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Abstract:    The primary focus of this study was to investigate a series of novel motors and pumps, based on a new type of structure 
called double-stator. The double-stator structure can be used as pump or motor just based on the application requirements. A 
certain amount of pumps or motors can be formed in one shell, and these sub-pumps or sub-motors can work alone or be combined 
without influence on each other. So this kind of double-stator pump (motor) is called a multi-pump (multi-motor). Through the 
analysis of multifarious connection modes of the double-acting double-stator multi-pumps and multi-motors, the mathematical 
expressions of the output flow rate and the rotational speed are acquired. The results indicate that a quantity of different flow rates 
can be provided by one fixed-displacement multi-pump under the condition of unalterable driven speed by electromotor. Likewise, 
when supplied by settled input flow, without complex variable mechanism, the functions of double-speed, multiple-speed, and 
even differential connection can be obtained by employing the use of a double-stator multi-motor. The novel hydraulic transmis-
sion is made of such a double-stator multi-pump and multi-motor, and has broad application prospects. 
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1  Introduction 
 

Hydraulic motors and pumps are important core 
components in hydraulic systems. In recent years, 
higher demands for the output flow rate and pressure 
of hydraulic pumps, and the rotational speed and 
torque of motors have been required. The noise level, 
efficiency, service life, impact resistance, control 
method, and specific power are other factors that 
industry has greater demands for. Hydraulic motors 
are usually divided into two groups: low-speed high- 
torque ones and high-speed low-torque ones. It is 
difficult to obtain a wide range of rotation velocity 
regulation for the current fixed-displacement motors. 

For pumps, pressure-reducing valves are needed 
when more than two different pressures exist in one 
hydraulic transmission with great energy loss. The 
desire to improve the shortages mentioned above has 
increased rapidly, and a considerable amount of re-
search has been performed in this field during the past 
five years (Zhang et al., 2009). To improve the per-
formances and increase the ratings of pumps and 
motors, many different aspects of study on hydraulic 
components have received attention (Wang and 
Zhang, 2003). 

The main research performed on hydraulic 
pumps and motors is concentrated on pressure distri-
bution, temperature change, friction analysis, ad-
vanced materials application, manufacturing process, 
tightness methods, and lubrication. Three-dimensional 
model simulation and optimization designs on the key 
friction pairs are hot topics today, and much research 
work has been performed in this area too. For  

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering) 
ISSN 1673-565X (Print); ISSN 1862-1775 (Online) 
www.zju.edu.cn/jzus; www.springerlink.com 
E-mail: jzus@zju.edu.cn 

 
 

‡ Corresponding author 
* Project (No. 50975246) supported by the National Natural Science 
Foundation of China  
© Zhejiang University and Springer-Verlag Berlin Heidelberg 2011 
 



Wen et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2011 12(4):301-309 
 

302 

example, the single-cylinder and multi-cylinder 
pumping dynamics models of a swash plate piston 
pump were improved. Particular attention has been 
paid to the design influences of key parts of the valve 
plate. The cross angle and the pre-compression angle 
of the valve plate were optimized, based on the 
pumping dynamics model (Manring, 2003; Ma et al., 
2010). Advances in variable frequency technology 
have improved the energy-saving level and response 
speed. The variable speed electro-hydraulic technol-
ogy can control hydraulic systems by varying pump 
speeds and output flow rates (Jahns and Owen, 2001; 
Peng et al., 2004). Significant amounts of work re-
garding various control algorithms, expert systems, 
optimal design method, and advanced 3D-application 
software have been applied in hydraulic industry 
(Azadeh et al., 2009; Spence and Amaral-Teixeira, 
2009; Wang et al., 2009; Shin and Sung, 2010; Xue 
and Shi, 2010). In addition, the demand for more 
environmental and fuel-efficient construction ma-
chinery, especially for hydraulic excavators, has been 
increased in response to growing environmental and 
energy-saving concerns. A method of how to regen-
erate the potential energy for a hybrid hydraulic ex-
cavator was discussed in detail by Lin et al. (2010). 
Moreover, a virtual prototype technology was used in 
the hydraulic industry. The flow, pressure, and power 
controls of hydraulic components were studied in the 
way of simulation of the virtual prototype. The virtual 
prototype technology can well predict the pump per-
formance and would be a good choice for designing 
and optimizing the components (Yang et al., 2010). In 
addition, research on reducing the noise level is a hot 
topic today, and much research work has been per-
formed (Yang et al., 2009). Advances in materials and 
seizure technology have improved contamination 
tolerance and fatigue technology (Bobzin et al., 2004; 
Nilsson and Prakash, 2009), including nanostructured 
materials as a new class of engineering materials with 
enhanced properties and structural length scale be-
tween 1 and 100 nm, which have a broad application 
when producing novel components (Chawla et al., 
2007). However, little attention is paid to the operat-
ing principles of the existing pumps or motors to 
improve their characteristics (Wen, 2011). 

The design of the double-stator structure offers a 
lower-cost alternative in comparison to other fluid- 
power and fluid-transfer mechanisms over a broad 

range of applications. Designers of engines, com-
pressors, machine tools, tractors, and other equip-
ments requiring hydraulic systems can use an inte-
grally designed double-stator pump and motor for a 
more compact and lower weight unit. In most cases, it 
will also run more quietly for no variable mechanisms 
are required. 

It is a significant and challenging issue to study 
the theory of multi-pump and multi-motor hydraulic 
systems based on the existing structures and operating 
principles of hydraulic components. For this reason, 
we made an innovation in the field of structure and 
operating principles of components and developed a 
series of novel ones. 

 
 

2  Structure and operating principles 
 
Generally, the hydraulic transmission systems 

consist of single pumps and single motors, whose basic 
structures require the use of one rotator corresponding 
to one stator in a single shell (Lei, 1998). Different 
from the common ones, there are two stators corre-
sponding to one rotator for this novel double-stator 
structure. The specific configuration of a double-acting 
double-stator multi-pump (multi-motor) with double- 
roller and connecting-bar is shown in Fig. 1. The basic 
structure includes a rotator, inner and outer stators, 
inner and outer rollers, and connecting-bars. The ro-
tator is a concentric cylinder on which several thor-
ough grooves are installed. For each groove, there is a 
group of double-rollers and connecting-bars. The inner 
and outer stators are stationary. Four pairs of the inlet 
and the outlet ports, used for suction and delivery ac-
tion, are installed on the shell. The inlet and outlet 
segments are controlled by the valve plate located on 
the two side plates. The distance between the inner and 
the outer stators is equal, and both of their fringes re-
sembled curves. 

Here, we suppose that it is used as a pump to 
account for the operating principle. The variable 
volume of the two outer pumps is formed by the outer 
stator, the group of rollers and connecting-bar, the 
rotator, the outer valve plate, and two side plates. 
Likewise, the inner variable volume of the two inner 
pumps is composed of the group of rollers and  
connecting-bar, the inner stator, the rotator, the inner 
valve plate, and two side plates. There are four pumps 
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in one shell for a double-acting double-stator multi- 
pump. Each of these sub-pumps can work alone or be 
combined depending on the actual requirement. A 
certain number of different output flow rates can be 
provided by one double-stator fixed-displacement 
pump, and it can work at various hydraulic system 
pressures at the same time. There is a proportional 
relationship between each of the output flow rates and 
the ratio of the displacement of the inner pump to that 
of the outer one. When compared with the pump, 
using the same action times and volume, two pumps 
appeared in one shell. Hence, the displacement is 
enlarged, and the specific power is increased as well 
as with the advantages of small size and light weight. 
Moreover, the radial forces balance well for the  
double-acting double-stator structure, and the rolling 
frictions among rollers and stators can reduce the 
damages due to friction. 

Similarly, under the condition of the same input 
flow and without complex variable mechanism, a 
certain amount of different output rotational speeds 
can be acquired when it is used as a motor. Likewise, 
the proportional relationship exists between the out-
put rotational speeds (Wen, 2003a; 2003b; 2008). 

Furthermore, if we change the shape of the inner 
and the outer stators, the single-acting, triple-acting, 
and even the multiple-acting double-stator multi- 
pumps (multi-motors) can be acquired. The double- 
roller setup with a connecting-bar can be designed as 
a rectangle slider, single-roller, and concentric circle 
vane, etc. 

Simulation, theoretical analysis, test results, 
structure parameters, performance standards, and 
graphic symbols of these novel hydraulic components 
as well as the definition of multi-pumps and multi- 
motors were discussed in detail (Wen et al., 2008; 
2011; Wen, 2009). 

 
 

3  Modeling of double-stator multi-pumping 
dynamics 

 
According to the description above, the main 

moving parts of double-stator multi-pump are the 
rotator and the roller group (including two rollers and 
a connecting-bar). The rotational speed of the rotator 
is the speed of the electric motor, which is approxi-
mately a constant. Thus, the primary focus of the 
dynamics analysis is to study the movement of the 
roller group. The outer curve of the inner stator and 
the inside curve of the outer stator are concentric and 
similar, and the distance between the two curves is 
equal in distance. Therefore, no radial movement 
exists between the two curves for the roller group. So, 
the absolute movement of the roller group is the ro-
tational motion around the center of the stator, which 
is composed of the rotational and the radial elastic 
motions of the roller group that follows the rotator. 
The rotational velocity is the same as the rotational 
speed of the rotator driven by the motor. Besides, the 
motion of the roller group has a close relationship 
with the shape of the two curves mentioned above. 
The two curves are composed of four working curves 
and four transition curves. The four working curves 
consist of two large and two small circular arcs, which 
are all concentric arcs and symmetrically located. The 
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Fig. 1  Structure section (a) and prototype (b) of the 
double-acting double-stator multi-pump with double- 
rollers and connecting-bar 
1: Rotator; 2: Inner stator; 3: Valve plate of the outer pump; 4: 
Outer roller; 5: Connecting-bar; 6: Inner roller; 7: Inlet or 
outlet port of the inner pump; 8: Valve plate of the inner pump; 
9: Outer stator 
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equivalent acceleration and deceleration models are 
selected as the mathematical expression of the four 
transition curves, which are also symmetrically dis-
tributed. In the study of the pumping dynamics of the 
double-acting double-stator multi-pump, the motion 
of the roller group can be better described by means of 
polar coordinates. The mathematical model of polar 
radius should be acquired first. Since the structure of 
the double-acting double-stator is centrosymmetric, a 
quarter of the movement will be used as an example 
(Fig. 2). 

Firstly, some common parameters are explained 
as follows: 2γ and 2β are the large and the small cir-
cular arc angles of the outer stator respectively, α is 
the transition curve angle, φ is the polar angle of the 
center of the roller group, ω is the rotation speed of 
the rotator, and ρ is the polar radius of the center of the 
roller group, which can be expressed as 
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where L is the length of the roller group, R and R1 are 
the small and the large circular arc distribution radii, 
respectively. 

The absolute speed of the roller group Va con-
sists of the following velocity Ve, which comes from 
the rotational speed of the rotator, and the relative 
velocity Vr, and is calculated by 
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where the forward direction of Vr is the outward 
motion of the roller group, and the direction of Ve is 
the tangential direction of the revolving rotator. 

Substituting Eq. (1) into Eq. (2), the absolute 
speed of the roller group is given as Eq. (3) (see the 
bottom of this page). 

The acceleration of the roller group aa is com-
posed of the relative acceleration ar, the following 
acceleration ae, and Coriolis acceleration ak, and can 
be expressed by 
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Fig. 2  Diagrammatic sketch of dynamics analysis 
(a) Parameters of the rotator distribution; (b) Polar coordinates
and velocity resolution 
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Based on Eqs. (1), (2), and (4), the composition 
of acceleration of the roller group is given as Eq. (5) 
(see the bottom of this page). 
 
 
4  Connection modes and speed of double- 
acting multi-motors 

 
Different output and input flows can be acquired 

by changing the connection mode of multi-pumps and 
multi-motors, respectively. 

To facilitate explication, we suppose that the 
input flow rate is always the same as Q, and the dis-
placements of the two inner and two outer motors as 
q11, q12, q21, and q22. 

For double-acting double-stator multi-motors, 
two major combination categories exist: the common 
connection and the differential connection. The con-
nection features for each of the two different connec-
tion modes are discussed in detail. 

4.1  Common connection 

Fig. 3a indicates that only one of the outer mo-
tors is working, while Fig. 3b shows that two outer 
motors are working with no load on the inner motors. 
In the term of double-acting double-stator multi- 
motor structure, the next mathematical expression can 
be obtained: 

 

21 22
11 12 21 22

11 12

, , ,q q C q q q q
q q

= = = =        (6) 

 
where C is a constant dependant on the design of the 
inner and outer motors’ displacements. 

When only one of the inner motors is working, 
the output rotational speed is expressed by 
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Eq. (7) is the basic expression of the rotational 

speed of the multi-motors. The other output rota-
tional speeds listed in Table 1 in different connection 
modes have a certain proportional relationship with 
n1, and the calculation method is similar with 
Eq. (7). A similar explanation can be used to describe 
Tables 2 and 3. 

4.2  Differential connection 

Because of the double-stator structure, a novel 
differential connection of double-stator multi-motors, 
which is similar to differential hydraulic cylinder can 
be acquired. When a double-acting double-stator 
multi-motor is working, the torque provided by one  
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Fig. 3  Schematic drawings of double-acting double-stator 
multi-motor connection with one outer motor (a) and two 
outer motors (b) working 
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outer motor is larger than that by one inner motor. So 
the rotation direction is determined by the outer mo-
tor. Then the inner motor is used as the pump in dif-
ferential connection to provide hydraulic oil to the 
outer motor. Therefore, the total input flow for  
double-stator multi-motors is enlarged. The differen-
tial function of double-stator multi-motors is suited 
for high-speed working conditions. 
 

Fig. 4 shows that two inner motors and one outer 
motor are combined as one kind of differential  
connections. 

 
 
 
 
 
 
 
 
 
 
 
 
The mathematical expression of the output rota-

tional speed in a differential connection composed by 
one inner motor and one outer motor is 
 

9 1
21 11

1
1

.Qn n
q q C

= =
− −

                (8) 

 
The above description shows that a double- 

motor fixed-displacement multi-motor can output 
twelve different rotational speeds under the condition 
of the same input flow rate and without a complex 
variable displacement mechanism (Tables 1 and 2). 

 
 

5  Connection modes and flow of double- 
acting multi-pumps 

 
One fixed-displacement multi-pump can output 

a certain number of different flows driven by a con-
stant speed, and can work at diverse system pressures 
without the use of a pressure-reducing valve. All of 
these functions are based on the various combinations 
of the multi-pumps. 

Using the double-acting fixed-displacement 
multi-pumps as an example, there are eight different 
connection methods available (Table 3), two of which 
are shown in Fig. 5. 

Based on the structure of double-stator, the fol-
lowing relational expression can be obtained: 
 

21 22
11 12 21 22

11 12

, , ,q q C q q q q
q q
′ ′

′ ′ ′ ′ ′= = = =
′ ′

         (9) 

 

Fig. 4  Schematic drawing of double-acting multi-motor in 
differential connections 

Table 1  Rotational speeds of the double-acting multi- 
motors in common connections 

CM Nin Nout Output rotational speed (r/min) 
1 1 0 n1=Q/q11 
2 2 0 n2=Q/2q11=n1/2 
3 0 1 n3=Q/q21=Q/Cq11=n1/C 
4 0 2 n4=Q/(q21+q22)=n1/2C 
5 1 1 n5=Q/(q11+q21) 

  =Q/(q11+Cq11)=n1/(1+C) 
6 1 2 n6=Q/(q11+q21+q22)=n1/(1+2C)
7 2 1 n7=Q/(2q11+q21)=n1/(2+C) 
8 2 2 n8=Q/(2q11+2q21)=n1/(2+2C) 

CM: connection mode; Nin: number of the inner working motors; 
Nout: number of the outer working motors 

Table 2  Rotational speeds of the double-acting multi- 
motors in differential connections 

CM Nin Nout Output rotational speed (r/min) 
1 1 1 n9=Q/(q21−q11)=n1/(C−1) 
2 1 2 n10=Q/(2q21−q11)=n1/(2C−1) 
3 2 1 n11=Q/(q21−2q11)=n1/(C−2) 
4 2 2 n12=Q/(2q21−2q11)=n1/(2C−2) 

CM: connection mode; Nin: number of the inner working motors; 
Nout: number of the outer working motors 

Table 3  Output flow rates of the double-acting multi- 
pumps 

CM Nin Nout Output flow rate (L/min) 

1 1 0 1 11 dQ q n′=  

2 2 0 2 11 d 12 2Q q n Q′= =  

3 0 1 3 21 d 1Q q n C Q′ ′= =  

4 0 2 4 21 d 12 2Q q n C Q′ ′= =  

5 1 1 5 11 21 d 1( ) (1 )Q q q n C Q′ ′ ′= + = +  

6 1 2 6 11 21 d 1( 2 ) (1 2 )Q q q n C Q′ ′ ′= + = +  

7 2 1 7 11 21 1(2 ) (2 )dQ q q n C Q′ ′ ′= + = +  

8 2 2 8 11 21 d 1(2 2 ) (2 2 )Q q q n C Q′ ′ ′= + = +

CM: connection mode; Nin: number of inner pumps; Nout: num-
ber of outer pumps; nd: rotational speed of the electromotor 
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where 11,q′  12 ,q′  21,q′  and 22q′  are the displacements of 
the two inner pumps and the two outer pumps, and C′ 
is a constant, depending on the ratio of the inner and 
outer pumps’ displacements. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6  Speed analysis of multi-motors 
 
After obtaining the various connection methods 

of the multi-pumps and multi-motors, a novel hy-
draulic transmission has come into being, which is 
called multi-pump and multi-motor transmission. 
Since there are many connection modes for the 
multi-pumps and multi-motors, the connection of 
double-acting multi-pumps with multi-motors is 
taken as an instance to illustrate the advantage of the 
new type of transmission. 

Through the above analysis, one double-acting 
fixed-displacement multi-motor can output twelve 
different rotational speeds under the same input flow 
rate. For a single double-acting multi-pump, eight 
connection modes are possible. In other words, eight 
different flow rates can be provided. Therefore, there 
are 96 connection configurations, when such pump 
and motor are combined. That is to say, 96 output 

rotational speeds can be acquired for a double-acting 
multi-pump combined with a multi-motor transmis-
sion. Every mathematical expression of the output 
rotational speed can be obtained by performing the 
following matrix multiplication: 

 

[ ]
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where M1 is the calculational result of the output 
rotational speed of double-acting multi-motors, M2 is 
the coefficient matrix of the results of the flow rate for 
double-acting multi-pumps, and M is an 8×12 matrix, 
and represents the calculational result of the output 
rotational speed of double-acting multi-motors with 
multi-pumps. 

 
 

7  Conclusions 
 
In this paper, some conclusions can be drawn 

based on the analysis above: 
1. The basic structure of the novel hydraulic 

pumps (motors) is that there is one rotor corre-
sponding to two stators, and thus more than two mo-
tors or pumps can be configured for use in a single 
shell. This paper lays the groundwork for multi-pump 
and multi-motor hydraulic transmission research and 
adds a new series of hydraulic components. 

2. A certain number of different flows can be 
provided by one of this kind of fixed-displacement 
pump without the need for use of a variable mecha-
nism or other assisting components. Furthermore, 
there is a type of proportional relation for every two 
output flows. 

3. Differential motors are acquired, which ex-
pand the range of applications and improve the 
adaptability for hydraulic motors. As the distance 
between the inner and outer stators is equal, no re-
turning springs and such mechanisms are required. 

4. Comparing the pumps with the same action 
times and volume, two pumps are formed in one shell 
for double-acting double-stator structure. So it takes 

(a) 

(b) 

Fig. 5  Connection modes of double-acting multi-pumps 
with two inner pumps (a) and two outer pumps (b) working
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the advantages of small size, light weight, and high 
efficiency in specific power. 

5. Ninety-six different rotational speeds from 
low to high in a wide range of speed regulation can be 
achieved by such a novel hydraulic transmission. All 
of these indicate that the novel hydraulic transmis-
sions have a wide range of industrial applications. 

In summary, this paper presents a new structure 
design that is capable of generating large numbers of 
possible design concepts of hydraulic components 
automatically for specified operation requirements. 
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