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Abstract – The use of electrical motors in hostile 
environments continues to increase. One example is electrical 
submersible pumps used for oil and gas production. 
Additionally, ESPs are being used in wells with increasingly 
more expensive intervention costs and high productivity. As 
intervention costs increase, the necessity for longer downhole 
equipment life also increases. Go/No-Go tests such as hipot, 
surge test, insulation resistance and winding resistance are 
good to evaluate the actual (at the factory) condition or 
integrity of the equipment but they inadequately address long-
term aging issues associated with the motor. The use of 
Partial Discharge testing for hostile environment motors, 
particularly in factory acceptance tests, may give users and 
manufacturers additional insight into the quality of 
construction of the motor and potential life shortening 
discrepancies in the winding insulation. Additionally, due to 
the construction of the motors  

 
Index Terms – Partial Discharge, Epoxy Insulation, MgO 

Insulation, Hostile Environment, Electrical Submersible Pump, 
ESP. 

 
  

I.  PARTIAL DISCHARGE BACKGROUND 

The subject of partial discharge in rotating machines has 
been well covered in other publications. However, in many 
publications, the discussion of factors affecting partial 
discharge in a machine winding has been limited, and key 
factors are ignored, particularly influences of hostile 
environments.  

In its simplest form, partial discharge is a dielectric 
breakdown of a portion of an insulating system, usually at a 
void or discontinuity, without a dielectric breakdown of the 
entire system.[1] Partial discharge (PD) can occur either 
internal to the insulation material due to voids or holidays, in 
the interface between different insulating materials, or in the 
interface between insulating materials and conductive 
surfaces (including surface discharge). In any of these three 
environments, exposure to partial discharge can damage 
electrical insulation materials and ultimately lead to early 
failure of the insulation system. 

Partial discharge testing involves application of an AC 
voltage ramped up to or near operating voltage of the 
insulating system. PD causes a high frequency signal to be 
superimposed on the power frequency carrier wave, which 
can be measured and interpreted using oscilloscope or 

special purpose PD analytical machines. Five values are 
typically captured during testing: 

• Test voltage – Maximum voltage applied to the 
insulation system 

• Inception voltage – the voltage (during ramp up) at 
which PD begins 

• Extinction voltage – the voltage (during ramp down) at 
which PD terminates 

• Qmax – peak PD value (pC or mV) 
• Phase angle of the individual discharges 

 

 
Fig. 1 - Time Based PD Results (Qp and test voltage) 

 
Fig. 1 shows a typical time-based results graph for a 2.3kV 

electrical submersible pump (ESP) motor showing peak 
measured PD level in pico-Coulombs as well as test voltage 
at atmospheric conditions. As voltage is ramped up, discharge 
begins at a level below operating voltage (Inception voltage). 
Once a stable test voltage is reached, this voltage level is held 
for ~30 seconds in order to capture phase based discharge 
counts, shown in Fig. 2.  

Table 1 - PD Tabular Results 
Test # 123456  
Test Voltage 3000 kV 
Inception Voltage 1.46 kV 

Extinction Voltage 1.42 kV 

Qmax 25,790 pC 

Conversion Factor 2000 pC 14.8 mV 
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Fig. 2 - Phase Angle Test Results (Qp
 

II.  FACTORS INFLUENCING PARTIA

Many factors affect the location and inten
The three most discussed aspects include th
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• Electric field at the void or discontinui
• Dielectric strength of the materia

discontinuity 
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III.  E-FIELDS IN WINDING INSU
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  The second term in context is th
Electric Flux Density (D) is simply t
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A.  Impact of Permittivity of Insulat

D and E are related by the permitt
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relative permittivity of ~1. The magnitude of the electric field 
intensity in both the dielectric and the cavities is shown below. 

0.297 (7) 

1.13 (8) 

Thus, the E field in the voids is 3.8 times larger in 
magnitude than the E field in the dielectric medium. The only 
thing that changes in the equation is the relative permittivity of 
the dielectric material vs. the voids. Consequently, Evoid can 
be calculated directly if Edielectric is known, along with the 
relative permittivity of the dielectric and the voids. The same 
calculation can be accomplished with other dielectric 
(insulating) materials such as varnish, polyimide tape, or even 
magnesium oxide (MgO). 

 
B.  Impact of Inconsistencies in Conductor Construction 

  

 
Fig. 3 - CT Scan of Conductor 

 
 

The potential across the insulation between the conductor 
and the adjacent components is impacted by the variations in 
the insulation system. Inconsistencies in the cable insulation 
depend on three influences: the material, manufacture, and 
environment [3].  

• The insulation is made up of material, 
contamination, and voids.  

• The manufacturing interface consists of the 
interstices, outerstices, end, terminal, and joints.  

• The environmental factors include the 
atmosphere and load.  

  
Each of these areas can affect the field intensity in a given 

area, and can increase the likelihood of discharge. 
Specifically, irregularities in the surface of the conductor 
cause a concentration of electric field at the anomalies due to 
the concentration of charge at the peak. Similarly, the 
interfaces between two components represent a variation in 
electric field across the anomalies. 

The reason for this propensity of charge from an electric 
field to concentrate on a peaked surface is well known. The 
relationship can be derived from Coulomb’s law, which 

calculates the force one point charge exerts on a second point 
charge.  

 (9) 

Where 
F  - Force (Nm) 
k - Coulumb’s constant ( (4 o)-1 ~ 9x109 N·m2/C2) 
q1 - charge of point 1 (Coulomb) 
q2 - charge of point 2 (Coulomb) 
r - separation of charges (meter) 
 

The electric force is directly proportional to the voltage 
(potential) of the conductor. The potential for any conductor of 
radius r having charge q at its surface is the same as the 
potential for a point charge q at distance r. 

 The electric field at a point charge is the ratio of the force 
acting on the charge and the value of the charge. 

 (10) 

Combining the above two equations allows the 
relationship between an electric field and a point charge to be 
developed. The constant k includes the relative permittivity, 
permittivity of free space, and the spherical surface area 
factor of 4  [6]. Although voids and irregularities are rarely 
spherical, the general form of the mathematics is similar, and 
the general ratios would apply. In addition, space-charge 
effects would impact the results, and in some cases (with 
large trapped charge in a void) would dominate. 

 
(11) 

Consider, then, two conductive surfaces in the same 
electric field, and in contact with each other (voltage is 
constant).  

The equation for electrostatic potential for point charge is  
 (12) 

Now assume an object made up of two charged 
conducting spherical shells one of radius R and one of radius 
r (R>r) touching each other externally. The potential for any 
shell of radius r having charge q at its surface is the same as 
the potential for a point charge q at distance r. 

Compare the charge on r and R. Since r (and the related 
surface area) is less, charge on its surface has to be more 
than that on the larger sphere in order to maintain a constant 
potential over the entire surface. The ratio of the charge 
densities for two spheres then would be  

 
(13) 

 



 

and 

 

The ratios of the field stress of the sm
large is shown in (16). 

 

The stress from electric field at an 
conductor or grounded surface as part 
system increases the field stress proportio
the ratios of the radius of the irregularity an
conductor. 
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which states that, at higher pressures, breakdown voltage of a 
gas is approximately proportional to the product of the 
pressure and gap length.  Specifically 

 
(17) 

Where 
VB  -Breakdown Voltage 
p -Pressure(pa) 
d -gap length(m) 
A -gas constant 1 (pa*m)-1 (20 for air)  
B -gas constant 2 (pa*m)-1 (487 for air) 
 -second Townsend coefficient (~0.01 for air m voids) 

 

Holding the size of a void constant, then, breakdown 
voltage is proportional to the pressure in the void. Umemura 
et al have experimentally verified these results.[7]  

The assumption made is that bottomhole pressure transfers 
directly into the voids of insulation. The limiting assumption 
may have some applicability in tape installations which allows 
transfer of ambient conditions into cavities. Reference is also 
made to previous tests on motors under high gas pressure, 
where gas migration and diffusion allow the internal voids to 
assume a pressure similar to that external to the insulation 

 

Fig. 5 – Paschen’s Curve for Air [7] 
 

. However, in varnish and epoxy applications for liquid (oil) 
filled motors, the assumption is not supportable. Any gas is 
removed from the motor housing during assembly. Any flaws 
in the insulation are not sufficient for the migration of the 
relatively dense and viscous insulating oils which fill the 
motors.  

With no migration of the oil, the change in pressure inside 
the void of an epoxy or varnish insulation (at a constant 
temperature) is directly proportional to the change in volume 
of that void. A similar argument can be made for highly 
compacted MgO insulations. The change in volume of the 
void is equal to the change in volume of the material 
surrounding the void.  The change in volume of a material due 
to external pressure is related to the bulk modulus of that 
material. According to Rice & Rice, the modulus of epoxy 
resins varies from 5 GPa to  25 GPa [15]. The change in 
volume is determined by (18). 

  (18) 

Where 
V  -Change in Volume  

P -Pressure (Pa) 
k -Bulk Modulus 
 
The pressure inside the void which is directly proportional 

to the change is shown. 
  (19) 

Assuming the pressure initially in the void at construction 
is 1 atm (101.3 kPa), the pressure inside the void at depth is 
shown in Fig. 6 for both low modulus (5 GPa) and high 
modulus (25 GPa) materials. 

As can be seen, the pressure inside epoxy voids does not 
change substantially with increases in well depth or 
environmental pressure. Applying Paschen’s law, the 
breakdown voltage of air does not change in any significant 
manner as shown in Fig. 7. 

The two curves show a limiting impact of less than two 
percent (2%) on the pressure inside the insulation cavity. The 
consequence is less than two percent change in electric field 
breakdown on insulation of solid materials, even at extreme 
pressure differences. 

 
 

 
Fig. 6 - Pressure Inside Epoxy Voids 
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Fig. 7 - Breakdown Voltage 

 
 

VI.  TEST RESULTS OF MOTOR UNDER PRESSURE  

Recent partial discharge tests were made on an ~700Hp oil 
filled motor, random wound motor with indicated partial 
discharge at the copper region, similar to that shown in Fig. 2. 
The levels of charge detected at ambient conditions were in 
the 10-30 nC range, a relatively large amount of discharge. 
Inception level was at or very near operating voltage. 

In an attempt to reduce the indicated partial discharge, the 
oil filled motor was placed in simulated service with pressures 
applied of 456 bar (~6,600 PSI). This method has reduced PD 
in previous tests, particularly those with indications of 
discharge near the surface of the insulation (near the 
laminations). In this case, however, multiple additional partial 
discharge tests were conducted at various internal motor 
pressure levels with no indication in a change in either 
inception level or measured maximum PD level. No change 
was noted in the position of the discharge. The results of 
these tests are consistent with the theoretical description 
above. 

 
 
 

 Table 2- Partial Discharge Testing related to Traditional Test 
Methods [1] 

 
 

 
VII.  IMPACT OF PD ON MOTOR WINDINGS 

Partial discharge in motors, including motors in hostile 
environments, is typically indicative of other problems in the 
motor [19].  PD in a motor can be a result of the design of the 
motor itself [17,18,19].  Even motors which would normally 
have low PD from design will have increased PD when 
manufacturing defects are found in the insulation [6,15,19].  

The impact of partial discharge on motor windings has 
been demonstrated in previous works [1,13,6,14,16,17,18]. A 
summary of these effects and impacts is shown below: 

1. When discharge occurs over time, the insulation is 
progressively damaged. The discharge may result in 
further turn-turn faults or turn-ground fault. 

2. Partial discharge can show problems in the 
construction of windings. The issue is particularly 
evident when excessive PD exists on one winding, 
compared with the other two windings of a particular 
machine. 

3. Partial discharge comparison between machines of the 
same general design can indicate problems in 
manufacturing of the motor. Since random wound 
motors by definition vary in construction, different 
construction techniques must be carefully evaluated. 

4. Partial discharge can occur in either the tape wound, 
the varnish, or the epoxy portions of the insulating 
materials. The characteristics of the discharge as 
measured during offline PD tests can indicate the 
location of the discharge. The discharge characteristics 
are primarily determined from the phase related PD as 
shown in Fig. 2 [1].   A summary of these analyses 
taken from Paoletti and Golubev is shown below: 
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VIII.  CONCLUSIONS 

The value of partial discharge testing of hostile 
environment motors, including ESP, increases under three 
conditions: increased voltage stress from high operating 
voltages, increased ambient stress from the environment, and 
increased intervention costs for high production wells. PD 
testing of these elegant motors has significant value.  

Partial discharge in a motor can show problems in the 
design of the motor, the manufacture of the motor, or in the 
quality of the insulating materials used. 

There are several factors which impact PD in hostile 
environment motors, including ESP. The factors include 
strength of the E field, size of a void in the insulating 
materials, irregularities in the metallic surfaces of the motor 
conductors, and permittivity of the insulating material, as well 
as terminations, connections, and transitions. 

Despite claims by some parties, clear evidence 
demonstrates that partial discharge occurs, even under higher 
pressure conditions downhole, particularly for those motors 
with varnish or epoxy materials. As a result, offline partial 
discharge testing can indicate problems with the motor that 
would otherwise show up under operating conditions. 
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