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Abstract-- This paper proposes a practical position
sensorless control for electrical submersible pump (ESP)
application with a sine-wave filter. In long-cable-fed PMSM
drives, it is hard to install sensors at motor-side due to digital
signal latency with the long signal cable and inconsistent
source for sensors. Therefore, voltage and current correction
method is proposed using the output of the sine-wave filter.
Then, since the motor in the ESP system can be easily
overheated by oil thermal field, an adaptive cable-PMSM
coupled d-q axis equivalent model derived considering the
temperature rise. The speed control performance and load
torque-speed transient performance are improved using the
proposed sensorless control method. The experimental
results show the validity of the effectiveness of the proposed
method both both dynamic response and steady-state.

Index Terms—Long-cable-fed PMSM drives, sine-wave
filter, voltage and current corrections at motor-side,
temperature rise in oil fluid

I. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are
widely used in applications such as electric vehicles and
actuators due to high power and high efficiency.
Meanwhile, in long-cable-fed PMSM drives, the motor
may be located at a long distance from the power
conversion system because of the limitations of the
installation environments. From the long distance, long-
cable-fed PMSM drives have several limitations. First, the
longer the length of the cable, the larger an overvoltage at
motor-side. Theoretically, the magnitude of the
overvoltage may reach within 2 to 3 times the dc-link
voltage [1], [2]. If the overvoltage at motor-side exceeds
the insulation voltage between stator windings in the motor,
it may cause partial discharge which results in a
breakdown [3]-[5]. To solve this problem, companies that
vend the inverters for operating the motor recommend
maximum cable length using output filters for commercial
motor drives [6]-[8]. Although the recommendations are
different for each companies, the longest cable length can
be utilized using a sine-wave filter. Secondly, signal
latency from the sensors at motor-side and instability of
power source from a main controller may be a problem for
real-time inverter-duty control. Third, harsh environments
where the motor is installed can increase temperature on
the cable and the motor. Especially, applications where the
motor is placed underground such as an electrical
submersible pumps (ESP) are weak to these environments
[9], [10]. From the limitations, several sensorless control

methods for long-cable-fed PMSM systems have been
studied [11]-[14].

In [11], a MTPA control using the closed loop observer
based system inductance and speed estimation is used for
subsea applications. However, the method has the steady-
state error in estimated rotor angle and the slow dynamic
response. In [12], a Luenberger observer is used to
estimate the back-EMF for linear ESP systems. However,
the experiments are carried out using the winding resistors
and inductors instead of the long cable. Then, the middle
point voltage of the cable is used for back-EMF estimation,
which is not suitable for practical motor operation. In [13],
a seamless transition scheme for ESP systems is
introduced. The speed correction term is only effective in
the transient and the smooth transition is not always
performed according to the open-loop position.
Meanwhile, common problem for the conventional studies
is that the sensorless control methods use voltages and
currents at motor-side. It is not practical considering the
limitations of long-cable-fed system.

In this article, a practical position sensorless control of
long-cable-fed PMSM drives is proposed. Voltages and
currents at motor-side are corrected by using the output
voltages and currents of the sine-wave filter. An adaptive
cable-PMSM coupled d-q axis equivalent model is
introduced considering temperature rise in ESP system.
The proposed sensorless control method enhances the
performances in speed control and load torque-speed
transient response. The effectiveness of the proposed
sensorless control method is verified through the
experiments in both dynamic response and steady-state.

Il. CONSIDERATIONS OF LONG-CABLE-FED PMSM
SYSTEM

A. Voltage and current corrections at motor-side

Fig. 1 shows the lumped T-net cable-motor model
which consists of three cable impedances, motor
impedance and back-emf. j denotes any one of the three
phases a, b, c. The impedances in the lumped T-net cable-
motor model are expressed using the telegrapher’s
equations as follow:

Z,(s) = Zy(s)[coth(y, (s)d) —csch(yy (s)d)] (1)
Z,,(s) = Zy(s)[coth(y, (s)d) —csch(y, (s)d)]  (2)
Z4,(8) = Z, csch(y, (s)d) 3
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Fig. 1. Lumped T-net cable-motor model.
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is the propagation coefficient,

Zo(s):,/(r+sl)/(g +5C) (5)

is the characteristics impedance. d is the length of the cable.
r, I, g, and c are the cable resistance, cable inductance,
cable conductance, and cable capacitance per unit length
respectively. Rs, Ls, yr and o, are the stator resistance, the
stator inductance, the magnet flux linkage, and the
electrical angular velocity.

From Fig. 1, transfer functions between the inverter-
side current and the motor-side current and between the
inverter-side voltage and the motor-side voltage are
derived as follow:

where

imo' S z
Gicor (S) == t]( ) = u2 (6)
Iinvj (S) (2112 + le + Zmol + Ze)
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Fig. 2 and Fig. 3 show the frequency responses of Gicor(S)
and Gyeor(s). From Fig. 2, although the magnitude
decreases after the resonance frequency, as the operating
speed of the low-voltage inverter motor used in the paper
does not exceed 200Hz, the differences between the
inverter-side and motor-side current is nearly zero. As
similar to the results in Fig. 2, the result of Fig. 3 shows
that the differences between the inverter-side and motor-
side voltage within the operation range is also zero.
However, in actual long-cable-fed system, the motor-side
voltage decreases by the cable resistance. The result of Fig.
3 does not reflect this phenomenon. Accordingly, the
lumped T-net cable-motor model should be refined to
reflect the actual voltage drop.

Fig. 4 shows the lumped T-net cable-motor low-
frequency model. d is the length of the cable. The sine-
wave filter is added to the lumped T-net cable-motor
model and the impedance Zy and Zy, are substituted into
resistance components and Zy. is replaced into capacitance
component. The sine-wave filter makes overvoltage
mitigation at motor-side and low-frequency analysis on
Fig. 4 possible. Meanwhile, the transfer function between
the inverter-side and motor-side voltage within low-
frequency region is rewritten as follow:

G (S) — Vmotj — ZCf 1 Zt12 (Zmot + Ze)
vest
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Fig. 2. Frequency responses of Gic(s) for different cable lengths.
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Fig. 3. Frequency responses of Gy(s) for different cable lengths.
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where Z,+ is the inductor impedance of the sine-wave filter
and Zcx is the capacitor impedance of the sine-wave filter.

Fig. 5 shows the Frequency responses of Gycor(S) and
Guest(s). Unlike Fig. 3, the magnitude reduction at motor-
side caused by the cable voltage drop occurs within low-
frequency region. Therefore, the lumped T-net cable-



motor low-frequency model is best option for practical
long-cable-fed PMSM drives.

Meanwhile, the transfer function between the inverter-
side and motor-side voltage of (8) has a few limitations.
First, the result of Fig. 5 differs according to the
synchronous angular velocity we. The mathematical model
with the sine-wave filter in synchronous d-q frame is

derived as below:
—We :||:iinvd :|
p iinvq

Vinvg _ Ved ‘L p
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where p is the derivative operator, L and Cs represent the
sine-wave filter inductance and capacitance, Vindg and iinvag
represent the d-q axis inverter-side voltages and currents,
Vcdg represents the sine-wave filter capacitor voltages and
isqq represents the d-q axis currents after the sine-wave
filter inductor, respectively. From (9), the voltage and
current terms with we are included and the terms are also
included in (8). Fig. 6 shows that as the synchronous
angular velocity increases, the magnitude of the voltage
drop decreases within the operation region. Secondly, (8)
does not consider the current deviation in the cable.
Accordingly, (8) shows the characteristics of the case
where the synchronous angular frequency and the current
in the cable are constant. However, in actual motor
operating conditions, as the motor speed and the load
torque change, it is difficult to apply (8) in actual motor
drive system.

In the paper, the voltage correction equation is derived
considering the cable resistance and the current variation
in the cable as follow:

Y

motj _corr

©)

=V —rdig (10)

From Fig. 6, since the phase variation of the frequency
response is almost none within operating region, the
correction voltage at motor-side can be written only for
voltage magnitude except the phase change.
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B. Practical considerations for ESP system

The ESP system consist of multiple centrifugal pump
stages with a vertical arrangement as shown in Fig. 7. By
the field survey of the ESP, the temperature is different
according to the field characteristics [2]. The thermal field
can be divided into three regions where the surface layer
ds, the gradient layer d,, and the oil layer ds.

Especially, in the oil thermal field in d3 where the motor
is placed, the temperature varies rapidly due to high
thermal conductivity and heat capacity compared to other
regions resulting in the variation of the cable resistance.
Therefore, it is adequate to add the cable resistance into the
PMSM equivalent model considering the impact of the oil
thermal field. It is quite reasonable because oil thermal
conductivity is 8 times larger than air thermal conductivity
resulting in temperature increase in oil field than other
regions dramatically. Fig. 8 shows the adaptive cable-
PMSM coupled equivalent model. The difference from the
conventional PMSM circuit is that a cable resistance Rr is
added to stator resistance Rw. The cable resistance and the
stator resistance caused by increased temperature are
calculated according to the equations summarized in
Appendix.
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Fig. 8. Adaptive cable-PMSM coupled d-q axis equivalent model.
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I11. PROPOSED SENSORLESS CONTROL FOR LONG-CABLE-
FED SYSTEM

A. Speed control performance

Fig. 9 shows the proposed sensorless control block
diagram. From the output voltage and currents of the sine-
wave filter, the voltages and currents are corrected. Unlike
the conventional sensorless control which uses the voltage
reference from the current controller and measured current,
the proposed sensorless control uses the correction
voltages and currents for the rotor angle estimator. Then,
the cable resistor acts like an active damping resistor used
to artificially adjust the electrical damping of the system.
Fig. 10 shows the speed control block diagram for long-
cable-fed system. The transfer functions in Fig. 10 are
defined as follow:

G.(5) =k, + = (11)
S
G (9 =k + 1 (12)
G, (s) =" 13)
Giv (S) — Iy§759| _ ZCf : ZIlZ (14)

invdq - (Zpl + ZCf )(Ztlz + th + Zm + Ze)ZpZ

where kps and k;s are the proportional and integral gain for
the speed controller Gs(s), kpc and kic are the proportional
and integral gain for the current controller Gec(S), Ts is the
sampling period and Giy(s) is the system transfer function.
From (11)-(14), the closed-loop transfer function for the
speed controller G, «(s) is defined as follow:
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Fig. 10. Speed control block diagram for long-cable-fed system.
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where Gec a(S) is the closed-loop transfer function for
current controller and Tsc op(S) is the open-loop transfer
function for the speed controller. Fig. 11 shows that the
cut-off frequency is placed within the operating region
using the conventional PMSM model. This result can not
satisfy the bandwidth requirement of the speed controller.
However, the cut-off frequency is extended above the
operating region using the proposed PMSM model. Thus,
the proposed sensorless control is effective as the length of
the cable is increased.

B. Load torque-speed transient performance

From Fig. 10, the load torque-speed transfer function
Gr(s) is obtained as follow:

1

WOy, Js+B
G (s)=—m=_S+Db 16
r(5) T 14T, ,(9) (16)

Fig. 12 shows the frequency responses of (16). It is ideal
that the change in speed should be minimized even when
the load torque changes to obtain the robustness of the
speed control. When the conventional sensorless control is
used, the speed is changed significantly within a certain
frequency region where the control system becomes very
unstable. However, when the proposed sensorless control
is used, the magnitude of the frequency response is below
0 dB. It means that the control system becomes stable in
whole frequency region.
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IV. EXPERIMENTAL RESULTS

Experiments have been performed to verify the
effectiveness of the proposed sensorless control method.
Fig. 13 shows the experimental configuration. From the
calculation procedures in Appendix, the cable resistance
and the stator resistance are calculated as 0.43 Q and 0.022
Q. Since the experiment was carried out for academic
study, it is hard to implement the actual ESP system with
oil fluid. Alternatively, the length of the cable was
extended to 100m to match the increased cable resistance
of 0.43 Q.

Fig. 14 shows the deceleration operation from 750 rpm
to 60 rpm with 10% of the rated torque. There are
significant differences in position errors and §-axis mean
EMF values as the operating speed decreases. The position
errors between the estimated rotor angle and the real rotor
angle at 60rpm are 1.5rad for fig.(a) and 0.75rad for fig.(b).
When the proposed sensorless control is used, the position
error decrease by 50%. The §-axis mean EMF values at
60rpm are 10.5V for fig.(a) and 3.8rad for fig.(b). The 6-
axis mean EMF value is much closer to the real value when
the proposed sensorless control is used.

Fig. 15 shows the steady-state speed and position
estimation performance at 100 rpm with 10% of the rated
torque. when the proposed method is applied, it shows
better speed and position estimation performances in

TABLE |
EXPERIMENTAL PARAMETERS

PARAMETER Value
DC-link voltage (Vqc) 300 V
Switching frequency (fs) 10 kHz
Stator resistance (Rs) 0.017 Q
d- and g-axis inductance (Lq, Lq) 190 pH

Number of poles (P) 8
Magnet flux linkage () 0.11 V/(rad/s)

Sine-wave filter inductance (Ly) 200 uH
Sine-wave filter capacitance (Cy) 10 pF
Cable length (d) 100 m
Cable resistance (r) 4.5 mQ/km
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Fig. 14. Deceleration experimental results. (a) Using conventional
sensorless control. (b) Using proposed sensorless control.

steady-state. The speed fluctuation is decreased by 43%,
and position error is decreased by 28%.

Fig. 16 compares speed dynamic responses with a 10%
step load of the rated torque at 100 rpm. As can be seen in
Fig. 16(a), the estimation capability is lost when the step
load is applied. However, in Fig. 16(b), although the
minimum speed reaches 25 rpm, the speed estimation
performance is recovered in a steady state.
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Thus, the experimental results verify that the stability
and robustness for speed and position estimation are much
better in both dynamic response and steady-state.

V. CONCLUSIONS

This paper discussed a practical sensorless algorithm
for long-cable-fed motor drives for ESP system. Voltage
and current correction method at motor-side was proposed
using a lumped T-net cable-motor low-frequency model.
Then, an adaptive cable-PMSM coupled d-q axis
equivalent model is introduced considering practical
temperature rise in ESP system. The speed control
performance and load torque-speed transient performance
were improved by using the proposed sensorless control.
The experimental results verified the position and EMF
estimation performances are improved in both dynamic
response and steady state.

APPENDIX
The cable sectional area is Scable is 4 mm? and the cable

length lcapie in d3 is 70 m used in this paper. The parameters
for calculating the temperature rise are described in Table
I1. The cable resistance and the stator resistance in the ESP
system considering the temperature rise are calculated as
follow [15]:

Icable

r=p 17)

R, =r[1+k, (C—T—fe_ 25)] (18)
T, +K

W= T K R, (19)

where r is the cable resistance at 25 °C, ki is the
temperature coefficient of 0.01, T: is the average fluid
temperature in the ESP casing, Ry is the stator resistance
at temperature Tw, K is the temperature coefficient of
resistance of 234.5 for 100% conductivity copper, Rs is the
initial stator resistance at a at 25 °C of To and Ty is the
temperature of the stator widings.

TABLEII
PARAMETERS FOR CALCULATING TEMPERATURE RISE
PARAMETER Value
Pump head (H) 2740 m
Specific heat of light oil (c) 0.5 BTU/Ib/°F
Motor efficiency (1m) 0.9
Pump efficiency (n) 0.6
Motor BHP (BHP) 60 HP
Motor length (Lmet) 15m
Motor outer diameter (dmot) 0.11m
Ambient temperature in annulus (T,) 150 °F
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