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 Currently, linear motors find increasingly wide application in various 

industrial sectors. These motors feature a range of advantages including the 

absence of compound mechanical power transmissions between a motor and 

an actuator, simple design, and performance reliability. These advantages 

determine application of linear motors in electric drive systems of a range of 

industrial mechanisms including liquid metal and melt transfer units, various 

transport systems, and metal working and grinding machines. As an 

illustration, the article addresses submersible cylindrical linear alternating 

current electronic engines used for rodless oil extraction. Practice shows that 

the overall efficiency of such units is extremely low. This article is dedicated 

to the determination of performance and power/angle characteristics of such 

linear motors, their main energy indicators 𝑐𝑜𝑠 𝜑 and efficiency at various 

supply voltage frequencies. It is shown that 𝑐𝑜𝑠 𝜑 at all supply voltage 

frequencies remains very high, while the efficiency is extremely low. The 

main way to increase the engine efficiency is to increase the frequency of its 

supply voltage as much as possible. It is proposed to extend the results 

obtained to other possible industrial applications of linear electric drives. 
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1. INTRODUCTION  

Over the years, the production sector has been dependent on various belt and screw drives, 

mechanical devices and mechanisms used to perform the translational and reciprocating movement of the 

working body. Such devices, despite all the simplicity of their design, have a number of disadvantages: low 

bandwidth, a small number of operating cycles, the setting is not flexible enough or completely absent, there 

is no programming option. However, at present, the opposite is required from units intended for the 

organization of reciprocating motion. Direct-drive linear motor technology provides high-quality linear 

positioning solutions. Linear motors use the principle of interaction of a linearly moving magnetic field of a 

stationary inductor and a massive secondary element moving along a guide. In this case, there is no need to 

use any additional mechanical transducers, and, therefore, the linear electric motor is capable of providing 

linear movement [1]. 

A linear electric motor is a device in which a secondary element linearly moves along an open 

magnetic circuit of arbitrary length. The inductor winding creates a linearly running magnetic field inside the 

magnetic circuit. In industry, the most widespread are cylindrical electric motors, in which the rotor 

(secondary element) and the stator (primary element) are rolled up in the form of hollow cylinders. The 
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inductor and secondary element of the linear motor are deployed in strips, i.e., have a flat shape. The running 

magnetic field of the motor is created by alternately switching the coils of the inductor winding. A linear 

electric alternating current (AC) motor consists of an armature with a winding wound around its surface, 

which is a commutator (a guiding element), and an open magnetic core with field windings (a moving 

member). These windings are located so that the force vectors of one pole are in the same direction. The 

simple regulation of the moving member’s speed is a distinctive feature of the linear motor. AC motors can 

be synchronous and asynchronous [2]. The armature in an asynchronous linear motor has the form of a bar, 

normally rectangular in section and without winding. The armature is mounted along the travel path of the 

unit’s moving member fitted with a magnetic core with straight-line multi-phase windings fed by an AC 

source. The interaction of the magnetic field of the moving member’s magnetic core and the armature field 

produces forces that cause the moving member to move faster relative to the stationary armature. The process 

occurs until equalisation of the speed of the moving member and the running magnetic field.  

Linear motors are used in a range of actuators. The applications include overhead crane trolley travel 

mechanisms, smoke ventilation automated control systems, drill rig operating units feed mechanisms, water 

supply to effective downhole plunger pumps, electric transportation systems, as well as permanent-magnet 

mechatronic units in machining equipment for operating unit movement [3]. The simple design with no 

rubbing elements ensures direct conversion of energy flow within the magnetic field into mechanical energy, 

thus resulting in the machine’s high efficiency and reliability [4]. 

Let us take a closer look at the application of linear motors in oil industry in Russia. As of today, 

two main oil production methods prevail in Russia: using sucker rod pump units and electric submersible 

pump units. Sucker rod pump units feature a number of advantages including relatively high efficiency at low 

to medium flow rates, and a displacement pump suitable for application in heavy-oil and sandy wells and 

with high gas-oil ratio. That being said, sucker rod pump units have a significant drawback: the production 

depth is limited to 2,000 meters due to the risk of rod string parting. The key advantages of electric 

submersible pump units include low metal consumption, possibility of production at depths greater than 

2,000 meters and application in directional wells. However, electric submersible pump units have a 

significant drawback: their application is limited to high-rate wells only since their efficiency when 

producing less than 80 m3/day goes below 35% [5]. Therefore, such units shall only be used at high-rate 

wells. The impracticability of using sucker rod pump units for deep wells, and electric submersible pump 

units for medium- and low-rate wells has built the need to develop fundamentally new designs of oil 

production units. Currently, there is only one practical solution to the problem of producing oil from 

medium- and low-rate wells with a depth of 2,000 m and greater, consisting in the use of a submersible 

rodless pump unit using the cylindrical linear AC electronic engine [6]. A rodless submersible pumping unit 

for oil production began to be developed in the 1920s [7]. Figure 1 shows the arrangement of an submersible 

rodless pump unit at the well. 

 

 

 
 

Figure 1. Submersible rodless pump unit’s arrangement at a well 

 

 

2. METHOD  

Figure 1 shows the cylindrical linear AC electronic engines 1 actuates plunger of pump 2, which 

lifts fluid in oilwell tubing 3. The motor is powered through armored three-core cable 4 passing through 

wellhead equipment 5; and is connected to control system 6. The station is connected to the three-phase 

mains through transformer 7. The submersible rodless pump unit is fitted with telemetry system 8. 
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Earlier developments of submersible rodless pump units driven by linear induction motors didn’t 

progress since no sufficient traction forces could be obtained from wells [8]. Considerable progress in the 

production of rare-earth permanent magnets [9] fueled the development of submersible rodless pump units 

driven by a linear cylindrical motor (e.g., cylindrical linear AC electronic engine), which nowadays allows to 

obtain the required traction capacities. 

The production units’ energy consumption is a high-priority issue in oil production. Pilot field trials 

conducted by Rosneft Oil Company have shown a significant advantage in energy efficiency with the use  

of submersible rodless pump units at wells with medium and low flow rates over electric submersible pump 

units [10]. However, as practice shows, the overall efficiency of these units is very low, not exceeding  

30% [11]. The article contains the results of studies of the cylindrical linear AC electronic engine, which 

were carried out under a state order. Figure 2 shows a longitudinal section of the cylindrical linear AC 

electronic engine, on the secondary element of which permanent magnets are placed. 

According to the picture, the engine consists of [12]: 

− Cylindrical body (hollow cylinder) 

− Inductor, fixed in the housing and recruited from cups with coils of a three-phase winding stacked in 

them, forming a traveling magnetic field along the motor axis. 

− Secondary element that carries out linear movement inside the inductor and is made up of permanent 

magnets and non-magnetic inserts. 

The cylindrical linear AC electronic engine consists of separate micro modules that are 0.1 meters 

long, depending on the traction effort required, the number of micro modules and the length of the actual 

cylindrical linear AC electronic engine on Figure 3 can be altered [13]. The studied cylindrical linear AC 

electronic engine’s module was 1 meter long. On the inductor there are prongs and grooves in which there 

are cylindrical coils of the stator. Pole pitch 𝜏 = 30 mm, slot pitch 𝑡𝑧 = 10 mm. The coils connect 

sequentially over the length of the inductor and form a three-phase winding that is powered by a frequency 

converter. The winding of the cylindrical inductor creates a running magnetic field, the speed and direction of 

which are changed via of a frequency converter [14]. The secondary element has a diameter of 𝐷𝑝 = 53 mm. 

The gap δ between the stationary inductor and the secondary element moving inside it is 1.5 mm. 
 

 

 
 

Figure 2. Cut away side view of the cylindrical linear AC electronic engine 
 

 

 
 

Figure 3. Module of the cylindrical linear AC electronic engine with control system 
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The Department of Electrical Engineering and Electrical Mechanics of the Perm National Research 

Polytechnic University designed and manufactured the cylindrical linear AC electronic engine module, as 

well as the control system for it [15]. The nominal force of the control system of the engine if 4 kN with a 

length of one meter and phase current 30 A [16]. To study the dependencies of traction force and efficiency 

of the cylindrical linear AC electronic engine with permanent magnets, a mathematical model based on the 

electrical and magnetic circuit concept was developed according to [17]. For a magnetic circuit design, an 

equivalent circuit of the cylindrical linear AC electronic engine was built with reference to [18]. To refine the 

design of this equivalent circuit, the following updates have been made; i) Leakage reluctance along the 

crown of tooth have been added; ii) Magnetomotive force sources of motor windings have been added. 

The components of the magnetic resistance (longitudinal and transverse) are calculated according to 

separate equivalent circuits. Magnetic resistances of circuit sections with radial magnetic flux were 

determined in integral form with allowance for their increasing cylindrical cross-section. Therefore, the 

magnetic circuit shall be defined numerically using any applicable software. The motor’s mathematical 

model was developed using MathCAD. To determine the circuit resistances, the system of Kirchhoff 

equations is solved in relation to magnetic fluxes. Since the resistances of circuit sections are non-linear 

functions of the magnetic flux passing through them, an analytical solution of the equations is not realistic. 

Therefore, the solution is generated using iterative method. The number of iterations equals 20, which gives a 

maximum error of 2 µWb. The calculation of force using this method can be compared in accuracy with 

finite element method [19]. 

Magnetic resistances of the circuit section where magnetic flux is perpendicular and parallel to 

motor axis are determined by formulas, 

 

𝑅𝑟 = ∫
𝐻(𝛷/𝑆(𝑟))

𝛷
𝑑𝑟

𝑟2
𝑟1

, 𝑅𝑧 =
𝑙⋅𝐻(𝛷/𝑆)

𝛷
 

 

where 𝑟1 and 𝑟2 are radial coordinates of the beginning and end of the considered section 𝑟1 − 𝑟2 of the 

magnetic circuit (for 𝑅𝑟); 𝐻 = 𝐻(𝐵) = 𝐻(
𝛷

𝑆
) is the magnetic intensity on the section 𝑟1 − 𝑟2 (for 𝑅𝑧) or the 

magnetic intensity on the elementary radial increment 𝑑𝑟 of the section 𝑟1 − 𝑟2 (for 𝑅𝑟); S is the cross-

sectional area of the section 𝑟1 − 𝑟2 (𝑆 = 𝑆(𝑟) for 𝑅𝑟); 𝛷 is the magnetic flux penetrating the section 𝑟1 − 𝑟2; 

l is the length of the section 𝑟1 − 𝑟2. 

The longitudinal and transverse magnetic resistances are determined separately as functions of the 

motor current 𝑅𝑑(𝐼), 𝑅𝑞(𝐼). The no-load magnetic flux 𝛷0 required for further calculations is determined as 

the magnetic flux in air gap, generated by permanent magnets, but subject to magnetic circuit saturation 

obtained in the iterative calculations. The longitudinal and transverse magnetic resistances are determined 

separately as functions of the motor current components of the motor’s inductive resistance 𝑋𝑑 и 𝑋𝑞 are 

determined from the obtained magnetic resistances. The no-load electromotive force of one phase of the 

inductor winding is determined, as follows: 

 

𝐸0(𝑓, 𝐼) = 𝑓 ⋅ 𝑒0(𝐼) = 𝑓 ⋅ 4,44 ⋅ 𝑤 ⋅ 𝛷0(𝐼) ⋅ 𝑘об 

 

where w  is the number of turns, 𝑘об is the winding factor. 

The calculation of the cylindrical linear AC electronic engine’s magnetic circuit and determination 

of longitudinal and transverse inductances of the motor have allowed to develop a mathematical model of the 

motor. The longitudinal and transverse components of stator currents and total current are calculated in 

accordance with the vector diagram shown in Figure 4, by setting the magnitude and nature of the supply 

voltage and the load angle 𝜃: 

 

𝐼𝑑 =
𝑋𝑞⋅(𝑈⋅𝑐𝑜𝑠(𝜃)−𝐸0)−𝑟𝑠⋅𝑈⋅𝑠𝑖𝑛(𝜃)

𝑋𝑑⋅𝑋𝑞+𝑟𝑠
2 , 𝐼𝑞 =

𝑟𝑠⋅(𝑈⋅𝑐𝑜𝑠(𝜃)−𝐸0)+𝑋𝑑⋅𝑈⋅𝑠𝑖𝑛(𝜃)

𝑋𝑑⋅𝑋𝑞+𝑟𝑠
2 , 𝐼 = √𝐼𝑑

2 + 𝐼𝑞
2 

 

where sr  is the equivalent active resistance of the three motor phases. 

With known values of the longitudinal and transverse components of the stator current, the 

maximum main and reactive forces are defined mathematically by the expressions obtained from [17], 

 

𝐹𝜀𝑚 =
3 ⋅ 𝑈 ⋅ 𝐸0

2𝜏 ⋅ 𝑓(𝑋𝑑𝑋𝑞 + 𝑟𝑠
2)2

⋅ √(𝑋𝑑𝑋𝑞
2 + 2 ⋅ 𝑟𝑠

2𝑋𝑑 − 𝑟𝑠
2𝑋𝑞)

2 + 𝑟𝑠
2(2𝑋𝑞

2 − 𝑋𝑑𝑋𝑞 + 𝑟𝑠
2)2 
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𝐹𝑑𝑞𝑚 =
3 ⋅ 𝑈2 ⋅ (𝑋𝑑 − 𝑋𝑞)

4𝜏 ⋅ 𝑓(𝑋𝑑𝑋𝑞 + 𝑟𝑠
2)2

⋅ √(𝑋𝑑
2 + 𝑟𝑠

2) ⋅ (𝑋𝑞
2 + 𝑟𝑠

2) 

 

main and reactive braking forces, 

 

𝐹𝜀Т = −
3⋅𝐸0

2⋅𝑟𝑠

2𝜏⋅𝑓(𝑋𝑑𝑋𝑞+𝑟𝑠
2)2

⋅ (𝑋𝑞
2 + 𝑟𝑠

2), 𝐹𝑑𝑞Т = −
3⋅𝑈2⋅𝑟𝑠

2𝜏⋅𝑓(𝑋𝑑𝑋𝑞+𝑟𝑠
2)2

⋅ (𝑋𝑑 − 𝑋𝑞)
2 

 

main and reactive force displacement angles. 

 

𝛼𝜀 = arctg (
𝑟𝑠(2𝑋𝑞

2−𝑋𝑑𝑋𝑞+𝑟𝑠
2)

𝑋𝑑𝑋𝑞
2+2⋅𝑟𝑠

2𝑋𝑑−𝑟𝑠
2𝑋𝑞

), 𝛼𝑑𝑞 = arctg (
𝑟𝑠(𝑋𝑑+𝑋𝑞)

𝑋𝑑𝑋𝑞−𝑟𝑠
2 ). 

 

The result is the synchronous force value. 

 

𝐹𝐶 = 𝐹𝜀𝑚 ⋅ 𝑠𝑖𝑛( 𝜃 + 𝛼𝜀) + 𝐹𝜀Т + 𝐹𝑑𝑞𝑚 ⋅ 𝑠𝑖𝑛 2 (𝜃 + 𝛼𝑑𝑞) + 𝐹𝑑𝑞Т.
  

The useful and consumed power equals the following, 

 

𝑃2 = 𝐹 ⋅ 𝜐, 𝑃𝑠 = 𝑃2 + 𝐼2 ⋅ 𝑟𝑠, 
 

where 𝜐 = 2 ⋅ 𝜏 ⋅ 𝑓is the linear speed of the secondary element, the pole pitch value 𝜏 = 30 mm, where 𝐼2 ⋅ 𝑟𝑠 
is the copper losses of all the three motor phases. The efficiency and power factor,  

 

𝜂 =
𝑃2

𝑃𝑆
, 𝑐𝑜𝑠(𝜙) =

𝑃𝑆

𝑆
, 

 

where gross power 𝑆 = 𝑈 ⋅ 𝐼 
 

 

 
 

Figure 4. Cylindrical linear AC electronic engine’s vector diagram 

 

 

3. RESULTS 

Figures 5, 6 and 7 show the simulation results, namely, the dependencies of power consumption 𝑃1, 

traction force F and current consumption I on power released at the secondary element of the cylindrical 

linear AC electronic engine 𝑃2 at different supply voltage frequencies 𝑓𝑠𝑣 of 1 Hz, 7 Hz and 10 Hz. These 

dependencies have been calculated for the cylindrical linear AC electronic engine’s prototype at a rated phase 

current consumption of 30 A, because the nominal operating mode of the engine is of particular interest and 

is the maximum possible, in which the motor is able to perform the function assigned to it for a long period 

of time. 

When 𝑓𝑠𝑣 = 1 Hz, both resistances Z and R are almost equal, so 𝑐𝑜𝑠 𝜑 ≈ 1 (see Figure 5). Factor 

𝑐𝑜𝑠 𝜑 falls with increasing 𝑓𝑠𝑣 (𝑐𝑜𝑠 𝜑 = 0.93 at 𝑓𝑠𝑣 = 7 Hz; 𝑐𝑜𝑠 𝜑 = 0.90 at 𝑓𝑠𝑣 = 10 Hz). This is a good 

energy indicator.  
 



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Improving the efficiency of an electric drive with a cylindrical linear … (Dmitrii Andreevich Chirkov) 

63 

  
 

Figure 5. Cylindrical linear AC electronic engine’s 

performance characteristics at 𝑓𝑠𝑣 = 1 Hz 

 

Figure 6. Cylindrical linear AC electronic engine’s 

performance characteristics at 𝑓𝑠𝑣 = 7 Hz 
 

 

 
 

Figure 7. Cylindrical linear AC electronic engine’s performance characteristics at 𝑓𝑠𝑣 = 10 Hz 

 

 

The load has a significant effect on the efficiency of the motor as shown in Figures 5, 6, and 7. The 

traction force 𝐹 and the useful power 𝑃2 increase in proportion to the consumed current 𝐼, and the heat losses 

in the stator windings have a square-law dependence on the current, therefore, the efficiency changes from 

zero to the maximum value with increasing load, and then significantly decreases. Thus, according to  

Figure 5, at a frequency 𝑓 = 1 Hz and at rated current the efficiency is 7%, according to Figure 6–at 𝑓 = 7 

Hz it is 32% and according to Figure 7–at 𝑓 = 10 Hz it is 38%. The efficiency of the motor decreases with 

increasing load, because the current consumed from the source increases, which means that the heat losses in 

the winding increase significantly due to the high active resistance R . The operation of the motor according 

to Figures 5, 6, and 7 at higher speeds of movement of the secondary element is preferable. The efficiency of 

the engine in such operating modes increases with a growth of the frequency 𝑓𝑠𝑣 and the speed 𝜐, which leads 

to an improvement in energy performance. 

The traction force varies from 3200 to 3300 N at all frequencies of the supply voltage and the rated 

current of the primary winding. Therefore, the traction force remains practically constant. This will 

significantly reduce the cycle time. In order to provide the required number of double strokes 0.5-8 per 

minute, it is necessary to enter a time pause between cycles [20], or to increase the return time. 

Subsequent studies carried out at LLC «Oil Avtomatika» showed: 

− Comparative analysis of simulation results and data obtained experimentally on a prototype showed their 

high degree of convergence [19]. 

− In the presence of acceleration and deceleration accelerations, in addition to the appearance of restrictions 

on the maximum frequency, there also appears an extremum in the energy efficiency of the working 

stroke with the same tractive effort. 

− The most energy efficient is the continuous operation without pauses with the fastest working stroke and 

the slowest reverse. 

The motor stator magnetic core should be made laminated using electrical steel. This will reduce 

losses in steel, which increase significantly with increasing frequency 𝑓𝑠𝑣. The traction force created by the 

motor is inversely proportional to the losses in steel, therefore, with an increase in the frequency 𝑓𝑠𝑣 from 1 

Hz to 10 Hz, the force decreases by 12.64% (see Table 1), and the no-load current, which creates a working 
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magnetic field in the magnetic circuit of the inductor, begins to grow. This is due to the change in the 

structural composition of the consumed current [21]: the reactive component increases; the active component 

decreases. Further to the performance curves, the power/angle curves of the cylindrical linear AC electronic 

engine were plotted, as well. The power/angle characteristics for frequencies 1, 7 and 10 Hz are shown in  

Figure 8. 
 

 

Table 1. Cylindrical linear AC electronic engine’s performance characteristics analysis for various 

frequencies 𝑓𝑠𝑣 
Frequency, Hz Traction force at rated current, N Efficiency at rated current, % No-load current, A 

1 3480 7% 2 

7 3120 32% 9,5 
10 3040 38% 12 

 

 

The frequency 𝑓𝑠𝑣 has a significant effect on the power/angle curves of the motor (Figure 8). The motor’s 

impedance grows disproportionately to the frequency 𝑓𝑠𝑣 due to the large active component in its composition. 

This causes the no-load current to increase greatly when the frequency is increased from 1 to 10 Hz. 

The no-load electromotive force grows in proportion to the supply voltage frequency while the 

motor’s impedance does not, resulting in an increase in no-load current and a drop in traction force of the 

motor. However, a further increase in frequency should result in a slowdown in the traction force drop, as the 

impedance becomes predominantly inductive and the efficiency increases further. However, this will increase 

the eddy-current losses in the motor, which will require an imbricated coil. 

The low supply voltage frequencies (1 to 10 Hz) needed to obtain the required speeds of the secondary 

element allow the inductor magnetic system to be manufactured from standard structural steel, which 

considerably simplifies manufacture and reduces the cost of the cylindrical linear AC electronic engine. 

Additional research carried out in the Maxwell program allowed the creation and calculation of a new 

rationalized design of the motor with an open groove, teeth of laminated electrical steel and magnets (Table 2). 

 

 

 
 

Figure 8. Motor's power/angle characteristics at 𝑓𝑠𝑣 = 1, 𝑓𝑠𝑣 = 7, 𝑓𝑠𝑣 = 10 Hz 

 

 

Table 2. Parameters of the original and rationalized designs of the cylindrical linear AC electronic engines 

Construction of 
cylindrical linear AC 

electronic engine 

Magnet brand 

Magnet 

characteristics BF , 

N 

HF , 

N 

BMF , 

N 

HMF , 

N 

Efficiency for 𝑓 = 7 

Гц, % 
rB , T cH , kA/m 

Rationalized design Tula plant of permanent magnets 1.47 1138 2285 2715 9140 10860 51 

Rationalized design OJSC «Magnetron», с. Vladimir 1.26 900 2053 2337 8212 9348 48 
Rationalized design «POZ-Progress», с. Yekaterinburg, 

Pyshma 

1 680 1685 1886 6740 7544 42 

Original design «POZ-Progress», с. Yekaterinburg, 
Pyshma 

1 680 1100 960 4400 3840 33 

 

 

The efficiency improvement problem is not so acute in low-power electric drives built on the basis 

of the cylindrical linear AC electronic engine, while its design and reciprocation features allow using linear 

motors in other industries. Thus, there is a recent tendency in mechanical engineering to ramp up the 
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production of flat parts with high accuracy; special plane finish machines are being used for this purpose. The 

cylindrical linear AC electronic engine can be used to drive the reciprocating motion of these machines. Its 

application as a drive is the most promising as the machine’s operating conditions can be adjusted within a 

wide range. Two perpendicular linear drives of the machine allow to arbitrary vary the linear axes travel and 

the frequency of such movement. This feature allows to implement any movement, including Lissajous 

patterns, without having to change the machine’s mechanical system. Thus, any motion trajectory can be 

implemented with automation-set laws only by adjusting the control signals of the drive controlled by a 

microcontroller [22]. 

The basic operating principle of the actuator’s axes is a reciprocating movement of the working 

plane, which is connected by means of a rod with electric motors, such as cylindrical linear AC electronic 

engine. The main advantage of the cylindrical linear AC electronic engine in this apparatus is a holding 

torque due to permanent magnets on the secondary element and a possibility of implementing an arbitrary 

control law. It also features operating unit rapid movement.  

The linear motors will be powered by three-phase cables from two frequency converters mounted 

next to a flat operating unit and controlled by a microcontroller, in conjunction with a PC. Earlier, a control 

flow chart for one electric drive of the cylindrical linear AC electronic engine in reciprocating motion mode 

was developed to control the actuator. The initial parameters for system operation are set depending on a 

geometry and time of workpiece processing. The output values for the frequency converter are calculated 

based on the program flow chart [23]. 

It must be taken into account that perpendicular drives, based on cylindrical linear AC electronic 

engine, shall be synchronized over a control law set by the microcontroller to obtain the required trajectory of 

the operating unit. Using a PC allows to change the machine control laws arbitrarily by adjusting the program 

within the microcontroller. Such a complex control system consisting of a microcontroller and a PC is 

essential to implement to the full extent the real-time drive motion as they must be synchronised in time to 

thus obtain the required trajectory accuracy. Therewith, the stroke length and double stroke frequency vary 

within specified limits depending on input parameters [16]. 

The control system algorithm allows to correctly control the cylindrical linear AC electronic engine. 

The movement is carried out in both directions: forward and backward. At the same time, the stroke length 

and double stroke frequency shall vary within specified limits depending on input parameters, as well as to 

control the cylindrical linear AC electronic engine’s temperature [1], [24], [25]. 

Both cylindrical linear AC electronic engines together with the control and synchronisation system are 

basic elements of a surface grinding machine with the possible two degrees of movement (X, Y) of the 

lapping disc in Figure 9. The technical result is a simplification of the mechanical power transmission system 

through the use of two linear reciprocating electric motors respectively powered by two frequency-controlled 

inverters with adjustable lapping plate vibration amplitude, and a reduction of the machine’s mass and size 

parameters. 

The surface finish device contains lapping plate 1, lifter 2, rotor 3 of linear motor 4 of reciprocating 

motion along the X axis, slot 5 of the machine bed, housing 4 of the linear motor, sensors Dp 6 and Ds 7, a 

control system CS of inverter 8 feeding the stator of linear motor 4; in the Y axis in the perpendicular direction 

the second linear motor connected through second lifter 2y to rotor 3y of the second linear motor 4y of 

reciprocating motion along the Y axis, slot 5y of the machine bed, housing 4y of the second linear motor, 

sensors Dp 6y and Ds 7y , two inverters 8, two electric motors 4, pantograph 9; travel amplitudes dL1 and dL2 

of lapping plate 1 and housing 4 of the linear motor are measured by sensors Dp and Ds, respectively, their 

signals being processed under the control system program of inverter 8 feeding the stator of linear motor 4. 
 

 

 
 

Figure 9. Surface-grinding machine configuration: control system (CS); inverter–frequency converter (I-FC) 

I-FC CS
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4. CONCLUSION  

It is necessary to increase the proportion of inductive resistance in the engine to increase the 

efficiency of the cylindrical linear AC electronic engine as part of the submersible rodless pump unit. This 

can be achieved either by increasing the supply voltage frequency and optimizing the motor algorithm, or by 

optimizing its design. The implementation of these recommendations will entail an increase in the cost of the 

submersible rodless pump unit’s installation. Thus, the motor operation algorithm optimization will demand 

increase in a power stroke frequency, which in turn will demand increased supply voltage, this in its turn 

demanding more powerful and expensive control systems and power oil transformers. Further, the motor 

design optimization will demand increase in amount of permanent magnets and use of advanced materials 

and will complicate the cylindrical linear AC electronic engine’s manufacture technology. The cost per pole 

pair will mount up dramatically. However, according to preliminary estimates, introduction of these measures 

will allow to raise the unit’s efficiency. Then the total cost of a submersible rodless pump unit’s package will 

grow by approximately 20-40%.  

Increasing the cylindrical linear AC electronic engine’s efficiency will entail a significant reduction 

in energy consumption. By estimation, the cost difference between the basic and optimized submersible 

rodless pump unit’s packages will be repaid in less than a year of operation, even in regions with low 

electricity prices. It should also be noted that improving the efficiency of oil production units is feasible, and 

while it involves essential costs, it will pay off multiple times in electricity costs over the submersible unit’s 

life cycle. The problem of increasing the efficiency of the cylindrical linear AC electronic engine is not so 

acute in low-power electric drives used in other areas of industry, because the main requirements in this case 

are high accuracy, repeatability and resolution of the positioning of the working body. 
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