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Magnetic Sensor Used to Detect Contamination of Insulating Oil in Motors
Applied to Electrical Submersible Pump
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This paper presents a solution for detecting contamination of insulating oil used in the artificial lift method of the oil-type electrical
submersible pump (ESP), which indirectly protects the induction motor associated with that system. The objective of this sensor is to
generate an alarm signal at just the moment when the contamination in the isolated oil is present. The prototype was designed to work
in harsh conditions to reach a depth of 2000 m and temperatures up to 200 C. It used simulator software to define the mechanical and
electromagnetic variables. Results of field experiments were performed to validate the prototype. The final results performed in an ESP
system with a 60-HP motor showed a good reliability and fast response of the prototype.
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I. INTRODUCTION

T HIS paper presents a solution for detecting contamina-
tion of insulating oil used in the artificial lift method of

the oil-type electrical submersible pump (ESP). This method is
one of the most important for the petroleum industry at present,
and it operates with large flows and high depths. However, this
method has a problem, which is the frequent burning of the in-
duction motor due to contamination of insulating oil [1]. These
burns cause unplanned interventions in the process of petroleum
extraction, generating economical and time losses.

In this method, the subsurface equipment is subdivided into
the pump, electric motor, electric cable, and seal protector. The
seal has several functions such as mechanically connecting the
pump shaft and the motor shaft, withstanding the axial force of
the pump, equalizing the internal motor pressure with the pres-
sure of the fluids produced by them, and providing the necessary
volume for motor oil expansion caused by the heat generated
while it is in operation. Its main function, however, it is to protect
the induction motor, preventing the motor oil from by-produc-
tion oil being contaminated, and consequently be burned. The
seal with the continuous work causes the onset of motor oil con-
tamination, which leads to the loss of its insulating property. In
accordance [2], the statistics show that the induction motor has
the highest failure rate by oil contamination. This contamination
causes problems to the induction motor due to short-circuiting.

Through the industrial interest, new ideas emerged as solu-
tions these problems. One of these is for a magnetic coupling
model that transmits twisting force to the pump motor, thereby
eliminating the use of a rubber seal [3]. Another is a seal for ap-
plications under unfavorable environmental conditions, such as
the presence of sand and solids, corrosive fluids, and high tem-
peratures (up to 218 C) [4].

This paper presents a new solution for this problem, having
technical and economic feasibility and advantages for itself
compared to other alternatives.
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Fig. 1. Location of the sensor module in an ESP system.

The main objective of this paper will enable the petrochem-
ical industry to adopt a predictive maintenance system, reducing
operating costs and maintenance due to the reduction in the
number of corrective interventions since each corrective inter-
vention is about $110 million [5].

II. SENSOR DESIGN

The sensor module is inserted between the motor and the pro-
tective seal and consists basically of a detector of electric oil
contamination by the variation of electric conductivity between
a pair of electrodes, as shown in Fig. 1. The work environment
is extremely hostile, operating at a depth of 2500 m with a tem-
perature of 200 C. Due to the difficulties encountered in the
delivery of power from the surface, the system was designed
without the need for an auxiliary power system.

Fig. 2 shows the electric schematic of the sensor magnetic.
The monitoring, detection, and transmission system are done
by an electromechanical assembly. This system has two per-
manent magnets, one coil, an insulating transformer (T1), one
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Fig. 2. Electric schematics of the sensor magnetic.

Fig. 3. Housing mechanical of the sensor module.

transformer (T2) responsible for signal conditioning, and one
electronic module identified as the bottom sensor.

The magnets together with the coil work as a synchronous
generator. The magnets are installed on a fixed housing ESP
module, and the coil is installed on the shaft of the motor rotating
speed of the motor. The transformer T1 serves to transmit the
signal of contamination at the moment that the impedance of
the electrodes decreases. The primary coil of this transformer T1
will be spinning at synchronous speed, while the secondary coil
is fixed in the system ESP. The transformer T2 is responsible
for signal conditioning and protection of the electronic module
of the bottom sensor.

The mobile coil is connected to the T1 transform with a cable
going through the hollow of the shaft. When the mobile coil is
rotating over a magnetic field generated by the permanent mag-
nets, it produces an electromotive force between its terminals.
When the contamination is present, the circuit is closed in the
electrodes terminals, and the sign goes to the bottom sensor cir-
cuit through the T1 and T2 transformers.

The principle of detecting contaminants in the insulating oil
consists of amplitude variation in the voltage signal generated
as a function of the variation in the physical-chemical char-
acteristic of the medium in which the electrodes are found. A
thorough dimensional survey of all the components of the ESP
system was made. It was observed that it would be necessary to
introduce a small module to fit the magnetic sensor into the cur-
rent structure of the ESP system. This module was designed with
enough space to house the magnetic sensor and other necessary
mechanical structures. Fig. 3 shows the new module designed.

The designed transformers used in the sensor development
aimed to work with the power levels required were specified

TABLE I
TRANSFORMER PARAMETERS

plates oriented crystals, to T1 core transformer, for presenting
core losses of 1.3 T with 2 W/Kg. The T2 core transformer was
specified martensitic steel A440, which is the same material as
the axes of the ESP system. The project was developed in ac-
cordance with [6], Table I presents the results of the equivalent
circuit model T.

The level of induced voltage in the transformer T1 will serve
as a premise for the generator project. The specification of the
magnet used was based taking into account the temperature of
the operation system and maximum performance of the magnet
within the project boundaries. It has a magnetic flux full density
of 1.15 T with operating temperatures of 200 C [6].

The specification of the generator coil was based on the
function of the relative permeability of the material. It used the
model of cylindrical ferrite since it has a relative permeability
of about 2000 [6]. The physical design of the inductor is based
on the Faraday–Neumann’s law. Specific technical relations are
important for the inductor volt-amps and the relation between
magnetic induction and magnetic field [2], then the number of
windings of inductor is

(1)

where:

number of windings;

magnetic flux density maximum;

inductance;

current maximum;

cross-sectional area of the core of the coil.

The maximum current density, , is given by:

(2)

where:

cross-sectional area of the copper winding;

effective current of the inductor.

Since the wires have circular geometry, windings occupy only
a certain area of the available window. Thus, it is necessary to
define a constant designed “load factor of copper inside the
reel.” The typical value of the constant for the construction
of inductors is 0.95, according to [7], but this can change de-
pending on the geometry of the conductors used.

Thus, can be defined as

(3)
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Setting the constant , we can rewrite (2) as follows:

(4)

Equating (1) and (4)

(5)

Thus, it defines the value of the product areas re-
quired for the construction of the inductor

(6)

The factor 10 in (6) was added to adjust the unit cm . For
usual ferrite cores, value are around 0.3 T. The value of
current density depends on the drivers used in the windings, and
that typically used is 450 A/cm .

The core area was defined for a core diameter of 6.4 mm, with
density and the driver set for a current of 0.158 A as defined in
the design of the transformer, and it is possible to determine the
number of turns through (4). As the operating frequency can be
considered low, it has no problem related to skin effect. It can
be determine through the section

(7)

With the dimensional data of the core, calculation is per-
formed by

(8)

where

volume of core (m );
diameter of core (m);

magnetic core height (m).

After determining the magnetic field generated in the center
of a solenoid , the determination of the density maximum field

and the core area is possible to determine the flux
through

(9)

The induced voltage is determined by the frequency ,
the number of turns , and the magnetic flux

(10)

The calculated values are listed in Table II.
To assess sensor reliability, US MIL-HDBK-217 F of

1991—Reliability Prediction for Electronic Induction motor
Systems—was used. This norm proposes a reliability predic-
tion method for electronic components without the need of
conducting experimental analyses, based on the assessment of
component reliability and on the flow of information between
them during the operation of the system.

Thus, a mean time to flaw (MTTF) of approximately 76 000 h
(8, 6 years) is gained.

TABLE II
SUMMARY OF MAIN CHARACTERISTICS OF THE GENERATOR COIL

Therefore, it must be qualified that although mean time to
flaw is an indicator of the operational time of an electronic
component or system, one cannot expect that most components
produced will operate flawlessly for a period of time equal to
MTTF. Although the MTTF of the sensor found is an estimated
value, it gained a satisfactory result because current interven-
tions in ESP systems are executed on average amount of time,
normally after two years.

III. SIMULATION RESULTS

The simulations were performed to validate and verify
the design limits. This software is responsible for simulating
(resolving) the electromagnetic origin using the finite element
analysis (FEA) technique.

The induced voltage in the coil is determined from the ro-
tation speed of magnetic flux and the number of turns of the
inductor, according to (10). Knowing that the system speed re-
mains unchanged and the number of turns is limited due to space
limitations in the design, it performed simulations to obtain the
desired magnetic flux varying the core of the inductor, the types
of magnets, and the distance between the inductor and magnets.
Table III shows the simulations were performed to generate in-
duced voltage graphs summary by setting the system speed at
1800 rpm.

The samarium cobalt magnet (SmCo) was specified ac-
cording to the results presented in Table III and the operational
conditions of temperature. To meet the design requirements of
samarium cobalt magnet (SmCo) became the most appropriate.
These magnets have high coercive force, higher resistance
to demagnetization, high standard of thermal stability (up to
350 C), and resistance to corrosion and oxidation. Fig. 4 shows
the distribution of magnetic field lines of the two magnetic
poles with permanent magnets made of samarium cobalt, where
it can be seen that the level of magnetic field intensity in the
coil is around 0.03 T, which ensures a level field enough to
induce an appropriate voltage.
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Fig. 4. Distribution of magnetic field lines of the 2-pole generator with magnets
made of samarium cobalt.

TABLE III
SUMMARY OF SIMULATION

IV. EXPERIMENTAL RESULTS

After analysis of the mathematical model, the mechanical de-
sign, and the simulations, the sensor module assembly was set
up in the laboratory and in the field to validate the simulation
results. In the practical laboratory procedure, the best coil posi-
tion was analyzed to take advantage of the maximum number of
field lines possible, providing a higher level of induced voltage.

Initially, a structure that could reproduce the simulations per-
formed was set up. An assay using two magnets was then con-
ducted. With the use of two magnets in the sensor module as-
sembly, a greater influence from the magnetic field is observed,
producing a more uniform waveform in the coil. Fig. 5 shows
the voltage waveform obtained with two magnets.

The designed sensor was tested for performance evaluation.
Tests were performed with the provisions of the ESP system hor-
izontally without coupling the sensor to acquire the background
variables of both voltage and current transformers.

Fig. 5. Output of the sensor module in the state of contamination.

The test with the ESP system requirements of a vertical was
planned and executed, and their results showed a 32-s time to
record contamination. In this test, we used an induction motor
4 pole with a power of 60 HP and working with a speed of
1800 rpm.

V. CONCLUSION

The prototype sensor designed and implemented has been
tested in operational conditions (temperature, pressure, and con-
taminants) from a typical ESP demonstrating its technical fea-
sibility of use. The sensor proved to be robust, having a quick
answer and great reliability.

The results obtained in this paper should be of great interest
to the petrochemical industry, given that operational and main-
tenance costs will be reduced.
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