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ABSTRACT 

The wheel loader is a very versatile machine hence the layout of the machine and the software has to be a 

compromise of all the possible application. If the machine could detect the application and adapt the software 

settings to optimize the machine for the current application more application unique settings would be possible. To 

make the application identification cost efficient and possible to implement over the whole product range a 

minimum of added product cost is preferred. Therefore only using existing sensors of a wheel loader and using a 

software algorithm for the identification is suggested. In the following chapters three common applications are 

described from a generic point of view. The identification can be divided into different sections days, series, 

cycles and phases. The declaration of the phases is meant to be consistent regardless of application, however some 

phases may not be present in some application, 18 phases are identified to cover all application. Algorithms are 

developed to identify three different applications, bucket, pallet, timber and two different material classes. It is 

stated that it is possible to differentiate at least two different material classes with the suggested algorithms.  
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USED DEFINITIONS 

ICE Internal Combustion Engine 

TC Torque Converter 

BSS Boom Suspension System 

SLC Short Loading Cycle 

LAC Load And Carry cycle 

DRM Design Research Methodology 
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INTRODUCTION AND POSITIONING 

Purpose 
With increasing demand of fuel efficiency and higher requirements for features and drivers comfort for future 

generation wheel loaders follows a higher demand for adaptive machines. The wheel loader is a very versatile 

machine hence the layout of the machine and the software has to be a compromise of all the possible application 

or the operator /service technician has to manually select the applications and settings. This is feasible to some 

extent. But as the complexity of the machine increases this is becoming more and more difficult. The solution 

could be an adaptive machine. If the machine could detect the application and adapt the machine characteristics to 

optimize the machine for the current application more application unique settings would be possible. Then various 

subsystem controllers could optimize further depending of actual use of machine, application and material. Since 

many of the applications of a wheel loader is very repetitive the use of this information would be very useful for 

many subsystems such as, for example, hybrid energy management and transmission and to support the adaptive 

service intervals. The method and analysis in this document could be adapted to an excavator however a wheel 

loader is the subject of investigation. 

If the service subsystem would have the information of the application it would be possible to have dynamic 

service intervals since the load of different parts various with the application.  

A hybrid energy management system could be configured to optimize the energy efficiency with the application 

information. For example, if the application is timber handling from truck then the hybrid management system can 

optimize for regenerate energy every time the wheel loader lowers the load after unloading the timber from the 

truck. 

Transmission could with the information of the application optimize the gear changing strategy, for example, from 

always trying to change to as high gear as possible if the wheel loader travels over greater distances to not trying 

to change to a higher gear if not absolutely necessary if the wheel loaders application is a short loading cycle. 

The application recognition would also be a benefit to the offline analysis and logging functionality of the wheel 

loader to create more accurate customer usage profile. This would lead to better machine design and more cost 

efficient solutions for future generation wheel loader. 

Objective 
The Objective is to describe several common applications of a wheel loader, break down the use of the wheel 

loader for respective application. Analyze recorded data from various applications and materials of a wheel loader 

for application specific patterns. Present a draft of an approximated algorithm. To make the application 

identification cost efficient and possible to implement over the whole product range a minimum of added product 

cost is preferred. Therefore only using existing sensors of a wheel loader and using a software algorithm for the 

identification is included in the scope. The long term objective is to provide a framework which by focusing on a 

limited numbers of applications to continuously improve and add application to the algorithm. The long term 

value is to be seen in the offline analysis in terms of logging with the application identification for future 

development and designs.   

Aims and limitations 
The study starts with a generic overview of the conventional wheel loader and the benefits of a application 

identification. It is followed by a descriptive study of known techniques in the art. Further given that a pattern has 

been established the application identification is developed followed by material identification development. 

These developments are aimed to be conducted with recorded data of different applications.  
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SUBSYSTEM NEED FOR APPLICATION 

IDENTIFICATION 

In the following chapters some examples are given to why and to what use would the application identification be. 

All the subsystem is assumed to have there own internal logic to make best use of the application identification. It 

is assumed that a common setup for a wheel loader is used. Some limitations are made and not all functions and 

subsystems are taken into consideration. 

Operability 
A number of subsystem and components are analyzed from the operability point of view such as working 

hydraulics, hydraulic levers with hydraulic response, drivetrain and steering system. These systems are to be seen 

as examples and not in any way analyzed from a potential optimization priority. First a quick explanation of the 

system is presented and then the benefit of the application identification and relevant phases is presented in the 

following chapter. 

Working hydraulics speed operability and drivetrain operability has a significant link to machine overall 

operability. The working hydraulic speed must at all time match the drivetrain layout and the drivetrain operability 

must at all time match the working hydraulic layout. Hence the two are dependent on each other. The working 

hydraulic speed is also dependent on the function rapid lifting. The Rapid lift feature is a hydraulic possibility to 

connect the both side of a working cylinder during lifting. When an asymmetric cylinder is used the areas of the 

two sides of the cylinder is different, often A, the piston side is the lift side and B is the rod side, this will generate 

the same pressure in A and B side of the cylinder. Compared to a conventional setup where the two sides always is 

separated the rapid lift will acquire a higher pressure to meet the work load hence the only area corresponding to 

the  work load is the area of the rod. This will also mean that the volume of the lift phase will correspond only to 

the area of the rod and the length of the cylinder. Optimizing this rapid lift feature will increase the working 

hydraulic speed operability. 

The differential lowering function also affects the working hydraulic speed operability [1]. This feature also 

connects the two sides of the piston and thereby reduces the time for lowering the boom.  The differential mode is 

also useful in a regenerative setup when using the flow from the cylinder to power a hydraulic motor. The size of 

the motor would be designed from the flow quantities from the cylinder negative side only, but with differential 

mode only the differentiated area between the side’s acts as a limiting factor compared to the non differential 

mode. This could have an effect on the energy recuperation system design. Optimizing the differential lowering 

feature and be able to detect when it would be feasible to use, would have an effect on the working hydraulic 

speed operability.   

For the operator the hydraulic response is perhaps the first key characteristic when operating a wheel loader for the 

first time. The response characteristic is individually preferred and hard to optimize. The lever characteristic can 

be altered in many ways. The possibility to adjust filters, response and linearity are endless to meet operator needs 

at different cycles, phases, materials, etc. The lever characteristics are contributors to the hydraulic response and 

even body vibrations, hence well matched hydraulic response result in less body vibrations contributing to better 

operability. Also the possibility to alter the pressure drop over the valve controlling, for example, a third function 

can contribute to the hydraulic response. The third function of a wheel loader can be used for a various number of 

attachments such as timber grappler. One distinctive difference is the typical cylinder and motor attachment. If a 

cylinder is attached then the operator will most likely want to have good operability versus a motor attachment. 

When operating a cylinder the operator will increase and decrease the flow demand depending on the application. 

This is because the operator always wants to have good operability but if a motor is attached then the operator is 

unlikely to change the flow demand often but more likely to set the flow demand to a constant value. Then a lower 

pressure drop resulting in a better fuel efficiency is favorable. 

The steering in a wheel loader is most commonly a hydraulic steering but not from this viewpoint part of the 

working hydraulic even if it is closely linked to it. The possibility to affect the steering comfort with the shift 

valve is not negligible. The shift valve has the possibility to in a system with hydraulic steering to let the hydraulic 
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cylinder of the steering system to work together or separate. When a steering is executed, for example, to the right, 

the cylinder on the left has to push the frame in case of an articulated wheel loader to the right. The shift valve has 

the possibility to engage the cylinder on the right side for a pulling function to help assist in the steering. The 

operability is affected when the shift valve is engaged. For a fast steering action the on off function for engaging 

might be sufficient but for a slower steering the proportional engaging of the shift valve is preferable.  

The drivetrain in a wheel loader is together with the working hydraulics on of the two largest sub functions in 

terms of operability. The drivetrain must deliver traction to the wheel i.e. torque and power. In terms of operability 

the gear change comfort for an automatic transmission is more linked to drivers comfort than operability but not 

negligible in an operability aspect. Drivetrain available power is naturally linked to a number of factors with 

different attributes, such as ICE performance this is however not included in this scope. It is also linked to a hybrid 

management optimization in terms of the effectiveness of the hybrid management being able to deliver extra 

power at the right time and to the correct amount. Drivetrain available traction is also linked to the hybrid 

management optimization in terms of torque. This is valid for a numerous number of different hybrid layouts such 

as series, parallel and complex hybrids. The available traction is also linked to gear change optimization, if an 

automatic gearbox is present in the system not necessarily needed for different hybrid solutions, then the 

possibility to optimize the gear change operability becomes available. The gear change optimization will if 

increased also increase the drivetrain available traction. If the drivetrain available traction increases this does not 

necessarily mean that the gear change optimization has to, however it is likely to assume so.  

 

Operability with application identification 
By introducing application identification support for the increased working hydraulic speed operability the rapid 

lift optimization can determine when it is from an operability point of view beneficiary to initialize the rapid lift 

feature. The phases the rapid lift feature needs for trigger would be the all phases with a lifting motion. This 

motion can be included in many phases depending on the application. One is the motion towards the load receiver. 

The typical application can be pallet handling. Of course the rapid lift feature needs to have its own internal logic 

evaluating the history of the past usage and evaluating the hydraulic speed and the pressure for the actual function.  

The introduction of application identification support for the increased working hydraulic speed operability from 

the differential lowering optimization can determine the actual usage of the differential lowering. The most 

significant phase would be leaving load receiver. As discussed earlier this is dependent on the regenerative 

function thus the internal logic has to evaluate the load and the actual regenerative need. 

The lever characteristics are as stated earlier very individually preferred but with the support of the application 

identification even the individual preferences could be meet. This stipulates that the operator can set and adjust the 

individual settings for different application / phases within the internal controller for lever characteristics. The 

phase’s essential for the lever characteristics are several, the importance is the possibility to differentiate the 

phases. All phases using levers are essential such as the bucket filling, towards load receiver, etc. In the case of a 

short cycle the operator can use the hydraulics during all phases. 

The shift valve optimization could through the phase identification support help to increase the steering comfort. 

The information regarding the phase together with the internal logic for the history of past steering could help in 

the shift valve usage. All the phases steering is active is of importance, this would be Leaving bank, towards 

receiver, leaving receiver and towards bank.  

 

The hybrid energy management optimization is considered as a generic function. Further work should however 

investigate the differences between the main hybrid solutions and if this has an effect of the phase identification 

for the subsystem energy management. The hybrid management would benefit of the phase information in an 

energy perspective. The hybrid management could increase its efficiency if it could predict the power and torque 

demand in the near future. All phases are relevant to the hybrid energy management along with the definition of 

each phase regarding power and torque demand. 

The gear change optimization would benefit from the phase identification support to increase gear change comfort. 

The knowledge of the phase and thus speed and torque demand is truly the parameters needed to optimize the gear 

change comfort. All phases are important but the length of the phase, the material and the application would form 

the base of support for gear change comfort. 
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Power losses 
A number of subsystem and components are analyzed from the power loss point of view. This includes working 

hydraulics, hydraulic levers with hydraulic response, drivetrain, brake system, hybrid energy management and 

steering system. These systems are to be seen as examples and not in any way analyzed from a potential 

optimization priority. First a quick explanation of the system is presented and then the benefit of the application 

identification and relevant phases is presented in the following chapter. All energy regeneration is here considered 

to be included in the hybrid management optimization. In a hybrid management system trying to establish the 

components that are affected are endless, it will in an even greater extent depend on the system setup. The 

different hybrid layouts will have a great impact on the actual possibility to use the components within the system.  

The hydraulic power and the drivetrain power are the two largest power consumers in the wheel loader. The 

hydraulics have many factors affecting the power losses but only the relevant factors making use of an application 

identification information is attended in this scope assuming the system is a conventional system. 

The BSS (Boom Suspension System) allows the hydraulic cylinder of the boom to be connected to a hydraulic 

accumulator. This will in turn help the load of the bucket and the lifting arms to work with the accumulator and 

thus a suspension effect is generated. There are different stages of the BSS system, preload, activation, on and off 

stage. The preload stage will charge the accumulator to a determined pressure level. The activation stage will 

charge the accumulator to the same pressure as the pressure of the boom cylinder. The on stage will connect the 

accumulator and the boom cylinder. The off stage will disconnect the accumulator and the boom cylinder.  Two of 

the stages are interesting in this aspect, the pre load and the activation stage. The pre load tries to prepare the BSS 

accumulator pressure for the activation stage, the key here is to pre charge and charge the accumulators at the 

lowest energy cost. This means in terms of energy the clear disadvantage of charging the accumulators at a high 

pressure at the same time another function calls for high flow and low pressure. If the same pump is to provide the 

BSS and the second function at the same time that will mean a high power loss. For operability it was argued that 

the third function was dependent on the actual use of the function, this means that it also has an effect on the 

increased hydraulic power losses. The actual setup of the hydraulic system will of course have a great impact of 

the factors relevant. If assumed the meter-in and meter-out are separated in the hydraulic system the metering 

power losses are a relevant factor to include. Common power losses are to be considered as two functions with 

different pressure levels supported by one common pump. The common power losses will also be affected by the 

priority valve optimization. The priority valve has the possibility in a system with more than one hydraulic pump 

supplying flow to two or more functions to separate the pumps or let them work together. The advantage with the 

pump being separated is that no common losses will occur due to different pressure levels between two or more 

functions supported by two pumps. The disadvantage is the limitation of flow from one pump to the actual 

function. The shift valve optimization can also affect the increased hydraulic power losses. 

The standby pressure is the pressure a hydraulic pump in a load sensing hydraulic system is preset to work at when 

idling and also to the offset of the actual load sense signal. Modern wheel loaders use load sense hydraulics 

instead of the open-centre hydraulic system. This preset pressure level could be possible to make variable. When 

the pump is at idle it is possible to lower the standby pressure to reduce losses and thereby will have an effect on 

the increased hydraulic power losses.  

The lowering power losses are linked to hybrid energy management optimization. The lowering losses depend on 

the ability to regenerate the energy in the lowering maneuver. This will be affected by the actual energy possible 

to regenerate. For different applications different energy levels will be available.  

The second big power loss factor is the drivetrain power losses. For the drivetrain and also for the hydraulic 

system the mechanical power losses are significant but not relevant in this scope. The gear change losses are 

linked to the actual gear in use and thereby the increased hunting complexity. The hunting phenomena are the 

problem of automatic transmissions in combination of ICE power outtake and vehicle speed. The transmission 

thinks it is possible to change up one gear taking the ICE speed and power outtake in to consideration. Only to 

move the operation point of the ICE to such a level that the transmission has to change down a gear again and this 

is repetitive. The ICE efficiency is also a big contributor to the drivetrain power losses. The hybrid energy 

management optimization has the ability to within a preset of boundaries change the speed and load of the ICE 

(depending of the hybrid solution) and thereby change the efficiency of the ICE [2]. The brake power losses in a 

conventional machine is always only power losses but with the hybrid energy management and the possibility to 

regenerate power it is possible to have an significant effect on the drivetrain power losses. 
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Power losses with application identification 
The priority valve optimization could with the phase identification support together with the knowledge of the past 

usage of the priority valve optimize activation of the valve. This is during all phases using working hydraulics.  

The standby pressure with information about what phase is actual and when the next phase is occurring has a good 

ability to reduce the hydraulic losses. This is very clear when the working hydraulics is not in use, this is typical 

for a load and carry cycle. The load and carry cycle is very much like the short cycle but the distance to the load 

receiver or load dump is much farther. This usually means that the working hydraulics is inactive for a period of 

time. By knowing when the next phase will begin and knowing that in the actual phase the probability of working 

hydraulic use is minor then the standby pressure can proceed with either reducing or restore the standby pressure 

thus reducing the losses.  

Lowering power losses are as stated earlier dependent on the load available to regenerate. The phase identification 

together with the hybrid management can utilize and predict the available lowering load. This in turn will reduce 

the actual losses and make more lowering regeneration available to the energy storage system. The phases are 

naturally the phases with lowering motion included. This is for the phase earlier declared as filling the bucket. The 

declaration filling the bucket is not suitable for other applications such as timber handling. A more generic 

declaration is needed. The same basic logic still apply, a load is collected but in this case not with a bucket but 

with a timber grapple instead. And in the very application of timber handling it is not uncommon for the wheel 

loader to load timber at a relative high angle and then lower the timber grapple with a full load of timber. Thus 

depending on the application the phase loading and leaving load receiver contains lowering motions and also 

emptying of the bucket.  

Braking power losses could be reduced with phase identification support. Like the lowering power losses the 

brake power loss is closely linked to the hybrid management optimization. But phase identification could also 

contribute to reducing power losses by use of thermal slow system such as cabin climate control and engine 

temperature control. With knowledge about the actual and future phase together with usage of the energy storage 

system more braking energy could be regenerated. The phases of interest is all phases with a braking procedure in 

them so primary retardation, towards load receiver, retardation and reversing and retardation at bank. But the 

knowledge of all phases and the overall cycle is needed for the controller to optimize the usage of the energy 

storage system. 

 

Even the hybrid energy management is of use of the phase identification support, perhaps mainly to increase the 

ICE efficiency.  As stated earlier the load and speed is partially linked to the hybrid management system. If the 

hybrid management system have the knowledge of the actual and future phases and the phases were defined 

regarding power and torque demand then all phases are relevant to the hybrid energy management. With the 

information of all the phases in the cycle the hybrid energy management can be optimized not only for one phase 

but even over one cycle. Further work should include the impact on hybrid energy management with series and 

day information according to Fig.1. 

The gear change power losses can with phase identification support decrease the hunting phenomena and 

unwanted up shifting just before load receiver. Even a link to the ICE efficiency can be assumed. Patent [3] states 

the possibility to determine the different cycles depending on the actual travelling distance. This is possible to 

determine the difference between a short cycle and a load and carry cycle. However with phase identification the 

gear change would be even more efficient and with the history of actual hunting problem and unwanted up shifting 

in the actual phase the last time the same phase in question was actual it is possible for the gear change to prevent 

such phenomenon. The phases relevant are all phases with gear change.  

 

 

 

 Phase 

Cycle 

Serie 

Day 

Fig 1. 
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STATE OF THE ART  

Operator prediction and pattern recognition has been the topic of many papers in the last decade mostly focusing 

on automobiles and trucks. However some literature can be found on off road machinery as well as phase 

identification. In [4] Soon-il Jeon investigates the results of control strategy which switches a current driving 

control algorithm to the algorithm optimized in a recognized driving pattern. This is further developed in [5] 

where six representative driving patterns where designed for sub-optimal control and four power demand 

parameters characteristic affect the strategy. The parameters are average positive power demand, standard 

deviation of positive power demand, average negative power demand and the ratio stop time/ total time. These 

parameters are stored for a finite time and constitute the base for the algorithm switching. This is successful in 

terms of optimize a hybrid management system for a non optimized driving cycle.  

Filla suggest a number of phases [6] as Bucket filling, Leaving bank, Retardation, Reversing, Towards lead 

receiver, Bucket emptying, Leaving load receiver, Retardation and reversing, Towards bank and Retardation at 

bank. The phase breakdown was intended to support an event driven operator model and not subsystem online in a 

wheel loader. Further Fillas phases are based on the fact that the cycle is a typical short cycle. This is a very 

common cycle for the Wheel loader see fig 3. 

The wheel loader enters the bank at (1) and starts the bucket filling then reversing towards (2), changing the 

direction at (2) and starts to accelerate again towards (3). At (3) the wheel loader will empty the bucket to the 

receiver. After the load is dumped the wheel loader will reverse towards (2) again. At (2) the wheel loader will 

change direction and move forward towards (1) again.  

Filla also in [7] discuss the operability aspects in different phases. One important issue the author concludes is the 

fact that an improved controllability in this case the separation of lift and tilt lever works as a disadvantage for the 

operator. The fact that the operator can not control one single motion of traction, lift or tilt is also discussed. This 

is done with the gas pedal and the lift and tilt levers. However with the hydraulic pump flow almost at a 1:1 ratio 

to the engine speed and the traction also direct connected to the engine speed through the torque converter one 

action will affect all three functions, traction, lift and tilt. Similar is the hydraulic motion in the bucket filling 

phase. If the bucket is in the pile any hydraulic motion will affect the load on the front and rear axel and hence the 

traction. This is more explained in [7]. Further Filla discuss that in a hybrid wheel loader it would be better to let 

the operator just command a change of direction and let the intelligence of the machine initiate regenerative 

braking using an electric motor as a generator followed by the actual front to back or reversed gear change 

followed by a smooth acceleration. The argument from a operability point of view is that the operator would have 

one less parameter to worry about, the brake pedal. The problem of torque demand at direction change with a 

wheel loader is also discussed in [8].  

The difference of automobile applications and a wheel loader application is vast in the phase identification and 

significant in the pattern recognition perspective. The wheel loader application is mostly very repetitive and the 

phases are very significant compared to an automobile. However the wheel loader have many applications which 

in it self are very repetitive but only over a finite time. It is important to understand the triggering parameters of 

each phase as they may differ depending on the subsystem this is partially the topic of [9].  
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WHEEL LOADER APPLICATIONS 

The possible applications and materials for a wheel loader are many. And the very essence of the multi purpose 

wheel loader is that it is good for a number of applications. In the following chapters three common applications is 

described from a generic point of view. Timber handling is a very specific application with heavy load and 

lowering with load. This application is exemplary good for hydraulic regeneration. Pallet handling differs from the 

other application in terms of lighter load and higher demand of fork accuracy compared to an application with 

bucket. The load and carry is an important and common application and includes shorter transportation with the 

wheel loader and therefore a different gear shifting strategy than the short loading cycle. The short loading cycle 

can be done in a number of materials and the virgin bank is just one. But the repetitiveness and the common use of 

the short loading cycle makes it an important application. There is of course many more application and materials 

that should be investigated here but with these three a good variation and good coverage of the real use of wheel 

loader is obtained.   

Breaking down a wheel loader day 
For the controllers to be truly optimized some sort of prediction with a probability factor based on past usage is 

used. The prediction can be divided into different sections see fig 1. First a pattern has to be established to 

recognize a cycle. Then that pattern can be broken down into phases.  One phase could, for example, represent a 

transport from A to B or filling the bucket. At the next level a cycle could, for example, represent the machine 

moving from the pile and to the receiver emptying the bucket and back to the pile. At the next level a series could 

represent, for example, four cycles and then the machine will switch receiver. At the highest level one day could, 

for example, represent a number of series of various kinds but over a day generally coherent, as shown if fig 1. If 

one phase is, for example, declared to start when the operator decides to shift from moving forward to moving 

backwards and another phase is declared to start when the bucket angle is over a preset value to indicate unloading 

of some sort that means that the wheel loader can be in different phases at the same time. This is coherent with the 

operator’s impression. The operator has to handle different phases at the same time such as unloading and, for 

example, acceleration at the same time. To be useful the cycle has to be broken down in relative small phases. The 

declaration of the phases is meant to be consistent regardless of application, however some phases may not be 

present in some application. 18 phases is identified to cover all application. One could argue that a smaller number 

of phases would be sufficient but for the phase declaration to be useful to simulation, collective analysis and 

complex subsystem all 18 phases is recommended. 

Short loading cycle at virgin bank 
The differences between cycle 1 and cycle n is the fact that the material will fill up on the load receiver thus the 

unloading must take place at different places over the load receiver affecting the geometry of the short cycle and 

the fact that material is removed from the pile. The most common loading series is the first cycle unloading at the 

rear of the load receiver and the last cycle at the front of the load receiver. There is also a difference in the 

application of the triggering criteria. If to be used online no look-ahead algorithm is possible. If to be used offline 

for analysis, evaluation over time is possible. However if combined with a probability prediction the offline 

criteria’s could be adapted online. In this document the online criteria is met. This description of a short cycle 

prerequisite is a well matched machine between hydraulic and powertrain. The variants of a short cycle are endless 

but here a common and optimal cycle is assumed. The short loading cycle operates in 18 different phases as in fig 

2.  
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The operator has to decide well before where and when the turning points of the cycle are going to be. Harmony is 

the key in a short loading cycle, the bucket shall just reach the correct height when the wheel loader approaches 

the load receiver. This stipulates that the speed of the lifting motion, the steering and the speed of the wheel loader 

itself has to be well matched. During loading the operator has to use the bucket in the pile to apply pressure to the 

front wheels together with the correct amount of tractive effort on the wheels not making them spin. 

Pallet handling  
The pallet handling is a very versatile application in many ways. The actual pallet can vary in both size and 

weight. The operator has to have a very accurate positioning of the forks during several phases. The transport 

distance can vary depending on the loading and unloading and not as repetitive as other applications. During 

loading very little tractive effort is needed to load the pallet.  

Timber handling unloading from truck. 
With the grappling tool the operator has to operate a third function in form of the grapple. Like the pallet 

application the operator has to have a high accuracy of the grappling tool and little tractive effort during the 

loading phase. The loading take place at the same position, the truck but the unloading can vary along with the 

distance traveled during one cycle.  
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APPLICATION AND PHASES 

Similar to all three applications the 18 phases are not necessary to identify an application. All clusters of 3 phases 

are repeatedly the same throughout the cycle, acceleration, transport and retardation. The phases declared as 

direction change could be considered as events and not an actual phase. So the possibility to reduce the number of 

phases to minimize the complexity and extract key factors for each new phase is the next step See fig 3. A general 

theoretical approach was made regarding stop and start triggers for each of the new phases A-F and possible key 

factors for differentiate applications. These key factors are to be used when developing the algorithms for 

application and material identification. See appendix B 

 

Fig 3 

 

Key factors differentiate application 
The machine can be used with a variety of tools some more common than others. In this document three tools are 

taken into consideration, the bucket which is probably the most common tool for a wheel loader, the pallet fork 

and the timber grappler. A declaration for the following analysis is necessary see fig 4. The different tools together 

with the actual usage of that tool are in this document declared as application. The bucket application can be used 

in a vast number of materials. Later two materials are investigated, gravel and rock. However it is hard exactly 

declare how small the rock can be before it turns into gravel and vice versa. Therefore it is recommended that a 

number of material classes are specified based on the suggested algorithm and not the actual characteristics of the 

material. The machine can also be used in different states, for example, the SLC and the LAC. The states is not 

considered in this document but regarded as an input from a pattern recognition algorithm developed in [10]. 
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Fig 4 

 

Unfortunately data from application not using a bucket was very limited. Some data was available for timber 

handling but here key elements in the signal list were missing. However for any application using third and fourth 

function, for example, timber handling with a grappling tool it would be easy to identify the use of the third 

function connected to a cylinder to the opposite of a hydraulic motor. In the case of a motor connected to the third 

function a demanded flow will be consistent in one direction over time compared to the case of a cylinder 

connected to the third function as the cylinder reaches the cylinder stop.   With this information and the knowledge 

of unloading timber from a truck it should be possible to identify the application timber from truck. When loading 

the geometry of the grappling tool is quite different from the loading phase when using a bucket see fig 5. The tilt 

angle is slightly negative relative to the ground and with very little (compared to loading with a bucket) tractive 

effort the timber is loaded. It is the grappling tool itself controlled with the third function that moves the material 

into position. When the material is loaded during the lifting phase the tilt angle is adjusted to a positive angle 

relative to the ground see fig 6. This is quite unique as no other normal application adjusts the tilt angle from 

negative to positive relative to the ground with full load. Also during the lifting phase when loading (unloading the 

truck) from truck the load has to be lifted above the vertical bars on the truck to clear the load. These criteria’s 

combined should make a good ground for detecting the timber loading from truck. 

 

 

Fig 5 
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Fig 6 

 

Another common application is the fork tool for handling pallets. Here no third or fourth function can be used to 

detect the tool in question. When handling pallets it is not uncommon to both the loading and unloading phase to 

occur when the first (boom) angle is either low or high. Therefore it is not feasible to use the angle of the boom to 

detect the pallet application. Even the load can be hard to detect as the material can be extremely light though 

bulky see fig 7. One possible way to detect the application pallet could be to investigate the usage of the leavers 

together with the first and second angle. The angles could give some information especially in the loading and 

unloading phase. In these phases the vehicle speed is often low and the forks are often parallel relative to the 

ground and only small adjustments are being made by the operator. Before the loading phase and after the 

unloading phase both the first and second angle is normally not adjusted until the lengths of the forks are cleared 

of the pallet or load see fig 7. With the information and knowledge of what phase the machine is in during travel 

with load the second angle is often parallel or positive relative to the ground se fig 8. This differs from the bucket 

application where the bucket is never parallel to the ground when traveling with load. Similar to the timber 

application from truck very little tractive effort is used during the loading phase. Combined these possible unique 

criteria’s for pallet application with fork could be used to determine the application. The above analysis for 

application is only valid for pallet applications whereas there is many other applications with the different variants 

of forks such as crushing forks, car body forks, rake forks etc. 

 

 

Fig 7 
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Fig 8 

The most common application for the wheel loader especially the larger wheel loader is with the bucket. But it can 

be used in a number of variants. Many materials can be used, the loading can be done to a truck, articulated hauler 

or a loading pocket. The distance traveled between each loading phase can vary. The bucket can be used to 

different application between the cycles such as dozing and cleaning up spilled material on the work site. There is 

a difference regarding the material in terms of not only density but also the aspect of how easily the material can 

be loaded (in the bucket). In the case of rehandeling which means material already processed by, for example, a 

crusher, it is easy to load the material into the bucket because the material does not stick together so much but 

does not necessarily mean low density see fig 9.  General for all bucket application is that the loading takes place 

with the first angle low i.e. the bucket close to the ground see fig 9. The tractive effort is relative large to let the 

bucket penetrate the pile. The loading is done in a similar trajectory with both first and second angle for all bucket 

applications not consistent with the timber grapple or pallet fork. Depending on the distance to the unloading 

position or the loading receiver the lifting phase can continue after the loading phase during acceleration and 

retardation to reach its maximum just before the load receiver. If the distance is long the bucket can be slightly 

lowered to a “transport” position if the wheel loader is traveling over a greater distance to the unloading position. 

 

Fig 9 
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Key factors for differentiate material 
 

First a state machine is implemented to determine what state the machine is in, see appendix A. One phase for 

each cluster or phase and different trigger values for moving “forwards” in the state machine. The assumption is 

that the loading phase always starts with the kickdown and to avoid any misinterpretations with a second 

kickdown i.e. a second try to load the bucket all states has a back way to the phase loading with the kickdown as 

trigger. The signal “phase” indicates the state or cluster the machine is in. This information is assumed to be part 

of scope from [10] and not proposed to be used from appendix A, appendix A are to be seen as a support for this 

document only. Typical signals investigated are torque, power, energy, time, speed, levers and angles. This is 

mainly done during the loading phase to recognize a difference in behavior between rock and gravel handling.  

The following analysis are from looking at loading rock and gravel with a bucket. 

 

Bucket angles and levers 
The angles of bucket and boom are available in the data so these are investigated. The hypothesis was that during 

rock handling the bucket would move in a more step wise manner. The bucket was believed to get stuck in the 

rock material more often than in gravel material, this would then be possible to see in the boom and tilt angles. In 

fig 10 and 11 the angle of rock can be seen. 

 

 

Fig 10   Fig11 

For the rock the bucket is moved through the pile with steps and not with a smooth moving trajectory. But if this is 

compared to the case where the material is gravel seen in fig 12 and 13 even here the bucket moves in steps. 

 

Fig12   Fig13 

It was tried to discover a difference between the gravel and rock using the derivate of the angles comparing those 

to a threshold value and thereby determining the material in question. No common difference or unique criteria 

could be found, the angles moved in a smooth trajectory sometimes and in a stepwise manner sometimes for both 

materials. When comparing the gravel to handling boulder such as 500mm or bigger a difference could be detected 

se fig 14 and 15. 



18(26) 

 

Fig 14   Fig 15 

Here the steps can be detected at a greater number. A comparison was made to the gravel material using 

t
ϕ

d

d
A>   && 

t
ϕ

d

d
B<   

where φ=first or second angle and A= threshold value to determine the number of steps and B=threshold value to 

filter out the irrelevant spikes. With this logic a counter is used, triggered each time the condition is valid. The 

difference between the counters in the gravel and boulder is a factor approximately equal to 2. So a measurable 

difference could be detected. However the case of handling boulder is considered a special case of the more 

common application material rock and therefore not relevant but interesting in the fact that the angle information 

could be useful in other applications. The definition of boulder is anything to big for the crusher to handle and the 

occurrence of boulders depends on the blast and the material. 

The lever characteristics were also analyzed. The hypothesis was that the operator has to feel the material and 

adjust the movement of the bucket with the lever in a greater extent in rock material compared to gravel. The lever 

characteristics for lift and tilt can bee seen in for gravel  fig 16 and 17, and for rock fig 18 and 19. 

 

  Fig16   Fig 17 

 

Fig 18   Fig19 

It could not be seen in the recorded data that the operator has to maneuver the levers in a greater extend with rock 

material. A difference can be seen between the two applications but rather to the opposite and not consistent over a 

number or cycles. Since there was not the same operator for the two applications the conclusion was that this 

difference was operator dependent. For angles and levers 10 runs was evaluated, except for boulders only 5 runs 

was evaluated.  

 

 



19(26) 

ICE Power 
The ICE rpm and the actual engine torque in percent is available in the data so first the actual engine torque is 

multiplied by indicated torque to get the actual value in Nm.  The ICE rpm is converted into rad/seconds and 

multiplied by ICE torque and converted into kilowatt to get the output power from the ICE. The power graphs 

shows above 100% and the reason for this is that the engine torque multiplied by indicated torque shows the 

absolute power when the reference maximum torque refers to  the measured power. This is not essential when the 

same calculations are made for all variants. The difference between gravel and rock is not as big so a unique 

criterion could be found separating the two, based on the fact of the two materials. See fig 20 and 21. 

 

Fig 20   Fig 21 

What can be seen is that the power outtake is generally max during loading phase regardless of material rock or 

gravel. For ICE Power 10 runs was evaluated 

Converter Power 
As the converter is the link between the engine and the tractive effort of the wheels and the corresponding force is 

the pile itself the hypothesis was that a difference in frequency and or amplitude could be detected form the 

converter power consumption during the loading phase. The data for turbine speed and torque was not available so 

this had to be calculated with the equation  

vehicle_speed gear_ratio direction gear, ( )⋅

engine_speed Engine_TC_ratio⋅
µ=  

µ can be converted through a measured analysis of the converter to ν where 

ν
turbine_torque

Torque_absorbition engine_speed( )
:=  hence turbine_torque can be calculated. 

There will be minor deviations to the real turbine torque such as when the gear is in neutral, then it is assumed that 

the turbine_speed=0 though this is not the case. Gear=neutral is not a big contributor to the case of the phase 

loading. Another parameter affecting the accuracy is the fact that the calculation is based on a static model of the 

TC, Torque Converter. 

In fig 22 and 23 the used converter power for rock and gravel can be seen. 

 

Fig 22   Fig 23 

The difference between the two is obvious. Here a difference can be determined mainly of the oscillations in the 

rock material. The reason for the oscillation behavior for the rock material could be the reason from the adjusting 

the throttle pedal accordingly. This was investigated and no correlation between the behavior of the used converter 

power and throttle characteristics could be found. The next operator induced reason for the oscillation behavior of 

the used converter power for the rock material is the levers. But no correlation could be found here either; hence 

the phenomenon has to be depending on the material. Simply by determining the number of times the converter 

torque travelled through the 50% of max area the difference was approximately times 2 between the two materials. 
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The next step was to investigate the power usage of the converter. First the power was filtered with a low pass 

filter and the cut of frequency of 5 rad/sec. This signal was then derived see fig 24 and 25 and the time base for the 

oscillations was determined based on the following criteria. 

t
turbine_torque turbine_speed⋅

1

0.2s 1+
⋅









d

d
turbine_torque turbine_speed⋅ 0⋅> 25,  

Here the difference was a bit hard to interpret, for rock material the time base was approximately 0.5 - 1 seconds 

and for gravel approximately 0.5 – 2seconds. For converter characteristics 10 runs was evaluated.  

 

 

Fig 24   Fig 25 

Vehicle Speed 
One could argue that with the torque converter information the vehicle speed is not relevant due to the fact that an 

increase in torque will lead to an increase in vehicle speed. But with the same torque and with nonlinear material 

the vehicle speed could be affected. So the vehicle speed was investigated for gravel and rock see fig 26 and 27 

 

 

Fig 26   Fig 27 

Also here a difference can be seen between the two materials. The best way to differentiate the two was to filter 

out the end and the beginning of the phase due to operator induced differences. Then analyze the amplitude 

differences for the oscillations of the signal, where in the rock material the typical amplitude difference was larger 

than 0.5 as in the gravel material the typical amplitude difference was less than 0.5. For vehicle speed 10 runs was 

evaluated. 
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RESULTS 

As no usable data was available for application differentiation no data analyzes were produced, however the 

logical discussion came to the conclusion of a possible algorithm could be feasible. For the material differentiation 

several of the earlier hypotheses were discharged based on the data available. However the final analysis did show 

on a possible differentiation. Regarding the first and second angle comparing gravel and boulders the common 

differentiation was a factor 2 using the initial suggested algorithm. This was proven to have a 62 % coverage 

accuracy of the number of analyzed cycle. The material bolder was not initially a material class intended to be 

investigated as it is regarded as a special material and not handled in a repetitive way. No full analysis were made 

of this material class. For the converter power comparing gravel and rock the differentiation was a factor 2 using 

the initial suggested algorithm. This was proven to have a 10% coverage accuracy of the number of analyzed 

cycle. The converter power derived was analyzed with the time base 1-2 seconds for the gravel material class to 

have 60% accuracy and with a confidence level of 45% and time base 0.5-1 seconds for the rock material class to 

have 80% accuracy and with a confidence level of 71% for the number of analyzed cycle. The vehicle speed 

comparing gravel and rock had the differentiation of 80% accuracy and with a confidence level of 66% for rock 

material with the amplitude difference > 0.5 and 80% accuracy and with a confidence level of 67% for gravel 

material with the amplitude difference of <0.5 for the number of analyzed cycle. The results are based on a limited 

number of cycles and a very small number of operators. 

 

 

 

 

 

 

FUTURE WORK 

Based on the fact that a very small number of operators were the source of the data analyzed a more detailed 

investigation of the operator induced differences is recommended. Also a larger set of data is suggested to be 

analyzed to statistic secure the suggested algorithms. The possibility of increasing robustness is suggested to see if 

using non standard sensors could be motivated. The algorithms are suggested to be increased with more 

applications and material classes. The impact of increasing the number of states is suggested to be investigated. 

Adopt the suggested algorithms with the work of pattern recognition. The separation and analysis of an offline and 

an online version of the algorithms is also suggested.  
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CONCLUSION 

Only using existing sensors combined with calculations and models to estimate physical behaviors have been 

proven to be enough for identifying 2 material classes using the bucket of a wheel loader. The theoretical 

hypotheses had to be adjusted to meet the goal. Due to lack of data or incomplete data the verification of 

application identification was not performed to the full extent. However a possible logical set of rules from 

observation was suggested. The possibility to identify application and material has been proven. 
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APPENDIX A 
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APPENDIX B 

 

A (1;Loading)  

Start: Gear=F1  

Stop: Gear ≠F 

P_work_hydraulic per time 0-10% 10-20% etc.  

P_propulsion_ per time -100 –90% ….0-10% 10-20% etc. 

Time    

Final_bucket_Load   

Min_gear 

Bucket angles    

 

Direction change  

Start: Gear ≠F  

Stop:vehicle speed >0,5km/h and Gear=R 

Time 

 

B (3,4,5;Leaving bank, transport, retardation)  

Start: vehicle speed >0,5km/h   

Stop: vehicle speed < 0,5km/h    

Time 

Distance_traveled 

P_work_hydraulic per time 0-10% 10-20% etc.                     

P_propulsion_ per time -100 –90% ….0-10% 10-20% etc. 

Mean_retardation x time 

Mean_acceleration x time 

Time per gear R4,R3….F2,F3,F4 

Vehicle speed per time 0-5 5-10 etc 

 

Direction change 

Start: < 0,5km/h  

Stop: vehicle speed >0,5km/h and Gear = F 

Time 

 

C (7,8,9;Acceleration, transport, retardation) 

Start: vehicle speed > 0,5km/h  

Stop: vehicle speed < 0,5km/h   

Time 

Distance_traveled 

P_work_hydraulic per time 0-10% 10-20% etc.                    

P_propulsion_ per time -100 –90% ….0-10% 10-20% etc. 

Mean_retardation x time 

Mean_acceleration x time 

Time per gear R4,R3….F2,F3,F4 

Vehicle speed per time 0-5 5-10 etc 

 

D (10;Unloading)  

Start:Tilt   < 40% of max (tilt out)  

Stop:Tilt  >20% of max (tilt in) 

Time 

P_work_hydraulic per time 0-10% 10-20% etc.                    

P_propulsion_ per time -100 –90% ….0-10% 10-20% etc. 
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Direction change 

Start: Gear ≠F 

Stop:Gear=R and vehicle speed >0,5km/h 

Time 

 

E (12,13,14;Acceleration, Transport, Retardation) 

Start: vehicle speed >0,5km/h 

Stop: vehicle speed < 0,5km/h 

Time 

Distance_traveled 

P_work_hydraulic per time 0-10% 10-20% etc.                    

P_propulsion_ per time -100 –90% ….0-10% 10-20% etc. 

Mean_retardation x time 

Mean_acceleration x time 

Time per gear R4,R3….F2,F3,F4 

Vehicle speed per time 0-5 5-10 etc 

 

Direction change 

Start: < 0,5km/h 

Stop: Gear= F and vehicle speed >0,5km/h 

Time 

 

F(16,17,18;Acceleration, transport, retardation) 

Start: vehicle speed >0,5km/h 

Stop:Kick down 

Time 

Distance_traveled 

P_work_hydraulic per time 0-10% 10-20% etc.                    

P_propulsion_ per time -100 –90% ….0-10% 10-20% etc. 

Mean_retardation x time 

Mean_acceleration x time 

time per gear R4,R3….F2,F3,F4 

Vehicle speed per time 0-5 5-10 etc 

 

 

 

 

 

 


