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SYNOPSIS. 
Several methods of measuring the voltage distribution on a string 

of suspension insu!aiors are described and the distrib:;tion under diffe- 
rent conditions studied. A theoretical investigation of the voltage 
distribution under approximately known conditions is given, together 
with its experimental verification, for a string of new Canadian Porce- 
lain cap and pin type line-insulators. 

Although the adoption oT suspension type line-insulators has 
solved the problem of insulating high tensiou transmission lines to a 
large extent, i t  is well known that difficulties are encountered when 
the number of insulator units in a string is increased beyond a rela- 
tively small figure on account of the inequality of the voltage across 
the assembled units. This unequai distribution is due to thepresence 
of the stray capacities of the hardware to earth and to line, which 
capacities have a magnitude comparable to that of each insulator. 
The equivalent circuit for a string of four insulators is shown in Fig. I 

cvhere C, C, and C, respectively represent the capacity of the insulator 
itself, the capacity to earth and the capacity to the line. In addition 
there exist capacities between the other metal parts at  different 
potentials though these are generaliy negligible. 

The  first difficulty encountered in carrying out experimental work 
of this nature is the choice of one of the many possible methods of 
making the voltage measurements. It is essential that it should 
give accurate results and at  the same time it be reason- 
ably safe for laboratory work at high voltages. As a good deal oi 
information has been published on high-boltage resistance bridge 
arrangements, for these purposes, nothing has been included in the 
following on the use of resistances. 

The  measurements described were carried out at  a frequency 
of sixty cycles per second and the apparatus used consisted of 10 
kVA. testing transformers, built for I 15 kV. to ground, suppIied by 
a 30 kVA. alternator. 

This machine gives a pure sinusoidal terminal voltage and is of 
the standard type manufactured by Messrs. The International Gene- 
ral Electric Company who also supplied the testing transformers . used in the experiments. 



The following experimental methods have been tried in the 13igh 
Tension Laboratory of the Departinenk of Electrical Technology, 
Indian institute of Science. 

This method first described by Fontievelle (Rev. &PC. d'EZec., 
i g z r ,  10, 599) contains so many sources of error that it caimot be re- 
garded as oi much value. A known voltage, supplied by an 
auxiliary tsanslorrner, is  employed to balance the unknown voltage 
across any two poi i~t j  on the siring of insulators. The diag-:arr of 
connection is show11 in Fig. 2 where 'I", i.s tile main transkartner, across 
which the string of insuiators is connected, and T, is the auxiliary 
transformer. 'The low tension side ol T, is sunplied h i 1 1  the same 
source as that of TI and regu!ated by a potentioineter. The point Ais  
connected to the metal cap of any m e  of the insulalors, as irid!cated 
in Fig. 2, and. the voltage of the auxiliary transforme: is raised, by 
means of the potentiometer arrangement, until the gaivanometer in&- 
cates balance. Thus  by successively connecting A to the caps 
of insulators I ,  2,  3, etc., the voltages of those caps above earth can 
he measured and the diBerence d succeisive readings gives the 
voltage across individual units. 111 the experiments describe-1 the high 
tension voltage was indicated by voltneters connected to ' volt coils ' 
provided in the transformers. 

Sources of ewoy.-(I) The capacity and the leakage resistance 
of the galvanometer terminal, B in Fig. 2, to earth alters the voltage 
distribution on the string. 

(2) The lead A-B connecting the galvanometer and the insulator 
cap disturbs the existing electrostatic field. 

(3) The field of the insulators may be distorted by that of the 
auxiliary transformer. 

(4) The stray displacement currents induced in the conductors 
A-B and C-D and the direct effect of the resultant field, of the two 
transformers, on the galvanometer may upset the balance point. 

(5) Any time-phase difference between the voltages of the two 
transformers makes i t  impossible to obtain a zero deflection of the 



i f  CL is the phase angle, the auxiliary transformer 
voltage, when balance is obtained, is Vcos  a ,  where V is the 
voltage to be measured. 

Elimination of svrors.-If the auxiliary transformer is sufficiently 
far from the string o f  insulators, the ef fect  o f  the transfornler field 
may become negligible. 

T h e  disturbing e f fec t  o f  the connectinglead A-B may be mini- 
mised to some extent by using a wire of  small diameter placed approxi- 
mately along an equipotential surface of the insulator field. 

I f  the phase difference between the two transformer voltages is 
known, a correction can be applied to the actual observations made. 
In order to measure this phase angle, a low range electrostatic 
voltmeter, reading up  t o  1,500 volts, was connected between the high 
tension terminals of the transformers which were connectedin opposition 
and whose primaries were supplied from the same source. T h e  
primary voltage was incredsed until each of  the transformer secondaries 
gave 60 kV. and it was observed there was practically no deflection 
on the electlostatic voltmeter, thus no correction for the angle of phase 
difference was necessary i n  this instance. 

It is not possible to eliminate errors ( I )  and (4 )  if the galvanometer 
is placed in the position shown in Fig. 2 ,  but they may be eliminated 
as follows:- 

A needle point is attached to the exploring terminal A and it is 
arranged to  make and break contact with the metal cap on the insu- 
lator while the voltage of  the auxiliary transformer is being raised. 
T h e  point o f  no sparking between the needle point and the metal cap 
is a rough indication of  balance. I t  was found, however, that there 
VJ2S no spark over a considerable range of voltage on the low tension 
side o f  the transformer T, ,  thus this method is not very sensitive. 
Furthe1 the needle point and its attached conductor appreciably dis- 
turb the existing field. Another method of balance in \vbch the 
indicating instrument is connected i n  series with the string of insulators 
was found to have advantages and is described below. 

C'aZve ciirrzlii dalazce indicator.--A thermionic valve circuit, 
consisting o f  a rectifier and amplifier, was connected in series with 
the insulator string and at the grounded end as shown in Fig. 3. 
T h e  deflection o f  a microammeter in the anode circuit of the second 
valve was noted for any voltage at which the voltage distribution is 
required. T h e  lead B - A  was then connected to one o f  the insulator 
caps and the voltage o f  the auxiliary transformer raised until the . microammeter deflection was the same as before. T h e n  the voltage 



of the transformer T, ~ i v e s  the voltage of the cap above earth. There 
is a source of error in this method, viz., the induced currents in the 
lead C-I) due to the field of the transformer T,. This stray effect 
may be neutralised for all voltages of T, by injecting into thevalve circuit 
an electromctive force of the proper phase and magnitude from the 
primary of the transformer T,. The lead A-13 being disconnected, TI 
is excited and the reading of the microammeter noted. Next T, is 
excited to some voitage and C and R, adjusted until the original 
deflection is repeated. The adjustment is correct when no change in 
the deflection takes place on varying the voltage of T,. Then the 
lead A-B is connected to the insulator string and the voltage of the 
auxiliary transformer adjusted to give the original reading in the 
microammeter. The sensitiveness of the balance thus obtained was 
increase; considerably by giving a negative bias to the second valve 
and increasing the resistance R, and it was found possible to get a 
deflection of ten scale divisions for one volt change in the primary of 
the transformer T,. 

Two variable condensers are connected in series across the string 
of insulators with a high tension electrostatic voltmeter, as shown 
in Fig. 4. The valve circuit described above, but without the neutra- 
lising arrangement, is inserted in the earth lead of the insulator string. 
The lead A-B being disconnected, the transformer is excited to any 
desired voltage and the deflection of the microammeter noted. The 
lead is then connected to any desired insulator cap : and the condensers 
CI and C, adjusted until the microammeter deflection is the same as 
before. The reading=of the voltmeter gives the voltage between the 
cap and the earth or the cap and the line. The capacity of the volt- 
meter to earth and its self-capacity greatly reduce the flexibility in the 
variation of the condensers C, and C,. 

In making use of this method, in the laboratory, two fixed metal 
plates with a movable plate between them constituted the pair of con- 
densers C, and C,. The instrument used was a standard electrostatic 
attracted disc type voltmeter made by Messrs. Everett, Edgcumbe & 
CO., Ltd. (see Fig. 1 1 )  having a voltage range up to 40 kV. The 
capacity was altered by adjusting the distance between two plates and 
the sensitiveness of balance was not the same when the lead A-B was 
connected to different insulator caps. The chief merit of this method, 
perhaps, is its simplicity. 



The direct measurement of the voltage across any unit is 
usually too inaccurate {or practical purposes 011 account of the internal 
caqacity of the voltmeter and its externai capacity tu earth, both of 
wlrh~ch influence the ciistribution of voltage on Che string of insulators. 
The method is useful when the earth and the line capacities of the 
insulators and the earth capacity of the voltmeter i r e  ne$@ible. 
Error due to the internal capacity of the voltmeter may be ehm~nated 
by a method suggested by Fontievelie. 

In the experiments described the voltage distribution was 
measured by means uf the high tension eIectrostatic voiimeterln 
three ways :- 

I .  One terminal of the voltmeter was connected to the line and 
the other to d i f fere~t  iasuiator caps in turn. DiEferences in the read- 
ings gave the voltage across each insulator. 

2. This was repeated with one terminal of the voltmeter 
connected to the ear-ched end of the string. 

3. The  voltage on each insulator was measured directly by 
means of the voltmeter. 

'The results of tests carried out, by the above methods, on a 
string of five new standard ten-inch Canadian porcelain susperrslon 
insulators of the cap and pin type, a section of which is shoil.n in Fig. 
10, are given in Table I. where the voltage across each insulator is 
stated as a percentage of the line-to-earth voltage. As might be 
expected from a consideration of the sources of error, the percentage 
voltage on the line-insulator measured by the a.uxiliary transformer 
method with galvanometer balance, or by the direci voltmeter method, 
is rather too high. The results obtained by the other methods are 
sufficiently in agreement to be acce~ted  as correct. The capacity 
bridge method is much simpler than the. auxiliary transformer method 
with the same ' va!ve circuit balance' because less apparatus is 
required. On  the other hand the latter method, though a little 
cumbrous, has the advantage of extreme sensitiveness and safety when 
measurement of the voltage distribution at very high voltages is 
necessary. The ' No Spark ' method of balance yields reasonably 
accurate results and has been found one of the most expeditious . methods available for practical purposes. 



VOLTAGE DISTRIBUTION ON A STRING OF SUSPENSION 
INSULATORS UNDER DIFFERENT CONDITIONS. 

I .  Efect of earth and line ca#acities.-With a view to studying 
the influence of the capacity, of the metal parts of a string of insulators, 
to earth and to line, an insulated metal plate 4 ft. x 2 ft. was placed in 
a vertical position at a distance of I 7 inches from the line. The curve 
(a) Fig. 5 gives the normal voltage distribution without the plate and 
the curves (6) and (c) give the distributions of voltage with the plate 
connected to earth and to line respectively. I t  is interesting to note 
that there is little departure from the normal (a) distribution when the 
plate is at the earth potential, on the other hand, when the plate is 
connected to the line the alteration in distribution is considerable. 
The capacity being inversely proportional to the distance between the 
string of insulators and the metal plate, it is only at  relatively small 
distances that the capacity effect of the metal plate is considerable. 
The curve (d) of Fig. 5 gives the voltage distribution with the metal 
plate at lilze potential and only ten inches distant from the line. 
I t  is concluded from these observations, that the theory, advanced 
by F. Olendorff, [Archiv. f. Elektrot. 1926, 16, 261 ; 17, 79 and 2421 
that the toweror the pole, from which the insulator string is suspended, 
has no influence on the voltage distribution, must not be accepted 
without reservation. 

2. Efect of Line-to-earth voltage on the distribution.-At high 
voltages the formation of corona, around sharp corners of the metal 
parts or dust particles on the insulators, reduces the impedance of the 
insulators and especially that of the line unit. Consequently when 
the voltage across the string is  increased the voltage distribution re- 
adjusts itself slightly and the gradient tends to become more uniform. 
Curves showing the voltage across the line insulator at  different line- 
to-earth voltages with variousnumbers of units in the string are plotted 
in Fig. 7 and these bear out the above statements. 

3. Influence of the nwmder of insulators in t h ~  string on the 
voltage across the line %nit.-Observations, plotted in Fig. 8, indicate 
that the voltage across the line insulator falls to a minimum of about 
22 per cent. when the number of insulators in the string exceeds 
six or seven of the type tested. 

4. Efect of the arcing hum.-The arcing horn exerts a small but 
appreciable influence on the voltage distribution as shown in Fig. 6. 
Curve (c) gives the distribution when a circular ring 15  inches in 
diameter made of + inch mild steel rod was attached to the tips of 
the horn. 
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&prox~mate melhods of calculating the voltage d is t~but ion have 
been developed by F. YI'J. Peek (1. AIIZPP,. /%it. EIu. Ex.g., rg in ,  31, 
7 1 7 )  and A. Salessky (A i4 .  f i  EM., 1924, 93, 717). The former 
assumed equal capacity betfleer? each insulator and earth and neglected 
the capacity to line, whiie the latter assumed each rnsulator to have tile 
same capacity to line. A more exact method would be to consider the 
capacity between each unit and the line to vary ii~\er\ely as its distance 
from the line. 

It has been suggested by A. Schwaiger, (EZek. U. Mnschi7z., 1919, 
37, 569) that a string of insulators may be treated as a case of 
distributed capacity for the purpose of calculating the voltage distribu- 
tion. This method,which is much sinlpler and more rapid11 applied than 
the numerical methods of Peek and Salessky, may be used for studying 
the voltage distribution under the following conditions :- 

Case (i) Equal capacities to earth and negligible capacities 
to line. 

Case (ii) Equal capacities to earth and equal capacities to line. 
Case (iii) Capacities to earth negligible and the capacity, 

of any element of the string, to line varying inver- 
sely as its distance from the line. This represents 
the conditions when the insulators are suspended 
from a wooden pole or relatively far from a steel 
tower. 

Case (iv) Equal capacities to earth and capacities to line vary- 
ing as in case (iii). 

The string of insulators with its earth and line capacities are 
represented by a system of series and parallel capacities as shown 
in Fig. I. The following nomenclature will be used in calculating the 
voltage distribution:- 

EL =Total applied voltage on the string (line-to-earth). 
E =Voltage above earth at  any point on the string. 
x =Distance of any element from the earthed end. 
1 =Length of the string. 
i =Capacity current in the string at  a distance x from the 

earthed end. 
C = Self-capacity of the string per unit length. 



C, =Capacity to earth per unit length of string. 
C, =Capacity to line per unit length of string. 
y  =C,/C 
a =c,/c 
w =27rf 

f =frequency of supply. 
g, =Voltage gradient at line end of string. 

Case (i) Taking the earthed end as the origin the equations 
for the current and change of current at a distance x from the origin are 

. dE 
2 = -wC ...................................................................... 

dx (1) 

Differentiating ( I )  and equating with ( 2 ) ,  gives :- 

The solution of this equatipn may be written as :- 

E = A sinh (xf% B). 

Since E = o when x = o and E = EL when x = I the voltage 
distribution is given by :- 

E E =A. Sinh xyz .................................... 
sinh N (4) 

and the gradient by :- 

-- dE - E~ 7: . cosh +* ............. 
dx Sinh Zy' 

The gradient at the line end is :- 

gz = Efl$ coth hh-. 

Equation (5) shows that as the length of the string is increased 
g, falls, rapidly, to the practically constant value :- 

gl- = ELY* 
Case (ii) The corresponding differential equation is :- 

. dZE= E ( y + d )  - EL@ .................................................... 
dx2 ( 6 )  

and the solution may be written as :- 
................................... E = p + 4. sinh (y + I!?)6 (x+B) (7) 



The equation for the potential gradient is given by :- 
g = p (y + p,)h cosh (? + p ) q x  + 8) ......................................... (8) 

The constant B can be shown to be negative and when x =  B 
numerically the gradient becomes a minimum and equal to g (y +- @. 
In a string ol good insulators, the second or the third unit from 
the grounded end generally shares the least percentage of the line- 
to-earth voltage and is referred to as the ' Silent Insulator', in the 
'buzzer' tests described by T. F. Johnson (Ebc. World, 1919, 74, 568). 

Case (iii) In this case C, is a varying capacity. Let C: be the 
value of C ,  when x = o and CO,/ C = 13. 

The differential equation in this case is :-- 
d 2  E (L- z ) ,  = - ( E L - E )  fip ............................ 
dx (9)  

and the solution of equation (9) may be expressed by the series 
d2E E = E x ,  + (9 2 + K292-- + ................ 

1- d(Z-x), 12 d(Z-x)a 

I t  is more convenient to change the independent variable from 
x to X where X = ld-x) and ~ u t  the above eeuation in the form 

The co-efficients dE/dX,,  d2E/rdX: ................. etc., can be obtained 
a"E d E  $"-I from the relation -- .- -,. - =-.B 
dX;- I@ d X o  

where B is a constant determined by the condition E = 0 when 
X = L  



Case (iv) The differential equation in this case is :- 

d2 E X.---- = E ( X y  + ,@I) -EL. PL........................................... 
d X z  (1 1) 

The solution of equation ( 1 1 )  is similar to that of case (iii). The 
co-efficients of powers of X in the series are connected by the equation 

Calculated curves of the voltage gradient are shown in Fig. 9 
for different values of 7, and ,@ and on the assumption that the insulators 
are pe~fect capacities which is nearly true when the insulators are dry 
and clean, the resistance then being very large compared to 
the capacity impedance. Under wet conditions, or when the surface of 
the insulator is covered with duzt, the leakage resistance is considerably 
lowered which has the effect of diminishing y and 1'3. The extent 
to which the voltage gradient is thereby improved is shown in Fig. g 
which gives curves of gradient for selected values of 7 and 8. 

I t  is well known and is clearly shown by the curves drawn from the 
above equations, Fig. 9, that one way to improve the voltage distribu- 
tion is to use insulators of different capacities in the same string. For 
example, in case (i), by placing a unit of relatively large capacity near 
the line end, the voltage on the line unit is reduced. The condition 
for perfectly uniform distribution of voltage is given by the equation 

73 C=C,+ C,. - .................................................... ('3) 
2 

where C is the capacity per unit length of the string at  a distance x 
from the grounded end and C, is the value of C when x= o. 

If there are rt insulators in a string, each having a capacity C, to 
earth, then to obtain constant gradient the capacity of the rth insulator 
from the line end must be made equal to :- 

cr=c,+ ("-4 ("-r- -~)  c,. ........................................ 
2 

(141 

where C,  is  the capacity of the insulator at  the ground end. 



In  case (ii) the condition is given by :- 

xZ S = - ( ~ + @ - & + I  w h e r e y = 2 a n d  p = $  ......,..,. (15)  
c o  2 c, 

Another method of equalising the voltages on the insulators is to 
use on the line a shield of such a shape that at  any point of the string, 
the current flowing through the earth capacity is equal to the current 
flowing through the line capacity. The above condition can be put in 
the form of the equation 

c2 x --- c,- Gx "" ..".... " ............................... (16) 
where C, is the varying capacity to line. 

EXPERIMENTAL AND THEORETICAL RESULTS 
COMPARED. 

It will be seen that the calculated curves of voltage distribution, 
given in Fig. g, are qualitatively in agreement with those obtained by 
experiment. The effect of line and earth capacities predicted by 
theory is verified by the curves (a),  (4, (c) and (d) shown in Fig. 5 which 
represent the measured distribution for a string of five units. 

The influence of line capacities due to the presence of the arcing 
horn, though small, is noticeable in Fig. 6 which shows a rising 
gradient towards the earthed end of the insulator string. Both theory 
and experiment indicate that, depending upon the magnitude of the 
capacities of the insulators to earth, ttere is a limit to the number of 
useful insulators in the string. This limiting number, however, 
increases slightly with high voltages on the kine, on account of the 
formation of corona on the conducting portions of the string of 
insulators. 

In conclusion the writers wish to acknowledge the suggestions 
and assistance given by Professor J. K. Catterson-Smith during the 
experiments and in the preparation of this paper. 
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