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Abstract—Three IEEE standards that address submersible
cable testing and specification were the first standards sponsored by the Petroleum and Chemical Industry Committee of
the IEEE Industry Applications Society. The latest editions of
these standards have been completely rewritten to reflect newer
technology. This paper will cover the history of the standards
as well as an overview of the technical aspects. Surprisingly, the
latest revision of these three standards was the most difficult to
gain approval. Because of issues that arose during balloting, the
IEEE has changed its policy so that standards can now have dual
metric/English units.
Index Terms—Cable, downhole, electric submersible pump
(ESP), harsh environments, history, standards, units.

I. I NTRODUCTION

W

HAT WERE the first IEEE standards developed that
were sponsored by the Petroleum and Chemical Industry Committee (PCIC) of the IEEE Industry Applications
Society? Are they still around? What has been their impact on
other IEEE standards?
Three IEEE standards that address downhole electric submersible pump (ESP) cable were the first standards sponsored
by the PCIC. This is the 25th anniversary of these standards’
initial development. The documents are IEEE RP 1017, 1018,
and 1019 [1]–[3].
These three ESP cable standards originated from a paper
presented at the Hotel Del Coronado, San Diego, CA, in 1979
[4]. ESP installations require application of medium-voltage
specialty power cables in a very harsh environment. The 1979
paper discussed the state-of-the-art in ESP cable and contained
several areas of original research into the performance of the
cable.
In 1979, less than five vendors manufactured all of the
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etary guidelines, construction, and performance requirements.
The typical life of a cable was significantly less than one year.
The original paper addressed acceptance and maintenance test
procedures for these cables and suggested changes that could
be made to improve the life of the cable.
A very spirited question session followed. A representative
of one of the manufacturers began a lengthy discussion about
the lack of need for changes in cable design and construction.
This was followed by a discussion between users about the need
for changes.
Substantial debate continued into the Production Subcommittee meeting on Tuesday afternoon. At the Subcommittee
meeting, a vote was taken to recommend development of standards. The ballot was immediately taken across the hall to the
Standards Subcommittee. There, it was summarily approved
and sponsored by the PCIC. The young authors were swept
along in the rush of events that they had stimulated.
The result of the implementation of these standards has been
a marked improvement in the quality of ESP cables and a
coincident extension of the expected life of cables.
How that paper and the authors came together is a story in
itself. At the 25th anniversary conference, a first-time attendee
asked if there was any technical information about submersible
pump cable performance. Since it was a common problem, a
long time activist and subcommittee chairman offered to find
authors for such a paper. A service company was called and
asked to contribute a technical paper on cable performance
and application. The service company agreed and called a user
to join the paper team. The user was the first-time attendee,
who originally requested the paper. Subsequently, these two
researchers went to an independent manufacturer to contribute
his perspective. This watershed paper had the optimum makeup
of user, manufacturer, and service company.
The user coauthor, who originally requested the paper, ultimately became Chairman, with the other coauthors as significant members, of the Standard working group. Technical
curiosity can lead to a career in topic. The lead coauthor has
attended every conference in the intervening 25 years and has
contributed more than 20 technical papers. The real story is
that the IEEE is such an open forum that a young engineer can
participate and have a significant long-term contribution.
II. Y EARS OF C HANGE
The interaction necessary to develop standards can offer a
very revealing historical perspective. Twenty-five years ago, at
the onset of PCIC-sponsored standards, all participants in the
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development of a standard traveled to a central location for
two days of meetings and discussion. The secretary dutifully
recorded the events, which were taken and typed. At the next
conference, the typed notes were reviewed and often corrected
and retyped from the beginning to correct errors.
The latest revisions required few conferences. Notes and
changes were exchanged electronically. Each working group
participant could see the same original and recommend
changes. Only tweaks and additions were required. Global
changes were quickly incorporated. For the few conferences
required, a projector was used with a laptop computer to view
the draft on screen. This enables the working group to view
the draft, see proposed revisions in the draft, and then form a
consensus position without having to ballot.
While changes to the physical interaction between the working group participants made the revision process easier and
quicker, one glitch came about because of international standardization. The effects of these modified expectations and the
subsequent changes to the IEEE SA requirements that came
about as a part of the approval process for the latest edition of
these three standards are discussed in detail in the subsequent
sections.
III. IEEE S TANDARD P ROCESS
What is the standard process, and how do standards get
initiated? Many regular attendees at conferences are not aware
of these procedures and as such are not able to participate in
the process. In order to expand the participation of engineers
in the standards process, a brief look at the process of getting
a standard initiated, the development of the standards process
then and now, submitting the standards, the balloting process,
and the approval process is included.
Work on a standard is initiated with a Project Authorization
Request (PAR). This document provides the title, scope, and
purpose of the proposed standard. When the first downhole
cable standards were started, the PAR was a hard copy form that
was forwarded to IEEE Standards by U.S. mail. Now, the form
is in electronic format, and when completed, it is forwarded
to IEEE Standards by a single mouse click. When the PAR is
approved, the Working Group is authorized to begin work on
the project.
After the Working Group has completed a final draft, the balloting process begins. For PCIC, balloting is usually done with
a Sponsor Balloting Group. IEEE requires that at least 75%
of the balloters respond with a vote. When this was done by
postal mail, the process was slow, and sometimes the criterion
of 75% return would not be met. The reason for this would be
lack of interest on the standard by some of the balloting pool
members and change of postal address with no return. Today,
these problems have been alleviated by a process of invitation
to ballot. The invitation to ballot is send out electronically to the
balloting group. Those with an interest in balloting the standard
indicate with an electronic return. The 75% return criterion for
ballots is no longer an issue since ballots are sent only to those
that express an interest. Of those ballots that are returned, 75%
must be affirmative. The Working Group must make an effort
to resolve any negative comments.
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When the negative comments have been resolved, and there
are no technical changes needed to resolve a negative ballot,
the draft is ready to be sent to the IEEE Review Committee
(RevCom). If technical changes were required in order to
resolve a negative ballot, a recirculation ballot is required. The
recirculation ballot is sent to the Balloting Group with any revisions and a description of all unresolved negative comments.
If there are no new negative ballots, this balloted draft is now
ready to be sent to the IEEE RevCom.
RevCom reviews the standards process and addresses issues
such as: “Is the draft consistent with the PAR?,” “Was the
balloting process properly conducted?,” “What was the effort
to resolve negative ballots?,” “Have the comments by SCC
10 (Editorial) and SCC 14 (Units and dimensions) been addressed?”. If all is in order, RevCom will recommend that the
Standards Board approve the standard, recommended practice,
or guide.
If there have been inconsistencies in the process, the draft
is sent back to the Working Group for further resolution and
another recirculation ballot. In recent years, the balloting and
resolution process has been greatly accelerated by electronic
correspondence. Beginning in January 2005, all balloting will
be done only in electronic format. It is easy to see that much
has changed during the life of these standards with the advent
of electronic communication. It is also apparent that while
standards are not personal whims, it is a straightforward process
to develop a new standard that has a base of support.
IV. D UAL U NITS
The three standards discussed herein were initially developed
over a two-year period with active participation by users, manufacturers, and service companies. Subsequently, the documents
were approved by the IEEE. As part of the normal process of
maintaining current standards documents, a five-year review is
required.
This process has been repeated several times over the 25-year
history of the standards. The newest editions of these standards
have been completely rewritten to reflect newer technology in
the electric submersible cable that has been developed.
Surprisingly, the latest revisions were the most difficult to
get through the approval process. Nine drafts were required,
primarily because of various issues revolving around IEEE
standard unit designations.
The earlier published versions used English units. During
the latest five-year revision process, the IEEE 2000 policy for
units required that units in IEEE standards be metric units only.
During the review process, the draft standards were changed to
reflect this requirement. However, during the balloting process,
users objected to the metrification because it is not compatible
with standards from other organizations. The resulting negative ballots prevented the documents from passing. The IEEE
Standards Board listened to a presentation on the case for dual
units for certain Standards, where the users of the standard were
primarily familiar with English units, and the other associated
standards have requirements in English units. Upon further
consideration, the IEEE metric policy was changed to allow
dual units where appropriate.
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Fig. 1. Installation configuration.

These objections were numerous enough to prevent the revised standards from passing the ballot. When it appeared that
other organizations would develop English unit standards, IEEE
changed its policy.
As a result of the issues encountered with ESP cable standards, IEEE Standards can now have dual (metric/English)
units. This policy change, while welcome by the standards
working group, required yet another draft and number conversion with its inherent risks. The new policy of dual units is both
reasonable and pragmatic.
V. C ONFIGURATION
The ESP systems are the most effective equipment for moving large quantities of fluid from downhole applications. In
harsh environments, the submersible pump is often the only
apparatus that will survive the rigors of volume, depth, and
temperature. Fig. 1 illustrates a typical installation [1].
The ESP cable is typically over 1 mi long and is used
in an environment subject to temperatures exceeding 200 ◦ F
and pressures exceeding 2500 lb/in2 . The cable is strapped to
the fluid pipe; as a result, the cable is both suspended while
being regularly compressed inside the casing. The cable is then
submerged in saltwater with oil and gases and exposed to con-

taminants such as hydrogen sulfide and carbon dioxide. Other
than the conditions described above, the ESP cable operates in a
normal benign medium-voltage 100-A electrical environment.
As shown in Fig. 1, there are three types of cable that are
used in an installation. These are the surface cable, power cable,
and motor extension. In the simplest installations, the surface
and power cables have the same design, which is typically a
round construction. Round cable is a more robust design than
flat cable and mitigates unbalance because of coupling between
the phase wires. Round is used from the surface to near the
top of the pump. In this area, the space between the inside of
the casing and the tubing is generally adequate for the larger
configuration cable.
In most applications, the largest pump that will fit inside the
casing is installed so the pump can move higher volumes of
fluid. As a result, the space between the casing and the pump
is very limited. This lack of space necessitates that the motor
lead cable use a flat design. A flat construction maximizes the
conductor size while minimizing the physical diameter.
Finally, the flat cable is molded into an environmentally
impervious connector that plugs into the motor. The flat design
and the necessity to connect to the motor under high-pressure
fluid have a very substantial impact on the design of the cable
system.
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VI. T RADITIONAL I NSTALLATION
A major issue to arise during the development of the revisions was how to handle “traditional” installations. Since
the cable operates in a classified (hazardous) area covered by
National Electric Code (NEC) Article 500, substantial design,
code, and safety issues are involved [5].
The traditional installation has the cable on the surface. It
passes through a sealed transition. The same cable is then
installed in the well. This practice has been used since the origin
of the submersible pump. The safety record for the wellhead
transition is admirable.
One company was involved in developing an alternative
cable feed-through process. By focusing on a limited view of
the NEC, this design was then promoted as the only safe method
of connecting the surface cable to the well. In addition to
the simple mechanical transition, other manufacturer’s designs
use a threaded connector approved by a nationally recognized
testing laboratory.
Classification of the surface installation equipment is determined by the likelihood of an electrical failure occurring at
the same time that 1) an ignitable vapor is present and 2) the
electrical failure will be the source of ignition. Based on the
relatively low likelihood of the above combination, the area
around the wellhead is classified as Division 2.
The cable makes the transition from ground surface into
a deep well by a simple mechanical seal. There are no connections that are made or broken under load. There are no
contacts or switches associated with the installation at this
point. There is, therefore, little risk of ignition. This meets all
the requirements of Division 2 criteria.
The Code recognizes industry experience and makes provisions for this de facto standard to be used as a guide for
interpreting the installation.
“FPN No. 1: It is important that the authority having
jurisdiction be familiar with recorded industrial experience
as well as with the standards of the National Fire Protection Association (NFPA), the American Petroleum Institute
(API), and the Instrumentation, Systems, and Automation Society (ISA) that may be of use in the classification of various locations, the determination of adequate ventilation, and
the protection against static electricity and lightning hazards.
NEC 500.4 [5].”
Had this alternative feed-through concept been accepted
and incorporated into the standards revisions, more than
2000 installations would have been invalidated. This could
have dealt a devastating blow on the cable manufacturing
and the petroleum production industry, particularly for wells
with smaller production. In order to meet the concerns about
wellhead transitions, an acceptable installation procedure that
recognizes the proper installation practices that have been historically used is described in the cable testing standard IEEE
RP 1017.
Several vendors have an alternative design for cable transition that is approved by nationally recognized testing laboratories. These newer designs clearly meet the requirements for
classified areas. In conjunction with the traditional installation,
safe economically acceptable designs are available for every
condition.

Fig. 2. Flat cable connector.

The issue of installation continued to cause a negative ballot
from one of the balloters.
VII. S HIELDED
The 2005 version of the NEC has added a requirement for shielded cable in most medium-voltage applications.
Article 210.6 requires that “. . . insulated conductors operated
above 2000 volts. . .shall be shielded.” For direct burial cables,
Article 210.7 makes a more stringent requirement stating that
cables rated above 2000 V shall be shielded [5]. ESP cables
are exempted from these requirements as long as the cables are
designed and constructed to a recognized standard, such as the
three standards discussed in this paper.
Notwithstanding the exemption, there are several reasons that
shielding is not used. First, voltage stress on the insulation is
a major consideration in the design. This stress is managed
through the physical design and construction of the cable.
The compounding of insulation materials, in particular, makes
shielding redundant [6].
Second, significant industrial experience by the users, with
monitoring by the manufactures, has shown that the failure of
the cable is from other factors that shielding would not mitigate.
Treeing is not a significant method of failure.
Third, time in use is relatively short. Conventional industrial
and commercial installations are designed for the life of the
project, which often exceeds 30 years. Because of equipment
operations, the submersible cable is often removed from service
several times in its life. The cable is high potential tester
(hi-pot) tested before reinstallation. Therefore, the state of the
cable is relatively well known at the time of its reuse. Since an
installation of cable, pumping equipment, and service costs can
well exceed $100 000 for each failure, it is imperative that only
good quality cable is reused.
Finally, space constraints are a tremendous problem. As
discussed earlier, the motor lead cable is necessarily small, and
the connector spacing is restricted, as shown in Fig. 2. This
design renders shielding of the cable virtually impossible.
VIII. A MPACITY VS VD
Two criteria are used when determining the appropriate
ampacity of a conductor. The NEC has tables that are based
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on current ratings [5]. This is primarily a heat consideration
based on work by Neher and McGrath [7]. The application
of Neher–McGrath to electrical submersible design is discussed in [8].
The NEC tables are the recommended minimum wire size
for a particular current load. Although this is usually adequate
for runs from a motor control center to a motor, this method
of conductor sizing has serious shortcomings when distances
between transformer and motor are extended.
As mentioned earlier, submersible cable runs from the transformer to the motor are often in excess of 5000 ft. With these
long distances, voltage drop, rather than ampacity, becomes the
constraining factor. The NEC recognizes this issue in Article
310.15(A)(1) FPN1 [5].
Cable ampacity ratings are limited by five factors, namely:
1) ambient temperature; 2) liquid/gas environments; 3) heat
rise due to resistance heating; 4) heat distortion properties of
insulation; and 5) ability to dissipate heat.
The economics of decreasing losses in the cable will provide
incentive to increase the size of the conductors. The economic
ampacity of a cable is influenced as much by the cost of energy
as by the cable material. The economic ampacity is the current
at which the energy cost for the losses in the wire is equal to the
incremental cost of the next larger wire size.
According to API RP 11S4 [9], a maximum of 5% voltage
drop over the entire length of the cable will provide reasonable
operating efficiency. In addition, the use of larger conductors
improves cable life by reducing internal heating from I 2 R
losses.
IX. IEEE RP 1017
IEEE 1017 is the Recommended Practice for Field Testing
ESP Cable. The following abstract gives an overview of the
document.
“Abstract: Procedures and test voltage values for acceptance
and maintenance testing of ESP cable systems are presented.
This recommended practice applies to cable systems rated 3 kV
and 5 kV (phase to phase) and is intended only for this specialpurpose cable. The intent is to provide uniform test procedures
and guidelines for evaluation of the test results.”
A background section is included in the standard and serves
to further elucidate the purpose. “Guidance for the field and
maintenance testing of conventional power cable is available
in IEEE Std 400; however, that document is not an applicable
guide in assessing the condition of ESP cable [10]. By adopting
some of the principles set forth in IEEE Std 400 and applying others developed from field experience, this recommended
practice for submersible cable testing will assist those with the
responsibility for determining the dielectric condition of this
type of cable.”
RP 1017 presents procedures and test voltage values for
acceptance and maintenance testing of ESP cable systems.
Several methods of testing and evaluating are discussed. The
relative merits of each instrument are delineated.
DC hi-pot is the preferred technique for determining the
quality of the cable. DC tests are selected because of the inherent advantages that dc has over ac testing. These advantages

Fig. 3.

Leakage of deteriorated cable.

include smaller test equipment and minimization of damage,
which aids in fault examination. A dc hi-pot test applies controlled overpotential to the cables. Leakage current is then
measured. Through the judicious interpretation of these data,
the condition of the cable can be determined without physical
damage to the cable.
Insulation Resistance Meters by themselves are not recommended for testing the reliability of ESP cable. The output
voltage is insufficient to establish a conductive path across
insulation defects and will only indicate gross defects.
Fault-locating devices are used to determine the location of a
problem, if one exists.
Time-Domain Reﬂectometers (TDRs) use high-frequency
pulses to detect anomalies in the cable. A TDR sends a
pulse down the cable, and the reflective signal is measured.
This measurement indicates where the fault should be located. The TDR requires interpretation from an experienced
operator.
Thumpers apply a high-voltage capacitive discharge into the
test cable. This test is sometimes used to break down conductor
insulation to locate a fault. However, this approach creates
extreme stress on the cable insulation. If improperly used, it
can actually create faults in otherwise good cable.
Bridge Type Fault Locators use a balancing bridge in conjunction with high dc voltage to measure conductor impedance
(distance) to a fault. This is one of the least destructive types of
fault-locating equipment, and it is relatively effective. However,
if a high-resistance fault is present, this device may not be
effective.
DC Burn uses a dc voltage (5–10 kV) applied to a faulted
cable. The voltage is allowed to remain until the fault location
becomes obvious.
X. IEEE RP 1017 T ESTS
In the test process, a dc voltage is imposed on the cable to be
evaluated. The leakage current is measured and plotted over the
duration of the test. Interpretation of the data gives an indication
of the quality of the cable based on an IEEE paper [11]. A
typical diagram showing the leakage current of a deteriorated
cable at fixed voltage is shown in Fig. 3.
The level of the test voltage is adjusted based on the condition
of the cable. The objective is to evaluate, not damage, the
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TABLE I
TEST VOLTAGE

TABLE II
CONDUCTOR CHARACTERISTICS (METRIC UNITS)

insulation. Cable that is previously used, then, is tested at a level
lower than new cable.
Factory test: This test is completed by manufacture at the
100% level, as indicated in Table I. For a 3-kV cable, this is
900% of the rated voltage. For a 5-kV cable, 700% is sufficient.
This voltage test is conducted phase to ground.
Acceptance test: Acceptance testing is intended to detect
damage prior to the initial installation of new cable. These
tests are normally performed by the user or his designated
representative using dc voltage at 80% of the factory test
voltage.
Maintenance test: This test is made after removing the cable
from a well and is normally performed by the user or his
designated representative using dc voltage at 40% of the factory
test voltage. It is intended to detect the deterioration of the cable
insulation and to determine suitability for reuse. Maintenance
testing is sometimes referred to as proof testing.
Safety procedures and environmental considerations are key
components to a successful evaluation. The connections for the
tests are shown in Fig. 4 [1].

TABLE III
ETHYLENE–PROPYLENE PROPERTIES

XI. IEEE RP 1018

TABLE V
EPDM JACKET PROPERTIES

Fig. 4.

Test setup.

IEEE 1018 is the Recommended Practice for Specifying ESP
Cable: Ethylene–Propylene Rubber Insulation. The following
abstract of IEEE 1018 gives an overview of the document.
“Abstract: Minimum requirements for the construction, manufacturing, purchasing, and application of ESP cable are presented. The cable is round or flat, with ethylene–propylene
rubber insulation, nitrile jacket, EPDM jacket or lead sheath,
and armor. These cables are for voltages not exceeding 3 kV or
5 kV (phase to phase) and conductor temperatures not exceeding 140 ◦ C (284 ◦ F) for nitrile or a maximum of 204 ◦ C (400 F)
for EPDM jacket or lead sheath cable. Conductors, insulation,
barrier (optional), assembly and jacket, armor, requirements for
testing by the manufacturer, and cable ampacity are covered.”
The properties and characteristics of the materials are identified in Tables II–VII.
A replication of the table developed in IEEE 1017 is the Test
Voltages for ESP Cable and is shown in that section.

TABLE IV
NITRILE PROPERTIES

In addition, descriptions of the construction of the ESP cable
further illustrate its properties and characteristics.
Round Cable: The three insulated conductors should be
cabled around a centrally located filler that provides blockage.
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TABLE VI
PHYSICAL 75 mils/3 kV

Fig. 5.

Round cable.

Fig. 6.

Flat cable.

TABLE VII
PHYSICAL 90 mils/5 kV

The conductors should be cabled with a left-hand lay having
a maximum length of lay 35 times the individual conductor
diameter.
A jacket should be extruded over a cable core consisting of three insulating conductors and the central filler. The
jacket should be extruded to fill all interstices. The average wall thickness should be 1.5 mm (0.060 in), and the
minimum thickness at any point should be no less than
1.2 mm (0.048 in).
The outer surface of the jacket should have splines. These
splines are not considered part of the specified wall thickness. Splines are provided for grip of the overlying armor. The jacket should separate cleanly from the underlying
components.
The armor strip should be applied over the cable core with
sufficient tightness to compress the jacket splines. The strip
should be helically applied and formed in such a manner as
to be interlocked. The armor should be able to withstand a
seven times overall diameter bend radius without separation of
adjacent turns, as shown in Fig. 5.
Flat Cable Nonleaded: Each insulated conductor should
be individually jacketed. Splines are not required on the
jacket. An alternate design may have the three conductors
laid parallel within a common encapsulated jacket. All in-

terstices are filled with the jacketing material. The jacket
of either design should separate cleanly from the underlying
surface.
Additional constraining coverings may be applied over
the insulation or jacket. They may be extruded, wrapped,
and/or woven-type materials. Flat cable with a common encapsulated jacket or without individual constraining coverings may become oval during decompression from a gaseous
environment.
For flat cable with additional constraining coverings, the
average wall jacket thickness should be 1.3 mm (0.050 in). The
minimum jacket thickness at any point should be no less than
1.0 mm (0.040 in).
For flat cable without additional constraining covering, the
average jacket wall thickness should be 1.5 mm (0.060 in). The
minimum jacket thickness at any point should be no less than
1.2 mm (0.048 in).
The construction should consist of the three-phase conductors laid in parallel. The armor strip should be applied over
the insulated conductors with sufficient tightness to fit snugly.
The armor strip should be helically wrapped and formed in an
overlapped manner, as shown in Fig. 6. The assembly should
be capable of withstanding a bend that is seven times the
major axis of the cable. The armor overlap should not open up
between adjacent turns. The direction of bend should be in the
normal direction of cable spooling.
Flat Cable With Lead Sheath: Each insulated conductor
should have a lead sheath extruded over the insulation. The
average wall thickness should be 1.0 mm (0.040 in). The
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minimum wall thickness at any point should be no less than
0.8 mm (0.032 in).
XII. IEEE 1019
IEEE 1019 is the Recommended Practice for Specifying ESP
Cable—Polypropylene Insulation. The following abstract of
IEEE 1019 gives an overview of the document.
“Abstract: Minimum requirements for the construction, manufacturing, purchasing, and application of ESP cable are
presented. The cable is round or flat, with polypropylene
rubber insulation, nitrile jacket, and armor. The recommendations apply to cables rated for voltages not exceeding
3 kV or 5 kV (phase to phase) and for ambient temperatures
not exceeding 96 ◦ C (205 ◦ F) or below −10 ◦ C (14 ◦ F)
Conductors, insulation, assembly, jacket, armor, requirements
for testing by the manufacturer and cable ampacity ratings are
covered.”
The document is very similar to IEEE 1018. The significant
difference is the material used for the insulation and jacket.
All the table values are changed, but the same basic design is
used. Therefore, a detailed discussion is foregone in deference
to reading the standard.
XIII. C ONCLUSION
ESP cable is a special purpose design for harsh installations at elevated temperature and pressure under saltwater with
hydrocarbons and other chemicals. It is of medium voltage
operating at about 100 A. Three related IEEE standards began
life 25 years ago. These are IEEE Standards 1017, 1018, and
1019. During the recent five-year review, the standards were
significantly updated to reflect newer technology. As a result
of this review, there was an analysis of the IEEE requirement
for total metrification. The result is the IEEE Standards Board
changing their policy to permit both metric and English units.
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