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Abstract: In this paper a process of development of sucker rod 

pumping unit (SRPU) simulation model with “oil reservoir-well” 

and control systems is presented. In this paper is presented process 
of development of sucker rod pumping unit (SRPU) simulation 
model with “oil reservoir-well” and control systems. The 

developed model describes the SRPU blocks for oil production in 
detail, allows studying the system with various equipment and well 
parameters and provides the logic of the closed loop system. It 
becomes possible to develop optimal control algorithms based on 
obtained dependencies. The results of simulation of operation and 
sucker rod pump (SRP) faults are given. 
 

Keywords: simulation model, sucker rod pump, 
electromechanical drive, control system, wattmeter card, dynamic 
liquid level.  

I. INTRODUCTION 

SRP are widely used in the process of oil production from 

low production rate wells and wells with various 
complications such us: high water cut, sand ingress, high 
viscosity or temperature of well fluid, the aromatic 
hydrocarbons, salt and paraffin formations. Namely, in cases 
where the use of centrifugal pumps becomes ineffective. In 
addition, this production method allows exploiting small 
production fields with low flowrates that have been 
decommissioned [1]. Field of application and number of 
operating SRPU is increasing year to year. This allows 
making a conclusion that developments aimed at improving 
the design of installations and systems of control, monitoring 
and telemetry become relevant. 

II. LITERATURE REVIEW 

Majority of modern SRP control systems use methods 
based on indirect measurement of the dynamic liquid level in 
the oil well annular space to control the flowrate, 
dynamometer methods for diagnosing faults in SRP and 
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wattmetry methods for diagnosing surface equipment [2]. 
The disadvantage of this approach is the need to use a large 
number of sensors of physical quantities. It leads to an 
increase in the cost of control system and decrease in its 
reliability. 

Nowadays “sensorless” SRPU control systems are gaining 

popularity [3-4]. These systems realize control algorithms 
based on measuring and processing signals from electrical 
quantities sensors (voltage and current of the drive windings, 
power consumed by the drive (wattmeter card)). Wattmeter 
card shows the load change over time and wattmetry method 
allows creating control and diagnostic algorithms for which 
only electric quantity sensors are needed [5]. However, the 
complexity of mathematical analysis is a significant 
drawback of the wattmetry method. Consequently, exiting 
solutions in the field of creating control and diagnostic 
algorithms require either the implementation of complex 
mathematical models of the control object which assumes 
preliminary measurement and addition of a large number of 
time variable parameters of this object into the system or a 
preliminary study of each object in order to identify various 
diagnostic parameters and coefficients. 

The proposed solutions of these problems are the 
development of control methods and algorithms that allow 
controlling SRPU based on analysis of the control object 
reaction to a change in the control action. To study the control 
object reaction (SRPU and “oil reservoir-well” subsystem) to 

a change of different equipment and well parameters and to 
identify changes in the shape of wattmeter card, it is 
necessary to develop a simulation model of the control 
object.  

A literature review showed that there are a lot of works 
aimed at creating simulation models of SRPU blocks. 
However, there are no simulation models which describe 
SRPU as closed loop system with “oil reservoir-well” 

subsystem and control system. There is a model [6] which 
describes system using elementary theory. This model has a 
low degree of adequacy and does not allow receiving 
wattmeter cards that show necessary information about state 
of the control object. A simulation model describing the 
SRPU using the exact theory is presented in [7]. However, 
this model does not take into account a lot of factors, for 
example: the possible equalization of bottomhole and 
reservoir pressures, a disruption of the flowrate. Also 
representing the model in the form of equivalent electrical 
circuit limits the ability to simulate various faults. In this 
regard, there is a need to create a simulation model of SRPU, 
describing it as a closed loop system with the ability to 
simulate various faults. 
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III. MATERIALS AND METHODS The SRPU for operation of single-oil reservoir production 
fields is shown in Fig. 1 [8]. 

 

 
Fig. 1. SRPU 

 
The control action for SRPU is the frequency change of the 

phase voltage on the asynchronous electric drive windings. 
Based on this, a simulation model has been developed that 
shows a change in the dynamic liquid level and power 
consumed by the drive in response to phase voltage 
frequency change. The control object presents a complicated 
system “oil reservoir – well – SRP - electromechanical 
drive”. Parameters and states of this system are 

interconnected (fig. 2). To simplify the mathematical 
description of the object, each block is considered as 
individual subsystem (individual control object). Input 
signals (control and disturbing action) for this object are 
connections with other elements of SRPU. The reaction of an 
object to input action is an input signal for other elements of 
the system. 

 

 
Fig. 2. The control object structural-functional diagram 

Q – SRP flowrate, SA –polished rod motion law, ωd – rotating speed of the drive shaft, fу – control signal, Md – moment of 
resistance on drive shaft, Gr – polished rod load, Hdin – dynamic liquid level in annular space, W – average power consumed 

during the period 
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A. Simulation model “oil reservoir - well” 

This model describes the subsystem “oil reservoir – well - 
SRP”. The control action for this subsystem is the change in 

the pumped fluid amount (SRP fluid flow). A description of 
this interaction has been given in the works devoted to the 
development of SRPU control systems [2, 9]. But the 
developed models take into account only the influence on the 
parameters characterizing the SRPU productivity (the strokes 
per minute, the stroke length of the polished rod, the diameter 
of the plunger and the pump coefficient of fullness), and the 
theoretical flowrate on the position of the dynamic level. 
However, a change in the dynamic liquid level has a 
significant effect on the bottomhole pressure. This affects the 
rate of formation fluid inflow and the well flowrate.  

 Based on the fluid flow equation and Dupuis formula 
the following equation for the dynamic liquid level in annular 
space is obtained [10]: 

Hdin(t)=
1

π(r
w

-rts)
2

( ∫ (
2πkh(P

0
-Pb(t))

μln
Rk

rw

-vplSplβ)

t

0

dt+Hdin(0)) (1) 

where: h – oil reservoir thickness (m), P0 – oil reservoir 
pressure (Pa), Pbot – bottomhole pressure (Pa), Rk – oil 
reservoir radius (m), rw – well radius (m), Spl – plunger 
sectional area (m2), n - strokes per minute, vpl - plunger speed 
(m/s), β – pump coefficient of fullness (𝛽 ∈ [0,1]) [11], Hdin – 
dynamic liquid level position (m), rts – tubing string outer 
radius (m), Hdin(0) – dynamic liquid level initial value, (m). 

The resulting equation takes into account the logic of the 
control object. This allows creating a simulation model for 
the study of control systems. 

B. SRP simulation model 

The SRP simulation model is a mathematical model of the 
subsystem “well – rod string – plunger liquid column – flow 
string – pump jack”. The control action is the motion law 

change of the polished rod (rod suspension point (RSP)). The 
disturbing action is a change of the dynamic liquid level in 
the annular space. The response of the system to a control 
action is a change in the stroke length and plunger speed. 
Such response causes a change in fluid flow (1) and force in 
the RSP. The SRP simulation model is based on SRP 
mathematical model described in papers [12, 13]. 

C. The pump jack simulation model 

The pump jack (PJ) simulation model describes interaction 
of subsystems “polished rod – walking beam – four-bar 
mechanism – counterbalancing system – crank – drive shaft”. 

This system shows interrelation between force applied to the 
polished rod and moment of resistance on the drive shaft. In 
this case, the control action is a change in the rotating speed 
of the drive shaft; the disturbing action is the force change in 
the RSP; the reaction of the system to the control action is the 
change in the law of RSP motion and the moment of 
resistance on the drive shaft. The model is divided into two 
blocks: a block for setting the RSP motion law and block for 
calculating the moment of resistance on the drive shaft.  

Often when building a SRP simulation model the harmonic 
motion law of the rod suspension point is used. However, in 
practice, the motion law of the rod suspension point is more 

complex and depends on the parameters and kinematic 
schemes used by pump jack. To overcome this assumption, it 
is necessary to introduce the RSP motion law for a given 
crank motion law and to give a solution to the direct problem 
of kinematics [14].  

The kinematic diagram of the pump jack with a 
single-working beam is shown in Fig. 3 [15]. 

 
Fig. 3. The kinematic diagram of PJ with double-working 
beam, where: k1 – length of the walking beam front arm, k – 
length of the walking beam back arm, l – length of the 
connecting rod, p – the shortest distance between the centre 
of the walking beam oscillation center and crank center of 
rotation, r – crank radius, φ – crank turn angle, φ0 – angle 
between vertical line and direction p, c – projection of p on 
horizontal, b – projection of p on vertical, γ – back arm angle 
of rotation with respect to p, α – angle between crank and 
walking beam, β – angle between back arm of walking beam 
and crank, θ – angle of deviation of walking beam from 
horizontal position 

The rod suspension point motion law (point A) is 
described by the following simultaneous equations: 

{

sA(t)=k
1
(arccos

k
2
+p2-(l+r)

2

2kp
-γ(t));

φ
0
=arctg

c

b
;

φ=π-arccos(
p2-k

2
+(l+r)

2

2p(l+r)
)-ωcrt;

γ(t)=arctg
sinφ(t)

p
r

+cosφ(t)
+arctg

sinβ(t)

k
l

-cosβ(t)

;

β(t)=arccos(
(l

2
-p2)+(k

2
-r2)

2lk
-
pr

lk
cosφ(t));

 (2) 

 
To calculate the moment of resistance on the drive shaft, it 

is necessary to perform a dynamic analysis of the pump jack 
to determine the rotational moment on the crank.  

 
 
 

https://www.openaccess.nl/en/open-publications
http://www.ijeat.org/


 
Development of a Sucker Rod Pumping Unit Simulation Model 

4406 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: A1191109119/2019©BEIESP 
DOI: 10.35940/ijeat.A1191.109119 
Journal Website: www.ijeat.org 

The theory of the dynamic analysis of the balanced pump 
jack can be divided into elementary, improved and exact. The 
method of calculating the pump jack dynamics using an 
elementary theory is given in [16]. This method is the 
simplest and is valid with these following assumptions and is 
valid with these following assumptions: 

• the cutpoint of the connecting rod and the tail half of 
walking beam move in a straight line; 

• the deflection angle of the connecting rod from vertical 
is taken equal to 0. 
These assumptions are valid only for axial kinematic 

schemes of the pump jack with a walking beam length much 
shorter than the radius of the crank. This kind of kinematic 
schemes is a special case. Therefore, to build a universal 
model of the control object, it is necessary to use an improved 
theory. The widely used method of calculating the dynamics 
described in [17]. Significant disadvantages of this method 
are the need to calculate the projections of all the forces 
applied to the PJ on a vertical and horizontal plane followed 
by an iterative calculation of balancing moments. 

Zhukovsky’s method is applied to solve this problem [7, 
18]. The principle of the Zhukovsky’s method is to derive the 

forces balance equation that is applied to a conditionally 
balanced system: 

∑ Pivicos(Pi
⃗⃗⃗  ,vi⃗⃗  ̂

)=0

n

i=1

, (3) 

where: Pi - forces applied to a balanced system, vi - the 

speed of the points to which the forces are applied, 
P ,vi i  - 

angle between vectors force and speed. 
The diagram of forces at various points of PJ with 
double-working beam is shown in Fig. 4. 

 
Fig. 4. The diagram of forces at various point of PJ with 
double-working beam, where: Gh, Gb1, Gb, Gy, Gcb, Gcr, Gccb – 
weight of the horsehead, the walking beam front arm, the 
walking beam back arm, the yoke, the counterbalance, the 

crank, the crank counterbalance;. lh, lb1, lb, lcb – distance from 
the oscillation pin of walking beam to the mass center of 
horsehead, to the walking beam front arm, walking beam 
back arm, the counterbalance; Rccb - distance from the axis of 
rotation to mass center of the crank counterbalance; rcr – 
distance from the axis of rotation to mass center of the crank 

 
The moment on the crank shaft is calculated as: 

Mc=Prr (4) 
The drive shaft is connected to the PJ crank through V-belt 

transmission having a transfer factor it and efficiency ηf. 
Therefore, the moment of resistance on the drive shaft and the 
net engine power Wp is defined as [19]: 

Md=

Mc

itηf

, (5) 

Wp=
Mcωc

ηf

. (6) 

The asynchronous electric drive simulation model. 
 
To develop and test control methods, it is necessary to 

identify the dependency between the change in the dynamic 
level and the power consumed by the drive, depending on the 
frequency change of the control signal. To determine the 
power consumed by the drive, it is necessary to introduce 
mathematical description of subsystem “gear - electric drive 
– control system”. In this case, the control action is the 
frequency change of the control signal (frequency of the 
phase voltage across the electric drive stator windings), the 
disturbing action is the change in the moment of resistance on 
the drive shaft, the reaction of the system to the input actions 
change is the change in the frequency of drive shaft rotation. 

 To determine the power consumed by the drive, 
depending on the change in moment on the drive shaft, it is 
necessary to implement L-shaped equivalent circuit (Fig. 5). 

Parameters of the equivalent circuit, such as: X1, R1, Xμ, 

X2, R2’ are calculated according to the parameters from the 

asynchronous electric drive documentation by using the 
method described in article [20]. 

 
Fig. 5. L-shaped equivalent circuit of asynchronous 

electric drive 
The slip change s depending on the change in the 

asynchronous electric drive resistance moment Mc is 
determined by the Kloss formula [21, 22]. 

IV. RESULTS 

The given dependencies and methods formed the basis of 
the SRPU simulation model (Fig. 6) implemented in 
MATLAB / Simulink. 
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Fig. 6. SRPU model consisting of blocks describing the blocks of the SRPU: simulation models of well and oil reservoir 

(Oil well), SRP (Sucker rod pump), PJ (Pump jack) Electromechanical drive (Asynchronous drive) 
 
The presented model is necessary both for the 

development of flowrate control algorithm and for the 
development of a method for diagnosing SRP faults based on 
the wattmeter card signal processing.  

A. Simulation modeling of the SRP. 

To develop a control algorithm, it is necessary to consider 
the behavior of the system when control object and control 
system parameters remain unchanged. Namely, when the 
influx speed and the pump speed do not match each other. 

The dependence diagram of various parameters on time 
obtained using the developed model are presented in fig. 7 

In order to conduct simulation, the well parameters and 
pump speed remained unchanged. The initial position of the 
dynamic liquid level corresponds to the static liquid level. 
The bottom pressure is equal to reservoir pressure. The pump 
speed equals zero and the system is in equilibrium (Fig. 7). 

The dependence diagrams illustrate the situation when the 
pump speed is smaller than the flow speed (Fig. 7b). 

 

 
Fig. 7. The dependence diagrams of the average power consumed during the period W(t), the dynamic liquid level 

Hdin(t), the influx speed V (solid line) and the pump speed (dashed line) 
 
The given dependences prove the conclusions presented in 

[23]. The subsystem "oil reservoir - well - sucker rod pump" 
is self-organizing. The dynamic liquid level changes when 
the influx speed does not correspond to the pump speed. The 
change in dynamic liquid level leads to a change in the 
bottomhole pressure and influx speed. After some time, a 

natural alignment of these speeds occurs. However, the new 
steady-state value of the dynamic liquid level may differ from 
the optimal. This situation can lead to negative consequences.  
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With a decrease in the dynamic level, the pressure drop ΔP 

decreases, which leads to a decrease in fluid flow and an 
artificial lowering of the well’s debit.  

An increase in the dynamic liquid level leads to a decrease 
in bottomhole pressure and an increase in the polished rod 
load. A significant excess of the pump speed over the influx 
speed can cause a decrease in the liquid level before the pump 
intake, which can lead to a pump underload [24]. The above 
dependences also show that the value of the average power 
consumed during the period reflects a change in the dynamic 
level. The presented conclusions suggest that the control 
algorithm of this system should take into account the features 
of the system's behavior when the well is put on stream.  

B. Simulation of SRP faults 

The dependence of the change in the wattmeter card shape 
in case of leakage in the SRP pressure valve was investigated 
using the developed simulation model.  

The shapes of wattmeter card and the dynamogram 
corresponding to the SRPU normal operation (dashed line) 
and the fault signals (solid line) are shown in Fig. 8. 

It should be noted that currently the wattmetry method for 
faults diagnostics is not studied well. For that reason, the 
auxiliary dynamograms were obtained to study the features 
that led to faults (Fig. 8b).  

 

 
а) b) 

Fig. 8. Wattmeter cards (a) and dynamograms (b) obtained using the simulation model 
 

The analysis of results (Fig. 8a) showed that change in the 
shape of the wattmeter card corresponds to a simulated SRP 
fault (leak in the pressure valve). Thus, the developed 
simulation model also allows investigating the control object 
operation at various well and equipment parameters. Also 
this model allows studying the dependence of the change in 
shape of wattmeter card for various SRP faults. 

V. CONCLUSION 

The developed simulation model describes SRPU blocks in 
detail and allows investigating the system with various 
parameters of the equipment and the well. The model 
provides the logic of the closed loop system, which is 
necessary to develop control algorithms based on the study of 
the obtained dependencies. This model also allows 
simulating different faults of the well equipment in order to 
study the influence of these faults on the shape of the 
wattmeter card and to develop diagnostic algorithms. 

The developed model is needed to conduct an analysis of 
SRPU and to develop universal sensorless control systems. 
The conducted simulation of the SRPU operation showed 
that if the pump speed of well fluid is less than the influx 
speed, then subsystem “oil reservoir - well - sucker-rod 
pump” is self-organizing. There is a natural alignment of 
these speeds after a long time.  

The study of the dependence of the change in the wattmeter 
card shape for leakage in the pressure valve was investigated 
using the developed simulation model. 
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