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Abstract 

  

The speed and torque of the hydraulic motor is controlled by controlling the hydraulic valve pump connected to the 

hydraulic motor. An electro hydraulic valve coupled to a hydraulic motor is a common method of motor speed control in 

practice where both load pressure and speed change during operation. In this paper, system equations that include, flow 

and toque loss term has been established by determining the bent axis motor losses characteristics experimentally. 

Various experiments have been conducted extensively in the analysis of open loop steady state performance of the 

hydraulic motor drive system, to determine optimum performance of the system. In investigating the performance open 

loop drive of the motor, non- dimensional approach is being used to characterize the steady-state performance of the 

system. This paper denouements the investigation of speed characteristics, efficiency and power transfer of the motor 

using the non- dimensional analytical approach with respect to the pressure differential across the motor. The 

characteristics are also validated experimentally. 

 

Keywords: hydraulic motor, hydrostatic transmission, steady state performance, non- dimensional approach, speed 

characteristics. 

 

 

1. Introduction 

 
1
 Hydrostatic Transmission System (HST) mainly consists 

of hydraulic pump and motor/actuator, which are used to 

generate, control and transmit the power using pressurized 

fluid with the help of hydraulic control valves with fast 

response time. Hydrostatic Transmission System have the 

capability of being able to control several parameters, such 

as pressure, speed and position, to a high degree of 

accuracy and at high power level. This is because it is used 

to push, pull, regulate or drive virtually all the machines of 

modern industry. For example, fluid power steers and 

brakes automobiles, launch spacecraft moves earth 

harvests crops, mines minerals, military vehicles drives 

machine tools, elevators, controls airplanes, processes 

food etc. Liquids provide a very rigid medium for 

transmitting power and thus can operate under high 

pressures to provide huge forces and torques to drive loads 

with utmost accuracy and precision. This system is widely 

used in mobile equipment also. It is a special case of 

energy transmission system. In such type of system, the 

mechanical energy of input drive shaft of the pump is 

converted to the pressure energy of nearly incompressible 

working fluid and then re-converted into mechanical 

energy at the output drive shaft of the bent axis motor with 

low torque at high speed. There are four types of HST 

                                                           
*Corresponding author: Ajit Kumar 

system based on the type of pumps and motors used, with 

their corresponding output characteristics: 

1) Fixed displacement pump and fixed displacement 

motor: This system provides constant output power 

and motor generate constant speed and torque. This is 

inexpensive and has limited application. 

         
     Fig.1              Fig.2 

 

Fig.1 Fixed displacement and fixed displacement motor 

circuit diagram. 

Fig.2 Fixed displacement and variable displacement motor 

circuit diagram. 

 

2) Fixed displacement pump and variable 

displacement motor: This is also called a constant 

power transmission system. This is more expensive 

than the above type. 

3) Variable displacement pump and fixed 

displacement motor: This is also called constant 

torque transmission. Power output is varied by 
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adjusting the pump displacement with changes with 

motor speed. 

 

  
     Fig.3         Fig.4  

 

Fig.3 Variable displacement and fixed displacement motor 

circuit diagram. 

Fig.4 Variable displacement and variable displacement 

motor circuit diagram. 

 

4) Variable displacement pump and variable 

displacement motor: In this type, varying the 

displacement of the pump and motor provides a ratio 

of torque and power. This is the most expensive 

amongst the other and it is mostly used in heavy earth 

moving equipments. 

HST system, motor speed and torque can also be 

controlled by controlling the flow supply through the 

valve placed in between pump and motor. HST has 

inherent ability to provide driveline flexibility. This 

unique characteristic allows the cost of the surrounding 

machine structure to be changed, both by selecting the size 

and the type of unit and its placement on the machine. 

Henke described how the sizing of the components of HST 

system is done on the basis of the corner horsepower. 

Numazawa and Okawa have studied the performance of 

continuously variable transmission on the basis of fuel 

economy. In their work, it is proposed that such 

transmission be used with an engine of optimum 

characteristics. In the performance criteria of positive 

displacement pumps and fluid motors, Wilson has given 

the idea for finding out the maximum efficiency of the 

fluid components based on static analysis. The electro-

hydraulic servo valve and proportional valves are widely 

used in industrial applications, such as machine tools, 

industrial robots, autonomous manufacturing and various 

actuators in aircraft. They can be applied in closed loop 

control system. The dynamic analysis of proportional 

control valve driven hydraulic motor was performed by 

Ahmed.et.al.. He has analysed the performance limitations 

of the system due to various mechanical non-linearities. 

Manring and Luecke has analysed HST system consisting 

of variable displacement pump and a fixed displacement 

motor where the system is linearised and the stability 

range of the system was presented. Watton has analysed 

hydraulic servo valve controlled motor system based on 

the liberalized model that is suitable for input of small 

amplitude. In such a study the detailed dynamics of the 

servo valve and loading system was considered. 

 In the presented work, the performance has been 

investigated of a proportional valve controlled hydraulic 

motor in an open loop HST system based on the explicit 

design approach given by Watton. 

2. Overview of hydraulic system and physical system 

considered for analysis 

 

 
 

2.1 Hydraulics is broadly classified in two categories: 

 

a) Hydrostatics 

b) Hydrodynamics 

 

 Hydrostatics: The study of the confined fluid 

transmitting power, modifying motion and 

multiplying forces is called Hydrostatics. In such 

system, pressure or potential energy of the fluid is 

more predominant. For example, if fluid is pumped 

into a closed container at a pressure produced by the 

hydraulic pump, then according to Pascal’s law, the 

pressure exerts itself equally on all sides of the 

container – Hydraulic press. 

 Hydrodynamics: Systems, in which the kinetic 

energy of the moving fluid is used, are called 

Hydrodynamic Systems. In such system, kinetic 

energy of the fluid is more predominant. Such type of 

transfer of power is not generally considered as part 

of fluid power. For example, a jet of water at high 

velocity impinging on the turbine blades causing the 

turbine shaft to rotate. 

 

2.2 Hydrostatic Transmission System [HST] 

 

In hydrostatic transmission (HST) system the mechanical 

energy of the input drive shaft of the hydraulic pump is 

converted to pressure/hydraulic energy in a nearly 

incompressible working fluid through either open loop or 

closed loop system and then reconverted into mechanical 

energy at the output drive shaft of the hydraulic motor 

through various control line. The system consists of pipes 

and valves to regulate flow and its direction. It is used to 

transmit rotating mechanical power from one source to 

another without the use of mechanical gears. 

 

2.3 Analysis of the physical system considered for the 

investigation 

 

The system considered for open loop drive analysis is 

shown in figure 5. A fixed displacement pump (B) is 

driven by the prime mover (A), which is connected to the 

inlet port of the proportional directional control valve (C). 

The outlet port of the electro hydraulic proportional valve 

(C) is connected to the bent axis motor (D) which is 

loaded by a loading circuit. The loading circuit consists of 
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a fixed displacement pump (E), pressure relief valve (F). 

By controlling proportional pressure relief valve (F), the 

load torque and speed of the motor (D) are controlled. The 

load torque (T) and motor speed (ω) are measured by 

torque, speed transducer respectively. The test system 

contains unloading relief valve (G) to protect the system 

against overloading.  Figure 6 shows the physical system 

considered in the present study.  

 

 
 

Fig.5 The physical system. 

 

A constant pressure source is maintained to the 

proportional-valve which drives a fixed displacement 

bent-axis motor that subsequently drives an identical pump 

in a loading circuit. The pump loading is controlled 

through a manually operated pressure relief valve. Some 

assumptions will be made during this study- 

 A constant pressure source of supply to the inlet 

port of proportional-valve is considered. 

 Fluid inertia is neglected. 

 Fluid properties have Newtonian characteristics. 

 Resistive and capacitive effects are lumped 

wherever appropriate. 

 Losses of the hydrostatic unit are based on the 

simple and general theory of positive displacement 

pumps and motors. 

 Outlet pressure is assumed to be atmospheric. 

 The detail dynamics of the multi-piston assembly, 

slipper pads etc. of the pump and the motor are not 

considered. 

 

3. System analysis and experimental investigation 

 

3.1 Steady state characteristics of open loop drive 

 

The resistances of the proportional-valve ports are 

modulated depending on the current input to the 

proportional valve and the pressure difference across the 

ports. They are considered as modulated flow sources 

(  and   ) and expressed as follows: 

Inlet flow to the motor =         √                   (1) 

Outlet flow from the motor = 

          √                                                       (2)                                                                                                                                                                                                                                                                                                               

But proportional valve spool displacement (   ) is directly 

proportional to the proportional valve amplified current 

(   ). Considering sump pressure (     ) = zero 

 

        √                                                            (3) 

        √                                                                  (4) 

Where, Valve constant (  ) =       √
 

 
                        

 
Fig.6 Motor as system. 

 

The pressure difference across the motor (P1- P2) results in 

an internal or cross-port leakage (Qi) through the clearance 

between the rotating barrel inner face and the opposing 

face. An external leakage flow is Qe1 and Qe2 represented 

by the flow from each half of the motor which is taken 

account during inlet and outlet of the motor flow through 

the clearance between the rotating barrel outer face and 

opposing face. Each piston will also have a very small 

flow loss across its perimeter and from the piston chamber 

to case, and a much more significant flow loss through the 

slipper lubrication hole and across the slipper face. These 

three elements of flow loss are lumped together as a single 

term external leakage.  

 
 

Fig.7 Motor control volume (Inlet & Outlet) 

 

The additional compressibility losses, Qc1 and Qc2 are also 

responsible to reduce the mass flow rate due to 

pressurization in each line and an apparent flow rate loss 

due to the dynamic flow mechanism that caused by the 

fluid inside the motor and casing. The external losses and 

the compressible losses can’t be separated experimentally, 

and further the equation is reduced to: 

 

Qe1+ Qc1 = ƒe1 (P1, ω) 

Qe2 –Qc2 = ƒe2 (P2, ω) 

Qi = fi(P1 , P2 , ω) 

Inlet flow rate to motor =Q1 = Dm ω + Qi + Qe1 + Qc1 

Or, Q1 = Dm ω + fi(P1 , P2 , ω)+ ƒe1 (P1, ω)                     (5) 

Outlet flow rate from motor = Q = Dm ω + Qi – (Qe2 –Qc2) 

Or, Q2 = Dm ω + ƒi(P1 , P2 , ω) – ƒe2(P2 , ω)                   (6) 

From equations (5) and (6), 

Q1– Q2 = ƒe1 (P1, ω) + ƒe2(P2 , ω)                    

Since mean flow rate of motor = Qm=
     

 
, is linear in 

nature so flow losses should be linear in nature and 

depends upon pressure,  
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Hence, ƒe (P, ω) = 
 

  
                                                       (7) 

Where,  

    
      
      

 

Re = coefficient of external flow loss (Nm
-2

/m
3
s

-1
) 

Hence, external flow coefficient Re can be expressed as; 

    
      

      
                                                                     (8) 

Since the sum of pressure nearly same as supply pressure, 

P1+ P2 ≈ PS 

Or, Re = 
  

     
                                                                  (9) 

It will give the value of external flow loss coefficient    . 

Cross port leakage ƒi (P1 , P2 , ω) is assumed to be linear 

which is depend upon the pressure difference across the 

gear motor. 

 

    (          )   
      

  
                                                    (10)                                                                                                                                                                             

Where, Ri = coefficient of internal flow loss (Nm
-2

/m
3
s

-1
) 

From equations (5) and (6), 
      

 
           

   (    )      (    )

 
 

From equations (7) and (10), 

   
      

 
       

      

  
  

    (      )

  
                             (11) 

By considering the mean flow (Qm) rate of the fluid 

through motor, 

    
      

 
 

From equation (11), 

  
 

  
  

          

      
  

   

  
                                                           (12) 

After knowing the value of Re (from equation 8) and Ri 

(from equation 12), flow rate equation (5) and (6) through 

bent axis hydro-motor can be written as, 

       
        

   
  

  

  
                                              (13) 

And, 

          
      

  
   

  

  
                                            (14) 

Combining equations (13) and (14), the mean flow rate 

(     ) may be expressed as; 

       
     
 

        
     
  

 

Where, 
 

  
  

 

  
 

 

   
                                                                 (15) 

From equations (13) and (14), the flow difference 

            across the motor can be expressed as 

                     
     

 
                                  (16) 

Generally for a critically damped position, we assume that 

P1+P2= KPS and if there is load or restriction in line then, 

P1 – P2 = Pload. Hence, equation (3) can be written as: 

         √
        

 
 

Description for non-dimensional flow equation reference 

value is taken at no load conditions. 

 For no load conditions P1 = P2 as Pload = 0, 

                 √
  

 
  = Dm ω (0) 

Dividing equation (3) by           ,  

          √      

  
          

  
      √     

     √
  
 

 

 = √
       

  
 

= √  
     

  
 
     

  
 

= √  
   

  
 
     

  
 

Or,  

     ̅̅ ̅̅  √                                                           (17) 

 

From equation (16),     can be expressed as, 

      
     
  

    
   
  

 

Dividing this equation by                 √
  

 
 

  
          

 
  

          
 

   

       √
  
 ⁄

 

Or, 
  

          
   ̅̅ ̅  

   

       √
  
 ⁄

 

Or, 

  ̅̅ ̅    ̅̅ ̅    √            

Where, 

 
   

       √
  
 ⁄

 
   

     ( )
            

Or, 

  ̅̅ ̅  √                                                             (18) 

Non dimensional mean flow rate can be expressed as, 

  ̅̅ ̅̅  
     
 

 
     
    ( )

 

Or, 

  ̅̅ ̅̅   
 

 
( √         ̅̅ ̅̅ ̅̅ ̅   ) 

Or, 

  ̅̅ ̅̅  (√         ̅̅ ̅̅ ̅̅ ̅)                                              (19) 

It is proven graphically and experimentally, by comparing 

the practical and ideal cases for different   feasible values 

of K that the error in assuming (P1+P2) ≅ PS i.e. K=1 for 

flow rate calculation can be assumed to be negligible for 

practical load pressure, depending at the speed being 

considered.  

 Considering the above system equations, a mean flow 

approximation may be used with sufficient accuracy to 

calculate system performance. From above equation flow 

rate may me expressed as 

      ( ) (√   ̅    ) 
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      ( ) *(√   ̅    )   + 

         ( ) *(√   ̅    )  
 

 
+                         (20) 

 

3.2 Non dimensional approach for speed of motor 

From equation (20), it can be written as, 
     
 

   ̅̅ ̅̅      ( ) 

Or, 

    
     
  

 
     
   

    ( )  *(√   ̅    )  
 

 
+ 

Or, 

    
     
  

 
     
   

   ( )
 *(√   ̅    )  

 

 
+ 

 

Or, 
 

 ( )
 *(√   ̅    )  

 

 
 

     

   ( )
(
 

  
 

 

   
)+   

   

Or, 

 ̅  √   ̅     
  

      ( )
 

  

     ( )
   

 

Or, 

 ̅  √   ̅     
  

      ( )
 (
  
   

 
  
  
) 

Or, 

 ̅  √   ̅       (
  
   

 
  
  
) 

Or, 

 
 

Fig 8 Experimental setup 

 

 ̅  √   ̅       (
  
   

  ̅    ) 

Or,  

 ̅  √   ̅       (
  
   

  ̅    ) 

   ( ) ,√   ̅       (
  
   

  ̅    )- 

   ( ̅    )    ( ̅    )                                            (21) 

Where, 
  

      ( )
            

By solving equation (21), as given above, the simulation 

results of motor speed ( ) with respect to the non 

dimensional load pressure P load is given in Figure 8. 

It is clear from the graph that with the decrease in the ratio 

of pressure difference at the inlet & outlet ports and the 

system pressure, the hydro motor speed varies and it 

increases taking a linear graph with the decrease in the 

ratio of pressure difference and the system pressure.\ 

3.3 Experimental analysis 

The experiment was conducted using the test setup shown 

in fig. 10. The computer controlled hydraulic motor setup 

is a proportional valve controlled system. A brief 

description of the test setup is given below:  

Fig.9 Front view of test set up 

 
Fig.9 The theoretical speed characteristics of proportional 

valve controlled bent –axis hydro motor at no – load speed 

of 2000 rpm 

 

A variable displacement pump is driven by electric motor 

(A.C induction motor). This pump supplies pressurized 

hydraulic fluid to hydraulic motor through check valve, 

pressure line filter and directional control valve (either 

proportional or servo). Check valve doesn’t allow fluid to 

flow in reverse direction from DC valve to tank. Hence it 

always maintains some fluid in fluid line. DC valve 

(proportional) and DC valve (servo) are four ways; open 

centered and closed centered valves respectively. In 

proportional or servo controlled valves, spool movement 

and hence output flow are proportional to input current 

signal. Input command signal to this valve can be varied 

by microprocessor controller. 

In this way this hydraulic system is operated to determine 

performance characteristics of open loop drive of a 

Hydraulic motor. 

 Speed, power and efficiency at no load motor speed 

of 2246 rpm 

The characteristics curves of speed, power transfer and 

efficiency versus load pressure at no load condition having 

motor speed of 2246 rpm have been drawn by taking 

experimental data from the test set up. The curves depicts 

the nature of the critical parameters viz. speed, power and 

efficiency of the hydraulic system at a motor speed of 

2246 rpm. The derived equations are applicable in 

determining the motor performance for its wide range of 

operation. The various characteristics curves are shown 

below in fig. 10, 11 and 12. 
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Fig.10 Speed Vs Load pressure at no load motor speed of 

2246 rpm 

 

 
 

Fig.11 Power transfer Vs Load pressure at no load motor 

speed of 2246 rpm 

 

 
 

Fig.12 Efficiency Vs Load pressure at no load motor 

speed of 2246 rpm 

 

Conclusions 

 

The deduction that the ideal flow equation is sufficiently 

accurate for evaluating motor speed, drive efficiency and 

motor power transfer in practice is particularly significant 

and useful, since it lead to ability to drive a directly set of 

explicit design equation. The flow across bent axis hydro 

motor has linear dependency at different speed with 

pressure difference across the motor. The system design 

equations allow direct determination of the conditions for 

maximum efficiency. These derived design equations 

become more accurate in determining the power transfer 

particularly for higher no-load speeds. For open loop 

operation, the maximum power transfer to the load occurs 

at a load pressure P1 – P2 ≅ (2/3) PS and it is independent 

of the motor leakage losses. The derived equations are 

applicable in determining the motor performance for its 

wide range of operation. Dynamic performance of bent 

axis hydro motor can be studied as a future work of this 

research. 
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