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Electrical submersible pumps (ESPs) are multistage centrifugal pumps
driven by specially designed three-phase induction motors. They are used in
many applications such as nuclear and petroleum industries. In the presented
paper, we study the speed control of an ESP pump using a rule-based fuzzy
logic controller (FLC). As a case study, an oil well is considered to analyze
the effects of changing the speed of an ESP pump on both the ESP pump and
motor parameters. The proposed speed control model of ESP pumps
provides the ability to optimize wells production and power consumption, as
well as soft starting of ESP motors. This is done by using a variable speed
drive (VSD), which changes the frequency of the voltage supplied to the
ESP motor. The utilized VSD model consists of a two-level voltage source
inverter (VSI), space vector pulse width modulator (SVPWM) and a rule-
based fuzzy logic speed controller. Also, in this study a dynamic hydraulic
model of an oil well is implemented. In this study, a mathematical model of

the ESP motor and ESP pump is developed. The obtained simulation results
show that the combination of the FLC speed Controller and SVPWM
provides a faster and more effective method of controlling the speed of
electrical submersible pumps than the conventional PID speed controllers.
The MATLAB/Simulink software is used to achieve simulative validation of
the complete system.
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1. INTRODUCTION

Electrical submersible pumps (ESPs) are widely used in many applications. For example, in the
nuclear field, submersible pumps are used in the low-pressure injection system (LPIS) of nuclear power
plants [1]. LPIS is a safety system, which interferes to reduce the impact of a loss of coolant accidents
(LOCAS). Also, it may be used in groundwater monitoring wells which provide samples for detecting
releases and contaminations which may result from the operation of the nuclear reactors. In the petroleum
industry, electrical submersible pumps (ESP) are multi-stage centrifugal pumps driven by three-phase
induction motors. They are used to lift fluids from oil wells to the surface when bottom-hole pressures are not
sufficient, or when higher production rates are needed [2]. The speed control of ESP pumps is crucial for soft
starting their electric motors [3], [4], optimizing production rates [5], as well as, saving energy [6], [7]. In
addition, matching the required power of the ESP pump with the available power supply to ensure secure
electrical feedings, i.e., optimizing the energy utilization [8], [9], especially at remote oilfield locations. In
order to study the effects of speed change of ESP pumps, a combined fluid mechanics, electrical and

Journal homepage: http://ijpeds.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

2516 O3 ISSN: 2088-8694

mechanical models of an ESP oil well system are needed. A dynamic model of an ESP deep geothermal well
was developed by Kulick et al. [10], but the speed controller was not taken into consideration. Another model
was presented for controller development [11], but neither ESP electric motor nor variable speed drive were
included. Many works were found in the literature, which aimed to provide more effective methods of
controlling the speed of induction motors, but three are no published papers have replaced the conventional
control methods such as PID with more effective control methods such as FLC to control the speed of a
complete electrical submersible pump system i.e., variable speed drive variable speed drive (VSD), ESP
pump, ESP motor, and hydraulic oil well models.

The main objective of this paper is to develop a complete ESP oil well model as presented in
Figure 1. The proposed model consists of a mathematical dynamic model of an oil well taking into
consideration the pressure loss due to friction in pipes and the inflow performance of the reservoir. In
addition, ESP pump and electric motor mathematical models were implemented in the system. Also, a
variable speed drive with a space vector pulse width modulation (SVPWM) switching algorithm and rule-
based fuzzy logic (FLC) speed controller has been utilized. The presented model helps to better understand
the effect of changing the speed of ESP pumps on the different parameters of the system. Also, it could be
used as an algorithm to automatically control the operation of ESP oil wells.

ESP Oil Well
Variable Speed Drive Electrical Submersible Pump
Fuzzy Logic Speed / ; BN Speed (N}
GE Controller (:Q:) Motor | Pump Oil Well Model
S ————
Step-up Transformer - . Flow Rate (q)
Generator SVPWM vsi

Figure 1. The complete model of an ESP oil well

2. RESEARCH METHOD

To understand the effect of changing the speed of ESP oil wells on the parameters of the entire
system, first, models for each element of the system are created i.e., VSD, ESP pump, ESP motor, and
hydraulic oil well models. Then a simulation for the complete system was run based on a real-world scenario
using PID and FLC controllers in order to get the results and perform a performance comparison between the
two approaches.

2.1. ESP motor model

ESP motor is basically a three-phase induction motor [12], [13]. The Mathematical motor model
was developed by using the reference frame theory [14], [15]. A three-phase induction motor can be
converted to a two-phase in the dq0 reference frame by using park transformation as in Figure 2.

B axis

d axis

Figure 2. Park (ABC to dqg0) transformation
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The purpose of this transformation is to simplify the calculations and to make the flux linkage of
each winding independent of the current in the other windings [16]. The transformation of stator and rotor

parameters from the (abc) system to the (dg0) system can be done as in (1) and (2), respectively.

fqus = Ks fabes

1:qur = Kr fabcr

Where,
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Where, f can be any variable such as current, voltage, or flux linkage. 6 and 0r are the angles between a-axis
and g-axis of the stator and between a-axis of the stator and a-axis of the rotor, respectively, while, 8 = 6 —

Or. The stator and rotor voltages can be obtained in the dq0 frame [16], as in from (5) to (10).
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Where, w, w,, wp, 7, and r',. are the reference frame speed, rotor speed, base speed, stator winding
resistance, and rotor winding resistance, respectively. Also, 1,5, Yqs, P’ g, and Y’ g, are the stator g-axis flux
linkage, stator d-axis flux linkage, rotor g-axis flux linkage, and rotor d-axis flux linkage, respectively. i,
igs: i'qr and 'y, are the stator g-axis current, the stator d-axis current, the rotor g-axis current, and the rotor
d-axis current, respectively. The stator and rotor flux linkage equations in the dq0 frame can be represented

as in from (11) to (16).
Yas = Xislgs + Ymq
Yas = Xislas + Yma
Yos = Xislos
Yar = Xirlgr + Pmg

lptlir = Xllriclir + 1pmd

(11)
(12)
(13)
(14)

(15)
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lp(,)r = Xl’ri(,)r (16)
Where,

Ygs | Yar
lpmq = aq X_IZS+ X_?r (17)
Yma = Xoq (22 + L (18)

ls Ir

X = (gl iy

Xaq - Xad - (Xm + Xis + Xl’r) (19)

The electromagnetic torque T, of induction motors is given by (20):

Te =22 (lpdsiqs - lpqsids) (20)

T 22w

Where, p is the number of poles. Electromagnetic torque T, is related to rotor mechanical speed w,,, by (21):

dwrm
dt

T, =] +Fwpm + T, (21)
Where, J, F, and T; are the rotor inertia, friction factor, and load torque, respectively. Equations from (5) to
(21) are used to build the ESP motor in the stationary reference frame (i.e., w = 0) in
MATLAB/SIMULINK® software as shown in Figure 3.
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Figure 3. Model of a three-phase induction motor in the stationary reference frame

2.2. Variable speed drive
A space vector PWM drive is developed, which represents a closed-loop (V/f) control drive for an
induction motor. The speed of induction motors n is directly proportional to the frequency of the supply f as (22):

120f
- no.of poles (22)
So, controlling the speed of an induction motor can be done by controlling the supply frequency, but in order
to keep the torque of the induction motor constant, the ratio of volts per frequency (V/f) must be kept
constant [17]. Conventional proportional-integral (P1) controller can be used to control the speed of induction
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motors. The actual speed of the motor n is subtracted from the reference speed n* to get the error e(t). Then,
the reference machine slip ng; is generated by the PI controller, which is added to the actual motor speed n.
After that, the reference frequency f* and reference voltage v* are calculated, and used as an input to the
space vector PWM (SVPWM) modulator. Typical induction motor speed control with slip regulation using a
P1 controller is represented in Figure 4. The proportional-integral (P1) controller has to be tuned to obtain the
proportional gain Kp and integral gain Ki parameters. The tuning process could be done by trial-and-error
method. But this method requires experience and may not lead to obtaining the optimal values of the gain
parameters. Therefore, affects the performance of the speed controller [18], [19]. Also, Cohen-Coon Method
and Ziegler-Nichols method [20] can be used to tune the PI controller. A rule-based fuzzy logic speed
controller is implemented in the model to replace the conventional PI controller.

Ref.

slip Speed Speed
Speed +m Command
- + Ret.
Voltage
Actual Actual
Speed Speed

Figure 4. Typical induction motor speed control using a PI controller with slip regulation

2.2.1. Space vector pulse width modulation

Space vector PWM (SVPWM) is one of the PWM switching techniques, which is used in voltage
source inverters (VSI). SVPWM represents the inverter output (i.e., three-phase voltages) as a single rotating
vector. So, it deals with the three-phase voltages V,, V,, and V, as a single quantity in contrast to the
sinusoidal PWM (SPWM) which deals with each phase voltage separately. The Space vector V... is defined
asin (23) [21].

Vrep =5 U+ €737, +5T)) (23)

A two-level voltage source inverter (VSI) is used in the model consisting of six insulated gate
bipolar transistors (IGBT) [S1, S2, . . ., S6]. The VSI has three legs, each leg has two IGBT switches as in
Figure 5. Each switch has only two states [on and off] and in each leg when the upper switch is on, the lower
switch must be off and vice versa. So, the possible number of states of the inverter switches are 2° = 8, as
shown in Table 1. For simplification, the reference space vector can be represented in terms of a and S by
applying the Clarke transformation as in (24). Figure 6 shows V,..¢ in the first sector.

1 1
Y 1 — =%
Va| 2 2 2
il=3l d |l &0
2 2 VC
So Vy.5 can be represented in terms of V, and Vj as (25):
Vrep = Vo +JVp = = (Vy + €755 U, + 7577) (25)

Table 1. Possible states of switches in a two-level three-phase VSI

Switching state S1 S2 S3 Space vector phase to neutral voltage

000 Off Off Off 0

001 Off Off On (2/3)Vy e/l

010 Off On Off Off

011 Off On On On

100 On Off Off Off

101 On Off On On

110 On On Off Off

111 On On On On

The space vector PWM (SVPWM) realization algorithm is as (26):

Speed control of electrical submersible pumps using fuzzy logic control (Saleh M. El-koliel)
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Step 1: Determine sector number n..+,» in Which the reference space vector is located in

a(rad)

Nsector = (2 6)

2w

- Step 2: Determine reference vector V.. value and angle

Vref = ’Vaz + Vﬁz (27)

a = tan™? (‘;—f) (28)

- Step 3: Applying the ‘equal volt-second principle’ [22], [23]

VTEfTS = V1T1 + V2T2 + VOTO (29)

_ o e T
Where, V,op = |Vyer|e/® T = %Vdce’(n_1)3, 7, = %Vac€}n3:Vo =0

- Step 4: Calculate T}, T, and T,

= . T
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T, =T, V (30)
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Figure 5. Two-level voltage source inverter
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Figure 6. Reference space vector in sector 1
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2.2.2. Fuzzy logic controller
Speed control of an ESP motor in this paper is achieved by using a fuzzy logic controller (FLC),
instead of the conventional proportional-integral (PI) controller. Fuzzy logic is an approach introduced by

Lotfi Zadeh in 1965 [24], to simulate the human-like way of thinking. Unlike Boolean logic in which the

value of any object could be either 1 [True] or 0 [False], the value of an object in fuzzy logic could be any

value from 0 to 1, which can be described as linguistic variables [25]. For example, to describe temperature,
the linguistic variable can be represented as [very cold—cold-mild-hot-very hot]. Fuzzy logic controller basic
structure [26], [27] is shown in Figure 7 and it is consisting of:

— Fuzzification process: In this process, the numerical or crisp input variables are converted to linguistic
variables to be compatible with the rule base for further processing.

— Knowledge base and inference engine: The knowledge base consists of a rule base and database. The rule
base is a combination of linguistic instructions in the form of” IF... THEN...” rules, which determine the
value of the output with respect to the input values. Consider an FLC which controls the speed of an
induction motor, the controller has two inputs error e(t) and the change of error ce(t) and one output
u(t) which is the change in the output, one example of the linguistic rules is” IF error (E) is negative
small (NS) AND change in error (CE) is positive small (PS) THEN change in output (DU) is zero (Z)”.
The database contains the membership functions of the input and output variables, while the inference
engine determines the output after applying the rules on the fuzzier inputs.

— Defuzzification process: The fuzzifier carries out transforming the output signal from the fuzzy variables
to the crisp variables, so it is the opposite of the fuzzification process.

Rule Base

Fuzzification Defuzzification
Stage Inference Engine Stage

Database

Knowledge Base
& Inference System

Figure 7. The basic structure of fuzzy logic controller

2.2.3. Fuzzy logic speed controller implementation

The rule-based fuzzy logic (FLC) speed controller used in this paper is shown in Figure 8. It has two
input variables, speed error e(t) and change in speed error ce(t), and one output variable slip speed u(t).
The feedback signal of the actual motor speed is subtracted from the reference speed signal, to get the speed
error e(t). After that, the error e(t) is differentiated to get the rate of change of the speed error ce(t). The
Output of the FLC is then added to the actual motor speed to get the speed command which is further
processed through the V/f controller to obtain the reference voltage V* and the reference frequency f~
commands.

Ref.

Ref. + Slip + Speed Speed
speed e(t) e(t) Speed Command
:m »GCE FLC GE >ﬂ >
— ce(t) + VF e
Controller et
didt Voltage
Actual Actual
Speed Speed

Figure 8. Fuzzy logic-based speed controller
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The input and output linguistic variables are [NB=negative big, NM=negative medium,
NS=negative small, Z=zero, PS=positive small, PM=positive medium, PB=positive big], The shapes of the
membership functions used in the paper are arbitrarily chosen, Gaussian-shaped membership functions (MF)
are considered for the input variables as shown in Figure 9(a), triangle-shaped membership functions for the
output variables as shown in Figure 9(b) and the linguistic rules are presented in Table 2. The surface view of
the FLC rules is shown in Figure 9(c).

Table 2. Linguistic rules
Error Change in error NB NM NS Z PS PM PB

NB NB NB NB NM NS Z PS
NM NB NB NM NS 4 PS PM
NS NB NM NS z PS PM PB
z NM NS z PS PM PB PB
PS NM NS z PS PM PB PB
PM NS 4 PS PM PB PB PB
PB Z PS PM PB PB PB PB
NB N NS z PS PM ]

02 04 as a8 1

0
@
NB NM NS 2 PS PM P8

0

-1 08 06 04 02 02 04 06 08 1

(b) (c)

Figure 9. Membership functions (MF): (a) MFs of the input variables, (b) MFs of the output variables, and
(c) the surface view of the FLC rules

2.3. ESP oil well model

In order to create a dynamic model of an electrical submersible pump (ESP) oil well, it can be
represented as shown in the simplified schematic of the ESP oil well in Figure 10. This model was originally
developed by Statoil [11] and a similar approach was developed by a parallel work [28] which, is used in this
paper. The reservoir pressure is P. and the flow rate which the reservoir can deliver to the well is gq,.
Reservoir fluids have viscosity u and average density pg, . The Volume below ESP is considered as a single
control volume V; with an average flow rate g, the pressure in the bottom of control volume V; is the bottom-
hole pressure Py;, while ESP intake pressure P; is the pressure at the top of control volume V;. The Volume
above ESP is considered also as a single control volume V, with an average flow rate . The pressure at the
top of control volume V, is the well-head pressure P,,;,, while the pressure at the bottom of control volume V,
is the ESP discharge pressure, and is denoted as P;.

ESP is located between the two control volumes and its function is to boost the pressure by AP, as (33):

APesp =P—PF = pavggHesp (33)

Brake horsepower BHP is the power required by the pump. For one pump stage running at base speed f,, the
head H,gp,—15¢4 and brake horsepower BH P, 144 Can be calculated as in (34) and (35):

Hespo1stg = ho + hi@ + ho@® + ha@® + hyg* + hsq® (34)

BHPesy_15tg = Po + P19 + P2G° + p3q° + paqt + Psqs (35)
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Where, (hg, hy, ...., hs) and (py, p1, -..., ps) are the polynomial head and BHP coefficients, respectively, and
are given by the pump manufacturer or can be estimated from the pump performance curves using linear
regression methods. In order to get the total head developed and BHP required by the ESP pump running at
any speed f, equations (34) and (35) are multiplied by the number of pump stages ng, and affinity laws are

applied [2] as in (36) and (37):
Hesp = Ngrg (;_O)ZHesp—lstg (36)

f
BHPesp = Ngeg (E)3BHPesp—1stg (37)

Pman

Production
Valve
act

Pun

Control
L2&hy qu Volume 2

(Az,p2)

he APesp

(A1,p1)
Ly &hy Control
‘“T Volume 1

ar T Reservoir

Figure 10. Two-volume ESP oil well model

The two-volume ESP oil well model can be represented by the following differential [11], [28].

APfl Asz

ag 1
d—tz = [Pon — Py + APy — A a, Pavg9h1 — Pavggh:] (38)
@Ppn _ b1 =

2 = @D (39)
dPywp _ B2 = _
ot a4 (40)

Where, M, B;, and B, are the fluid inertia, bulk modulus of fluids below ESP, and bulk modulus of fluids
above ESP, respectively. h,, h,, A, and A, are the height of control volume V;, height of control volume V,,
Area of control volume V;, and area of control volume V,, respectively. q. is the flow rate through the
production valve (choke). 4P;; and AP, are the pressure loss due to friction below and above ESP,
respectively. Pressure loss due to friction 4P, which occurs in a cylindrical pipe of a uniform diameter D, can
be calculated by the Darcy-Weisbach [29] as (41):

PavgLv?
APy = f, P (41)

Where, L and Dy, are the length and hydraulic diameter of the pipe, respectively, v is the fluid velocity and f;,
is the Darcy friction factor. The inflow from the reservoir into the well depends on B, and Py, the simplest
way to describe the inflow performance of a well according to [2] is to use the Productivity Index (PI)
concept, so the well inflow performance can be represented as (42):

qr=PI(Pr_th) (42)

Speed control of electrical submersible pumps using fuzzy logic control (Saleh M. El-koliel)
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The production valve (choke) can be modeled according to [30] by the following equation, which describes
the flow rate through a partially open valve as (43):

qc = kG.(2) vV Pyn — Pnan (43)

Where, k, G., and z, are the valve constant, valve characteristics, and valve opening, respectively.

3. MODEL AND SIMULATION OF THE COMPLETE SYSTEM

The complete model of the system was done by using MATLAB/SIMULINK® software as shown
in Figure 11. The electrical submersible pump mathematical model consists of an ESP motor, ESP pump and
dynamic oil well. The ESP motor was modeled as a three-phase induction motor using equations from (5) to
(21), and its simulation parameters are shown in Table 3. While, a REDA® 538 SER S8000N ESP pump was
modeled by in (36) and (37). Polynomial head and BHP coefficients were estimated from the pump
performance curve by using linear regression. The oil well dynamic model was modeled by in (33) and from
(38) to (43). ESP pump and oil well model simulation parameters are shown in Table 3.

Electrical Submersible Pump
Variable Speed Drive sPasplPSl) dPesp
dPaspiPS)
N W Frag %r 1 e ey » qesp
. L=
Speed Referance 3 x BHPEsp(IY) | BHPesp
“volls. v AHPer) —
o Valts* v ESF Wal
Spaed Contmller
Py P r ias
ias (A)
1 F. Al ala
B—t—alb B Rotor Speed (RPM) by N

L

‘ clp{ae K -I Te
Vsl (DY) Transformer Three Phase Induction Motor

GHPesp(oN]

Thras Phase AC Vollage Sourcs A Bys

Figure 11. Complete SIMULINK® model of an ESP oil well

Table 3. Complete model simulation parameters

Parameter Value Unit
ESP motor Power 469 HP
Voltage 3228 Volts
Rated speed 2900 RPM
Number of poles 2
ESP pump No. of stages n, 117 Stage
ho 1.32e+01 -
hy 6.03e+01
h, -9.84e+04
hs 1.54e+07
hy -1.05e+09
hs 2.09e+10
Do 7.8%-01
P1 4.43e+01
[ 6.85e+03
P3 -5.22e+05
Da 6.32e+06
Ds 1.47e-01 -
Oil well Reservoir pressure (p,) 3200 PSI
Productivity index (PI) 7 BPD/PSI
Fluid specific gravity (SG) 0.87 -
Fluid viscosity (u) 1.48 Centipoise
PID controller  Proportional gain (K,) 0.417 -
Integral gain (K;) 4.67
FLC controller GE 0.1
GCE le-2
GU 60

Int J Pow Elec & Dri Syst, Vol. 13, No. 4, December 2022: 2515-2528
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The model of the variable speed drive was developed, which consists of a rule-based fuzzy logic
speed controller, space vector pulse width modulator (SVPWM), and voltage source inverter (VSI). The
maximum output voltage of the VSI is 400V, thus, a step-up three-phase transformer was used. A step
generator was used to generate the reference speed signal for the speed controller. The acceleration and
deceleration rates were set to 7.5 and -7.5 rpm/second, respectively. PID controller proportional K, and
integral K; gains were obtained using the Ziegler Nichols tuning method. FLC controller gains GE, GCE and
GU were arbitrarily chosen. PID and FLC gains are shown in Table 3.

4. RESULTS AND DISCUSSION

In order to evaluate the proposed rule-based fuzzy logic speed controller for the ESP system, the
simulation results for both PID and FLC speed controllers were obtained. The proposed simulation scenario
is as follows: At [t = 0 seconds], the ESP motor was running normally at 50Hz, then at [t = 10 seconds], the
reference speed signal was changed from 50Hz to 56Hz, and the acceleration rate was set to 7.5 rpm/second.
First, a simulation was run for the PID speed controller. When the reference speed signal was increased, the
ESP motor starts to accelerate till reaching the new target speed value. The rise and settling times are 19.2549
and 23.6226 seconds, respectively. Then, a simulation was run for the FLC speed controller. Similarly, when
the reference speed signal was increased, the ESP motor starts to accelerate till reaching the new target speed
value. The rise and settling times are 19.1999 and 23.5197 seconds, respectively. Figure 12 shows the ESP
speed (N) in rpm versus the reference speed signal. The electromagnetic torque T, of the ESP motor
increased proportionally to the square of the speed change as shown in Figure 13. Also, it is shown from the
figure that when the PID speed controller was used, the electromagnetic torque contains many ripples.
However, the electromagnetic torque in the case of using the FLC speed controller was very smooth. ESP
pump flow rate g increased proportionally to the change of the speed as shown in Figure 14, while brake
horsepower (BHP) increased proportionally to the cube of the speed change as shown in Figure 15. Finally,
the discharge pressure (P;) of the ESP pump increased proportionally to the square of the speed change as
shown in Figure 16. Table 4 shows a comparison between the results of PID and FLC speed controllers
obtained from the simulation. Results show a significant decrease in overshoot and error values when the
FLC speed controller was utilized in the system.

Table 4. Comparison of PID and FLC speed controller results

PID FLC
Settling time (s) 19.2549 19.1999
Rising time (s) 23.6226 23.5197
Overshoot 0.0256 0.00088
Integral Absolute Error (IAE) 0.4065 0.1487
Integral Square Error (ISE) 0.007428  0.0004987
Integral Time Absolute Error (ITAE) 204 8.028
Integral Time Square Error (ITSE) 0.3583 0.02765
Speed N (RPM)
3400 T T T T
—FLC 3080 S
3350 [ | =——PID g
ol ——— Ref. Speed 3070 /"/ |
3250 - 3060 L~ —
—_ -
E a200 - 3050 . //’ 3362 -
z 3180 s @ wshu ws 45/ 3360 ]
3100 — / 3358 —
3050 - P 3356 !
3000 3354 =
63.7 63.8 63.9 64 A 64.2 64.3
2950 ! I I I I I &
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Figure 12. ESP motor speed N (RPM)
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Figure 16. Discharge pressure Pd (PSI)

5. CONCLUSION

A space vector pulse width modulation (SVPWM) has been used as a PWM switching algorithm.
Also, a rule-based fuzzy logic controller has been developed to control the speed of an ESP. In this study, a
simulative validation of the complete model has been done. The combination of SVPWM and FLC speed
controller has achieved a superior and more effective method of controlling the speed of an ESP when
compared to the conventional PID speed controllers. As well, the dynamic model of a case study has been
developed and the effects of changing the speed of an ESP on both the pump performance as well as, the
motor parameters are analyzed. The developed dynamic model can be employed in many applications such as
control and optimization of operations, power consumption, and wells production. In the future, the proposed
model will be implemented to control the speed of an ESP oil well in the field, for further verification of the
obtained results.
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