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Abstract   
Today’s demand on forklift trucks performance and efficiency is high. The productivity is important 

but also the experience while handling the forklift. The handling has to be simple and genuine to 

make the driver feel confident and safe. To achieve high performance steering in articulated trucks, a 

hydraulic power system is often used. 

Simulation software are a powerful tool in development processes. The program gives the industry a 

possibility to develop, analyze and evaluate constructions and models more efficient. 

The purpose of this master thesis is to identify and increase the knowledge about the main 

challenges in the hydraulic steering system in an articulated forklift. The hydraulic system has been 

modelled in the simulation software Hopsan and validated against data from measurements 

performed on the forklift. The different challenges have been identified based on tests and the 

simulation results. For a deeper understanding of the system a literature study, mainly about the key 

components, has been done during the master thesis.  

A number of suggestions for improvement have been developed with focus on increasing the 

steering performance. The concepts and ideas have been evaluated and tested in the simulation 

model. 

The project resulted in a validated simulation model of the articulation and a number of suggested 

improvements on the hydraulic steering system.  
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Nomenclature 
Quantity 

 

Description Unit 
   Compensator area exposed to the pressure.    
   Opened area of the directional valve.    
   Piston area in camber 1.    
   Piston area in camber 2.    
   Flow coefficient - 
   External load on piston.   
   Flow force   
   Spring force, preloaded in the pressure compensation valve.   

     Spring coefficient on the compensating valve.  
   

   Accumulator volume.    
     Gas volume at state 1.    
     Gas volume at state 2.    
   Fixed length steering frame   

       Sum of change in piston length   
   Load pressure    

      Compensated pressure, after the pressure compensating valve.    
   Preload pressure in the accumulator.    
     Lowest working pressure. State 1, accumulator.    
   Pressure in cylinder camber 1.    
     Highest working pressure. State 2, accumulator.    
   Pressure in cylinder camber 2.    
   Load flow into cylinder.   

   
       Approximated time in aisle   

         Measured time in aisle   
   Cylinder length    

      Position of pressure compensator valve   
   Piston position, relative the start position.   
   Position for the directional valve.   
  Length   
  Polytropic exponent  - 
  Flow   

   
  Radius for cylinder motion    
  Velocity  

   
  Area gradient for the directional valve.   
  Angular misalignment   
  Jet angle   
  Fluid density       
  Steering angle   
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1 Introduction 

This master thesis has been performed at The Division of Fluid and Mechatronics Systems of 

Linköping University. The project was initialized at Toyota Material Handling Europe to investigate 

the possibility of improvements on the hydraulic system of an articulated forklift. The project work 

was performed at Toyota Material Handling site in Mjölby. The goal of this project was to build a 

simulation model over the steering system and by using a simulation tool and measurements 

evaluate possible improvements and solutions. It was also an opportunity to show the strength of 

using simulation programs during system design and analysis. 

1.1 Background 

The forklift that has been analyzed is a VNA (Very Narrow Aisle) forklift with automatic fork rotation. 

The forklift is specialized for increasing the number of pallet places in high density storage. It is 

equipped with articulated steering for decreasing the turning space while changing aisle. The 

articulated steering is controlled by a hydraulic power system. [1] 

 

 

Figure 1: Illustration over change of aisle during wire guidance 

To make the forklift easy to maneuver while riding in the aisles, the steering is automated by wire 

guidance. While changing the aisle the driver steer manually until the forklift finds the wire again, in 

the next aisle. In Figure 1 an illustration of the wire guidance can be studied. The two driving cases 

require different demands on the hydraulic system. It is important that the steering in the aisle is 

accurate and smooth while the operator may be traveling 15 meter above the ground. On the other 

hand when the forklift is driven manually the steering must be firm and manage fast turns, 

consequently large oil flow. These two combinations are a challenge in design of the hydraulic 

system.  

Simulation tools are a powerful tool in development processes. The program gives the industry a 

possibility to develop, analyze and evaluate constructions and models more efficient. The challenges 

with simulation models are often the validation and accuracy. The accuracy and time spent on 
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validation is a hard task to balance. To reach an efficient work process with simulation programs the 

accuracy need to be “good enough” to gain knowledge into future work.  

1.2 System Description 

Today’s system design consists of an accumulator, a constant flow valve and two single acting 

cylinders. To pressurize the steering system during a turn the accumulator is used. A DC motor and a 

pump are providing the accumulator with oil when the pressure is below a certain reference 

pressure. Functions like fork rotation, side shift and initial lifting are sharing the same motor and 

pump as the steering system. The system design is based on the earlier version that was redesigned 

about 10 years ago. 

1.2.1 Mechanics 

The forklift consists of two carriages, the front carriage and the back carriage. These two carriages 

are combined with a bearing in between. The battery, motors for the wheels and the powerpack is 

placed in the back carriage. At the front carriage the truck user and the mast with forks are located.  

The articulation is controlled by hydraulic cylinders, one on each side of the bearing. The cylinders 

will hereafter be referred to as Cylinder 1, the right one in drive direction, and Cylinder 2, the left 

cylinder. 

1.2.2 Hydraulics 

Cylinder 1 and 2 are single acting and are controlled by a 4/3-directional valve. The valve distributes 

the oil to the high pressure side, in other words the backside of the cylinder piston. The low pressure 

side, front side of the piston, is connected to the tank via an on/off-valve. The directional valve 

consists of a two coils controlling the spool. Before the valve a pressure compensating valve is placed 

to keep a constant pressure drop over the valve.  

The hydraulic system is fed by a gear pump with fixed displacement driven by a DC-motor. The 

voltage to the pump motor is 48 V. The gear pump is providing flow to several of hydraulic functions: 

fork turning, initial lift, horizontal fork motion and counter balance cylinder. The pump is also loading 

an accumulator. The accumulator is a gas and bladder type and is supplying the steering system with 

pressurized oil. There are several pressure relief valves in the system to protect the components 

from overpressure. An illustration of the hydraulic schematic can be seen in Figure 2. 
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Figure 2: The hydraulic schematic 

1.3 Method 

To get an understanding of the hydraulic components that are included in the system a literature 

study was performed. The focus in the study was the different hydraulic components. The steady-

state behavior as well as the dynamic behavior was considered. A meeting with a former worker at 

Toyota was performed. He has experience of the system design as it is today, and was involved in the 

redesign. The hydraulic group at Toyota was an information source for this project. Their expertise 

was an important part of the outcome of this master thesis. 

A simulation model was developed in the program Hopsan to analyze the different concepts and 

ideas. The model was built with focus on the hydraulic steering system and a simplified mechanic 

model was implemented. To get the model as similar to the forklift as possible a validation of the 

model was necessary. The validation data was collected by measurements on the forklift during short 

tests. Data of pressure levels, motor speed and signals were, among others, measured during the 

tests. The tests were performed in Mjölby at Toyota Material Handlings test site. More detailed 

information about the valves, accumulator and other components was collected from drawings and 

characteristic data from manufactures.  
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Based on theoretical studies, experience and support from employees on Toyota, potential 

improvements were tested and evaluated theoretically and in the simulation model.  

1.4 Objectives 

The following objectives are considered in this master thesis: 

 Building a simulation model for the steering system, including the hydraulic system and the 

mechanics. The accuracy and complexity of the model must meet the thesis criteria. 

 Capture the behavior of the steering system by validating the simulation model using 

measurements from the forklift and data from manufactures.  

 Root analyze the issues connected to the hydraulic system. 

 Suggestion for improvements of the hydraulic and mechanics of the steering system.  

1.5 Delimitations 

This thesis was limited in time and therefore some delimitation has been made:  

The project is not considering other hydraulic system except the hydraulic steering, if not anything 

else been told. Neither the fork handling nor the lifting has been taken under consideration in other 

cases than system interference. When referring to the hydraulic system it is the hydraulic steering 

system of the forklift that is intended. 

The issues and problems have mainly been looked at from hydraulic perspective. Some issues are 

related to control signals and programming, but this has not been addressed to any great extent. 

The report results in a number of suggestions for improvement. These improvements have been 

evaluated considering the technical performance and behavior. No deeper financial analysis has been 

made in this master thesis.  

1.6 Outline 

The second chapter considers basic theories about components and phenomenon in the hydraulic 

system. The constant flow valve and the accumulator are explained with basic hydraulic equations 

and theories. The reader will also be introduced to flow force and the related challenges.  

In the third chapter the simulation and mechanic models will be explained. Some of the components 

will be presented in more detail.  

In chapter four the data collection from the measurements will be presented. The reader will be 

familiar with test performance and used equipment. 

In the fifth chapter the validation of the simulation model based on the measurements will be 

motivated and explained. 

In the sixth chapter the results from the validation work will be shown in graphs.  
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In the seventh chapter the reader will be presented to the main challenges with the current 

articulation. A root analysis will be made to find the core problems. The suggested improvements are 

analyzed, motivated and described to the reader. 

In the last three chapters, eight, nine and ten, a discussion around the master thesis execution is 

held. Conclusions, summary and also future work is presented.  
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2 Theory 

2.1 Valve and Cylinder 

The hydraulic cylinder is a linear acting component. The cylinder transforms fluid energy to 

mechanical energy. There are a lot of different cylinders types; a simple one is the single acting or 

double acting cylinder with a piston and a rod. With a certain flow (  ) and pressure (  ) the 

hydraulic cylinder provides a linear force (  ) and speed (   ). To control the flow to the hydraulic 

cylinder a directional valve is commonly used. The valve distributes the desired amount of flow in a 

desired direction. The two components in a system can be seen in Figure 3. 

 

Figure 3: A 4/3 directional valve and a hydraulic cylinder. 

The static force equilibrium on the cylinder is given by Equation 1. 

 
 
    

 
                    

The velocity (   ) is a result of the flow into the cylinder and the active area and is described in 

Equation 2.  

      
  

  

              

A directional valve is a spool valve type, with the principle of restrictor with a variable area. By 

changing the spool position in the valve, different areas can be achieved, resulting in different flows. 

The flow direction depends on which direction the spool is moved, relative the start position (   

 ). The flow equation for a variable restrictor is stated below, Equation 3. 
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The flow over a restrictor, in our case a directional valve, is dependent on the restricting area and the 

pressure drop over the valve, if the flow coefficient is considered constant, Equation 3.  

The pressure drop varies with the supply pressure from an accumulator or pump as well as the load 

pressure varies. Because of the root sign in the flow equation, the relationship between flow ( ), 

area ( ) and pressure drop (  ) is not linear. A linear behavior would be preferred, from a control 

perspective. 

2.2 Ideal Constant Flow Valve 

The principle of pressure compensating valves is to maintain a constant pressure drop over the main 

valve, independent of variations in load pressure (  ) and pump pressure (  ). The pressure 

compensating valve linearizes the flow equation, according to previous discussion [3]. A pressure 

compensating valve in combination with a directional valve is called a constant flow valve. The most 

common design is to place the compensator upstream of the directional valve, as in Figure 4. It is 

also possible to place the compensator downstream the valve, this will give the same equation as 

upstream, Equation 5 [4]. 

 

Figure 4: A pressure compensating valve together with a restrictor, thus a constant flow valve.  

The force equilibrium for the ideal pressure compensating valve [3]: 

                                         
            

  
              

Equation 4 together with Equation 3 gives the following equation: 
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The flow is no longer dependent on the pressure drop over the whole valve,        , as can be 

seen in Equation 5. The flow can be changed by the restrictor area (  ) and spring preload (  ). 

Usually the size of the restricting area is rather changed than the preload, because of less required 

force [3].  In the industry it is common to replace the spring to modify the pressure drop, in this case 

also the spring coefficient (  ) is changed. 

At low pressure drops the force at the pressure compensator is too small to overcome the preload on 

the spring. The consequence is that the compensator becomes inactive and the constant pressure 

drop over the directional valve is not maintained. Therefore it is important to match the choice of 

spring with the valve and pressure levels in the required system. The characteristics of a constant 

flow valve can be seen in Figure 5. 

 

Figure 5: Characteristics of a constant flow valve [3]. 

The diagram shows that below the lowest pressure (     ) the flow is dependent of the pressure 

drop, thus the pressure difference is too small to overcome the spring preload. At larger pressure 

drops the flow is independent on the pressure drop and can be controlled by the restricting area (  ) 

[3]. 

2.3 Flow Force 

When a fluid passes a short sharp edged restriction, a strong contraction occurs. This phenomenon 

occurs due to the inertial forces in the fluid and the contraction can be related to the restricting area. 

The fluid speed is increasing in the flow direction and the highest speed is observed a distance 

downstream of the restrictor opening, position c in Figure 6. The point is called the “Vena Contracta”. 

Because of the absolute pressure is constant, the static pressure will decrease when the speed is 

increased. The lowest pressure occurs, due to earlier arguments, in “Vena Contracta” [3]. 
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Figure 6: Vena Contracta in a sharp edged restrictor and static pressure graph [3]. 

A large flow through a partially-open spool valve generates an axial force to the spool. The acting 

force is a result of the pressure drop in “Vena Contracta” and is often referred to as flow force (  ). 

There are two equations describing the flow forces, one for the flow force during constant pressure 

drop and another during constant flow. Equation 11 is describing the flow force during constant 

pressure drop and Equation 12 during constant flow. This can be observed in Figure 7. 

                                   

    
       

     
                     

 

Figure 7: Flow force acting on a valve as a function of the opening distance x [3]. 

The direction of the force is always acting closing to the valve. The second term, describing the 

dynamics, acts in both directions. But usually the dynamic flow force is of negligible size. The axial 

flow force is a large force and has a significant effect on the spool. A simple valve design can be seen 

in Figure 8. The forces acting on the spool are marked by arrows, and the resulting force is named    

[3].  
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Figure 8: Static flow forces acting on a spool [5]. 

Because of the pressure drop in Vena Contracta the force acting on the spool is unbalanced. If the 

force is too large for direct operation of the spool, pilot-operated valves are required to control the 

valve. Another possibility is to reduce or compensate for the flow forces by the valve design [6].  

2.4 Constant Flow Valve 

The constant flow valve that was presented in section 2.2 was an ideal valve, meaning that no flow 

forces were taken into considerations. Adding the theory about the flow forces the equations of the 

constant flow valve is extended with the flow force (  ).  

The new force equilibrium for the pressure compensating valve considering flow forces [3]: 

                                            
               

  
             

Equation 13 together with Equation 3 gives the following equation: 

        
 

 

               

  
               

The flow forces (  ), on the pressure compensating valve, is not dependent on the pressure drop 

over the directional valve. The flow forces on the pressure compensating valve is generated by 

system pressure (  ) and the compensated pressure (     ). The flow forces on the directional valve 

are not taken into consideration in this equation. 

 

2.5 Accumulator 

An accumulator is a volume that is able to store pressurized fluid. This is useful in many different 

hydraulic systems. The accumulator can be used to store potential energy, hydraulic damping and to 

absorb chock load and pulsations in systems. An accumulator always includes a resilient member, 
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often a gas spring. There are mainly two types of accumulators; when the separation takes place by a 

gas bladder or the separation takes place by a piston. The gas spring is compressed during the fill up 

of the accumulator and it is expanding during a pressure reduction and the fluid is leaving the 

accumulator.  

Accumulators used as potential energy storage are common in systems with big variation of power 

output. With an accumulator in the system a much larger power output can be managed during short 

periods. An accumulator works as an extra power source. The motor and pump size can be reduced 

and still cover the desired power peaks. An example of this system can be seen in Figure 9. 

 

Figure 9: Accumulator in hydraulic system. 

The accumulator volume (  ) and the preload pressure (  ) in the accumulator are essential 

parameters. The parameters are very different depending on the system requirements. A reasonable 

preload pressure should be lower than the lowest working pressure by a factor 0.9 [3]. 

                          

The following equations are used to derive the needed accumulator volume in a system. 

                                                           

        
          

                

               
    

    
 

 
  

               

The used oil volume between state 1 and state 2:                  
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If the preload is an adiabatic process,                , the accumulator volume can be 

calculated together with Equation 18. 

   
  

    

  

   
    

    
 

 
  
               

The polytrophic exponent varies depending on the thermodynamic process. Exponent value of 

      is reasonable, when the process is considered to be adiabatic [3].  

 

2.6 Stick-slip phenomenon 

Stick-slip phenomenon is a behavior that occurs when two objects slides to each other. The 

phenomenon is caused by friction force, the static friction and the kinetic friction. The fact that the 

static force often is higher than the kinetic is the basis for the stick-slip phenomenon. To start moving 

an object a certain force is required. If the applied force is large enough to overcome the static force 

level the object start to move. The reduction of the friction, entering the kinetic friction, can cause a 

sudden jump in velocity of the object. 

The hydraulic directional valve comprises of a valve body and a spool. To prevent the unwanted stick-

slip phenomenon between these two bodies a dither is added to the control signal. The dither is a 

small signal added to the basic signal level. The dither is creating a rapid, small movement of the 

spool around the desired position. It is intended to keep the spool moving to avoid stiction. The 

motion must be large enough and the frequency slow enough for the spool to respond, but small and 

fast enough to not creating pulsation from the valve [7]. 
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3 Models 

The simulation model is built in the simulation program Hopsan. Hopsan is a simulation tool 

developed at the division of Fluid and Mechatronic Systems at Linköping University. The software is 

developed for fluid and mechatronic simulation and is a freeware [2]. 

The mechanical model is based on drawings and CAD-models.  

3.1 Simulation Model 

The model illustrates the articulation on the forklift. It is broadly based on the hydraulic schematic 

over the forklift truck. This project only considers hydraulics linked to the articulation, thus some 

parts of the hydraulic system have not been included in the simulation model. The parts of the 

hydraulic system that have not been modelled are for example Fork turning, Horizontal move and 

Initial lift. The last one, Initial lift, has an affect and provokes some interference in the system. In 

order not to lose this effect, a flow and pressure disturbance have been added in the model.  

 

Figure 10: Simulation model in the Hopsan interface. Signals are marked with dotted blue lines and the blue 

component is signal related. 
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Hopsan has a large component library for an easy drag-and-drop usage, with a graphical interface. 

The main part of the system is built with this library, but the library did not cover the entire 

component need for a complete model. For instance some simplifications had to be made with the 

directional valve. The directional valve in the actual hydraulic system has two coils for the valve 

control, but Hopsan only has one spool for controlling the valve. This has no greater impact on the 

valve behavior and the valve is acting as expected. 

The pump in the hydraulic system is feeding several hydraulic functions in addition to the steering. 

The first condition to activate the pump is that the accumulator pressure is running low and needs to 

be refilled. The pump is also activated if other hydraulic functions are activated, like horizontal move, 

initial lift of fork turning. The pump signal as a result of the last-mentioned functions, is controlled 

manually in other words by signal sources, in the model. But the pump logic for the accumulator refill 

has to be automated and follow a control strategy. This has been solved by creating a new 

component in Hopsan, called Pump Logic, Figure 11.  

 

Figure 11: Pump Logic block in the Hopsan model. Input to the Pump Logic block is the accumulator pressure 

and output is the pump signal. 

The Pump Logic is programmed to raise the pressure level to 230 bar in the accumulator, and then let 

it drop down to 130 bar before refill. The pump should not be activated between 130 and 230 bar 

when the pressure is decreasing. This means that the Pump Logic has to remember if the pressure is 

falling or on rising in each time step. The code for the Pump Logic can be found in Appendix 1.  
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Figure 12: Plot over the functionality of Pump Logic block. Pump start to charge the accumulator at 130 bars 

and stop the refill at 230 bars. 

3.1.1 Simulated Mechanic Model 

The force that acts on the cylinder is mainly friction from the wheels against the floor. The 

construction is not considered totally stiff and is therefore provided with a spring. In the simulation 

model the mechanical model is approximated to a mass with friction and a spring connected 

between the two cylinders. 

 

Figure 13: The mechanical approximation for the simulation model in Hopsan. 
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3.1.2 Simulink and Hopsan 

To make it easier to change parameters and handling graphs, the Hopsan model is compiled and 

loaded into Matlab/Simulink. The use of Matlab/Simulink facilitates the validation work, when 

measurements on the forklift conveniently can be loaded into Matlab. The input and output is 

selected in Hopsan before compilation. These inputs and outputs are then controlled from Matlab. A 

list of the signals used for the communication can be seen in Appendix 4. 

 

Figure 14: Simulink interface with the compiled Hopsan model (blue box). Input values are specified in Matlab 

and the outputs are delivered as a matrix. 

3.2 Mechanical Model 

The mechanical model is describing the articulation on the forklift. The model is designed to describe 

the pattern of movement, steering angle and cylinder length. It is based on drawings and CAD-

models from Toyota Material Handling. Control measurements have been made on the actual 

forklift. All measurements are in millimeters and the angles are given in degrees.  
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Figure 15: A sketch over the articulation geometry showing the cylinder position with the radius for cylinder 

motion ( ) and the fixed length ( ). 

 

Figure 16: Motion model for the right hand side cylinder of the articulation. 

The cylinder motion can be described with trigonometric equations. The position can be calculated 

by using Pythagorean theorem and the Pythagorean identity. 
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The following equation, Equation 21, describes the cylinder length (  ) as a function of steering angle 

( ). 

                                   
 

                 

An equation describing the steering angle is also required. The equation is given by the inverse of 

Equation 21. 

                                   
 

     

   
     

                                              

  
    

                                                 

                           
    

                         

      
  

    
    

      
      

The following equation, Equation 22, describes the steering angle ( ) as a function of the cylinder 

length (  ). 

        
  

    
    

      
                 

The calculation and values can be studied in Appendix 5. 
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4 Measurements 

To validate the simulation model, measurements on the forklift have been made. The measurements 

were performed at Toyota Material Handlings test site in Mjölby. The tests were performed 

according to test plans. These test plans can be read in Appendix 2. The results from the 

measurement were exported in Comma-separated values and put together in Excel. The compiled 

results were loaded into Matlab for evaluation. 

4.1 Equipment 

To collect data, for the validation, several instruments were used. Pressure, rotational speed and 

control signals are quantities that have been logged. 

For pressure measuring, a pressure gauge with four input channels was used. The accumulator 

pressure, the high pressure side in the two cylinders and the pump pressure were logged. The 

pressure gauge that was used is a Hydac HMG 3000. The pressure sensors were mounted on the 

hydraulic system by using L-couplings, as shown in Figure 17. 

 

Figure 17: Left picture: The sensors are mounted on test point connections on the hydraulic block.  Right picture: 

Hydac HMG 3000, used for collecting pressure data. 
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A tachometer was used for measuring the pump motor speed. To measure the rotation speed a 

reflex was attached to the fan on top of the pump motor. The tachometer was pointed against the 

reflex during the tests. The tachometer brand was Testo 470 and can be seen in Figure 18. A CAN-

logger was attached to the forklift for logging CAN-signals from CAN-bus 1, 2 and 3. The CAN-bus 

includes control signals, steering commands and pivot angle for the articulation. This information is 

stored in a memory card in the logger. 

 

Figure 18: Left picture: A tachometer, Testo 470, used for pump motor speed measurements. Right picture: 

CAN-logger, Vector GL 1000 mounted in the forklift for logging CAN signals. 

4.2 Results 

Results from measurements with Hydac HMG 3000 and the CAN-logger VectorGL 1000 were put 

together in an excel document and exported to Matlab for evaluation and plotting.  Below the results 

from test 1 and test 7 are shown. More results from the measurements can be studied in Appendix 3. 

4.2.1 Test 1  

The test 1 was a stationary steering test with large steering angle. During test 1 the forklifter was 

standing still and the pivot angle was turned from maximum left steering angle to maximum right 

steering angle. The test was performed to capture behavior from the whole steering range. Because 

of the zero speed the static friction is detected in the articulation. During the test the accumulator 

was reloaded several times, this can be seen in Figure 20. The data shows the accumulator 

characteristics and the behavior of the pump for future model validation. 

Figure 19 shows the pivot angle changing from zero to maximum steering angle, left and right. The 

figure is also showing how the pressure was changing in the cylinders, depending on the steering 

motion. 
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Figure 19: Pivot angle and cylinder pressure from test 1. The test was performed during zero speed. 

Figure 20 is showing the accumulator refill during the steering maneuver. The accumulator pressure 

varies between 230 and 130 bar. Notice how the pump is activated to reload the accumulator when 

the pressure decreases to 130 bars. 

 

Figure 20: Pivot angle, accumulator and pump pressure from test 1.   

The control signal to the directional valve was also logged for the model validation. The signal 

together with the affected pressure can be seen in Figure 21. 
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Figure 21: The steering signal, Pulse-Width Modulation, and the resulting pressure from test 1.  

4.2.2 Test 7 

Test 7 is measurements from wire guidance with zero load on the forks. The forks were raised and 

lowered during the wire guidance. During test 7 the forklifter was traveling along the wire path at 

medium speed. The forks were lifted after 9 seconds without any external load. The test supposed to 

provide informative data about the steering control during wire guidance and the pump behavior 

during fork lift. 

In Figure 22 the steering angle can be seen together with the cylinder pressure. The pivot angle is 

alternate around zero to keep the forklift follow the path. Level of the cylinder pressure and pivot 

angle is important for the validation work. 

 

Figure 22: Pivot angle and cylinder pressure from test 7. The test was performed during wire guidance. 
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Figure 23 is showing the accumulator pressure and the pump pressure for the wire guidance. 

Observe how the pump pressure is raised during lifting of the forks. The accumulator pressure drops 

more slowly compared to test 1, because of the lower steering activity. 

 

Figure 23: Pivot angle, accumulator and pump pressure from test 7. Pump pressure is increased during second 9 

to second 12 because of raising the forks. 

The control signals during wire guidance are very rapid. A controller determines the signal based on 

certain conditions. The signal has a special characteristic to achieve a fast response on the directional 

valve. The control signal and the resulting cylinder pressure can be seen in Figure 24.  

 

Figure 24: The steering signal, PWM (Pulse-Width Modulation), and the resulting pressure from test 7. Observe 

the different time scale. 
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4.2.3 Pump speed 

The pump speed was measured with a tachometer. The measurements were performed while the 

forklift was standing still. Action that triggers the pump was performed and the pump speed was 

measured by hand with the tachometer. The results are presented in the table below. 

 

Pump speed 
  Measured with the tachometer Testo 470 

   Action Speed [rpm] Speed [rad/s] 

Loading the accumulator 1560 163,4 

Horizontal fork motion 1050 110,0 

Fork rotation, fast 870 91,1 

Fork rotation, slow 500 52,4 

Horizontal + rotation 1560 163,4 

Initial lift 1870 195,8 
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5 Validation of Model 

The validation process is an iterative work. The simulation model is complex and a lot of tuning is 

necessary for a pleasant result. Data for validation is based on measurements from the tests 

presented before. All the tests were used, but test number six and four were used frequently. Test 

six and four was covering a large spectrum of the forklift behavior and was therefore representative 

for validation. To simplify the validation process the signals from measurements was fed into Hopsan 

as Comma-separated values. 

5.1 Valve and Signals 

The valve used in the forklift is controlled by two coils, Y3 (right) and Y4 (left). The coils are controlled 

separately by two different signals. Both the voltage and the current were logged for Y3 and Y4, 

during the measurements. Unlike the real valve the valve used in Hopsan is controlled by one coil. 

The input signal to the 4/3-directional valve in Hopsan is the spool position, zero input gives zero 

flow. To enable the use of the double signals, the signals from Y3 and Y4 are reduced to one control 

signal by subtraction. The signal Y3 and Y4 are deadband compensated and therefore the subtraction 

together with a deadband gives a positive and negative signal that fits the valve in Hopsan, see Figure 

25. 

 

Figure 25: Signal input to simulation model. 

5.1.1 Validation Model for the Valve 

Validation of the valve is of great importance for the performance of the simulation model. To ensure 

a good model over the valve a separated validation was performed. The goal for the validation is to 

match a signal with a certain flow. Each individual valve is measured by the supplier before delivery 

to ensure that the valve is within the tolerances. This data can be used for validation for the valve. 
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Unfortunately the valve in the forklift was too old to be able to access data for the specific valve, 

therefore data from similar valves were used to get a hint of the behavior. 

Current and flow data over the valves were imported into the model and used to evaluate the 

simulated directional valve. The data was given from the valve suppliers. The characteristic was 

modified by deadband, an exponent factor and a gain followed by a low pass filter.  

 
Figure 26: Validation model for the directional valve in simulation program Hopsan. 

 
Figure 27: Graf from validation model for the directional valve. Flow as a result from a specific current. Blue line 

is data from the supplier and the red line is the results from simulation. 

Figure 27 shows the validated valve compared with the data from supplier. During decreasing of the 

flow the hysteresis is a difficulty. 

An alternative flow characteristic was calculated by the use of measurement points from the 

different tests. The points were picked for different flows and a curve was interpolated in Matlab. 

The interpolation was performed using Matlab’s built-in tools for interpolations. The result of the 

interpolation was closely related to the data given from the supplier and this strengthened the 

confidence to the relevance of the data.  
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5.1.2 Dynamic Validation of the Valve 

The validation that has been performed in the validation model over the directional valve is only 

considering the static behavior of the directional valve. The signal change is too slow to capture the 

dynamics of the valve. During test 6, where the wire guidance is simulated, the valve signal is fast and 

the dynamics of the valve are of great importance.  

The control signal for wire guidance in the forklift looks like the blue solid line in  Figure 28, after the 

subtraction and the deadband compensator. The first peak in the signal is generated to “wake up” 

the spool initially for a fast response. The spool is also “pushed” back to zero position by the opposite 

coil for a faster response back to zero. It is challenging to estimate how good the valve is following 

the control signal. By looking on the cylinder position and accumulator pressure in the simulation 

model an approximation of the spool response is made. To match the motion of the spool a rate 

limiter was used. By using a rate limiter the rise-factor and fall-factor can be tuned separately. This is 

fortunate as the rise-time is slower than the fall-time because of the “pushed” back response. Using 

a low-pass filter the spool position is lagging and the amount of flow is too high, see  Figure 28. 

 
Figure 28: The blue solid line is the control signal to the valve for a small correction of pivot angle during wire 

guidance. The dotted lines are the position change of the spool in the directional valve for Low pass filter and 

Rate limiter 

 

5.1.3 Leakage in the Valve 

A rising pressure is observed during wire guidance, even without any signal to the valve (    ). 

This can easily be seen in Figure 29, from test 6. It seems like the pressure is rising when the forklift is 

driven straight forward and lowered when the steering is activated. This indicates a leakage in the 
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valve, the leakage is building a pressure, in the pistons, and therefore it must leak from the pressure 

side. The pressure rise is equal on each side, which indicates a leakage from pressure port, P, to both 

A and B port of the directional valve. When the valve is activated the pressure is lowered because of 

the opening to the tank during nonzero signals (    ). 

 

Figure 29: Pressure in piston 1 and 2 during wire guidance, test 6. 

The Hopsan component, 4/3-directional valve, has parameters for changing the overlap for each 

individual port. By change the overlap to a negative value for the pressure port, P, to port A and B the 

leakage in the valve could be simulated. 

5.2 Flow Forces 

Flow forces have a major impact on restricting hydraulic components exposed for flow changes. 

These forces affect, among others, the counter-balance valve.  

Flow forces impact can be set with a parameter in each valve. The size of the flow forces is 

dependent upon the flow, this can be seen in Equation 11 in chapter 2.3. The effect can be seen in 

Figure 30, the pressure is increased as the flow is increased through the counter-balance valve when 

the flow force parameter is set high. The counter-balance valve sets the back pressure on the 

cylinders in the articulation and thereby affect the main pressure level in the system. 
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Figure 30: The flow forces effect on the pressure level in the cylinders. 

5.3 Mechanics 

The mechanic model is simplified in the simulation model. The model consists of a mass with friction 

and a spring. The main parameters in the component are the mass, static friction, kinetic friction and 

the spring coefficient. These parameters were used to simulate the mechanical behavior of the 

forklift.  

The simplest way to detect the forces acting in the articulation is the measured pressure in the 

cylinders. The level of the active forces on the articulation is therefore validated by comparing the 

pressure level in the cylinders. From the measurements on the real forklift could a trend be 

deciphered. The pressure level in the cylinders was increased as the pivot angle got closer to max. 

The behavior was also confirmed by engineers on Toyota. This indicated that the force on the piston 

was changing depending on the pivot angle. To mimic this behavior a feedback of the cylinder 

position was installed to raise the friction close to maximum pivot angle. 
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Figure 31: Position feedback for the mechanical model. 
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6 Simulation Results 

The forklifts driving pattern can be divided into two parts, wire guidance and free maneuvering. The 

two different driving cases are simulated with the same simulation model, except for some changes 

in the mechanic model. The performance of the simulation model is compared with the data from 

the measurements made on the forklift. The measurements are presented in chapter 4.  Test 4 is 

representing the free maneuvering and Test 6 is representing the wire guidance. 

The simulation results that indicate the performance of the model are pressure and position of the 

pistons and the pressure in the accumulator.  

6.1 Free Maneuvering 

The performance of the simulation model compared with results from test 4. Test 4 involves slow 

forward drive during free maneuvering with large steering angle changes.  

Figure 32 shows the accumulator pressure during test 4, the simulated compared with the 

measured. The accumulator pressure is a result of the accumulator model and the oil consumption of 

the simulated system. The mismatch in the graph is a result of a small error, the error is windup and 

the differ increases with time. 

 

Figure 32: Accumulator pressure during free maneuvering compared with data from Test 4. 

The steering angle is directly related to the cylinder stroke and the results from measurements and 

simulations from test 4 are compared in Figure 33. 



32 

 

Figure 33: The right hand cylinder position during free maneuvering. 

The piston pressure from the simulation model and the measurements are compared in Figure 34 

and Figure 35. The pressure level shows how the mechanical model is working compared to the real 

forces acting on the articulation. 

 

Figure 34: Pressure from the right hand piston during free maneuvering.  
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Figure 35: Pressure from the left hand piston during free maneuvering. 

6.2 Wire Guidance  

The performance of the simulation model compared with results from test 6 is presented in Figure 

36, Figure 37, Figure 38 and Figure 39. 

The accumulator pressure during wire guidance is shown in Figure 36. The comparison between the 

pressure levels is showing how the accumulator model and the oil consumption in the model are 

working. 

 

Figure 36: Accumulator pressure during wire guidance compared to measurements from Test 6. 

The piston position from the simulation model is compared with the measurements, from test 6, in 

Figure 37. 
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Figure 37: The right hand cylinder length during wire guidance. 

The pressure from right and left piston is compared with the measurements in Figure 38 and Figure 

39. The pressure level is showing how the forces on the articulation are acting during wire guidance. 

 

Figure 38: Pressure in the right piston during wire guidance. 
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Figure 39: The left cylinder pressure during wire guidance. 

6.3 Analysis of Results 

The simulation results above shows that the model is working well. The simulated results are 

compared with data from measurements on the real forklift. The simulation model is capturing the 

hydraulic system characteristics in the measured points, piston length, accumulator and piston 

pressure.  

The piston position together with the accumulator discharge defines the leakage of the system and 

seems to match the systems behavior. The leakage in the directional valve during wire guidance is 

observed through the pressure built up in the cylinders. This leakage is simulated and adjusted by 

valve parameters in Hopsan. The compliance of the pressure level in the pistons indicates that the 

mechanic model behaves as it should. The flow forces impact on the model, as a result of the flow 

changes, is working properly. The flow forces effect on the counterbalance valve is important for the 

low pressure in the system, and therefore the whole system pressure level. The low pressure of the 

simulation model is following the measurement convincingly, see Figure 34. 

The piston pressure from the measurements has a great pressure variation at high pressure levels 

compared to the simulated results. The pressure deviations are a result from both internal and 

external factors in the system. Example of disturbances that could impact on the pressure 

fluctuations are friction in the mechanics, unevenness in the floor, speed control on the wheels or 

vibrations in other mechanic parts. There may also be a stick-slip phenomenon in the cylinders or 

valves that induces the variations. 
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7 Opportunities for 

Improvement 

This chapter is handling opportunities for improvement of the articulation of the forklift. First an 

introduction of the issues is made, explaining the challenges and the desired result of improvement. 

The following section is an analysis of four main ideas and concepts to improve the handling of the 

forklift. The last section compiles the results of the analysis and summarizes the suggestions for 

future redesign. Discussion and conclusions are handled in chapter 8. 

7.1 Introduction 

The articulated forklift has faced some challenges in the steering control. A lot of users have opinions 

about this forklift and its behavior. A portion of the opinions concerns the forklift’s steering. Some of 

the issues are related to the hydraulic system design of the articulation.  The difficulties are described 

and explained below. 

7.1.1 Robust Wire Guidance 

During wire guidance the forklift often tries to follow a straight path. To make sure that the forklift is 

following the path, tractor antennas are located in the front and back. The pivot angle is also 

measured. A controller computing the information and converts it into a steering commands for the 

valve. The steering valve has to be able to handle large flows during free maneuvering but also small 

flows for the wire guidance.  

 

Figure 40: Showing the tractor antennas’ position on the forklift [1]. 

There have been some complications on the market with the forklift, concerning the steering. The 

forklift has at times felt uneasy during wire guidance. Drivers have experienced a zigzag motion along 
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the path. This have been corrected by some manual adjustments of the deadband compensation on 

the steering valve [8]. 

During Test 7 the forklift showed some tendencies to zigzag during wire guidance. The forklift was 

steering back and forth to achieve a straight drive along the path. This indicates too large control 

signals to compensate for the route deviation.  

 

Figure 41: Pivot angle and cylinder pressure from Test 7, wire guidance without load. Zigzag tendencies can be 

observed during the wire guidance.  

Control signal tolerance seems to be small at wire guidance. The steering is unwanted sensitive to 

deviations, for example deadband compensation. 

The aim is to have a wire guidance that is robust and gives margins for fine tuning the steering, 

especially for small steering angles. A better control over small flows would allow a more continuous 

steering during wire guidance.   

7.1.2 Interference 

It is important for the confidence and trust to the forklift that it has a similar behavior in every turn 

while driving. There have been indications that the steering speed contra steering command can 

differ from time to time. This observation is mainly done when the forklift is maneuvered manually. 

The turning speed perceived increase while the pump is refilling the accumulator. During the refilling 

the pressure is rising in the accumulator, therefore also in the steering system. The aim is to have a 

steering system that is independent from the rest of the hydraulics. 
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7.2 Analysis 

During the simulation and validation process ideas have been developed to improve the articulation 

of the forklift, with focus on robust wire guidance and interference. The ideas and concepts were 

written down and put away until the simulation model was finished. After the simulation model was 

done the ideas was evolved and divided into five sections. Each section was evaluated and analyzed 

by calculations and in some cases simulations. The five main areas that are analyzed are: cylinder 

placement, valve characteristics, double valves, valve and accumulator and interference. The analysis 

of each area is described separately in the sections below including calculations and simulations.  

7.2.1 Cylinder Placement 

The aim is to increase the margins for the small steering angles, especially during the wire guidance. 

An approach to achieve this is to change the cylinder placement in the articulation. The concept that 

has been analyzed is a broader cylinder placement, with the goal to increase the stability and 

steering margins in the articulation.  

By broadening the placement of the cylinder the flow demand will increase. The flow demand has 

been analyzed using the mechanical model of the articulation. The following calculation is made 

considering a cylinder placement broadening of 50 mm on each side. The calculation is handling 

steering motion close to steering angle zero. 

                                              

The following values are a result from the Mechanical model, chapter 3.2: 

                                                  

                                               

                                                  

                                               

The calculation gives that the volume change, for 1 degree close to zero steering angle, is 25 % larger 

with a 50 mm broader cylinder placement. As a result the flow demand also increases by 25 % during 

small steering angles. The change of volume over the whole steering angle is not constant, the 

percentage change is shown in Figure 42.  
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Figure 42: The flow change as a result of the broadening of the cylinder placement. 

To perform the same steering behavior as today the valve has to deliver more oil to the cylinders 

than before. As the flow increases the flow forces on the valve also increases. The flow forces are 

increasing proportional with the flow and volume changes, as can be seen below. The calculations 

are based on Equation 11. 

                     

                                                               

             

A result of the increasing flow demands the maximum turnings speed will be decreased. The 

directional valve that is mounted on the articulation today is design for a maximum flow of 20 liter 

per minute. With the correct pump and accumulator this valve could provide the broaded hydraulic 

system with proper flow. The maximum flow delivered from the valve today can be seen in chapter 

7.2.4.  

7.2.2 Valve Characteristics 

There have been signs of zigzag motions on the articulation on the forklift, see Test 7 in chapter 7.1. 

The correction during wire guidance has an ON/OFF behavior, when the signal is close to the 

deadband. This indicates that the “smallest” control signal is resulting in a too large correction in 

driving direction. 

The flow requirements during wire guidance are small and the valve is working close to the 

deadband. The control margin for accuracy during wire guidance is very small because of the steep 

characteristic of the valve. 

The valve characteristic is of great importance for the performance of controlling the steering. To 

gather knowledge about the valves characteristic data from the valve-supplier was used. The typical 

characteristic of the directional valve can be seen in Figure 43.  
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Figure 43: Representative valve characteristic from supplier data. 

The directional valve in the articulation is put together with a pressure compensating valve, these 

two valves together is forming a constant flow valve. The reason to have a constant flow valve is to 

achieve a linear characteristic for the valve. Both the directional valve and the pressure 

compensating valve are exposed to flow forces, especially the pressure compensating valve. The flow 

forces are much greater on the pressure compensating valve because of the large differ in pressure 

drop over time. These flow forces together with the stick-slip phenomenon are the reason of the 

non-linear characteristic of the valve. 

The use of the forklift can be divided into two main parts, wire guidance and free maneuvering. The 

two cases are demanding different performance of the valve, especially different flow. These parts 

are the main focus of the steering performance on the forklift. By customizing the valve after the 

demands the possibility of improving the behavior in the two separated regions will increase. A 

desirable characteristic for valve may look like in Figure 44.  
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Figure 44: The desirable valve characteristic with estimated working regions. 

The valve characteristic has a breakpoint in the rate of flow to achieve the desired performance. The 

breakpoint has to be passed to reach the free maneuvering region this can be hard to handle and 

give a non-genuine steering feeling for the operator.  

On today’s forklift the control signal during free maneuvering has higher deadband compensation 

than during wire guidance [9]. This may handle the breakpoint by letting the deadband 

compensation during free maneuvering be higher than the breakpoint. 

7.2.3 Double Valves 

In the previous section, chapter 7.2.2, a new valve characteristic was introduced. This characteristic 

design could be a challenge to achieve with one valve. An alternative is to divide the characteristic on 

two different valves. By using two parallel valves each different flow gain could be handled 

separately by the linear valves.   

To validate the concept with two different valves it has been implemented in to the simulation 

model. The implementation can be seen in Figure 45.  
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Figure 45: Simulation model with double valves and one pressure compensator. 

To achieve the wanted shape of the characteristic the valves are of different size. Valve number 1 is a 

small valve to increase the accuracy during the wire guidance. Valve number two is a larger with flow 

capacity like the valve used today. The second valve is handling larger control signals during the free 

maneuvering. There is only one pressure compensating valve for the two valves. The usage of one 

pressure compensator is possible because the valves are connected to the same high and low 

pressure and pump pressure. The compensating valve will try to maintain the same pressure 

difference over both of the valves which are pleasant.  

One way to control the valve is to separate the signal by filters depending on the size of it, small 

signals is passed to valve one and larger signal is passed to valve two. This method is used in the 

simulation model, Figure 45. The filters that have been used are Dead zone and Saturation. The Dead 

zone is cutting the small signal to the second valve and the Saturation is removing the larger signals, 

leaving the signal at chosen maximum.  

An alternative way of controlling the steering could be to separate the use of the two valves. 

Meaning that only one valve will be active at a time depending on the drive mode, wire guidance or 

free maneuvering. A controller is aware of the driving mode and delivers a control signal to the 

current valve. In this case the valves are not delivering flow at the same time and as a result the 

breakpoint is eliminated. A challenge is the transition between the valves. 
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Figure 46: Two different strategies of controlling double valves to the articulation. 

 

Results from Simulation Model 

Simulations have been made in the simulation model to validate the concept of double valves in the 

articulation. Simulations have been made both on ramps and the validation data from the validation 

process. 

Figure 47 shows how the oil flow is delivered from the small and large valve. The valve signal is 

separated by filters, as described before.  

 

Figure 47: Simulation results with ramped input signal. 

The following figures are results from running the validation data from measurements. Keep in mind 

that the control signals from the validation data are adapted to a system with one directional valve. 

The two directional valves in the model are adjusted to fit the signal and flow rate. In a new design 

the control signals and flow gain should be revised to fit the wanted behavior of the articulation.  
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The flow delivered from the valves is plotted in Figure 48. The figure shows how flow from the small 

valve is constant while the control signal is large during free maneuvering. The large valve is active 

during free maneuvering.  

 

Figure 48: The delivered flow from valve 1 and 2 during Test 4, free maneuvering. 

Figure 49 shows that the simulation model performance with two valves is good and follows the 

measured position well. The model including two valves is as good as the model with one valve, look 

at Figure 33 to compare. 

 

Figure 49: A comparison of the simulated and measured piston length during Test 4. 

The delivered flow during the wire guidance can be seen in Figure 50. Opposite from the free 

maneuvering, in Figure 48, all flow is delivered from the small valve. 
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Figure 50: The delivered flow from valve 1 and 2 during Test 6, wire guidance. 

Figure 51 shows that the simulation model with two valves is following the measured position well 

during wire guidance. To compare with simulation model with one valve look at Figure 36.  

 

Figure 51: The comparison of piston length during Test 6. 

 

Flow Forces 

Because of the change of flow in the valve an analysis of the acting flow forces is performed. The flow 

forces on the valves are dependent, among other things, on the flow and the pressure drop over the 

valve.  
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The flow through the valve is proportional to the area opening when the pressure compensator is 

working properly, in other words, the pressure drop over the valve is constant. This can be seen in 

Figure 5.  

        

The total flow need is the same as the system with one directional valve. According to the flow force 

equation this gives that the static part is the same for a large and small valve. The dynamic part may 

be less for a smaller valve compared with a large, this because of the valve length ( ) is greater Figure 

8. The dynamic part is however small against the static part, and is therefore neglected.  

7.2.4 Valve and Accumulator 

During the validation work the valve seems to be oversized and therefore the following investigation 

was made. 

During Test 11 the maximum angular velocity was observed, the measurement details can be studied 

in Appendix 3. Figure 52 is showing the pivot angle and the valve current from the test. Using the 

mechanical model over the articulation the maximum flow could be calculated from the pivot angle 

data.  

 

Figure 52: Measured pivot angle and valve current during maximum steering speed, Test 11. 

The maximum flow was calculated to 12.13 l/min. Two measurements points were used where the 

angular velocity acted stable and the control current was at maximum level, the two points are 

marked in Figure 52. During these points the accumulator pressure was lowering fast and the pump 

was working to refill the accumulator. The pump is delivering 12.3 l/min (without losses) during 

refilling the accumulator, see chapter 4.2.3 for measured pump speed. The accumulator pressure is 

not raised significantly until the angular velocity is slowing down, see Appendix 3. This indicates that 

the pump and accumulator is not dimensioned to deliver more flow than 12 l/min, except for short 

moments.  
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The turn rate is high in relation to what is used during “normal” driving conditions. According to the 

turning rate the flow 12.13 l/min is on the high side for a pleasant use of the forklift. The valve is 

dimensioned for a flow rate at 20 l/min at constant pressure drop of 12 bars. The valve is only using 

60 % of the flow capacity, yet it is not desirable to use the valve at maximum flow, when the linear 

behavior ends.  

 

Figure 53: Graf over the utilization of the directional valve. 

The use of 12.13 l/min, maximum turning speed, is uncommon. If the operator is using the maximum 

turning speed it is during very short moments. 

Calculation of accumulator volume 

The accumulator is refilled at the entrance of the aisle and supposes to keep the system pressurized 

through the whole aisle. The accumulator volume has been calculated based on the circumstances 

for the accumulator, see below. The calculation, together with studies of the measurements, 

indicates that the current accumulator volume at 1.4 liter is found generous. 

The calculation is based on data from test 6. The oil consumption was integrated from the piston 

position, the integration was made in Hopsan. The integration was made over 40 seconds and the 

total distance change on the piston was 0.0175 meter. The time in the aisle is approximated to 60 

seconds based on some simpler time studies in a warehouse.  
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The polytrophic exponent is set to 1.5 because the process is considered fast, less than 2 to 3 

minutes. The precharge pressure in the accumulator is measured to 67 bars and the low and high 

pressure is set to 130 bar and 230 bar.  

   
     

   
  

   
   
   

 

 
    

            

 

7.2.5 Interference 

To investigate the interference of the system measurements was performed. The measurements 

were supposed to trigger interference in the hydraulic system. The interference was expected during 

lifting and traveling forward with angular change in the articulation. The load pressure for lifting the 

load is delivered by the same pump that fills the accumulator to the articulation. The pressure 

needed for lifting the load is set by the piston diameter and weight of the load. Rated load for the 

current forklift is 1500 kg and the piston diameter is 45 mm. 

  
 

 
   

    

    

 

 
           

        

 

         

 

Figure 54: Description of the force acting on the lifting cylinder. 

The pressure for lifting the rated load is 185 bars, static and without any losses in the system. This 

pressure will be spread in the hydraulic system and influence on the directional valve to the 

articulation, by the connection to the accumulator and valve. 
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Figure 55: Pump, accumulator and piston pressure during wire guidance. Some instability in the piston pressure 

can be seen during the raised pump pressure. 

The measurements are showing some instability in the piston pressure during lifting loaded forks. 

This is however difficult to trace to the raised pressure in the system, because of general vibration on 

the forklift during lifting and lowering a load. The uncertainty on the source of the vibrations makes it 

hard to draw qualified conclusions. To perform a deeper analysis of the pressure interference more 

advanced measurements have to be done.  

Based on previous reasoning the interference is not analyzed any further. 
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7.3 Suggestions for Improvement 

This section presents suggestions for improvement that should be investigated during a redesign of 

the forklift. The concepts and improvement are not finished and should be seen only as suggestions. 

The suggestions should be seen as a stepping stone for further development and improvement on 

the articulation. 

7.3.1 Cylinder Placement 

Broadening the cylinder placement - By broader the cylinder placement the required flow will 

increase and give more controllability to the articulation. The increased flow will give better control 

margins during wire guidance. The available inertia will be higher for the same cylinder pressure. 

A drawback with this suggestion is that it involves costly extensive redesign and should be performed 

in conjunction with a new hydraulic system. 

7.3.2 Valve Characteristics 

Evaluate the valve characteristic together with the supplier - Together with the supplier creating a 

more suitable valve characteristic that fits the usage of the forklift. The goal is better control of small 

flows with a rapid respond and accuracy to increase the controllability.  

At valve replacement it is suitably to stick to standard components as far as possible. A disadvantage 

with a new valve design, adapted for special needs, is that it could be related with a higher purchase 

costs. An advantage is that this improvement could be done without a major redesign of the forklift. 

7.3.3 Double Valves 

Double valves with driving-adapted-controlling – By redesign the hydraulic system, with two valves 

instead of one, an opportunity to adapt the characteristic to the usage of the forklift will be possible. 

The valves should preferably be controlled separately depending on the current driving case. The 

driving cases are wire guidance and free maneuvering. A small valve to control the flow for wire 

guidance and a larger valve to handle the large flows during the free maneuvering is desirable. 

This suggestion involves a major redesign of the hydraulic system and a new control strategy has to 

be developed. This development process can be time-consuming and therefore expensive. The 

advantage is that the hydraulic system only includes standard components, and therefore reduces 

the purchase costs.  

7.3.4 Valve Size 

Smaller valve with better adaption – Measurements shows that just over half of the flow capacity of 

the valve is used during maximum steering signal. The turning speed is generous in the todays forklift 

and there is no intent of using the maximum capacity of the valve. A deeper investigation of the flow 

demand in the articulation would be preferred. The operators’ frequency of using the maximum 

turning speed seems to be limited. The usage pattern may indicate that the valve is oversized and 

could be reduced. By reducing the valve size a greater utilization of the valve is possible. The 

controllability and margin for small flow will increase with a better used valve.  

This suggestion is the less costly if the new valve is standard sized and the implementation is rater 

easy. The disadvantage is that the suggestion may lower the maximum steering speed for the forklift.   
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8 Discussion 

8.1  Simulation Model 

The validation work is an iterative process and very time consuming. The working process has been 

carried out according to the following steps; adjusting single components, putting the components 

together to a working system, validated the whole system against measured data. This method 

worked well and resulted in a validated simulation model. The drawback with this method is that the 

last step, the validation process, is very time consuming. Finding the root cause of validation issues is 

very hard, because of the complexity of the model. 

A more desirable method would be to start the validation earlier in the process, on component level 

instead of system level. By validate one component at a time the model would get closer to the 

reality, before the whole system was validated. This validation method demands that each 

component could be measured separately. Some of the components should have to be disassembled 

to enable this. 

The accumulator has been hard to validate in a good way. The polytrophic exponent plays a key role 

in the behavior. This exponent has been hard to estimate, especially when it differs for wire guidance 

and free maneuvering. An approximation has been done based on theory and measurements. To get 

a better model over the accumulator a validation work against measurements should be done on the 

accumulator separately. A flowmeter would also be helpful in the validation process. That would 

provide valuable information over the accumulator characteristics and a better pump validation 

would be possible.  

The forklift is driven by speed controlled wheels and the speed is calculated, depending on the pivot 

angle, for each wheel. This calculation is off course not perfect and the speed difference between the 

wheels can create tensions on the frame of the forklift. This tension is affecting the pressure in the 

cylinders in a way that is hard to predict in the simulation model. How good or bad the speed control 

of the wheel is and how much this is affecting the results is left unsaid. 

8.2  Improvement 

During the development of the improvements a lot of assumptions were made about the use of the 

forklift. Most of the assumptions are based on engineers’ opinion and a short study in a warehouse. 

To analyze the decision about valve size, use of double valves and adaption of the valve 

characteristic, more information about the driving pattern has to be gathered. A study of the forklift 

with focus on steering speed and behavior in the aisle would have been of great use during the 

development process and the assumptions could have been reduced. 

The concept suggestion involving two valves for the articulation is including a larger and a smaller 

valve. The larger valve should have no problem to control the demanded flow during free 

maneuvering. During the wire guidance the smaller valve supposes to control the flow to the pistons. 
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This flow has to be delivered fast and with accuracy to maintain the forklift on track. A smaller valve 

demands a larger modulation on the spool to deliver the same amount of oil. To evaluate the 

prospect of the concept an analysis of the rapidness should be performed on the smaller valve.  

Other issues related to the use of double valves are leakage and stability. By using double valves the 

risk for leakages increases. There is a leakage in the current forklift, resulting in a pressure built up 

during wire guidance. By adding the valves in the simulation model no problems was noticed. Still a 

deeper analysis, of the changed leakage due to the double valve concept, would increase the 

knowledge about the leakages and the changed stability margins of the system.  
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9 Conclusions 

This chapter includes the most important conclusions of the master thesis. 

 A simulation model was build with the precision and complexity required for simulation and 

evaluation. The accuracy and complexity of the model met the thesis criteria by capturing the 

behavior of the steering system. 

 

 Validation work based on measurements is an effective strategy to improve the simulation 

models performance. 

 

 To further increase the accuracy in a simulation model the validation work should be moved 

from system level to component level. 

 

 Working with a simulation model gives a great understanding of the system components and 

their impact on the hydraulic system. 

 

 The control signal is small, relative to valve and deadband, during wire guidance. Therefore 

the steering is unwanted sensitive to deviations. 

 

 Simulations indicate that the forklifter’s steering can conveniently be divided into two parts, 

wire guidance and free maneuvering. 
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10 Future Work 

The following list is some suggestions for the future work to improve the simulation model and the 

prospect for the improvements. 

 Implement a more complex mechanical model in the simulation. Another software can be 

used to increase the mechanical model’s performance.  

 

 A better model for accumulator and pump, in the simulation model. The models should be 

validated separately and with focus on pressure decreasing and flow consumption.  

 

 Investigate the control strategies for the double valves. Advantages and disadvantages of 

drive-case based control.  

 

 Validate the flow level in the system by measurements with a flowmeter. 

 

 Make a study over the usage of the forklift to make a better adaption for the new valve 

characteristic, focus on steering speed and behavior in the aisle. 

 

 Investigate the cost for the different suggested improvement.  
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Appendix 

Appendix 1 – Pump Logic 

The code for the component Pump Logic, used in the simulation model: 
 
#include <math.h> 

#include "ComponentEssentials.h" 

#include "ComponentUtilities.h" 

 

using namespace std; 

 

namespace hopsan { 

 

class Pump_Logic : public ComponentC 

{ 

private:  

double *P1;  

double *i;  

double k;  

double p_up; 

double p_low; 

   

public:  

static Component *Creator()  

{  

return new Pump_Logic();  

}  

   

void configure()  

{  

addInputVariable("P1", "", "", 0, &P1);  

addOutputVariable("i", "output", "",0, &i);  

addConstant("k", "memory", "-", 0, k);  

addConstant("p_up", "Pressure upper limit", "[bar]", 210, p_up); 

addConstant("p_low", "Pressure lower limit", "[bar]", 130, p_low); 

}   

void initialize()  

{  

   

} 
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void simulateOneTimestep()  

{  

if((*P1) < p_up  && (k)==0 ) 

{( *i) = 1;}  

else  

{(k) = 1;  

if(k==1 )  

{(*i)=0; 

if((*P1) < p_low )  

{( k) = 0; } }  

(*i)=0; 

}  

}  

};  

}  
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Appendix 2 – Test Plans 

Test plans for the measurements on the forklift. 

Picture of the measurement points and a table over the signal names on the hydraulic steering 

system: 

 

Nr Name Description 

1 motor_vel Angular velocity 

2 pump_pres Pump pressure 

3 accum_pres Accumulator pressure 

4 piston1_high_pres Piston number 1 pressure, high pressure side 

5 piston1_low_pres Piston number 1 pressure, low pressure side 

6 piston2_high_pres Piston number 2 pressure, high pressure side 

7 piston2_low_pres Piston number 2 pressure, low pressure side 

8 pivot_ang Articulated steering angle, Pivot angle 

9 motor_signal Motor signal 

10 valve_y3 Valve signal to the articulation Y3 

11 valve_y4 Valve signal to the articulation Y4 

12 valve_y7 On/off valve accumulator signal 

13 valve_y31 On/off valve return side steering cylinders 
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Test plan 1 

Test performer: Emil Johansson 

Test site: Toyota Material Handling, Test lab 

Test date: 2014-02-27 

 

 

Test object VCE150 

Purpose of test Collection of data for validation of simulation model. Trigger some 

unwanted behavior: 

-Accumulator reloads during steering. 

-Interference from initial lift during wire guidance. 

-Small control signals, steering. 

Data collection Sensors on the hydraulic system, for exact position see figure below. 

Motor speed is measured by tachometer using reflector, mounted on the 

motor.  

Control signals and steering angle is taken from existing CAN-bus. 

 

Equipment Pressure gauge, Hydac HMG 3000 

Tachometer, Testo 470 

CAN-logger, Vector GL 1000 Compact Logger 

 

Test description 

Test 0 Tachom. Trigger accumulator reload. Horizontal and rotational fork motion, 

separated and together. Initial lift. 

Test 1 Log.nr: 

3,5 

Stationary steering test. Large steering angle from left to right and vice 

versa. Trigger accumulator reload during constant steering angular 

velocity. 

Test 2 6 Stationary steering test. Small steering angle from left to right.  

Test 3 7,8 Steering tests during forward drive. Large steering angle from left to 

right and vice versa.  

Test 4 9,10 Steering tests during slow forward drive. Trigger accumulator reload 

during constant steering angular velocity. Lower the accumulator 

pressure to almost reload pressure, before the constant turning 
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initialize. 

Test 5 11,12 Steering tests during forward drive. Small steering angle from left to 

right and vice versa. 

Test 6 13,14 Wire guidance. Changes drive direction during wire guidance.  

Test 7 15 Wire guidance with empty initial lift. During wire guidance lift initial lift 

without load. 

Test 8 16 Wire guidance with fully loaded initial lift. During wire guidance lift 

initial lift with maximum load capacity.  
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Test plan 2 

Test performer: Emil Johansson 

Test site: Toyota Material Handling, Test lab 

Test date: 2014-03-13 

 

 

Test object VCE150 

Purpose of test Collection of data for validation of simulation model. Trigger some 

unwanted behavior: 

-Accumulator reloads during steering. 

-Interference from initial lift during wire guidance. 

-Small control signals, steering. 

Data collection Sensors on the hydraulic system, for exact position see figure below. 

Motor speed is measured by tachometer using reflector, mounted on the 

motor.  

Control signals and steering angle is taken from existing CAN-bus. 

 

Equipment Pressure gauge, Hydac HMG 3000 

Tachometer, Testo 470 

CAN-logger, Vector GL 1000 Compact Logger 

 

Test description 

Test 1 Time 

stamp: 

18:06 

Stationary steering test. Large steering angle from left to right and vice 

versa. Trigger accumulator reload during constant steering angular 

velocity. 

Test 2 18:08 Stationary steering test. Small steering angle from left to right.  

Test 3 - Steering tests during forward drive. Large steering angle from left to 

right and vice versa.  

Test 4 18:09 Steering tests during slow forward drive. Trigger accumulator reload 

during constant steering angular velocity. Lower the accumulator 

pressure to almost reload pressure, before the constant turning 

initialize. 
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Test 5 18:12 Steering tests during forward drive. Small steering angle from left to 

right and vice versa. 

Test 6 18:17 Wire guidance. Changes drive direction during wire guidance.  

Test 7 18:24 

18:26 

Wire guidance with empty initial lift. During wire guidance lift initial lift 

without load. 

Test 8 18:32x 

18:34 

18:37 

Wire guidance with fully loaded initial lift. During wire guidance lift 

initial lift with maximum load capacity.  

Test 9 18:15 Finding wire 

Test plan 3 

Test performer: Emil Johansson 

Test site: Toyota Material Handling, Test lab 

Test date: 2014-04-28 

 

 

Test object VCE150 

Purpose of test Increase knowledge about the calibration process, especially the 

deadband setting.  

Examining the behavior of the system at maximum steering speed. 

Data collection Pump speed, accumulator pressure, control signals and steering angle 

are taken from existing CAN-bus. 

Equipment CAN-logger 

 

Test description 

Test 10 Performing the preprogrammed calibration cycle for defining the deadband in the 

steering valve.  

Test 11 Applying maximum steering signal to the valve, first right then left. 
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Test plan 4 

Test performer: Emil Johansson 

Test site: Toyota Material Handling, Test lab 

Test date: 2014-04-11 

 

 

Test object VCE150 

Purpose of test Finding the preload pressure for the accumulator. 

Data collection Accumulator pressure. 

Equipment CAN-logger 

 

Test description 

Test12 Emptying the accumulator. Restart the fork lifter to refill the accumulator while 

measuring the pressure level.  
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Appendix 3 – Test Results 

Results from the measurements are presented. Not all measurements are included because 

of the irrelevance and the space. 
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Appendix 4 – Signal List Hopsan 

The signal list for the communication between Hopsan and Simulink: 
 

Signal list - Simulink Hopsan 
 Input to Hopsan Output from Hopsan Port 

input1_Y3 output1_pressurepump 7 

input1_Y4 output2_pressuretank 8 

input2_gainpump output3_pressurevalvePP 9 

input3_disturbancesignalpump output4_pressurevalvePA 10 

input4_disturbancevalve output5_pressurevalvePB 11 

  output6_pressurehighpiston1 12 

  output7_pressurelowpiston1 13 

  output8_flowpiston1 14 

  output9_pressurehighpiston2 15 

  output10_pressurelowpiston2 1 

  output11_flowpiston2 2 

  output12_positionpiston 3 

  output13_forcepiston 4 

  output14_angularvelocitypump 5 

  output15_pressureaccumulator 6 

  output16_pistonlength 16 

  output17_pivotangle 17 

  DEBUG 18 

  



71 

Appendix 5 – Mechanics of the Articulation 

 


