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Introduction

Relevance of the topic. Oil continues to account one of the largest shares of

global primary energy. According to BP’s report in 2022 [1], oil production in 2021

remains high (89.877 million barrels per day) with the largest producers: USA (16.585

million barrels per day) and Russian Federation (10.944 million barrels per day). In

[2], it is reported that more than 70% of the existing oil producing wells employ

artificial methods to lift oil to the surface. Majority of the installations use sucker rod

pumping system, which is the earliest artificial oil extraction method [3; 4]. Sucker rod

pump system has already come to full development and offers low comprehensive cost,

simplicity, and adaptability to wide range of production rates. However, still there is

demand for research to find ways for improving its operational performance.

One way of achieving this objective is through development of efficient

monitoring and diagnostic systems. The sucker rod pump has subsurface parts,

which work thousands of meters dip in underground under severe circumstances.

Consequently, the failure rate of the subsurface parts is expected to be high. The

report in [5] about failure analysis of sucker rod pump indicates that majority of

failures are associated with subsurface pump, sucker rod string or tubing string. Due

to the subsurface component failure or unstable liquid supply, many faulty working

states are likely to occur. Operation at some faulty working state may cause abnormal

event advancement, economic loss, and invisible danger. The dynamometer card (a

closed locus,which shows relation between the polished rod displacement and load)

has been the primary tool for detecting subsurface working state in oil engineering

since 1963 [6]. Different working conditions of sucker rod pumping systems can be

distinctly recognized by the shapes of dynamometer card [7]. In the conventional

diagnosis approach, skilled staff can diagnose the subsurface working state based on

the shape of dynamometer card. However, diagnosis based on this method is inefficient

because its accuracy is affected by the personal know-how of the technical staff and

does not support a means for real time monitoring. Moreover, diagnosis based on
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dynamometer card relies on unreliable sensors. On the other hand, the motor power

curve is a promising alternative evidence to dynamometer card. It is informational

but diagnosis based on motor power curve requires computer aided techniques, which

have attracted much research attention.

Another heavily discussed problem in literature is the power requirement of

sucker rod pump drive, which is more complicated due to the nature of gearbox’s torque

loading during the pumping cycle. In sucker rod pump installations, the power bill

is occupying a commanding part of the operating cost [8]. Therefore, a reduction in

operating cost can be obtained by reducing the energy consumption of the sucker rod

pump drive. Since, there are large number of sucker rod pump installations worldwide,

any effort which saves energy consumption will produce considerable economic benefit

and help to meet the energy efficiency targets and standards.

Several techniques have been developed to save energy consumption in sucker

rod pump installations. The effect of counterbalance and choice of pumping mode

(combination of plunger size, stroke length, pumping speed) on the power requirement

has been discussed in [4]. Considerable energy saving has been achieved by means of

power off control, which was implemented in [9] by monitoring the position of the

polished rod. However, the practical application of this technique is limited to loads

which contain generation mode. The pumpoff control based on monitoring liquid level

introduced in [10] also enables to save some energy when inadequate liquid level is

examined. However, this method is not suitable for wells with water flooding. Multi-

function energy saving device that incorporates power off control, wye delta automatic

conversion and auto reactive power compensation, has been developed in [11]. This

method is applicable for different kinds of load profiles: light load with generator

mode, light load without generator mode, heavy load with generator mode, heavy load

without generator mode. Operating cost reduction by adapting some control strategies

that minimize motor losses is also another achievable solution.

Research related to easing the experimentation of many mechanical systems has

also attracted research attention. The sucker rod pump is one of them. Due to space

and financial reasons, it is impractical to keep the sucker rod pump in laboratory for
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experimental purpose. However, in different way, the experimentation task can be

carried out in laboratory by employing alternate facilities such as electromechanical test

bench, Hardware-In-Loop (HiL) with its extension Power Hardware-In-Loop (PHiL)

and their combination.

The degree of elaboration of the research topic. The sucker rod pump is

the leading artificial lifting method in the oil and gas industry. For the development

of sucker rod pump installations, significant contribution in connection to modeling,

monitoring and diagnosis, design and production cost analysis have been made by

Russian and foreign researchers: R.T. Akhmetgaryaev, E.M. Solodkiy, G. Guluyev,

V.B. Sadov, I.N. Shardakov, S. G. Gibbs, Tackas Gobar, A Koncz, S. Miska, B.M.

Wilamowski, L. H. Torres, B. Ordonez, M. Xing, G. Xianwen, S. Dong, Z. Boyuan,

X. Sun, F. ZiMing, X.Liu etc. The energy efficiency optimization of electrical drives in

general has also been the focus of many researcher such as V. N. Polykov, R.T. Shirener.

This indicates that there is a potential for research in this research direction.

Goal of dissertation work is to develop fault diagnostic and efficiency

improvement methods for sucker rod pumps driven by an induction motor. To achieve

these goals, the following tasks were set and solved. Tasks:

1. Development of an integrated sucker rod pump simulation model that enable

to simulate different working states.

2. Building a training set using feature vectors extracted from samples of motor

power curve and developing a diagnostic model for sucker rod pump.

3. Development of a special strategy for generating magnetizing current

trajectory to command a vector control system of frequency-controlled

induction motor drive for sucker rod pump and evaluation of its effectiveness.

4. Development of real time simulators for sucker rod pump drive.

Scientific novelty of the work is as follows:

1. An integrated sucker rod pump simulation model, which enables to reproduce

different sucker rod pump working states, has been developed in MATLAB.
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2. A fault diagnosis model for sucker rod pump has been developed based on

motor power curves and Support Vector Machine (SVM) by constructing a

training set with the help of sucker rod pump simulation model.

3. A special strategy for generating magnetizing current trajectory, which

provides some reduction in energy consumption, is proposed for an induction

motor controlled based on vector control system and driving sucker rod pump.

4. A real time sucker rod pump simulation model has been developed in

LabVIEW programming environment and on its bases electromechanical test

bench has been constructed for emulating the sucker rod pump dynamics.

5. A strategy for controlling load machine in electromechanical test bench was

proposed and implemented for emulating sucker rod pump (in reduced scale).

Theoretical significance of the work consists of the development of

mathematical and simulation model of sucker rod pump drive, which allow to conduct

a detailed study on operation and different working states of the sucker rod pump and

proposed methods to solve problems in sucker rod pump related to reducing energy

consumption and building training set, which is useful in developing computer aided

diagnostic methods.

Practical significance of the work includes development of diagnostic

algorithms, which are essential for developing intelligent diagnostic system for sucker

rod pump installations and real time sucker rod pump simulator, which is fundamental

to construct a test bench for studying the performance of sucker rod pump. In addition,

the sucker rod pump emulator can be used for conducting studies aimed at improving

the efficiency of rod pump electric drives.

The main provisions of the dissertation submitted for defense:

1. The developed sucker rod pump simulation model for generating samples of

motor power curve representing its different working states.

2. Fault diagnostic model based on motor power curve and SVM.

3. A special procedure for generating magnetizing current trajectory, which

reduces energy consumption for an induction motor controlled based on vector

control system and driving sucker rod pump.
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4. The real time model of sucker rod pump in LabVIEW programming

environment.

5. The load machine control strategy for emulating sucker rod pump (in reduced

scale).

Dissertation research methods. In the dissertation work, theoretical and

experimental research methods are used to solve the specified tasks. Theoretical

research is based on the provisions of theory of electric drives, electrical machines,

mechanics, automatic control systems, differential equations, methods of numerical

integration, direct and inverse Laplace transform, optimization methods such as

Lagerange. Experimental methods include computer simulation and electromechanical

test bench. The following software products were used in the studies: MATLAB

R2019b, LabVIEW 8.0.

Degree of reliability of scientific research and results. The diagnosis part

of dissertation work is based on motor power curve, in which its characteristics can

be directly related to subsurface pump operation. The motor power curve is periodic

with period equal to the period of one cycle of pump operation and it reflects the

effects of different forces exerted on the surface and subsurface components along

their corresponding time. The development and research of a strategy to reduce energy

consumption is based on minimizing motor current by acting on magnetizing current,

which is widely accepted method. The results of experiment from the electromechanical

test bench validate the accuracy of the developed simulation model. The shape of the

dynamometer card calculated using the motor measurements show that the simulated

working states by the real time simulator are correctly reflected on the drive machine.

Implementation of work results. The results presented in this work were used

in testing mobile wattmetering system for oil production facilities of type СК ШС-2

(ПКБСК) manufactured by «Большие системы».

Approbation of work. The main results of this work were reported at 6

conferences listed bellow:

– 2019 IEEE Russian Workshop on Power Engineering and Automation of

Metallurgy Industry: Research and Practice (PEAMI), Magnitogorsk, Russia.
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– 2020 27th International Workshop on Electric Drives: MPEI Department of

Electric Drives 90th Anniversary (IWED), Moscow, Russia.

– 2020 XI International Conference on Electrical Power Drive Systems

(ICEPDS), St. Petersburg, Russia.

– 2020 IEEE Russian Workshop on Power Engineering and Automation of

Metallurgy Industry: Research and Practice (PEAMI), Magnitogorsk, Russia.

– 2021 XVIII International Scientific Technical Conference Alternating Current

Electric Drives (ACED), Ekaterinburg, Russia.

– 2022 29th International Workshop on Electric Drives: Advances in Power

Electronics for Electric Drives (IWED), Moscow, Russia.

Personal contribution. The author has took an active part in developing fault

diagnostic model, control strategy for optimal energy efficiency and emulating system

for sucker rod pump.

Publication. The main results on the topic of the dissertation are

presented in 11 printed publications, 1 of which is published in journals, recommended

ВАК, 2 –– in periodical scientific journals indexed Web of Science and Scopus, 8 ––

in conference presentation. Registered 1 program for ЭВМ.

The structure and scope of the thesis. The dissertation consists of introduction,

4 chapters, conclusion and 2 appendices. In total, the dissertation has 156 pages,

including 88 figures and 10 tables. Reference contains 131 lists.
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Chapter 1. Sucker Rod Pump Modeling and Analysis

1.1 Introduction

A number of oil extraction (lifting) methods have been invented in the oil and gas

industry. However, it must be noted that the choice of oil extractionmethod significantly

influences the long term revenue of an oil field. The present chapter reviews some of

the lifting methods but the sucker rod pump is the object of this thesis.

Diagnosis, optimization of production rate and energy efficiency of sucker rod

pump installations are most favored research areas. For this purpose, it is essential

to accurately predict the operating conditions of sucker rod pump. This chapter

presents detailed mathematical model of surface components, subsurface components

and reservoir. Integrating all these models, the operating conditions of the sucker rod

pump can be predicted accurately.

1.2 Artificial Lifting Methods

Wide range of artificial lift methods have been invented to maximize the oil

recovery process. Generally, they can be classified into a group which use pump placed

below liquid level and another group which use compressed air, injected in the well

stream at some downhole point [3]. For different oil field conditions such as well depth,

desired production rates, fluid properties, etc, there are more than one choices from the

group which employ subsurface pump. However, it must be noted that the selection

of proper lifting method for a given well requires more than comparing the production

capabilities and efficiencies, because the choice significantly determines the long-term

incomes of the oil field.
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1.2.1 Sucker Rod Pump

Sucker rod pump also known as walking beam pumping is the oldest and

most widely used lifting method [3; 12]. The main elements which make the sucker

rod pumping system are prime mover, V-belt, gearbox, surface pumping equipment,

sucker rod string, the subsurface pump assembly, and the tubing string. The different

components of sucker rod pump system are indicated in Fig. 1.1. The prime mover, V-

Fig. 1.1 –– Sucker rod pump components[13]

belt, gearbox, and the pumping unit work together to produce an up and downmovement

of desired speed at the polished rod. This reciprocating movement is passed to the

subsurface pump, which employs positive displacement pump, through the sucker rod

string. This action helps to suck fluid and bring it to the surface.

Based on the size and application, the pumping unit can have different design

types (B, C, A, M, TM) [2; 3]. The conventional design type is designated by types B or

C. Type B represents for beam balanced arrangement while type C represents for crank

balanced arrangement. In these design types, the horsehead is on the opposite side of
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the driven part of the walking beam. Type B and C can be driven either clockwise or

anticlockwise. Unfortunately, due to their structural and dynamic property, the energy

consumption for types B and C is higher. In type A, which is also called air balanced, the

conventional type design is modified in such a way that the total weight is reduced. Type

M and TM designs provide a lower torque and power requirement than conventional

type. However, these two designs can only be driven in one direction. Changes in the

balance block are nonlinear and it cannot fully balance with the polished rod load. To

meet the demand of technical parameters with characteristics of smooth motion and

efficient energy saving, a four bar pumping unit was designed in [14].

The main reasons why sucker rod pump is still in wide use are its availability in many

different sizes and material combinations, simple technical installation, relatively good

overall efficiency and simple adjustment of the operation parameters [15; 16]. However,

due to limitation in strength of steel materials used in rod manufacturing, the sucker rod

pump requires certain load reduction arrangement when employed for deep pumping.

1.2.2 Hydraulic Pump

Hydraulic pumping is one of the widely accepted lifting method since 1930 [17].

It integrates several different systems for treating problems created due to corrosion,

paraffin, emulsions, salt deposits, high viscosity of the produced fluid [18]. Hydraulic

pumping systems do not use connecting rod to activate the subsurface pump. Instead,

they use power fluid to transmit power generated by the surface pump to the subsurface

pump, which employs either piston pump or jet pump to convert the energy in the power

fluid into the energy required to lift fluid to the surface. Fig. 1.2 and Fig. 1.3 show

arrangement for piston pump and a jet pump assembly respectively.

In Fig. 1.2 a and b, the power fluid at high pressure is guided through the pressure

pipe (3) to the hydro motor (4), which is rigidly connected to the piston of well pump

(5). This action enables the piston pump to suck and lift oil to the surface. In case
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Fig. 1.2 –– Piston pump [19]. a. open fluid circulation b. closed fluid circulation

Fig. 1.3 –– Jet pump [20]

of open fluid circulation (Fig.1.2a), the power fluid returns mixed with the produced

fluid through discharge pipe (6). However, in case of closed fluid circulation (Fig.

1.2b), the power fluid returns through a separate return pipe (7). The processing and

preparation facilities at the surface produce the required amount of power fluid for

another new energy conversion cycle in case of open fluid circulation. However, for

the case with closed fluid circulation only small amount to compensate the power fluid

loss is required.
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The jet pump assembly contains nozzle, throat and diffuser to convert first high

pressure power fluid flow to high velocity flow which induces low pressure sufficient

to entrain fluid from its suction section, and then to high pressure mixed fluid flow.

Although the initial cost of hydraulic pump systems is high but it has got good

application where other lifting methods are not suitable due to the advantages listed

in [18]:

– adjustable production rate,

– provides corrosion control,

– handles viscous oil very well,

– handles paraffin, solids, and gas,

– suitable for deeper and deviated wells.

1.2.3 Progressive Cavity Pump

Progressive cavity pump(PCP) consists of prime mover, sucker rod string,

production tubing and pump assembly. The pump assembly consists of stator and rotor

but no valves [3]. The stator is fixed to the production tubing whereas rotor is connected

to the sucker rod string, which is rotated by the prime mover. When the rotor is rapidly

rotated, pumping action is produced and hence fluid is lifted to the surface. Fig. 1.4

illustrates the basic surface driven PCP configuration.

Progressive cavity pump owns commonly needed merits such as simple

installation, low capital cost, low operating cost, high total system efficiency as a

result of its unique design features. Progressive cavity pump is suitable in application

where it is required to handle high viscous fluids, sand/solid matters, high percentage

of free gas. However, certain considerations such as pumping depth, temperature

capability, production rates, fluid level have to be taken into account during selection.
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Fig. 1.4 –– Progressive cavity pump [21]

1.2.4 Electric Submersible Pump

Electric submersible pump (ESP) shown in Fig. 1.5 is a type of oil lifting method

that utilize a multistage centrifugal pumps to lift oil to the surface by producing

centrifugal force. The ESP system consists of surface and subsurface equipment. The

surface equipment include transformer, motor controller, ESP well head, adjustable

speed drive. The subsurface equipment includes three phase electric motor, seal section

(protector), pump intake, multistage centrifugal pump, electric power cable and cable

bands. Each stage is stacked on the shaft and compressed in the housing. Each stage

consists of a rotating impeller and a stationary diffuser.

ESP is a perfect choice when the application requires high volume and depth

capability. Moreover, it is suitable for deviated wells. However, the major disadvantage

of ESP is that it has limited adaptability to major changes in reservoir and its
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Fig. 1.5 –– Electric submersible pump [22]

maintenance cost is high. It is not easy to run in high viscous fluids and is also sensitive

to free gas and/or abrasives.

1.2.5 Selection Guide

During selection of artificial lifting methods, the objective is to select an artificial

liftingmethod that can: givemaximum production rate, provide flexibility in production

rate, increase reliability and uptime, have lowest purchase and operating cost and

minimum footprint. However, every artificial lift method has some advantages and

disadvantages. Therefore, certain criteria’s such as operating depth, operating volume,

operating temperature, corrosion handling, gas handling, solid handling, servicing,
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prime mover, offshore application, overall system efficiency can be used during

selection. Table 1 gives comparison of the different artificial lifting methods based on

the given criteria.

Table 1 –– Selection guide lines [17]
Criteria Rod lift PCP Gas lift plunger

lift
Hydr.
piston

Hydr. jet ESP

Max.
operating
depth(m)

16000 6000 15000 19000 17000 15000 15000

Operating
volume(BDP)

to 5000 to 4500 to 30000 50 50 to
4000

300 to
15000

200 to
30000

Operating
temperature
(oF)

100/500 75/250 100/400 120/500 100/500 100/500 100/400

Corrosion
handling

good to
excellent

fair good to
excellent

excellent good excellent good

gas handling fair to
good

fair excellent excellent fair good poor to
fair

solid
handling

fair to
good

excellent good poor to
fair

poor good poor to
fair

Fluid
gravity(oAPI)

> 8 < 35 < 35 1* > 8 > 8 > 10

servicing Workover
or pulling
rig

Workover
or pulling
rig

Wireline
or
workover

Wellhead
catcher or
wireline

Hydraulic
or
wireline

Hydraulic
or
wireline

Workover
or pulling
rig

Prime mover Gas
engine or
electric

Gas
engine or
electric

compressor Well’s
natural
energy

Gas
engine or
electric

Gas
engine or
electric

electric
motor

Offshore
application

limited good excellent N/A good excellent excellent

Overall
system
efficiency

40-60 40-70 10-30 N/A 45-55 10-30 35-60

1∗ −GLR required 300 scf/bbl/1000/depth
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1.3 Sucker Rod Pump Components

The sucker rod pump consists of various surface and subsurface components,

which all together function to bring oil from the subsurface to the surface [23]. Most

sucker rod pump components are indicated in Fig. 1.1.

The main surface components are:

– Prime mover is the source of mechanical energy, which is transmitted to the

subsurface pump assembly through the shaft, V-belt, gear box, pumping unit,

rod string. Either internal combustion engine or induction motors could be

selected based on operating cost analysis.

– Gear box helps to reduce the prime mover speed to the desired crank speed.

This action increases the gearbox torque.

– Pumping unit is a four-bar linkage mechanism that helps to convert rotational

speed at the crank to up and down movement at the polished rod.

– Polished rod is made of a durable material that connects the walking beamwith

the sucker rod string.

– Counterweight is a certain mass fixed at the crank or walking beam to smooth

load on the prime mover.

The main subsurface components are:

– Sucker rod string is a long slender that reciprocates inside a tubing. At the upper

end it is connected to the polished rod while at the lower end it is connected to

the plunger of subsurface pump.

– Tubing is the piping which houses the sucker rod string and through it, fluid is

produced.

– Subsurface pump is composed of fixed barrel, plunger and two valves (standing

valve and traveling valve). This assembly forms a positive displacement pump.

The displacement of plunger relative to barrel influences the state of the valves.
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1.4 Mathematical Modeling of Sucker Rod Pump

The operating process of sucker rod pump is complex that involves multivariable

coupling. Hence, derivation of its mathematical model is not easy. The most essential

part of sucker rod pump’s model is the longitudinal vibration model of sucker rod string,

which is a boundary problem. Its solution requires information about the kinematics of

the suspension point and load on the plunger.

1.4.1 Sucker Rod String

The most important physical property of the sucker rod string is elasticity. Due

to this physical property, the impact of any load applied to the polished rod due to the

effects of the pumping unit’s motion is transmitted to the subsurface. Likewise, the

impact of different loads in the subsurface are reflected on the polished rod load as well

as at the input of the prime mover. The accuracy acquired when designing or studying

sucker rod pump installations depends on how exactly the sucker rod string’s physical

property is simulated. Thewave equation is themost recommendedmathematical model

to describe the sucker rod string’s dynamic nature. The wave equation in which its

derivation can be found in [3; 24] is given by:
∂2u

∂t2
=

Er

ρ

∂2u

∂x2
− ve
ρAr

∂u

∂t
, (1.1)

where:
√

Er

ρ
– equal to the speed of stress waves,

ve – viscous damping coefficient per unit length of sucker rod string,

Er – Young’s modulus of elasticity for rod material,

ρ – the density of the rod material,

Ar – cross-sectional area of the rod,
∂u
∂x – change of the rod displacement over the rod length,
∂u
∂t – shear velocity between the fluid and the rods.
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The physical property of the sucker rod string can also be described by

considering the sucker rod string as a dispersed spring-mass-damper system as shown

in Fig.1.6. Rod-fluid-tubing viscous friction and rod-tubing Coulomb friction have

influence on the accuracy of the developed model. These effects have been considered

in [25––28]. Recent excellent surveys [29––32] have also examined the impact of rod

buckling. In this thesis the effect of rod buckling on sucker rod string’s longitudinal

vibration is neglected and the sucker rod string model is described by constant stiffness

and damping coefficients. Based on these assumptions, the behavior of sucker rod

string can be described by:

m1ü1 = K0(u0 − u1)−K1(u2 − u1) + C0(u̇0 − u̇1)− C1(u̇2 − u̇1) ,

m2ü2 = K1(u1 − u2)−K2(u3 − u2) + C1(u̇1 − u̇2)− C2(u̇3 − u̇2) ,

... (1.2)

mn−1ün−1 = Kn−2(un−2 − un−1)−Kn−1(un − un−1)+

Cn−2(u̇n−2 − u̇n−1)− Cn−1(u̇n − u̇n−1) ,

mnün = Kn−1(un−1 − un) + Cn−1(u̇n−1 − u̇n)− Fpl(t) ,

where :mi – the mass of the ith element,

ui – the displacement of the ithelement,

Ki – the stiffness coefficient of the ith element,

Ci – the damping coefficient of the ith element,

Fpl – the load on the plunger.

Equation (1.2) is a boundary problem and uses the surface and subsurface models as

boundary conditions.

1.4.2 Surface Model

The prime mover, gear reducer and the pumping unit are the main elements of

the sucker rod pump in the surface.
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Fig. 1.6 –– Sucker rod string

Prime mover. The prime mover is the source of mechanical energy. Internal

combustion engine or electric motors can produce the required mechanical energy but

the choice depends on several factors. The operational characteristics of the prime

mover matters a lot when choosing prime mover for sucker rod pump application.

For example, when the choice is electric motor, induction motor of design D is most

preferred choice. The state spacemodel of inductionmotor in two-phase reference frame

[33] is expressed as:

disd
dt

= −disd +ωsisq + cimd + cωTrimq + ausd ,

disq
dt

= −ωsisd − disq − cωTrimd + cimq + ausq ,

dimd

dt
=

1

Tr
(isd − imd) + (ωs −ω)imq , (1.3)

dimq

dt
=

1

Tr
(isq − imq) + (ωs −ω)imd ,

Me = 1.5zp(1− σ)Ls(imdisq − imqisd) ,

JT
zp

dω

dt
= Me −Ms ,

where: (isd, isq), (imd, imq), (usd, usq) are respective stator current, magnetizing current,

and stator voltage in dq coordinate; ωs,ω, zp, JT ,Ms are synchronous speed, rotor

speed, pair of poles, total reduced inertia, and reduced moment to the rotor respectively;

Ts =
Ls

Rs
, Tr =

Lr

Rr
,σ = 1− L2

m

LsLr
, a = 1

σLs
, b = 1

σTs
, c = 1−σ

σTr
, d = b+c; andRs, Ls, Rr, Lr

are respective stator resistance, stator inductance, rotor resistance, rotor inductance.
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V-belt, sheaves, and gear reducer. Power is typically transmitted to the gearbox

from the motor through V-belt and sheaves as shown in Fig.1.7. Since, all points on the

Fig. 1.7 –– V-belt, sheaves, and gear box

belt are moving at same velocity, the following relation holds:

ω1 =
d1
zpd2

ω , (1.4)

where: ω1 is the angular speed at the input of the gear reducer.

Let the gear transformation ratio at the reducer be z, then the relation between

crank speed (ωcr) and rotor speed (ω) can be given by:

ωcr =
ω1

z
=

1

z

d1
zpd2

ω , (1.5)

Now, the overall transformation ratio (ur) of the belt-gear reducer system can be

represented by:

ur =
zd2
d1

. (1.6)

Pumping Unit. The motion law of the polished rod is deduced from the

characteristics of the pumping unit which is determined by angular displacement of

the crank as given by:

φcr =
1

zpur

∫
ωdt. (1.7)

The kinematics of the pumping unit can be expressed referring to Fig.1.8. Let,AB = r,

BC = k, CD = l1, DE = l2, OD = ny and OA = mx. Then, using the expressions
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Fig. 1.8 –– Schematic diagram of sucker rod pump

presented in Table 2, the coordinate position of points A, B, C, D, and E can be

determined at any time where:

α = 4((ny − yB)
2 + x2B),

α1 = x2B − k2 + l21 − n2
y + y2B,

β = 4(α1(ny − yB)− 2x2Bny),

γ = α2
1 − (2xBl1)

2 + (2xBny)
2.

Table 2 –– Coordinate position of main points
Coordinate
point

x y

A mx 0
B xB = mx + r cosφcr yB = r sinφcr

C xC =
√

l21 − (yC − ny)2 yC =
−β±

√
β2−4αγ

2α

D 0 ny

E xE = −xC
l2
l1

yE = ny − (yC − ny)
l2
l1

The angle subtended by segment CD with respect to the horizontal can be given

by:

aC = tan−1(
yc − ny

xC
). (1.8)

Then, the angular velocity of point E is expressed by:

ωE = −∆aC

∆t
, (1.9)

where: ∆t is the time interval.
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In general, the turning effect of different forces acting on a rigid body can be

reduced to any of the shafts based on the expression:

Ms =

i=q∑
i=1

Msiui +

j=p∑
j=1

Fsjρj, (1.10)

where: q and p are number of external moment and forces applied to the system,

ui – the transfer ratio of the ith element with respect to the reduction shaft,

ρj – the imaginary lever arm of the jth element to the reduction shaft,

Msi – the external moment of the ith element,

Fsj – the external load of the jth element.

Similarly, the total moment of inertia is given on the bases of the general

expression:

JT =
i=n∑
i=1

Jiu
2
i +

j=k∑
j=1

mjρ
2
j , (1.11)

where: n and k are the number of moment of inertia and masses performing rotational

and translational motion,

Ji – the moment of inertia of the ith element,

mj – the mass of the jth element.

If the reduction is assumed with respect to crank shaft, then:

ui =
ωi

ωcr
, (1.12)

ρj =
vj
ωcr

, (1.13)

where: vj – the velocity of the center of mass of the jth mass.

Analyzing the effect of the load on the polished rod is essential for predicting

the gear box torque. The moment due to the polished rod load about the saddle point

can be given by:

Mspht = Fphtl2, (1.14)

where: Fpht – the polished rod load.

The same moment about the crank shaft can be written:

Mpht = Fphtl2
ωE

ωcr
. (1.15)
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The torque at the crank shaft due to the polished rod load can be assumed to be

the product of the polished rod load and an imaginary lever arm. This imaginary lever

arm is known as torque factor and is defined as:

TF (φcr) = l2
ωE

ωcr
. (1.16)

The moment due to counterweight about the crank can also be expressed as:

Mcb = m1gRnp cosφcr, (1.17)

where:m1 – mass of the counterweight,

g – gravitational acceleration,

Rnp – distance between center of mass of counterweight and the axis about

which the crank rotates.

Finally, the total moment about the crank is:

Mc = Mpht +Mcb. (1.18)

The total inertia about the crank due to the beam, horse head, equalizer, bearing and

pitman can be calculated by:

JT =
n∑

j=1

mj

(vjur
ω

)2
. (1.19)

The inertial moment due to the different masses can also be written as:

Mi =
ω2

cr

2

dJT (φcr)

dφcr
. (1.20)

Therefore, the net moment about the rotor shaft can be given by:

Ms =
1

ur
(Mc +Mi). (1.21)

1.4.3 Subsurface Pump Model

The main elements of the subsurface pump assembly are barrel, plunger, standing

valve and travelling valve. The subsurface boundary condition is determined from
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(1.22), which is based on equilibrium of the plunger and considers the effects of

reservoir condition. The load on the plunger is given by:

Fpl = Apl(Pd − P ) + ArPd, (1.22)

where: Fpl represents load on the plunger,

Apl represents cross-sectional area of the plunger,

Ar represents cross-sectional area of the rod,

Pd represents discharge pressure,

P represents pump pressure.

Since the discharge pressure remains nearly constant for considerable length of

time, the variation of load on the plunger is mainly influenced by the pump pressure.

Therefore, a clear understanding of the pump operation is vital to describe the subsurface

boundary condition. During normal working state, four phases exist in one cycle of

pump operation based on the valve state and movement of the plunger. Table 3 presents

summary on the relation between plunger displacement, valve state and corresponding

phase. ∆Ps represents hydraulic loss of standing valve and ∆Pd represents hydraulic

loss of travelling valve. During faulty working states, the subsurface boundary condition

will be different from the boundary conditions of normal working state because the fault

may cause change in fluid flow or/and characteristics of the fluid or other mechanical

problems.

Table 3 –– Relation between plunger displacement, valve state and phase
Stroke Travelling

valve
Standing
valve

Pump
pressure

Phase

Upstroke closed closed Ps < P < Pd expansion
phase

Upstroke closed opened Ps −∆Ps pumping
phase

Down
stroke

closed closed Ps < P < Pd compression
phase

Down
stroke

opened closed Pd −∆Pd discharging
phase
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According to the pump working process, the pump pressure belongs to gas

polytropic process with mass change [34]. The operation of the valves depend on the

value of pump pressure relative to suction pressure for standing valve and relative to

discharge pressure for travelling valve. Based on the transient variation rule of liquid

pressure in the pump, the rate of liquid pressure in [29] is described by (1.23) and (1.24)

for upstroke and down stroke respectively as:

dP

dt
=


(vplApl−

πDplδ
3

12µLp
(Pd−P ))Pd

Vog(− 1
n )
(

P
Pd

)− 1
n−1

, if P > Ps

0, if P = Ps

(1.23)

dP

dt
=


(vplApl−

πDplδ
3

12µLp
(Pd−P ))Ps

Vg(− 1
n )(

P
Ps )

− 1
n−1

, if P < Pd

0, if P = Pd

(1.24)

where: Dpl – diameter of the plunger,

vpl – the velocity of the plunger,

Vog – the volume of residual gas of the clearance volume,

P – pump pressure,

δ – the gap between the pump plunger and barrel,

µ – kinematic viscosity of liquid,

n – power law coefficient,

Vg – the volume of free gas,

Ps – suction pressure.

1.4.4 Reservoir Model

Information about well’s inflow performance relationship plays vital role in

examining accurately the performance of sucker rod pump. Several factors such as

reservoir properties (rock permeability, pay thickness, etc), fluid properties (viscosity,

density, etc), and well completion effects (perforation, well damage) affect the fluid
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inflow into the well [3]. However, Darcy’s law is universally used for all the quantitative

analysis about oil reservoirs. Mathematically, Darcy’s law can be given by:
q

A
= −k

µ

dp

dl
, (1.25)

where: q – liquid rate,

A – cross-sectional area,

k – permeability,

dp/dl – pressure gradient.

For considerable length of time, several factors such as effective permeability, pay

thickness, liquid viscosity, drainage radius, reservoir pressure can be assumed constant.

This assumption results the simplest expression given by:

q = PI(Prev − Pwf), (1.26)

Where: PI – productivity index,

Prev – reservoir pressure,

Pwf – bottom hole pressure.

The expression (1.26) indicates that the inflow performance relationship is a linear

function of the bottom hole pressure.

In case, if the pressure in the vicinity of well bore can be below the bubble point

pressure, free gas can be liberated. This effect reduces the liquid rate compared to

single phase conditions. Such cases are better described by Vogel’s inflow performance

relationship [35] as given by the expression:
q

qmax
= 1− 0.2

Pwf

Prev
− 0.8

(
Pwf

Prev

)2

, (1.27)

where: qmax is the maximum liquid rate.

1.5 Simulation Results

Themodels of inductionmotor, pumping unit, sucker rod string, subsurface pump

and reservoir model are integrated. The integrated simulation model can be described
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Fig. 1.9 –– Sucker rod pump simulation model
Vs – supply voltage; Fpht-polished rod load; hpht- polished rod displacement; hpl-
plunger displacement; vpl - plunger velocity; Fpl - load on plunger; Prev- reservoir
pressure; Pwf - bottomhole pressure; Ps -suction pressure; Pd - discharge pressure; q

- rate of liquid flow

by the block diagram representation shown in Fig.1.9. The sucker rod string block

represents the longitudinal vibration model of sucker rod string. It interacts with the

pumping unit model and subsurface pump model to obtain the required boundary

conditions. It computes the polished rod load and kinematic parameters of plunger for

given surface and subsurface boundary conditions. The prime mover and pumping unit

model block simulate the energy conversion process and the kinematics of pumping unit

by interacting with the sucker rod string block and provides surface boundary conditions

to the sucker rod string model. The pump model simulates the pressure variation in the

pump, which is the key parameter in determining the subsurface boundary condition. It

interacts with the reservoir model by considering the material balancing. The reservoir

model simulates the well’s inflow performance relationship.

A pumping unit with a given geometry produces a unique kinematic characteristic

on its elements when driven. Since, the inertial torque and the overall gearbox torque

are dependent on the pumping unit’s kinematic parameters, it is essential to analyze the

pumping unit’s kinematic characteristics. In this dissertation work, all the results are

for the case when the pumping unit is driven clockwise (motoring mode in III quadrant

of the mechanical characteristics). Fig. 1.10 shows the polished rod’s displacement,

velocity and acceleration as well as its normalized load as a function of time for normal
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Fig. 1.10 –– Polished rod displacement, velocity, acceleration and load

working state. The polished rod displacement changes uniformly like sine function.

The polished rod velocity also varies somehow like sine function leading to the curve

of the polished rod displacement. Its value is positive during the upstroke while negative

during the down stroke. On the other hand, the polished rod acceleration varies in

irregular manner. The maximum acceleration occurs at the start of the upstroke while

the minimum acceleration occurs at the start of down stroke. A highly variable curve of

the polished rod load is an indication of the difference in loading during the upstroke and

down stroke. The oscillations at the beginning of each stroke show effects of dynamic

loads. The torque factor is the characteristic parameter for a given pumping unit, which

is useful in the calculation of net gearbox torque. Fig. 1.11 shows the variation of

torque factor with time. Selection of proper pumping unit is based on its kinematic

behavior. In ideal case the kinematic behavior of the pumping unit should have a long
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Fig. 1.11 –– Torque factor

and slow upstroke, faster and short downstroke, low torque factors on the upstroke,

reduced acceleration at the start of the upstroke.

Due to the elastic property of the sucker rod string, the polished rod displacement

and the plunger displacement do not coincide in magnitude and time. Fig. 1.12 shows a

comparison of polished rod displacement and plunger displacement. As it can be clearly

seen, the curve of the polished rod displacement varies uniformly. On the other hand,

the plunger does not start to move at the start of the upstroke. Similarly, the plunger

remains stationary at the beginning of down stroke. Moreover, it can be seen that the

stroke length of the plunger is less than the stroke length of the polished rod.

The net torque loading on the gearbox is the resultant of the torque due to polished

rod load, torque due to counterweight and inertial torques. Fig. 1.13 shows torque due

to counterweight, polished rod load, and inertia all reduced to the rotor shaft and the net
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Fig. 1.12 –– Polished rod displacement, plunger displacement

motor torque. Inertial torque is very small. Thus, it can be said that the motor develops

a torque mainly to resists to the resultant of the torque due to polished rod load and

counterweight. The torque due to polished rod load and counterweight are nearly out

of phase but do not cancel each other. Due to this reason, the net motor torque presents

a double-hump characteristics and as a response the rotor speed shows variations as

shown in Fig. 1.14.

The dynamometer card, which shows the relation between polished rod

displacement and load, is the primary tool in the analysis and diagnosis of the sucker

rod pump. It indicates the effects of static and dynamic loads acting on the polished rod.

Static loads are caused by the weight of the fluid column, buoyant force and weight

of the sucker rod string whereas dynamic loads include inertial and vibrational loads.

Moreover, the effects of string deformations can also be seen in the dynamometer
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Fig. 1.13 –– Gearbox torque components reduced to rotor shaft

Fig. 1.14 –– Rotor speed
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card. Fig. 1.15 shows the dynamometer card for normal working state. A higher load

along with short duration oscillations at the beginning of the upstroke and a lower

load along with short duration oscillation at the beginning of the down stroke indicate

the effect of dynamic loads. The dynamometer card is slightly rotated to the right due

to the effect of deformation.

Fig. 1.15 –– Dynamometer card

The effect of change in dynamic height on input power and power loss are shown

in Fig. 1.16 and Fig. 1.17 respectively. It can be seen that for deeper dynamic height,

the input power requirement and power losses are more than for less deeper dynamic

heights during the upstroke since the load on the plunger increases with increase in

dynamic height.

It is known that different combination of size and position of the counterweight,

produce different moment. Consequently, the energy consumption of the prime mover
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will be different. Fig. 1.18 shows the energy consumption for duration in upstroke, down

stroke and total energy consumption for one cycle of pump operation. As the distance

between the center of mass of the counterweight and axis of crank shaft decreases, the

energy consumption for upstroke increases whereas for the down stroke decreases. Fig.

1.19 shows the magnified total energy consumption. It can be seen that the optimal

radius is about 1.25 meters.

Fig. 1.16 –– Input power Hd1=1124m, Hd2=1070m, Hd3=1040m

1.6 Summary

The sucker rod pump system consists of complex subsystems. Therefore, certain

assumptions are adapted when modeling the different components. The models of the

different components of sucker rod pump are integrated to simulate the sucker rod

pump operation. The pumping unit’s kinematic parameters, different components of

gearbox torque, and dynamometer card are presented as results of simulation from the
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Fig. 1.17 –– Power loss Hd1=1124m, Hd2=1000m, Hd3=950m

Fig. 1.18 –– Effect of radius of counterbalance
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Fig. 1.19 –– Effect of radius of counterbalance (magnified)

developed integrated simulation model for normal working state. The results present

common characteristics of sucker rod pump. The integrated simulation model can also

be set to simulate different sucker rod pump faulty working states.Therefore, it can be

used for building a training set. Moreover, the developed model can help to deepen

research conducted in design and analysis. For example, research related to the optimal

counterbalance adjustment and optimal energy efficiency operation.
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Chapter 2. Sucker Rod Pump Working State Diagnosis

2.1 Introduction

The need to develop monitoring and fault diagnosis system is becoming apparent

in order to increase the economic benefits obtained from sucker rod pump installations.

Operation in faulty working state may lead to equipment damage and production loss.

An effective monitoring and diagnosis technology can help to monitor and control the

operation of sucker rod pump thereby ensuring safe and optimal production efficiency

operation.

The information about sucker rod pumpworking state is embodied in the polished

rod load and motor power curve if driven by electric motor. The information contained

in the polished rod load is interpreted with the help of dynamometer card. Each working

state is identified by distinctive characteristic shape of dynamometer card, which is

easily interpreted by visual inspection but is inefficient. In contrast, the motor power

curve cannot be easily interpreted by visual inspection. In recent researches, automatic

fault diagnosis system based on advanced methods have been proposed in order to

exploit the promising potential of motor power curve. However, the advanced methods

require large number of training data, which can be hardly obtained. In the present

chapter, the required labeled samples (motor power curve) for training are generated

using the developed dynamic simulator for sucker rod pump by considering the possible

scenarios in the subsurface. The samples are represented uniquely by a feature vector,

which is constructed based on valve working points and energy dissipation. The samples

generated by the model are utilized by SVM to produce classifying function.
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2.2 Sucker Rod Pump Operation Analysis

In the working process of subsurface pump, many coupled variables are involved.

As a result, its analysis is complex. In theoretical normal working state, as shown in Fig.

2.1 expansion, pumping, compression and discharging phases occur one after another

in one cycle of pump operation. The effect of the four phases can be described by the

theoretical dynamometer card as shown in Fig. 2.1 (top). PointA′ corresponds to bottom

dead center whereas point C ′ corresponds to top dead center. The travelling valve

closing point coincides with bottom dead center and the standing valve closing point

coincides with top dead center. Although the opening of both valves depends on the

amount of free gas in the pump, the assumption for the theoretical normal working state

is that the standing valve opens at point B′ and the travelling valve opens at point D′.

Fig. 2.1 –– Four phases of pump operation

Fig. 2.2 shows normalized curves of pump pressure, motor power curve, polished

rod displacement, velocity and load for the normal working state. It is known that when

the travelling valve is open, the pump pressure nearly equals the discharge pressure.

Conversely, when the standing valve is open, the pump pressure nearly equals the

suction pressure. The location of valve working points is clear from the curve of pump

pressure. This leads to the conclusion that the valve closing point corresponds to the

valleys on motor power curve and the valve opening points correspond to the peaks on

motor power curve. In addition, the minimum power corresponds to end of upstroke.
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Thus, the location of peaks and valleys on the motor power curve are convenient for

the analysis of the sucker rod pump working process.

Fig. 2.2 –– Mechanism analysis

2.3 Sucker Rod Pump Working States and Characteristics

In the study of sucker rod pump, the behavior of sucker rod string is found to be

the most influential part. The sucker rod string responds to all changes in the subsurface

conditions, where a sophisticated processes is involved. Faults in the underground

change the equilibrium points of the state equations that describe the subsurface pump.

As a result load on the plunger and polished rod are affected. The effects of a particular
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fault are distinguished by the shape of the dynamometer card. In literature, there are

more than 20 working state but, in this thesis, the flowing working states are considered.

Normal Working State. If there is sufficient inflow from the well at the given

pumping speed and the fluid pumped to the pump is incompressible (the amount of

free gas is small), the pump can be filled completely as shown in Fig. 2.3a. Under this

condition, the travelling valve immediately opens at the start of the down stroke and the

standing valve immediately opens at the start of the upstroke.

Fig. 2.3 –– Subsurface pump conditions [36]: a, normal working state b, gas affected

Gas Affected. If the fluid entering the pump is composite, the pump is partially

filled. At the end of the upstroke, the length of the free gas becomes larger as indicated in

Fig. 2.3b. This means the parameter Vg in (1.24) becomes larger. Under this condition,

during the down stroke, the gas is compressed until the pressure in the pump equals

the discharge pressure, where the travelling valve opens. This effect is characterized

on the dynamometer card by a slight absence bottom right corner as compared to the

normal working state. If the gas content is high such that no valve can open, the state

is called gas lock.
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Insufficient Liquid Supply. Insufficient liquid supply occurs if the pumping

speed is faster as compared to the inflow performance from the well. Under this

condition, the pump is partially filled and at the end of the upstroke the length of the

gas is like as indicated for gas affected. However, the pump pressure at the beginning of

down stroke is lower as compared to gas affected. Thus, the travelling valve opens when

the plunger is very close to the liquid level in the barrel and the impact of the plunger

on the liquid may induce high compression loads in the string [3]. A dynamometer card

which lacks the right bottom corner characterizes this effect.

Travelling Valve Leakage. Due to some damages after wearing out or dirty

cover, the travelling valve cannot be perfectly closed. This causes the liquid to leak

through the gap created and increases the pump pressure. A parabolic curve at the left

upper portion of the dynamometer card shows the effect of travelling valve leakage.

Plunger Hitting Top or Bottom Dead Center. Because of improper spacing of

the pump or some deposits in the pump barrel, the plunger could hit top or bottom dead

center. During the impact period, the load on the polished rod increaseswhen the plunger

hits top dead center but decreases when the plunger hits bottom dead center. During the

other durations, the working process is like the normal working state. This effect is seen

with a bulge on the dynamometer card at the lower left corner when plunger hits bottom

dead center and at the upper right corner when the plunger hits top dead center.

2.4 Review on Sucker Rod Pump Monitoring and Diagnosis

2.4.1 Monitoring Sucker Rod Pump Operating Condition

The sucker rod pump consists of surface and subsurface components. The

subsurface pump operates thousands ofmeters deep in the underground.Most of failures

of sucker rod pump are attributed to subsurface pump, sucker rod string and tubing.



46

Failure in these parts is defined as catastrophic because repairs of such equipment is

extremely expensive [37]. Therefore, for satisfactory oil well operation of sucker rod

pumps, it is important to single out the problems, record real root cause of each failure,

put into effect the appropriate change, and keep future failures from occurring.

Information on the subsurface conditions can be monitored or predicted from

direct measurements of well’s operational parameters namely well head and annulus

pressure, fluid temperature, dynamic fluid level, and mass flow rate. The elastic nature

of the sucker rod string also offers another alternative for monitoring or predicting

subsurface conditions. Through the reciprocating movement of the sucker rod string,

mechanical energy is provided to the fluid and as a response the sucker rod string is

exposed to different forces. These effects are transmitted up to the terminals of the

prime mover. Hence, these effects are reflected on the polished rod load as well as

on the input power of the prime mover.

Fig. 2.4 helps to realize the physical meaning of the well’s operational parameters.

The changes in well’s operational parameters can be monitored by using underground

sensors and acoustic measurements. An example of field wide optical sensing

deployment has been described in [38] to meet reservoir monitoring objectives. The

information obtained from these measurements can be utilized for material balance

calculation [39] and by a control system which improves production performance and

minimizes maintenance costs[40; 41]. Moreover, the use of thermogram to record the

temperature distribution along the wellbore provides several useful information [42].

For example, through such records it is possible to estimate the increase in temperature

with increase in depth and inflow profiles, analyze the series of changes taking place

in the formation (during thermal impact, pumping cold water), and reserve recovery

during watering, keep an eye on the technical condition of the wells and the operation

of subsurface equipment. However, the reliability of sensors placed in the subsurface

to measure the well’s operational parameters is not guaranteed and there is difficulty

in associating the parameters with the faulty working states.

The information about dynamic property of fluids, gas, subsurface and surface

equipment is present on acoustic records [43]. Conventional or automated devices can
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Fig. 2.4 –– Production well

be installed at the well head of the sucker rod pump to collect acoustic data. However,

advanced processing techniques are required to extract the useful information.

Acoustics is a convenient and accurate method for measuring the liquid level in

the annulus [15]. The application of acoustic analysis can be extended to sucker rod

pump working state diagnosis because there is a possibility to correlate sound feature

to dynamometer card [43]. Because surface installed special devices are more reliable

than those in the underground, monitoring through acoustic measurement installed at

the surface has better advantages than underground sensor-based monitoring. However,

noise in the vicinity of wellhead can also be recorded.

The dynamic effects of different forces exerted on the subsurface components

can also be observed on curve of the polished rod load. The dynamometer card is

the common way to analyze these effects. It can be produced from synchronized

measurement of polished rod load and displacement. Different types of sensors are

available for measuring the polished rod load and displacement. However, during
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selection higher consideration is given to their durability and accuracy. Moreover,

polished rod load and displacement can be obtained from motor measurements.

2.4.2 Sensor Based Measurements

Measurement of Load. Polished rod load can be obtained by installing strain

gauge in the beam, load cell on the carrier bar beneath the polished rod clamp or can

be inferred from motor measurements [44].

Beam mounted strain gauge measures the changes in the tension of the walking

beam, which is assumed to be equivalent to polished rod load. However, this is less

accurate because the polished rod load and pitman load have parallel load in addition

to the load which causes turning moment. Another drawback of this method is that

temperature influences the measured strain.

Load cell directly measures the polished rod load. To compensate the effects of

temperature, load cell employs full bridge strain gauge configuration. However, slight

imbalance occurs due to manufacturing tolerances.

The polished rod load can be calculated if the net gearbox torque, crank speed,

parameters of the pumping unit are known. The net gearbox torque and crank speed

can be obtained from motor measurements assuming the overall transmission ratio of

V-belt and gear reducer is known.

Table 4 gives comparative analysis of the three methods of polished rod

measurement. The most needed advantages can be obtained by inferring the polished

rod load from motor measurements.

Position measurement. The position of the polished rod can be measured by

using position switch, inclinometer or hall-effect transducer [44].

In the simplest method, the rod pump controller, which calculates the polished

rod displacement, assumes that the displacement of the polished rod is sinusoidal and

predicts the polished rod displacement using a reference signal generated from position
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Table 4 –– Comparison of methods used for obtaining polished rod load
Sensor type Ease of

installation
Reliability Accuracy

Beam mounted
strain gauge

easy high less

Load cell difficult less high
Motor
measurements

easy high high

switch, which is made from stationary stainless steel wand and magnet attached to the

crank. The position switch generates a reference signal when stainless steel wand, and a

magnet attached to the crank are face to face. Since the actual displacement of polished

rod is not sinusoidal, the measured displacement is not accurate.

In another method, the crank and rotor revolutions are measured using hall-

effect transducers and fed to rod pump controller. The transducer which measures the

crank revolutions serves as a reference signal while each rotor revolution indicates

incremental change in crank angle. In this method the calculation of polished

rod displacement is based on pumping unit’s geometry but requires proper phase

adjustment. This method has an improved accuracy compared to the position switch

method.

The polished rod displacement can also be measured directly using an

inclinometer. Inclinometer utilizes accelerometer to measure the angle of the beam

as it varies throughout the stroke [44].

Table 5 gives comparative analysis of different polished rod displacement

measurement methods. Each sensor type has its own advantages and disadvantages.

This demands another alternative.
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Table 5 –– Comparison of polished rod displacement measurement methods
Sensor type Ease of

installation
Accuracy Requirement

Position
switch

simple low calibration

Hall effect
transducer

simple medium proper configuration
and Phase adjustment,
calibration

Inclinometer difficult high careful installation

2.4.3 Inferring Polished Rod Load and Displacement from Estimated Rotor Speed
and Torque

Operation analysis or diagnosis based on motor measurement offers more

advantages. It can eliminate the use of sensors and improves the reliability of a

diagnostic system. In addition, monitoring based on motor measurements is more

informative because it can give complete information about operation of the subsurface

equipment and the state of the ground equipment. For example, rotor defects, static and

dynamic eccentricities and bearing defects can be identified from spectral density of

the power curve [42].

Polished rod load could also be inferred from motor torque and speed

measurements provided that the dimensions of the pumping unit and overall

transmission ratio of the surface transmission system are known. In [45], mathematical

bases have been developed to infer polished rod load from induction motor torque using

kinematic analysis. This article uses the rotor slot harmonics, which are present in the

line current of an induction motor, to obtain slip and then the shaft torque. Modern

frequency converters provide estimates of motor parameters. In [46], torque and

rotor speed estimates from the frequency converter and the identified correspondence

between rotor angle and polished rod displacement as well as no load torque are used

to infer the polished rod load.

The above discussion aims to obtain dynamometer card and through it sucker rod

pump analysis and diagnosis can be made. However, the effect of load variations along
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their corresponding times is contained on the motor power curve. The motor power

curve is periodic, with period equal to the period of one pumping cycle. Thus, in place

of dynamometer card, the motor power curve can be used as source of information

to diagnostic system. In some literatures, the motor power curve is also named as

wattmeterogram. Wattmetering is the process of obtaining a wattmeterogram showing

the relationship between the power consumed by the pump motor and the angle of

rotation of the crankshaft, or the dependence of the power consumed by the installation

from time [42]. Some conditions of sucker rod pump can be diagnosed visually from

the motor power curve. For example, by visual inspection of the consecutive peaks on

the motor power curve, coefficient of unbalance can be determined. Moreover, signs of

break in sucker rod string are indicated by an increase in the peak on the motor power

curve during the down stroke and no half-period of power increase during the upstroke.

Similarly, a leaky travelling valve is indicated on the motor power curve by significant

reduction in the power consumed by the prime mover during the upstroke. From the

spectrum of motor power curve, it is possible to diagnose defects in the gearbox gearing,

bearings, pumping unit elements, low oil level [47]. However, for better utilization the

motor power curve must be processed to extract the useful features.

2.5 Computer Aided Diagnostic System

The traditional diagnosis method of sucker rod pump has been found inefficient

for the obvious reasons. Therefore, it is essential to replace the traditional diagnosis

method by computer aided techniques to improve fault detecting means. To employ

computer aided techniques, three main issues need to be addressed.

The first issue deals with feature extraction. That is data analysis process to

represent each sample by a feature vector. The data analysis process varies depending

on the source of data (dynamometer card, motor power curve). Fourier descriptor,

curve moment, gray level matrix statistics, area, freeman chain code, etc are the
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bases for feature extraction algorithms found in literature if the source data are

dynamometer card. The characteristics of the selected extraction feature is required to be

invariant to translation, rotation, scale, and starting point [48]. Memory requirement and

computation speed are also important factors especially for online diagnosis. Fourier

descriptor, geometric curve moment, and grey level matrix statistics were compared in

[49] in terms of computing speed and memory requirement. The results indicate that

Fourier descriptor is the fastest but requires more memory space with possible loss

of information; curve moment is more time consuming and less memory consuming;

while gray level matrix statistics provides good performance of speed and space. On

the other hand, if the source of data is motor power curve, the authors in [50] noted that

only the frequency feature is not enough to describe sucker rod pump working process

hence they recommended to use some specific features that consider measures of data

distribution and relate to some definite physical meaning.

The second issue relates to classification problem. This problem deals with a

diagnostic model development that can maps an input feature vector to one of K

working states. It is divided into inference problem and decision problem [51]. The

inference problem deals in obtaining a model of posterior probabilities from a given

training data. On the other hand, decision problem concerns in making optimal decision

using posterior probabilities. The overall problem can be solved by solving first the

inference problem and then the decision problem or by solving both problems together

to find a discriminant function that maps inputs directly into decisions. For solving

the inference problem or for finding a discriminant function, machine learning methods

such Artificial Neural Network (ANN), HiddenMarkovModel (HMM), SVM, Extreme

Learning Machine (ELM), etc. are widely employed. When using SVM, ANN and

ELM, the nature of training samples can be treated as independent and identically

distributed. However, for many applications this assumption is far from reality. The

sequential aspects of set of data can be treated using HMM, which is a time series

model. For sucker rod pumps fault diagnosis purpose, SVM in [52––54]; ELM in [7;

55]; ANN in [56; 57] and HMM in [34; 50] were employed.
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The third issue concerns on how to obtain sufficient training samples for all kinds

of working states. There is a great challenge to gather required number of samples

for various types of faults because only few working states occur form a given well

in its life. An attempt to fill the requirement from different wells is not also effective

because the wells have different properties. Furthermore, similar to other processes, the

occurrences of the sucker rod pump working states have sequential nature. Therefore,

the training set constructed with this approach contains reduced information about the

given well. In addition to the challenges present for collecting samples, labeling for all

samples takes larger workloads if manual classification (supervised learning method) is

used. To reduce theworkloads imposed by supervised learningmethod, semi-supervised

learning method in [53] and unsupervised learning methods [58] have been used.

2.5.1 Feature Extraction

Feature extraction is an essential process in the development of computer aided

diagnostic model. The valve working points are essential points for describing the

operation of sucker rod pump. Fig. 2.5 shows a sample of motor power curve. On the

motor power curve, the valleys correspond to the valve closing points and the peaks

correspond to the valve opening points. When a change in working state occurs, the

distance between the valve working points changes as well as the energy consumption

at different parts of the cycle change. Thus, the following seven features can be defined:

– work coefficient of the four parts of a cycle are:

w1 =
1

w

∫ t1

t0

p(t)dt, (2.1)

w2 =
1

w

∫ t2

t1

p(t)dt, (2.2)

w3 =
1

w

∫ t3

t2

p(t)dt, (2.3)
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Fig. 2.5 –– Valve working points on motor power curve

w4 =
1

w

∫ t4

t3

p(t)dt, (2.4)

where: t0− t1 is the duration of first part of down stroke, t1− t2 is the duration

of second part of down stroke, t2 − t3 is the duration of first part of upstroke,

t3 − t4 is the duration of second part of upstroke, p is input power,

w =

∫ t4

t0

p(t)dt; (2.5)

– the distance between SV open (xSV,o,ySV,o) and TV open (xTV,o,yTV,o):

La =
√
(xSV,o − xTV,o)2 + (ySV,o − yTV,o)2; (2.6)

– the distance between SV closed (xSV,c,ySV,c) and SV open (xSV,o,ySV,o):

Lb =
√
(xSV,c − xSV,o)2 + (ySV,c − ySV,o)2; (2.7)

– the distance between TV closed (xTV,c,yTV,c) and TV open (xTV,o,yTV,o):

Lc =
√
(xTV,c − xTV,o)2 + (yTV,c − yTV,o)2. (2.8)

2.5.2 SVM Based Diagnostic Model

SVM is an artificial machine that can make judgment. It combines the inference

and decision stages to simply learn a discriminant function that maps an input feature
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vector directly into a class label. The property of SVM mattering much is that model

parameters are results of the solution of a convex optimization problem, so that any

local optimum is also a global optimum [51]. SVM also requires less computation time

than other machine learning methods during training.

In order to understand how the SVM algorithm solves the classification problem,

let’s start with the two-class classification problem as shown in Fig. 2.6. Assume the

training set is defined as {xn,tn}Nn=1 and the decision function is defined by:

y(x) = wTφ(x) + b, (2.9)

where: xn ∈ Rn – inputs,

tn ∈ {−1,1} – class label such that tn = 1 and tn = −1 represent class 1 and

class 2 respectively,

φ(x) - fixed feature space transformation,

b – the bias parameter,

w – normal to the hyperplane.

Fig. 2.6 –– Linear decision boundary
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For a given new data x, the class label can be predicted using the sign of decision

function. If y(x) > 0 , x is associated to class 1 otherwise to class 2. If the decision

function is a linear function of the input vector x, then class 1 and class 2 are said to

be linearly separable. For any point x in either class 1 or 2, its shortest distance from

the decision boundary is:

tny(xn)

∥w∥
⩾ M, (2.10)

where: M is the maximum margin.

Learning by SVM algorithm is intended to search parameters w and b that

maximizeM . The optimal parameters (w, b) can be obtained by solving (2.11):

arg max
w,b

{ 1

∥w∥
min
n

[tny(x)]}. (2.11)

Recognizing that rescaling the parameters w and b does not produce any effect

on the value of tny(xn)
∥w∥ , the constraint equation can be set freely as:

tny(xn) ⩾ 1, (2.12)

then, the problem in (2.11) will be equivalent to maximizing 1
∥w∥ or minimizing ∥w∥

2 .

Therefore, the optimization problem (2.11) is replaced by:

argmin
w,b

1

2
∥w∥2, (2.13)

s.t tny(xn) ⩾ 1.

The method of Lagrange multipliers is convenient in solving a constrained

optimization problems. If for each constraint an ⩾ 0 is introduced as a Lagrange

multiplier, then the above problem can be transformed to (2.14).

L(w,b,a) =
1

2
∥w∥2 −

N∑
n=1

an(tny(xn)− 1) (2.14)

The results of the derivative of with respect to w and b are given in (2.15) and (2.16)

respectively.

w =
N∑
n=1

antnφ(xn) (2.15)
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0 =
N∑
n=1

antn (2.16)

Using (2.15) and (2.16), (2.14) is further reduced to quadratic programming

problem as given by:

L(a) =
N∑
n=1

an −
1

2

N∑
n=1

N∑
m=1

anamtntmK(xn,xm), (2.17)

s.t an ⩾ 0,∑N
n=1 antn = 0,

where:K(xn,xm) = φ(xn)φ(xm) is kernel function.

Using (2.9) and the kernel function, the discriminant function can be rewritten as:

y(x) =
N∑
n=1

antnK(xn,xm). (2.18)

An interesting property of the optimization problem in (2.17) is that for any data point,

the following holds:

an = 0 or tny(xn) = 1.

Those points which satisfy tny(xn) = 1 are called support vectors. Therefore, only

support vectors are used to construct the decision function. The bias parameter can be

determined by averaging for all support vectors as given below:

b =
1

NS

∑
n∈S

(tn −
∑
m∈S

amtmK(xn,xm)), (2.19)

where: Ns is the total number of support vectors.

The assumption that class 1 and class 2 are linearly separable can be relaxed by

introducing a slack variable ξn ⩾ 0 for each training data point, which modifies the

constraint equation as given in (2.20) in order to modify SVM.

tny(xn) ⩾ (1− ξn) (2.20)

Then, learning by the SVM algorithm will be to minimize:

C
N∑
n=1

ξn +
1

2
∥w∥2, (2.21)
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where: C > 0 is control parameter.

Introducing Lagrange multiplier an ⩾ 0 and µn > 0 , the corresponding

Lagrangian can be written as:

L(w,b,a) =
1

2
∥w∥2 + C

N∑
n=1

ξn −
N∑
n=1

an(tny(xn)− 1 + ξn)−
N∑
n=1

µnξn. (2.22)

Taking the derivative ofL(w,b,a)with respect tow, b, and ξn, (2.22) is reduced to (2.23).

L(a) =
N∑
n=1

an −
1

2

N∑
n=1

N∑
m=1

anamtntmK(xn,xm) (2.23)

s.t

0 ⩽ an ⩽ C
N∑

m=1

antn = 0

Based on Karush-Kuhn-Tucker conditions, the decision making process can be

summarized as given in Table 6.

Table 6 –– Illustration of slack variable
Value of
an

Value of an
compared to
C

Value
of slack
variable

Role of data
point

Decision

an = 0 no effect
an > 0 an < C ξn = 0 support vector correctly

classified
an > 0 an = C ξn ⩽ 1 lie inside

margin
correctly
classified

an > 0 an = C ξn > 1 lie inside
margin

misclassified

For all support vectors for which 0 < an < C and ξn = 0 , the following is

satisfied:

tn(
∑
m∈S

amtmK(xn,xm) + b) = 1, (2.24)

and the bias parameter can be obtained by averaging them.

A K class discriminant functions can be constructed by extending the two-class

discriminant using one-versus-the-rest classifier or one-versus-one classifier. The one-

versus-the-rest leaves ambiguous regions in the feature space because in this approach
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themulticlass problem is reduced into two class problem.On the other hand, one-versus-

one classifier builds K(K − 1)/2 binary classifiers to distinguish only two classes.

2.6 Simulation Results

2.6.1 Training Data Generation

The need of computer aided diagnostic techniques are becoming important for

sucker rod pump installations. To develop computer aided diagnostic techniques, large

number of training data that represent the different working states is required [34].

However, there is difficulty in obtaining required amount of training data. This difficulty

can be addressed using a sucker rod pump simulation model as shown in Fig. 1.9.

By assuming different combinations of dynamic height and pumping speed, it

is possible to produce a number of samples that represent normal working state. A

number of samples for fault working states can also be produced by assuming variations

in the most influencing parameter of the desired fault. Since, most common faults are

due to problems created in the subsurface pump, the effect of such problems can be

simulated by changing inflow parameters in the reservoir model, liquid properties, or

assuming mechanical problems. In this way, 72 labeled dynamometer card and motor

power curve have been generated to construct a training set. In this simulation, the

training set consists of samples representing normal working state, insufficient liquid

supply, traveling valve leakage, gas affected, plunger hitting top dead center and plunger

hitting bottom dead center. In this research only the labeled motor power curve is used

as a source of data in the development of the diagnostic model. For each sample, the

required features are extracted to construct a feature vector using the proposed method.

Table 7 presents the average value of the feature extraction vectors for of all samples

with the same label. For a given sucker rod pump, it can be said that the feature vectors
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representing samples with the same label are similar and different from the other labeled

samples.

Table 7 –– Average values of extracted feature
State La Lb Lc w1 w2 w3 w4

Nor. 0.425 0.797 0.453 0.397 0.217 0.202 0.184
Lik. 0.477 0.729 0.462 0.355 0.217 0.241 0.187
Gaf. 0.416 0.799 0.503 0.488 0.247 0.102 0.204
Ins. 0.398 0.793 0.450 0.486 0.257 0.054 0.203
Bpb 0.422 0.711 0.437 0.185 0.183 0.409 0.222
Bpt 0.436 0.702 0.434 0.204 0.187 0.388 0.222

Nor.− normal working state;
Lik.− standing valve leakage;
Gaf.− gas affected;
Ins.− insufficient liquid supply;
Bpb.− the condition when hits bottom dead center;
Tpb.− the condition when the plunger hitstop dead center.

Fig. 2.7 to Fig. 2.12 present dynamometer card and motor power curve for a

representative sample of each working state. Fig. 2.7 shows the dynamometer card

and motor power curve for normal working state. The dynamometer card looks like a

parallelogram slightly rotated to the right. This shape is a characteristic feature of normal

working state. The motor power curve shows two comparable peaks, which obviously

correspond to the horizontal positions of the crank. As compared to the dynamometer

card for normal working state, the dynamometer card in Fig. 2.8 has slight absence

in the right bottom corner. This is typical characteristic of gas affected condition. The

dynamometer card shown in Fig. 2.9 has parabolic curve at left upper portion, which

characterize the effect traveling valve leakage. In Fig. 2.10, the dynamometer card lacks

the right bottom corner, which characterize the effect of insufficient liquid supply. Fig.

2.11 has a bulge at the left bottom corner, which indicates the effect of plunger hitting

bottom dead center. Similarly, Fig. 2.12 has a bulge at the right top corner, which

indicates the effect of plunger hitting top dead center. From the curves in Fig. 2.7 to

Fig. 2.12, it is not easy to diagnose sucker rod pump visually from motor power curve.
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Fig. 2.7 –– Normal working state

Fig. 2.8 –– Gas affected

However, each sample can be represented by a feature vector. And then using computer

aided techniques the diagnosis process can be performed.

2.6.2 Diagnosis

The overall classification process of sucker rod pump is divided into training and

diagnosis as shown in Fig. 2.13. The training process is performed offline while the

diagnosis process can be performed in real time. In offline, large number of labeled

samples of motor power curves are collected. For each sample required features are
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Fig. 2.9 –– Travelling valve leakage

Fig. 2.10 –– Insufficient liquid supply

extracted to build a training set. Then, the SVM algorithm uses the training set to

produce SVM parameters which are used to construct decision functions. In real time,

motor power curve is processed to produce a feature vector. Then, the classifier uses

the produced feature vector and SVM parameters to detect the working state. The

diagnosis results are presented in Table 8. It can be seen that all the samples for normal,

travelling valve leakage, gas affected working states are correctly classified. However,

three samples of insufficient liquid supply are incorrectly classified as gas affected and

two samples are as normal.
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Fig. 2.11 –– Plunger hitting bottom dead center

Fig. 2.12 –– Plunger hitting top dead center

Table 8 –– Confusion matrix
State Nor. Lik. Gaf. Ins
Nor. 12 0 0 0
Lik. 0 12 0 0
Gaf. 0 0 12 0
Ins. 2 0 3 7

2.7 Summary

Most common faults are attributed to abnormal changes in subsurface conditions

or defects of downhole components such as subsurface pump, sucker rod string, valves

and tubing. Knowledge of the subsurface condition is important for monitoring the
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Fig. 2.13 –– Diagnostic model

performance of sucker rod pump. Generally, the source of information about the

subsurface condition can be grouped into three. The first source is from measurements

of the well’s operational parameters using various types of sensors. The second source is

dynamometer card, which is constructed from sensor based measurements of polished

rod load and displacement. The third source is the motor power curve, which is obtained

from voltage and current measurements.

Traditionally, the different working states of sucker rod pump are uniquely

identified from the dynamometer card. Therefore, the information obtained from

the well’s operational parameters and motor power has to be correlated with the

dynamometer card. It was found difficult to correlate the information obtained form

the well’s operational parameters to the dynamometer card. In addition, this source

is based on various sensors, which have low reliability. Therefore, its application is

limited. On the other hand, dynamometer card can be easily derived from motor power

curve. There is also possibility to directly diagnose the sucker rod pump working state

frommotor power curve. However, computer aided technique is vital in order to employ

motor power curve for diagnosis. Three issues have been identified that challenge

for successful implementation of computer aided techniques. The first issue, which

deals with feature extraction, have been addressed by representing each sample by a

feature vector constructed based on distance between valve working points and energy

dissipation in the four parts of the pumping cycle. The second issue, which deals with
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classification problem, have been solved by using SVM. The third issue, which deals

in building an album of training set, has been addressed using a simulation model.

The proposed solution have been tested in simulation and results indicate satisfactory

accuracy of the SVM classifier. The SVM algorithm, the program for classification

and feature extraction processes have been developed in MATLAB programming

environment but they can also be rewritten in other programming environments.

Moreover, the program for classification and feature extraction processes can be

prepared to run on simple device, which can be used for onsite applications, with the

training process performed in a centralized unit.
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Chapter 3. Optimal Energy Efficiency Operation of Sucker Rod Pump

3.1 Introduction

There are nearly 920,000 oil producing wells worldwide and approximately 71%

of these wells use sucker rod pumping system [59]. Most sucker rod pumps are driven

by an asynchronous motor and require large amounts of energy to lift oil to the surface.

If by means of energy saving techniques, the power consumption for a single unit can

be reduced by small amount, the resulting economic benefit can be significant.

In this chapter, an integrated model consisting the models of AC-DC-AC

converter, induction motor, sucker rod pump is developed to study the energy

consumption of sucker rod pump installations. Best efficiency operation is obtained

by finding an optimal magnetizing current trajectory for one cycle of pump operation.

The optimal magnetizing current trajectory is obtained by examining the energy

consumption of all possible flux producing current trajectories in offline. Then, it can

be uploaded to the controller and be used until there is change in load torque trajectory.

3.2 Sucker Rod Pump Drive’s Power Requirement

The power input to the sucker rod pump drive is used to lift fluid and overcome

all types of losses in the prime mover, surface and subsurface transmissions. Fig. 3.1

shows the power flow in sucker rod pump system.
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Fig. 3.1 –– Power flow in sucker rod pump

3.2.1 Subsurface Energy Losses

The subsurface energy losses occur due to different causes. In the subsurface

pump, there are inevitable frictional and hydraulic losses in addition to that due to

leakage. The up and down movement of the sucker rod string also causes frictional

losses in case it rubs the tubing. Moreover, the produced liquids may pass on damping

force on the sucker rod string and cause other hydraulic losses. Thus, the mechanical

power input at the polished rod equals the useful hydraulic power by the pump plus all

the subsurface losses. The quotient of the useful hydraulic power to the power required

at the polished rod is termed as lifting efficiency [60] and given by:

ηlift =
Phydr

Ppht
, (3.1)

where, Phydr – useful hydraulic power,

Ppht – the power input at the polished rod.

The lifting efficiency is highly dependent on the pumpingmode (combination of plunger

size, stroke length, pumping speed) [4]. Thus, in order to achieve maximum possible

lifting efficiency, the sucker rod pump must be operated at optimal pumping mode.

The effective work done to lift the fluid depends on the polished rod load. The

useful work done at the polished rod can be given by:

Wpht = Fphtvpht(θcr)dt, (3.2)
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where: Fpht is polished rod load,

vpht is velocity of polished rod.

Equation (3.2) indicates that any technique which is capable to reduce the polished

rod load can help to save some energy. Moreover, such technique can also help to

maintain the polished rod load within permissible range, thereby ensuring safe pump

operation [61].

The polished rod load is the sum of static loads (sucker rod and fluid weight) and

dynamic loads (inertial load, vibration load, friction load and elastic force). Obviously,

a lighter load material will effectively reduce the polished rod load. Thus, the use of

fiber glass, which has good structural strength and lower density compared to steel,

produces a reduced polished rod load. Dynamic loads also account a considerable part

of the polished rod load. In [62; 63], shock absorber has been used to reduce dynamic

loads on the pumping unit and the intensity of applying loads to the sucker rod string.

Other subsurface pump designs such as the use of small pump diameters and side flow

pump [64] also help to reduce the liquid pressure load, thereby reducing the polished rod

load. The load reducer [61], which is installed at certain depth, is also another technique

used to reduce the polished rod load by producing counteractive force. However, the

use of these techniques may cause certain problems which limit their promotion for

wide application. Of all techniques, the load reducer is still the most effective because

short service life for shock absorbers, increased resistance on the plunger for side flow

pumps, reduced production rate for small pump diameters, incompatibility of fiber glass

in certain conditions such as high temperature, heavy oil and deviated wells limit their

use [65].

3.2.2 The Surface Transmission Energy Losses

The surface transmission loss is associated with frictional losses that arise in the

surface components such as in the stuffing box, gear reducer, pumping unit’s structural
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bearing andV-belt. The efficiency of the surface transmission system, as reported in [66]

is relatively high and nearly constant for a wide range of load rate. However, if large

load fluctuation and variable equivalent inertia are considered, the rotating vibrational

loss increases [59]. This assumption complicates the analysis because surface model,

which is currently based on one degree of freedom need to be replaced by surface model

based on two degrees of freedom. In [65], correlation functions presented in Table 9 are

used to approximate for the transmission efficiency of prime mover, v-belt, gear reducer

and four-bar linkage mechanism. Since, the variation of transmission efficiency is small

with change in load, there is no need to improve transmission efficiency.

Table 9 –– Correlation function of transmission efficiency [65]
Content Correlation function
Prime mover −95e

−P
2.75 − 0.175 + 95

Belt 0.98− 0.98e
−P
5.5 − 0.00001P 2

Gearbox 0.97− 0.97e
−P
2.9 − 0.00004P 2

Four bar
leakage

0.94− 0.94e
−P
2.9 − 0.00003P 2

3.2.3 Optimal Counterbalance

Due to the inherent characteristics of the pumping unit, sucker rod pump has

poor balance effect, bigger fluctuation of gearbox torque, existence of negative torque,

lower work efficiency and bigger consumption of energy. To overcome these issues,

a counterweight is placed at the crank or at rear end of walking beam. As a result,

net torque can be smoothed and a relatively uniform loading on the prime mover can

be ensured. As reported in [67], the use of proper counterbalance has the following

beneficial effects:

– torque rating of gear reducer can significantly be decreased compared to

unbalanced condition;
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– the size of the required prime mover is also smaller with an associated lower

energy demand for pumping;

– the smoother operation of a properly balanced speed reducer lowers

maintenance costs and increases equipment life.

There is no standard approach adapted for determining the optimal

counterbalance [68]. However, optimal counterbalance condition is characterized

by equal peaks of net torque during up and down stroke, equal energy consumption

for upstroke and down stroke, minimum cyclic load factor (CLF) based on the net

load torque. CLF is defined as the ratio of the root mean square to the average net

gearbox torques over the pumping cycle:

CLF =

∫ 2π

0

√
[Ms(φcr)]2dφcr

2π∫ 2π

0
[Ms(φcr)]dφcr

2π

. (3.3)

The energy consumed over the pumping cycle (Wm) can also be calculated by:

Wm =

∫ T

0

pdt, (3.4)

where: p – motor input power,

T – the period of one pumping cycle.

Since, there is a linear relation between the torque and current in electric motors,

the peak currents in the up and down stroke can indicate the degree of balance [8]. The

balance coefficient can be defined as:

Kub =
Imu − Imd

Imu + Imd
, (3.5)

where: Imu – the maximum current during the upstroke,

Imd – the maximum current during the down stroke.

Proper balance is characterized by nearly equal peak currents during up and down

stroke. Hence, small absolute value ofKub indicates better balance condition. However,

diagnosis for balance condition through current measurements is not always trusted

because ammeters cannot distinguish between motor or generator operation. The report

in [67] associates the optimal counterbalance with the condition that produces minimum
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CLF. In the report [68], the optimal counterbalance is associated with the condition that

produces minimum energy.

A counterweight attached to the crank is the most common arrangement used to

balance the pumping unit. The torque due to this counterweight opposes the rod torque

in direction and can easily be expressed as:

Mcb = −Mcbmaxsin(φcr + τ
′), (3.6)

where: τ′ – offset angle.

Optimal balance is achieved if the size and position of counterweight are correctly

selected. The size of the counterweight can be determined simply using the fact that the

crank angles where the net gearbox torque attains maximum value during the up and

down stroke are the same whatever degree of balance may be. Thus, if the offset angle

is zero and inertial torques are neglected, the optimal maximum counterbalance torque

can be calculated by Gibb’s proposal [69]:

Mcbmax =
Mpht(φcru)−Mpht(φcrd)

sinφcru − sinφcrd
, (3.7)

where:Mpht – polished rod torque,

φcru – the crank angle at which the net gearbox torque reaches maximum value

during up stroke,

φcrd – the crank angle at which the net gearbox torque reaches maximum value

during the down stroke.

Alternate approach is presented in [70] to estimate optimal size of counterweight that

results minimum rootmean square using adaptive torque and rotor speed observers. This

approach enables to examine the balance condition based on electrical measurements

and can avoid the need for sensors.

Traditionally, the arrangement is such that counterweight’s combined center of

gravity falls on the center line of the crank. With this assumption, the counterbalance

torque can be changed by changing the size of the counterweight and position of the

counterweight. However, it seriously reduces the possible number of counterbalance

arrangements [8]. Better balance can be achieved with other arrangements like structure

of lower barbell pumping units with compound balance [71].
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3.2.4 Reducing Inertial Torque

The nature of the crank speed depends on type of the prime mover used. Low

slip electric motors drive the crank at constant speed whereas high slip electric motors

or multicylinder engine drive the crank at varying speed [72]. However, the angular

speed of the walking beam varies whatever the crank speed may be. This causes the

structural parts of the pumping unit to store and release energy. Consequently, inertial

torque known as articulating torque is produced. If the crank speed is not constant,

the acceleration/deceleration coupled with heavy masses also produces rotary inertial

torque. The inertia of each element can be determined as presented in chapter 1.

The nature of crank speed curve determines the distribution of inertial torques.

The reports in [73; 74] proposed motor speed control to redistribute inertial torque and

reduce load variation. However, a simple way is required to formulate the optimal speed

curve. Open and closed loop control schemes are used to minimize the fluctuations in

the motor output [75]. Although the articulating torque exists even if the crank speed is

constant, it has negligible effect on the net torque. In addition, the effect of rotary torque

is also small. For example, a 15% speed variation over the average speed introduces less

than 10% error in the net torque if inertial torques are neglected [76].

3.2.5 Sucker Rod Pump Prime Movers

Sucker rod pump systems use either internal combustion engine or electric

motors to generate the required mechanical energy. Several factor such as initial cost,

service life and operational cost are considered when making a choice between internal

combustion engine and electric motor.

Internal combustion engines are available with operational speed that ranges

from 200 to 2000 rpm. Slow speed engines ensure correct operation under cyclic loads
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because the variation of the developed torque over a large range of speeds is small.

Similarly, electric motors are also available with different operational characteristics,

some of which are especially designed to suite sucker rod pumping services [67].

Fig. 3.2 shows the relative torque-speed characteristics of National Electrical

Manufacturers Association (NEMA) design A, B, C, D and E motors [77]. NEMA

design B characteristic is commonly adapted for designing industry standard motors.

Class B motors are characterized by normal locked rotor torque, normal locked rotor

current, normal slip, and a higher breakdown torque. However, the normal design

parameters of design B does not meet the torque-speed characteristic demanded by

some applications such as sucker rod pump systems. For sucker rod pump installations,

design D motors are the most favored. The most important characteristic of this design

is a high locked rotor torque which is sufficient to start the pumping unit. In addition,

design D motors have high slip characteristic. Therefore, a small variation in torque is

reflected by a larger speed change.

Most sucker rod pump installations are driven by induction motor. In induction

motor, the forms of energy losses are the stator cooper losses, iron losses, rotor cooper

losses, windage and frictional losses. Due to these losses, the mechanical power output

is less than the electrical power input. Moreover, the load on the motor shaft fluctuates

even if the pumping unit is optimally balanced. This kind of load demands a significantly

overrated motor as the sizing need to consider the peak load. Fig. 3.3 shows the effect

of load variation on the motor performance curves. The efficiency is lower when an

overrated motor is used. The study conducted by [78] on oil producing well in one of

the fields in Western Siberia is a good example.

The overall efficiency for sucker rod pump installations is the product of

lifting, surface transmission, and motor efficiencies. The lifting efficiency can be

improved by selecting the optimal pumping mode. The surface transmission efficiency

is nearly constant with change in load if proper maintenance is done. The effect of the

counterbalance torque and inertial torque on the mechanical efficiency is negligible

since the average power due to the counterbalance and inertial torque is zero. The
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Fig. 3.2 –– Torque vs speed characteristics of NEMA motors [77]

Fig. 3.3 –– Average efficiencies of different vendors’ electric motor [79]
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motor efficiency can be improved by minimizing the controllable losses. The following

reviews efficiency optimization methods for induction motor.

3.3 Review of Efficiency Optimization Methods for Induction Motor

World wide, the energy consumed by electric motors is high. It reaches about 70%

of the total energy consumption but must be noted that three phase induction motors in

the power range 0.75KW to 750KW consume close to 90% of the total share [80].

Induction motor is without doubt the workhorse of electric power industry [77]. It is the

source of motive power in most common applications such as pump, lift, exhaust fans,

hoist drives etc. Its simple, strong and effective construction, good efficiency, and low

cost are the main factors that encouraged its use in wide applications. However, most

induction motors are operated at low efficiency because in most industries the use of

the same type of motor is widely adapted for reasons of standardization practices and

maintenance costs [81]. In order to meet the energy efficiency targets and standards,

there is demand to operate induction motor at optimal efficiency by control means. But,

this is more difficult because induction motor is represented by a nonlinear system with

a coupled multi-input multi-output system.

For any desired application, an improved electric motor performance can be

achieved by adapting suitable design forms. In today’s market, different types and

design categories of electric motor are available. For example, cage-type induction

motor can be found in design A, B, C, D and E according to NEMA classification, which

is based on the torque-speed characteristics. The most significant machine parameter

in this classification is the actual rotor resistance [77]. The difference in the torque-

speed characteristics among the different designs is wide. Therefore, familiarity with the

different designs and their characteristics is essential in order to select suitable induction

motor design for a particular application. Design B and C are most commonly used

designs [82]. Design B motors are often used for applications that operate at nearly
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constant speed. They are characterized by steep characteristics of speed-torque, speed-

current and speed-efficiency close to the nominal operational speed [15]. Therefore,

a small change in the speed causes large changes in the efficiency and stator current.

This means, the use of this type of motors is not recommended in applications such

as sucker rod pump which apply a variable load. Induction motors with design D have

better characteristic under cyclic loading and are the most preferred for these types of

applications. Design D induction motors are characterized by high starting torque, low

starting current and high operating slip [83].

An improved electric motor performance can also be achieved by controlling

the drive to operate at optimal operating point. To determine the optimal operating

point, it is essential to develop optimization model. Optimization models for different

types of electric drives are presented in [84]. These optimization models include

electromechanical and energy models with a freely variable vector for control actions

at the input, vector which determines the conditions of the technological problem and

a vector quality indicator at its output. For an induction motor, slip or rotor flux can be

varied freely without affecting the technological problem and hence either of them can

be chosen as a control variable for optimization. On the other hand, power loss, stator

current, power factor, etc., could be selected as quality indicators.

The input power to induction motor drive is used to perform the required useful

work and overcome all types of losses in the motor and converter. At nominal operating

condition, the efficiencies of converters can reach 98% and the efficiencies of medium

and high rating motors are over 95% whereas, at partial loads the efficiency declines

considerably [33]. Power loss in converter appears in the form of conduction and

commutation losses. It does not need any pay attention in efficiency optimal control

if small drives are considered [85; 86]. Power loss in the motor include copper, iron

and mechanical losses. Since, copper and iron losses are controllable, it is possible

to operate the drive at optimal efficiency by control means. However, the design of

control system requires comprehensive loss model development of the drive system.

The comprehensive loss model can be derived from representative equivalent circuit.

The stator and rotor copper losses produce heating effect, which can be represented
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by using resistors in the equivalent circuit. Mechanical losses are dependent on the

rotor speed but are free from the influence of stator and rotor currents. Their effect

can be included into the mechanical equation using viscous friction coefficient and dry

friction torque because they appear in form of frictional and the aerodynamic losses. In

contrast, iron losses have magnetic nature and their effect can be realized either using an

equivalent torque in the mechanical equation [87] or an equivalent resistor [33; 85––89]

in the equivalent circuit.

In a vector-controlled induction motor drive, if the rotor flux vector is fixed to the

real axis of the coordinate system, the estimated torque is proportional to the product

of torque producing current and rotor flux. The required torque producing current is

provided by the speed controller but the rotor flux can be set based on optimal energy

efficiency targets. Since with decrease in rotor flux the copper losses increase whereas

iron losses decrease, operation at optimal efficiency can be achieved by acting on the

reference flux. Based on this principle, several researches [90––101] have already been

conducted aiming to force the induction motor drive to operate at optimal efficiency.

Generally, the strategies that deal with efficiency optimization of induction motor drive

can be grouped into simple control, model-based control, search control, hybrid method

(combination of model-based control and search control).

The simple state control is the easiest strategy that is based on either slip

frequency or power factor control because there are facts connected to optimal

efficiency operation. At optimal efficiency operation of induction motor drive, it was

observed in [86] that the power factor almost maintains a constant value. Like the power

factor, it has been demonstrated in [95; 96; 99] that the slip can be determined only

from motor parameters and is constant at optimal efficiency operation of induction

motor drive. The implementation of this strategy is simple but its accuracy is limited

to a narrow set of conditions. In addition, there could be parameter variation, which

could cause a shift of optimal operating point. Model-based control adjusts the rotor

flux based on optimal rotor flux calculated from a derived loss model of an induction

motor drive. It is the fastest approach but analytical derivation of loss model might

be very difficult and its accuracy is sensitive to parameter variation. The search control
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looks the optimal operating point for a given output by simply changing stator current or

rotor flux in steps. In the search process knowledge of motor or converter parameters is

not required. However, this method slowly converges to the optimal operating point and

has poor dynamic performance due to torque pulsations. The hybrid method takes the

good characteristics of the model-based control and search control. Hence, it gives fast

convergence to operating point with minimum power losses and shows good dynamic

performance and no sensitivity to parameter changes [100].

When an induction motor drives a cyclic load, optimization problem formulation

must fully involve the nature of the closed cycle operation. For such a problem,

the possibility of obtaining optimal solution has been shown in [91; 101] using

dynamic programming. In [91] a steady state loss minimization has also been extended

to dynamic operation and results loss saving comparable to the optimal dynamic

programming method.

3.4 Modeling Adjustable Speed Drive Based on Induction Motor

For many applications driven by an induction motor, it is important to precisely

control their torque, speed, and position in order to increase their energy efficiency or

to meet users demand with respect to flexibility [92]. Most proposed control strategies

for an IM can be conveniently realized using frequency converters, which are present

in many different topologies. A PWM voltage source converter with diode front-end

rectifier is the most widely applied topology in modern variable speed ac drives [93]. In

this topology electric power occasionally drawn from induction motor fed by voltage

source converter is wasted in braking resistor connected in series with an electronic

switch. If the diode rectifier is replacedwith PWMboost rectifier as shown in Fig.3.4, an

ideal four quadrant operation becomes possible. In addition, with PWM rectifier, the dc

bus voltage can be controlled, and the power quality can be improved.Most well-known

global companies such as ABB, SIMENS, etc., employ this type of configuration.When
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AC-DC-AC converter is used to drive an induction motor, the overall system will

behave as a nonlinear load as seen by the AC supply line [102]. Therefore, the control

objective includes current harmonic reduction in addition to achieving the required

motor performance.

Fig. 3.4 –– AC/DC/AC converter

3.4.1 Switching Network

The switching network shown in Fig. 3.5 is common in all basic converters. The

state of the three upper switches can describe all the possible configurations of the

switching network.

The operation of a switching network can be described by a model derived using

the switching function. For the network shown in Fig. 3.5, a switching function can be

defined as (3.8) where j = a, b, c.

Sj =

1, if swjp is closed

0, if swjp is opened
(3.8)

Using the switching function, the relation between the dc port current (idc) and ac

terminal current can be described by (3.9). Similarly, the relation between ac line voltage

and dc voltage can be written by (3.10) where udc is the voltage across the dc terminals.

idc = Saia + Sbib + Scic (3.9)
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Fig. 3.5 –– Switching network

usab = (Sa − Sb)udc

usbc = (Sb − Sc)udc (3.10)

usca = (Sc − Sa)udc

The phase voltages at the input of the PWM rectifier can also be given by:

usa = faudc ,

usb = fbudc, (3.11)

usa = fcudc,

where:

fa =
2Sa − (Sb + Sc)

3
, fb =

2Sb − (Sa + Sc)

3
,fc =

2Sc − (Sb + Sa)

3
.

The same switching network model can be used to describe the boost rectifier and

voltage source inverter (VSI).
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3.4.2 PWM Boost Rectifier Modeling

Fig. 3.6a and b depict the basic diagram and single-phase representation of three

phase boost converter respectively. The voltage equation for the circuit shown in Fig.

3.6b can be written as:

Fig. 3.6 –– Rectifier schematics [103]

UL = UI + Us, (3.12)

where: UI = RIL + jωLIL,

UL – the source voltage,

Us – the bridge converter voltage controllable from the dc side,

IL – line current.

By controlling the amplitude and phase of the converter Us, we can control the

phase and amplitude of the line current. This effect can be seen in Fig. 3.7, where the

phasor diagram for: rectifier operation at a power factor less than unity (a), rectifier

operation at unity power factor (b), and inverter operation at unity power factor (c)

are shown.

The mesh equation in the ac side of the boost rectifier can be written by:

uj = Rij + L
dij
dt

+ usj, (3.13)

where: j = a, b, c.

In the dc side of the boost rectifier, the Kirchhoff’s current law can be written:

C
dudc
dt

= Saia + Sbib + Scic − iload, (3.14)
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Fig. 3.7 –– Phasor diagram

where: iload– the load current.

Equations (3.13) and (3.14) describe the model of three phase boost converter.

The active and reactive power supplied by the source to the boost converter can be

expressed as in (3.15).

p = uaia + ubib + ucic

q = 1√
3
(ubcia + ucaib + uabic)

(3.15)

Let the phase voltage and the fundamental line current be defined as:

ua = Em cosωst

ub = Em cos(ωst+
2π

3
) , (3.16)

uc = Em cos(ωst−
2π

3
)

ia = Im cos(ωst+φ)

ib = Im cos(ωst+
2π

3
+φ) , (3.17)

ic = Im cos(ωst−
2π

3
+φ)

where: Em– the amplitude of the phase voltage,

Im– the amplitude of the line current,

ωs– the angular frequency,

φ– the phase shift,

then, the model of three phase boost rectifier in synchronous reference frame can be

described by (3.18) and (3.19).

ud = Rid + Ldid
dt −ωsLiq + usd

uq = Riq + L
diq
dt +ωsLid + usq

(3.18)
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C
udc
dt

=
3

2
(Sdid + Sqiq)− iload (3.19)

Thus, the active and reactive power supplied by the source to this converter in

synchronous reference frame can be expressed as in (3.20).

p = uLdiLd + uLqiLq

q = uLqiLd − uLdiLq
(3.20)

3.4.3 Control Strategies for Boost Rectifier

The control strategies for PWM rectifier are classified based on their principle as

shown in Fig. 3.8. However, the most used control strategies for PWM boost rectifier

are voltage-oriented control (VOC) and Direct power control (DPC). VOC employs

current control loop, which influence its configuration and performance whereas DPC

is without current control loop and PWM modulator because the converter switching

states are selected by switching table based on instantaneous error between commanded

and estimated values of active and reactive power [93].

Fig. 3.8 –– Classification of control methods for PWM rectifier [93]

The control scheme for voltage-oriented control is shown in Fig. 3.9. It involves

transformation of three phase measured current and voltage into dq-coordinate system.
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The controller uses the line currents in the dq coordinates and dc link voltage to generate

reference voltage to the PWM block.

Fig. 3.9 –– Schematic of VOC [104]

If the d-axis of the rotating reference frame chosen is aligned with the line voltage

vector, the active and reactive power can be controlled independently. The q-axis current

controls the reactive power and the d-axis current controls the active power. Equations

(3.18) can be written as in (3.21).

Em = ud = Rid + Ldid
dt −ωsLiq + usd

0 = uq = Riq + L
diq
dt +ωsLid + usq

(3.21)

For unity power factor control, the q-axis current is set to zero and the dc link voltage

controller sets the reference d-axis current. Fig. 3.10 shows decoupled current control

of PWM rectifier for unity power factor control.
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Fig. 3.10 –– Decoupled controller

3.4.4 Modeling Voltage Source Inverter Fed Induction Motor

For a voltage source inverter, the phase voltages (usa, usb, usc) at the terminals

of the induction motor are determined from the dc voltage. In 3 phase AC machines,

electromagnetic process can be clearly described with the help of equivalent circuits.

Induction motor model developed in a two phase reference frame is the most convenient

representation with which equivalent circuit can be constructed. The stator mesh, rotor

mesh, and flux linkage equations in an arbitrary two-phase reference frame for squirrel

cage type can be written:

us = Rsis +
dψs

dt +ωsBψs,

0 = Rrir +
dψr

dt + (ωs −ω)Bψr,
(3.22)

ψs = Lsis + Lmir,

ψr = Lmis + Lrir,
(3.23)

where: Rs is stator resistance, Rr is rotor resistance, Ls is stator inductance, Lr is rotor

inductance, Lm is mutual inductance,ω is rotor angular speed,ωs is the angular speed

of the right angled coordinate system,ψs is stator flux,ψr is rotor flux,us = [usd usq]
T ,

is = [isd isq]
T , ψs = [ψsd ψsq]

T , ir = [ird irq]
T , ψr = [ψrd ψrq]

T ,B =

0 −1

1 0

.
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By introducing the linkage inductances, magnetizing current, and magnetizing

flux defined by the following expressions:

Lsσ = Ls − Lm,

Lrσ = Lr − Lm,
(3.24)

iµ = is + ir, (3.25)

ψµ = Lmiµ, (3.26)

where: iµ = [iµd iµq]
T , ψµ = [ψµd ψµq]

T ;

the stator and rotor flux linkage can be rewritten as in (3.27).

ψs = Lsσis +ψµ
ψr = Lrσir +ψµ

(3.27)

The above definitions give another alternative form of stator and rotor mesh

equations as given by in (3.28).

us = Rsis + d(Lsσis)
dt +

dψµ

dt +ωsLsσBis +ωsBψµ
0 = Rrir + d(Lrσir)

dt +
dψµ

dt +ωsLrσBir +ωsBψµ −ωBψr

(3.28)

From (3.28), the T equivalent circuit of an induction machine in an arbitrary

reference frame as shown in Fig. 3.11 is derived. The T equivalent circuit is the basic

and most realistic representation for analysis of the steady state conditions. In the T

equivalent circuit, stator and rotor leakage inductances represent the magnetic flux

leakage. However, these partial leakages are not completely identifiable by measuring

stator quantities. Therefore, it is advisable to use equivalent circuit with reduced

parameters.

If a new cross current im is introduced as defined by:

im =
ψr

Lm
= is +

Lr

Lm
ir, (3.29)

where: im = [imd imq]
T ; then the stator mesh and rotor mesh can be again rewritten

as in (3.30) where σ = 1 − L2
m

LsLr
.

us = Rsis + σLs
dis
dt +ωsσLsBis + (1− σ)Ls

dim
dt +ωs(1− σ)LsBis

0 =
(
Lm

Lr

)2
Rr(

Lr

Lm
ir) + (1− σ)Ls

dim
dt + (ωs −ω)(1− σ)LsBim

(3.30)
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Fig. 3.11 –– T equivalent circuit

From the above mesh equations, the inverse Γ equivalent circuit (Fig. 3.12), which

is commonly used during design of controllers, is derived. The inverse Γ equivalent

circuit contains four parameters with the total leakage inductance in the stator mesh

and all the parameters that describe the model of induction motor can be determined

by standard tests.

Fig. 3.12 –– Inverse Γ equivalent circuit

Besides the steady state condition, it is essential to examine the induction motor

performance at different conditions. The objective is to adapt a dynamic model which

can simulate the real motor performance as close as possible. A dynamic model contains

a set of equations for describing the relationship between electrical, magnetic, and

mechanical quantities. In the past, many papers have been published that represent the

dynamic model of induction motor. However, not all developed models consider all

the existing phenomena. The classical dynamic model [77; 105] is based on a rough
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approximation. It assumes the machine parameters: stator inductance, stator resistance,

rotor inductance and rotor resistance, as constant and independent of the state. This

model is simple and has yielded good engineering results for both steady state and most

transient states. However, when changes in flux level or inrush current occur which

could be encountered in situations like online starting or in flux weaking operating

conditions, they don’t give full satisfaction [106].

In practice, the flux linkage produced due to currents flowing in the stator and

rotor circuits could use magnetic paths such as the end winding leakage paths, cores, the

slot leakage paths, the stator and rotor teeth and the airgap. The inductance representing

the stator and rotor cores, magnetizing branch (stator and rotor teeth) are saturable. In

the presence of magnetic saturation, the relation between the magnetizing current and

amplitude of main flux becomes non-linear. A saturation model as shown in Fig. 3.13

developed in [107] significantly improved the accuracy of prediction during transient

conditions. However, the difficulties faced in determining machine parameters limit its

use. Since the stator and rotor flux linkages are small compared to main flux linkage,

an acceptable result for many applications can be obtained if the effect of saturation can

be included in the rotor mesh. With this assumption, the rotor mesh can be rewritten as:

0 = Rr(im − is) +
d(Lsim)

dt
+ (ωs −ω)LsBim. (3.31)

After breakdown the derivative, the rotor mesh reduces to (3.32) where Lm = ψµ/iµ

Fig. 3.13 –– Equivalent circuit of IM [107]
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and L
′

m = dψµ/diµ.

0 = im − is +
L

′

m + Lσ
Rr

dim
dt

+ (ωs −ω)
Lm + Lσ

Rr
Bim (3.32)

Similarly, the stator mesh can be expressed by:

us =Rsis + σLs
dis
dt

+ωsσLsBis + (1− σ)(L′

m + Lσ)
dim
dt

+ωs(1− σ)(Lm + Lσ)Bim,
(3.33)

then

|iµ| =

√(
Lrσ

Lr
isd +

Lm

Lr
imd

)2

+

(
Lrσ

Lr
isq

)2

. (3.34)

Electrical machines are made of high permeable ferromagnetic material, which

helps to increase the machines’ efficiency. However, the time and space variation of the

magnetic flux induces iron losses [108], which have a considerable effect on accuracy

of the model used. For a time-dependent applied magnetic field, the total iron loss

comprises hysteresis, classical eddy current loss and excess losses [109].

Assuming sinusoidal flux pattern is given by:

ψ(t) = dBp sin(2πft), (3.35)

where: d– thickness of the sheet,

Bp– peak value of flux density,

f – the frequency;

the total iron loss is calculated as reported in [109] by:

Pfe = KHB
α
p f +KEB

2
pf

2 +KexBpf(
√

1 + eBpf − 1), (3.36)

where: α, KH , KE, Kex, and e are material related parameters fitted based on the loss

measurements under sinusoidal flux condition.

The effect of iron loss can be represented by an equivalent resistance. However,

since the iron loss expressed by (3.36) is a function of magnetic field and frequency, a

fixed equivalent resistor cannot represent the effect of iron loss in the dynamic model.

The equivalent resistor could be placed in series or in parallel to the magnetizing



90

inductance. In both approaches, the no load test and locked rotor test can be used to

determine the value of the equivalent resistance. Fig. 3.14 represents the steady state

model of an induction motor including core loss with the leakage inductance in the

stator mesh. Using Kirchhoff’s voltage and current laws, the following equations can

be written:

us = Rsis + σLs
dis
dt

+ωsσLsBis + (1− σ)Ls
dim
dt

+ω(1− σ)LsBim, (3.37)

is =im + (1− σ)Ls

(
1

Rf
+

Tr

(1− σ)Ls

)
dim
dt

+

(1− σ)Ls

(
ωs

Rf
+

(ωs −ω)Tr

(1− σ)Ls

)
Bim,

(3.38)

Rf if = (1− σ)Ls
dim
dt

+ (1− σ)LsωsBim. (3.39)

Fig. 3.14 –– Equivalent circuit of IM including core loss

From equations (3.37)-(3.39), the model of an induction motor including iron

loss in state space form can be expressed as:

dis
dt = − 1

Tσ
is −ωsBis + cfeim − cfeTrωBim + us

σLs
,

dim
dt = − 1

Trfe
im + 1

Trfe
is −

(
ωs − Tr

Trfe
ω
)
Bim,

dω
dt =

zp
J (Me −ML),

Me = 1.5zp(1− σ)Ls(imdi
′

rq − imqi
′

rq),

(3.40)



91

where: ML, zp, and J are load torque, pair of poles and equivalent moment of inertia

respectively and the rest of the terms are defined as follows:

Tr =
Lr

Rr
, Trfe = Tr +

(1−σ)Ls

Rfe
, 1Tσ

= Rs

σLs
+ 1−σ

σTrfe
, cfe = 1−σ

σTrfe
, i′r = Lr

Lm
ir.

3.5 Loss Model and Optimal Magnetizing Current Generation

3.5.1 Derivation of Loss Equation

Converter losses has little influence on the drive loss and can be neglected when

designing a control algorithm [86]. Therefore, the minimization criterion can only

consider motor loss. The main constituents of motor losses are stator copper loss, rotor

copper loss, iron losses and mechanical losses. Mechanical losses are independent of

the stator current, but they depend on the speed.

The expression for stator copper losses is given by:

Pcus = Rs(i
2
sd + i2sq), (3.41)

the expression for rotor copper losses is written as:

Pcur = Rr(i
2
rd + i2rq), (3.42)

and the expression for iron losses is given by:

Pfe = Rfe(i
2
fd + i2fq). (3.43)

Thus, the total losses will be:

Ploss = Pcus + Pcur + Pfe. (3.44)
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3.5.2 Optimal Magnetizing Current Generation in Steady State

Thanks to vector control, induction motor can have DC machine like

performance. The stator voltage space vector can be oriented with respect to space

vector of either rotor flux, airgap flux or stator flux. Applying rotor-flux-oriented

constraints, we get:

ψrq = (1− σ)Lsimq = 0,

isd = imd + Trfe
dimd

dt ,

ωsl = 1
Trfe

(
isq
imd

− (Trfe − Tr)ω
)
,

Me = Ktisdisq,

(3.45)

where: Kt = 1.5zp(1 − σ)Ls.

In steady state: imq = 0, i′rd = 0, ifd = 0, isd = imd, ife = ifq, i
′

r = i
′

rq,

isq = i
′

r + ife, and applying KVL to the rotor circuit, i′r can be written as:

i
′

r =
Rf

Rf +R′
r

isq −ω
(1− σ)Ls

Rf +R′
r

isd. (3.46)

Therefore, the total power loss can be written as:

Ploss = Rdi
2
sd +Rqi

2
sq, (3.47)

where: Rd = Rs +
(1−σ)2L2

s

Rf+R′
r
ω2, Rq = Rs +

RfR
′
r

Rf+R′
r
, R′

r =
(
Lm

Lr

)2
Rr.

Obviously, both direct and quadrature components of the controlled current have

effect on the total power loss. So, for a given torque producing current (isq), there exists

an optimal flux producing current (isd) which minimizes the electric motor losses.

The power loss can also be given in terms of operating condition:

Ploss = Rdi
2
sd +Rq

M 2
e

K2
t i

2
sd

. (3.48)

For constant torque, the optimal flux producing current (isd) or optimal

magnetizing current can be calculated as follows:

ioptmd = ioptsd =
(γ
α

)0.25
, (3.49)
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where: γ = Rq
M2

e

K2
t
, α = Rd.

Then, optimal rotor flux can be determined by:

ψopt
r = Lmi

opt
sd . (3.50)

The optimal rotor flux is a function of speed and torque. Using (3.50) for each

possible torque-speed operating point, the optimal rotor flux can be computed. The

result of the calculation is shown in Fig. 3.15. In the calculation only one active

constraint (torque) is considered. However, in practice there are voltage and current

constraints which reduce the range of values to be searched.

Fig. 3.15 –– Optimal flux vs torque speed

3.5.3 Optimal Magnetizing Current Generation under Voltage and Current
Constraints

The problem of efficiency optimized control of induction motor drive aims to

minimize energy consumption under voltage and current constraints. To avoid magnetic
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saturation, the rotor flux is further limited to its rated value. Furthermore, to maintain

controllability and limit peak currents, the rotor flux is not reduced below an arbitrarily

minimum level. Therefore, no optimization can be recommended in the region shaded

by red in Fig. 3.16. Consequently, the reference flux is set equal to rated value. As

shown in Fig. 3.16 the rotor flux can be optimized for torque load less than 149Nm at

base speed and less than 40 at 10% of base speed.

Fig. 3.16 –– Optimal rotor flux

In steady state for field-oriented coordinate system, the stator voltage equations

can be written as in (3.51).

vsd = Rsisd −ωsσLsisq

vsq = Rsisq +ωsσLsisd +ωs(1− σ)Lsimd

(3.51)

If the voltage drop due to stator resistance is neglected, the voltage constraint can be

stated as:

(ωsσLsisq)
2 + (ωsLsisd)

2 ⩽ v2max. (3.52)

Including the constraints mentioned above, the objective function can be formulated as:

min{Ploss(isd,isq)}, (3.53)
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subject to:Me = Ktisdisq,

i2sd + i2sq − I2max ⩽ 0,

isd ⩽ isdn,

isd ⩾ isdmin,

0 ⩽ v2sd + v2sq ⩽ v2max,

where:isdmin– minimum flux producing current,

isdn– rated flux producing current,

imax– maximum stator current,

vmax– maximum voltage.

In the basic speed range, the voltage limitation is not effective. Fig. 3.17 shows the

relation between the optimal flux producing current and torque producing current in the

basic speed range. If the optimal flux producing current calculated under only torque

constraint is less than isdn, the following relation holds between torque and optimal

flux producing currents:

Fig. 3.17 –– Relation between optimal flux and torque producing currents in base speed
range

isq =

(
Rd

Rq

)0.5

isd. (3.54)



96

The lower limit of flux producing current defines the torque Mp0:

Mp0 = Kt

(
Rd

Rq

)0.5

isdmin
2. (3.55)

The upper limit of the flux producing current defines the torque Mp1 given by (3.56),

above which no reduction of rotor flux can be proposed.

Mp1 = Kt

(
Rd

Rq

)0.5

isdn
2 (3.56)

The maximum torque (Mmax) is determined using the maximum flux producing current

and maximum stator current as:

Mmax = Ktisdn(I
2
max − i2sdn)

0.5. (3.57)

For a load torque greater than Mp1 and less than the maximum torque (Mmax), the

following relation holds:

isd = isdn;

(
Rd

Rq

)0.5

isdn ⩽ isq ⩽ (I2max − i2sdn)
0.5. (3.58)

3.5.4 Optimal Magnetizing Current Generation for Sucker Rod Pump
Applications

Since induction motor driving sucker rod pump operates under cyclic load, the

objective of efficiency optimal control strategy must deal to minimize the total energy

loss in a cycle under given constraints. Consequently, the objective function in (3.53)

is replaced by:

min

{∫ T

0

Ploss(isd,isq)dt

}
, (3.59)

where: T– time taken for one cycle of pump operation.

The objective function in (3.59) can be satisfied by searching an optimal

magnetizing current trajectory for given torque and speed trajectories. In the search
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process, the energy loss for one cycle of pump operation is examined for all possible

magnetizing current trajectories. This process can take considerable time. Thus, in

offline, for a given torque and speed trajectories, energy losses are calculated for all

possible magnetizing current trajectories. Then, the optimal trajectory corresponding

to minimum energy loss for one operational cycle can be stored and uploaded to the

controller. Since, for a given sucker rod pump installations, operating condition change

slowly and the rotor speed is regulated and can be assumed to remain constant, a new

search for optimal magnetizing current trajectory can be activated when change in

torque trajectory occurs.

It is known that if the magnetizing current is reduced for the parts of the cycle

where the sucker rod pump drive is lightly loaded, some energy can be saved. In rotor

flux oriented reference frame, the optimal magnetizing current trajectory is the same as

the flux producing current trajectory. A flux producing current trajectory can be defined

based on steady state electromagnetic torque (Mp).Mp is selected based on the absolute

value of a given load torque trajectory as shown Fig. 3.18. It has to be in the range

Mp0 ⩽ Mp ⩽ Mp1. For parts of trajectory on the given load torque above Mp, the

flux producing current is set to isdn, otherwise to the optimal value corresponding to

Mp. For each defined flux producing current trajectory, the torque producing current

trajectory and the energy loss are calculated for one cycle of pump operation. The results

of energy loss for all possible steady state electromagnetic torques are examined and

the optimal flux producing current trajectory is selected. The minimum time interval for

constant flux operation, which depends on the existing delay in the forming of rotor flux,

is considered when selecting steady state electromagnetic torque. A simple numerical

algorithm to find optimal magnetizing current trajectory can be outlined as follows:

– calculate the steady state electromagnetic torque corresponding to lower limit

of optimal flux producing current (Mp0) and upper limit of the optimal flux

producing current (Mp1);

– list constant torque (Mp) operations in the rangeMp0 ⩽ Mp ⩽ Mp1.
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Fig. 3.18 –– Absolute value of given load torque trajectory.

– select the steady state electromagnetic torques (Mp)which divides the absolute

value of the torque trajectory into time intervals greater than the minimum time

interval for constant flux operation;

– for each selected steady state electromagnetic torque, define flux producing

current trajectory;

– for each defined flux producing current, calculate the energy loss for one

complete cycle of operation;

– the flux producing current trajectory with minimum energy loss is selected as

an optimal magnetizing current trajectory.

Operation at optimal efficiency of induction motor drive can be achieved with

the help of control system. Fig. 3.19 shows block diagram for closed loop vector

control scheme proposed for sucker rod pump drive. The established control system

can helps to operate the sucker rod pump based on the optimal magnetizing current

trajectory. In steady state, the speed regulator helps the measured speed to follow

reference speed. The block PC LMA uses speed and torque trajectories and based on the

above loss minimization strategy, it calculates and stores optimal magnetizing current

trajectory until the torque trajectory shows change. This block provides the stored

optimal magnetizing current trajectory as a reference. If the torque trajectory shows

some change, a new optimal magnetizing current trajectory is calculated to consider the

effect of the changes. Tφ is the time constant of a low pass filter. It presents a certain
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Fig. 3.19 –– Block diagram of proposed loss minimization strategy

time delay in the forming of the rotor flux, which ensures a dynamic decoupling flux

control and torque control.

3.6 Simulation Results

To examine the proposed power loss minimization strategy for induction motor

based sucker rod pump drive, a numerical simulation has been carried in MATLAB

software. In the simulation, the following parameters are used: Rs = 0.1815 ohm,

Rr = 0.0868 ohm, Ls = 0.048 H , Lr = 0.0481 H , Lm = 0.0465 H , Rfe = 400 ohm,

f = 50Hz. Two cases were considered: operation at rated flux and operation based on

optimal magnetizing current trajectory. The results of the input power for the two cases

are compared in Fig. 3.20 (top) and for clarity their difference is shown in Fig. 3.20

(bottom). From this result one can observe that the input power requirement at light

loads is considerably reduced when the drive is operated based on optimal magnetizing

current trajectory.
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Fig. 3.20 –– Top: input power (blue – with rated flux red- with optimal flux
bottom: Difference between power input at rated flux and input power operation at

optimal flux

As shown in Table 10 the energy consumed in one cycle of pump operation is

lower when the efficiency optimized control strategy is applied than the operation at

rated flux. About 1.6 % of the required energy can be saved if the drive is run based on

optimal magnetizing current trajectory than just running at constant rated magnetizing
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Table 10 –– Comparison of energy consumption for one cycle of pump operation
Case Energy

consumed
in one cycle
of pump
operation
(Joules)

Fluid
produced
by downhole
pump (m3)

Volumetric
efficiency
(KWh/m3)

Operation at
rated flux

65078 0.0575 0.314

Operation at
optimal flux

64123 0.0575 0.309

current. Since sucker rod pumps work for several hours per day, a small improvement

in efficiency generates significant revenues. Fig. 3.21 - Fig. 3.23 show the response

of actual magnetizing current, flux producing stator current, rotor speed respectively,

when the efficiency optimization strategy is activated. The role of the delay introduced

in the d axis is apparent from the response of flux producing current.

Fig. 3.21 –– Magnetizing current
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Fig. 3.22 –– Flux producing stator current

Fig. 3.23 –– Rotor speed
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3.7 Summary

An integratedmodel consistingmodels of AC-DC-AC converter, inductionmotor

including iron loss, and sucker rod pump was developed to study energy efficiency

optimization of sucker rod pump installations. A control structure based on magnetizing

current control is used to fulfill the optimal energy efficiency requirement. Using the

absolute value of load torque trajectory, a list of steady state electromagnetic torque is

prepared. A flux producing current trajectory for one pumping cycle is defined based on

the selected steady state electromagnetic torque. For each defined flux producing current

trajectory, the energy loss for one complete cycle of pump operation is calculated. The

results of energy loss for all possible steady state electromagnetic torques are examined

and the flux producing current trajectory corresponding to the minimum energy loss

is selected as optimal magnetizing current trajectory. Since the operating conditions

for sucker rod pump change slowly, the search for optimal magnetizing current can

be conducted off line on a PC. For a given torque trajectory, the optimal magnetizing

current trajectory generated as a result of the search process is uploaded to the controller.

If there is a change in torque trajectory, a new search process is conducted.
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Chapter 4. Emulating Sucker Rod Pump Dynamics

4.1 Introduction

There have been several improvements on the sucker rod pump technology

since its invention. However, still there are demands for research and development for

finding new ways that can improve its performance. For the purpose of research and

development, an experimental platform, which provides convenience and facilitates

experimentation and validation process, is required.

In the present chapter, an experimental electromechanical test bench and a load

machine control strategy for emulating the sucker rod pump dynamics in reduced scale

are developed. The sucker rod pump dynamics for different working states are emulated

and the obtained experimental results are presented. Eachworking state can be identified

by the shape of the produced dynamometer card.

4.2 Motivation for Sucker Rod Pump Emulation

Fig. 4.1 shows the steps in product development process. Generally, the product

development process is divided into experimentation phase and production phase.

However, it is a long and expensive process that contains a series of steps. First, the

process starts with validation of basic conceptions using software simulations (like

MATLAB, PSCAD), then proceeds with more and more deepened representation of

circuit details and control functions [110]. Software simulations provide convenience in

restructuring and assessing the actual processes taking place in the system, but thorough

testing of the hardware under different conditions is required [111].

Due to financial and space reasons, it is impractical to keep in laboratory all

kinds of mechanical loads and machines for testing, research and development purposes
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Fig. 4.1 –– The steps in the product development process

[112]. In different way, these tasks can be carried out in laboratory by employing

alternate facilities such as electromechanical test bench, Hardware-In-Loop (HiL) with

its extension Power Hardware-In-Loop (PHiL) and their combination. The use of these

methods have eased the experimentation phase for different applications. For example,

emulation of wind turbine [113], electric vehicle [114; 115], lift [116], linear and non-

linear loads [117], simulation of electric energy systems [118––120].

Sucker rod pump is considered a well-established technology in the oil and gas

industry [2]. Their installation is easy, and they have low capital and operational costs.

However, still there are ways for improving their operational performance. In other

words, research and developments related to sucker rod pump technology are still on

demand. Any solution must pass certain tests before it is applied. However, it is not

practical to keep sucker rod pump in laboratory. In addition, most installations are

situated on remote site, possibly installed in severe environmental condition [111].

Therefore, development of an experimental platform is essential.
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4.3 Test Bench Configuration and Dynamics

A dynamometer is defined as a device for applying torque to the rotating member

of the test machine, which is equipped with means for indicating torque and speed, and

is not limited to a cradle base construction [121]. In the past, dynamometer was only

employed to examine motor performance. However, it is also suitable for emulating

both static and dynamic loads. Load emulation is a technique, in which the torque of

dynamometer is controlled to create the same shaft torque on the drive under test as the

desired load would do [122]. Fig. 4.2 shows a configuration where the dynamometer

acts as a load for the drive machine. The dynamometer comprises load machine,

power converter and the associated control system. The load machine is mechanically

connected to the electrical machine in the drive under test and electrically connected to

the power converter. The load machine can be any type of electrical machine that has

the capability to be as motor or generator. The power converter is also required to allow

the load machine to operate as a motor or generator.

Fig. 4.2 –– Diagram showing dynamometer acting as load

The test bench total dynamics can be mathematically described by:

Mm −Me = J
dωm

dt
+ fvωm, (4.1)
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where: J = Jm + JL, fv = fvm + fvL,

ωm – mechanical speed,

Mm – moment developed by the driving machine,

Me – moment developed by load machine,

Jm – mass inertia of driving machine,

JL – mass inertia of load machine,

fvm – viscous friction coefficient of driving machine,

fvL – viscous friction coefficient of the load machine.

Dynamometer can emulate various types of loads provided appropriate control

strategy is employed. The control strategies available in literature are discussed in the

next section.

4.4 Review on Dynamometer Control Strategies for Emulating Mechanical Loads

When emulating mechanical loads, dynamometer is required to develop a load

torque, which has similar characteristic to that of the desired mechanical load. This

requirement for load emulation is achieved using appropriate controller. In literature,

load emulation can be classified into static load emulation and dynamic load emulation.

In static load emulation, the reference torque to the dynamometer can be predetermined

or can be determined from the speed or position of the rotor if the operating condition

varies slowly. On the other hand, dynamic load emulation is an extension of static load

emulation with improved software algorithms to account for cases with fast speed or

torque changes [123]. Emulation of simulated load under open loop conditions is also

another upgrade of static emulation.

To realize the basic idea of load emulation, it is important to have a clear

knowledge on the dynamics of both the test bench and desired mechanism. Equation

(4.1) describes the dynamics of the test bench mechanism but the dynamics of the
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desired mechanism can be described by:

Mm −Ml = Jem
dωem

dt
+ fvemωem, (4.2)

where: Jem – the moment of inertia of desired mechanism,

fvem– viscous friction coefficient of the desired system,

ωem – the angular speed of the desired system,

Ml – load torque.

It can be noted that the mechanical system in the test bench has constant inertia

and viscous friction coefficient in both steady and transient state conditions. On the other

hand, the inertia and viscous friction coefficient in the desired mechanism may change.

4.4.1 Principle of Inverse Mechanical Dynamics

The principle of inverse mechanical dynamics is the earliest approach used in

dynamic load emulation. To analyze and discuss the principle of inverse mechanical

dynamics, first the open loop transfer function for the test bench and desired system are

derived from (4.1) and (4.2) respectively as follows:
ωm(s)

Mm(s)
=

1

Js+ fv
, (4.3)

ωem(s)

Mm(s)
=

1

Jems+ fvem
, (4.4)

where: s – Laplace operator.

The efforts of the load machine controller is intended to control the torque

developed by the load machine (Me), so that the real speed of the imitating system

tracks the desired speed. That is:

ωm = ωem. (4.5)

After some manipulations, the reference torque for the load machine can be calculated

from (4.6).

Me = (Jems+ fvem)ωm − (Js+ fv)ωm (4.6)
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If the measured/estimated rotor speed is available, then emulation scheme shown

in Fig. 4.3 can be used to generate the reference torque for the load machine. As the

inverse of the transfer function is used for calculation of reference torque, this approach

is known as the principle of inverse mechanical dynamics.

Fig. 4.3 –– Load emulation based on the inverse model

Simplification of the block diagram in Fig. 4.3 gives the relation between the

desired speed and motor torque (4.7), which indicates that this strategy preserves the

physical causality of the system.

ωem(s)

Mm(s)
=

1

Jems+ fvem
(4.7)

In practice, the strategy based on inverse dynamics is implemented in discrete time

domain. It provides acceptable open loop emulations. However, its practical application

is limited for closed loop control system. When it is used in closed loop control system,

it has the following disadvantages [117; 124]:

– finding the inverse model might not be easy;

– it violates the pole-zero structure of the desired mechanical system;

– there are sampling issues.
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4.4.2 Feed Forward Speed Tracking with Analytical Compensator

The feed forward speed tracking with analytical compensator shown in Fig. 4.4

was proposed in [117; 125] to address the issues associated with inverse mechanical

dynamics. In this approach, the desired speed (ωem) is obtained by driving the desired

dynamics (Gem) by a torque produced by the feedback controller. The error between

the desired speed and measured speed is applied to the speed controller Gt to generate

load machine torque, which compensates the error. To cancel the motor drive torque

(Mm), the desired speed is applied to G−1
em.

Fig. 4.4 –– Load emulation using speed tracking with feed forward torque compensation

The block diagram in Fig. 4.4 can be reduced to a transfer function, which relates

the real rotor speed (ωm) and motor drive torque (Mm), expressed by:

ωm(s)

Mm(s)
= Gem(s)

G(s)Gt(s)

1 +G(s)Gt(s)
= Gem(s)G

−1
comp(s), (4.8)

where: the compensator (Gcomp) is defined by:

Gcomp(s) = 1+G(s)Gt(s)
G(s)Gt(s)

.

Fig. 4.5 presents the equivalent system to Fig. 4.4. In Fig. 4.5, if the compensator

is inserted in cascade to Gem, the drive loop control dynamics can be eliminated. This

means, the desired transfer function ωm(s)/Mm(s) can be obtained and the physical
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causality of the emulated system is preserved. Fig. 4.6 presents the control scheme based

on speed tracking with feed forward torque compensation. Although, this approach

can give very good closed-loop emulation results, but this approach considers that the

dynamics are close to linear and assumes all dynamic models are well known. In fact,

all dynamic models might not be well known due to parameter variation, unmodelled

parameters and external disturbances.

Fig. 4.5 –– Load emulation using speed tracking with feed forward torque compensation
after block reduction

Fig. 4.6 –– Control scheme based on speed with feed forward torque compensation

4.4.3 Nonlinear Control Based Speed Tracking

To investigate unmodeled dynamics and consider nonlinear effects, feedback PI

controller [122; 126], PI estimator [126; 127] were proposed. In these methods, the
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basic idea for dynamic load emulation is derived using dynamic representation of the

electromechanical test bench mechanism.

Let the required load torque developed by the load machine is calculated from:

Me = M̂m − uc, (4.9)

where: M̂m – measured or the estimated applied load torque,

uc – compensator output,

then, the dynamic equation describing the test bench configuration can be rewritten as:

J
dωm

dt
+ fvωm = Mm − M̂m + uc. (4.10)

If the estimated and the actual applied torques are equal, then:

J
dωm

dt
+ fvωm = uc. (4.11)

When the desired response (ωm = ωem) is obtained, the compensator output can be

written using the estimated parameters:

uc = (Ĵs+ f̂v)ωem, (4.12)

where: Ĵ– estimated inertia,

f̂v – estimated viscous friction coefficient.

Therefore, the compensator can be defined by:

Gcomp(s) = Ĵs+ f̂v. (4.13)

The input to the compensator can be calculated from the dynamics of the emulated

mechanism:

Gem(s) =
ωem(s)

M̂m

. (4.14)

The central thought described in the above is represented in Fig. 4.7. This method

has limited practical application because its accuracy is affected by parameter variation,

unmodeled dynamics, and external disturbances. To compensate the effects of parameter

variation and unmodeled dynamics, the feedback controller (Gt) as shown in Fig. 4.8

is added.
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Fig. 4.7 –– Dynamic emulation of mechanical loads

Fig. 4.8 –– Dynamic emulation of mechanical loads-principle

Nonlinear disturbance torque (Mfr) acts as an unknown input and significantly

deteriorates the performance of the speed tracking [127]. Unknown disturbance torque

can be estimated as:

M̂fr = h(ωc
em −ωm), (4.15)

where: h – design parameter.

Finally, the overall control scheme with PI estimator and compensations is shown

in Fig. 4.9. In Fig. 4.9, the reference torque for load machine is calculated as follows:

Me = M̂m − uc − M̂fr. (4.16)

Fig. 4.9 –– Final overall control scheme with PI estimator and compensations
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4.5 An Approach for Emulating Sucker Rod Pump Dynamics in Reduced Scale

The properties of mechanical part of an electric drive system can be described

by the relation between the input (electrical torque) and output (speed). This relation

is used in constructing the imitating system. When imitating any mechanical system

using electromechanical test bench, the design of load machine control structure plays

key role on the accuracy of the imitation process.

For sucker rod pump, the dynamic equation can be rewritten as:

Jem(φcr)
dωem

dt
= Me1 −Ms, (4.17)

where: Jem – the total reduced inertia,

ωem – desired mechanical speed,

Me1 – torque developed by the driving machine in the desired mechanism,

Ms– total moment on gear reducer reduced to the rotor of the prime mover as

expressed in (1.21), given by:

Ms =
1
ur

(
Mc(φcr) +

ω2
cr

2
dJem(φcr)

dφcr

)
Mc– net gearbox torque,

ωcr– angular speed of the crank,

φcr– angular position of the crank,

ur– transformation ratio.

On the other hand, the total dynamics of the test bench can also be described

by (4.1).

For economic reasons, emulating the sucker rod pump in reduced scale becomes

important. A scaling factor can be deduced from the nominal torque of the drivemachine

driving the real mechanism and the nominal torque of the drive machine in the test

bench. Therefore, the scaling factor (fc) can be defined as:

fc =
Mn1

Mn2
, (4.18)

where:Mn1 – nominal torque of the driving machine in the desired mechanism (sucker

rod pump),
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Mn2 – the nominal torque of the driving machine in the test bench.

Now, (4.17) can be approximated as:

Jem
dωem

dt
= fcMm −Ms. (4.19)

The dynamic response of the imitated system and imitating system is an essential

criterion in defining a control law used by the load machine. For accurate emulation,

the following condition must be satisfied: ωm = ωem,

dωm

dt = dωem

dt .
(4.20)

Then, using (4.1), (4.19) and (4.20), the reference torque of the load machine can be

obtained by:

Me =

(
1− Jfc

Jem

)
Mm +

J

Jem
Ms − fvωm. (4.21)

The control structure for the drivemachine can be the same as the control structure

used in the real mechanism. On the other hand, the control law for the loadmachinemust

be established based on (4.21). In the practical implementation, estimated parameters

are used as the dynamic model of drive machine-load machine mechanism is not always

well known. The transfer function using the estimated parameters can be given by:

G(s) =
1

Ĵs+ f̂v
, (4.22)

where: Ĵ – the estimated inertia,

f̂v – estimated viscous friction coefficient.

Assuming the viscous friction coefficient is negligible, the control structure

shown in Fig. 4.10 is proposed based on the established control low (4.21).FT represents

torque control loop of the drive machine and FL represents torque control loop of the

load machine. In real experimental system, the bandwidth of the torque loops is high

and thus their equivalent transfer functions can be replaced by a unity gain [125].

The precision of the estimated parameters and bandwidth of the torque control

loop influence the accuracy of emulation based on this strategy. If the parameters of
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Fig. 4.10 –– Proposed control strategy

the feedback controllers are selected such that the torque loops can be approximated

with a unity gain, then from the control scheme shown in Fig. 4.10 the rotor speed

can be expressed as:

ωm =
Ĵ

J

1

Jems
(fcMm −Ms). (4.23)

This means the relationship between the actual speed and desired speed is given by:

ωm =
Ĵ

J
ωem. (4.24)

Equation (4.24) shows that the rotor speed will be higher than the desired speed if

moment of inertia is over estimated. Conversely, the rotor speed will be lower if moment

of inertia is underestimated. In the same way, if the effect of torque control loops is

considered, the rotor speed can be written as:

ωm =

[(
FT

FL
− (1− Ĵfc

Jem
)

)
Mm − Ĵ

Jem
Ms

]
FL

Js
. (4.25)

Equation (4.25) indicates that torque control loops affect the capability to tracking

the desired speed. Therefore, this issue must be considered when selecting feedback

controller parameters, otherwise, the operation will be limited to certain bandwidth.
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4.6 Experimental Test Bench

4.6.1 Overview of Experimental Test Bench

For implementing the proposed control strategy, an experimental setup

with the photograph shown in Fig. 4.11, where two induction motors of type

4AMA80B4Y3(1.5KW, efficiency of 77%) are connected on a common shaft, is

used. Fig. 4.12 shows the schematic diagram of the overall experimental setup. The

two induction motors are driven by frequency converter (ABB ACS580). A PC

equipped with LabVIEW runs real time model of sucker rod pump and through a

PCI data acquisition card (NI PCI- 6221), it sends analog reference speed and torque

signals to the frequency converters, while at the same time it receives measured digital

angular information signal from an encoder (E40S6-1000-3-24), analog shaft torque

signal form torque sensor (ZMDN), voltage and current signals from voltage and

current transformers.

Fig. 4.11 –– Photograph of experimental test bench
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Fig. 4.12 –– Schematic of experimental setup

4.6.2 Sucker Rod Pump Real Time Simulator

Fig. 4.13 shows schematic of the real time simulator platform for sucker rod pump

implemented in a PC. The real time model of the sucker rod pump is developed in

LabVIEW programming environment. It is divided into slow subsystem with larger

time step and faster subsystem with smaller time step. The slow subsystem includes the

pumping unit model, dynamic emulation mechanical load algorithm. In this dissertation

work, the real time simulator simulates the case when sucker rod pump is driven

clockwise. The faster subsystem includes sucker rod string model, subsurface pump,

and reservoir model. The PC communicates to external devices (encoder, torque sensor,

voltage sensors, current sensors, and frequency converters) through a data acquisition

device (NI PCI- 6221). When the real time simulator receives information, first data

flows from sensor/device to hardware FIFO on NI PCI- 6221 and then from the PC

buffer into the programming environment as shown in the Fig. 4.14 (top). However,

when the real time simulator sends signals to an external device, first data flows from

the software to an output buffer and then from the hardware FIFO to the external device

as shown in Fig. 4.14 (bottom). In real time simulation, efficient data flow as well as

synchronization must be ensured. These issues are influenced by:
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Fig. 4.13 –– Real time simulation platform

Fig. 4.14 –– Schematic of data flow

– the rate of data flow from the sensor to the hardware FIFO;

– rate of data transfer from the PC buffer into the programming environment;

– the rate at which the data is put on the hardware FIFO;

– the rate at which data is generated.

The PCI 6221National Instrument has found excellent application for performing

experiments. It implements a high-performance digital engine, which provides many

useful features such as flexible AI and AO sample and convert timing; independent
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AI, AO, DI, and DO FIFOs; two flexible 32 bit counter/timer modules with hardware

gating; PCI/PXI interface; PLL for clock synchronization; etc [128]. Moreover, like

other NI devices, the use of NI-DAQmx software driver with NI PCI- 6221 helps to

simplify the configuration and measurement process.

The configuration on the DAQmx Timing function determines how fast the

samples are acquired and put on the hardware FIFO and the configuration on the

DAQmx Read function determines how many samples are pulled from the PC buffer

to the programming environment. Similarly, the configuration on the DAQmx Timing

function determines how fast the samples are retrieved from the hardware FIFO and

send to the external device. 0.01 second is used as the time step for the slow subsystem

and 0.0001 second for the faster subsystem. This means for each time step of the slow

subsystem, the faster subsystem runs 100 times.

4.6.3 ABB ACS 580

ABB ACS580 (Fig. 4.15) is a frequency converter, which is suitable form many

different applications. It includes rectifier, dc link, as well as inverter, which can be

controlled based on direct torque control (DTC) [129] or scalar control. This converter

possesses several control macros, which are set of default parameter values suitable for

a certain control configuration [114]. The use of macros have eased the configuration

of this converter. For example, by selecting suitable macro, the control principle can

be switched from scalar to vector or vise-versa. When vector control is selected, the

ABB ACS580 provides an external torque reference as an alternative to the reference

torque generated by the speed controller. In addition, ACS580 offers better process

control as it has many built-in features and functions such as input/output, reverse

function, ramp time acceleration/deceleration, variable torque v/Hz setting, safe torque-

off, etc [130]. ACS 580 drive can obtain information about different kinds of processes

through inputs/outputs to control the motor. Moreover, it possesses braking chopper,
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through which braking resistors can be connected to handle regenerative power from

a decelerating motor.

Fig. 4.15 –– Picture of ACS580

The converter which supplies the drive machine is configured to regulate the

speed of the driving machine while the converter which supplies the load machine

controls the developed torque by the load machine.

4.6.4 Current, Voltage, Torque, and Speed Measurement

To examine the experimental system, electrical and mechanical measurements

are taken. Electrical measurements at the input and out of the frequency converter are

measured using voltage and current transformers. The shaft torque is measured using

ZMDN dynamic torque transducer. This transducer consists of strain gauges configured

in bridge form and can measure both positive and negative torques. For all the analogue

input signals, the configuration on the DAQmxTiming function determines how fast the

samples are acquired. An incremental rotary encoder is commonly used to measure the
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shaft speed of an electric motor. It employs a rotary electromechanical device to convert

shaft rotation into electronic pulses from which the machine position and velocity are

determined. Incremental rotary encoders have excellent accuracy and flexibility. Due

to these advantages, they are suitable for applications which require motion control. In

the experimental setup, the angular information of the common shaft of the test bench

mechanism is measured through E40S6-1000-3-24, which is an incremental rotary

encoder.With E40S6-1000-3-24, the angular information of the shaft is provided by two

quadrature signals while a third signal indicates the reference position. The incremental

rotary encoder is interfaced to the real time simulator through the NI PCI 6221 data

acquisition card. Using the DAQmx function, the shaft speed is determined. The overall

system resolution is 1000 pulses per revolution.

4.6.5 Creation of Surface Dynamometer Card from Motor Measurements

Dynamometer card is the first-hand tool for performance analysis and diagnosis

in sucker rod pump installations. It is constructed form a time series data of polished rod

load and polished rod displacement. There are different types of sensors for measuring

the polished rod load and displacement. However, their accuracy and/or reliability is

not satisfactory. In a different way, the polished rod load can be calculated from net

motor torque signal while the polished rod displacement from rotor speed. Modern

frequency converters provide estimates of motor torque and rotor speed. The study in

[131] related to the accuracy of frequency converter estimates based on induction motor

drives indicate that the relative errors are very low (0.2% for rotor speed, 2.1% for shaft

power and shaft torque). Since estimation of net motor torque signal and rotor speed

are based on more reliable voltage and current measurements, this approach improves

the reliability of the source of information.

For a given machine, it is possible to predict an efficiency curve from electrical

and mechanical measurements. Fig. 4.16 shows the efficiency curve obtained from
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experiments conducted on the driving machine in the test bench. The shaft power can

be determined using the efficiency curve shown in Fig. 4.16. Once, the shaft power is

known, the shaft torque can be determined.

Fig. 4.16 –– Efficiency curve

The gearbox torque analysis is important to define a procedure that helps to find

the correspondence between the polished rod load and the net motor torque. The net

torque on the gearbox is the sum of polished rod load, counterbalance torque, inertial

torques and frictional torques. If inertial and frictional torques are neglected, then the

net gearbox torque:

Ms = Mpht +Mcb, (4.26)

where:Mpht – the torque due to polished rod load,

Mcb – the torque due to counterweight.
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The equivalent moment due to polished rod load on the crank side can be given:

Mpht = FphtTF (φcr), (4.27)

where: Fpht – polished rod load at crank angle (φcr),

TF – the torque factor defined in (1.16).

The net gearbox torque can also be calculated from the motor torque by:

Ms = urMm. (4.28)

Using (4.26)-(4.28), the polished rod load can be expressed as:

Fpht = (Mmur −Mcb)
1

TF (φcr)
. (4.29)

The crank speed can also be expressed as a function of rotor speed as:

ωcr =
ω

urzp
. (4.30)

Once the crank speed is known, the torque factor and polished rod displacement can be

calculated using the kinematic analysis methods.

4.7 Experimental Results

The load emulation capability of the experimental setup is evaluated using

current, voltage, torque and speed measurements. The mechanical power and active

power at terminals of the converter which supplies the drive machine can be calculated

from these measurements.

First, the real time simulation model of the sucker rod pump was set to simulate

the normal working condition and then, the sucker rod pump was emulated in reduced

scale using the experimental setup based on the proposed control strategy. The results

shown here are for the case when the real time simulator simulates a clockwise driven

pumping unit (motoring mode in III quadrant of the mechanical characteristics). Fig.
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4.17 depicts comparison between measured rotor speed and reference speed. The

measured speed shows variations compared to reference speed due to load fluctuation.

Fig. 4.18 depicts comparison between reference torque and measured shaft torque.

Generally, the measured torque nearly follows the reference torque but there is a small

error. As can be seen, the error during time of rotor deceleration differs from the

error during time of rotor acceleration. Fig. 4.19 depicts comparison between active

power at the input terminals of the converter which supplies the drive machine and

the mechanical power. The curves of the active power and mechanical power are

similar, but the input power is greater than the mechanical power due to electrical

and mechanical losses. The drive machine used in this experimental setup have low

efficiency. Its efficiency becomes even lower as it is operated at speed and torque lower

than the nominal values. For this reason the total losses in this experiment are more.

The mechanical power becomes negative in some parts of the cycle. This shows that

the motor operates in regenerative mode. Regenerative operation mode is not seen in the

curve of active power input at the converter as the energy is dissipated in the machine

itself. Fig. 4.20 depicts the calculated dynamometer card from motor measurements.

The shape of the dynamometer card is a sign of normalworking condition. This validates

the use of the proposed control strategy for emulating sucker rod pump.

Fig. 4.17 –– Reference speed (red) and measured speed (green) comparison

The sucker rod pump often works under faulty conditions. Some faulty working

conditions are emulated using the experimental setup based on the proposed strategy.

Comparison of active power input with mechanical power and dynamometer card

calculated from motor measurements are presented in Fig. 4.21 and Fig. 4.22
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Fig. 4.18 –– Reference torque (red) and measured torque (green) comparison

Fig. 4.19 –– Normal working state: active power at the input of converter (red) and
mechanical power (green)

respectively for gas affected , Fig. 4.23 and Fig. 4.24 respectively for travelling

valve leakage, Fig. 4.25 and Fig. 4.26 respectively for plunger hitting top dead center,

Fig. 4.27 and Fig. 4.28 respectively for plunger hitting bottom dead center. It is not

easy to identify the working state directly from motor power curve. Working state

detection from motor power curve requires computer aided techniques. However,

the working state of the sucker rod pump can be detected by noting the shape of the

calculated dynamometer card.

4.8 Emulating the Sucker Rod Pump Using PHiL Simulator

The PHiL simulator have eased the experimentation phase for various electric

energy systems by imitating the power generation or consumption. The input power

to the sucker rod pump drive is periodic with period equal to the period of one cycle

of pump operation. Moreover, the input power curve reflects the effects of different
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Fig. 4.20 –– Dynamometer card for normal working state

Fig. 4.21 –– Gas affected: active power at the input of converter (red) and mechanical
power (green)

forces exerted on the surface and subsurface components along their corresponding

time. Therefore, the PHiL simulator can also be used to emulate the sucker rod pump

dynamics by imitating the simulated input power curve to sucker rod pump drive. The

PHiL structure as shown in Fig. 4.29 is developed in Simulink using Simscape library
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Fig. 4.22 –– Dynamometer card for gas affected

Fig. 4.23 –– Travelling valve leakage: active power at the input of converter (red) and
mechanical power (green)

to examine the PHiL simulator’s capability to emulate the sucker rod pump. In this

structure, if the load converter is controlled such that it forces the current flowing

through the coupling inductor to follow the model generated stator current of the motor
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Fig. 4.24 –– Dynamometer card for traveling valve leakage

Fig. 4.25 –– Plunger hitting top dead center: active power at the input of converter (red)
and mechanical power (green)

driving the sucker rod pump, the power supplied to the boost converter will be equal

to the simulated power.

The power supplied to the boost converter can be calculated by:

Pin = uaila + ubilb + ucilc, (4.31)
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Fig. 4.26 –– Dynamometer card for plunger hitting top dead center

Fig. 4.27 –– Plunger hitting bottom dead center: active power at the input of converter
(red) and mechanical power (green)

where: ua, ub, uc are phase voltages at the output of three phase test converter,

ila, ilb, ilc are line currents in the coupling inductor.

From the HiL system, the total electrical losses in motor can also be calculated by:

Ploss = Rs(i
2
as + i2bs + i2cs) + Rr(i

2
αr

+ i2βr
), (4.32)



131

Fig. 4.28 –– Dynamometer card for plunger hitting bottom dead center

Fig. 4.29 –– PHiL simulator

where: iαr = 1
xr
(ψra − xmia),

iβr =
1√
3xr

(ψrb −ψrc − xm(isb − isc)),
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xr and xm are rotor and mutual inductive reactance respectively,

ψra,ψrb,ψrc are rotor flux for phase a, b, and c respectively.

Then, the net motor torque can be obtained by:

Me =
Pin − Ploss

ωHiL
(4.33)

where: ωHiL is the simulated speed.

The net motor torque and simulated speed can be used to calculate the polished

rod load and displacement from which the dynamometer card is produced. For normal

working state, the obtained dynamometer card is compared with the dynamometer card

which is obtained from the experimental results of electromechanical test bench in Fig.

4.30. It can be seen that the two dynamometer cards are nearly comparable.

Fig. 4.30 –– Comparison of dynamometer cards produced from PHiL simulator and test
bench
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4.9 Summary

In this chapter, load machine control strategy for emulating sucker rod pump in

reduced scale has been developed. To verify the emulation strategy, an experimental test

bench has been developed in laboratory. Using the experimental setup, the dynamics

of sucker rod pump under different working states was emulated. From the recorded

motor measurements, dynamometer cards are calculated. The shape of each calculated

dynamometer card is a sign of the working state simulated on the real time simulator.

The experimental results are also comparable with the PHiL simulation results. This

validates the proposed emulation strategy. The experimental setup can serve as an

effective platform for generating a training set (motor power curves for different sucker

rod pump working states). Moreover, studies on optimal counterbalance and optimal

energy efficiency operation could be conducted using this test bench.
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Conclusion

The work presented in this dissertation concerns research on sucker rod pump

particularly: in developing an integrated simulation model, establishing a diagnostic

model based on motor power curve, studying energy efficiency improvement and

developing emulating system. The research is assisted with an integrated simulation

model and electromechanical test bench. The research findings are demonstrated by

simulation and experimental results. The main issues and corresponding findings are

summarized eventually.

Chapter 1 presents mathematical models of induction motor, v-belt, gear reducer,

pumping unit, sucker rod string, subsurface pump and reservoir. All these models are

combined to form an integrated model of sucker rod pump system. The integrated

simulation model is developed in LabVIEW programming environment and MATLAB

(in form text files, using Simulink and Simscape libraries). It allows to simulate different

sucker rod pump working states. Therefore, through the developed model different

samples can be generated and used to build training set, which is the main requirement

in developing computer aided diagnostic models. Moreover, the models are helpful to

study energy efficiency of sucker rod pump and in developing emulating system for

sucker rod pump.

Chapter 2 presents development of computer aided diagnostic model based on

motor power curve. The motor power curve is more reliable source of information

to diagnostic systems, however, its utilization requires computer aided techniques.

In the development of computer aided diagnostic model, the issue related to data

requirement is addressed by generating several samples, which represent different

sucker rod pump working states, through an integrated simulation model of the sucker

rod pump. The valve working points and the relative energy of different parts of a cycle

provide meaningful information about sucker rod pump working condition. Thus, each

sample is represented by a feature vector, which is constructed based on the relative

work coefficient of the four parts of the cycle and distances between valve working
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points. The feature vector constructed based on this idea has been seen to uniquely

represent a given sample of motor power curve. A training set is prepared by generating

samples of motor power curves after extracting useful features for each sample. Finally,

the SVM algorithm uses the training set to develop a diagnostic model. The SVM

algorithm is the most suitable algorithm for model generated data. Simulation tests

on the capability of the developed diagnostic model indicate satisfactory results. The

SVM algorithm, the programs for classification and feature extraction processes have

been developed in MATLAB programming environment but they can also be rewritten

in other programming languages. Moreover, the programs for classification and feature

extraction processes can be prepared to run on simple device, which can be used for

onsite applications, with the training process performed in a centralized unit.

In chapter 3, the model of induction motor in the integrated simulation model

is modified to include the effects of iron loss. The model of AC-DC-AC converter is

add to the modified integrated model. A loss model and control structure that allows

to control the magnetizing current are developed. Applying unconstrained optimization

technique, an expression for computing optimal flux producing current is derived. In the

base speed region including the current constraints, the relation between optimal flux

and torque producing currents is outlined and the torques at the limits are predicted. The

predicted torques are used in guiding the development of special strategy for generating

magnetizing current trajectory, which is used as a command by a vector control system

used to control induction motor driving sucker rod pump. The effectiveness of this

strategy was examined in simulation. The simulation results indicate that about 1.6% of

the required energy can be saved compared to operation at rated magnetizing current.

This strategy, with further research and development, can help to meet energy efficiency

targets and standards.

In chapter 4, an experimental platform consisting of two inductionmotors coupled

on a common shaft, two frequency converters, and PC equipped with LabVIEW and

input/output device is constructed. By considering equal dynamic response of the

electromechanical test bench and desired system (sucker rod pump), load machine

control structure for emulating the sucker rod pump in reduced scale is established.
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The proposed load machine control structure was implemented and tested in the

developed experimental platform with the real time model of the sucker rod pump set

to simulate different working states. It is seen that the measured torque nearly follows

the reference torque. The shape of the calculated dynamometer card from the motor

measurements also very well reflects the simulated working state and is comparable

to the dynamometer card calculated from PHiL simulation results. This indicates that

the proposed imitating system can effectively emulate the sucker rod pump working

condition.

Since the research deals with modeling, optimal control for energy efficiency

operation and emulation of the sucker rod pump, one potential direction for future

research could be to study the integration of renewable energy sources to power sucker

rod pump drive. The technical and economic feasibility of combination of renewable

energy source and storage can be studied using the developed emulating system and

simulation model. Another research potential can be thought noting the nature of the

load it exerts on the prime mover. The use of proper counterbalance helps to smooth

the net torque. However, load fluctuation will remain even if the sucker rod pump is

optimally balanced. The effect of load variation on the power quality at the point of

common coupling, especially for group of sucker rod pumps supplied form a common

point, may not be tolerable. Moreover, reliable supply of such loads is obtained at

increased installation cost. Thus, development of control strategies to smooth the net

power loading for a group of sucker rod pumps can also be a further research interest.
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Appendix A

Sucker Rod Pump Simulator: program registration and Its Interface

A program interface with standard elements such as input fields, inscription,

button, tabs is shown in Fig.A.1. The program interface allows the user to navigate

through the different subsystems of the sucker rod pump system. Fig.A.2 shows the
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tabs where parameters related to the pumping unit and sucker rod string can be entered.

Fig.A.3 also shows the tabs where parameters related to subsurface pump and prime

mover can be entered.

Fig. A.1 –– Graphical user interface of the sucker rod pump simulator.

Fig. A.2 –– Tabs for entering parameters of pumping unit and sucker rod string.
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Fig. A.3 –– Tabs for entering parameters of subsurface pump and prime mover.
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Appendix B

Implementation of Results
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