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ABSTRACT 

This work addresses the design and construction of an instrumented workbench for characterization tests of 
hydraulic motors. The main objective is the workbench construction for future characterization of a gerotor hydraulic 
motor with proportional directional valve. The gerotor hydraulic motor has as advantage to work in a situation of low 
rotation and high torque. The workbench must be able to identify the characteristic parameters of the dynamic model, 
besides the elaboration of experimental curves involving flow, pressure, rotation and torque, depending on the 
variation of the applied load. The workbench basically consists of a gerotor hydraulic motor, proportional valves, valve 
amplifier, sensors and a hydraulic power unit. The mathematical modeling of hydraulic system involved in this motor 
drive provides valve spool dynamics, dead zone non-linearity, valve orifice flow, pressures dynamics, static and 
dynamic friction and angular movement dynamics. The mathematical modeling of dynamic systems is important in 
machine design, because it allows predicting problems and opportunities for optimization of constructive parameters 
through computational simulations, which, together with experimental laboratory practices, allow the validation of 
the behavior of its variables in machine and equipment prototypes in conditions similar to those found in the field. 
Considering the experimental data to be obtained from the workbench, simulating the real operating conditions and 
the dynamic modeling, it will allow us a systematic analysis of the rotation, torque and pressure behavior, which allows 
to properly size the input parameters, identify critical points of and propose solutions. This workbench will contribute 
to the research and development of innovative technologies for use in proportional hydraulic systems, facilitating 
rotation and torque control and optimizing energy use.  
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INTRODUCTION 

The identification of the characteristic parameters of the dynamic model of a hydraulic motor through 
mathematical modeling allows to know adequately the relationships between them, allowing the elaboration of 
characteristic curves such as torque versus rpm, pressure drop versus flow, pressure versus rpm and curves involving 
three or more parameters for its identification, as the efficiency of the system. The validation of these models will be 
through practical experimentation with the use of this instrumented workbench. 

For a better characterization of these parameters, it is necessary to use a proportional directional valve which is 
directly controlled by two solenoids, with a spring-centered central position and a spool position transducer. The 
operation of this type of valve requires an electronic controller/amplifier that receives both the external reference signal 
and the feedback signal from the position transducer, processes them and sends electrical signals to the solenoids [1]. 

Proportional electro-hydraulic directional valves are widely used in most pressure and flow control applications 
for industrial or mobile hydraulic systems [2]. Hydraulic systems have been widely applied in engineering machinery, 
metallurgy and extrusion equipment, due to its high power / weight ratio and high rigidity. Especially, when the hydraulic 
system drives the high-power load, the advantages of small volume and stable performance are highlighted [3]. 

The engine will be of the gerotor type consisting of a set of gears, an internal gear that rotates and orbits in contact 
with an external gear. These motors are suitable for delivering high torque at low speed. The internal gear rotates a n 
times for each revolution of the cardan shaft. For this reason, the inherent volumetric displacement of the unit will be n 
times larger than that of existing pumps and gear motors [4]. The use of these motors with the respective control of the 
hydraulic system, applied in machines and equipment, is one of the directions of the development of high technology in 
industrial applications. It is because of its outstanding features such as compact structure, large torque transmission, fast 
response speed, self-lubricating and heat transfer properties in liquid and good system life that are used in industrial and 
mobile machinery. The volumetric and mechanical efficiency of these engines has been widely referenced in terms of 
volumetric and torque losses, in which a proposed analytical model [6] of a generalized equation relating the general 
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efficiency to the pressure and angular velocity for pumps and motors and showing how the model can be adjusted to real 
experimental data. 

The high temperature of the hydraulic fluid implicate the overall efficiency of the entire system, requiring its 
monitoring and prescription a model capable of predicting the working temperature of the hydraulic fluid in the casing 
volume and in the outlet port. The working temperature is estimated [7] considering the power losses associated with the 
fluid flow at the lubrication interfaces, the agitating movement of the oil in the machine housing and the losses due to 
the compressibility of the hydraulic fluid. 

Technological trends and the impact on existing pump and motor designs used in actuators controlled by 
displacement, continuously variable transmissions and hydraulic hybrid powertrains [8] allow for large fuel savings and 
emission reductions, but change the positive displacement of pump and motor performance requirements. The main 
challenges of these trends are related to efficiency improvements, noise reduction and advances in the control of pumps 
and motors. 

OBJECTIVES 

The main objective is the design and construction of a workbench for characterization of a gerotor hydraulic 
motor with proportional directional valve, in situation of low rotation and high torque, through the identification of the 
characteristic parameters of the dynamic model. 

As specific objectives of this work we can cite: 
 

• Allow the easy characterization of commercial hydraulics motors comparing it with the information available 
in the manufacturer's catalogs; 

• Allow to identify the parameters of mathematical modeling suitable for the representation of the dynamic 
behavior of the friction and temperatures, and the inclusion of the main nonlinearities. 

• Allow perform experimental validation tests of the proposal of mathematical modeling and control of the 
drive of the hydraulic motor, including the analysis of the obtained results. 

DESIGN OF THE EXPERIMENTAL WORKBENCH 

The conceptual design is the part of the design process where the techniques of creativity, the elaboration of 
function structures, the search for principles of solution, their combinations in the synthesis of conceptions and the 
techniques of evaluation are applied with the purpose of reaching a conceptual solution that is possible to solving the 
problem [9].  

For the development of the workbench, the resources and equipment available were used in the Center of 
Innovation in Automatic Machines and Servo Systems (NIMASS) at Regional University of the Northwest of Rio Grande 
do Sul State. 

 

  
a) Drawing the Workbench in SolidWorks b) Image of the bench already mounted 

Figure 1 - Instrumented workbench for characterization tests of hydraulic motors. 

The main workbench components are shown in Figure 1a and 1b. The hydraulic power (pressure and flow) will 
be used of a hydraulic power unit available in NIMASS, but not shown in the figure, will be used, which has pressure and 
flow control through valves and hydraulic oil temperature through a cooler. 

Flow rate and pressure control of the hydraulic system will be controlled directly through the flow and pressure 
proportional valves. The control of the hydraulic motor rotation will be carried out through computerized software 
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connected to the electronic system of the proportional valves. The workbench sensors will also be connected to the 
software providing in real time the data required for the experimental tests and allowing comparison with the data of the 
computer simulation through the mathematical models. 

The test rig used for the purpose of investing in the determination of the characteristic parameters in hydraulics 
valves and motors according with what is depicted in Figure 1, it is formed by one acquisition and control system mounted 
in a PC microcomputer and one hydraulic system, that is composed by one proportional directional valve (3), one 
proportional flow valve (5) and one proportional pressure valve (6).  Sensors (4) permit measure hydraulic system inlet 
(ps) and outlet (pt) pressure, inlet (pa) and outlet (pb) pressure in the hydraulic motor and speed of the hydraulic motor. 
For the acquisition and control system used is a dSPACE DS 1102 board which control the amplifiers signals (8) e (9). 

In Figure 2, is cited the proposed hydraulic scheme for the hydraulic motor drive. It includes the power unit, the 
three proportional valves (directional, pressure and flow), hydraulic motor, drive shaft, hydraulic connections and 
sensors. 

 

 
Figure 2 - Hydraulic workbench layout according to ISO 1219  

The validation of the dead-zone mathematical modeling, the friction dynamics [10] and the flow dynamics in the 
proportional directional valve holes, the dynamics of the pressures in the chambers [11] and the axis movements in the 
hydraulic motor, as depicted in Figure 3. 

 

 

Legend 

 

Figure 3: Functional Diagram of workbench with hydraulic system variables 

The dead zone of a proportional directional valve is a static input-output relationship in which there is no output 
for a range of input values [10]. Figure 4a shows a graphical representation of the dead zone where 𝒖 is the input signal, 
𝒖𝒛𝒎 is the output value, 𝒛𝒎𝒅 is the right edge of the dead zone, 𝒛𝒎𝒆 the left value of the dead zone, 𝒎𝒅 is the right slope 
of the dead zone, and 𝒎𝒆 is the left slope of the dead zone. 

The dead zone analytical expression is given by Eq. 1. 
 

𝑢𝑧𝑚(𝑡) = {
𝑚𝑑(𝑢(𝑡) − 𝑧𝑚𝑑) 𝑠𝑒 𝑢(𝑡)  ≥ 𝑧𝑚𝑑

0                 𝑠𝑒 𝑧𝑚𝑒 < 𝑢(𝑡)  < 𝑧𝑚𝑑
𝑚𝑒(𝑢(𝑡) − 𝑧𝑚𝑒) 𝑠𝑒 𝑢(𝑡)  ≤ 𝑧𝑚𝑒

             } 
 

(1) 
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(a) 

 
(b) 

 Figure 4 – Parameters characteristic of the directional valve: (a) Graphical representation of 
the dead zone and (b) schematic drawing of a proportional directional valve. 

The determination of the flows in the proportional directional valve holes through the displacement 𝒙𝒗, decipted 
schematically in Figure 4b, can be done from the Bernoulli equation [13] resulting in Eqs. 2 and 3. 

 

𝑄𝑎(𝑥𝑣 , 𝑝𝑎) =   
𝑘𝑠 .  𝑥𝑣 .   √𝑝𝑠 − 𝑝𝑎     𝑝𝑎𝑟𝑎 𝑥𝑣 ≥ 0

𝑘𝑠 .  𝑥𝑣 .   √𝑝𝑎 − 𝑝𝑡     𝑝𝑎𝑟𝑎 𝑥𝑣 < 0
 

 

𝑄𝑏(𝑥𝑣 , 𝑝𝑏) =
𝑘𝑠 .  𝑥𝑣 .  √𝑝𝑏 − 𝑝𝑡     𝑝𝑎𝑟𝑎 𝑥𝑣 ≥ 0

𝑘𝑠 .  𝑥𝑣 .  √𝑝𝑠 − 𝑝𝑏     𝑝𝑎𝑟𝑎 𝑥𝑣 < 0
 

 
(2) 

 
 

(3) 

 
The relation between the areas of the control holes is equal to the ratio between the cross-sections of the 

chambers of the differential cylinder, when displacing the spool from a distance 𝒙𝒗, flow rates can be calculated which 
can be calculated through Bernoulli Equation, where, 𝑸𝒂 (𝒙𝒗, 𝒑𝒂) and 𝑸𝒃 (𝒙𝒗, 𝒑𝒃) are the inlet and outlet flow rates, 𝒌𝒔 is 
the flow coefficient of the valve chamber a and b, 𝒙𝒗 is the valve spool displacement, 𝒑𝒔 is the supply pressure, 𝒑𝒕 is the 
return pressure, 𝒑𝒂 and 𝒑𝒃 are the pressures in chambers a and b of the hydraulic motor, respectively. 

The model of hydraulic motor of the gerotor type that will be used will be of the brand Danfoss OMM 50. The 
description of the mathematical model of the hydraulic motor follows the hypothesis, in this case, that the motor will be 
unidirectional, in which the fluid flow will enter the chamber a and will exit through chamber b, as shown in Figure 5a. 

 

  
(a) 

 

 
 
 

(b) 

 Figure 5 – Parameters characteristic of the hydraulic motor (a) Diagram of the operation of the 
hydraulic motor gerotor type and (b) Torques in the hydraulic motor. 

Initially it is necessary to derive the motor continuity equation for one chamber and ends in the differential 
pressure equation as a time function for the equations of the chambers a and b, according to Eqs. 4 and 5. 

𝑑𝑝𝑎
𝑑𝑡

=  
𝛽

𝑉𝑎
 (𝑄𝑎 − 𝐷 .  𝜔) 

 
𝑑𝑝𝑏
𝑑𝑡

=  
𝛽

𝑉𝑏
 (𝐷 .  𝜔− 𝑄𝑏) 

 
4) 

 
 

(5) 
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Consider the schematic of a hydraulic motor with what is depicted in Figure 5b, the shaft is responsible for 
transmitting the rotation of the hydraulic motor to the drive shaft. The modeling of the drive shaft will be based on the 
torque that the hydraulic motor must have to overcome the load torque and the reactions that will occur in the form of 
friction torque. According to Eq. 6, the drive of the shaft is performed by a torque of the hydraulic motor 𝑻𝒉 = 𝑫. (𝒑𝒂 − 𝒑𝒃) 
which generates a reaction that is contrary to the movement due to the friction caused by the rolling bearings or bushings 
of the motor, friction between the internal gears of the gerotor and the viscosity of the fluid, called the friction torque 
 𝑻𝒂𝒕𝒓(𝝎) and the torque related to the load that must move 𝑻𝑳. 𝑫 is the volumetric displacement of the hydraulic motor. 
The torque unit is in N.m. 

 
𝐼𝑒𝑞 .   �̇� +  𝑇𝑎𝑡𝑟(𝜔) = 𝐷 .  (𝑝𝑎 − 𝑝𝑏) − 𝑇𝐿 

 
(6) 

 
Friction is generally described as the resistance to movement of two surfaces in contact that affect or deteriorate 

performance and impair movement. Friction is the force contrary to movement and its characteristics are always present 
in the interaction between mechanical mechanisms [14]. For the study of the dynamics of the movement, the effect of the 
friction will be considered to compensate or to reduce its effects. 

 
 Figure 6 – Graph of the combination of permanent friction characteristics 

Figure 6 presents, through a graph, some of the characteristics cited and used for the modeling of the friction 
dynamics in steady state according to Eq.7 [12]. 

 

𝑇𝑎𝑡𝑟(𝜔) = 𝑇𝑐 +  (𝑇𝑠 −  𝑇𝑐)𝑒
−(

𝜔
𝜔𝑠
)
2

+  𝐵 .   𝜔 
 
(7) 

 
Where  𝑻𝒂𝒕𝒓(𝝎) is the friction torque as a function of the angular velocity, 𝑻𝒄 is the Coulomb friction torque, 𝑻𝒔 

is the static friction torque, 𝝎𝒔 is the Stribeck velocity, 𝝎 is the relative velocity between the two surfaces and 𝑩 is the 
viscous friction coefficient. 

The main characteristic parameters that the workbench is able to identify with regard to mathematical modeling 
are listed below.  

𝑧𝑚𝑑 − Right edge of the dead zone,  
𝑧𝑚𝑒  − Left value of the dead zone 
𝑄𝑎 (𝑥𝑣, 𝑝𝑎) −  Inlet flow rates 
𝑄𝑏  (𝑥𝑣, 𝑝𝑏)  − Outlet flow rates,  
𝑘𝑠  − Flow coefficient of the valve chamber a and b, 
𝑇ℎ − Torque of the hydraulic motor 
𝑇𝑎𝑡𝑟(𝜔) − Friction torque as a function of the angular velocity,  
𝑇𝑐  − Coulomb friction torque, 
𝑇𝑠  − Static friction torque, 
𝜔𝑠  − Stribeck velocity, 
𝐵 − Viscous friction coefficient 
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CONCLUSION 

The design and construction of this workbench is important to characterize hydraulic motors by comparing them 
with the commercial characteristics through the experimental tests, besides validating the mathematical model of the 
valve and hydraulic motor dynamics. The results of these practical tests and the simulations will be published in form of 
publications in congresses and scientific journals of national and international recognition. 
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