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1. Introduction 

The torque characteristics of axial piston motors 

are a mechanical representation of the external load and the 

internal structure (swashplate, distributor, piston), which di-

rectly reflects the overall performance of the axial piston 

motor. The cylinder block of the press motor is always sub-

ject to a pulsating torque, part of which is the motor's driving 

torque, the pulsation rate of which reflects the stability of 

the motor's operation. In order to reduce the pulsation rate 

of the motor output torque, reduce the overturning moment 

of the cylinder block, and ensure the stability of the hydrau-

lic motor operation, domestic and foreign scholars take 

many methods[1]. Desen Wen et al. designed a multi-slant 

disk multi-emission motor. Studies have shown that when 

the inner and external motors are fully operational, the 

torque unevenness factor is effectively reduced and an ex-

perimental platform was built to verify the theoretical cor-

rectness by deriving several sets of experimental data 

through the JN338 torque measuring instrument, and the re-

sults were approximated to the numerical analysis [2]. 

Songlin Nie derived the torque equation for a piston motor 

with closed dead space, and the analysis shows that the 

torque pulsation rate is affected by the number of plugs and 

the closed dead space [3]. The other part of the cylinder 

block is expressed as the overturning moment of the cylin-

der block, the moment makes the cylinder block's position 

tilted, so that the mating vice form wedge-shaped oil film, 

and even make the mating vice bias wear and cause oil leak-

age [4, 5]. Wieczorek et al. in Germany developed the sim-

ulation tool CASPAR independently and simulated and an-

alyzed the axial piston pump lubrication gap flow, and the 

study found that the asymmetrically distributed moment to 

which the cylinder block was subjected caused it to overturn 

[6]. Based on the wedge-shaped oil film theory, Hu et al. 

solved the dynamic pressure of the distribution sub oil film 

and found that the rotor was subjected to the superposition 

of two eccentric distances, which caused the distribution sub 

oil film to vary periodically [7]. Zhaoqiang Wang et al. used 

the finite difference method to solve the oil film equation 

for the flow distribution subdivision, and the results showed 

that the cylinder block of the common piston pump tilted 

due to the different oil pressure on both sides, which in turn 

caused the burned disk [8]. Shuze Li et al. investigated the 

relationship between the pulsation characteristics of the hy-

draulic moment of the flow distribution disc on the cylinder 

block and the closing angle, taking into account the process 

of gradual pressure change in the piston pump cylinder 

block and the stability of the oil pressure field between the 

flow distribution disc and the rotor on the cylinder block 

acting moment was investigated [9]. Scholars have made 

some studies to reduce the effect of cylinder block overturn-

ing moment [10, 11]. Ivantysyn et al. proposed to add addi-

tional bearings to the external ring of the cylinder block to 

counteract the overturning moment and to increase the stiff-

ness of the rotating shaft to reduce its deflection deformation 

to ensure that the cylinder block does not tilt [12]. Haishun 

Deng et al. showed that weaving can effectively reduce the 

friction coefficient and the frictional wear of the mating sub-

strate through experiments.  

Double-sided drive axial piston motor cylinder 

block is subject to high pressure hydraulic pressure on both 

sides, which is well balanced and has better mechanical 

characteristics than ordinary piston motors [13]. However, 

the research is not deep, and its potential for improvement 

and optimization is large. Haishun Deng et al. analyzed the 

influence of the structural parameters of the dual-drive mo-

tor on the friction torque and analyzed the basic characteris-

tics of the starting speed and torque[ 14]. Due to the special 

structure of the double-sided drive axial piston motor, the 

force situation of its cylinder block body is different from 

that of ordinary axial piston motor. For this reason, it is nec-

essary to conduct a detailed analysis of the torque on the 

motor block, in order to provide some reference for the de-

sign and manufacture of the dual side drive axial piston mo-

tor block. 

2. Mathematical model of cylinder block torque of dual-

drive axial piston motor 

The total torque of the double-sided drive axial pis-

ton motor cylinder block is mainly generated by the com-

bined effect of the torque generated by the piston - slide shoe 

assembly, the cylinder block friction torque loss, and the 

counter-thrust torque of the oil film of the flow distribution 

sub. In order to better study the total torque of the cylinder 

block, the mathematical model of each torque and the total 

torque of the cylinder block of the dual side drive axial pis-

ton motor was firstly established, and then the influence of 

each factor on the cylinder block torque was analyzed. 

2.1. Torque generated by the plunger-slide shoe assembly 

Double-sided drive axial piston motor plunger-

slide shoe assembly rotates with the cylinder block at high-

speed circular rotation while performing reciprocating lin-

ear motion in the cylinder block bore. As shown in Fig.1. 

Take the intersection of the spindle axis and the contact sur-

face of the flow distribution subsystem as the coordinate 

origin o. The z-axis points to the swashplate along the axis, 

the y-axis is perpendicular to the spindle axis and points to 

the lower dead point of the external emission of pistons. De-
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termine the x-axis according to the right-hand rule. To create 

the coordinate system o-xyz. Initial state with the center of 

the inner plunger ball head in the upper dead center position. 

After the inner and external pistons have turned clockwise 

with the cylinder block for time t. The expression for the 

angle of rotation of the center of an arbitrary inner and ex-

ternal emission of plunger ball hinges at any moment is: 

2
( 1) ( 1),eu

e

t u sgn e
n


  = + − + −  (1) 

where: e is markings of emission; where e=1 means internal 

emission and e=2 means external emission; eu is inner 

emission; external emission uth plunger spindle angle, °; ne 

is number of internal and external pistons; ω is spindle 

speed, °/s;  is staggered angle of the inner and external 

plunger emissions, °; t is spindle rotation time, s. 

If the plunger motion is expressed in terms of the 

coordinates of the center of the ball hinge of the inner and 

external emissions of any plunger. Be expressed as: 
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where: re is radius of the center distribution circle of the in-

ner and external emission of plunger ball hinges, mm; e is 

tilt angle of inner and external swashplate, °; l0 is distance 

from the origin o to the intersection H of the line connecting 

the center of the inner and external emission of plunger 

hinges in the o-xy plane (mm). 

 

Fig. 1 Plunger movement diagram for dual-drive axial pis-

ton motor 

The derivative of Eq. (2) gives the expression for 

the velocity vector at the center of the plunger ball hinge as: 
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Further derivation of Eq. (3) yields an expression 

for the acceleration vector at the center of the inner and ex-

ternal plunger ball hinges as: 
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where: veu is velocity of the center of the uth plunger ball 

head in the inner and external emissions, m/s; aeu accelera-

tion of the center of the uth plunger ball head in the inner 

and external emissions, m/s²; i, j and k were spatial coordi-

nate vector. 
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Fig. 2 Force diagram of the plunger-slide shoe assembly 

The forces on the plunger-slide shoe assembly of a 

double-sided driven axial plunger motor are shown in 

Figs. 2 and 3. Centrifugal forces, reciprocating inertia 

forces, plunger frictional forces and plunger-slide shoe fric-

tional forces will be generated by the plunger-slide shoe as-

sembly in the inner and external emissions. And acts on the 

cylinder block by means of an oil film. This produces a tip-

ping torque on the cylinder block and a driving torque to 

turn the cylinder block. 

 

Fig. 3 Plunger to cylinder block bore force 

From the above it follows that the vector expres-

sions for the position of the center of mass and the center of 

the ball hinge of the inner and external emission plunger-

slide shoe assembly are as follows: 
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where; lrue and lzue is center of mass and ball hinge position 

of the uth plunger-slide shoe assembly in the inner and ex-

ternal emissions; ls distance between the center of mass of 

the plunger-slide shoe assembly and the center of the ball 

hinge, mm. 

From the expressions for the acceleration vector at 

the center of the inner and external plunger ball-heads we 

get the centrifugal forces Freu and reciprocating inertia 

forces Faue for an arbitrary plunger-slip shoe assembly are: 

( )2

1 0 ,e eu eum r sin cos  = + +reuF i j k  (7) 

( )2

10 0 -1.5 .e e eum r tan cos sgn e  = + +aeuF i j k  (8) 

When the slide shoe rotates on the swashplate, the 

swashplate exerts a frictional force on the slide shoe, ap-

proximating this frictional force to the center of the ball 
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hinge. Double side drive axial piston motor with hydrostat-

ically supported slide shoe construction. Ignoring the spin 

and tipping of the skid shoe. Relative motion of the slide 

shoe to the swashplate under purely liquid friction condi-

tions. The viscous friction Ffeu of the sliding shoe sub is ob-

tained as: 

( )( )2 2

0

2

- ,e
G G eu eu

r
R r cos sin   


= − +feuF i j  (9) 

where: 2 is sliding shoe sub oil-film thickness, μm; 0 is 

dynamic viscosity of oil at standard atmospheric pressure, 

pas; RG is sliding shoe oil sump external diameter, mm; rG 

is sliding shoe oil sump inner diameter, mm. 

In order to ensure that the slide shoe is always tight 

against the swashplate during normal motor operation. A 

pre-compressed center spring provides compression for the 

slide shoe via a return ball hinge. Assume that the spring 

force on each plunger shoe assembly is of uniform magni-

tude. Then the spring force can be expressed as: 

,te
the

e

F
F

n
=  (10) 

where: Fthe is spring forces on individual pistons for internal 

and external discharge; Fte is total spring force provided by 

the inner and external emission of pre-compression springs. 

The high-speed reciprocating motion of the 

plunger-slip shoe assembly generates axial forces (recipro-

cating inertia forces, plunger cavity oil forces and plunger 

sub friction) that will cause the swashplate to generate sup-

port forces Neu on the slip shoe. The division of this support 

force along the y-axis produces a tilting moment Nyeu and a 

driving torque on the cylinder block through the center of 

the ball hinge. This converts hydraulic energy into mechan-

ical energy. Refer to Figs. 3 and 4, if the forces on the 

plunger-slide shoe assembly are balanced we get the follow-

ing: 

,eu e Qeu qeuN sin F F = −  (11) 

,eu e deu aeu seu theN cos F F F F = + + +  (12) 
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From the force analysis shown in Fig. 4, and fur-

ther based on the principle of similarity of force distribution 

triangles, we get: 
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where: FQeu and Fqeu is lateral pressure of the cylinder block 

bore on the plunger, N; Fdeu is plunger chamber oil force, N; 

Faeu is reciprocating inertia forces in the plunger-slide shoe 

assembly, N; Fseu is plunger sub friction, N; L is plunger 

length, mm; f is friction coefficient of the plunger sub, and 

lgue is internal and external plunger retention cylinder block 

length, mm; r3 is plunger radius, mm. 

For the plunger-slide shoe assembly, the direction 

of frictional force on the plunger subassembly is always op-

posite to the speed of the plunger movement. However, the 

cylinder block is subjected to frictional forces in the same 

direction as the velocity of the plunger movement. Solving 

for: 

( ) (( 1.5)( ( ))).seu Qeu qeuF F F fsgn e sin a= + − −  (18) 

The expression for the oil force Fdeu in the plunger 

chamber is as follows： 

 
2

3 ,d eu euF p r=  (19) 

where: peu is Plunger chamber oil pressure, MPa.  

The dynamic changes in oil pressure during suction 

and discharge in each plunger chamber at different angles of 

rotation are taken into account in the calculation process. 

Using the plunger chamber as a control body. The oil in the 

plunger chamber is a compressible fluid. The equation for 

the dynamic pressure characteristics of the fluid is obtained 

as follows: 

( )
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where: lg is cylinder block bore length, mm; lgeu is plunger 

retention length, mm; Qin is plunger chamber oil suction vol-

ume, m3/s; Qout is plunger chamber oil discharge, m3/s; Qh1 

is sliding shoe sub-leakage, m3/s; Qz1 is plunger sub-leakage, 

m3/s; Qp1 is distribution sub-leakage, m3/s. 
2

3 ( -1.5).v e e euQ r r tan sin sgn e  =  (21) 

Assuming laminar flow between the friction sub-

assemblies and without considering the dynamic character-

istics of leakage. The expression for the leakage flow due to 

shear and differential pressure for a single plunger pair is as 

follows: 
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where: 1 is plunger sub unilateral clearance, m; pine is oil-

suction pressure of internal and external plunger, MPa; pout 

is oil-emission pressure, MPa. 

The leakage flow rate of a single slip shoe sub is: 
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The dual side drive axial piston motor has a flat 

flow distribution disc. Its distribution sub-leakage flow is: 
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where: αe is internal and external distribution discs with 

waist-shaped slotted corners, °; 3 is flow distribution sub 

clearance, m; re4 and re6 are external diameter of internal 

and external sealing tape, mm; re5 and re7 are inner diameter 

of internal and external sealing tape, mm. 
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where: Cd is flow distribution sub-throttling coefficient; Ain 

is overflow area between cylinder waist hole and inlet-

drainage port of flow distribution Plate, mm2; Aout is over-

flow area between cylinder waist hole and oil-drainage port 

of flow distribution Plate, mm2;  is oil density, kg/m3. 

2. 2. Cylinder block friction torque loss 

The friction torque loss of each friction pair during 

the operation of a double-sided drive axial piston motor has 

a certain influence on the motor output torque. Its main fric-

tional torque losses can be divided into the following three 

categories: 1) Frictional torque of the flow distribution sub; 

2) Frictional torque at bearings; 3) Sliding shoe sub friction 

torque. 

1) Frictional torque of the flow distribution sub. 

The structure of the flow distribution subsystem of 

the double-sided drive axial piston motor is more complex. 

It is necessary to divide its flow distribution sub oil film into 

several areas in detail. The pressure distribution in each re-

gion is then found. The total frictional torque is obtained by 

summing up the frictional torque of each area according to 

Newton's viscosity law. Assuming full oil film lubrication 

and negligible oil film thickness variation in the flow distri-

bution substrate. Then the frictional torque of the flow dis-

tribution sub after taking into account the viscous pressure 

characteristics of the oil is: 
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where: r is circle radius, mm;  is rounded corners, °. 

The total frictional torque Tz of the distribution 

sub-oil film can be obtained according to the division of the 

region in reference as [15]: 
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2) Frictional torque at bearings. 

From the construction of a double side drive axial 

piston motor: The rotating shaft is mainly supported by two 

bearings. The radial component of the support force of the 

swashplate on the slide shoe is applied to the rotation shaft 

via the cylinder block. As a result, a corresponding support 

reaction force is generated at the bearing and a frictional 

torque is generated opposite to the driving torque. 

The radial load acting on the shaft through the cyl-

inder block by the swashplate support reaction is: 

 
1 2
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.
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The magnitude of the support reaction force gener-

ated by this radial load on the two bearings is: 
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where: lz1 and lz2 are distance from the bearing support point 

at the front and rear ends to the point of action of the radial 

component force, mm. 

Eqs. (29 – 31) further yield the magnitude of the 

frictional torque of the bearings at both ends as: 

 1 1 2 2 ,b b b b b b bT f F r f F r= +  (31) 

where: fb is bearing friction coefficient; rb1, rb2 are radius of 

front and rear end bearings, mm. 

2.3. Counter-thrust torque of the flow distribution sub-film 

When the high pressure oil in the plunger chamber 

flows into the gap between the flow distribution disc and the 

cylinder block and is in radial laminar flow. The counter-



89 

thrust will be generated by the formation of the flow distri-

bution sub-film. This counter-thrust tends to push the cylin-

der block away from the flow distribution plate. Due to the 

nature of the piston motor, the pressure field in the suction 

and discharge zones is different, resulting in the cylinder 

block always being subjected to an overturning moment that 

tilts its stance. For the dual drive axial piston motor. In the 

case of double-sided drive axial piston motors, there are 

high and low pressure areas on both sides of the distributor, 

which allows the counter-thrust torque to be offset to some 

extent.  

The counter thrust moment of the flow distribution 

sub oil film is [16]: 
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where: e is angular spacing between inner and external 

plunger emissions, °; αe is internal and external distribution 

discs with waist-shaped slotted corners, °. 

2.4. Total cylinder block torque 

From the above analysis it follows that: moments 

around the x, y and z axes for a bilaterally driven axial piston 

motor cylinder block. Where the moments around the x and 

y axes are the tipping moments that cause the cylinder block 

position to tip over. The torque around the z-axis is the out-

put torque of the piston motor. With a positive clockwise 

moment around each axis. Then the expression for the total 

torque generated on the cylinder block is as follows: 
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Torque pulsation rates of: 
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3. Results and analysis 

Dual side drive axial piston motors can be consid-

ered as a superposition of two single emission piston mo-

tors. It is important to consider not only the influence of key 

parameters such as the number of plugs, suction pressure 

and swashplate inclination on the overturning torque and 

output torque of a common single-emission axial piston 

pump, but also the influence of the staggering angle on its 

torque characteristics. The phase difference between the 

torque applied to the inner and external emissions is deter-

mined by the characteristic staggering angle of the double-

sided drive axial piston motor. This affects the magnitude of 

the total torque and the pulsation rate. In summary, the main 

factors affecting the individual moments applied to the cyl-

inder block of a double-sided drive axial piston motor in-

clude: Number of pistons, staggering angle, oil inlet pres-

sure and swashplate inclination. The torque pulsation rate of 

the twin drive motor block will be analyzed using the above 

four parameters as variables. Other basic calculation param-

eters are shown in Table 1. 

Table 1 

Main calculation parameters 

Symbols 

and units 
Physical significance 

Numerical 

values 
Symbols and 

units 
Physical significance 

Numerical 

values 

ρ, kg/m3 Oil density 850 pine, MPa Oil inlet pressure 31.5 

E, MPa Oil bulk modulus 700 pout, MP) Oil return pressure 0.1 

δ1 /() Plunger sub unilateral clearance 6 r14, r24, mm 
Inner and external emission inter-

nal sealing tape inner diameter 
18, 36 

δ2, m Sliding shoe sub clearance 5 r17, r27, mm 
Internal and external sealing tape 

diameter 
30, 46 

δ3, m Flow distribution sub clearance 6 RG, rG mm 
Sliding shoe oil sump external and 

inner diameter 
8, 5 

α1, α2, ° 
Internal and external flow distribution discs 

with waist-shaped grooves wrapping the corner 
153.9, 147 lg, mm Cylinder block bore length 55 

μ0, pa0s 
Standard atmospheric pressure fluid dynamic 

viscosity 
0.02 Cd Throttling factor 0. 7 

r3, mm Plunger radius 5 ω/r, min Rotational speed 1500 

Fsz, N Spring force 450 r1, r2, mm Radius of distribution circle 24, 41 

 

3.1. Effect of plunger number on cylinder block torque 

Fig. 4 shows the effect of the number of plugs on 

the torque applied to the cylinder block of a double-sided 

driven axial piston motor. As can be seen from Fig. 4 during 

one working cycle (360° of spindle rotation), the dual drive 

motor cylinder block is subjected to the same period of pul-

sation of each torque as the single emission, for the angular 

spacing of the adjacent pistons. From Figs. 4, a and b it can 

be seen that, when the number of internal and external piston 

emissions is the same, the symmetrical double swashplate 

structure of the double-sided axial piston motor makes the 
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torque around the x and y axes inside and outside the cylin-

der block always in opposite directions, so they can cancel 

each other out to obtain better stability. Without changing 

other parameters, with an even number of plugs, the cylinder 

block is subject to lower fluctuations in torque around the x-

axis than with an odd number. However, it is subject to 

higher than odd fluctuations in moment around the y-axis. 

As shown in Fig. 4, c, the output torque produced by the 

inner and external emissions of the dual drive motor varies 

in line with that of a normal piston motor. However, the 

torque generated by the inner and external emissions can be 

superimposed on each other, which further increases the 

power density of the dual drive motor. With an even number 

of pistons, the magnitude and frequency of fluctuations in 

internal and external displacement torque superimposed is 

less than with an odd number of pistons, without changing 

other parameters. As shown in Fig. 4, d, when the number 

of pistons in the inner and external emissions is not the 

same, the total torque generated by the two is superimposed 

and the total torque fluctuates more irregularly and to a 

greater extent. In summary, the dual drive motor has the 

ability to change the torque by varying the internal and ex-

ternal torque parameters, which reduces the amount of over-

turning torque and torque pulsation. 

  

                           a                                              b 

             

                             c                                                 d 
 

Fig. 4 The effect of the number of plugs on the individual moments of the cylinder block: a - torque around x-axis;  

b - moment around y-axis; c - output torque; d - torque output with different number of internal and external pistons 

 

3.2. Effect of staggering angle on cylinder block torque 

Fig. 5 shows the effect of staggering angle on the 

pulsation rate of the cylinder block subjected to torque 

around each axis and the variation of the magnitude of each 

torque at different staggering angles. Table 2 shows the peak 

and valley values of the torque around each axis and the pul-

sation rate of the cylinder block at different staggering an-

gles. From Fig. 5, a and Table 2, it can be seen that as the 

staggering angle increases, the pulsation of the cylinder 

block by the moment around the x, y axis increases first and 

then decreases, the pulsation rate is the smallest when the 

staggering angle is 0°, 6.047 and 0.072 respectively. When 

the staggering angle is 15°, the cylinder block is subjected 

to the maximum pulsation rate of the moment around the x-

axis. When the staggering angle is 19°, the cylinder block is 

subjected to the greatest rate of pulsation of torque around 

the y-axis. As the staggering angle increases, the output 

torque of the dual drive axial piston motor first decreases 

and then increases. Maximum pulsation rate of 0.104 at an 

intersection angle of 0°. The minimum pulsation rate at an 

intersection angle of 21° is 0.077, a 25% reduction com-

pared to the maximum pulsation rate. The change in stag-
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gering angle does not affect the pulsation period of the re-

spective moments. From Fig. 5, d and the table it is clear 

that, the peak output torque decreases and the valley in-

creases as the stagger angle corresponding to the maximum 

pulsation rate changes to the minimum pulsation rate. The 

change in the staggering angle causes the larger and smaller 

values of the inner and external emission output torques to 

be superimposed, reducing the fluctuation and thus the pul-

sation rate of the torque. And for moments around the x and 

y axes, the direction of the torque generated by the inner and 

external emissions is always opposite. The two can cancel 

each other out to reduce the overturning moment. And at an 

intersection angle of 0°, the two fluctuate in almost identical 

patterns. Larger and smaller values cancel each other out. 

The fluctuations in torque and the pulsation rate are there-

fore minimal at this point. 

  

a b 

  

c d 

Fig. 5 Effect of staggering angle on each moment of the cylinder block: a - effect of staggering angle on cylinder block torque;  

b - moment around x-axis at different staggering angles; c - moment around y-axis at different staggering angles; d - output torque 

at different staggering angles 
Table 2 

Peak and valley values of torque around each axis and pulsation rate of the cylinder block at different staggering angles 

Angle of in-

tersection, () 

Torque around x-axis, () Moment around y-axis, () Output torque, () 

Peak value Valley value 
Pulsation 

value 
Peak value Valley value 

Pulsation 

value 
Peak value Valley value 

Pulsation 

value 

0 27.68 -52.87 6.047 198.96 184.80 0.072 54.87 46.17 0.165 

15 108.43 -107.59 16.214 167.42 167.42 0.233 54.22 48.74 0.104 

19 91.78 -117.46 15.710 168.60 168.60 0.238 53.67 49.17 0.086 

21 83.43 -122.42 15.451 169.52 169.52 0.237 53.30 49.33 0.077 

 

3.3. Effect of oil inlet pressure on cylinder block torque 

Figs. 6a to c depict the relationship between each 

torque and the inlet pressure. Fig. 6, d depicts the magnitude 

of the pulsation rate of the output torque for different inter-

nal and external discharge inlet pressures. Table 3 describes 

the magnitude of the fluctuations in the torque around each 

axis and the pulsation rate of the cylinder block at different 

inlet pressures. From Fig. 6, a - c and Table 3 it can be found 

that: When the internal and external oil inlet pressure is the 

same, as the inlet pressure rises from 22.5 MPa to 31.5 MPa, 
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the cylinder block is subjected to the torque around x and y 

axes and the output torque size also increases significantly, 

the fluctuation of the cylinder block torque around each axis 

increases, the pulsation rate of the cylinder block torque 

around x-axis and output torque gradually decreases with 

the increase of the inlet pressure, while the pulsation rate of 

the cylinder block torque around y-axis gradually increases 

with the increase of the inlet pressure. The pulsation rate of 

the torque around the y-axis gradually increases with the in-

crease of the inlet pressure. Changes in inlet pressure do not 

affect the individual torque patterns and pulsation periods. 

Due to the constructional characteristics of the dual drive 

motor, the internal and external oil inlets can be independent 

of each other, and the selection of a suitable inlet pressure 

can reduce the tipping torque and output torque pulsation 

rate. As shown in Figs. 6, c and d, the output torque pulsa-

tion rate basically increases when the internal inlet pressure 

remains constant while the external inlet pressure increases. 

When the external inlet pressure remains constant and the 

internal inlet pressure increases, the output torque pulsation 

rate is largely reduced. 
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Fig. 6 Effect of oil inlet pressure on each cylinder block torque: a - torque around x-axis; b - torque around y-axis; c - output 

torque; d - output torque pulsation rate as a function of feed pressure 

Table 3 

Magnitude of torque fluctuations and pulsation rate of the cylinder block around each axis at different inlet pressures 

Oil inlet pressure Torque around x-axis Torque around y-axis Output torque 

Internal emis-

sion, MPa 

Out emission, 

MPa 

Fluctuation 

range, () 

Pulsation 

rate 

Fluctuation 

range, () 

Pulsation 

rate 

Fluctuation 

range, () 

Pulsation 

rate 

22.5 22.5 147.138 10.138 32.376 0.229 2.770 0.083 

27.5 27.5 179.755 9.806 40.142 0.233 3.485 0.079 

31.5 31.5 205.857 9.481 46.433 0.235 3.978 0.077 

24.5 31.5 189.847 3.116 42.183 0.188 4.256 0.070 

3.4. Effect of swashplate inclination on cylinder block torque 
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Fig. 7, a to c depict the relationship between each 

moment and the inclination angle of the swashplate. Fig. 7d 

depicts the magnitude of the pulsation rate of the output 

torque for different internal and external swashplate inclina-

tion angles. From Figs.7, a - c when the inclination angle of 

the inner and external emission swashplate is the same, with 

the increase of the inclination angle, the value of each mo-

ment suffered by the cylinder block increases, and the fluc-

tuation amplitude also increases, but the direction of each 

moment generated by the single inner and external emission 

does not change with the change of the inclination angle. As 

the inclination angle of the swashplate can change the mag-

nitude of each torque, and the inner and external swashplate 

inclination angles are independent of each other, the appro-

priate inner and external swashplate inclination angles can 

be selected to reduce the overturning torque and output 

torque pulsation rate respectively. From Figs. 7, c and d 

when the inclination of the inner swashplate is constant and 

the inclination of the external swashplate increases, the out-

put torque pulsation rate also increases. When the external 

swashplate tilt angle remains constant and the inner swash-

plate tilt angle increases, the output torque pulsation rate is 

reduced. When β1 = 16° and β2 = 11°, the output torque pul-

sation rate is a minimum of 0.0727, when the output torque 

generated by the inner and external emissions is superim-

posed with a small fluctuation in the total torque. 

 

 

a b 

 

T
h
eo

re
ti

ca
l 

to
rq

u
e 

p
u
ls

at
io

n
 r

at
e

 

c d 

Fig. 7 Effect of swashplate inclination on each cylinder block moment: a - moment around x-axis versus inclination of 

swashplate; b - moment around y-axis versus inclination of swashplate; c - output torque as a function of swashplate 

inclination; d - output torque pulsation rate as a function of swashplate inclination 

 

4. Discussion 

As seen in Figs. 4 – 7, the number of pistons, stag-

gered angle, inlet pressure and swashplate angle of the inner 

and external emissions of the axial motor are designed in 

such a way that the overturning torque and output torque 

pulsations generated by the inner and external emissions can 

be offset. Lower cylinder block tilting torque and lower out-

put torque pulsation than ordinary axial piston motors, re-

sulting in smoother cylinder block movement. 

As can be seen in Figs. 4 – 7, the closer the pulsa-

tion amplitude of the internal and external displacement tor-

ques are and the opposite phase angle, the more effective the 
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superposition is. However, there is always a certain differ-

ence in the torque amplitude of the inner and external emis-

sion of torque due to the fact that there is always a certain 

difference in the size of the distribution circle structure of 

the inner and external emission of cylinder blocks. This 

problem can be overcome by coupling the other parameters 

of the bilaterally driven axial motor to each other. As shown 

in Fig. 6: The inlet pressure can be increased in equal pro-

portion to the pulsation amplitude. The internal and external 

torque pulsation can be better counteracted by setting the 

internal and external discharge pressure ratio inversely pro-

portional to its structural dimensions. The number of inter-

nal and external pistons and the inclination of the swashplate 

can also be combined to optimize the offset effect. 

As can be seen from Fig. 5 the staggered angle of 

the inner and external emission has the opposite effect on 

the torque pulsation around the x and y axes as it does on the 

output torque. An increase in the internal misalignment an-

gle increases the torque pulsation around the x and y axes 

while the output torque pulsation decreases, both of which 

conflict with each other. This is because at a staggered angle 

of 0°, the torques around the x and y axes of the inner and 

external emissions are exactly opposite and cancel out best. 

And in the same plunger number conditions, at this time the 

output torque phase angle is the same, can't be offset, can 

only be directly superimposed and can't reduce the effect of 

output torque pulsation. 

In summary, for dual side drive axial piston mo-

tors, the intersection angle should be set as small as possible. 

Better stability of its cylinder blocks through internal and 

external displacement pressure ratios and swashplate incli-

nation ratios. 

5. Conclusion 

The paper analyses the forces on the cylinder block 

of a double-sided driven axial piston motor, a mathematical 

model of the cylinder block torque was developed and the 

influence of the number of plugs, staggering angle, Internal 

pressure and swashplate inclination on the cylinder block 

torque was analyzed. The following conclusions were 

reached: 

1. When the number of internal and external pis-

tons is the same, the cylinder block is subjected to a cyclic 

pulsating cycle of each torque in one working cycle. Pulsa-

tion period is the angular distance between adjacent pistons. 

The torque pulsation period of the hydraulic cylinder block 

is only affected by the number of plugs and the frequency of 

torque fluctuations is more frequently with odd plugs than 

with even plugs. 

2. As the staggering angle increases, the pulsation 

rate of the moment around the x and y axes tends to increase 

and then decrease. The output torque varies in the opposite 

direction. The change in staggering angle does not affect the 

pulsation period of the respective moments. 

3. When the internal and external inlet pressure is 

the same, the pulsation rate of the cylinder block around the 

x-axis torque decreases as the inlet pressure increases. The 

pulsation rate of the moment around the y-axis of the cylin-

der block increases with the increase of the inlet pressure. 

As the inlet pressure increases, the output torque fluctuation 

increases, but the pulsation rate decreases slightly. When the 

internal and external oil inlet pressures are different, the in-

ternal and external swashplate tilt angle can be reasonably 

changed to increase the output torque while reducing the 

output torque pulsation rate. 

4. When the internal and external oil inlet pressures 

are different, the internal and external swashplate tilt angle 

can be reasonably changed to increase the output torque 

while reducing the output torque pulsation rate. The tilting 

moment around the x and y axes of the cylinder block will 

increase as the tilt angle increases, and so will the fluctua-

tion. When the internal and external swashplate inclination 

angle is not the same, the reasonable selection of different 

internal and external swashplate inclination angle can make 

the internal and external emissions produce a greater degree 

of offset of the overturning moment, can reduce the cylinder 

block overturning moment. 

Acknowledgements 

This study was financially supported by the Project 

(GXXT-2019-048) supported by the University Synergy In-

novation Program of Anhui Province and Project 

(gxbjZD11) supported by the Top-Notch Talent Program of 

University (Profession) in Anhui Province. 

References 

1. Chao, Q. 2019. Research on Some Key Technologies of 

High-speed Rotation for Axial Piston Pumps Used in 

EHAs [D], Zhejiang university. 

2. Wen, D. S.; Sun, L. J.; Xi, B., et al. 2020. Output torque 

characteristics analysis of double swash plate multi-row 

axial piston motor, J. Transactions of the Chinese Soci-

ety for Agricultural Machinery v.51(06): 427-433. 

http://dx.doi.org/10.6041/j.issn.10001298.2020.06.046. 

3. Nie, S. L.; Li, Z. Y., Yu, Z. Y. 2002. Study on torque 

characteristic of axial piston hydraulic motor, J. Hydrau-

lics Pneumatics & Seals (07): 7-10. 

http://dx.doi.org/10.3969/j.issn.1000-

4858.2002.07.003. 

4. Xie, J. H.; Liu, J.; Shang, J., et al. Analysis and calcu-

lation of leakage of swash-plate axial piston pump, J. 

Fluid machinery (2): 55-58 70. 

http://dx.doi.org/10.3969/j.issn.1005-

0329.2016.02.012. 

5. Cao, W. B.; Dong, G. J. C. 2018. Stress and wear leak-

age analysis of piston in hydraulic axial piston pump, J. 

Journal of Gansu Sciences 30(05): 106-110. 

http://dx.doi.org/10.16468/j.cnki.issn1004-

0366.2018.05.020. 

6. Wieczorek, U.; Ivantysynova, M. 2002. Computer 

aided optimization of bearing and sealing gaps in hydro-

static machines- the simulation tool Caspar, J. Interna-

tional Journal of Fluid Power 3(1): 7-20. 

http://dx.doi.org/10.1080/14399776.2002.10781124. 

7. Hu, X.; Wang, S. P., Han, L. 2012. Modeling and sim-

ulation on pressure distribution of plane port pair in axial 

piston pump, J. Hydraulics Pneumatics & Seals 32(008): 

68-71. 

http://dx.doi.org/ 1008-0813（2012）08-0068-04. 

8. Wang, Z. Q.; Yang, J.; Zhang, H. Y., et al. 2016. Flow 

filed character analysis of piston pump valve plate, J. 

Hydraulics Pneumatics & Seals 36(9): 41-44. 

http://dx.doi.org/10.3969/j.issn.1008-

0813.2016.09.013. 



95 

9. Li, S. Z. 2001. Simulation Study on Stability of Hydrau-

lic Torque of Valve Plate on Cylinder Block in Axial 

Piston Pump [D]; Gansu University of Technology. 

http://dx.doi.org/1000-5889( 2001) 03-0041-03. 

10. Narvydas, E.; Dundulis, R., Puodžiūnienė, N. 2020. 

Rod end stress analysis for hydraulic cylinder of live 

floor conveying system, Mechanika 26(2):108-113. 

http://dx.doi.org/10.5755/j01.mech.26.2.24675. 

11. Wang, B. 2009. Real time measurement on lubrication 

characteristic parameters of plane port pair in axial pis-

ton pumps, J. Transactions of the Chinese Society for 

Agricultural Machinery 2009(9): 6. 

http://dx.doi.org/ CNKI:SUN:NYJX.0.2009-09-044. 

12. Jivantysyn, M. I. 2001. Hydrostatic Pumps and Motors: 

Principle, Design, Performance, Modeling, Analysis, 

Control and Testing [D]; New Delhi: Akademia Books 

International. 

13. Wang, L.; Deng, H. S.; Guo, Y. C., et al. 2021. Lubri-

cation characteristics of external return spherical hinge 

pair of axial piston pump or motor under combined ac-

tion of inclination and offset distance, J. Journal of Cen-

tral South University. 

http://dx.doi.org/ 10.1007/s11771-021-4776-9. 

14. Deng, H. S.; Huang, K.; Huang, R., et al. 2016. Swash 

plate moment property modeling and analysis of bal-

anced two-ring axial piston pump, J. Chinese Journal of 

Engineering Design 23(06): 592-599. 

http://dx.doi.org/10.3785/j.issn.1006754X.2016.06.011. 

15. Mao, F. Y.; He, S. J.; Wang, L., et al. 2019. Analysis 

of influence factors of friction torque of port pairs in ax-

ial piston pump /motor with dual-driving, [J. Science 

Technology and Engineering 019(034): 157-162. 

http://dx.doi.org/ 1671-1815(2019) 034-0157-06. 

16. Ma, J. E., et al. Study on flow pulsation and valve plate 

optimization design of axial piston Pump, J. Zhejiang 

University. 

H. S. Deng, W. J. Chai, C. Hu 

 

ANALYSIS OF CYLINDER BLOCK TORQUE CHAR-

ACTERISTICS OF DUAL-DRIVE AXIAL PISTION 

MOTOR 

S u m m a r y 

A mathematical model of the cylinder block mo-

ment of a dual-drive axial piston motor considering the dy-

namic pressure in the piston chamber is developed. The in-

fluence of the number of plugs, staggering angle, inlet pres-

sure and swashplate inclination on the individual moments 

applied to the cylinder block was analyzed. The results 

show: when the number of pistons in the inner and external 

emissions is the same, the cylinder block is subjected to a 

periodic pulsation of each moment and odd-numbered pis-

tons have a higher frequency of torque fluctuations than 

even-numbered pistons. With increasing intersection angle, 

the pulsation rate of the torque around the x and y axes tends 

to increase and then decrease but the output torque varies in 

the opposite direction; The inlet pressure can increase the 

torque pulsation rate of the cylinder block in equal propor-

tion. When the inclination angle of the inner and external 

swashplate is not the same, the reasonable selection of dif-

ferent inner and external swashplate inclination angles can 

make the overturning torque generated by the inner and ex-

ternal emissions offset and increase, so that the overturning 

torque of the cylinder block is reduced. 

Keywords: piston motor, cylinder block, torque, pulsation 

rate, numerical simulation. 
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