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Currently, deep drilling operates under extreme conditions of high temperature and high pressure,
demanding more from subterranean power motors. The all-metal positive displacement motor, known
for its robust performance, is a critical choice for such drilling. The dimensions of the PDM are crucial for
its performance output. To enhance this, optimization of the motor's profile using a genetic algorithm has
been undertaken. The design process begins with the computation of the initial stator and rotor curves
based on the equations for a screw cycloid. These curves are then refined using the least squares method
for a precise fit. Following this, the PDM's mathematical model is optimized, and motor friction is
assessed. The genetic algorithm process involves encoding variations and managing crossovers to opti-
mize objective functions, including the isometric radius coefficient, eccentricity distance parameter,
overflow area, and maximum slip speed. This optimization yields the ideal profile parameters that
enhance the motor's output. Comparative analyses of the initial and optimized output characteristics
were conducted, focusing on the effects of the isometric radius coefficient and overflow area on the
motor's performance. Results indicate that the optimized motor's overflow area increased by 6.9%, while
its rotational speed reduced by 6.58%. The torque, as tested by Infocus, saw substantial improvements of
38.8%. This optimization provides a theoretical foundation for improving the output characteristics of all-
metal PDMs and supports the ongoing development and research of PDM technology.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the increasing drilling depths in deep and ultra-deep
wells, the temperature conditions at the bottom of the borehole
have become highly demanding. The positive displacement motor
(PDM) utilizes an all-metal stator and rotor, whereby the perfor-
mance output greatly relies on the precise gap fit and the distinct
end profiles (Li et al., 2017; Tschirky, 1978). Consequently, the
structural parameters of the all-metal PDM play a critical role in
determining its performance output. To address this, the genetic
algorithm, known for its accuracy in solving optimal solutions for
multiple objective function combinations, was employed to
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optimize the PDM. By utilizing the genetic algorithm, the optimal
performance parameters for the motor were successfully obtained.

The all-metal PDM was developed from the conventional PDM,
also known as the all-metal fixed displacement motor, which is a
volumetric bottom-hole power motor. In the early days, the PDM
was manufactured by the United States of America as the first
downhole drilling motor, named the Dina motor (Lu et al., 2023). In
1930, Rene Moineau in France designed the single screw based on
the research of Archimedes' spiral, where the screw rotor is a
single-wire spiral surface and the stator is a bushing barrel
embedded with a double-wire spiral surface. Subsequently, he co-
founded the first single screwmanufacturing company with Robert
Bienaime (Wang et al., 2022). In 1962, the development of a bore
bottom motor with practical applications began to be manufac-
tured into products. With the continuous improvement of PDM
manufacturing technology, the optimization of the performance of
the PDM has received more and more attention from research
scholars, especially the study of the end-face line of the PDM. In
1966, the Perm Branch of the Soviet Drilling Technology Research
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Institute began to develop a special model of multi-head PDM, as
opposed to the Dina screw's high speed, low torque, and poor
adaptability with the tooth wheel drill bit and other shortcomings.
This excellent improvement contributed to the further develop-
ment of the screw, which has the characteristics of high output at
low speed and high torque (Lea et al., 1988; Marius, 2018).

In the mid to late 20th century, as the screw line continued to be
studied in depth, the high speed and low torque characteristics of
the single-headed screw became increasingly unsuitable for
directional good applications. The research scholars began to study
the development of multi-headed screw lines, including Schlum-
berger, Baker, Christensen, and many other companies drilling
equipment through a series of development of their own multi-
headed screw products (El-Abd et al., 2020; Wang et al., 2021). In
1978, the Institute of Petroleum Exploration and Development
Science research project "LZ6 1/2 screw development", the first 3-
head screw, after years of research and development, screw
manufacturing and application formed the specifications and series
gradually dominate the market. In the 1990s, research scholars
from the conventional screw in the case of clearance can also work
inspired by the all-metal screw gradually known. So, the PDM can
no longer use the inclusion of a rubber bushing stator, the stator
and rotor clearance fit can also work. Canada has developed an all-
metal PDM with a tungsten carbide and cobalt-bonded coating on
the stator surface (Tschirky, 1978). The screw developed by G-PEX
USA is made of synthetic material, and the stator is made of syn-
thetic material with higher wear resistance than steel, to which
friction-reducing reagents are added (Cao et al., 2022; Liang et al.,
2023). However, the lifting performance and service life of all-
metal PDM under clearance fit is significantly lower than that of
conventional rubber screws, while the high temperature and
corrosion resistance is significantly better than that of conventional
rubber screws. Therefore, the optimization of PDM performance,
focusing on the optimization of stator and rotor line shape, due to
the specificity and complexity of the PDM line shape has not been
able to achieve greater development, and genetic algorithm from
the mathematical model theory (Nguyen et al., 2014; Whitley,
1994). The data points of the PDM stator and rotor curves are
cross-sectionally, variably fitted and optimized. The structure is
further optimized to improve the force of PDM, improve the lifting
capacity and reduce the wear, and enhance the usability.

In 1960, the screw research scholars first conducted experi-
mental test work on the optimal design of screw line profiles in
terms of screw profile development. These determine the geo-
metric structural characteristics of the screw, according to the
working principle of the screw. Through the experimental testing of
the rotational motion characteristics and laws of the screw, a model
of the mechanical relationship between the lift in the work of the
screw and the calculation formula was established. Secondly, the
force deformation, the linear meshing change, and the effect on the
sealing cavity of the screw stator rubber are studied (Nguyen et al.,
2021; Rong et al., 2021). In 1993, Samuel and Saveth (2006) pro-
posed to optimize the displacement and overflow area of the screw,
and the improvement of the finishing performance was not satis-
factory. Subsequently, Gaymard et al. (1988) optimized the stator
and rotor engagement of the screw and improved the design by
means of the rubber structure and dimensional parameters of the
screw stator (Guo and Tang, 2003; Lehman, 2004). The mechanical
analysis of the screw motor life and other aspects of the screw
performance optimization at a later stage were improved by the
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majority of scholars. Wan (1993) proposed a single-screw hydraulic
machinery optimization design for structural parameter optimi-
zation. They also established a mathematical optimization program
through the computer (Marius, 2018; Samuel and Saveth, 2006).
Firstly, according to the displacement of screw, the inertia caused
by eccentricity, and the wear between the stator and rotor, the
structural parameters of the screw are optimized. The matching of
stator and rotor and the geometric characteristics of different screw
lines are compared and analyzed by computer. Secondly, through
the calculation and analysis of several linear shapes, it is concluded
that the short internal oscillation of the screw is more suitable for
the working characteristics of the screw.

In the aspect of genetic algorithm optimization, with the
development of computer algorithm, more and more engineering
problems apply this algorithm to optimize, especially the perfor-
mance of data processing is very superior. In the 1990s, the genetic
algorithm created by Professor Holland of the University of Mich-
iganwas suitable for adaptive probabilistic optimization of complex
system optimization. It is also applied to the spiral optimization of
the problem solution set as the population, that is, the optimal
solution of the spiral equation is the population. A coded compo-
sition of individuals with characteristics (Chaturvedi et al., 2023;
Whitley, 1994). Then, the initial generation of populations is
generated and the best approximate solution is generated by iter-
ative evolution according to the law of merit retention. In each
iteration of the population, the better value is selected based on the
size of the fitness of the individuals in the population. A new
population of better solutions is generated using the combined
crossover and variation approach in the genetic method, making
the solutions in the population more suitable for the optimization
objective of the problem. The traditional PDM design method
mainly relies on empirical methods such as the experimental
method and empirical formula derivation, which have the prob-
lems of lowdesign efficiency and high cost (Rong et al., 2021; Zhang
et al., 2022). Further, with the increasing development of compu-
tational methods and support tools in modern engineering design,
computer simulation optimization of PDM has been considered for
further design optimization.

However, the complexity and variability of the optimization
model of the PDMmake the modeling of the optimization problem
very important. For the PDM optimization problem, we can classify
it into single-objective and multi-objective optimization problems
according to the expressions of its objective function. Genetic al-
gorithm optimization PDM key steps: (1) The initial population,
screw initial population and each iteration of the search process,
the number of individuals included with the number of changes in
the screw optimization calculation efficiency, and results have
some relevance. (2) The objective function, the final optimization of
the screw to achieve the goal of the conditional adaptation, is
mainly used to assess the solution indicators of the function, the
stronger the adaptation, the better the target solution, and its
design have a direct correlation to the speed of convergence of the
algorithm and the optimal solution. (3) Genetic operation process,
the core operations of the genetic algorithm include selection,
crossover, and mutation. The selection operator is used to select
individuals with good fitness, usually by roulette-ranked selection.
The crossover operator is used to cross two parental genes to
produce new offspring. The mutation operator refers to random
mutations in chromosomal genes to increase the diversity of the
population. For the operation process of the genetic algorithm, we
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need to carry out continuous practice and improvement to obtain a
better optimization effect. (4) The evaluation of optimization re-
sults, the evaluation of optimization results mainly includes two
aspects, one is the evaluation of the feasibility of the program, that
is, whether the optimized PDM meets the design requirements,
including performance indicators and parameters requirements
(Baskal, 2014; Beauquin et al., 2005). The general form of the
mathematical model for its optimal design is as follow Eq. (1).

8>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>:

min f ðxÞ ¼ f ðx1; x2;…; xnÞ

s:t: gðxÞ � 0

hðxÞ ¼ 0

Ax � b

Aeqx ¼ beq

CðxÞ � 0

CeqðxÞ ¼ 0

lb � x � ub

(1)

where f ðxÞ is the objective function in the genetic algorithm. s:t: is
the abbreviation of "subject to". gðxÞ and hðxÞ are both constraints
in the genetic algorithm. Ax � b is a linear inequality constraint.
Aeqx ¼ beq is a linear equation constraint. CðxÞ � 0 is a nonlinear
inequality constraint. CeqðxÞ ¼ 0 is a nonlinear equation constraint.
lb � x � ub is a boundary constraint.

The linear optimization of the PDM to improve the output per-
formance of the motor is mainly the simulation calculation, simu-
lation analysis, and numerical simulation at present. The method of
solving the probability distribution is seldom used, and there is an
incomplete analysis. Therefore, in order to make the design results
conform to the principle of a practical working environment, the
genetic algorithm optimization screw is selected as a new method
to solve the problem. It does not need an accurate mathematical
model, but also has good global search ability, and can solve the
complex multi-objective optimization problem well. Compared
with other numerical simulation methods, the genetic algorithm
has the following three advantages: (1) Based on PDM theoretical
mathematical model, it can carry out in-depth optimization from
linear formula theoretical parameters. (2) With the multi-objective
genetic algorithm, multiple parameters can be optimized. (3) Ge-
netic algorithm iteratively optimizes the objective function for
many times, crosses and mutates the generated linear parameters,
and selects the best solution with multiple parameters to optimize
the target. Therefore, the genetic algorithm optimizes the principle
as shown in Fig. 1.

It can be seen from Fig. 1, 'Front' is used to represent data
ordering, and 'Gen' is used to represent the number of optimization
iterations in a multi-objective genetic algorithm. In addition, in the
all-metal PDM finite element simulation, Cao et al. (2022) used
finite element analysis to conduct a more detailed analysis of the
friction and wear of the all-metal progressive cavity pump. It has
made an outstanding contribution to the research on the geometry
friction and wear of all-metal progressive cavity pumps. In this
paper, the genetic algorithm is a combination optimizationmethod,
which is based on the basic theory of the all-metal progressive
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cavity motor, to optimize the parameters and profile of the motor,
and then get the best parameter combination of output torque.

In this paper, firstly, based on the geometry principle of the PDM
cycloid generation profile, the motor end face profile is fitted
accurately by the least squares method. Next, a mathematical
model of the screw output characteristics is calculated numerically,
and a genetic algorithm is introduced to optimize the parameters of
the PDM profile. Finally, the motor parameters were optimized by
the motor based on the genetic algorithm. The influence of the
change of the isometric radius coefficient on the overflow area of
the motor, the initial contour and the output characteristics after
optimization are analyzed. It was obtained that the overflow area of
the optimized motor increased by 6.9%, the rotational speed
decreased by 6.58%, and the output power torque increased by
12.21%, while the output characteristics of the motor developed by
Infocus. The comparison of the output characteristics of the PDM
developed by Infocus shows 27.2% reduction in speed and 38.8%
increase in torque, which provides a reference for the development
of the profile and a theoretical basis for optimizing the output
characteristics of the all-metal PDM.

2. Mathematical model

2.1. Curved design

The design of the line shape affects the value of the motor's
over-flowarea, curvature, and volume. So, this section describes the
design of the line shape for all-metal PDM. There are four types of
all-metal PDM lines: short-amplitude internal cycloid, short-
amplitude external cycloid, internal and external cycloid normal
lines, etc. (Bani Mustafa et al., 2021; Isaev et al., 2022). The more
mature line type commonly used in PDM is the general short-
amplitude internal oscillating line type. This paper has the short-
amplitude internal oscillating line as the research line type.

2.1.1. The motor of line fitting
In the actual machining of all-metal PDM, the equation of the

motor's profile cannot be directly machined into shape, but is fitted
and machined by discrete point coordinates to form the motor's
spiral body (Othman et al., 2004). The least squares method is an
important method for curve fitting of motor curve data points. Let
the data points on the end face profile of the PDM be ðxt ;ytÞ, and the
fitted data points of the cycloidal motor are calculated by poly-
nomial to obtain the multivariate function of the minimum value,
as shown in Eq. (2).

I ¼
Xn
t¼0

h
fjðxtÞ � yt

i2
(2)

From the definition of minimum, it follows that the precondition
for the existence of a minimum is that the derivative of Eq. (2) is
zero, as shown in Eq. (3).8>>>>>>><
>>>>>>>:

fjðxtÞ ¼
Xp
j¼0

ajx
j
t

vI
vak

¼ 2
Xq
t¼0

0
@Xp

j¼0

ajx
j
t � yt

1
Axkt

(3)

The ak in this formula can be derived from Eq. (3), which leads to



Fig. 1. The flow chart of motor line optimization.
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the fitting function, as shown in Eq. (4).

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

a0þa1
Xp
j¼0

xjþa2
Xp
j¼0

x2j þ���þan
Xp
j¼0

xnj ¼
Xp
j¼0

yj

a0
Xp
j¼0

xjþa1
Xp
j¼0

x2j þa2
Xp
j¼0

x3j þ���þan
Xp
j¼0

xnj ¼
Xp
j¼0

xjyj

/

a0
Xp
j¼0

xnj þa1
Xp
j¼0

xnþ1
j þa2

Xp
j¼0

xnþ2
j þ���þan

Xp
j¼0

x2nj ¼
Xp
j¼0

xnj yj

(4)

Among them, k2Nþ, j2Nþ, p2Nþ.
In the linear fitting of the PDM, a multivariate system of equa-

tions is required to calculate the linear equations. The common
method is the Gaussian fitting method, firstly, by transforming the
coefficient matrix of the cycloidal motor equations into a triangular
matrix. Secondly, the solution of the system of equations is ob-
tained by back substitution one by one, which is the linear solution
of the PDM. Finally, the matrix transformation is performed by
transforming the row with the largest absolute value through the
row transformation matrix, which makes the matrix algorithm
more accurate.
2666
2.1.2. Spline curve fitting
In this section, polynomial interpolation is introduced to solve

the PDM line fit. The integrated interpolation condition, continuity
condition, and boundary condition are used to calculate the spline
interpolation function of the PDM, which is obtained by the PDM
line continuity condition as well as the boundary condition, as
shown in Eq. (5).2
66666666666666664

2 l1

a2 2 l2

1 1 1

1 1 1

an�2 2 ln�2

an�1 2

3
77777777777777775

2
666666666666664

x1

x2

«

«

xn�2

xn�1

3
777777777777775
¼

2
666666666666664

c1 � a2x0

c2

«

«

cn�2

cn�1 � ln�1xn

3
777777777777775

(5)

Eq. (6) can be obtained by calculation Eq. (5).

8>>>>>>><
>>>>>>>:

akxk�1 þ 2xk þ lkxkþ1 ¼ ck

1≪k � n� 1

lk ¼ 1� ak

ck ¼ 6f ½xk�1; xk; xkþ1�

(6)



Fig. 2. The curve fitting program diagram.
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From Eq. (5) and Eq. (6), it can be seen that the diagonal linear
equation system is a strictly diagonal matrix, and by calculating the
unique solution of the solvable equation system. The segmental
expression of the cubic spline function of the PDM can also be
found, and the specific process is shown in Fig. 2.

As can be seen from Fig. 2, the curve fitting of PDM motor is
generated by multiple fitting of the basic fitting function. Through
the above content, it is necessary to establish the initial parameters
of the motor for the data discretization fitting curve. The initial
parameters of the end face profile of the PDM are shown in Table 1.

The PDM obtains discrete data points by interpolating the spline
function and setting the boundary conditions, and the data points
are not continuously smooth. To realize the fitting from discrete
data points to a smooth curve, the more the number of fitting
nodes, the interpolation function gradually tends to be overlapped
Table 1
Initial parameter setting of the motor.

Parameter Name

Number of rotor heads Number of stator heads

Symbols N Nþ1
Unit
Initial values 8 9

2667
by the interpolation function, as shown in Fig. 3.
As can be seen from Fig. 3, during the curve fitting process, the

angle of the rotor was adjusted. Fig. 3(a) is the motor curve discrete
data points. The orange data points are discrete points on the rotor
curve. The blue data points are the discrete points of the stator
curve. Fig. 3(b) is the motor fit curve. The orange curve is the rotor
fitted line shape. The blue curve is the stator fitting line shape.
2.2. Calculation of linear parameters

2.2.1. Motor curvature and eccentricity calculation
In the process of PDM line design, the cycloid equation is used to

derive the motor section bone line equation. The motor section
curve is drawn from the bone line equation. Then, the contour of
motor section is drawn by equidistance method. The curvature and
Equidistant radius factor Eccentricity Cross-flow area

r0 e AðxÞ
mm mm2

6.78 6.5 e



Fig. 3. The curve fitting comparison of PDM.
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eccentricity of PDM are calculated based on the theory of PDM
short hypocycloid, as shown in the Eq. (7).8>>>>>><
>>>>>>:

E ¼ 2Rs
2
�
N þ 1þ r0

�
K ¼ N � 2

4ðn� 1Þ
����sinNq

2

����
(7)

2.2.2. Contact force calculation
During the operation of a PDM, the stator and rotor interact with

each other at all times, touching and rubbing against each other. So,
it is crucial to analyze the forces on the rotor during the operation of
the PDM. Firstly, the rotor in themotor is subjected to the axial fluid
pressure of the drilling fluid, which decreases gradually along the
spiral body. Secondly, the rotor is subjected to radial forces on the
stator surface, with the direction of the forces perpendicular to the
inner helix surface of the stator. Finally, the rotor is subjected to
frictional forces due to slip as it rotates in conjunction with the
stator, as well as frictional forces on the rotor due to solid particles
in the drilling fluid. The viscosity of the drilling fluid and the
Fig. 4. Motor cross-secti
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content of solid particles are critical to the influence of the friction
coefficient between themotor rotor and the stator. By analyzing the
cross-sectional forces of the PDM, the relationship was obtained, as
shown in Fig. 4.

As can be seen from Fig. 4, let the centers of curvature circles of
the stator and rotor of the all-metal PDM be O1 and O2, respectively,
tangent to each other at point P, with radii R1 and R2, respectively,
and tangent auxiliary surface at tangent point P. Since the local
details of point P are not clear, point P is partially intercepted and
enlarged by 3 times. Meanwhile, point P is the origin of the coor-
dinate system X0O0Y 0, the point on the stator is A1, the corre-
sponding point on the rotor is A2, and the distances to the auxiliary
line are L1 and L2, respectively. The rotor and stator contact point P
act on each other, so let the rotor act on the stator force is F, and the
direction is the same as the normal line of point P, as shown in Eq.
(8).

8>>>><
>>>>:

x ¼ ðR� rÞcos aþ r cos
�
R� r
r

a

�

y ¼ ðR� rÞsin a� r sin
�
R� r
r

a

� (8)

According to the force relationship between the stator and the
onal force diagram.
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rotor of the PDM, the contact pressure per unit length of the rotor
and the stator contact point P can be expressed, as shown in Eq. (9).

Fp ¼ Esp

ð3� 4mÞð1þ mÞ þ 2ð1� mÞln ðL2 � L1ÞR1R2
2ðR1 � R2Þ

(9)

where E is the stator elastic modulus of PDM. s is the Poisson's ratio
of the stator.
2.2.3. Computational dynamics model
The displacement volume of an all-metal PDM is defined as the

volume of drilling fluid discharged during one cycle of motor
operation. The volume chamber inwhich the stator and rotor of the
motor engage varies with the rotation of the motor operation.
Assuming that the number of motor stator teeth is N, then the
chamber also undergoes N changes during one week of motor
operation, forming a cycle. Therefore, it is only necessary to
calculate the cross-sectional area of the first chamber in one cycle
to calculate the entire cross-sectional area, and then the motor
displacement can be calculated, as shown in Fig. 5.

As can be seen from Fig. 5, this section establishes a coordinate
system x1O1y1 with the center of the motor rotor as the origin O1,
and a coordinate system x2O2y2 with the center of the stator as O2.
The radius of the tooth top circle of the stator is Rs, and the radius of
the tooth root circle is R0s. The radius of the tooth top circle of the
rotor is Rt and the radius of the tooth root circle is R0t. The stator and
rotor meshing points A1eA9, where A1eA2 are adjacent meshing
points and B1eB2 are adjacent points of the stator tooth arc, then

the area formed by dA1A2. The dA1B1 and dB1B2 and dB2A2 are sealed
rooms. From the polar surface area equation and the transformed
direct coordinate relationship, it is obtained in Eq. (10).8>>>>>>>>><
>>>>>>>>>:

S ¼

ð
r2ðqÞdq

2

r2ðqÞ ¼ x2ðtÞ þ y2ðtÞ

qðtÞ ¼ arctan
yðtÞ
xðtÞ þ c

(10)

where S is the area of the adjacent teeth of the stator and rotor of
the motor.

When calculating the overflow area of the motor, it is only
necessary to calculate the area of the inner curve of the stator and
the area of the rotor cross-section respectively, and the difference
between them is the overflow area of the motor. As can be seen
Fig. 5. Overflow area cal
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from Fig. 5, the area formed by the circle of the stator tooth root and
tooth top of the motor S1 and S2 are equal. The area of the stator
internal curve is centered on the intersection point of the stator
tooth tip and the tooth root curve. The same applies to the calcu-
lation of the cross-sectional area of the rotor. The area formed by
the tooth top circle and tooth root circle of the rotor. The S3, and S4
are equal, then we get the Eq. (11).

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

Rs ¼
�
Nþr0

�
R

Rt ¼
�
N þ 1þ r0

�
R

Ss ¼
	
N
�
Np� pþ 8r0

�
þ p

�
r0
�2


R2

St ¼
	
ðN � 1Þ

�
Np� 2pþ 8r0

�
þ p

�
r0
�2


R2

(11)

where Ss is the stator inner curve area. St is the rotor cross-sectional
area. Rs is the stator outer circle radius. Rt is the rotor outer circle
radius. R is the roll circle radius.

According to the displacement formula of the PDM and the flow
area, it can be obtained as shown in Eq. (12).

8>>><
>>>:

As ¼
�
2ðN � 1Þpþ 8r0

�
D2

4
�
N þ 1þ r0

�2
q ¼ NTsðSs � StÞ

(12)

where As is the motor overflow area. q is the volume excluded by
one rotation of the motor. N is the number of motor rotor heads. Ts
is the motor stator lead. D is the stator outer profile diameter.

The performance output model of PDM is introduced through
the displacement equation and the flowarea of themotor, as shown
in Eq. (13).

8>>>><
>>>>:

nt ¼ 20Q
3TsðSs � StÞ

M ¼ NDPTsðSs � StÞ
2p

(13)

where nt is the motor rotation speed. Q is the motor flow rate. u is
the angular speed of the motor. M is the motor torque. DP is the
motor pressure drop. N is the number of motor stator heads. Ts is
the motor lead.
culation schematic.
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2.2.4. Evaluation of motor friction
Due to the complex surface combination of the stator and rotor,

the friction calculation is complicated and may not be accurate.
According to the working principle of PDM, the greater the relative
slip speed of the stator and rotor, the higher the friction coefficient
of the motor, while the wear of the stator and rotor of the motor is
decreasing. So, the relative slip speed of the stator and rotor of the
motor is used to assess the influence of the stator and rotor friction
on the service life of the motor. The force and slip of the motor are
shown in Fig. 6.

As can be seen from Fig. 6, the all-metal PDM with an 8-head
rotor designed in this paper has 8 cusps on the rotor bone line.
The relative slip velocity between the stator and rotor can be
calculated by the instantaneous center method. Then, the relative
slip velocity at the contact point is the product of the distance from
the velocity instantaneous center to the contact point. Therefore,
the wear rate of stator and rotor of motor is established and the
performance loss of motor is evaluated. The B-slip velocity
expression of the contact point between rotor and stator teeth of
cycloidal motor is obtained, as shown in Eq. (14).

8<
:

Vx ¼ ð � Ne sin 2 t þ Rt cos tÞu

Vy ¼ ðNe cos 2 t þ Rt sin tÞu
(14)

where u is the angular speed of motor rotation.
At the same time, combined with Fig. 6, it can be seen that the

geometric relationship between the motor stator profile radius and
the rotor profile radius, as shown in Eq. (15).

u ¼ 2pQ
9TsðSs � StÞ (15)

where TS is the leader of the stator.
Therefore, the slip velocity at point B is obtained, as shown in Eq.

(16).

8>>><
>>>:

V ¼ w
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2t þ ðNeÞ2 � 2eNRt sin t

q

Vmax ¼
��
N þ r0

�
r þ Ne

�
pn

30

(16)

where V indicates the motor sliding speed. n is the speed of the
motor. Vmax vindicates the maximum slip speed of the motor.
Fig. 6. Contact point slip diagram of PDM.
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3. Motor parameter optimization

3.1. Variable setting

The parameter optimization of all-metal PDM focuses on the
maximum output torque of the motor. Firstly, it is to improve the
motor flow area, that is, the parameter optimization of the motor
cross-section area, which is equivalent to improving the motor
torque optimization. Secondly, the sliding speed of the PDM is
another important indicator affecting the performance of themotor
output, mainly because the sliding speed affects the friction be-
tween the motor stator and rotor. The greater the relative sliding
speed of the two contact points. The stator and rotor wear of the
motor are relatively reduced. The service life of the motor is
extended.

Therefore, the performance optimization of the motor boils
down to the optimization of the motor torque and relative slip
speed, setting the motor overflow area parameter as As. The
maximum slip speed is optimized for the minimum value of
VmaxðxÞ. The smaller VmaxðxÞ is beneficial to reduce motor wear and
optimize motor performance.

3.2. Objective function optimization

In this section, the profile parameters that affect the output
characteristics of all-metal PDM are optimized. Firstly, the motor's
equidistant radius coefficient r0 is optimized. According to the
theory of ordinary cycloid equidistant line, the eccentricity is equal
to the radius of a circle. The equidistant radius coefficient r0 ¼ x1,
the eccentricity distance e ¼ x2, and the number of rotor heads of
the motor N ¼ x3 are set.

Firstly, the flow area of the PDM affects the displacement of the
motor and then affects the torque output of the PDM. Because the
genetic algorithm optimizes the minimum value, the minimum
value of As is calculated by optimizing the negative value of As, that
is, the maximum value of As.

Then, the flow area As of the first objective function is assumed
to be As ¼ f1ðx1;x2;x3Þ. Secondly, the relative slip speed of the stator
and rotor is another important parameter affecting motor perfor-
mance output, so the motor slip speed is optimized, and the second
objective function Vmax ¼ f2ðx1; x2; x3Þ is set. At the same time, the
eccentricity of the PDM affects the centrifugal inertia force of the
motor rotor and the force on the card and shaft. The smaller the
eccentricity is, the better, so the third objective function of the
motor E ¼ f3ðx1; x2; x3Þ is set, as shown in Eq. (17).8>>>>>>>>>>>><
>>>>>>>>>>>>:

min f1ðx1; x2; x3Þ ¼ �½2ðx3 � 1Þpþ 8x1�D2

4ðx3 þ 1þ x1Þ2

min f2ðx1; x2; x3Þ ¼
2ðx3 þ 1þ x1Þ2ð2x3x2 þ x1x2ÞQp
15ðx3 þ 1Þx3h½2ðN � 1Þpþ 8x1�D2

min f3ðx1; x2; x3Þ ¼
Rs

x3 þ 1þ x1

(17)

3.3. Constraint condition

According to the cycloid principle and empirical formula of
PDM, the range of equal radius coefficients and head numbers can
be summarized from the Baker Hughes handbook. The value range
of eccentricity can be obtained from the researches of Nguyen et al.
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(2018) and Baker Hughes (2020), as shown in Eq. (18).

s:t:

8>>>><
>>>>:

0< x1 <8

0< x2 <12

0< x3 <9

(18)
3.4. Optimization and linear generation

The mathematical model for optimization of PDM linear pa-
rameters developed in Sections 3.2 and 3.3 was used to optimize
the cross-flow area that affects the screw performance output. In
the optimization of the PDM genetic algorithm, the variation rate is
taken as 0.02 and the crossover rate is taken as 0.15. Because the
variation rate is too small to easily lose the diversity of the popu-
lation and the variation rate is too large to destroy the favorable
population fraction. Secondly, the population is taken as 60 and the
maximum number of iterations is 80. So, Eq. (19) is obtained.8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

min f1ðx1; x2; x3Þ ¼ �½2ðx3 � 1Þpþ 8x1 �D2

4ðx3 þ 1þ x1Þ2
D ¼ 156 mm

Pop ¼ 80

pm ¼ 0:01

pc ¼ 0:6

gen ¼ 80

(19)

where Pop denotes population size. pc denotes crossover. pm de-
notes mutation. gen denotes the number of iterations.

By substituting known parameters into Eq. (20), the objective
function of motor objective optimization is obtained, as shown in
Eq. (20).
Objective

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

min fN¼9ðX; YÞ ¼ �60:84� ½6:28ðY � 1Þ þ 8X�
ð1þ X þ YÞ2

ð9≪Y � 10Þ

min fN¼8ðX;YÞ ¼ �60:84� ½6:28ðY � 1Þ þ 8X�
ð1þ X þ YÞ2

ð8≪Y � 9 Þ

«««

min fN¼3ðX; YÞ ¼ �60:84� ½6:28ðY � 1Þ þ 8X�
ð1þ X þ YÞ2

ð3≪Y � 4Þ

(20)
The genetic algorithm is used to optimize the parameters of the
PDM. The general steps are as follows: (1) It is preferred to deter-
mine how to code each parameter according to the design pa-
rameters of the screw, such as binary coding, integer coding, etc. (2)
Initialize the population: randomly generate some individuals as
the initial population. (3) Calculate the fitness function: decode the
genes of each individual into actual parameters, and run the
simulation model to calculate the screw performance indicators,
2671
such as efficiency, torque, etc. These indicators can be used as the
value of fitness function to evaluate the quality of an individual. (4)
Selection operation: select individuals according to the fitness
function, retain individuals with high fitness, and eliminate in-
dividuals with poor fitness. (5) Cross operation: the individuals
with high fitness are crossed to produce new offspring individuals.
(6) Mutation operation: carry out certain probability mutation
operation on individual offspring to increase the diversity of the
population. Repeat steps 3 through 6 until stopping conditions are
met, such as the maximum number of iterations or fitness is high
enough. (7) Output optimal solution: the individual with the
highest fitness is selected from the final population, which is the
optimal parameter of the screw. By importing the objective func-
tion programming into Matlab software, the optimal solution pro-
cess of program operation is shown in Fig. 7.

As can be seen from Fig. 7, the curve change is directly generated
by programming and optimizing the objective function in Matlab
software. The principle of optimization is to calculate the objective
function through many iterations, so that multiple objective func-
tions can get the best value. When the optimized curve becomes a
straight line, the best results are obtained, and multiple iterative
calculations ensure the accuracy of the results. The horizontal co-
ordinate of the curve is the number of iterations. The vertical co-
ordinate is the change of the optimal solution.

Because the calculation result of genetic algorithm fluctuates
every time, the fluctuation error is very small. By combining the
mathematical model in Section 2, genetic algorithm optimization
was carried out several times in matlab software, and the average
value of the optimal solution was obtained. The calculated results
are shown in Table 2.

It can be seen from Table 2 that when the number of motor
heads is 8, the eccentricity is 8.66 mm, the theoretical torque is a
maximum of 14176 N$m. Therefore, the profile parameters of PDM
are optimized using genetic algorithm for better performance. The
profile parameters of the motor stator and rotor are obtained, and
the PDM curves are compared before and after optimization in
Matlab software, as shown in Fig. 8.

As can been seen from Fig. 8, the curve before the optimization
is smooth, and the convex angles of the optimized motor profile are
sharp. Because the optimized line is an involute, there is no buckle
phenomenon, so the sharp angles of the profile can be smoothly
rotated.

By using the motor end profile obtained in Matlab to generate
the recognizable curve in CAD software, the stator and rotor curves
are imported into Solidworks. The 3D model of the motor before
and after optimization was established, and the optimized 3D
model was compared with the motor profile experimentally tested
by Top Oil Tech Limited of Canada (InFocus Energy Services Inc.,
2020). The feasibility of the existence of an involute motor profile



Fig. 7. The process of optimizing program solutions.
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with a very small isometric radius is verified, and its three di-
mensions are shown in Fig. 9.

As can been seen from Fig. 9, the conventional PDM motor is
optimized by genetic algorithm. The optimized linear results are
consistent with those obtained by InFocus, which proves the
feasibility of the optimization method.
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4. Parameter optimization analysis

4.1. Influence of flow area on motor

The equidistance radius factor is an important parameter that
affects the overflow area of all-metal PDM. Based on the motor
overflow area (Eq. (18)), it can be seen that the parameters that



Table 2
Optimize motor r0 and E parameter results.

Parameters N

8 (Raw data) 8 7 6 5 4 3

Equidistant radius coefficient (r0) 2.5 0.0019 0.0035 0.0041 0.006 0.29 0.86
Eccentric distance (E;cm) 0.678 0.8664 0.97 1.11 1.3 1.47 1.6
Flow area (As, cm2) 30.88 33.016 35.81 38.98 42.44 46 50.07
Displacement (q;L) 23.8 25.44 21.46 17.5 13.63 9.85 6.4
Maximum slip velocity (V, m/s) 55.03 49.76 54.62 61.39 71.55 87.82 114.4
Rotating speed (n, rpm) 34.04 31.8 37.7 46.2 59.4 85.27 125.98
Torque (N$m) 12633 14176 11960.7 9764.4 7594.3 5487.4 3583.4

Fig. 8. Comparison of motor profile before and after optimization.

Fig. 9. Comparison of line optimization.
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affect the motor overflow area are the number of heads of the
motor rotor and the equidistance radius factor of the motor profile.
By programming the equation of overflow area in Matlab, the
variation of motor overflow area with different numbers of heads
and equidistant radius coefficient of motor coupling is shown in
Fig. 10.

As shown in the Fig. 10, under the working condition of motor,
the inlet and outlet pressure is 5 MPa and motor flow rate is 15 L/s.
The overflow area of the motor decreases with the increase of
isometric radius factor. The displacement of the motor also de-
creases gradually. The volumetric efficiency of the motor is pro-
portional to the displacement of motor, that is, the volumetric
efficiency of the motor decreases gradually. At the same time, the
motor overflow area decreases with the number of motorheads,
and the motor torque decreases with the increase of the isometric
radius factor.
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4.2. Slip speed effect on motor

Themaximum slip speed of an all-metal PDM affects thewear of
motor's stator and rotor. The factors that affect the motor slip speed
are the eccentricity and equidistance radius coefficient of the mo-
tor. The relationship between the motor eccentricity and equi-
distance radius coefficient can be expressed numerically based on
the objective function Eq. (18). The coupling relationship between
the equidistance radius coefficient and eccentricity of the motor is
shown in Fig. 11.

As shown in Fig. 11(a), under the condition that the inlet and
outlet pressure of the motor is 5 MPa and the flow rate of the motor
is 15 L/s, when the number of motors is constant, the eccentricity of
the motor decreases with the increase of the isometric radius co-
efficient of the motor. When the radius coefficient of contour
equidistance is constant, the motor eccentricity increases with the



Fig. 10. The influence of r0 and N about the flow area.

Fig. 11. The coupling relationship be

Fig. 12. Influence of equidistant
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number of rotor heads. As shown in Fig. 11(b), when the motor
eccentricity is fixed, the maximum slip velocity of the motor in-
creases with the increase of the motor isometric radius. The
maximum slip velocity of the motor increases with the increase of
the motor's eccentricity when the motor's constant radius coeffi-
cient is fixed.

4.3. Influence of equidistant radius coefficient on motor

The equal radius coefficient of the motor affects the bone line of
the motor to generate the end-face line and then affects the
displacement of the motor. Based on the numerical calculation of
Eq. (18), the isometric radius coefficient, eccentricity, and torque
coupling relationship diagram of the motor are programmed in
Matlab software, as shown in Fig. 12.

As shown in Fig. 12(a), under the condition that the inlet and
outlet pressure of the motor is 5 MPa and the motor flow rate is
15 L/s, when the number of rotor heads of themotor is constant, the
torque of the motor decreases with the increase of the isometric
radius coefficient. When the radius coefficient is constant, the
torque of themotor increases with the number of motors. As shown
tween r0 and E on slip velocity.

radius coefficient on motor.
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in Fig. 12(b), when the motor isometric radius coefficient is con-
stant, the motor's eccentricity decreases with the increase in the
number of motors, and the trend increases first and then decreases.
When the number of motorheads is constant, the eccentricity of the
motor decreases with the increase of the equidistant radius
coefficient.
Fig. 13. The torque comparison between optimization and InFocus experiments
(InFocus Energy Services Inc., 2018).
4.4. Output characteristic analysis

All-metal PDM performance affects the drilling efficiency, on the
motor performance analysis based on Section 3.4 optimization
parameters and output performance. Introducing InFocus company
in 2022, all-metal PDM test 7

00
7j8 Lobe 2:4 Stage experimental

data, and evaluate the ascension of the motor performance before
and after optimization (InFocus Energy Services Inc., 2018). The
calculation of Eq. (21) is as follows.8>>>><
>>>>:

A0
s; hn; h

0
n ¼ np � nq

nq
� 100%

hw;h
0
w ¼ wq �wp

wp
� 100%

(21)

where A0
s represents the percentage increase in the flow area before

and after motor optimization. hn represents the percentage in-
crease in motor speed before and after optimization. h0n indicates
the percentage increase in motor speed after optimization relative
to InFocus. hw represents the percentage increase of motor torque
before and after optimization. h0w indicates the percentage increase
of motor torque after optimization relative to InFocus. np represents
the motor speed after optimization. nq represents the speed before
motor optimization. wp represents torque before motor optimiza-
tion. wq represents the optimized torque of the motor.

When optimizing the parameters of the PDM, the outside
diameter size was selected to be the same as that of the InFocus.
The parameters of the optimal solution are obtained step by step,
and the optimization results are obtained through modeling and
numerical analysis. This optimization process is slightly different
from the parameters tested experimentally by InFocus, but the
comparison results are within a reasonable margin of error. The
comparison results are shown in Table 3.

As shown in Table 3, the overflow area of the optimized motor is
increased by 6.9%. The motor speed calculated by the profile pa-
rameters before optimization was 34.04 rpm, and the motor profile
speed after optimization was 31.8 rpm, which reduced the original
speed by 6.58%. The torque of the motor before optimization was
12633 N$m. The torque of the motor after optimization was
14176 N$m, which increased the torque by 12.21%. At the same
time, the experimental data of InFocus tested in 2020 was intro-
duced for comparison, and the specific data comparison is shown in
Fig. 13.

As can be seen from Fig. 13, the motors tested by the InFocus use
7-head rotors, whose speed is 25 rpm and torque is 10208 N$m.
Table 3
Motor-optimized front and rear output characteristics.

Indicators Name

Original line type

Working conditions Dp ¼ 5 MPa ; Q ¼ 15 L=s ;i¼8/9
Rotational speed, m/s 34.04
Torque, N$m 12633
A0
s; hn ; h0n e

hw ; h0w e
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After optimization, the motor profile speed is 31.8 rpm and the
torque is 14176 N$m, and the speed is increased by 27.2% compared
with themotor of InFocus. That's a 38.8% increase in torque over the
motors tested by InFocus.
5. Conclusions

In this paper, the least square method was used to design the
initial motor profile fitting. The motor dynamic model was
numerically calculated with the motor profile parametric equation.
The objective function of the all-metal PDM profile optimization
was established. Then, the optimized motor profile was obtained
and verifiedwith themotor profile tested by Top Oil Tech Limited in
Canada. By using a genetic algorithm programmed in Matlab, the
motor objective function was optimized. The effects of equidistant
radius coefficient and eccentricity coupling on the flow area,
maximum slip speed and torque of the motor are obtained.
Compared with InFcous experimental test data, the following
conclusions are drawn.

(1) Under the same working condition, the flow area of all metal
PDM decreases with the increase of equidistance radius co-
efficient. The volumetric efficiency of the motor also de-
creases with the increase of the equidistant radius
coefficient.

(2) Under the same operating conditions, the relative maximum
slip speed of the motor increases with the increase of the
radius coefficient of the motor. So that the motor wear more
and more serious.

(3) In the structure of the motor, the eccentricity decreases with
the increase of the isometric radius coefficient. The more the
Optimized line shape InFocus, Inc.

Dp ¼ 1000 psi i ¼ 7/8
31.8 About 25
14176 About 10208
6.9%; �6.58%; 27.2% e

12.21%; 38.8% e
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number of rotor heads, the smaller the eccentricity. Thus, the
force on the cardan axis of the motor is improved.

(4) Under the same condition, after the genetic algorithm profile
optimization, the motor speed is reduced by 6.58% and the
torque is increased by 12.21%.

In addition, the numerical calculation and genetic algorithm
optimization results of this paper are compared with those of Top
Oil Tech Limited and InFocus Canada. It provides theoretical basis
for profile optimization of all-metal PDM. Genetic algorithm opti-
mization method is provided to improve the performance of all-
metal PDM. It lays a foundation for the manufacture of all-metal
PDM.

Finally, the algorithm optimization based on the function con-
structed by the mathematical theory of the all-metal PDM has the
advantage of multi-objective iterative calculation optimization.
This provides a theoretical basis for further optimization of PDM
performance in the future. However, there are also some short-
comings, failing to consider the impact of friction and wear on the
performance output of the PDM. If the objective function of friction
and wear can be added for algorithm optimization, the parameters
to improve motor performance output will be further obtained.
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