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Abstract 
 
Load sensing pumps in hydraulic system of wheel loaders helps in increasing the energy 

efficiency of wheel loaders. Present day machines have hydro mechanical load sensing 

system. After the advent of hydro mechanical load sensing concept, over the years, lots of 

research has been carried out relevant to electro hydraulic load sensing, trying to control the 

pump electronically. Currently, Volvo Construction Equipments (VCE) is interested in 

investigating the possibility of implementing electro hydraulic load sensing system in the 

wheel loaders. Research works has shown existence of several configurations of electro 

hydraulic load sensing pumps. Successful simulation results of an electro hydraulic load 

sensing pump configuration would provide a backing for the proposal of building and testing 

that configuration of electro hydraulic load sensing pump prototype. 

 

Presently, hydraulic system simulations are predominantly done in AMESim at VCE. Virtual 

Product Development (VPD) department at VCE, which is mainly responsible for system 

level simulations, employs different software packages for simulations of engine, 

transmission and hydraulics. VPD is looking at possibility of reducing the number of 

software required for system level simulations. Running co-simulation with multiple software 

would not only be consuming more time for simulation but also would be simultaneously 

occupying licenses of several software, thus increasing cost. VPD is interested in finding out 

pros and cons associated with performing hydraulic simulations in AMESim and GT-Suite as 

a step towards reducing the number of software used for system level simulations. 

 

The thesis work aims in benchmarking hydraulic system simulation capabilities of AMESim 

and GT- Suite by simulating the existing hydro mechanical load sensing system in both in 

both the simulation packages. This work would result in development of detailed simulation 

models of existing hydro mechanical load sensing load sensing system in both the simulation 

packages. 

 

As different configurations of electro hydraulic load sensing pumps were derived from the 

hydro mechanical load sensing pump, it would be possible to build detailed simulation 

models of electro hydraulic load sensing pump configurations in both AMESim and GT-Suite 

by modelling additional components required for the proposed configurations. Analysing 

electro hydraulic load sensing system in the two hydraulic simulation packages would doubly 

strengthen the credibility of the conclusions for electro hydraulic load sensing pump 

configuration. 
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Nomenclature 
 

Abbreviations 
 
HMLS   Hydro Mechanical Load Sensing 

EHLS-FCV Electro Hydraulic Load Sensing pump using proportional Flow Control 

Valve  

EHLS-PRV  Electro Hydraulic Load Sensing pump using proportional Pressure 

Relief Valve  

FCV    Flow Control Valve 

LSV   Load Sensing Valve 

HCD   Hydraulic Component Design  

 

Denotations 
 
Fc  Force on the load sense spool due to control volume pressure [N] 

FL  Force on the load sense spool due to load pressure   [N] 

Fspring  Force on the load sense spool due to spring pre-compression [N] 

Xlss  Load sense spool displacement     [m] 

M  Mass of load sense spool      [kg] 

Uv  Control signal to the flow control valve    [A] 

K  Proportional gain in control algorithm of the EHLS-FCV  [] 

Ti  Integration time constant in control algorithm of the EHLS-FCV [s] 

Ps  Pump pressure        [N/m
2
] 

PLS  Low pass filtered load pressure     [N/m
2
] 

Pdiff  Pressure margin in electronic load sensing concept   [N/m
2
] 

Pu  Pressure signal input to electronic PRV    [N/m
2
] 

GLS(s)  Low pass filter equation      [] 

α  Multiplication factor       [] 

E  Young‘s Modulus       [N/m
2
]  

ν  Poisson‘s ratio        [] 

k  Spring constant        [N/m] 

Q  Flow rate        [m
3
/s] 

Cq  Flow coefficient       [] 

A  Area of cross section of orifice     [m
2
] 

ρ  Density of hydraulic fluid       [kg/m
3
] 

ΔP  Pressure difference across orifice     [N/m
2
] 

Fspring,max Maximum spring force of LSV     [N] 

KLSV  Spring constant of LSV spring     [N/m] 

XLSV,max Maximum spool displacement of LSV    [m] 

ALSVspool Area of LSV spool on which pressure acts    [m
2
] 

Pspring,max Pressure equivalent of Fspring,max     [N/m
2
] 

Ppilot,max Maximum pilot pressure required to open the LSV fully  [N/m
2
] 
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1 Introduction 
 
1.1  Background 

Present hydraulic system in L220 wheel loaders use hydro-mechanical load sensing pumps 

for powering the hydraulic actuators such as steering cylinders, lift cylinders and tilt cylinder. 

This system has hydraulic load sensing line running from the loads to the pump. In this 

context, it is beneficial to investigate the possibility of using an electro hydraulic load sensing 

pump in place of hydro mechanical load sensing pump. It offers the advantage of replacing 

hydraulic load sensing lines with electronic load sensing lines. The possibility of improving 

the system performance in terms of stability and better handling characteristics by 

implementing a good control algorithm also needs to be studied. In 1988, Petter Krus 

published his research work on electro hydraulic load sensing system. Hitherto, not much 

progress has been seen from the manufacturers in implementing the same in wheel loaders. 

 

Also, VPD was interested in analysing pros and cons associated with two packages: AMESim 

and GT-suite for hydraulic system simulations. It was decided to analyze the suitability of the 

two simulation packages in carrying out hydraulic system simulations by considering the 

existing hydro mechanical load sensing system in wheel loaders. 

 

 

1.2  Objectives 

Objective of this thesis is twofold. Primary objective of the thesis is to assess the suitability 

of two hydraulic simulation packages: AMESim and GT Suite in carrying out hydraulic 

simulations in Virtual Product Development division at Volvo CE. It was aimed in finding 

pros and cons associated with the two simulation packages. 

 

Secondary objective of the thesis is to evaluate various options for implementing electro 

hydraulic load sensing system on wheel loaders, which are currently using hydro mechanical 

load sensing system. Primary objective could have been met by considering a simple system; 

building its simulation models in both the packages, and analysing them. However, work was 

organised in such a way that both the objectives are related to each other. 

 

In fact, system chosen to fulfil the primary objective was electro hydraulic load sensing 

system. Having this strategy offers two advantages. Firstly, it offers the possibility to base the 

conclusions for the primary objective from a moderately complex system such as load 

sensing system, which would be more appropriate. Secondly, analysing electro hydraulic load 

sensing system in the two hydraulic simulation packages doubly strengthens the credibility of 

the conclusions for the secondary objective. 

 

 

 



 
7 

1.3  Methodology 

The following straight forward approach was followed for the primary objective: 

 

1. Construct rigorous simulation models of hydro mechanical and electro hydraulic load 

sensing systems in the simulation packages: AMESim and GT Suite. 

2. Run and obtain the results from simulation. 

3. Compare the results based on factors such as ease of modelling, model flexibility, 

simulation time, accuracy, stability of simulation package, post processing capability, 

etc. 

 

It was found that two different configurations of electro hydraulic load sensing pumps were 

derived from the fundamental hydro mechanical load sensing system. Test data is available 

for hydro mechanical load sensing system. Test data were obtained from a specific 

experimental setup, which was slightly different from the way the pumps usually are 

connected in a vehicle. It was done for convenience in doing laboratory tests. The following 

step-by-step approach was followed for achieving the secondary objective: 

 

1. Construct rigorous simulation model of the hydro mechanical load sensing pump 

based on measurements taken by dismantling the pump. 

2. Make connections in the simulation model as per the test setup. Validate the pump 

simulation model based on test data, as they are readily available. 

3. Modify the connections in the simulation model as per the vehicle setup. 

4. Identify and build simulation models of new components which are additionally 

required to implement electro hydraulic load sensing system. 

5. Validate the new component models for its functionality. 

6. Construct simulation models of electro hydraulic load sensing pumps from the 

fundamental hydro mechanical load sensing pump model and new component models. 

7. Construct a simplified model of the load. 

8. Run the simulations of different load sensing configurations with the same load. 

Analyze and evaluate the systems based on simulation results. 

 

 

1.4  Limitations 

It was rather difficult to arrive at conclusions of the first objective than that of the second 

objective for two reasons. Some parameters used for evaluation of two software are 

subjective in nature. For example, consider a factor such as ease of modeling. Some users 

could find the modeling architecture of AMESim more convenient to use than that of GT 

Suite and some users would find that in the opposite way. Although more care was taken to 

present the results in an unbiased way, the results of the primary objective are subjective to 

evaluator‘s point of view to some extent. Second reason was the evaluator‘s depth of 

knowledge in the two simulation packages. Although care was taken in choosing an 

appropriate one, it would not be hard to find an alternative way of accomplishing the same 

task. So, results and conclusions were influenced by evaluator‘s depth of knowledge in the 

software and evaluator‘s choice of modeling a component. 
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For the second objective, initial thought process was to model white-box models of all electro 

hydraulic components. Though it was not hard to construct white-box model of the electro 

hydraulic components from its schematics, it was difficult to obtain the catalogue 

characteristics without data of physical entities of those components. So, it was decided to go 

with black-box models of the electro hydraulic components. It ensures the conceptual 

functionality of the electro hydraulic components with ideal characteristics. Hence, valve 

hysteresis, dead band, threshold, etc are not considered in its simulation models, which might 

pose difficulty in control. 

 

Further, a simplified load model was assumed for analyzing all the load sensing concepts. But 

the actual load in wheel loader is more complex and is significantly different from the 

assumed load model. 
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2 System Description 
 
2.1  Overview 

A L220 is a wheel loader which finds application in mines, quarries and construction works. 

In quarries or in mines, it can be used to move blasted rocks or dirt for further processing. It 

also finds application in snow removal. 

 
Figure 1: Wheel loader 

The machine is powered by an IC-Engine placed at the back of the machine. The engine 

powers the following: 

 

1. Traction system. 

2. Steering hydraulics. 

3. Working hydraulics. 

4. Auxiliary hydraulics. 

 

The power required for the machine to move forward or backward is delivered to the wheels 

through the transmission system of the machine. 

 

The L220 wheel loaders have an articulated steering mechanism. They are steered by 

hydraulically actuated pivot mechanism. The front part of the machine and rear part are 

pivoted around a point located exactly half the distance between the front and rear axles. This 

helps in designing the front axle as a solid axle which helps in increasing the load carrying 

capacity of the front axle. The power required for the steering function is taken from the 

engine. The engine drives a hydraulic pump which powers the steering cylinders. 
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The machine‘s working bucket, which fetches dirt or gravel is actuated by hydraulic 

cylinders. There are three hydraulic cylinders which control the motion of the bucket. There 

are two cylinders for lifting the bucket and another one for tilting the bucket. The power 

required by the working cylinders is provided by a hydraulic pump. The hydraulic pump is 

powered by the engine. 

 

Auxiliary hydraulics deals with the cooling system of the machine and the braking system. 

The hydraulic oil flow in this circuit is provided by a hydraulic pump. The power for this 

circuit is also taken from the engine. 

 

 
 

Figure 2: Schematic of main hydraulic system of L220 wheel loader 

 

Hydraulic schematic diagram of the wheel loader is shown in Figure 2. The combined 

hydraulic system for the working and steering hydraulics mainly consists of two pumps (P1 

& P2), priority valve, control valves (for steering, tilt & lift), actuator cylinders and shuttle 

valves. Pump P2 is a 130cc variable axial piston machine which is the main pump of the 

machine. Its output pressure is set by the highest pressure among all loads i.e. highest 

pressure required for steering, tilt and lift. Pump P1 is 110cc variable axial piston machine. 

Its output pressure is set by the highest out of tilt or lift pressures. 
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The priority valve decides what proportion of flow from pump P2 should go to the steering 

cylinders. If the flow requirement in the steering circuit is less than the flow capacity of pump 

P2, extra flow could be used for the working hydraulics, if required. It is done to ensure that 

steering cylinders always gets flow in priority as it is safety related issue. Pump P1 is 

operated only if the pump P2 flow is saturated and working hydraulics requires more flow. 

The valves controls the flow to respective cylinders based on the signals from the control unit 

of the machine. 

 

2.2  Hydro mechanical load sensing 

Earlier generation hydraulic systems were usually open center systems or closed center 

systems. Open center systems consist of fixed displacement pumps as power source, open-

center hydraulic valves as control elements and loads. Closed center systems consist of 

constant pressure controlled variable displacement pumps as power source, closed-center 

hydraulic valves as control elements and loads. Although those systems were simple in 

construction and were less expensive, they were not efficient and generally have poor 

handling characteristics. 

 

When connected to a constant speed source such as a motor or a speed controlled engine, 

fixed displacement pump could produce more flow than what is required, when control 

elements (valves) are actuated for low load actuation speeds. Additional flow from the pump 

reaches tank through the open centers ports of the valves, thus lowering the efficiency. 

Constant pressure controlled variable displacement pumps cause higher pressure drop in 

valves when actuating a light load, thus lowering the efficiency. 

 

Poor handling characteristics of the open center and closed center systems are due to load 

dependency and load interaction. Load dependency refers to a phenomenon where in the load 

velocity is not only dependent on the amount of opening of the valve but also to the load 

itself. Different loads cause different pressure drop across valves and thus result in different 

flow across the valve for the same valve opening, which result in different load speeds. Load 

interaction is a phenomenon which occurs with multiple loads, where in actuating one load 

heavily influence the motion of the other load. 

 

Today‘s stringent requirements on efficiency and handling characteristics of mobile hydraulic 

systems resulted in more and more application of load sensing systems for mobile hydraulic 

applications despite higher cost. Load sensing system consist of variable displacement pumps 

as power source, closed center hydraulic valves as control elements and loads. Load sensing 

pumps can feed the hydraulic circuits at the right pressure and the right flow, thus minimizing 

the power loss. Today, it would not be difficult to find load sensing pump from catalogues of 

most big players in fluid power industry. These pumps come under the category of hydro 

mechanical load sensing (HMLS) pumps; wherein a sensing line from the load would run 

from the load to the pump. In case of multiple loads, load sensing lines from different loads 

pass through shuttle valves to the pump, thus sending highest load pressure signal to the 

pump.  
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Main components which constitute displacement controller of the pump are: 

 

1. Regulator spool, which directly actuates the swash plate. Regulator spool is actuated 

by bias control pressure or unloading pressure. There is a bias spring, whose force 

adds up to force from bias control pressure. Bias control pressure moves the regulator 

spool, which actuates the swash plate in such a way that the pump strokes further. 

Unload pressure moves the regulator spool, which actuates the swash plate in such a 

way that the pump de-strokes further. Sketch of regulator spool components are 

shown in Figure 4. 

 
Figure 3: Regulator spool 

 

2. Compensator spool, which regulates the control flow to regulator spool either to bias 

side or to unloading side. Compensator resembles a 4-way valve. There is a pilot 

control valve spring which holds the compensator spool in the upper end position 

when the pressure on both the sides of the compensator spool is equal. In the upper 

end position, the flow is diverted to bias side. Sketch of compensator spool 

components are shown in Figure 5. 

 
 

Figure 4: Compensator spool 

 

3. Load sensing spool, which sets the control pressure by using a load sensing line from 

the load. There is a load sense spool spring, whose force adds up to force from load 

pressure. The pre-compression of the load sense spool spring sets the pressure margin 

between system pressure and load pressure. Sketch of load sense spool components 

are shown in Figure 6. 
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Figure 5: Load sense spool 

        Figure 6: Pressure relief valve 

 

4. Pressure relief valve, which limits the maximum control pressure. Sketch of pressure 

relief valve components are shown in Figure 7. 

 

The simplified hydraulic circuit diagram of hydro mechanical load sensing pump is shown in 

Figure 8. 

 
 Figure 7: Hydro mechanical load sensing system 

 

There are four modes of operation in a hydro mechanical load sensing pump. 

 

1. Raising pressure mode (Loading) 

2. Load sensing control mode (Unloading) 

3. High pressure standby mode 

4. Low pressure standby mode 

 

Raising pressure mode comes into operation when the sum of load pressure and spring 

pressure is greater than the control pressure and, system pressure is below relief valve 

pressure setting. Force equilibrium of the spool gives, 

                           

As net force is negative, the load sensing spool is pushed to the upper end position. Hence 

there is no flow out of the control volume. As the flow through the orifice OP2 ceases, the 
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pressure on both the sides of the compensator spool become equal. Then, pilot control valve 

spring forces compensator spool to the upper end position. Flow (and resulting pressure) is 

transmitted to bias control piston of the regulator spool, which actuates the swash plate to 

stroke the pump further. 

 

Load sensing control mode comes into operation when the sum of load pressure and spring 

pressure is lower than the control pressure and, system pressure is below relief valve pressure 

setting. Force equilibrium of the spool gives, 

                           

As the net force is positive, the load sensing spool starts to move towards lower end position. 

Hence, there is flow out of control volume. As there is a flow through orifice OP2, there 

exists a differential pressure across the two lands at the ends of the compensator spool. This 

differential pressure force works against the pilot control valve spring force, thus 

compressing the spring and moving the compensator spool towards its lower end position. 

Flow (and resulting pressure) is transmitted to unloading piston of the regulator spool, which 

actuates the swash plate to de-stroke the pump further. 

 

High pressure standby mode comes into operation when the flow ceases at the load motion 

control valve as the load has reached its end of stroke. At this condition, the load pressure 

become equal to system pressure and control pressure. Force equilibrium of the spool gives, 

                                         

Because of the spring force, the net force is always negative and the load sensing spool is 

pushed towards the upper end position. The control pressure continues to build until the relief 

valve cracks. When it cracks, there is flow out of control volume through the pressure relief 

valve. This results in a flow through orifice OP2, which causes a differential pressure across 

the two lands at the ends of the compensator spool. This differential pressure force works 

against the pilot control valve spring force, thus compressing the spring and moving the 

compensator spool towards its lower end position. Flow (and resulting pressure) is 

transmitted to unloading piston of the regulator spool, which actuates the swash plate to de-

stroke the pump. 

 

Low pressure standby mode comes into operation when the load pressure falls below the 

differential pressure setting at the load sensing valve spool. Force equilibrium of the spool 

gives, 

                                        

Lets us consider the case where the control pressure is high. Here, as the net force is positive, 

the load sensing spool starts to move towards lower end position. Hence, there is flow out of 

control volume. As there is a flow through orifice OP2, there exists a differential pressure 

across the two lands at the ends of the compensator spool. This differential pressure force 

works against the pilot control valve spring force, thus compressing the spring and moving 

the compensator spool towards its lower end position. Flow (and resulting pressure) is 

transmitted to unloading piston of the regulator spool, which actuates the swash plate to de-

stroke the pump further. If pump de-stroked more than what would be required to maintain 

the system pressure, the control pressure drops to a lower pressure. Now, the net force on the 

load sensing spool is negative and the load sensing spool is pushed towards the upper end 

position, thus stroking the pump. So, the control pressure continues to build. This cycle 

stabilizes the system pressure to be differential spring pressure. 
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2.3  Electro hydraulic load sensing 

2.3.1  Electro hydraulic load sensing pump using 
proportional flow control valve (EHLS-FCV) 
 
EHLS-FCV configuration was derived from HMLS configuration. The difference is in the 

load sensing valve. In HMLS configuration, load sensing valve sets the control pressure by 

physically taking the load sensing signal from the load. In EHLS-FCV configuration, control 

pressure is set by electronically controlled proportional flow control valve. The control 

algorithm is: 

          
 

   
                    

 

EHLS-FCV configuration requires pressure sensor signals of system pressure and load 

pressure. The core of the control algorithm is that it compares the system pressure and load 

pressure and sets the control pressure by letting out flow from the control volume. When the 

system pressure is higher than sum of load pressure and differential pressure spring setting, 

the error becomes positive, so it opens the valve, causing flow out of control volume and thus 

reducing control pressure. When the system pressure is lower than sum of load pressure and 

differential pressure spring setting, the error becomes negative, so it closes the valve, causing 

a pressure build up in the control volume and thus increasing control pressure. This type of 

hardware setting and its control strategy was described in detail in the research work paper 

―Regulators for Load Sensing Pumps‖ by Tomas Persson, Petter Krus, Jan-Ove Palmberg
[1]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The simplified hydraulic circuit diagram of EHLS-FCV configuration is shown in Figure 9. 

Sketch of proportional flow control valve is shown in Figure 10. 

 

 

Figure 8: Electro hydraulic load sensing system using proportional 

flow control valve 
Figure 9: 

Proportional flow 

control valve 
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2.3.2  Electro hydraulic load sensing pump using 
proportional pressure relief valve (EHLS-PRV) 
 
EHLS-PRV configuration is similar to EHLS-FCV configuration, the difference being the 

type of load sensing valve. In EHLS-PRV configuration, control pressure is set by 

electronically controlled proportional pressure relief valve. The control algorithm is: 

 

                  
 

EHLS-PRV configuration requires pressure sensor measurement from load pressure. The 

core of the control algorithm is that it measures the load pressure and sets the control pressure 

by setting the cracking pressure of the electronically controlled proportional pressure relief 

valve. Control strategy used in this case was slightly different from the one which was 

described in the research work paper ―Regulators for Load Sensing Pumps‖ by Tomas 

Persson, Petter Krus, Jan-Ove Palmberg
[1]

. In the research paper, the control algorithm used 

was, 

 

         α                             
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The simplified hydraulic circuit diagram of EHLS-PRV configuration is shown in Figure 12. 

Sketch of proportional flow control valve is shown in Figure 11. 

 

 

 

 

 

 

 

 

 

 

Figure 11: Electro hydraulic load sensing system using proportional 

pressure relief valve 

 

Figure 10: 

Proportional 

pressure relief 

valve 
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3 System Simulation 
 

 

3.1  Software 

In general, hydraulic simulation packages follow two-step approach in arriving at the 

solution. They are: 

 

1. With the simulation model built by the user, the simulation package would identify 

the set of differential equations that needs to be solved. 

2. Then the software feeds them into the numerical solvers for the solution. 

 

Both AMESim and GT Suite solve 1D-compressible Navier-Stokes equation, which consists 

of equations for law of conservation of momentum. 

In order to fully describe the fluid flow, additional information are needed such as 

 

1. Law of conservation of mass (Continuity equation) and 

2. Law of conservation of energy 

 

Let us describe all of the above equations. In their general form in 1-Dimension, the above 

equations are written as: 

 

Continuity equation: 

 
  

  
  

 

  
       

 

Momentum equation: 

 

  
  

  
   

  

  
   

  

  
   

   

   
    

 

 
  

   

   
        

 

Energy equation: 

 
  

  
  

 

  
           

 

In its complete form, law of conservation of energy could be defined as:  

―The rate at which the total energy increases within a control volume is equal to sum of the 

rate at which total energy enters the control volume, the rate at which work is done on the 

control volume boundary by surface forces, the rate at which work is done on the control 

volume by body forces, the rate at which heat is added to the control volume at the surfaces 

by heat conduction and the rate at which heat is released is added within the control volume 

due to chemical reactions‖ 
[8] 
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3.1.1  Introduction to AMESim 
 
AMESim is modelling and simulation software developed by LMS International for 

analyzing 1-dimentional systems. It runs on UNIX platform. AMESim allows user to model 

and analyze multidisciplinary system using the components available in the AMESim 

libraries. AMESim has control, electrics, mechanics, fluids, thermodynamics and IC Engine 

libraries. User can model a component which is not available in the libraries by writing codes 

in C or in FORTRAN with AMESet. The version of AMESim used in this simulation study is 

AMESim Rev 8B. 

 

AMESim has four modes of operation. They are 

 

1. Sketch mode 

2. Sub model mode 

3. Parameter mode 

4. Simulation mode 

 

In the sketch mode, the user models the system by making use of components in the library. 

Each component in AMESim has ports. AMSim allows connection between two components 

only if the if they have matching ports.  That is output port of one component should be 

outputting the same quantity to the input port of the connected component. AMESim allows 

the user to go the next modes only if the all the components are properly connected. 

 

In the sub model mode the user assigns the desired sub models to the modelled components. 

Each sub model differs in modelling complexity and in the way the parameters of the 

components are specified. Choosing appropriate sub models is vital for simulation time, 

accuracy, etc. 

 

In the parameter mode, the user assigns the physical parameter values for the components. If 

user chooses not to set any parameters, the model will be solved for default values when 

simulated. 

 

In the simulation mode user specifies the time to be simulated, communication interval, etc. 

In this mode, there is an option to start and stop simulation. Once the simulation is stopped, 

user can not resume from the point it was stopped. 

 

When the model is compiled, the equations to be solved would be generated. The equations 

represent physics of the components modelled in the system. The flow through the hydraulic 

system is solved making use of the 1D Navier-Stokes equation. AMESim hydraulic library 

does not take into account the heat generation in hydraulic fluid; hence, temperature variation 

in the hydraulic fluid is not considered. This means that oil properties such as density, 

viscosity, etc does not vary with temperature. But in the actual system, there is a temperature 

change due to heat addition to the fluid caused by the work done on the fluid. This means that 

AMESim general hydraulic library solves the Energy equation with some simplifications. If 

the temperature variations are considered important in the system simulation (as in the case of 

cooling system simulations), AMESim provides a thermal hydraulic library. 

 

AMESim offers great flexibility in hydraulic system modelling. When a system needs to be 

modelled with a great level of detail, the user can opt to model the system using the hydraulic 
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component design library. And when the system does not need great detailing, hydraulic 

library can be used. The level of detailing increases the time for simulation. So, the user has 

the flexibility to choose the level of detailing in the simulation model. 

 

AMESim has excellent post processing capability. Batch run capability of AMESim is useful 

to study the influence of certain parameters in the system. The number of simulation runs 

depends upon the number of batch parameter and the step size of the batch parameters. 

 

3.1.2  Introduction to GT Suite 
 
GT Suite is a multi domain system simulation package from Gamma technologies, USA. It 

comes with seven fundamental libraries: Mechanical, Flow, Thermal, Acoustics, 

Electromagnetic, Control and General Libraries. Each library has several sub categories. For 

example, Mechanical library has sub categories such as 1D-rotational mechanics, 1D-

translational mechanics, general kinematics, etc. The version of GT Suite used in this 

simulation study is GTise v7.1.0 

 

The area which is of interest in this thesis is the sub category ‗Hydraulics and Pneumatics‘ in 

the Flow library. As it is a multi domain system simulation package, it offers flexibility to 

link hydraulic and pneumatic components with multi body dynamics components in the 

mechanical library. The flow solver which comes with GT Suite solves 1D-compressible 

Navier-Stokes equation. GT Suite offers excellent flexibility in modelling fluid systems to a 

great detail and offers possibilities for linking them with other libraries. 

 

The main advantage of using GT Suite is that it always solves Energy equation. For 

calculations in hydraulic library, GT Suite considers effects of interaction of heat energy in 

the energy calculations. Hence, solutions from the hydraulic simulation would include results 

such as fluid temperature, density, specific heat, etc as a function of simulation time. 

 

GT Suite allows running multiple cases and conducting Design of Experiments (DOE) 

studies. GT Suite also offers excellent post processing capabilities through a separate package 

GT Post. 

 

 

3.2  Modelling and Validation 

3.2.1  AMESim 
 

3.2.1.1 Modeling using AMESim hydraulic library 
 
First attempt of modelling the pump and its displacement controller was by modelling the 

system using AMESim hydraulic library where certain simplifications of actual system were 

required. The simulation model constructed using sub models available in hydraulic library 

for validating with the test results from laboratory is shown in the Figure 33 (attached in 

Appendix). Laboratory test results showed how the pressure varies with time when the flow 



 
20 

control valve (FCV) is opened and closed to tank. These tests were performed by connecting 

the load sensing line of the pump to the pump outlet. 

 

The pump was disassembled and physical dimensions of various components were taken. 

Physical dimensions measured were used to find the appropriate parameters of various 

components of the model. 

 

Motor 

The sub model used is PM000. During laboratory test, the motor was run at a rotary 

speed of 1000 rpm. In the simplified model the motor which rotates pump, it is 

modelled as a constant speed source. But in actual case the speed of the motor 

fluctuates when the pump gets loaded or unloaded, which is not considered in the 

simulation model. 

 

Pump 

The pump model used in the system is of variable displacement unidirectional 

hydraulic pump type. The sub model used is PU002. The pump on which the study 

is performed has a displacement of 130 cc/rev. So pump‘s displacement parameter 

was set to be 130 cc/rev. Its displacement at any instant is equal to signal input 

multiplied by 130. The signal input varies between 0 and 1. 

 

Compensator spool 

The compensator spool was modelled as a double acting piston. The sub model used 

is HJ021.The dimensions of the piston were calculated as follows. 

Measured hydraulic diameter of the spool  = 9.55 mm 

Stroke length of the compensator spool  = 7 mm 

Piston diameter was assumed to be 12 mm. 

To get a hydraulic area equal to that of the spool, the following equation was used to 

find the rod diameter of the rod. 

 
 

 
         

 

 
       

 

The diameter of the rod, d was found to be 7.27 mm. 

The length of stroke of the piston was set to 0.007 m (measured value). The other 

parameters were tuned to get simulation results close to the test results. 

 

Spool mass 

The mass of the spool is not modelled within the spool piston. The spool mass was 

measured to be 0.018kg. A ‗2 port mass capable of one-dimensional motion with 

friction‘ is used to model the mass of the compensator. The friction associated with 

the spool is also modelled here. The sub model used is MAS004. Friction values are 

not measured or tested values. Parameters of the sub model except mass were tuned 

to obtain simulation results closer to that of test results. 

 

Compensator spring 

The dimensions of the spring were measured. The measured dimensions are listed 

below. 

Spring outer diameter, D  = 7.7 mm 

Spring wire diameter, d  = 1 mm 
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Number of windings, N  = 9 

 

The spring constant k is found by the following formulae. 

  
    

              
 

 

Where young‘s modulus of the material (E) is assumed to be 200 GPa. 

Active number of coils, n = N-2 (since both the ends are closed) 

Poisson‘s ratio υ is assumed to be 0.3. 

 

The value of k is found to be 4500 N/m. Since the model is a simplified model the 

value of spring constant had to be changed to 7500 N/m. The spring pre-tension 

force was assumed to be 50 N. 

 

Compensator four-way valve 

The compensator controls the flow to the loading or unloading side of the bias 

piston. The direction of flow and the amount of flow depend upon the displacement 

of the spool. In the simplified model the compensator piston, compensator spring 

and 4-way valve simulates the functionality of the compensator. The signal input to 

the valves determines the direction of flow and the amount of flow. This depends 

upon the displacement of the piston. The displacement is fed in to a table. The table 

output is the control signal of the valve which depends upon the displacement of the 

piston. 

 

P to A flow rate was calculated by measuring the dimension of the orifice 

connecting the compensator output to the loading side of the bias piston. The orifice 

diameter was measured to be 1mm. The flow capacity is calculated using the 

following formulae. 

       
 

 
   

 A is calculated from the diameter measured.  

The parameter ‗ports P to A corresponding pressure drop‘ which is the ΔP is 

assumed to be 10bar.  

      
 

 
            

 

   
                           

 

The other flow rates were also found similarly. For each connection from the valve 

there were 6 holes of 3mm diameter. 

      
 

 
              

 

   
                          

 

Therefore, 

ports B to T flow rate=122 L/min; ports B to T corresponding pressure drop = 10bar 

ports P to B flow rate=122 L/min; ports P to B corresponding pressure drop = 10bar 

ports A to T flow rate=122 L/min; ports A to T corresponding pressure drop = 10bar 

 



 
22 

The valve rated current is set to be 1mA. So the input to the valve should vary 

between -1mA to 1mA. The valve is set with a high frequency (150 Hz) since the 

compensator is very fast. 

 

Bias Piston  

The bias pistons parameters were set by the dimensions measured from the actual 

system. 

The loading side diameter of the piston, D1 = 20.65 mm (measured) 

The unloading side diameter of the piston, D2 = 50.8 mm (measured) 

The piston diameter parameter (D) was chosen to be 55 mm. The parameters ‗rod 

diameter at port 1 end‘ d1 and ‗rod diameter at port 1 end‘ d2 were found using the 

following formulae. 

 
 

 
      

   
 

 
  

  

 
 

 
      

   
 

 
  

  

 

d1 was found to be 21 mm and d2 was found to be 50.98 mm 

The length of stroke of the piston was set to 0.026m (measured). 

The other parameters were tuned to get simulation results close to the test results. 

 

Bias Piston mass 

The mass of the bias piston is not modelled within the bias piston. So, it is separately 

modelled. The friction associated with the piston is also modelled here. Friction 

values are not measured or tested values. Values were tuned to obtain simulation 

results closer to that of test results. The parameter mass of the sub model was set to 

10kg (the actual measured mass of the piston is only1.662kg. But in order to 

compensate for the fact that moment of inertia of the displacement controller is not 

modelled here; a higher mass is used here). 

 

Bias spring 

The dimensions of the spring were measured. The measured dimensions are listed 

below. 

Spring outer diameter, D  = 40.8 mm 

Spring wire diameter, d  = 4.85 mm 

Number of windings, N  = 7 

 

The spring constant k is found by the following formulae. 

  
    

              
 

 

Where young‘s modulus of the material (E) is assumed to be 200 GPa 

Active number of coils, n = N-2 (since both the ends are closed) 

Poisson‘s ratio υ is assumed to be 0.3. 

 

The value of k is found to be 22000 N/m. The spring pre-tension force was assumed 

to be 100 N. 
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Pressure relief valve 
Pressure relief valve ensure that the system pressure does exceeds 240 bar at any 

load conditions. The cracking pressure of the pressure relief valve was set to be 240 

bar since the test results showed a maximum stable pressure of 240 bar. 

 

The second parameter ‗relief valve flow rate pressure gradient‘ which states the flow 

increase per bar increase of pressure. To calculate this spool displacement of the 

PRV had to be calculated when a pressure of one bar acts on the spool. The spool 

displacement was calculated by making use of force balance between the PRV 

spring and the pressure force. 

 

The PRV spring constant was calculated as 34000N/m. The force balance gives, 

                                    
 

 
           

                
 

Spool area was calculated by making use of measure seat diameter of the PRV. Now 

to calculate the flow per bar of pressure the following equations were used. 

                   
 

 
   

                                        
 

 
     

              
 

Load sensing valve  
Load sensing valve is modelled as a pilot operated pressure relief valve.  This valve 

sets the pump pressure to be a certain level above the load pressure. This margin is 

set by setting the spring pre-tension of the valve. The spring pre-tension parameter 

was set to be 10 bar. The parameter ‗pilot pressure required to open the valve fully‘ 

was used to model the spring constant and the maximum displacement of the load 

sensing spool in the actual system. The load sensing spring stiffness was calculated 

to be 9200 N/m.  The maximum displacement of the spool was found to be 16mm. 

Therefore at the maximum opening of the load sensing valve the pilot pressure force 

should be equal to the sum of spring opposing force and the spring pre-tension. 

To find spring opposing force at maximum opening, 

                          

                           

 

To convert the spring force to equivalent pressure acting on the Load sensing valve 

spool. 

             
           

         
 

The LSV spool diameter was measured to be 9.55mm. From the diameter LSV spool 

diameter, the spool area was calculated. 
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The total pilot pressure required to open the valve fully is the calculated as the sum 

of the maximum spring pressure and the spring pre-tension 

 

                                                        

 

The diameters of orifices in LSV were measured. The LSV valve has two orifices of 

3 mm diameter.  Nominal flow rate at a nominal pressure difference of 10m bar is 

calculated using the standard orifice flow equation. 

 

         
 

 
   

        
 

 
           

 

   
                          

The load sensing valve has non-linear characteristics like friction. Friction results in 

hysteresis. The hysteresis or friction value is not known from tests. The strategy 

followed for setting this value was to set a value which will give system behaviour 

close to the test result. 

 

Modelling of hydraulic lines 

All the hydraulic lines except the ones which connect the pump to the load and the 

load sensing line from load were modelled as hydraulic lines drilled through the 

pump assembly or direct connections. Therefore, a Young‘s modulus value of 200 

GPa was assigned to those lines. Hydraulic hoses were modelled for lines 

connecting the pump outlet to the load and the load sensing line from load. A 

constant Young‘s modulus of 20GPa was assumed for the hydraulic hose modelling. 

This is an approximation. In the real system, the Young‘s modulus of the hydraulic 

hoses varies depends upon the deformation of the hose. 

 

3.2.1.2  Validation of the hydraulic library model 
 

The system was modelled according to the test set up and the results were compared. The 

pump outlet pressure test result and simulation results are shown in Figure 13 and Figure 14. 

 

 

 
Figure 12: Test results 
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Figure 13: Simulation results 

The simulation results were not quite matching with the test results with regard to peak time, 

peak pressure etc. It was found out that hydraulic library was not suitable for modelling non 

standard system such as the above. It was decided to go for a detailed modelling in AMESim 

using Hydraulic Component Design (HCD) library. A better comparison of GT-suite and 

AMESim is possible only we go for a detailed modelling in AMESim similar to the approach 

in GT-suite. 

 

3.2.1.3  Modeling in AMESim HCD library 
 
The load sensing pump is modelled using the sub models available in HCD library. A snap 

shot of the model is shown in Figure 34 (attached in Appendix). Modelling approach 

followed for each main part of the load sensing system is described in the below sections. 

 

Modelling of pump 

The pump was modelled as a unidirectional variable displacement pump. The sub 

model used is PU002. The displacement of the pump was set to be 130cc/rev as in 

the actual system. The displacement of the pump is equal to the signal input 

multiplied by130cc/rev. The signal input varies between 0 and 1. The signal to the 

pump is given by the displacement controller. 

  

Modelling of regulator spool 

The regulator spool controller model is shown in Figure 15. 

 
Figure 14: Regulator spool model in AMESim 
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The regulator spool assembly of the pump consists of bias piston which is set to an 

initial position by a pre-compressed spring. The pistons linear displacement is 

converted to an angular motion of the swash plate by the control pin. The angular 

position of the swash plate determines the displacement of the pump. In the model it 

is assumed that the maximum angular displacement of the swash plate is 24 degrees. 

The function block takes in the sensor signal which gives the angular position of the 

swash. The function output is the fraction of input angular position signal to the 

maximum angular position (= 24 degrees). In the actual system there is no sensor. 

This is a modelling simplification. 

The following parameters relating to the displacement controller was measured. 

Piston radius at the bias side 

(Piston with spring in the model)   = 20.65mm 

Piston radius at the unloading side   = 50.8mm 

Mass of the piston     = 1533.5g 

The spring constant was calculated to be 22000N/m from the measurements taken 

from the spring. 

The other parameters of the displacement controller set to get the test results starting 

from realistic values. 

 

Compensator Modelling 

The compensator model is shown Figure 16. 

  

 

 
Figure 15: Compensator model in AMESim 

 

 

The compensator has spool which is acted upon by pressure force in the two lands at 

the ends. Pump pressure acts on one side of the compensator spool and, a spring 

force and pressure force act on the other direction. The position of the spool is 

determined by the force balance. The spool position determines which side of the 

regulator spool is pressurized. The compensator is modelled as combination of four 

‗spool with hole section orifice‘ sub models. Two piston sub models were used to 

get the actual force balance.  The compensator was modelled from the measurements 

taken from the actual system. The measured parameters relevant to the modelling of 

compensator are listed below. 

The stroke of the compensator  = 7mm 

Diameter of the land   = 9.55mm 

Diameter of the stem   = 6.35mm 

Mass of the spool    = 18g 
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Other parameters like viscous friction of the compensator were not measured or 

determined experimentally. They were set so that the simulation results of the test 

set up matches with the results from actual test set-up. 

 

Load sensing valve modelling 

The operation of load sensing valve is based on the force balance. One side of the 

spool is acted by the pump pressure force. The other side is acted upon by a 

combination of load sense pressure force and spring force. The valve is opened only 

if the pump pressure force is higher than the force acting on the other side of the 

spool. The load sensing valve is modelled as shown in Figure 17. 

 

 
Figure 16: Load sense valve model in AMESim 

 

The following measured parameters were used in modelling the load sensing valve. 

The diameter of the spool   = 9.55 mm 

Stroke length of the LSV spool  = 16 mm 

Number of holes in LSV   = 2 

Diameter of the holes   = 3 mm 

The number of coils, diameter of the wire and the outer diameter of the spring were 

measured. These values were used to calculate the spring stiffness. LSV spring 

stiffness was found to be 10000 N/m. 

 

Modelling of pressure relief valve 

The pressure relief valve in the actual system was of poppet type. A sub model 

(BAP026) for this poppet and seat is used to model the pressure relief valve seat and 

poppet. The mass of the poppet is modelled separately with MAS005 (mass with 

friction and ideal end stops) since the poppet‘s mass could not be modelled with 

BAP026. MAS005 allows us to set the maximum displacement of the poppet and its 

friction characteristics. A compressed spring is modelled. The compressed spring 

keeps the poppet at zero opening when the pressure force is below the pre-

compression of the spring. The pressure relief valve is modelled as shown in the 

Figure 18. 
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Figure 17: Pressure relief valve model in AMESim 

 

The following parameters were measured by disassembling the load sensing pump. 

Diameter of the seat (hole)    = 3mm 

Diameter of the poppet    = 4.5mm 

Poppet half cone angle    = 17.1 degree 

Maximum displacement of the poppet  = 2.5mm 

The spring stiffness was calculated to be 20000 N/m. 

 

Modelling of hoses and hydraulic lines 

The line from pump outlet and load sensing line is modelled as hydraulic hoses with 

a Young‘s modulus of 20GPa. The diameter of the pump outlet hose was assumed to 

be 25mm and its length was assumed to be 3m. The hydraulic load sensing line was 

modelled as 20mm diameter hydraulic hose with a length of 3m. All the other 

hydraulic lines represent the hydraulic line drilled through the load sensing pump 

assembly. So they were modelled as direct connection where ever the lengths are 

very small or steel pipes with a Young‘s modulus value of 200 GPa. 

 

3.2.1.4  Validation of HCD model 
 

The model was validated against test results. The test results were taken by connecting the 

load sensing line of the pump to the pumps outlet. The pump outlet is connected to the tank 

through a flow control valve. The validation is done by making sure that the pressure peaks in 

the simulation results matches with the test results. Figure 19 to Figure 23 illustrate the 

validation. The time taken for pressure peaking as the flow control valve closes and the time 

taken for pressure dropping as the flow control valve opens were also validated with respect 

to the test results. 

 
 

Figure 18: Pressure rise plot from laboratory test 



 
29 

 

Figure 19: Pressure rise plot from simulation results 

 

Figure 20: Pressure fall plot from laboratory test 

 
Figure 21: Pressure fall plot from simulation results 
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Figure 22: Simulation result of the model built using HCD library 

3.2.1.5  Modeling of electro hydraulic load sensing pump 
 
The simulation models of electro hydraulic load sensing systems were derived from hydro 

mechanical load sensing system by replacing the hydro-mechanical load sensing valve with 

electro hydraulic valves and implementing necessary control algorithm for electronic control. 

 

Proportional pressure relief valve system 

The electro hydraulic load sensing system with a proportional pressure relief valve is 

modelled as shown in Figure 35(attached in Appendix). 

The load sensing valve in the hydro-mechanical load sensing pump model is 

replaced by a proportional pressure relief valve. The crack pressure of proportional 

pressure relief valve depends upon the signal inputted to it. The maximum crack 

pressure the proportional pressure relief valve can set as 350 bar. The current rating 

of the valve is set to be 350mA. So the actual crack pressure set will be input current 

multiplied by the maximum crack pressure. 

The input signal to the EPRV, Pu is provided by a control algorithm. The algorithm 

used in the above model is given below. 

 

                
 

Where PLS is low pass filtered load pressure 

Pdiff is the margin between the pump pressure and the load pressure. (This is 

equivalent to the spring pre-compression in the load sense spool in hydro mechanical 

system. Here, compensator spring pre-compression is small when compared to load 

sense spool spring pre-compression and is ignored). 

 

Proportional flow control valve system 

The electro hydraulic load sensing system with a proportional flow control valve is 

modelled as shown in Figure 36 (attached in Appendix). 

 The electronic flow control valve system was also modelled and simulated making 

use of the similar strategy followed for the EPRV system. The input signal to the 

EFCV, Pu is provided by a control algorithm. The control algorithm used in the 

model is given below 
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3.2.2  GT Suite 
 
3.2.2.1 Modeling using GT Suite flow library 
 
The main objective of the simulation study is to analyze two configurations of electro 

hydraulic load sensing pumps, which are derived from the existing hydro mechanical load 

sensing pump. The idea was to study the effect of the choice of electro hydraulic load sensing 

concept on the quality of load motion, energy efficiency and handling characteristics. In this 

context, quality of load motion refers to load position, load velocity and load acceleration. 

 

Also it was interesting to study which of the two configurations impose less severe 

requirements on response time of electro hydraulic servo valve used. Hence, it was decided to 

model and validate the hydro mechanical load sensing pump first. As the results of hydro 

mechanical load sensing pump were available, it could be used to validate the simulation 

model of the hydro mechanical load sensing pump. 

 

The hydraulic connection in test setup which was used to test the hydro mechanical load 

sensing pump was different from the usual way of doing hydraulic connections in the vehicle. 

As shown in the Figure 24, where in the load sensing line and pump output lines are short 

circuited and connected to tank by a valve. The opening area of the valve is controlled 

electronically. 

 
Figure 23: Hydraulic connections in test setup 

The graph obtained from the test setup is shown in the Figure 13. 

 

The input speed of the pump was closed loop controlled at 1000 rpm. Test was carried out by 

giving pulse input to fully open and close the valve. When the valve is fully open to tank, the 

system maintains the lowest pressure and pump flow is saturated. When the valve is fully 

closed to tank, the system goes to high pressure standby mode, maintaining the highest 

possible system pressure as dictated by the crack pressure setting in the pressure relief valve. 

Simulation model was constructed in GT Suite with the same hydraulic connections as per 

the test setup. The results are shown in Figure 25. 
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Figure 24: Model validation in GT Suite 

The simulation model of the hydro mechanical load sensing pump in the test setup connection 

was tuned to good accuracy so that the results would be matching. But the interest in the 

simulation study is to study the performance of the pump when it is connected in way as it 

would be in a vehicle. Hence, the simulation model was modified as per the hydraulic 

connection in the vehicle. 

 

3.2.2.2  Simulation model as per vehicle-type connection 
 
Simulation model of the hydro mechanical load sensing pump consist of two major sub-

divisions of components: 

1. Pump components 

2. Displacement controller components 

As the interest in the simulation study is the displacement controller of the pump, pump 

related components are not modelled explicitly in the simulation model. Instead, it is 

modelled as a simple flow producing machine whose displacement per revolution is 

controlled through an additional input port in the pump model. Displacement controller 

model of the pump feed fractional swash angle input to the pump model. 

 

Displacement controller of the pump in turn consists of four major sub-divisions: 

1. Regulator spool components 

2. Compensator spool components 

3. Load sensing spool components 

4. Pressure relief valve components 

Before doing the complete simulation model of the system, it was decided to model 

individual sub systems and to validate the functionality of each of them. Then it would be 

easier to troubleshoot and validate the complete system simulation model of the system. The 

following section describes the modelling of each of them. 
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The schematic of the regulator spool is shown in Figure 4. The simulation model of regulator 

spool consists of regulator spool mass, which is acted upon by pressure forces from the bias 

control side and the unloading side areas, regulator spring, inertia of swash block, rack and 

pinion joint, volumes of bias chamber and unload chamber, and frictional resistance model. 

 

Bias spool area and unloading spool area of the regulator spool was fed from bias port and 

unloading port of the compensator respectively. Control pin connects the regulator spool and 

swash block. The pin connection converts linear motion of the regulator spool into rotary 

motion of the swash block. The pin is modelled as a rack and pinion joint. Simulation model 

of the regulator spool is shown in the Figure 26. 

 
Figure 25: Regulator spool model in GT Suite 

            

For angles from 0° to 25°, graphs of y = tan( ) and y =   is shown in the Figure 27. 

 
Figure 26: theta vs tan(theta) 
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From the graph, it is evident that it is reasonable to approximate y =   

Hence, in the simulation model, 1-D look up table has been created to link displacement per 

revolution of the pump and the angle of the swash plate. The swash plate works against the 

frictional forces arising from the translational motion of pistons in the barrels as the swash 

plate changes its angle. It also works against the frictional forces arising from the bearings 

where the swash block is resting on. 

 

The schematic of the compensator spool is shown in Figure 5. Simulation model of the 

compensator spool consist of compensator spool mass, compensator spring and volumes of 

bias, unload, tank, compensator inlet and compensator outlet chambers, and orifices OP2 and 

OP6. Compensator spool is acted upon by pressure forces from the compensator inlet side 

and compensator outlet side. 

 
 

Figure 27: Compensator spool model in GT Suite 

Compensator inlet chamber was fed from line from the outlet of the pump. Orifice OP2 

connects compensator inlet and outlet chambers. When the flow happens through the orifice 

OP2, there would be pressure drop across the orifice. It would result in a lower pressure in 

outlet chamber than the pressure in the inlet chamber. Similarly, when the flow ceases in the 

orifice OP2, pressure in the compensator inlet and outlet would become the same. The four 

working ports of the compensator are connected to volumes of inlet, tank, bias and unload 

chamber. The two control ports of the compensator are connected to volumes of inlet and 

outlet chambers. As evident from the schematic diagram, pressure force from the outlet 

chamber and spring force from the compensator spring work against pressure force from the 

inlet chamber. The outlet side chamber is connected to the control volume. 

 

Construction and functionality of the compensator resembles a 4-way valve. One flow port is 

connected to tank and another to inlet pressure chamber. Two other flow ports are connected 

to bias and unload chamber. The net resultant force on the spool due to the pressures in the 

compensator inlet and outlet chambers, and compensator spring force controls the position of 

the spool. In top end position, inlet pressure is fully open to bias chamber and unload 

chamber is fully open to tank. In bottom end position, inlet pressure is fully open to unload 
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chamber and bias chamber is fully open to tank. Orifice OP6 is always connected to the 

unload chamber. The simulation model of the compensator spool is shown in Figure 28. 

 

The schematic of the load sensing spool is shown in Figure 6. The simulation model of load 

sensing spool consists of load sensing spool mass, load sensing spring, and volume models of 

control volume, load sense volume and tank. 

 
 

Figure 28: Load sense valve model in GT Suite 

Load sense spool mass is acted upon by pressure forces from control volume chamber and 

load sense volume chamber. If the sum of load sense pressure and spring pressure is higher 

than control volume pressure, the load sensing spool moves to top end position. In the top end 

position, control volume is fully blocked to tank, thus ceasing the flow out of control volume. 

If the sum of load sense pressure and spring pressure is lower than control volume pressure, 

the load sensing spool moves to bottom end position. In the bottom end position, control 

volume is fully open to tank, thus letting the flow out of control volume. The simulation 

model of the load sense spool is shown in Figure 29. 

 

The schematic of the pressure relief valve is shown in Figure 7. The simulation model of the 

pressure relief valve consists of model of conical poppet resting in a sharp seat, relief valve 

spring, mass of poppet, volume models of orifice upstream chamber, orifice downstream 

chamber, drain chamber, orifice OP4 and pipe model connecting drain chamber to tank. 

 
Figure 29: Pressure relief valve model in GT Suite 
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Pressure force from the orifice downstream chamber and spring force control the position of 

the poppet. If the pressure force in the orifice downstream chamber is higher than spring 

force, poppet lifts off the seat, letting the flow out of the orifice downstream chamber. If the 

pressure force in the orifice downstream chamber is lower than spring force, the poppet 

remain seated intact, thus restricting the flow out of the orifice downstream chamber. Pre-

compression of the spring determines the cracking pressure of the pressure relief valve. 

Orifice OP4 connects orifice upstream and orifice downstream chamber. The simulation 

model of the pressure relief valve is shown in Figure 30. 

 

3.2.2.3  Modeling of electro hydraulic valves 

 

The two configurations of electro hydraulic load sensing pumps derived from the hydro 

mechanical load sensing pumps were obtained by replacing the load sensing valve by an 

electro hydraulic valve. In EHLS-PRV configuration, proportional pressure relief valve is 

used whereas EHLS-FCV, proportional flow control valve is used. The following section 

describes modelling of the above components. 

The schematic of the proportional flow control valve and direct operated proportional 

pressure relief valve is shown in Figure 10 and Figure 11 and their simulation models are 

shown in the Figure 31 and Figure 32. As evident from the models, different modelling 

strategy has been used to implement simulation models of proportional flow control valve 

and proportional pressure relief valve. 

In a proportional flow control valve, the solenoid controls the position of the spool whereas in 

case of proportional pressure relief valve, the solenoid controls the force applied on the spool. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 31: Model of proportional 

flow control valve 

Figure 30: Model of proportional 

pressure relief valve 
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4 Results 
 
For each of the configurations, the following results are presented from the simulation study: 

 

1. Load motion characteristic 

a. Load position 

2. Pressures graph 

a. Load pressure 

3. Flow graph 

a. Load flow 

 

Other simulation results are presented in the Appendix – II. 

 

Simulation results could be used to analyze the influence of the choice of configuration of 

load sensing pump on the quality of load motion, handling characteristics, energy efficiency, 

stability, etc. It could be also possible to analyse which configuration imposes less severe 

requirement on the response characteristics of the servo valve. 

 

In the following simulation results, motion control valve is operated as follows: 

 

0 – 1.25 s  Motion control valve is fully open  => Pump delivers full flow 

1.25 – 3 s  Motion control valve is fully closed  => Pump delivers no flow 

3 s onwards  Motion control valve is partly open  => Pump delivers part flow 

End of stroke  Motion control valve is partly open, but pump delivers no flow 

 

Above sequence is not based on any cycle. It is done to force the pump to operate in various 

operating modes. This approach ensures that the comparison between various load sensing 

configurations is based on various operating modes and not just on a single operating mode. 
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COMMENTS 

 

Hydro mechanical load 

sensing system (from now 

on called as HM-LS) has 

reached its end of stroke 

(700 mm) at 4.8 sec, 

Electro hydraulic load 

sensing using proportional 

flow control valve (from 

now on called as EH-FCV) 

has reached its end of 

stroke at 5.2 sec, Electro 

hydraulic load sensing 

using proportional pressure 

relief valve (from now on 

called as EH-PRV) has 

reached its end of stroke at 

5.05 sec. 

It is also evident that load 

motion of HMLS and EH-

PRV is smoother than EH-

FCV at low speeds. 

 

LOAD POSITION / GT-SUITE 
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COMMENTS 

 

Hydro mechanical load 

sensing system (from now 

on called as HM-LS) has 

reached its end of stroke 

(700 mm) at 4.8 sec, same 

as the GT-suite system. 

Electro hydraulic load 

sensing using proportional 

flow control valve (from 

now on called as EH-FCV) 

has reached its end of 

stroke at 5.6 sec (5.2 sec in 

GT-suite system), 

Electro hydraulic load 

sensing using proportional 

pressure relief valve (from 

now on called as  EH-PRV) 

has reached its end of 

stroke at 4.9sec(5.05 sec in 

GT-suite system). 

It is also evident that load 

motion of HMLS and EH-

PRV is smoother than EH-

FCV at low speeds. 

LOAD POSITION / AMESIM 
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COMMENTS 

 

At maximum speed, load 

pressure oscillations seem 

to die down faster for EH-

FCV and EH-PRV than 

HMLS 

At low speeds, load 

pressure oscillations are 

diverging in case of EH-

FCV system. 

At the end of stroke, when 

the valve is still kept in 

open condition, pressure 

rise is gradual in case of 

EH-PRV system whereas 

the pressure rise is sudden 

in case of EH-FCV and 

HM-LS system. 

At the end of stroke, load 

pressure is oscillatory 

around 240 bar. 

LOAD PRESSURE / GT-SUITE 
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COMMENTS 

 

At low speeds, load 

pressure oscillations are 

sustained in case of EH-

FCV system. 

At the end of stroke, when 

the valve is still kept in 

open condition, pressure 

rise is gradual in case of 

EH-PRV system whereas 

the pressure rise is sudden 

in case of EH-FCV and 

HM-LS system. 

At the end of stroke, load 

pressure stabilizes at 240 

bar. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, load pressure 

oscillations are sustained in 

AMESim whereas it is 

diverging in case of GT 

Suite. 

LOAD PRESSURE / AMESIM 
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COMMENTS 

 

When the motion control 

valve is fully opened, pump 

flow reaches around its 

maximum flow capacity of 

130 lpm. For all the 

systems, oscillations die 

down at full valve opening. 

In EH-FCV, load flow 

oscillations are sustained at 

operation at low speeds. 

LOAD FLOW / GT-SUITE 
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LOAD FLOW / AMESIM 

COMMENTS 

 

When the motion control 

valve is fully opened, pump 

reaches it maximum flow 

capacity of 130 lpm. For all 

the systems, oscillations die 

down at full valve opening. 

In EH-FCV, load flow 

oscillations are sustained at 

operation at low speeds. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, control 

pressure oscillations are 

sustained in AMESim 

whereas it is diverging in 

case of GT Suite. 
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5 Discussions 
 
5.1  Comparison between AMESim 
and GT-suite 

AMESim is the widely used tool for hydraulic system simulation in the present scenario. GT-

Suite is widely used in engine simulation applications. GT-suite also has a flow library with 

which it is possible to simulate hydraulic system. 

 

Some parameters used for comparing GT-suite and AMESim are discussed in the following 

subsections. 

 

Ease of Modelling 

AMESim has a well developed library of standard hydraulic components. In GT-

Suite standard components need to be built up from the basic building blocks. 

AMESim uses standard symbols of the hydraulic components and follows ports 

based modelling approach. This makes modelling of system easy if the user is 

given a schematic of the system. 

 

Modelling Flexibility 

In AMESim, Hydraulic and HCD library components could be used in parallel 

for building the simulation model. AMESim allows users to use components from 

both the libraries simultaneously in a model, which offers a great flexibility in 

modelling. If some parts require a good detail, HCD library comes in handy. If 

some parts of the model do not require a great detail, Hydraulic library comes in 

handy. 

 

In case of GT-suite, it has a single flow library. In case of AMESim, simplified 

models are already modelled in the hydraulic library. Take for instance the case 

of modelling a 3-way valve. In AMESim if the user wants to model in a great 

detail with making use parameters like spool mass, spool displacement etc, it is 

possible with the HCD library. The same detailed modelling is possible with GT-

Suite. But when the user needs a black box model of a 3-way valve, it is readily 

available in the Hydraulic library in AMESim. In GT-suite, the user needs to 

model the black box model with components available in the flow library. 

 

Time taken for Simulation 

Often, it is required to validate individual sub systems before building complete 

simulation model of the system. Time taken for simulation of the model plays an 

important role in determining total time required for the development of a 

complete simulation model. It was observed that AMESim takes lesser simulation 

time when compared to GT-suite. 
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Solver 

AMESim and GT-suite uses the physical equations of the components used in the 

model. Both the software solves Navier-Stokes equation for components in flow 

library. AMESim hydraulic and HCD libraries solves the Energy equation with 

the approximation that system to be at a constant temperature. GT Suite always 

solves the complete Energy equation. In other words, GT-Suite solves Energy 

equation considering heat generation in the system. Hence, it would be possible to 

track temperature variation of the system. AMESim offers a thermo hydraulic 

library to simulate the hydraulic system if heat generation is considered important 

where the user can track the temperature changes in the system. 

 

Modelling Detail 

In GT-Suite, it is possible to model the components in great detail. If user does 

not wish to consider that detail, user may choose to ignore those details. Also, 

using RLT-dependency option, it would be possible to feed any output parameter 

in the model as an input parameter in the model. AMESim offers a reasonably 

good detailed modelling with HCD library. 

 

RLT-dependency stands for ‗Result Dependency‘. For example, consider the case 

of hydraulic hoses. Users have the choice of defining Young‘s modulus of the 

hose as a constant value or as a parameter dependent on pressure of the fluid in 

the hose (for example). The linking is not only limited to its parameters as said 

earlier but also could be linked to temperature of fluid in another volume (for 

example). 

 

Accuracy 

In this work, the simulation results were not compared to analytical solution of 

the system. It was found out that it was impossible to obtain analytical solution of 

the system. But from the discussion on solver and modelling detail, it is logical to 

suggest that GT-suite could give accurate simulation results. 

  

Help/Documentation 

GT-suite offers a detailed help of the sub models. GT-suite‘s component helps 

written in a detailed way when compared to AMESim.  Documentation explains 

meaning of each and every parameter of the sub model with a detailed figure; 

describes the parameters and equations used in a detailed way. 

 

Run time parameter change 

GT-Suite offers a signal generator (slider type) which can be used to change 

parameters as simulation runs. This can be of great help in modelling complex 

systems. But in AMESim the user needs to know the change of parameters before 

initializing the simulation run. 

 

Post processing capabilities 

Both AMESim and GT-suite stores results of simulation in a separate file. So any 

further manipulations on the result data are possible. Gamma offers a separate 

tool (GT-post) for post processing. Post processing capabilities of both the tools 

are on the same level. 
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5.2  Comparison of various load 
sensing configurations 

 

The core idea behind the simulation study is to identify the most feasible electro hydraulic 

load sensing pump configuration that could be developed from the existing hydro mechanical 

load sensing pump configuration. Simulation study is used to identify the best configuration 

in terms of stability, handling characteristics, load motion characteristics, etc at various 

operating scenarios. 

 

From the simulation study, it was evident that electro hydraulic load sensing using 

proportional pressure relief valve was equally or more stable on all operating scenarios when 

compared to electro hydraulic load sensing using proportional flow control valve. 

 

For a stable operation, electro hydraulic load sensing using proportional flow control valve 

imposes tougher requirements on the response characteristics of servo valve used. Typical 

response characteristics of servo valve considered are not sufficient for a stable operation. 

Moreover this configuration uses pressure feedback from the system pressure, which requires 

that additional pressure transducer to be used in this configuration apart from the load 

pressure signal. It was found that it was even difficult to achieve the performance of the base 

line hydro mechanical load sensing pump with electro hydraulic load sensing using 

proportional flow control valve. 

 

In case of electro hydraulic load sensing using proportional pressure relief valve, typical 

response characteristics considered was found to be sufficient for satisfactory and stable 

operation. It was also found out that with this configuration, using a high performance 

proportional pressure relief valve, it would be possible to achieve a better performance than 

the base line hydro mechanical load sensing pump. Moreover, for the ideal case, this 

configuration requires lesser instrumentation than the other configuration. 

 

Main issue which is foreseen as a difficulty in implementing this configuration was the 

hysteresis characteristics of proportional pressure relief valves, which might pose difficulty in 

setting the desired pressure in the control chamber. Hence, it was required to minimize 

hysteresis in the valves for stable operation. Some strategies were suggested in the product 

catalogue for reducing the hysteresis. For example, using pulse width modulated (PWM) 

signal for controlling the valve instead of a steady DC signal would reduce valve hysteresis. 

If the valve hystereses is higher and pose difficulty in control, it is required to have additional 

pressure feedback from system pressure or control pressure to ensure stable operation. 
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6 Conclusions 
 

Electro hydraulic load sensing using proportional pressure relief valve and proportional flow 

control valve has been successfully modelled for a simple load configuration. The simulation 

models has been successfully validated and simulated. The simulation results of the electro 

hydraulic load sensing showed promises for the future. 

 

From the simulation results, it was found out that electro hydraulic load sensing configuration 

using proportional pressure relief valve produced better results than the electro hydraulic load 

sensing configuration using proportional flow control valve. Moreover, electro hydraulic load 

sensing pump configuration using proportional pressure relief valve require lesser 

instrumentation in the ideal case. Also, it is generally easy to stabilize electro hydraulic load 

sensing pump configuration using proportional pressure relief valve than electro hydraulic 

load sensing pump configuration using proportional flow control valve. 

 

The simulating moderately complex system such as load sensing system in AMESim and 

GT-suite has lead to fair benchmarking of software with respect to hydraulic system 

simulation capabilities. In a nutshell, for factors such as ease of modelling, modelling 

flexibility and time factors, AMESim has an advantage. But when it comes to higher 

modelling detail, accuracy, stability and help facilities, GT Suite has an advantage. 

 

Another added advantage of GT Suite is that it always solves the complete Energy equation. 

In other words, Energy equation is solved considering heat generation in the system in GT-

Suite. Hence, it would be possible to track temperature variations in the system which is 

currently not possible in AMESim hydraulic and HCD library. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
48 

7 Future works 
 

In this simulation study, various load sensing configurations were analyzed using a simple 

load model. But the actual load in wheel loader is significantly different from the assumed 

load model. Moreover, a single load was considered for the simulation study whereas wheel 

loader system has multiple loads. In future, a detailed load model of wheel loader could be 

developed and the performance of electro hydraulic load sensing concepts could be 

evaluated. With multiple-load model, it would be possible to study load interaction and load 

dependency characteristics of the pump. 

 

The simulations of electronic load sensing systems were done with a simple control 

algorithm. It would be interesting to investigate the possibility of using advanced control 

algorithms such as feed forward, etc to be implemented for a betterment of the system. 

 

As electro hydraulic load sensing pump using proportional pressure relief valve has shown 

promising simulation results, it would be interesting to build prototype of that configuration 

and test it in the laboratory. 

 

For simulation models of electro hydraulic load sensing configurations, only the functionality 

of the electro hydraulic servo valves has been considered using black-box model. It would be 

interesting to study the performance of electro hydraulic load sensing configurations using 

models of valves validated for its characteristics as per its catalogue. 

 

For comparing the accuracy of both the software, specific test data could be measured and the 

simulation results can be compared to measured results. 
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APPENDIX - I 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Hydro mechanical load sensing system model in AMESim hydraulic library 

Figure 32: HMLS system model in AMESim hydraulic library 
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Figure 33: HMLS system model in AMESim HCD library 

 

 

 

 

 

Hydro mechanical load sensing system model in AMESim HCD library 
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Figure 34: EHLS-FCV system model in AMESim HCD library 

Electro hydraulic load sensing system model using proportional flow 
control valve in AMESim HCD library 
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Figure 35: EHLS-PRV system model in AMESim HCD library 

Electro hydraulic load sensing system model using proportional 
pressure relief valve in AMESim HCD library 



 
54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hydro mechanical load sensing system model in GT Suite 

Figure 36: HMLS system model in GT Suite 

 



 
55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electro hydraulic load sensing system model using proportional flow 
control valve in GT Suite 

Figure 37: EHLS-FCV system model in GT Suite 
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Electro hydraulic load sensing system model using proportional 
pressure relief valve in GT Suite 

Figure 38: EHLS-PRV system model in GT Suite 



 
57 

APPENDIX – II 
 

For each of the configurations, the following results are presented from the simulation study: 

 

1. Load motion characteristics 

a. Load velocity 

b. Load acceleration 

2. Pressures graphs 

a. System (Pump outlet) pressure 

b. Control pressure 

3. Flow graphs 

a. Pressure relief valve flow 

b. Load sense valve flow 

4. Power graphs 

a. Load power 

b. Pump power 

5. Test condition data 

a. Swash plate angle 

b. Opening of motion control valve 

The above results could be used to analyze the influence of the choice of configuration of 

load sensing pump on the quality of load motion, handling characteristics, energy efficiency, 

stability, etc. It could be also possible to analyse which configuration imposes less severe 

requirement on the response characteristics of the servo valve. 

 

In the following simulation results, motion control valve is operated as follows: 

0 – 1.25 s  Motion control valve is fully open  => Pump delivers full flow 

1.25 – 3 s  Motion control valve is fully closed  => Pump delivers no flow 

3 s onwards  Motion control valve is partly open  => Pump delivers part flow 

End of stroke  Motion control valve is partly open, but pump delivers no flow 
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COMMENTS 

 

No considerable difference 

is observed among systems 

when they are operated at 

full speed. 

When operated at slow 

speeds: 

Load velocity oscillations 

seem to die down quickly 

for HM-LS and EH-PRV 

systems.  

Load velocity oscillations 

are diverging in EH-FCV. 

LOAD VELOCITY / GT-SUITE 
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COMMENTS 

 

No considerable difference 

is observed among systems 

when they are operated at 

full speed. 

When operated at slow 

speeds: 

Load velocity oscillations 

seem to die down quickly 

for HM-LS and EH-PRV 

systems.  

Load velocity oscillations 

are sustained in EH-FCV. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, load velocity 

oscillations are sustained in 

AMESim whereas it is 

diverging in case of GT 

Suite. 

LOAD VELOCITY /AMESIM 
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COMMENTS 

 

No considerable difference 

is observed among HMLS 

and EH-FCV when they are 

operated at full speed. Load 

acceleration oscillations die 

faster in case of EH-PRV. 

When operated at slow 

speeds: 

Load acceleration 

oscillations seem to die 

down quickly for HM-LS 

and EH-PRV systems.  

Load acceleration 

oscillations are diverging in 

EH-FCV. 

 

LOAD ACCELERATION / GT-SUITE 
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COMMENTS 

 

No considerable difference 

is observed among systems 

when they are operated at 

full speed. 

When operated at slow 

speeds: 

Load oscillations seem to 

die down quickly for HM-

LS and EH-PRV systems.  

Load oscillations are 

sustained in EH-FCV. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, load 

acceleration oscillations are 

sustained in AMESim 

whereas it is diverging in 

case of GT Suite. 

 

LOAD ACCELERATION / AMESIM 
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COMMENTS 

 

System pressure nearly 

follows the trend of load 

pressure. The difference is 

when the motion control is 

completely closed. 

System pressure in case of 

fully closed condition 

stabilizes for HM-LS 

system and EH-PRV 

system, whereas it is highly 

oscillatory in case of EH-

FCV. 

It is because rate of 

pressure increase in a 

closed volume will be very 

fast when compared to the 

speed at which valves could 

respond. Those oscillations 

reduce when there is some 

flow. It might be due to 

gradual rate of pressure rise 

when there is flow out of 

control volume. 

SYSTEM PRESSURE / GT-SUITE 
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SYSTEM PRESSURE / AMESIM 

COMMENTS 

 

System pressure nearly 

follows the trend of load 

pressure. The difference is 

when the motion control is 

completely closed. 

System pressure in case of 

fully closed condition 

stabilizes for HM-LS 

system and EH-PRV 

system, whereas it is highly 

oscillatory in case of EH-

FCV. 

It is because rate of 

pressure increase in a 

closed volume will be very 

fast when compared to the 

speed at which valves could 

respond. Those oscillations 

reduce when there is some 

flow which is because of 

rate of pressure rise would 

be gradual when there is 

flow out of control volume. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, system 

pressure oscillations are 

sustained in AMESim 

whereas it is diverging in 

case of GT Suite. 

 



 
64 

 

 

COMMENTS 

 

Control pressure is 

generally noisier than 

system pressure. It might be 

due to fact that control 

volume is small. Even 

small flow out of control 

volume would result in 

higher pressure drop in the 

control volume. 

This is the source of 

oscillations that sets up 

oscillations in system 

pressure, load pressure and 

hence load motion. 

At fully closed and partly 

open condition, it follows 

load pressure + diff. 

pressure. 

At fully open, pressure drop 

across the motion control 

valve is lower than diff. 

pressure setting, so the 

pump is in fully on-stroked 

condition. 

 

CONTROL PRESSURE / GT-SUITE 
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CONTROL PRESSURE / AMESIM 

COMMENTS 

 

Control pressure is 

generally noisier than 

system pressure. It might be 

due to low control volume. 

Even small flow out of 

control volume results in 

higher pressure drop in the 

control volume. 

This is the source of 

oscillations that sets up 

oscillations in system 

pressure, load pressure and 

hence load motion. 

At fully closed and partly 

open condition, it follows 

load pressure + diff. 

pressure. 

At fully open, pressure drop 

across the motion control 

valve is lower than diff. 

pressure setting, so the 

pump is in fully on-stroked 

condition. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, control 

pressure oscillations are 

sustained in AMESim 

whereas it is diverging in 

case of GT Suite. 
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COMMENTS 

 

It could be noted that there 

is flow out at the pressure 

relief valve only when the 

load reached its end 

position and control 

pressure has reached 240 

bar. 

Noisy flow characteristics 

of the pressure relief valve 

results in noisier control 

pressure, which in turn 

results in noisier system 

pressure and load pressure. 

PRV FLOW / GT-SUITE 
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PRV FLOW / AMESIM 

COMMENTS 

It could be noted that there 

is flow out at the pressure 

relief valve only when the 

load reached its end 

position and control 

pressure has reached 240 

bar. 

Noisy flow characteristics 

of the pressure relief valve 

results in noisier control 

pressure, which in turn 

results in noisier system 

pressure and load pressure. 

The PRV flow is much 

noisier in AMESim than 

GT Suite. 
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COMMENTS 

 

In HMLS and EH-PRV, 

when the motion control 

valve is fully closed or 

partly open, flow out of the 

load sensing valve attains a 

steady state and thus 

maintain a steady pressure 

in the control volume. 

In EH-FCV, flow through 

LSV does not attain steady 

state and thus the control 

pressure is noisier. 

It could be also observed 

that there is no flow 

through LSV when the load 

was operated at full speed 

and after the load has 

reached its end position. 

 

LSV FLOW / GT-SUITE 
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LSV FLOW / AMESIM 

COMMENTS 

 

In HM-LS and EH-PRV, 

when the motion control 

valve is fully closed or 

partly open, flow out of the 

load sensing valve attains a 

steady state and thus 

maintain a steady pressure 

in the control volume. 

In EH-FCV, flow thro‘ 

LSV does not attain steady 

state and thus the control 

pressure is noisier. 

It could be also observed 

that there is no flow thro‘ 

LSV when the load was 

operated at full speed and 

after the load has reached 

its end position. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, LSV flow 

oscillations are sustained in 

AMESim whereas it is 

diverging in case of GT 

Suite. 
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COMMENTS 

 

When operated at full valve 

opening, pump power 

reaches around 20 kW. It 

should be noted that pump 

consumes around 1 KW 

when load has reached its 

end position. 

Power graphs were 

extracted to study the 

energy efficiency of 

different configurations. 

But the efficiency is nearly 

the same for all the 

configurations because we 

are achieving same solution 

by different ways and not 

different solutions. All the 

configurations control the 

pressure in the control 

volume but by different 

means. 

 

PUMP POWER / GT-SUITE 
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COMMENTS 

 

When operated at full valve 

opening, pump power 

reaches around 21 kW (20 

in GT-suite model). It 

should be noted that pump 

consumes around 1 KW 

when load has reached its 

end position. 

Power graphs were 

extracted to study the 

energy efficiency of 

different configurations. 

But the efficiency is nearly 

the same for all the 

configurations because we 

are achieving same solution 

by different ways and not 

different solutions. All the 

configurations control the 

pressure in the control 

volume but by different 

means. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, pump power 

oscillations are sustained in 

AMESim whereas it is 

diverging in case of GT 

Suite. 

PUMP POWER / AMESIM 
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COMMENTS 

 

When operated at full valve 

opening, load power 

reaches around 19 kW. 

Load power spikes when 

the valve is fully closed or 

when the load has reached 

its end position is because 

of velocity oscillations 

before getting to rest. 

LOAD POWER / GT-SUITE 
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COMMENTS 

 

When operated at full valve 

opening, load power 

reaches around 19 kW. 

Load power spikes when 

the valve is fully closed or 

when the load has reached 

its end position is because 

of velocity oscillations 

before getting to rest. The 

amplitude of the spike s is 

not as high as that of the 

GT-suite model. This may 

be due to difference in 

model. 

When the end position is 

reached, lower power 

oscillations are observed in 

EH-PRV.  

LOAD POWER / AMESIM 
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COMMENTS 

 

Swash plate angle = 0 deg 

=> Fully ON-STROKE 

position 

Swash plate angle = 25 deg 

=> Fully DE-STROKE 

position 

When the motion control 

valve is fully opened, all 

configurations tries to 

stroke to the maximum 

stroke. Sudden closing of 

the valve immediately de-

strokes it close to 

completely de-stroked 

position. Small valve 

opening strokes the pump 

more. 

SWASH ANGLE / GT-SUITE 
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COMMENTS 

 

Swash input = 1 => Fully 

ON-STROKE position 

Swash input = 0 => Fully 

DE-STROKE position 

When the motion control 

valve is fully opened, all 

configurations tries to 

stroke to the maximum 

stroke. Sudden closing of 

the valve immediately de-

strokes it close to 

completely de-stroked 

position. Small valve 

opening strokes the pump 

more. 

The difference between the 

observations from GT Suite 

model is that for EH-FCV 

at low speeds, swash angle 

oscillations are sustained in 

AMESim whereas it is 

diverging in case of GT 

Suite. 

SWASH ANGLE / AMESIM 
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COMMENTS 

 

Opening of the flow control 

valve is same for all the 

cases. Further it was 

assumed that this valve has 

a switching time of 30 ms. 

0 s – 1.25 s: Fully open the 

valve 

1.25 s – 3 s: Fully close the 

valve 

3 s – 7.5 s: Partly open the 

valve 

OPENING OF FLOW CONTROL VALVE 


