. ll. The ton- 
ventional method corresponds to a straight horizontal line because the 
result is independent of the natural frequency of the structure, No forces due to mass were considered and the solution may be designated as statio 
with R/X = 0. Introduce consideration of mass but retain zero electrical 
decrement and z¢6ro mechanical damping, and the upper curve is obtained, 
The result is a littie higher than conventional on the left for the stiffest 
structure considered, and flattens out to a limit toward the right. The 
limit exists because certain terms neither decay nor change with the natural 
frequency of the structure, | | | ec 

For the next curve, zero electrical decrement ig retained bub  — 
considerable mechanical damping is intreduced. The main effect is to permit 
the free vibration term to decrease with time, and the curve is lower and 
SWeeps downward toward a limit. Since neither the introduction of the con~ 
sideration of the dynamic forces nor the introduction of mechanical damping 
has indicated reduction in duty to the extent that some persons hope or 
believe possible, another combination of constants isa used for the next 
Curve. A reversion is made to zero mechanieel damping and a reasonable 
electrical decrement is introduced. Now the exponential and power frequen- 
cy vectors are permitted to shrink while the free vibration vector is 
rotating into position for the maximum. Also the exponential term is re- 
sponsive to frequency and the ourve sweeps low toward the right, Finally, 

with the addition of considerable mechanical damping a moderately Lower — 
curve is obtained. 

Because of the results obtained here for structures having eee eo 
ratio, 9 » equal to two or larger, one might conclude thet the conventional is 
method always gives safe results. This is dlatinetiy not so. As the ae 

wv 
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 strueture igs made etiffer, causing ep to fall below two, a region of unsafe 

application of the conventional metnod is entered, and it is not until 8 
very low value of p is reached (see Fig. 7) that the conventional method 

would again give acceptable results. Fortunately this unsafe region does 

not seem to correspond to structures as usually built. | 

NISCUSSION OF RESULTS 

fhig analysis is elementary and somewhat oversimplified, but it 

does indicate that on new designs, savings may be made on conductor materiel, 

and on existing designs, the short circuit capacity may be markedly raised, 

if and only if tne natural frequency is suitably low. ‘he savings are pore 

mitted by: | 

1. Low natural frequency which causes the vibrational 

terms to be low, © 

2, Electrical damping which causes the exponential to 

pe affected by natural frequency and causes the 
decay of both the exponential term and the power 
frequency term, 

3, The combination of (1) with (2) so that enough 
time is available to allow the decaying terms to 
be reduced markedly. “ 

The two principal factors which determine the ratio of, the conductor de~- 

flection to tne deflection calculated by the conventional metnod are the 

mechanical natural frequency and the n/k of the electrical cireuit, Since 

the mechanical natural frequency, in effect, determines how many electri- 

cal cycles of current have passed before & Maximum deflection is reached, 

it is indeed umclear how any method of averaging of peaks on a current 

oscillogram can be successful if it ignores consideration of the natural 

frequency of the structure, and if the resultant calculated force is used | 

ag a atatiesally applied load. | | | > (ao 

LIMITATIONS 

Why is the analysis given here not suitable for direct, unmodi- | 

fied application to bus design and analysis? Because the cistributed mass — ae 

and @lasticity of the conductor make the problem more coriplicated. Several — 

modes of vibration sre possible. The conductor can vibrate in a simple 

'ghape with one loop. This is ecalied the first mode and has the lowest | 

natural frequency. It was for this mode of motion that Pig. 5 was drawn. Ce 

However, there sare hisher modes possible with a number of loops correspond- 

Sng to the number of the mode. For a bar with symmetrical conditions about 

fts midpoint, only the odd modes 1, 3, 5b, etc. are admissible. Modes are 

not harmonics. The frequencies are not in the ratio 1, 3, 5, ete. When : 

the first mode has a low natural frequency relative to the power frequency, | 
some one of the higher modes might be In resonance witn elther the power - 
frequency force component or the double frequency force component. Fortu- — 

nately, there sre many factors waich aid in holding down the influenea of | 
these resonant conditions on the maxima with which bus design is concerned. — 
It is anticipated that an analysis which includea consideration of the 3 

higher modes micht moderately raise the curves given here and give them @  ~— 
somewhat scalloped appearance due to the gffects of resonanee in the higher 
modes. , " 
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PUR THER WOUK 

Onee the basic elements of the subject as herein set forth have 

been assimilated, consideration san be given to some of the remaining 
questions. Further development of the subject would start with one of the 
three following items and certainly eventually ineiude all of Bias 

1. Consideration of a tonductor with distributed mags 
and elasticity. 

2. Consideration of a sonductor on resilient supports 
whien alse possess mags. 

3, Consideration of three phase conditions. 
\ 

Although further work should be done, it is possible now to 
choose a "factor of remaining ignorance" and proceed to "package" the 
results in a form that requires oniy little knowledge to uae. A set of 
curves for amperes, conductor spans, and conductor sizes would seem appro- 
priate. 

CLOSURE 

This paper hae been a sincere effort to promote the basie under-~ 
standing of the problem by many of those persons who are concerned with 
the design or performance of electrical bus under short circuit conditions. 
The author's employment has nothing to do with this field and this paper 
would not srt meh written except for an unusual digression in a CONVersh= 
tion with Mr, William Deane. Mr. Seans persuaded, and Messrs. G. E. 
Heberlein and de 6. Uwens nave by their interest made it easier to devote 
the neceasary time, 

It is hoped that the bessibiiities of economy, in whieh many 
people believe and which nave been sudstantlatec here, will lead to the 
development of a more rational basia for this important consideration in 
Kngineering,. » | : 



List of Captions 

Fig. is fhe basic circuit, 

Fig. 2. Carrent osclilogram, 
GeCe COMPONENT Shown as a dashed 
line. Caleulated for n/X # 0,1, 
or power factor approximately 
16%. Peaks Tor My A= 9 are 

shown dottade ¥ 

Pise 3 Foree oseill Logram. 
Wee a Oo.l. Trands of major 
and minor paaks toward a steady 
state condition are shown by 
dashed lines. Peaks for Wis = 0 
are gown dotted, 

Fige ie The conductor and its 
elementary equivalent. (a) The 
eonductor possessing distributed 
wigas and elasticity. (bo) The 
elementary equivalent. Conduce 
tor considered elattic but masse 
leas nnd « fraction of the mass 
piaced at mid apan. 

Fie. 5. Sehematie representa- 
tion of Pig. ulb). F = foree, 
y = deflection, M = mass, A = 
spring constant, ii! = damping 
goeffielent. HH’ used to sine 
ulate the energy iogs whien 
alwaya occurs in e vibrational 
atyruc ture » 

Fig. G. Component parts of the 
fores shown in Pig. 3. Theae 
are the terns of eauation (2) 
with ¢ omitted. Curve 0, the 
eonstant term; curve 1, toe ex~ 
ponential termy curve 2, ay 
power frequency term; curve 3, 
the double frequency term. Ali 
Pali lines corre spond to R/X = 
Gel. Dotted pesky sasoclatad 
with curve 3 are for 1/K = 0, 

Page 



List of Captions ~ continued 

Fige 7. Coefficients of equa- 

tion (3), caleulated for R/X = 

0.1, r 20.05. The constant 1/2 
ig not shown. f * ratio of 

power frequency to mechanical 

natural frequency = ratio of 

naturel period to power period. 

Thig paper considera only 
detailed numerical values for 

Pz 2.05 mit the curves are 

ghown from jf = 0, The curves 
in this lower range are neces 

sary to full understanding and 

would be required 1f 4 more 
precise analysis were made. 
Curves for other low values of 

R/X and r are similar in char~ 
acter, 

Fig. 8. The phase angles of, the 
periodic terns of equation (3). 
A.» the phase engle of the 

power frequency terms A,;, the 

phase ‘angle of the double fre- 

quency terms; g , the phase 

angie of the free vibration term. 

Curves correspond to H/X ® Oel, 
yr = 0.05. Curves for other low 
Values of R/X and rv are similar 
in character. 

Fig. 9. Veotor dlagram of tne 
terma of equation (3), for wt = 
oO. Trawn to scale for “ ® 3, 

R/X = 0.1, r = 0.05. Double 
frequency vector, occurring 
between the power frequency and 
free vibration vectors, is too 

small te show noticeably. 

Fig. 10. The vectors of Fig. 9 

eat oa later time when the first 

end major maximum oecurs. umer- 
ical data is the game as given 
for Fig. 9. Power frequency 
veetor has made about 1-1/), 
revolutions woile the free vibra- 

tion vector nas made about 0.4 
revolution. 

Page 2 of 3 
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MWige J. Comparison of results 

in the range corresponding to 
high voltage bus cenductoPs. 
The conventional metiod is used 
as reference. The pronounced 
effects of mechanical natural 
frequency and electrical decre- 
ment, R/X, are evident. The 
erfect of mechanical c 
secondary, 

igte ide Vector dlagram per- 
mitting tne simpiifieation of 

equation (8a) of the Appendix. 
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APPENDIX 

NOTATION | 

A = a constant, real or complex, m= conjugate of m. Subscripts as 

to be evaluated. in Me 

@ = magnitude of the real part n= a constant to be evaluated. 

| of Me 

P = proportionality constant for 

B= a constant, real or complex, force. For parallel bus bars 

to be evaluated. Subscripts at spacings great in comparison . 

show association with m values. with the major cross sectional 

| | dimension of a bar, FP may be 

b = magnitude of the imaginary given a value of 5.4 x 107//s 
- part of m . : for a single phase or a dete 

: | circuit. This value of P used 

C = a positive magnitude of the as a multiplier of the instan- 

free vibration of the mechani- taneous current squared will 

cal system. | give pounds of force per foot 

} , of conductor. 

E = peak value of the sinusoidal 
| voltage. | ) R= electrical resistance 

F = the electromagnetically - R! = mechanical damping. Force 
- developed force to be applied per unit velocity. — 

to the system of Fig. 5. 
| ratio of mechanical damping 

f = the electric power frequency. considered to critical damping 
for the system of Fig. 5. 

*$ i 

f= frequency of free vibration 
° of the system of Fig. 5, s = bus bar spacing in inches. 

without damping. | ioe 
3 t = time 

Lap = the magnitude of the sym- 
metrical peak, or peak t; = time associated with maxinnum 

steady state short circuit instantaneous current. 

current. 
X =wL = inductive reactance. 

i = instantaneous value of short | | 
circuit current. y = deflection of spring or mass in 

ie system of Fig. 5. 
j = f -l1 or a 90° operator. 

Yet = the meximum deflection of the 
K = spring constant, or force unit m system of Fig. 5 obtained by 

deflection. | the static‘application of the 
: maximum force considering no 

L = inductance | | electrical decrement. This 
isa the deflection value | 

M = equivalent mass of the bus obtained by the conventional 
conductor, or the mass shown method, ) 
in Me, 5. 

Z = impedance in an electrical 
m = a complex number. Subscripts equation, 

denote particular m's, 
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NOTATION 

T = 4 = period of electric | 
we YF 

fs 

g@ = phase angle, the angie of 

y 

= W/2-@ = deviation from a 

quency or period. 

ms phase angle of free 

s magnitude of a complex 

number Z LA when appearing 

in a mechanical system 

equation. Subscripts 

associate Z's and m's. 

<a 

1 component of the mm 

* asociated with free vibra- 

tion of the mechanical 

system. 

a imaginary component of the 

m associated with free 

vibration of the mechanical 

system. 

90° relationship between 
steady state current and 

voltage. | | 

= the angle of the a 

complex number. Z1A or ze? 

Subscripts to associate A , 

Z, and m. cae 

at/f, or tef/p, relative fre- 

vibration. 

—_ 

Lh = period of undemped free 

vibration of system of 

Fige Se 

on ! 

lag of current behind 

voltage. 2 

= @ phase angle introduced in 

the voltage expression to 

facilitate investigation of 

the current resulting from 

different times of awitoh - 

closure. 

w 2a f = angular velocity of 
electric power current or 

voltage. 

w, =20f, = angular velocity of 
undamped free vibration of | 

the mechanical systenr,. 

UNITS 

In general it is not neces- 

sary to specify a syetem of units 

answers are given in relative 

form. However practieal volts, 

amperes, and ohms are intended for 

electrical quantities and pounds 

force, inches, and seconds, are 

intended for the other quantities. 



my 

ELECTRICAL 

In order to permit the closing of the switch in Fig. 1 at any 

point in the voltage wave a phase angle, ; is incorporated in the 6xX- 

pression for the voltage: y is to be assigned any desired value, or is to 

be determined for & desired condition. The aifferential equation for the 

eireuit of Fige 1 may then be written in the form: 

dé es 
pti eri = Esin(wte#), 

(4) 

or employs pe X =wL and usingwt instead of t as the independent variable 

equation (4) becomes: : 
3 

di Di « £ af | | x. 
x Fy ** = E sinf(wt +P) . (hae) 

Prom either the physical knowledge of the problem including the 

fact that there usually is a direct current transient, or a knowledge of 

the mathematics of the equation, it is reasonable to assume a trial 

golution in the form: 
| | 

ps Ae + B sin (wt +P- 9) ? (5) 

This will be the correct solution if values of A, B, and n may be de- 

termined such that the Left member of equation (ha) reduces. to the right 

member and the desired condition of zero eurrent at zero time exists. 

7 The two terms of the left member are obtained from operations on 

equation (5). The result is as follows: 

di | nest 
xe = -Anxe ns BX cos(wl+ F- p). (6a) 

Ri - Are ***4 BR abe (we wi ?- pg). (6b) 

Sinee there is no exponential in the right member it is necessary that 3 

Ae! (R-nX) = 0 , (7a) 

or fs a | - (Tb) 

Equality of sinusoldal terms ie necessary. Therefore’ 

af x cos(wtsy-9) + Rein (at + F o))} = £ sin(wt ey) . (Be) 

fhe vector diagram of he 12 permits easy simplification of the 

brace in equation (8a). Equation Ba) is reduced toz | 

BYR ex* sia fats Pee sin(wt +P) , (8b) 

or ge fe 2 E, (Be) 
er * 
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and also from Fig. 12: | 

tn 7 #8 = (8a) 

The necessary value of A has not seat found, but neither hag the initial 

condition of 1 = o atwt = o been lanal tavee - Equation (5) for this con- 

dition becomes: 

(=u A+ 8 sin (7-g@) +0 . (9a) 

Bis given in (8), hence: 

Aw-Bsin(w-g)e-=% sin (H-@) . | (9b) 

Therefore the form of equation (5) which satisfies all requirements, and 
hence is the solution is: 

sag fin tat ep-e)-esancg a} . (10a) 

Since in equation (hk), E is the peak voltage, 

7 peak syne tree es or steady current # I sp? (10d) 

Suppose that for a given circuit (R and X fixed) several values 
of # were chosen and enough values of i were calculated to determine the 

-eurrent at the major peak for each choice of # . Then by plotting these 
peak values versus ~% , the value of ¥ for the highest obtainable peak 
could be found. For the value of y desired, the plot would have a hori- 
zontal tangent, or ddiy =0 . The same result may be obtained mathe- 
matically. The current will have a peak value at some time t, when the 
brace in equation (10a) is a maximum and therefore has a zero derivative 
with respect to am Fe This gives: | 

Cos fat, + # - g)efte -ft, on fee g)<0 (lia) 

-f ws. | | of! sin (pg) = —K cos (wt, +p-@) (11) 
Likewise differentiating the brace in equation (10a) with respect to PW and 
requiring the result to be zero, the following equation is obtained: 

tel. 9)-0 FS cos Co 9) @, (12a) 

oY 

a get, cos (# - @) = veeful +p-@). (12b) 

Dividing equation (11b) by equation (12b) and noting equation (8d), there 
resurtss 

ton (¥-g)=—L a tang « tan{-@) . (13) 



: , es 
“ =e 

. = - pemey ie - a ati 

* Henes «= g for the highest obtainable major peak, that is, the switch 

should be closed at a voltage Zero. For this condition equation (10a) 

becomes: - | 

sve S947 yf | (14) 
ge Ef sin (wt- @) 

; 
F : 9 “ y ; ( WT 

For the case of most frequent interest g@ will be near 90° or e+ 

hence let: 

g-~F~-% 
(15) 

Then: 

: sin fwt-p) = sin (st +§-G)= - cos (wt +S) » | (16a) 

and | sing = gin (£ - §B)«x cosh . (166) 

Using these expressions equation (1)) becomes: 

 ¢ f - fot. | Pee | | 

pe Efe Peles costte} a 

pas If instead of taking ~ = 9 for maximum peak, @ is teken as-$ 5 

then from equation (15), 
. | 

y-g=-8-Foba-F | | | (18) 

Using equation (18) in equation (10a), there resultes 

- £ ST og a - -Swt. | . | 

{ @ gj sin (wt- 2)-e i sia(-¥) f 9 
(194) 

or : | 
| | 

{ 3 £4 e fut 2 cos wt f ’ (190) 

This may be written in non-dimensional form by use of equation (10b): 

- B wt : ond 

i eed 
; > a 2 i AA 

, 

e = €68 WL = 

Tap : | (1) 

This expression 4g simpler than equation (17) and has the highest walue of | 

direct current component, 80 may be eaid to have the maximum initial offset. 

For circuits of 10% power factor and less the wajor peak will be within less§ 

than 0.25% of the greatest obtainable major peak. For these reasons equa- 

tion (1) was chosen as the basis of the initial work given in this papere 

With the complete analysis given in this paper, it would be just & 

a matter of labor to convert to aquation .(17) as a base. However there is 

no apriori proof that equation (17) would yield worst conditions. The peak” 

bus deflection is not simultaneous with the peek forcé. : ee 

i cg el OEE Tt EAT OO CG AI cence a a ol i OTE OEE ELC 

—re =a, 

“ v | ee! 



MECHANICAL 

The force arising from the electric current is given in the body 

of the paper 43: | | 

2 & asl Z at 
. a o = & , , 

paP {hee vO -26% cos wt + cos at f (>) 

From a free body diagram, drawn for the convention adopted for 

positive displacement and positive force as shown in Fig. 5, the following 

differential equation is easily obtained: | | 

dy ode Mah 4 RoE + Ky = F (20) 

Suppose momentarily that F ise taken as zero instead of being given by 

equation (2). Then equation (20) is changed to: 

a’y a ay Kay we OC . 

Ma te af thy #: (21) 

This is the equation of the mechanical system free of any driving force, 

and is one of the equations examined in elementary vibration theory. 

Usually the mass is considered displaced from its position of rest and 

released at time, t = 0. The return to Zero displacement for different 

amounts of damping is investigated. When R’' = 0 the system is oscillatory 

and the following relation exists: | 

£ x on mp Lh 

wg (2h) (22) 

When R' # 0 the return of the mass from @ displaced position will be | 

oscillatory %A4mM< Ws , and aperiodic if &/am>w. , If R' increased 
from a smail value to a value where A/2a 2 We, , the oscillatory charac tex 
‘becomes more damped and the frequency becomes lower until it reaches zero a 
and the oscillations vanish. This amount of damping which corresponds te 4 

the boundary between oscillatory and aperiodic behavior is called critieal f 
damping. When damping is express6c as @ fraction of critical damping the 4 

inference to the system behavior is immediate. Damping may be expressed in. 
this way by r, where: 

ne (fy) / (23). 

When r = 1.0 eritical damping exists end the system ig in the condition e 

where a slight change in damping causes the behavior to become either oseil| 

latory or aperiodic. | 
ae 

" 
=| 
% 

| 

ict 

Relations (22) and (23) will be useful in rewriting equation (20) a 
for the purpose of simplifying and clarifying the ensuing solution, I wil 
be convenient to usé wt instead of t as the independent variabl Ez 

. e, therefore} 
observe that: 

be ore 

d ar 
dé ~ @dlst) 2 | (2k) 



The application of this relation to equation (20) gives: 

‘y & wf, , 

Me Soar? aw Tey * XY 7 (25a) 

Division of equation (25a) by uw,” WM) gives: 

) a fe a 
(# e. +2 Be x  Bihy? sw warm kK . (25b) 

Introduction of A & Hw. and the use of relations (22) and (23) permit 

equation (25d) to be written in the form: 

o et. + 20 p ty +ye - — (25e) 

With F as given by equation (2), equation (25e) becomes: 

» d's d PPE ha: ¢ a ¢ 
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For F taken as zero, iittala (26a) reduces to: 

» dy. ae on 

P* Shay 20 Gy eye (a6) 

In order to have a complete solution both these equations must be. satisfied. 

Another way of saying the same thing is that functions mest be found such 

that when substituted in the left member of equation (26a) terms will be | 

obtained corresponding to the terms of the right member, and that zero is a 
term of the right member even though 4% ie not explicitly written. 

| It may be economical of effort to snven tants what occurs when a 

trial solution is assumed in the form: | 

¥° 4 Benet (27) 

where Bis a eonatent, real or complex, and mis a complex number. The 

first two derivatives of equation (27) are: | | 

' : by =m ber , : | (28) 

Ry? a Bg mat 

Upon substitution of oque uations (27) and (28) in the left | member of aque toi : 
(26a) or meets the left member becomes: | 

Bent (pres 3 rem el). a (29) 
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Thi a expression may be wade to equal zero by requiring that m satisfy: 

pm’ earpmsese bd, 
(30) 

or that: 
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Thue, if in equation (27), m is given either of the values shown in equa- 
tion (31), then equation (27) becomes a solution of equation (26b). For 

all cther values of m the parenthesis in expression (29) will have a value 

- Aifferent from zero, which may be. called @jlA& . Thuss 7 

ota & rpm el & 2 iA ‘ . (32) 

If the conjugate of m or m is used in the left member of equation (32), the 

velue cbtained will be the conjugate of #@i& , or @ilcd . 

fhe trial solution of equation (27) leads to the expression (29) 
for the left member of equation (26a). Expression (29), using the # 

notation and # w-a+j8 , becomes: 
® 

Be. #1A as Bee, tt ela . (33) 

If di Beg jb “hed been used in equation (27) in place of m, the result 

would have been: : , 

Be Mot, aed we Be I ew led i) 

Now consider the trial solution with m and its conjugate m both 
d 

‘ 

present, or? 
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y*% Be fe, oS ) a Be “cos bet . (35%) 

From the discussion of expressions (93) and (34), the result of substitu- 
¢ion im the left member of equation (26a) may be written directly by adding 

half of expression (33) and half of expresaion (34). The result ie: 

% beet fe ala gt, a leh f (36a) 

Boe ause alA and we*s* are two notations for the same thing, it is 

evident that expression (36a) may be written: | | 

. a rir ff 2 i ae fs mod ¢ 4 
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Or 7 | Be Mt 245 (bed © a) ® a : (366) 

Wine 8(# 12)  cosbut , 7 (364) 
The importance of what has been done since the intreduetion of 

®quation (27) as «e trial solution ig that now one ean Plck a set of values 
Of m and Casily obtain the complete solution of sequetion (26a), rer 
example, the choice of #6 Causes the left member of Squation (26a) te 
reduce to a constant, see xX pressien (29). The ehoice Of a real Yalue of 
m Causes reduction to &@ Peel Saxponential, The choles ef «a Complex m and 
its conjugate S&USSs Tedustion to @ damped sinusoidei quantity. The omige 
ion of a real Component for m and its conjugate causes Feduetion to an 
undamped sinusoidal quantity. There fors the Values of » which are needed 
for the solution of equation (26a) are the Values which are shown in solumn 
2 of Table I. The equation for y iss 

7* 8, eet, gg wnt, 8, feet ag Mot) 

+4 8, fem, eRe) ak 8, fe a ah eee!) a 
(37a) 

CY using the given Values of m, Table I: 
. . _ oe bf - &, ¢ &, @ oy w *8.@ aun ey By COE & are 

¢ Bg oH 20s Maud ‘ . | | (37) yy 

Equationg er Cxpressions (27), (29), (30), (31), (32), (35), ana (36) permie 
writing Pe nepee tion the result of substituting any term in the ler¢ membe pr 

of equation (2 &). Thig substitution on the left side leads te di stine tive 
terms which must be equal to the Corresponding term of the right member of 
equation (26a). These equalities ares | 

Ge ofa Ky 

8/2, dA») @ f° COS wt 2% [-2¢° # +t... we} ~ 
8, (2, LAs) COS 2 wt og aK COs 2 wt ‘3 8o(#, Lda) a *“bos gost a @ 

|. 
and hence the Bis have the values shown in Table I, Skoept f 
yet to be determined because in 6quation (36) , %, is zero. notation has been mede for +, in Table I, 
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Using the B values of Table I and taking into account that the 

effect of A in a B coefficient is to change the phase of a sinusoidel 

term, the general solution of equation (26a) may be written by revising 

equation (37b). The result is: 

ae ae 
ye qth ry etl ae feos (wt- Aa.) 

i i © \ a ~Mest _ : . 
72,008 (208 As j ih cos (Swe o) (39) 

In order to satisfy the condition that the masa be initially at 

yest, it is. necessary that: 

¥° Go } 

oy <0 (when wl =O (4,0) 

(apt) J 

This requires that the first derivative of equation (39) be obtained. The 

--yesult is: ae , 

K dy | af ag § wt a ~Sust & : es ees 

- $ sinfaut-a,)-ce“ f « cos(fut-o
)-p sin (put -) } : se 

(41) 

For wt = 0, equations (39) and (41) reduce to: 

| | K j j vs . ' | i i : ef. PY tOtArg Z,cos(- .)+ 75 cos(- 2,) € cos (- #) (42) 

K ~_ 208 = a, of 4 Ry -~j1.) ity fm , £ ty @ fab Z fh cos(-d,) + sin( A.) f 

L sin f-A;s)¢ Cha cosf(-a)+ 8 sinf- o)f (4.3) zy 

Equations (42) and (43) may be rewritten and used to compute C end & in 

any given numerical case. 

C cos (-¢) = 5 +g - £ cos (- A.)+z% cos (- r5) (2a) 

fa cos (- o) +f sin{-a) fs +25 ag - {¢ cos(-A x)+ sin(- 2») f 

yy ty sin(-24) (y3a) 
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Now a method of calculating results will be indicated, Start by 
Selecting the value of R/X for the electrical elfrevit’of interest, and also 
choose an appropriate fraction of critical damping of the mechanical struc- 
ture, Since the m values all become definite numerical values, all items 
of interest become functions of @ andwt. Successive choices of will 
permit curves to be drawn for the coefficienta and phase angles, Start by 
evaluating # 2A from expression (32), Refer to equation (39) to see how 
to employ these values for coefficients and phase angles. Use these values 
to caleulate C and o from equations (2a) and (43a). Equation (39) may 
now be written with numerical values except for ye P , andwt. A few 
trial values of wt will permit & maximum value for JS x to be obtained. 
Inspection of the whole calculation process shows that for the conventional 
method, where R/X and # are both taken as zero, the maximum value of 
K/p «gy becomes 4/P9x 4 and is designated Y,g . Any requirement of a 
knowledge of the vaiue of &/P can be dispensed with by taking the ratio of 
the y of equation (39) to Y,¢ of the conventional method. A convenient ex- 
pression of this ratio is: 7 

+f 2% tg eo ttut -€ o Fos Cut - As) 

tay co5(2ut - A,y)- Ce” “bos (Arot - a) 

| a, . (3) 

The familiar routine of the conventional method may be used for calculation, 
and if the ratio of (Ymax)/Ys¢ is used as an additional factor, the result 
will be that indicated by the approximate theory given in this paper. 

| For some choices of constants and values of 4 , some of the terms 
involved in equation (3) may be dropped and others approximated and still 
the result may be of sufficient accuracy. 
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