
MASTER’S  THESIS

2007:062 CIV

GUSTAV LUNDMARK
PER MOBACKE

Concept Analysis of
Front Wheel Drive Systems

in Future Trucks

MASTER OF SCIENCE PROGRAMME
Mechanical Engineering

Luleå University of  Technology
Department of Applied Physics and Mechanical Engineering

Division of  Computer Aided Design

2007:062 CIV • ISSN: 1402 - 1617 • ISRN: LTU - EX - - 07/062 - - SE



 

 

 
 
 
 
 
 
 
 
 
 

Concept analysis of front wheel drive systems in future trucks 
 
 
 
 
 

Gustav Lundmark  Per Mobacke 
 
 
 
 
 
 
 
 
 
 
 

This report is a result of the master thesis work carried out at Volvo 3P, 26200 
Advanced Engineering and Concepts during September 2006 to February 2007 as a 
part of the Master of Science degree in Mechanical Engineering at Luleå University 
of Technology. 

 
 
 
 
 
 
 

Department of Mechanical engineering 
Division of Computer Aided Design 

Luleå University of Technology 
SE-971 87 Luleå Sweden 

Telephone: +46 (0)920 49 10 00 
 

 
 

COPYRIGHT © 2007, Gustav Lundmark, Per Mobacke 
 



 

 

Abstract 
A new type of articulated heavy truck with improved off-road performance is under 
development at Volvo Truck Corporation. Combined with on-road performance similar to a 
regular truck it will be a versatile vehicle that decrease the load/unload occasions done 
between off- and on-road vehicles of today. If a traditional mechanical transmission to the 
front axle can be replaced by a lighter and less space demanding transmission, the gain in 
payload will be an important benefit for the customer. During on-road transports front wheel 
drive is rarely needed, hence it would be beneficial if it could be possible to engage/disengage 
the front wheel drive on the fly in such manner that the rotating mass is kept at a minimum.  
 
The target of this master thesis work was to map, develop and compare front axle propulsion 
systems for a heavy truck. The focus was on systems based on hydraulic, electrical and 
mechanical technology. Steering geometries and steering system layout as well as the general 
powertrain and chassis layout was taken into account as a consequence of the front axle 
propulsion development. Adapted for a production phase in 5-10 years, a dual steering 
concept based on both Ackermann and articulated steering with Poclain Hydraulics wheel hub 
motors was proposed.  
 
A key issue in the hydrostatic propulsion system was where the power from the combustion 
engine was to be taken out. Because of that, different concepts of implementing a new power 
take-off (PTO) adapted for the hydrostatic transmission pump installation was carried out. 
The proposed PTO is rear wheel speed dependent with a friction clutch and mounted at the 
standard retarder interface at the back of the gearbox. 
 
As a consequence of a demand on a prototype fleet for a sugar cane harvesting and 
transportation application ready in 2008, the work also consisted of a comparison of different 
existing truck/trailer combinations. The goal was to find the best solution regarding load 
capacity, tracking performance and soil destruction. The proposed combination was a Volvo 
FM/FH 4x4 rigid truck with the shortest wheelbase combined with a centre 2-axle trailer with 
adapted dimensions to make it follow the tracks of the truck. 
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Notations 
 
n Rotational speed  [rpm] 
Ix Different gear ratios  [-] 
Ffr Friction force  [N] 
µ Coefficient of friction  [-] 
N Normal load  [N] 
T Propelling torque  [N] 
r Radius of wheel  [m] 
αm Mean steering angle  [deg] 
Ltwb Theoretical wheelbase  [m] 
al Lateral acceleration  [m/s2] 
Rc Radius of curve  [m] 
g Natural gravitation  [m/s2] 
Kus Understeer coefficient [radians] 
v Velocity of vehicle  [m/s] 
αo Outer wheel steering angle  [deg] 
αm Mean steering angle  [deg] 
αi Inner wheel steering angle  [deg] 
Wt Track width  [m] 
R Imaginary turning radius  [m] 
FRF Rear frame normal force  [N] 
FFF Front frame normal force  [N] 

FAF Aggregate fastening normal force  [N] 

FA Aggregate normal force  [N] 
α Frame steering angle  [deg] 
TEL Electrical motor torque  [Nm] 
KTA Rotational speed and thermal acceptance constant  [-] 
DO Outer diameter  [m] 
LO Outer length  [m] 
 



 

 

Glossary 
 
VTC  
Abbreviation of Volvo Truck Corporation. 

TWINS  
Cooperation between VCE and VTC with the 
aim to build an articulated truck. 
 

VCE 
Abbreviation of Volvo Construction 
Equipment. 
 

On-Off  
Concept truck developed within TWINS 
mainly for on-road use. 
 

ADT 
Abbreviation of Articulated Dump Truck. 
 

Off-On  
Concept truck developed within TWINS 
mainly for off-road use. 
 

Ackermann steering  
Standard wheel steering. 
 

CTIS  
Abbreviation of Central Tyre Inflation 
System, a system making it possible to 
change the tyre pressure during ride. 
 

Articulated steering 
Aligning the wheels by using frame steering. 
 

PTO  
Abbreviation of Power Take-off. 
 

AWD  
Abbreviation of All Wheel Drive. 
 

ESP  
Abbreviation of Electronic Stability 
Program. 
 

FWD  
Abbreviation of Front Wheel Drive. 
 

Tranferbox  
Gearbox that distribute torque from one inlet 
to several outlet axles. 
 

Payload  
The weight of transported gods. 
 

Hauler  
Truck pulling a trailer. 
 

HEV  
Abbreviation of Hybrid Electrical Vehicle. 
 

Retarder  
System for additional hydraulic braking 
power. 
 

DC 
Abbreviation of Direct Current. 
 

Assist drive  
Lighter version of mechanical AWD both in 
terms of weight and performance. 
 

AC 
Abbreviation of Alternating Current. 
 

Crawl driving  
Driving at very low velocity (<10km/h) with 
high velocity control precision. 
 

PM 
Abbreviation of Permanent Magnet.  
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1 Introduction 
As the transport industry of today is struggling for increased efficiency and methods to cut 
costs, Volvo have plans to start develop a new type of heavy truck. The purpose with this 
concept is to provide a truck that is able to drive in tough conditions and inaccessible areas, 
such as in agricultural terrain and in the Siberian tundra, and still be efficient in on-road 
transport applications. The point with this type of truck that is developed for a wider field of 
applications is to eliminate the load/unload occasions between off- and on-road vehicles 
needed today, and hence increase the efficiency in the transport chain. At VTC (Volvo Truck 
Corporation) this project is generally referred to as “Salix”, aroused from a cooperation with 
an entrepreneur manufacturing crop harvesting aggregates for the sugar cane industry. For this 
field of application the truck is supposed to be used throughout the whole chain, from 
harvesting of the crop at the field to transportation of the crop to a factory for processing. The 
demands on the vehicle are possibility to crawl-drive and to mount a harvesting aggregate in 
the front as well as on-road transport effectiveness. 
 
The other important field of application is in the mining and oil industry in Siberia. The 
vehicle is to be used in very tough conditions on bumpy and muddy roads in as high speed as 
possible. The main demands on the vehicle are exceptional good off-road performance and 
high payload.  
 
Common for these two fields of application is the need for very wide tyres and a small turning 
radius. To fit wide tyres on the front axle and keep the turning radius at a minimum, the truck 
concept is planned to have articulated steering instead of the traditional Ackermann steering. 
Articulated steering along with the demand to keep the turning radius down does bring some 
challenges regarding the propulsion of the front wheels. A traditional mechanical solution 
may work but some negative aspects are the high weight and space requirements. It would 
bring many benefits if a lighter and less complicated solution to the problem exists. 
 
Parallel with the articulated truck concept, VTC have made pilot studies on alternative 
propulsion systems of the front axle for traditional on-road trucks. Dependent on the outcome 
of the alternative propulsion system study for the articulated truck concept it can be natural to 
adapt that solution to fit on regular on-road trucks as well.  
 

1.1 Problem definition 

The main goal with this master thesis was to find the best possible propulsion system for the 
front axle of the articulated concept truck and compare that truck with an ordinary 
mechanically propelled reference truck. The systems developed were based on hydraulic-, 
electrical- or mechanical technology, where the mechanical systems mainly acted as 
reference. The new truck concept was planned to meet the demands found in Table 1-1. 
 
Table 1-1. Demands on the new truck concept. 

Long distance/On-road Agriculture/Off-road 
• High velocity (90 – 100 km/h) • Low ground pressure 
• Satisfactory fuel economy • Low speed 
• High payload and traction capacity • Good off-road performance 
• Good manoeuvrability in all road conditions • High payload capacity 
• Make a minimum of geometry changes compared to standard VTC components 
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1.2 Background 

The main purpose with this chapter is to give a deeper background and a description of former 
work that has been carried out at VTC, which was of interest for this master thesis. 
 

1.2.1 Twins 

Twins was carried out 1997-2002 as a collaborative project between VCE (Volvo 
Construction Equipment) and VTC. The aim was to design two cross-over vehicles between 
trucks and articulated dump trucks (ADT). The concepts were called On-Off and Off-On 
inspired from the field of application. On-Off was thought to be used 75% on road and 25% 
off road and Off-On vice versa. The purpose with the project was that the ADT department at 
VCE had been interested in developing a small ADT with increased top speed. At the same 
time VTC was interested in increasing their market shares in the construction market segment. 
By combining the two companies knowledge and experience, two new cross-over concept 
trucks to cover the gap, seen in Figure 1-1, between traditional ADT:s and AWD trucks was 
designed and built. 
 

 
Figure 1-1. Describing picture of the product need for the TWINS-vehicles [I.1]. 

 
Further development and commercialisation was cancelled mainly because of cost reasons 
since the concept trucks used too many components not in production. The main idea has 
nevertheless stayed alive, and was picked up again during the project called Salix. 
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On-Off (Acke) 
 

 
Figure 1-2. The On-off vehicle (Acke) during test drive at a customer clinic [I.2]. 

 
The On-Off vehicle was Ackermann steered and incorporated a rotational joint normally 
found on ADT:s to enable the front and rear frame to roll relative each other. In Figure 1-2 
this function is showed when crossing a ditch. Advantages with this type of solution are that 
stresses in the frame decreases and the truck get more flexible and manageable when driving 
off road. To decrease ground pressure relative a traditional truck, wider tyres was mounted 
leading to a slightly increased turning radius because of a decreased maximum steering angle.  
 
The propulsion of the front axle was done with a hydrostatic transmission. The hydraulic 
motor was connected to the input flange of the front axle central gear differential with a one 
speed/neutral gearbox in between. Front wheel drive was mechanically disengaged when 
velocity was higher than about 30 km/h. The front axle was of a Independent Front 
Suspension (IFS) type and was delivered by a company called Timoney [I.30]. Because of the 
wider tyres, the diameter of the wheels was kept down not to loose too much in turning radius, 
leading to a relatively low ground clearance. The overall impression of the vehicle was 
although good with better off road and similar high speed on road performances compared to 
the main competitors; the traditional AWD trucks. Disadvantages were mainly the large 
number of new and “non-Volvo”-components as well as the high weight on the front frame 
mainly because of a heavy front axle installation.  



1. Introduction 

 12 

Off-On (Vicke) 
 

 
Figure 1-3. The Off-on vehicle in action on a test-track during a customer clinic [I.2]. 

 
The Off-On vehicle seen in Figure 1-3 was steered articulated. It incorporated a joint similar 
to the ones found in standard VCE ADT:s with both rolling and steering function (two 
degrees of freedom). The layout of the front frame was similar to an ADT. That meant that the 
engine was mounted in front of the front axle to reach a small distance between the steering 
joint and the front axle (F-distance), and thereby reach a small turning radius. The front axle 
was mechanically propelled with a cardan shaft going from a transfer box located in the front 
frame, behind the front axle. The FWD (front wheel drive) was permanently engaged up to 
the maximum speed of about 90-100 km/h. The front axle suspension was borrowed from the 
ADT:s and was of DeDion-type, meaning that the central gear was fixed to the chassis with an 
A-shaped subframe.  
 
The overall impressions of the vehicle were that it, relative On-off, to a higher extent would 
cover the gap mentioned above. It would be a flexible vehicle with very good off-road 
performance and still offer satisfying high speed on-road handling and stability.  

1.2.2 Salix 

Mainly because of cooperation with a sugar cane harvesting aggregate entrepreneur, the idea 
with a frame steered truck/ADT cross-over vehicle was picked up again in a project called 
“Salix”. This time the focus was on using a higher proportion of standard truck components, 
making prerequisites for taking the concept to commercialisation better. A former master 
thesis made by Alfred Johansson [V.1] and Robin Nilsson [V.2] draw the guidelines for 
designing the truck concept with the Volvo FM chassis as the base. Among other things, 
Johansson and Nilsson calculated steering geometries and made a rough layout of the vehicle.  
 
Parallel with the development of a frame steered version, a prototype called “Salix 1” was 
built. It was based on a standard FM 6x6 with some slighter modifications and accessories to 
work as a first test vehicle for the salix and sugar cane harvesting application. Among other 
modifications CTIS (Central Tyre Inflation System), a hydrostatic add-on system called 
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RECO-Drive [I.31], a plough fastening in the front and adapted PTO:s for propulsion of the 
aggregate was mounted.  
 
The main differences between Twins On-off and Off-on and the FM-based articulated concept 
is that the Twins vehicles had the engine mounted in front of the front axle, while front axle is 
under the engine in the FM frame. This led to some challenging issues when an articulated 
steering was incorporated in the FM frame. The important F-Distance is difficult to hold down 
if the gearbox, PTO and tranferbox are to be fitted in the front frame. Alternatives 
incorporating movement of the gearbox and/or PTO and tranferbox to the rear frame have 
been discussed during earlier work and that issue was evaluated in another parallel master 
thesis work done by Peter Petrov Stoychev [V.3] and Serdar Guryuva [V.4]. Moving the 
tranferbox to the rear frame makes the traditional mechanical front wheel drive difficult to 
implement. Because of that, this master thesis work focused on finding a satisfactory 
propulsion system for the front axle, either mechanical or an alternative incorporating 
hydraulic or electrical technology.  
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2 Method 
This project was planned and carried out with a product development methodology described 
by Ulrich K.T and Eppinger S.D in the book Product design and development [L.4] as a base. 
Due to the limitations and specific needs of this project the methodology was slightly 
modified. To create input to the project and define the mission statement a preparatory phase 
was performed. This phase included a prestudy of all essential systems in trucks, examination 
of existing front wheel drive technologies (benchmarking) and an investigation of the need for 
front wheel drive. From these preparing studies a set of demands and product properties were 
established. These demands and properties worked as a base for the concept generation and 
concept comparison that was an essential part of the project. Concept generation mainly 
consisted of compilation and documentation of existing concepts in a mix with new 
competitive ideas. With all concepts thoroughly investigated and compared the selection took 
place. This was done together with supervisors at Volvo. With a selected concept the project 
continued with further development on specific components and by setting up guidelines for 
future work on the concept A schematic picture of the product development process can be 
seen in Figure 2-1. 
 

 
Figure 2-1. Schematic picture of the product development process. 

 
Bellow is a chronological clarification of the project plan: 

• Pre study of all essential systems in trucks 

• Examination of existing front wheel drive technologies  

• Investigation of the need of front wheel drive 

• Establish a set of demands and product properties  

• Generate, compare and select concepts 

• Develop and draw guidelines for the following work on the concept 
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3 Technical requirements 
The technical requirements are identified and clarified in this chapter.  

3.1 Front wheel drive  

The need for and performance demands of front wheel drive were important criterions for the 
layout of the propulsion system. The articulated steering will make the vehicle act differently 
from a traditional truck, especially when it comes to retain control over a skidding vehicle. If 
the powertrain layout is correctly chosen, this difference can be minimized which will give a 
greater value of the concept to the customer. 
 
The Twins project at Volvo was a valuable source of information about the need for front 
wheel drive on articulated steered vehicles. Customer clinic tests with the articulated concept 
truck Off-on as well as opinions from experienced ADT designers at VCE [V.5] showed that 
front wheel drive is necessary not just to improve the performance in off road situations but 
also at higher velocities on slippery roads.  
 
In an attempt to clarify the need for FWD in an articulated steered truck some opinions 
regarding the Off-on vehicle from TWINS customer clinics [A.1] are listed (freely translated 
from Swedish): 
 

• “When driving on slippery surface a frame steered vehicle with all wheel drive acts like 
expected compared to a vehicle with front wheel drive disengaged.”  

• “The front wheel drive gives the driver better chances to regain control of a vehicle in a 
skidding situation. It also increases the course stability. In other words the risk of getting 
into a skidding situation is decreased plus that you get a forewarning before it is to late.”  

• “Without front wheel drive the bogie wheels can easily lock up when using retarder 
increasing the risk to go into a skid, especially when driving without load or in a 
descent.”  

• “When accelerating at slippery surfaces with only bogie drive engaged, the vehicle can 
easily go into a skid that is very difficult to repeal.”  

 
Experimental tests with the Off-on vehicle also showed that even pure front wheel drive in 
some situations can be better than pure rear bogie drive. If driving in a curve on a slippery 
road, the pure front wheel drive pulls the vehicle through the curve, while the pure rear bogie 
drive push the front axle ahead with large slip angles on the front wheels leading to decreased 
steering performance and increased soil destruction. At higher velocities on slippery surfaces 
it can make the vehicle instable and willing to crawl and oscillate. This is even more 
significant when the vehicle is fully loaded. The conclusions drawn from this is that at higher 
velocities the front wheel drive is traditionally needed for a satisfying course stability and for 
the general handling of the frame steered vehicle.  
 
The above discussion and experiences are primarily valid for the Off-on vehicle. The FM 
concept truck differs from the Off-on in many cases, making the prerequisite for front wheel 
drive possibly different. To summarize the need for front wheel drive on the concept vehicle, 
these are the main reasons and situations where it is applicable (LS = Low Speed, HS = High 
speed): 
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• Increase off road performance (start off and not getting stuck in slippery, loose and 
uneven surfaces) (LS).  

• Increase course stability and handling (LS & HS). 

• Make the vehicle behave as expected in slippery conditions (LS & HS). 

• Increase the ability to regain control over the vehicle when a skid occur (LS & HS). 

• Increase grade ability, especially in off road conditions (LS).  

 
The major benefits with front wheel drive are probably in low speeds, off road driving. At 
higher speeds, the main benefit will be if the surface is snow, ice, mud or similar with low µ 
(coefficient of friction). On the other hand, with a decreasing µ, driving velocities will 
decrease but still be perhaps 50-70 km/h at for instance very slippery highways.  
 
When looking at traditional Volvo FWD trucks, it is rare that they use the front wheel drive in 
the high speed situations mentioned above, mainly because of increased fuel consumption and 
lack of a differential between front and rear axles. The field of application is mostly at lower 
speeds in off road conditions, at slippery start off situations and when entering a steep slope 
up or down. The traditional FWD trucks do however differ in need for front wheel drive 
compared to the frame steered concept truck in some ways. For the low speed area, the needs 
and behaviour are quite similar but differences can be found in the high speed area. The main 
difference is that a traditional truck is easier to regain control of after a skid. The reason is that 
the frame steering makes the vehicle “fold” around its waist, rather than preventing it from 
oversteering or understeering. 

3.1.1 Onboard Electronic Stability Program 

During the latest years, Electronic Stability Program (ESP) systems have been developed for 
trucks. These use ABS wheel sensors and accelerometers to calculate the state of the vehicle 
in terms of the slip angles for the tyres. If the system detects a skid it assists the driver by 
breaking certain wheels to get the vehicle back in a stable position. Discussions about this 
technique with Volvo powertrain expert Jan Öberg [V.6] and Volvo articulated hauler expert 
Jörgen Ahlberg [V.5] lead to some ideas and questions. The system can be used in a frame 
steered truck to increase the handling performance and hence decrease the need for front 
wheel drive at higher speeds. There are though opinions saying that a vehicle should not be 
too dependent on assist systems to reach a sufficient degree of safety and handling. A vehicle 
should still be able to handle if the assist system fail. Uncertainties cover the development 
costs for such a system in a frame steered vehicle, while it has not been found on the market. 

3.1.2 Front wheel drive conclusions 

The following conclusions were made during the “need for front wheel drive” process: 

• It is still unclear whether front wheel drive is a “must have” in all speeds on a frame 
steered vehicle. ADT:s have traditionally always been constant all wheel driven while 
traditional trucks with AWD normally does not use the FWD at high velocities. The 
positioning of the truck concept in a new segment somewhere in between these two 
genres sets the need for front wheel drive in a grayscale depending on the field of 
application and dynamic stability of the final version of the vehicle. 

• If ESP is used, the need for FWD will decrease at high speeds but it is still unclear if this 
is enough to let the FWD be constant off at speeds over a certain limit (25-50 km/h). 
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3.2 Driving torque 

Beside front wheel drive engage range, the driving torque delivered by the front axle is an 
important issue in the scope of this master thesis. In this part the technical needs for the 
driving torque will be calculated and discussed.  
 
In a simple model, the tractive force aroused from the driving torque that a propelling wheel 
causes is dependent on the driving torque delivered from the powertrain, the nature of the tyre 
and the coefficient of friction, µ, between the tyre and the surface. In a mechanically propelled 
AWD truck the maximum torque delivered to each wheel from the powertrain is close to 
equal if all other factors are kept constant. In a standard Volvo FM13 6x6 with D13D420 
engine, the maximum torque that the diesel engine can deliver is 2000 Nm between 1050 and 
1450 rpm. Gear ratios in the powertrain after the engine can be found in Table 3-1.  
 

Table 3-1. Gear ratios for the components in the powertrain. 

 I1: Gearbox  
(I-Shift 
V2412AT) 

I2: Transferbox 
(VT2501TB) 

I3: Driving front 
axle (ZF Driving 
front axle) 

Total 
(I1xI2xI3) 

Reduction 
ratio 

14,94:1 1,04:1 5,19:1 80,64 

 
With the total reduction ratio of 80,64 when the first gear in the gearbox is engaged, the 
maximum torque delivered to the wheels is 2000 Nm x 80,64 = 161,3 kNm. In a worst case 
scenario, almost all of this torque can be transmitted to one wheel when all differential locks 
are engaged and the other five wheels are standing on a low friction surface and spinning. In 
this case the maximum transmitted torque between the wheel and surface is limiting while the 
wheel will start to spin of long before 161,3 kNm. Maximum load on the driven front axle is 
9000 kg, giving a normal force, N, of 4500 kg on each front wheel. On a high friction surface 
like asphalt, µ can be close to 1,0 according to appendix A. Combining the basic formula for 
friction force, Ffr,  
 
 

NFfr ⋅= µ ,  [Eq. 1] 

 
and the basic formula for torque, T,  
 

rFT fr ⋅= ,  [Eq. 2] 

 

where r is the radius, gives an equation for the maximum torque transmitted to the surface. 
That is done by inserting Eq. 1 in Eq. 2 giving the expression 
 

rNT ⋅⋅= µ . [Eq. 3] 

 
Adding numerical values gives   
 

3,2455,0)81,94500(0,1 =⋅⋅⋅=T kNm, 

 
which is far below the possibly delivered torque discussed above. For the rear wheels in the 
bogie the maximum normal forces are about the same, giving a similar maximum transmitted 
torque to each wheel.  
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Discussions with Jan Öberg [V.6] as well as calculations made in a former master thesis work 
done by Marcelo Arcila [V.7] and Bartosz Bien [V.8] says that this does not need to be a 
dimensioning value for an alternative FWD. Bartosz and Arcila based their calculations on 
two cases. One where only the hydraulic front wheel drive is to propel the vehicle in a 15 % 
grade on asphalt in 5 km/h, and one where the whole AWD system is used to propel the 
vehicle in a 48 % grade on asphalt. The calculations were made on a 9/18 tonne front/bogie 
load vehicle (27 ton gross weight). The result showed that the needed torque in these cases is 
about the same, and they set a requirement on 11 kNm for each front wheel.  
 
Jan Öberg has given another point of view on the requirements. He claim that if the front 
wheels can spin off on a surface with a coefficient of friction of around 0,4 to 0,5, 
corresponding with gravel, that would be enough. Using Eq. 3 with a front axle load of 11 
tonnes that is a goal for the Salix vehicle and a wheel radius of 0,60 m gives the required 
torque  
 

9,126,081,955004,0 =⋅⋅⋅=T kNm/wheel    

 
for µ=0,4 and      
 

2,166,081,955005,0 =⋅⋅⋅=T kNm/wheel 

 
for µ=0,5 respectively.  
 
Table 3-2 shows a list of the different calculation methods as well as the mechanical system 
and a competitive system from MAN [I.32] called HydroDrive. In the case of MAN, their 
system is assigned as an “additional drive system” that is not to be compared to the 
mechanical AWD in terms of performance (more details in chapter 5.4.4).  
 

Table 3-2. Overview of driving torques.  

Vehicle/principle Front axle load [ton] Driving torque on each front 
wheel [kNm] 

Mechanical FM 6x6 9 24,3 
Bartosz/Marcelo 9 11 
Jan Öberg  11 13-16 

MAN HydroDrive ~9 7,3 

 
To summarize the required driving torque, a value around 13-16 kNm is desirable, but while 
the real need is not fully investigated, a MAN-like solution with only about 7-8 kNm might be 
sufficient. This can especially be interesting if the vehicle is equipped with a Central Tyre 
Inflation System (CTIS), that has proved to increase the off road performance dramatically. 
The system can decrease tyre pressure during ride and hence decrease ground pressure and 
improve grade ability on slippery and loose surfaces as well as the floating ability on the 
surface. 
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4 Technology overview 
This chapter gives an overview of the technical layout and performance of hydraulic and 
electrical propulsion systems. It also gives a comparison between hybrid electrical systems 
and hybrid hydraulic systems. 

4.1 Hydraulic systems 

Systems using hydraulic technology for propulsion are widely used in the commercial, 
agricultural and construction vehicle industries. The design of the systems varies widely 
dependent on the field of application, the speed and torque needed as well as the geometrical 
limitations for the installation. The wheels can either be directly driven by a hydraulic wheel 
motor or indirectly by a regular mechanical transmission with axles and differentials between 
hydraulic motor and wheel. Figures showing different layouts of hydrostatic transmissions 
can be seen in appendix B. A common hydraulic system for propulsion of a vehicle consists 
of a pump driven by the combustion engine via a PTO (Power Take-off), valves to distribute 
and control the flow, a motor to actuate the rotation of the wheels and hoses to connect the 
components. Other components that can be found are a oil tank, a oil filter and a hydraulic oil 
cooler if the system generates large amounts of heat. A gear reducer is used if the speed of 
rotation needs to be adjusted after the hydraulic motor. Figure 4-1 show a basic layout of a 
hydrostatic propulsion system. 
 

 
Figure 4-1. 1- Combustion engine (propulsion input), 2- Hydraulic pump, 3- Hoses, 4- Hydraulic 
motors, 5- Gear reducer and 6- Wheel. 

 
An interesting technique is the use of pressure accumulators to take care of the regenerative 
braking energy. This is done by using the hydraulic motor as a pump while the vehicle is 
braking or driving down a slope. The generated pressure is stored in a tank for use when 
acceleration power is needed  



4. Technology overview 

 20 

4.1.1 Open and closed loop systems  

Closed loop systems as seen in Figure 4-2 are often used in mobile hydrostatic transmission 
applications. Characteristics of such a system are that there are pressure lines connecting both 
ports of pump and motor. This allows the flow to easily change from one direction to another 
in the system and therefore the change between forward and reverse is made without any 
directional valves. The flow direction change is made in a variable displacement axial piston 
pump by inverting the angle of the valve plate, switching the low and high pressure ports of 
the pump. Because of pressure drops, mechanical friction and internal leakage, the oil needs 
to be cooled and cleaned to achieve satisfactory performance and lifetime. This is done by 
adding a tank, a filter and a cooler in a low pressure system. Exchange flow between high and 
low pressure systems is made by letting a flush valve take oil from the low pressure line in the 
closed loop part and letting a feed pump supply the main pump with cooled and filtered oil.  
 

 
Figure 4-2. Schematics of a closed loop system: 1- Prime mover, 2- Leak drain to tank, 3- Variable 
displacement pump, 4- Oil filter, 5- Charge pump, 6- Tank, 7- One-way valve, 8- Flush valve, 9- Pressure 
limiting valve, 10- Fix displacement motor, 11- Air/oil cooler [L.1 and modified].  

 
An open loop system incorporates a tank and only one high pressure line between pump and 
motor. Oil flows from low pressure port of the motor to the tank and from the tank to inlet 
port of the pump. An oil cooler and filter can be attached in the low pressure part of the 
system. Figure 4-3 show a layout of such s a system. 
 

 
Figure 4-3. Schematics of an open loop system. 1- Variable displacement 
pump, 2- Fix displacement motor, 3- Oil filter, 4- Air/oil cooler, 5- Tank. 
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4.1.2 Hydraulic motors  

The most common types of hydraulic motors used for propulsion of commercial vehicles are 
radial and axial piston motors as shown in Figure 4-4. The characteristics for a radial piston 
motor are low rotation speed and high output torque, while axial piston motors produce low 
torque and high rotational speed.  
 

 
Figure 4-4. Layout of an axial piston motor [I.3] (to the left) and a radial piston motor [I.4] (to the right). 

       
Axial piston motors are found with or without continuously variable displacement, while the 
radial type, when applied, is regulated by engaging a certain number of pistons or piston rows 
leading to fixed displacement steps. The radial motors can be found with a rotating shaft or 
case, while the axial piston motors always use a rotating shaft layout.  
 
When used as wheel motors propelling the wheels directly, the radial piston motors normally 
does not need any reduction gear, as the necessary torque is available from standing still 
because of the large displacement. Mainly because of the large displacement leading to large 
flows, the radial motors have a limited range of rotational speed reaching up to 100-200 rpm. 
In the case of axial piston motors, they do need a reduction gear to perform satisfactory 
because of their small displacement and maximum rotational speed of 3000-9000 rpm. 
Regarding the maximum pressure and flow the two types are similar for a given power level. 
To summarize the characteristics, the specific power (kW/kg) is higher for the axial type 
while the specific torque (Nm/kg) is higher in the radial type. 
 
Another type of motor found is the disc-valve or gerotor as seen in Figure 4-5. It is not often 
used as a wheel motor but the characteristics are still somewhat interesting. The 
torque/rotational speed ratio is between axial and radial motors, leading to no need for a 
reduction gear in higher speeds (1:1 ratio between motor and wheel). In the low velocity 
range it does however not deliver enough torque and hence does need a reduction gear. 
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Figure 4-5. The gerotor or dics-valve pump layout [I.5, I.6]. 

 

4.1.3 Hydraulic pumps 

The most commonly used pump type used for hydrostatic propulsion is the axial piston. 
Piston pumps in general are in most aspects similar to the piston motors. By propelling the 
shaft of the motor, the pistons move and distribute oil to the system. In the same way as for 
the motors the variation of the displacement is performed continuously for the axial type by 
changing the angle of the valve plate. 
 

4.1.4 Hydraulic valves 

Valves are used to distribute and control the flow in the hydraulic system. Together with a 
possibly variable displacement pump and motor the valves control the flow to the motors. By 
adjusting flow and displacement, rotational speed of wheels can be set to the driver demands. 
Valves are also used to protect the system from building up too high pressure (pressure 
limitation valves). 
 

4.2 Electrical systems 

4.2.1 Electrical motors overview 

Several electrical drive types are available on the market today, each with its own 
characteristics regarding torque, power, cost, efficiency, size and weight. With many 
parameters to take into consideration it is important to understand the purpose of, and the 
needs of the vehicle that is under development. Common for all systems are that they consist 
of a power supply, an electrical drive and a mechanical transmission. The electrical drive 
usually consists of a controller and a motor.  
 
The motor can either be a direct current (DC) motor or an alternate current (AC) motor. Old 
electrical motors are usually of DC type and have a relatively uncomplicated control system, 
DC motors are also inexpensive but they have some disadvantages as size and weight which is 
important in vehicle applications. During the 80s the development of AC motors began for 
hybrid electrical vehicles (HEV) purposes. Two main genres exist within AC motors; 
asynchronous and synchronous. The first of them can operate at high revolutionary speeds 
which makes them somewhat smaller as they do not need to deliver high torques. One 
negative aspect with the asynchronous AC motor is the lower efficiency compared to a 
synchronous motor which makes it consume higher currents [A.2, L.3].  
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During the 21st century the focus for HEV application was on synchronous permanent magnet 
(PM) motors. PM motors are high performance motors with high specific torque and high 
efficiency. Negative with PM motors are cost of the permanent magnet, in HEV the cost 
problem tend to increase due to the large sized motors that are used.  
 
Direction of magnetisation 
When studying electric motors for HEV applications one central part is the direction of the 
magnet flux. Radial and axial are the most common types. The difference between these types 
of motors is in what direction the magnet flux acts. In the axial direction case, the motors 
often deliver high torque and work at relatively low speed. Axial flux motors have a much 
larger diameter to length ratio than radial flux machines. The torque in axial motors is 
correlated to the number of poles which gives an increased radius if high torque is wanted. 
The thickness of the motor is also related to the number of poles but not in the extent as for 
the radius, therefore these types of motors usually get “pancake” geometry as seen in Figure 
4-6.  
 
In radial flux motors the length of the conductor in the magnetic field is of interest. This 
makes the motors longer and with a smaller radius than axial flux motors as seen in Figure 4-6 
[A.2]. 
  

 
Figure 4-6. An axial flux motor to the left [I.7] and a radial flux motor to the right [I.8]. 

4.2.2 Electrical motor dimensioning 

A rule of thumb when dimensioning radial flux PM motors is presented in Eq. 4. TEL is the 
torque generated, KTA is a constant depending on rotational speed and thermal acceptance. It 
usually varies between 40’000 and 70’000 for motors between 10 and 1000 kW and rotational 
speeds less than 1000 rpm. DO is the approximate outer diameter and LO is the approximate 
outer length. 
 

OOTAEL LDKT ⋅⋅=
2     [V.9] [Eq. 4] 

 
Another rule of thumb is the specific power which is approximately 1 kg/kW [A.3]. 
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4.2.3 Electrical hybrid systems 

All truck and car manufacturers are developing products for a decreased demand of fossil fuel 
and hence increase the environmental friendliness of the product. The electrical hybrid 
systems are a common technique for this purpose. Some advantages with hybrid electric 
propulsion are the regenerative braking, where the braking energy is taken care of and stored 
in batteries for future use. The idle-off function enables the combustion engine to switch off 
when not needed in start off situations and traffic jams. This decreases the fuel consumption 
and hence the exhaust fumes. Three different hybrid techniques that are mainly used in 
vehicles today are the parallel hybrid, series hybrid and parallel-series hybrid.  
 
In the series hybrid technique the combustion engine is used to propel the generator which 
charges the battery that provides power to the electrical motor. In this case the combustion 
engine can be smaller because it only has to meet the average power consumption demands 
and can be designed in a way that it is always running at its highest efficiency level.  
 
The parallel hybrid vehicle uses both a combustion engine and an electrical motor as power 
source to the wheels. Computer controls and transmission allows these to work together. 
Parallel hybrids usually have a smaller battery pack and mainly rely on regenerative breaking, 
but when power demands are low or when the vehicle breaks, the electrical motor can be used 
as generator for the battery. Parallel hybrids are suitable for highway driving due to the direct 
connection between electric motor and wheel; no mechanical power needs to be converted to 
electricity and back. In city driving the power demand is bigger which makes the combustion 
engine run at a wider range of revolution speeds which decreases the efficiency of the engine 
and hence the efficiency of the whole system.  
 
The parallel-series hybrid is a combination of the two techniques described earlier. It makes 
the combustion engine run at its highest efficiency level more often by using the series 
technique in a wider extent at lower speeds while the parallel technique is more used at higher 
speeds. The drawbacks with this type of system are higher costs and larger mass [I.9].  
 
The system used in this project is different from all above due to its specific application with 
very unique demands and possibilities. The combustion engine in a heavy truck brings an 
opportunity with its PTO and the articulated steering enables somewhat larger wheel motors 
being implemented than in an Ackerman steered front axle. To minimize weight there are no 
plans for batteries which makes the regenerative braking impossible. The main goals for this 
project is to minimize weight and be able to redistribute mass and still have the front wheel 
drive. 
 

4.2.4 Hybrid technology comparison 

A simulation of hybrid hydraulic vehicles (HHV) and hybrid electric vehicles (HEV) has been 
carried out within AB Volvo [A.4]. The purpose was to compare the two different 
technologies regarding fuel consumption, efficiency, specific power and specific energy etc. 
The simulation was performed in Simulink/Matlab and used a B7 L ISAM bus as target. The 
result, as presented in Table 4-1 and Table 4-2, show that electric systems have a higher 
specific energy (Wh/kg) while the hydraulic system has a higher specific power (W/kg). 
Regarding fuel consumption the hydraulic system performed slightly better than the electrical. 
This is though strongly connected to the duty cycle where the hydraulic system is favoured in 
conditions with many start/stop cycles such as for a city bus. The total efficiency of the 
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systems was also a little better for the hydraulics, this may depend on the static model of the 
battery that were used which was claimed to be somewhat incorrect due to its measurements 
of constant currents. A dynamic model would give the battery better efficiency.  
 

Table 4-1. Results from the simulation in the engineering report [A.4]. 

Hydraulic Hybrid Electric Hybrid 
Fuel consumption [litre/100km] 46,9 Fuel Consumption [litre/100km] 47,2 
Mean pump efficiency 0,84 Mean generator efficiency 0,86 
Mean motor efficiency 0,86 Mean electric motor efficiency 0,90 
Mean accumulator efficiency 0,99 Mean battery efficiency 0,86 
Total mean efficiency 0,72 Total mean efficiency 0,67 

 
Table 4-2. Summary of the comparison between HHV and HEV for a city bus application [A.4]. 

 HHV HEV Comment 
Weight - + A minor weight difference gives the HEV a small 

advantage dependent on battery used. 
Specific power + - Accumulator has higher specific power than batteries. 
Specific energy - + Batteries have higher specific energy than accumulators. 
Packaging - + The flexibility of the battery gives the HEV an 

advantage. 
Noise - + High noise levels of the hydraulic pump/motor give the 

HHV a disadvantage. 
AUX power + + Both systems have the ability to manage the auxiliary 

loads. 
Durability +/- +/- Depending on which type of battery/accumulator that is 

used. 
Performance + - The greater specific power of the hydraulic system gives 

it an advantage 
Brake wear + - The ability to sustain negative torque with full energy 

storage gives the HHV an advantage. 

 
The conclusion from the report was that a hybrid hydraulic system is a competitive contender 
to a hybrid electric system. The biggest advantage of the hydraulics is the high specific power. 
It shall be noted that this was a comparison between hybrid systems while the focus in this 
report is on pure hydrostatic and electric propulsion. This comparison does though give a hint 
of some advantages and disadvantages the systems between.  
 

4.3 Supporting systems 

4.3.1 Gear reducers 

To adapt the torque and rotational speed between the motor and wheel, a gear reducer is used. 
That is mostly the case when using small motors with high rotational speed and low torque, 
but also to increase the rotational speed when a low speed/high torque motor is used. The 
most commonly used is the planetary gear based reducer due to its dimension, weight, high 
torque transfer, high transmission ratio and different gear ratio from a single unit.  
 
If a wheel motor is used to propel the vehicle at highway velocity of about 90-110 km/h and 
the size of the motor is to be kept down, a multi ratio reducer is a demand. This is valid both 
for hydraulic and electrical wheel motors. Change between the ratios must be done seamless 
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during travel. In a planetary gear reducer the different ratios are performed by locking or 
disengaging planetary gear sets or parts in the planetary gear.   

 

 
Figure 4-7. A planetary gear consisting of 1- Sun 
gear, 2- Planetary gears, 3- Ring gear, 4- Planet 
gear shafts and 5- Planet carrier [I.10]. 

 
As seen in Figure 4-7, if input shaft is connected to sun gear (1), output can be taken out on 
either planet carrier (5) or ring gear (3) producing different gear ratios. There is also possible 
to use either the planet carrier or ring gear as input and in a corresponding way use the other 
components as output.  
 

4.3.2 Power take-off (PTO) 

The power transfer from the combustion engine to the hydrostatic transmission occurs in a 
PTO unit. It can either be dependent or independent of the clutch in the combustion engine. It 
can take out the power either from the engine transmission when mounted on the combustion 
engine or from the gearbox idler shaft when 
mounted on the gearbox, alternatively as a separate 
unit mounted between the engine and gearbox and 
powered by the flywheel. In Figure 4-8 a clutch 
independent PTO mounted between combustion 
engine and clutch (flywheel-mounted) is shown. 
 
For the electrical systems, the electrical generator 
need a similar power input. In HEV:s, the generator 
is often combined with the motor in a single unit 
when mounted inline with the powertrain. For the 
case when the front axle is to be propelled only 
from electrical power this is not an alternative, and 
hence there are more flexibility regarding the 
packaging of the generator.  

Figure 4-8. A flywheel-mounted Volvo PTO 
[I.11]. 
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4.4 Benchmark 

An extensive benchmark of the marked was made in the early stages of the project. The focus 
was on vehicles propelled by hydrostatic transmissions, electric transmissions and 
components used in the different concept genres. The main part of the component benchmark 
was made on hydraulic motors and pumps, electrical motors, gear reducers and PTO:s as they 
appeared to be the most critical parts in the systems.  

4.4.1 Hydraulic motors 

Radial piston motors 
In this study the focus was on radial piston motors from the manufacturers Poclain 

Hydraulics [I.33], Sampo Hydraulics [I.34], Rotary Power [I.35] and Bosch Rexroth [I.36] as 
seen in Figure 4-9. The focus has been on motors with a displacement between 1000 and 2000 
cm3 giving a torque of 7 to 15 kNm with 350 to 450 bar peak pressure. The maximum 
rotational speed is around 120-180 rpm giving a maximum drivable velocity of 25-40 km/h. 
Poclain Hydraulics and Sampo Hydraulics are able to deliver motors with both rotating cases 
(stationary axle) and rotating axles, while Rotary Power and Bosch Rexroth only deliver 
rotating axle motors.  
 

 
Figure 4-9. Pictures of hydraulic motors delivered by Rotary Power XL [I.12], Sampo BBC [I.13], Rexroth 
MCR [I.14] and Poclain MF [I.15] from the left. 
 
Axial piston motors  
Regarding the axial piston motors, the focus was on the manufacturers Bosch Rexroth [I.36] 
and Rotary Power [I.35] as seen in Figure 4-10. As Rexroth has a quite complete coverage 
over the size levels, this manufacturer was of most interest. Geometrical and weight related 
issues are not as noticeable as in radial piston case, making the choice easier. A wide range of 
sizes was studied because of the different rear reducer alternatives being able to connect to the 
motors. Displacements between 28 cm3 to 500 cm3, reaching weights from 16 kg to 210 kg 
has been in focus. Because of the high specific power levels for the axial motors, they 
produce much higher power relative the radial piston motors. Motors between 104 kW and 
583 kW at rotational speeds up to 9000 rpm for the smaller ones has been found. Torque 
levels are lover relative the radial motors reaching from 179 Nm up to 2785 Nm. The peak 
pressure was of interest too as a higher pressure decrease the displacement need.  
 

 
Figure 4-10. Rexroth A6VM [I.14] and Rotary 
Power A-series [I.15] seen from left. 
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A comparison table between the two motor types regarding characteristics can be found in 
Table 4-3 and detailed technical data about the motors can be found in appendix C. 
 

Table 4-3. Characteristics of the studied radial and axial piston motors. 
 

 

4.4.2 Electrical motors 

A thorough benchmark of current electric motors was performed. The focus was on finding 
suitable wheel motors regarding power and torque but high torque and power motors are rare 
on the market. Listed below is the information that has been found of the investigated motors. 
A more detailed presentation of the SEP delivered by BAE systems, Hägglunds [I.37] can be 
found in appendix F. 
 
UQM [I.38] is a manufacturer of electrical wheel motors. Their biggest motor is the 
Powerphase 120 which is of axial flux type. In Table 4-4 the technical specifications can be 
found and Figure 4-11 shows the motor itself.  
 
Table 4-4. Technical specifications for the Powerphase 120 motor.  

Powerphase 120 specifications 
Continous power 75 kW 

Peak power 120 kW 
Torque Peak / cont. 650 / 530 Nm 
Max rpm 6000 rpm 
Weight 99,3 kg 
Diameter / length 405 / 241 mm 

Figure 4-11. The UQM 
Powerphase 120 [I.16]. 

 

TM4 [I.39] has developed an electrical wheel motor for a regular sized passenger car wheel. 
Technical specifications can be found in Table 4-5 and Figure 4-12 show the motor. 
 

Table 4-5. Technical specifications for the TM4 motor. 

TM4 specifications 
Peak Power     80 kW   107 hp 

Nominal Power @ 950 rpm   18.5 kW   25 hp 

Peak torque    670 Nm  

Nominal torque @ 950 rpm    180 Nm 

Peak speed    1385 rpm 

Max continuous speed    1235 rpm 
Efficiency under continuous load @ 950 
rpm    96.3 % 

Maximum supply voltage    500 VDC 
 

 Axial piston motors Radial piston motors 
Specific torque [Nm/kg] 10-20 80-120 
Specific power 
[kW/kg] 

4-6 0.5-0.9 

Torque density [Nm/dm3] 50-80 300-1000 
Power density [kW/dm3] 20-25 4-8 
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Figure 4-12. The TM4 wheel 
motor [I.17]. 

 
DRS Technologies [I.40] have developed a brushless PM motor for a transit bus application. 
Brief technical specification is listed in Table 4-6 and a more thorough description can be 
found in appendix G. 
 

Table 4-6. Technical specifications for the DRS motor. 

DRS specifications 
Power, continuous @ 4,600 rpm  238 hp,178 kW 
Maximum speed 5,000 rpm 
Torque at max speed 339 Nm 
Max torque (0-1000 rpm) 679 Nm 

 
 

4.4.3 Hydrostatic transmission related technology 

This chapter present interesting hydraulic technology used in other types of vehicles and 
relate it to the scope in this thesis work. 
 
Lawn mowers 
Many mowers use a hydrostatic transmission instead of a conventional gearbox to transmit the 
power from the engine to the drive train, similar to layout B-A,a) in appendix B. Advantages 
with this solution are more precise and continuous 
regulation of the speed and faster switch between 
forward and reverse. In bigger and heavier 
mowers there also exist solutions with wheel 
motors in the two front wheels that can be 
regulated independently, similar to layout B-A,f) 
in appendix B. The independent regulation 
together with a single inactively steered rear 
wheel makes a traditional steering unnecessary. A 
John Deere [I.41] mover can be seen in Figure 
4-13. 
 

Figure 4-13. John Deere lawn mover [I.18]. 
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Sprayers 
Agricultural sprayers as seen in Figure 4-14 are 
often hydrostatically driven with wheel motors. 
They use either axial or radial piston motors. 
Axial motors are mounted with a single ratio 
planetary gear while the radial piston motors is 
acting directly on the wheels. The layout is 
similar to the one seen in appendix B, B-B,g). 
Top speeds of up to 50-60 km/h in transportation 
mode occur. 
 
 

Figure 4-14. John Deere [I.41] sprayer [I.19]. 

 
Skid steer loaders  
These vehicles often use a separate hydraulic pump/motor for the right- and left-hand wheels. 
The motor act on a chain that propel the two 
wheels on each side, similar to layout B-B,b) in 
appendix B, but with each motor connected to 
front and rear wheel on one side instead of an 
axle. By propelling the motor faster in one side 
the vehicle will turn, making no need for an 
Ackermann steering system. This system makes 
the vehicle handle very well and can even make it 
spin around on the same spot. A Volvo skid steer 
loader can be seen in Figure 4-15. 
   

Figure 4-15. Volvo CE skid steer loader [I.20]. 
 
Motor graders 
In Volvo motor graders with AWD, radial 
piston wheel motors from Sampo 

Hydraulics [I.34] can be found on the front 
axle with a layout similar to B-A,d) in 
appendix B. The purpose is obvious while 
the distance to the front axle is big, making 
it heavy and inefficient to implement a 
mechanical connection. Top speed with 
AWD active is about 37 km/h, limited by 
the large displacement, high torque wheel 
motors. Figure 4-16 show a Volvo motor 
grader.  
 

Figure 4-16. Volvo CE motor grader [I.21]. 
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4.4.4 Trucks powered with hydrostatic transmission 

The only truck brand offering a vehicle incorporating hydraulic wheel motors today is MAN. 
The system is based on radial piston motors, delivered by Poclain Hydraulics and the model 
is MFE 08. MAN claim that their system is an additional drive, and should not be compared to 
a mechanical FWD regarding performance. The selling point is instead a weight save of about 
300-400 kg, still with many of the advantages that a mechanical FWD offer in terms of better 
snow, ice and mud performance from start off up to about 30 km/h when the system is 
automatically disengaged. 
 
A cross section of the wheel hub with the motor installed can be seen in Figure 4-17, left, 
where the yellow illustrates existing geometries of the wheel hub with slighter modifications 
for fastening and oil supply for the motor.  
 

 
Figure 4-17. Cross section of the MAN wheel hub with Poclain Hydraulics hub motors installed to the left 
[I.22] and a cross section of the PTO with friction clutch to the right [I.23]. 

 
The pump is mounted on the back of the gearbox and is of fixed displacement radial piston 
type. Rotational speed is mechanically synchronised with the rear wheels to achieve the same 
rotational speed of the front wheels as the rear wheels. The system can be used for different 
rear axle gear ratios by changing the gear set in the PTO to achieve a constant relationship 
between wheel rotation speed and pump drive rotation speed. The pump is mechanically 
disconnected with a friction clutch when not engaged as seen in Figure 4-17, right. The 
system is of closed loop type and uses a cooler with maximum cooling power of about 25% of 
the total power. This gives about 8-12 minutes of possible high power output until the oil gets 
overheated and the system disengages. According to Poclain, the only design change that is 
needed to achieve a system that can run constantly with full power output is installing a larger 
cooler. More details and pictures of the MAN HydroDrive solution can be found in appendix 
D.  
 
Bien [V.8] and Arcila [V.7] were focusing on a similar design in their master thesis, but with 
the larger MF 18 motors delivering 12,5 kNm of torque. They also investigated a two row 
motor called MF 16 to increase the maximum velocity of the FWD, but it was not on the 
market and as far as we have found out, it is not so today either.  
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4.4.5 Electrical wheel motor related technology 

While looking at heavier vehicles mostly military concepts have been found that uses electric 
transmission. This indicates that electric propulsion still is under development and may so far 
be too expensive to use in a commercial vehicle. One non military heavy vehicle has been 
found; a transit bus with DRS wheel motors referred as ATTB [I.42] which was a 
government/industry partnership project in USA. 
 
A military vehicle developed by BAE System Hägglunds called SEP uses electrical wheel 
motors delivered by Magnetic System Technologies (MST) [I.43]. The vehicle seen in Figure 
4-18 is based on three axles with an electrical wheel motor mounted inside each wheel. The 
electrical motors are of permanent magnet and radial flux type. They are connected to a 2-
speed planetary gear with possibility to change the ratio on the fly. The combination of a high 
speed, low torque electrical motor and a planetary gear with two different ratios supply the 
vehicle with performance that is similar to a mechanical powertrain. This means high torque 
in the low velocity area and a high maximum velocity. A conventional disc brake is combined 
with electrical regenerative braking. The whole package with electrical motor, planetary gear 
and brake is delivered by the British manufacturer MST. The electrical motors are supplied 
with power from two generators powered by two diesel engines delivered by Magna Steyr 
[I.44]. More information about the concept can be found in appendix F.  
 

 
Figure 4-18. The tracked and the wheeled SEP vehicles powered by electrical wheel motors [I.24]. 

 
Qinetiq [I.45] has developed a six wheel, electric hybrid military vehicle. The vehicle uses 
electrical transmission. The motors are mounted on the chassis side of the wheels and not in 
the wheels as on the SEP. Qinetiq have not shared any information regarding the motors used 
in this application, but from pictures, as in Figure 4-19, it looks like radial flux motors.  
 

 
Figure 4-19. The Qinetiq military vehicle [I.25]. 
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4.5 Prestudy conclusions 

A common factor for all the studied electrical and axial piston hydraulic motors are high 
rotational speed and low torque leading to low specific torque and high specific power. This 
puts a demand on a gear reducer to achieve a satisfying torque at low velocity. When installed 
with a reducer, the characteristics are similar to a hydraulic radial piston motor meaning high 
torque and low rotational speed (or high specific torque). The weight and size of the 
combined motor and gear reducer is however greater than a comparable hydraulic radial 
piston motor. When implemented in the existing wheel hub geometry, the radial piston motor 
with a size similar to the Poclain/MAN solution does not need any major design changes. The 
motors combined with a gear reducer do however need some major design changes to fit in 
the existing wheel hubs.   
 
Common for both the high speed motors combined with a reducer and the radial piston motors 
are that they can not propel the vehicle faster than about 30-50 km/h. To make them 
propelling up to the maximum velocity of the vehicle a two or even three step reducer is 
needed. For the high speed motors, the rotational speed does still need to be decreased at the 
vehicles maximum velocity, while the radial piston motors need an increase in rotational 
speed. If a two or three step gear reducer similar to the one found in the SEP is implemented 
the weight and cost of the system will rise dramatically and make them harder to fit in 
existing geometries. The technological factors that mainly decide the size and weight of the 
motor are hence the desired torque and the propelling velocity.  
 
The prestudy showed that both electrical and hydraulic technologies probably are applicable 
to the truck in focus. However, electrical systems aimed for the specified vehicle seem to still 
be under development even though some products exist on the market. The SEP vehicle uses 
interesting technology with the electric propulsion, achieving performance similar to a regular 
truck, but it should be kept in mind that this vehicle is developed with the electric wheel 
motors as a base from the start. Hydraulic systems use a, for the purpose, more tested 
technology which many companies have better knowledge about. This makes the hydraulic 
systems less expensive compared to electrical and since no major advantage exist for electric 
propulsion it is considered as a less competitive solution for the needs of today. 
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5 FWD concept generation 
This chapter presents a description of the proposed concepts. As a result of the scope of this 
thesis, the focus is on the front axle. It is still inevitable to take in steering type and general 
powertrain and steering layout in the scope since it comes as a consequence of the changes 
made on the front axle. 
 

5.1 Component relationship 

The fundamental question which led into analysing steering angles and steering geometry is 
the wish for tyres with a width up to 600 mm. With such wide tyres, the steering abilities will 
be affected for both Ackerman steered and frame steered vehicles if the total width of the 
vehicle is considered to be limited. In the Ackermann case the tyre width affect the steering 
angle due to space delimitations for the rotation of the wheel. With 600 mm wide tyres a 
steering angle of approximately 20˚ can be achieved, compared to the 43˚ that is standard, 
which is far away from sufficient in lower speeds where a small turning radius is a demand.  

 
In the articulated steering case, wide tyres makes the track width smaller which will decrease 
the possible frame steering angle if the F-distance is unchanged and the VCE rule of thumb, 
found in appendix H, is obeyed. The F-distance is dependent on how the powertrain 
components and the front axle are mounted. So, to keep the turning radius down with wide 
tyres, the F-distance needs to be kept down. This is achieved by either shorten the powertrain 
component group in the front frame by moving the gearbox and PTO to the rear frame or 
move the front axle backwards. Both of these alternatives imply extensive redesign of engine 
mounting assemblies, front axle mounting assemblies and/or cab, which is the opposite to the 
basic idea of the frame steered FM truck. Moving the gearbox to the rear frame or designing a 
joint that has the pivot point above the gearbox imply the smallest design changes. Figure 5-1 
gives an overview of the most fundamental relationships for the performance of the frame 
steered concept truck. 
 

 
Figure 5-1. The fundamental relationships for the truck concept. 
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Another question brought up was the risk of tipping ahead when a heavy harvesting aggregate 
is attached to the front of the truck. The biggest risk is with a frame steered vehicle that has 
the frame maximum steered, and thereby have a decreased level of counterweight. A 
theoretical study was made and the calculations can be seen in appendix L. The conclusion 
was that the weight of the aggregate needs to be much higher than it is to imply a front tip 
over risk in normal situations.  
 

5.2 The dual steering layout 

The third case that has been under consideration is to combine both Ackermann steering and 
frame steering. As showed by Johansson and Nilsson, the relationship between turning radius 
and F-Distance decreases significantly when Ackermann steering is added to the frame 
steered vehicle. Another big advantage found with the dual steering is the possibility to lock 
the articulation in higher velocities and only utilize the Ackermann steering. This makes the 
need of front wheel drive at high velocities smaller as shown is chapter 4.1.  
 
A central question for the dual steering idea was how small turning radius a truck can manage 
before it tips over or lose control. A theoretical study based on vehicle dynamics was made, 
the calculations can be found in appendix K. The result was a predicted maximum inner 
wheel steering angle (which always is larger than the outer for an Ackermann steered vehicle) 
at certain velocities and can be found in Table 5-1. As parameters, the velocity of the vehicle, 
the understeer coefficient, Kus, and the theoretical wheelbase, Ltwb, of the truck was found as 
the most important. 
 

Table 5-1. Inner wheel steering angles for different velocities, Kus and theoretical wheel 
bases. Given turning radius is the radius when the truck tip over. 

                                          Turning     Inner wheel steering angle [degrees] 
                                          radius [m]     Ltwb = 4,5 m                  Ltwb = 5,5 m   

Kus 0,035 27,5 33,9 25 km/h  
 Kus 0,070 

10,7 
28,6 35,0 

Kus 0,035 18,8 23,2 30 km/h 
Kus 0,070 

15,4 
20,0 24,3 

Kus 0,035 13,9 16,9 35 km/h 
Kus 0,070 

21,0 
14,9 17,9 

Kus 0,035 10,7 13,0 40 km/h 
Kus 0,070 

27,4 
11,7 14,1 

 
The study showed that a velocity of about 30-35 km/h is needed to make the vehicle tip over 
at a steering angle of about 20˚. This opened up for FWD propulsion systems active only up 
to that velocity which was one of the main ideas with the dual steering.  
 
With a combination of two steering alternatives where one is disengaged at higher speeds, 
high demands are put on the control system for the steering. A factor that makes it more 
difficult is that the inner and outer front wheels need to be differently steered when using 
Ackermann compared to when using dual steering. More about this in appendix J. The vehicle 
can not suddenly start acting different when a certain speed level is reached. Therefore some 
kind of progressively controlled system may be needed. The faster the vehicle is moving, the 
less is the frame steer angle (up to the limit where the frame should be completely locked). In 
combination with the Ackermann steering that should have a constant steering angle/steering 
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wheel displacement ratio for any velocity, this put a demand on a “steer by wire”-layout of at 
least one of the steering systems.  
 

 
Figure 5-2. The idea behind a progressive dual-steering 

 
Figure 5-2 show an idea of how a progressive steering control system could act. With 
increased velocity the vehicle is decreasing the use of frame steering progressively. A 
disadvantage with this system is when the vehicle is accelerating in a curve and the driver 
needs to change the steering wheel angle to keep the expected track.  
 

5.3 Genres 

The developed concepts have been divided into three different genres dependent on the 
steering method of the truck. In Table 5-2 an overview of the genres with the belonging 
concepts can be found. 
 

Table 5-2. The genres with belonging concepts 

Frame steered Ackerman steered Dual steering 
• Poclain FS • Poclain AS • Poclain Dual 

• Astra  • DeDion Dual 

• DeDion  • Rigid axle Dual 

• SEP  • Mechanical Dual 

• Rigid axle   
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5.4 Frame steered 

 
Figure 5-3. Alternative frame steering layout: 1- Clutch/torque converter, 2- PTO, 3- Gearbox, 4- Differentials, 
5- Hydraulic pump/Electric generator, 6- Hydraulic/electric wheel/axle motor  

 
According to chapter 4.1, the need for FWD at higher velocities in a frame steered vehicle is a 
complex question and a clear answer was not found. With that as a background, the demands 
on a frame steered concept should cover FWD up to maximum velocity, but still keeping the 
possibility to evade this demand if a system that is very interesting in other aspects is found.  
 
A small turning radius can be achieved with articulated steering. Articulated steering puts 
other demands on the suspension due to higher lateral forces at low speeds and tight corners 
as well as turning when standing still. A redesign of the front suspension is therefore 
inevitable in all frame steered concepts. That is not investigated any further in this study. The 
powertrain layout with the gearbox moved to the rear frame can be seen in Figure 5-3. The 
following demands were set to be met in these concepts: 
 

• Target FWD propulsion velocity of 100 km/h. 

• Deliver 13 kNm of torque at each wheel from start 

• Withstand 11 ton front axle load 

• Below 8 m turning radius (between curbs) as target 

 

5.4.1 Poclain FS 

This concept uses Poclain hub motors and a standard non driven front axle with the steering 
disengaged. The motors can either be Poclain MF E08 as in the MAN HydroDrive, or the 
larger MF 18. The smallest MF E08 delivers 7,2 
kNm of torque that might be too little, while the 
larger MF 18 delivers 12,5 kNm. The 
consequence of the larger MF 18 is that it does 
not fit in the existing wheel hub without major 
design changes, while the smaller MF E08 is 
possible to fit with only smaller changes. As a 
consequence of that, the MF E08 was the main 
choice for this concept. Table 5-3 give an 
overview of the most essential specifications of 
the concept and in Figure 5-4 the layout can be 
seen.  

Figure 5-4. Poclain FS front axle design. 
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Table 5-3. Specifications for the Poclain FS concept. 

Torque and velocity specifications       

Motor Poclain MF E08   Delivered torque  

Displacement [cm
3
] 1043 Ratio 1 [kNm] 7,3 

Motor torque [Nm] 7280    

Rotational speed [rpm] 140       

Gear None    Vehicle velocity 

Total ratio 1 - - Ratio 1 [km/h] 31,7 

Wheel diameter [m] 1,2    

Technical specifications           

Gearbox position [Front/Rear] Rear       

Theoretical wheelbase  [m] 5    

F-distance  [m] 0,8       

Required waist angle  [deg] 47    

Required wheel angle  [deg] -       

Turning radius  [m] 7,76    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Ground clearance  [mm] 500       

Approach angle  [deg] 26    

Weight of front axle  [kg] 300       

Weight of propulsion system  [kg] 300    

Weight FWD total  [kg] 600       

 
Advantages 
It is a light and relatively cheap concept that has been proved to be implementable in 
commercial scale. Only small changes on current structure are needed. It is also platform 
independent which can make it fit different kinds of trucks, e.g. rigid construction and 
delivery trucks as well as tractors with large scale production as a possibility. Ground 
clearance can be kept at a high level compared to the mechanical solution while no central 
gear is needed. Fuel consumption will be almost the same as in a non FWD truck at high 
speeds due to the possibility to disengage the hydraulic motors. 
 
Disadvantages 
Due to high flow demand and piston velocity, hub motors delivered by Poclain will only be 
active up to about 35 km/h.  
 
Uncertainties 
Uncertainties within this concept is whether or not front wheel drive is needed up to full speed 
when the vehicle is pure frame steered. Poclain might be willing to develop a motor with two 
piston sets, the MF 16, which increases the delivered torque when both of the rows are 
engaged and increases the maximum velocity when one of the rows is disengaged.  

5.4.2 Astra 

The Astra concept uses two hydraulic axial piston motors with variable displacement mounted 
on the inside of the wheels. A stiff beam connects the two wheels and provides fastening for 
the suspension. High speed axial motors are used together with a “on the fly” switchable dual 
ratio hub reduction gear which enables both high torque output and high rotational speed. 
These types of hub reduction units are rare on the market, but an Italian manufacturer called 
Bonfiglioli [I.46] can deliver a unit called 610 W2/3. It is limited to 3000 rpm in input and 120 
rpm in output rotational speed which does not meet the demands of 100 km/h with a 
reasonable motor size. If a unit that can withstand around 8000 rpm in input and 400 rpm in 
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output rotational speed is found or developed, a very compact motor can be used. Details for 
this solution can be found in Table 5-4. If only lower input rotational speeds are allowed a 
larger motor will be needed because of higher torque demands on the motor, but still it can be 
an interesting concept if a combination that meets 
all requirements can be implemented. Figure 5-5 
show the layout of the concept. 
 
As an alternative to the dual gear ratio hub 
reducer, a single ratio reducer can be used with 
the disadvantage that it will not meet the 100 
km/h demand with a reasonable motor size. 
Torque and speed specifications for this solution 
can be found in Table 5-4.  

Figure 5-5. Picture of the Astra concept with 
motors installed inside the axle 

 
Table 5-4. Specifications for the dual- and single-ratio Astra concept. 

Torque and velocity specifications       

Motor alt. 1 Rexroth A6VM 28   Delivered torque  

Displacement [cm
3
] 28 Ratio 1 [kNm] 12,7 

Motor torque [Nm] 179 Ratio 2 [kNm] 3,7 

Rotational speed [rpm] 8700       

Gear alt. 1 Bonfiglioli 610 W2/3   Vehicle velocity 

Total ratio 1 - 71 Ratio 1 [km/h] 27,7 

Total ratio 2 - 20,5 Ratio 2 [kNm] 96 

Motor alt. 2 Rexroth A6VM 107   Delivered torque  

Displacement [cm
3
] 107 Ratio 1 [kNm] 12,9 

Motor torque [Nm] 681    

Rotational speed [rpm] 5600       

Gear alt. 2 1-speed hub reducer   Vehicle velocity 

Total ratio 1 - 19 Ratio 1 [km/h] 67 

Technical specifications           

Gearbox position [Front/Rear] Rear       

Theoretical wheelbase  [m] 5    

F-distance  [m] 0,8       

Required waist angle  [deg] 47    

Required wheel angle  [deg] -       

Turning radius  [m] 7,76    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Ground clearance  [mm] 500       

Approach angle  [deg] 26    

Weight of front axle  [kg] 500       

Weight of propulsion system  [kg] 250    

Weight FWD total  [kg] 750       

 
Advantages 
Astra is a hydraulic solution that has potential to meet the requirements of 13 kNm torque and 
driveable up to 100 km/h. This makes both the high speed handling and off road performance 
good.  
 
 



5. FWD concept generation 

 40 

Disadvantages 
This concept uses a front axle that not exists in the Volvo product range and due to the 
specific demands of motors implemented inside the wheel and within the axle it must be 
developed. The undeveloped axle gives issues regarding implementability, the front 
suspension will need to be redesigned and adapted to the new axle which will make the axle 
hard to fit other platforms. Cost may be a disadvantage to this concept while many new parts 
need to be developed. Major design changes will most likely be needed when motors and gear 
reducers are to be implemented together with brakes.  
 
Uncertainties 
A big uncertainty was whether a suiting two-speed hub reduction unit that meets the 
requirements could be found or developed. Uncertainties whether or not weight would be 
reduced also existed.  
 

5.4.3 DeDion 

The DeDion concept uses a non steered deDion axle with a central gear mounted to the frame. 
In many aspects it is similar to the Astra concept. The big difference is that the unsprung 
weight is slightly lower as a consequence of the frame mounted central gear and motor. A 
single hydraulic axial piston variable displacement motor is connected to the central gear. As 
for the Astra concept, a dual ratio reducer is needed if the requirements are to be met with a 
reasonable motor size. The reducer can be mounted in the wheels as in the Astra concept, 
alternatively a single ratio reducer in the wheels and a dual ratio reducer between motor and 
central gear or integrated in the central gear. The best alternative from packing point of view 
is to use a small single ratio central gear and a 
dual ratio wheel hub reducer. That is because the 
space is limited around the central gear, engine 
and gearbox. An alternative is to use a sideways 
relocated central gear similar to the one found on 
the existing ZF [I.47] driven front axle, and 
thereby be able to include the dual ratio gear 
reducer in the central gear. As for the Astra, there 
has not been any suiting dual ratio hub- or central 
gear reducer found on the market. In Table 5-5 
the specifications for the concept can be found 
and Figure 5-6 show the layout of the concept. 
 

Figure 5-6. Picture of the DeDion concept.  
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Table 5-5. DeDion concept details. The ratios used are 4:1 in the differential, 19:1 in the first hub 
gear and 4:1 in the second hub gear. 

Torque and velocity specifications       

Motor alt. 1 Rexroth A6VM (55)   Delivered torque  

Displacement [cm
3
] 55 Ratio 1 [kNm] 13,3 

Motor torque [Nm] 349 Ratio 2 [kNm] 2,8 

Rotational speed [rpm] 7000       

Gear alt. 1 Custom   Vehicle velocity 

Total ratio 1 - 76 Ratio 1 [km/h] 20,8 

Total ratio 2 - 16 Ratio 2 [kNm] 99 

Technical specifications           

Gearbox position [Front/Rear] Rear       

Theoretical wheelbase  [m] 5    

F-distance  [m] 0,8       

Required waist angle  [deg] 47    

Required wheel angle  [deg] -       

Turning radius  [m] 7,76    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Ground clearance  [mm] 1200       

Approach angle  [deg] 26    

Weight of front axle  [kg] 650       

Weight of propulsion system  [kg] 250    

Weight FWD total  [kg] 900       

 
 
Advantages 
Possibilities for front wheel drive up to full speed and required torque at low speed. The 
weight will be lower than the existing mechanical solution.  
 
Disadvantages 
Hydraulic propulsion up to full speed will increase fuel consumption. Some redesign of 
current structure is needed, especially front suspension and mounting of the front axle central 
gear to the chassis.  
 
Uncertainties 
Space issues may occur with the motors mounted under the combustion engine. The solution 
will probably be platform dependent due to the uncommon front axle. The combustion engine 
might have to be elevated to achieve a satisfying space for the front axle installation. 
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5.4.4 SEP 

The SEP concept is based on wheel motors used 
on the military vehicle SEP developed by BAE 

Systems Hägglunds. A new type of front axle, 
similar to the axle in the Astra concept is needed 
due to the large motors that are mounted inside 
the rim. Appendix F shows the specifications for 
the SEP motors and Figure 5-7 show the layout of 
the concept.  

Figure 5-7. Picture of the SEP concept 

 
Advantages 
Demanded speed and torque will be achieved. Brake is included in the motor package which 
will ease the packaging of the motor. Electric propulsion is in focus in the vehicle industry 
today and is probably the next technique to be used for vehicle power transmission. 
Knowledge in this area will probably be essential in the future. 
 
Disadvantages 
The motors are heavy and still under development, they are not yet produced in large series 
which will make them expensive.  
 
Uncertainties  
Dimensions of motors and required generator are not known in detail, leading to uncertainties 
on how large redesign there is needed to fit the hub motors to an axle. Not known what loads 
the integrated brakes can withstand. 
 

5.4.5 Rigid axle 

This concept is similar to the DeDion concept, but instead of a non steered deDion axle, a non 
steered rigid driven axle is used. The rigid axle design makes the unsprung mass larger 
compared to the DeDion concept. Discussions about using a relatively light (about 500 kg) 
standard Volvo rigid rear axle have been carried out. This will decrease the need for new 
design work while the axle can be used practically unchanged with brakes.  
 
To meet the target of 100 km/h with active FWD together with the torque demands, either a 
big axial piston motor or a 2-speed gear reducer is needed. The big motor alternative is 
considered too heavy and expensive while the displacement needs to be around 500 cm3, 
making the weight rise to over 200 kg for the motor. The 2-speed reducer alternative is more 
interesting and is in most aspects similar to that in the DeDion concept where the 2-speed 
reducer is placed either in the hubs or between the motor and the central gear. The hydraulic 
motor can either be connected directly to the axle and follow the suspension movements, 
alternatively mounted to the chassis and connected to the front axle by a cardan shaft. If a 
smaller motor is possible to be used the first alternative is considered as the best. In Table 5-6  
specifications for the concept are listed and Figure 5-8 show the layout. 
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Figure 5-8. Picture of the rigid axle concept 

 
Table 5-6. The Rigid axle concept details. 

Torque and velocity specifications       

Motor alt. 1 Rexroth A6VM (55)   Delivered torque  

Displacement [cm
3
] 55 Ratio 1 [kNm] 13,3 

Motor torque [Nm] 349 Ratio 2 [kNm] 2,8 

Rotational speed [rpm] 7000       

Gear alt. 1 Custom   Vehicle velocity 

Total ratio 1 - 76 Ratio 1 [km/h] 20,8 

Total ratio 2 - 16 Ratio 2 [kNm] 99 

Technical specifications           

Gearbox position [Front/Rear] Rear       

Theoretical wheelbase  [m] 5    

F-distance  [m] 0,8       

Required waist angle  [deg] 47    

Required wheel angle  [deg] -       

Turning radius  [m] 7,76    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Ground clearance  [mm] 1200       

Approach angle  [deg] 26    

Weight of front axle  [kg] 700       

Weight of propulsion system  [kg] 250    

Weight FWD total  [kg] 950       

 
 
Advantages 
This concept will meet the speed and torque requirements. Many standard components are 
used which makes the need for redesign smaller. The chassis height must be high to give 
space for the central gear under the combustion engine, leading to a better approach angle.  
 
Disadvantages 
The hydraulic motor will need to be connected to the front axle by a cardan shaft to allow 
movement of front axle. Ground clearance will most likely be an issue due to the low position 
of the hydraulic motor, the combustion engine may have to be elevated to give place.  
 
Uncertainties 
Hard to estimate if any weight is gained in this concept, a driven front axle is heavy and 
hydraulic motors with cardan shaft add more weight. Problem may occur to fit the hydraulic 
motor in a suitable position. 
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5.5 Ackerman steered 

 
Figure 5-9. Mechanical frame steering layout: 1- Clutch/torque converter, 2- PTO, 3- Gearbox, 4- Differentials, 
5- Hydraulic pump/Electric generator, 6- Hydraulic/electric wheel/axle motor  

 
An Ackermann steered vehicle does not suffer from any of the high speed issues an 
articulated steered vehicle may suffer from. This improves the possibility to have a front 
wheel drive system that can be disengaged at higher velocities. The advantage will be that an 
axial piston motor with a single ratio gear or a radial piston motor can be used which will save 
both weight and cost. One big disadvantage with Ackermann steering is that the turning radius 
will become unacceptable large if wide tyres are mounted, because of the small steering angle 
before the tyre interferes with the frame. Figure 5-9 show a standard powertrain layout for an 
Ackermann steered truck. The following demands were set to be met in these concepts: 
 

• FWD propulsion velocity up to at least 30 km/h. 

• Deliver 13 kNm torque at each wheel from start 

• Withstand 11 ton axle load 

• Below 9 m turning radius (between curbs) as target 

 

5.5.1 Poclain AS 

This concept uses the same Poclain hydraulic hub 
motors as in the Poclain FS concept. The 
difference with this concept is that a steered front 
axle is used. A steered front axle has a larger mass 
than a non-steered, but with frame steering the 
total mass will become larger. With an Ackerman 
steered truck the need for front wheel propulsion 
up to full speed is eliminated which make this 
concept meet the requirements. Table 5-7 shows 
the specifications and Figure 5-10 shows the 
layout of the concept.   

Figure 5-10. Picture of the SEP concept. 
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Table 5-7. Poclain AS specifications. 

Torque and velocity specifications       

Motor Poclain MF E08   Delivered torque  

Displacement [cm
3
] 1043 Ratio 1 [kNm] 7,3 

Motor torque [Nm] 7280    

Rotational speed [rpm] 140       

Gear None    Vehicle velocity 

Total ratio 1 - - Ratio 1 [km/h] 31,7 

Technical specifications           

Gearbox position [Front/Rear] -       

Theoretical wheelbase  [m] 5    

F-distance  [m] -       

Required waist angle  [deg] -    

Required wheel angle  [deg] 38       

Turning radius  [m] 10,1    

Tyre width  [mm] 400       

Front axle load  [ton] 11    

Ground clearance  [mm] 1200       

Approach angle  [deg] 26    

Weight of front axle  [kg] 300       

Weight of propulsion system  [kg] 300    

Weight FWD total  [kg] 600       

 
 
Advantages/disadvantages/uncertainties 
Same as for the Poclain FS concept. Only smaller redesign of existing parts will be needed 
which makes this concept adaptable to other platforms.  
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5.6 Dual steering 

 
Figure 5-11. Mechanical frame steering layout: 1- Clutch/torque converter, 2- PTO, 3- Gearbox, can be mounted 
on front or rear frame, 4- Differentials, 5- Hydraulic pump/Electric generator, 6- Hydraulic/electric wheel/axle 
motor  
 

The dual steering concepts implement both frame steering and Ackerman steering. The 
articulated waist is planned to be locked at speeds over 35 km/h and only utilize the 
Ackermann steering at higher speeds. This combination of both frame and Ackermann 
steering would bring many benefits. If the waist is locked at higher speeds, there is no demand 
to have front wheel drive up to full speed which will make the dimensioning of propulsion 
system smaller, decrease fuel consumption etc. The Ackerman steering was found to be 
enough in higher velocities and when small turning radius is wanted at low speeds it can be 
achieved even with wide tyres mounted.  
 
When two steering systems contribute to the handling of the vehicle, the steering angle at the 
waist can be decreased which opens up for a bigger F-distance. This can be used for 
implementation of mechanical propulsion or a larger PTO. With a larger F-distance the 
gearbox may be placed in either the rear frame or the front frame as seen in Figure 5-11. The 
following demands were set to be met in these concepts: 
 

• FWD up to 35 km/h 

• Deliver 13 kNm of torque at each wheel from start 

• Withstand 11 ton axle load 

• Below 8 m turning radius (between curbs) as target 
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5.6.1 Poclain Dual 

Poclain Dual uses the same layout on the front 
axle as Poclain FS with the difference that it also 
uses Ackermann steering. When dual steering is 
utilized and the waist is locked at higher speeds 
there is no need for FWD up to full speed. Table 
5-8 shows the specifications and Figure 5-12 
shows the layout of the concept.  

Figure 5-12. Picture of the Poclain Dual concept. 
 

Table 5-8. Specifications of the Poclain dual concept. 

Technical specifications           

FWD maximum velocity   [km/h] 35       

Torque/wheel   [kNm] 7    

Gearbox position [Front/Rear] Front       

Theoretical wheelbase  [m] 5    

F-distance  [m] 1,3       

Required waist angle  [deg] 30    

Required wheel angle  [deg] 25       

Turning radius  [m] 7,57    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Wheel diameter  [mm] 1200       

Ground clearance  [mm] 500    

Approach angle  [deg] 26       

Weight of front axle  [kg] 300    

Weight of propulsion system  [kg] 300       

Weight FWD total  [kg] 600    

 
 
Advantages/disadvantages/uncertainties 
Same as for the Poclain FS concept.  
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5.6.2 DeDion Dual 

DeDion Dual is the same concept as DeDion 
with the difference that both Ackerman and 
articulated steering is used. Figure 5-13 show a 
picture of the concept and Table 5-9 give an 
overview of the specifications. 
 
 
 
 
 
 
 
 

Figure 5-13. Picture of the DeDion Dual concept 
 
Table 5-9. Specifications of the DeDion Dual concept. 

Technical specifications           

FWD maximum velocity   [km/h] 35       

Torque/wheel   [kNm] 13    

Gearbox position [Front/Rear] Front       

Theoretical wheelbase  [m] 5    

F-distance  [m] 1,3       

Required waist angle  [deg] 30    

Required wheel angle  [deg] 25       

Turning radius  [m] 7,57    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Wheel diameter  [mm] 1200       

Ground clearance  [mm] 520    

Approach angle  [deg] 26       

Weight of front axle  [kg] 550    

Weight of propulsion system  [kg] 250       

Weight FWD total  [kg] 800    

 
 
Advantages/disadvantages/uncertainties 
When maximum speed of 35 km/h is needed the hydraulic engine can be smaller and lighter 
which eases the packing and saves weight. A single ratio hub reduction is sufficient.  
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5.6.3 Rigid axle Dual 

This concept is similar to the rigid axle concept, 
but instead of a non steered axle an ordinary 
driven ZF front axle is used. Dual steering 
removes the demand for propulsion up to 100 
km/h which open up for utilization of a smaller 
motor. Figure 5-14 gives an overview of the 
concept and Table 5-10 show the specifications. 
 
 
 
 

Figure 5-14. Layout of the Rigid axle Dual 
concept. 

 
Table 5-10. Specifications for the Rigid axle Dual concept. 

Technical specifications           

FWD maximum velocity   [km/h] 35       

Torque/wheel   [kNm] 13    

Gearbox position [Front/Rear] Front       

Theoretical wheelbase  [m] 5    

F-distance  [m] 1,3       

Required waist angle  [deg] 30    

Required wheel angle  [deg] 25       

Turning radius  [m] 7,57    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Wheel diameter  [mm] 1200       

Ground clearance  [mm] 400    

Approach angle  [deg] 26       

Weight of front axle  [kg] 600    

Weight of propulsion system  [kg] 250       

Weight FWD total  [kg] 850    

 
Advantages/disadvantages 
Same as for the Rigid axle concept. 
 
Uncertainties 
Hard to estimate if any weight is gained in this concept, a driven front axle is heavy and 
hydraulic motors with cardan shaft add more weight. Problem may occur to fit the motors in a 
suitable position. 
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5.7 Mechanically propelled reference systems 

In this part mechanically propelled powertrain layouts incorporating frame steering and/or 
Ackermann steering that fulfil the specifications are presented. In general, to incorporate 
mechanical systems in the frame steered FM chassis, some major design changes on the drive 
train needs to be done. This is because the standard engine and gearbox mounting position in 
the FM chassis leads to a large F-distance. Advantages with mechanical solutions are that the 
front wheels can be propelled up to maximum velocity and deliver as much torque as the 
combustion engine can provide. Because of a standard driven and steered (if dual steering) 
front axle is used, no weight advantages can be seen compared to a regular Ackermann 
steered FM 6x6 truck. Compared to the hydraulic and electric concepts the weight is generally 
higher. Cost of the mechanical systems can also be an issue because of major design change 
as well as both frame and Ackermann steering components being installed. 
 

5.7.1 Frame steering 

 
Figure 5-15. Mechanical frame steering layout: 1- Clutch/torque converter, 2- PTO, 3- Gearbox, 4- Tranferbox, 
5- Differentials.  

 
If the gearbox is moved to the rear frame and a transferbox is fitted behind the gearbox as in 
Figure 5-15, the F-distance can be held down leading to good conditions to use frame steering 
with a mechanically powered FWD. The clutch or torque converter is mounted directly to the 
engine as standard mounted. The movement of the gearbox gives some well needed space 
between engine and joint for a large PTO when needed. By using a transferbox with front and 
rear output flanges dropped down (used by Renault for instance), the distance between 
transferbox and rear axle can be shortened compared to if using the standard Volvo 
transferbox. That is because the angle between cardan shaft and flanges becomes smaller for a 
fixed length of the cardan shaft. The transferbox can be with or without a differential 
depending on whether the FWD is to be used constantly or only at low friction surfaces. The 
transferbox can either be integrated to the gearbox or as a separate unit. The integrated 
version brings some issues as it is not a standard solution and needs to be redesigned for each 
gearbox.  
 
Discussion to keep the gearbox and still use the frame steering alone was carried out with Jan 
Öberg. This solution leads to a minimum of redesign compared to other frame and dual 
steered mechanical solutions. The layout will then be similar to Figure 5-16 where the 
tranferbox is placed in the rear frame and a cardan shaft distributes the power back to the front 
axle through the joint. As in the Rigid axle concepts, a standard rear axle is a possible solution 
to use as front axle. A good thing with this choice is that the central gear of the axle is in the 
middle, which decreases the propeller shaft angle when it comes out through the joint in the 
centre of the vehicle. Further investigations on this subject are made by Stoychev and 
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Guryuva. Table 5-11 give an overview of the specifications for the frame steered mechanical 
alternative.  
 

Table 5-11. Mechanical frame steered alternative specifications. 

Technical specifications           

FWD maximum velocity   [km/h] 100       

Torque/wheel   [kNm] ~20    

Gearbox position [Front/Rear] Rear/Front       

Theoretical wheelbase  [m] 5    

F-distance  [m] 0,8/1,3       

Required waist angle  [deg] 47/37    

Required wheel angle  [deg] -       

Turning radius  [m] 7,76/9,15    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Wheel diameter  [mm] 1200       

Ground clearance  [mm] 400    

Approach angle  [deg] 26       

Weight of front axle  [kg] 692    

Weight of propulsion system  [kg] 265       

Weight FWD total  [kg] 957    

 
 
 
Advantages 
There are no space issues to mount a large PTO if the gearbox is moved. The mechanical 
alternative is a proved and reliable technology. The driving torque on the front wheels is high 
and the vehicle can be constantly front wheel driven.  
 
Disadvantages 
If moving the gearbox and transferbox to the rear frame, the theoretical wheelbase is limited 
which in turn increases the turning radius and limit the use of the system to certain platforms 
and fields of applications.  
 
Uncertainties 
Moving the gearbox to the rear frame leads to a number of issues. These issues were 
evaluated by Stoychev and Guryuva parallel to this master thesis, so a final conclusion about 
this drive train layout can not be drawn yet. If keeping the gearbox in the front frame, the 
turning radius is limited by the F-distance. Depending in the field of application, this 
limitation can be an issue.  
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5.7.2 Dual Steering 

 

 
Figure 5-16. Mechanical frame steering layout: 1- Clutch/torque converter, 2- PTO, 3- Gearbox, 4- Tranferbox, 
5- Differentials.  

 
Some variants of mechanical drive train layouts with dual steering can also fulfil the required 
specifications. As a consequence of dual steering, the frame steering angle can be held down, 
leading to a possible increase of the F-distance. With more space in front of the joint, the 
gearbox can be packed together with the engine in the front frame as in Figure 5-16. There are 
possibilities to mount the PTO and the transferbox in the front frame as well, with a minimum 
of redesign as a consequence. Another alternative is to package all components in the front 
frame and relocate the front axle approximately 200 mm towards the joint and ending up with 
a more ADT-like solution where the front axle is located behind the engine. By doing so, the 
F-distance can be kept down and perhaps even the Ackermann steering can be skipped. The 
transferbox can, as in previous system layout, be used with or without differential and 
integrated or separated from the gearbox. Table 5-12 show  the specifications for the concept. 
 

Table 5-12. Specifications for the mechanical dual steered system. 

Technical specifications           

FWD maximum velocity   [km/h] 100       

Torque/wheel   [kNm] ~20    

Gearbox position [Front/Rear] Front       

Theoretical wheelbase  [m] 5    

F-distance  [m] 1,3       

Required waist angle  [deg] 30    

Required wheel angle  [deg] 25       

Turning radius  [m] 7,57    

Tyre width  [mm] 600       

Front axle load  [ton] 11    

Wheel diameter  [mm] 1200       

Ground clearance  [mm] 400    

Approach angle  [deg] 26       

Weight of front axle  [kg] 692    

Weight of propulsion system  [kg] 265       

Weight FWD total  [kg] 957    

 
 
Advantages 
Small design changes on engine, clutch, PTO and gearbox compared to a standard FM 6x6. If 
the transferbox can be kept in the front frame, the only major difference between the standard 
6x6 FM is installation of the joint.  
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Disadvantages 
The weight both of the whole vehicle and on the front axle is higher than on a standard 6x6.  
 
Uncertainties  
The weight distribution if the front axle is relocated and the F-distance being too large despite 
the relocation are the main uncertainties with this set of layouts.  
 
 

5.8 Front axle propulsion results 

A comparison between the proposed concepts was made as a part of the concept selection 
phase of the work. The “Salix 1” vehicle as well as a standard FM 6x6 truck was used as 
reference systems in the comparison. A comparison matrix was made for the different 
application types; Salix and Tundra. This was based on a chart of the technical specifications 
of the concepts found in appendix M. Presented in Table 5-13 is the comparison matrix for the 
Salix-application. In appendix M the Tundra-application comparison matrix can be found. 
The main differences between the fields of applications are that the Salix-application demand 
a vehicle with better tracking performance while the Tundra-application demand better high 
speed handling performance. 

 
Table 5-13. Concept comparison matrix for the Salix purpose. 

 
 
The study of hydraulic and electric propulsion systems showed that in a near future the 
hydraulic technique is better suited for an alternative drive system. Smaller design changes 
are needed for implementation of a hydraulic system in the concept truck and the possibility 
to find a solution that is lighter and more compact is better. The technology itself is better 
known both within VTC and the truck industry because hydraulics has been used for several 
high power demand assisting systems in trucks for a long time. As a consequence of this, the 
number of suppliers and the overall development level is higher. 
 
While the need for torque is much higher in the low velocity range, a high specific torque and 
torque density is more interesting than a high specific power and power density. All 
investigated electrical motors require a gear reduction unit to meet the high torque demand in 
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low velocities because of a too low torque density and specific torque. The same issue can be 
seen in the axial piston hydraulic motor case. This is not needed with a large displacement 
radial piston motor, which delivers a very high torque from start because of the large 
displacement leading to a high torque density and specific torque.  
 
The choice of motor is although a complex question for a frame steered vehicle. The radial 
piston motors can only work up to about 35 km/h leading to a frame steered vehicle that lack 
FWD at higher velocities. This may not be acceptable according to former studies at VCE, but 
a clear answer can not be given. It needs to be thoroughly tested according to dynamics and 
stability. To avoid the issue with a frame steered vehicle without FWD at higher velocities, 
two different solutions are proposed: 
 
Poclain Dual 
The dual steering solution, where limited Ackermann steering (of about 25º) is combined with 
limited frame steering (of about 30º). The frame steering is locked over a velocity of about 
30-35 km/h, resulting in a vehicle similar to a rigid Ackermann vehicle regarding dynamic 
control. The FWD will hence only be a demand in the low velocity span when the frame 
steering is utilized. With the dual steering solution, the F-Distance can be rather high and still 
have a vehicle with good turning radius. The gearbox can be kept at the original position in 
the front frame with a F-Distance of about 1,3-1,4 m with a turning radius of about 7,5-8 m 
which is very competitive compared to both AWD trucks and ADT:s. Because of small design 
changes and an almost complete solution that can be delivered by Poclain Hydraulics, the 
“Poclain Dual” is considered as the best dual steering solution. Other advantages are that no 
extra units, as transferbox or ISAM, are needed in the front frame. There might also be 
interest to implement the system in ordinary rigid trucks which would increase the production 
volumes. Compared to mechanical propulsion, the hydrostatic propulsion is disconnected in a 
more fuel efficient way.  
 
Mechanical FS 
A pure frame steered vehicle must have the possibility to use FWD in all velocities. To keep 
the F-Distance down without moving the gearbox to the rear frame, no components beside 
engine, clutch and gearbox should be mounted in the front frame. The proposed solution is the 
“Mechanical FS”, with the demand that the transferbox is mounted in the rear frame. 
Depending on the exact front axle position and joint layout, the minimum F-Distance 
achieved is about 1,3-1,4 m giving a turning radius of 8-9 m. This is estimated to be at the top 
limit for a frame steered vehicle while one of the biggest advantages should be the small 
turning radius in combination with wide tyres. Main advantages with “Mechanical FS” are 
that maximum torque and power can be transmitted to the ground in all situations, giving best 
possible traction and off-road performance. This is also considered as the concept with the 
smallest redesign needs compared to the base truck. Since the scope of this thesis work did 
not cover any further development of this concept, a more thorough investigation was not 
made. A more detailed study on this subject was made by Stoychev and Guryuva.  
 
Due to a demand on a small series of prototype vehicles ready in 2008, the time and cost 
aspects became even more central. The proposed dual- and frame steered concepts was 
considered to be good alternatives for the truck concept, but because of relatively large 
development needs it will not meet the time aspect for the Salix project at this stage. As seen 
in the comparison matrix, the “Salix 1” vehicle got the highest score as a consequence of the 
weighting that was adapted to the tight time limit. 
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6 Salix 2-concept development 
Due to the tight time limit for the “Salix 2” prototypes, a vehicle with mostly standard 
components has been in focus. If a 4x4 hauler can be used with a trailer, decent off road 
properties can be achieved as well as small turning radius. In this chapter different hauler and 
trailer concepts are investigated.  
 

6.1 The hauler and trailer concept 

The main focus areas for the Salix application is to have a satisfying payload in combination 
with small turning radius, low ground pressure and “follow own track” design of the vehicle 
or vehicle combination. This can be hard to reach with current time limits if a frame steered 
vehicle is supposed to be developed during 2008. Therefore the idea of using an existing 4x4 
or 6x6 hauling truck in combination with a trailer has been investigated. With this type of 
solution the main focus areas can be decently fulfilled to a reasonable cost within current time 
limit. With the shortest theoretical wheelbase of 3,5 m on the truck a sufficient small turning 
radius can be achieved. The problem is then moved to the trailer which with standard 
dimensions and in an un-steered set up has poor tracking performance.  
 
One other thing that is desirable is to decrease the front axle load due to legislations. A 
standard 4x4 or 6x6 has a kerb weight on the front axle of about 5,5 ton. The legal front axle 
load is 6 ton in Brazil and 7 ton in Peru which are the main focus markets for the Salix project 
leading to a very small payload on the front axle. With an adapted weight distribution on the 
truck, the 6 ton limit can be reached also with full load. The negative aspects with an 
Ackerman steered hauler are that very wide tyres cannot be mounted on the front axle of the 
truck. With the short wheelbase, 350-400 mm wide tyres are possible to mount and still have 
an acceptable turning radius. This tire width in combination with CTIS may be enough to 
keep the ground pressure at a reasonable level, at least for the first prototypes of the Salix 
vehicles.  
 

6.1.1 Characteristics of the load 

During the master thesis, more and more details about the characteristics of the load and the 
whole transportation concept for the Salix-project emerged. The harvesting and transportation 
is begun with cutting the sugar-cane close to the ground with the aggregate mounted in the 
front. A chopping unit in the aggregate is then used to chop the sugar cane in smaller pieces of 
around 5 cm in length. The chopped crop is then transported above the truck cab for loading. 
As the greens and tops have a lower density of about 350 kg/m3 compared to the trunk with a 
density of about 500 kg/m3, these are separated with a fan unit and stored in the first of two 
loading compartments. The trunk material is hence transported to the rear compartment 
mounted on the trailer. The volume ratio that is needed between the front and rear 
compartment is around 1:3 (front:rear). Some basic volume calculations was made leading to 
standard 10 ft (3,1 m long) and 20 ft (6,2 m long) containers as possible loading  
compartments.  
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6.1.2 Follow own track performance  

The criterion of a vehicle combination that follows its own track was considered especially 
for the hauler-trailer concept. Three different trailer layouts were identified as the most 
interesting; semitrailers, turntable trailers and centre axle trailers. A trailer hauler combination 
with the coupling point positioned in between the hauler turning axle (the rear axle in most 
cases) and the trailer turning axle will track after the rear axle of the truck. The variable that 
decides how well a trailer follows the track of the pulling vehicle is hence the difference 
between the effective wheel base of the trailer and the distances form the truck turning axis 
and coupling point. Figure 6-1, Figure 6-2 and Figure 6-3 show schematic representations of 
the tracking performance for the different trailer layouts. As seen in the figures, central axle 
trailers are the best, turntable second best and semi trailers are the worst regarding follow own 
track performance. The comparison is made on standard unsteered on-road trailers. 
 

     
Figure 6-1. Centre axle trailer tracking performance. Figure 6-2. Turntable trailer tracking performance. 
 

 
Figure 6-3. Semitrailer tracking performance. 
 
 

Ways to improve the “follow own track” performance are to use steered axles in different 
configurations on the trailer or change the distances to get closer to the equal length ratio 
mentioned above. When applicable, these are presented under the categories below.  
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6.1.3 Semi trailer 

 

 
Figure 6-4. The effective wheelbase of a semi trailer.  

 
A semi trailer has its wheels at the rear end of the trailer while the front end is supported by 
the fifth wheel on the truck as seen in Figure 6-4. Semi trailers usually have the poorest 
“follow own track” performance of the studied trailer types unless a steering system is utilized 
to force the trailer into, or at least close to the tracks of the hauling truck. Three different 
steering systems have been investigated. These are self steering system, command steer 
system and pivotal bogie systems.  
 
On ordinary self steering systems the rearmost rigid axle is usually replaced by a steered axle. 
The wheel angle is controlled by the lateral forces acting on the tyres during turns. A spring 
and damper is also attached to the trailing arm to help centre the wheels and offset the effects 
of unbalanced braking. The self steered system reduces the effective wheel base of the semi 
trailer by eliminating the self steered axle from the effective wheelbase calculation which 
increases the turning radius for the trailer [A.5]. 
 
In command steered semi trailers the rigid axles are replaced by Ackermann steered axles. 
These axles are steering in relation to the articulation angle between the hauler and trailer 
which usually is measured at the fifth wheel. Often the rearmost or the two rearmost axles on 
3-axle semitrailers are steered. With this system the effective wheelbase is reduced to the rigid 
front most axle. Alternatives that implement steering on all axles have also been found, and 
for this purpose found to be the most interesting since they dramatically reduce the effective 
wheelbase and hence can be made to follow the tracks of the truck. In Figure 6-5 a 
representation of this set up can be found. 
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Figure 6-5. Command steered Ackerman type trailer.  

 

 
Figure 6-6. Pivotal bogie steered trailer.  

 
In pivotal bogie systems the rigid bogie is replaced by a slew ring mounted bogie assembly as 
seen in Figure 6-6. The slew ring permits the axle assembly to rotate relative the trailer 
chassis. In 3-axle configurations the front- and rear most axles are often also Ackermann 
steered and the centre is rigid. The axles progressively steer as the angle between the bogie 
and trailer chassis increases. With this configuration the effective wheelbase can be reduced 
to approximately half the distance from the fifth wheel to the bogie slew ring. The pivotal 
steered trailer follow their own wheel tracks compared to the command steered that produces 
equal number of tracks as the number of wheels. For the comparison, standard length and non 
steered trailer concepts with 2 axle trucks and 2 or 3 axle trailers called 2+2, 2+3 and 3+3 
where the first figure is the number of axles on the truck and the second is the number of axles 
on the trailer, where used. Above this, 2+2 concepts with 2 Ackermann command steered or 
pivotal bogie steered axles on the trailer called 2+2 AS (Ackermann Steered) and 2+2 PBS  
(Pivotal Bogie Steered) where studied. A summarizing matrix with graded comparison can be 
found in appendix N. 
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6.1.4 Turn table trailers 

 
Figure 6-7. The effective wheelbase of a turn table trailer. 
 

Different setups exist among turn table trailers. The configuration in focus has been a trailer 
that has one or more rigid axles at the rear end of the trailer and one axle or a bogie slew ring 
mounted in the front end as seen in Figure 6-7. This enables rotation of the first axle which 
will make the trailer steered, and hence improve the tracking of the trailer. The steering 
performance may be improved by adding a steered rear axle to the trailer, but this alternative 
is not found on the market or good enough for the purpose. The concepts that have been 
studied within turn table trailers are named 2+2, 2+3 and 3+3 and details can be found in 
appendix N. 
 

6.1.5 Centre axle trailers 

 

 
Figure 6-8. The effective wheelbase of the centre axle trailer. 
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Figure 6-9. The modified equal length centre axel trailer. 

 
Centre axle trailers exist in different axle number configurations, where more axles will 
increase the effective wheelbase which results in worse tracking performance. Figure 6-8 
show the layout of a standard 2 axle centre axle trailer. More axles will increase the ground 
shearing in a curve if all axles are non-steered. If the distance between the rear axel on the 
coupling is equal to the effective wheelbase of the trailer, the trailer will follow the tracks of 
the truck as seen in Figure 6-9. This solution does bring some issues regarding the length of 
the coupling arrangement on the truck. An alternative that has been discussed is to use a 
trailer-mounted coupling that disengages from the truck when not used. Despite this, the equal 
length solution is found to be interesting because of the possibility to have a combination that 
follows its own track in any curve without any additional steering arrangements on the trailer. 
If an Ackermann-steered rearmost axle is mounted, the effective wheelbase is reduced by half 
the bogie spread distance on a two axle trailer and the bogie spread on a three axle trailer. 
Hence the rear truck axle to coupling distance can be reduced with the same distance.  
 
For the centre axle genre, some different setups have been studied. These are standard length 
and non steered concepts called 2+2, 2+3 and 3+3. Modified versions include 2+2 MS (Mats 
Solution after the Salix-entrepreneur Mats Wilstrand [V.10]), 2+2 EL (Equal Length) and an 
equal length concept with steered rearmost trailer axle called 2+2 ELS (Equal Length 
Steered). Details can be found in appendix N.  
 

6.1.6 Trailer configuration results 

By using WIS (Weight Information System) different load scenarios were investigated. WIS 
is a Volvo specific software for calculating axle loads for specific trucks and trailers. With the 
mentioned load densities, containers, legal axle and gross weights in Brazil (worst case 
scenario with 6 ton front axle load) as well as different trailer layouts a number of possible 
trailer configurations were investigated. These possible concepts were compared in a 
comparison matrix and together with Larsson and Börjesson a concept proposal were 
established. The chosen trailer for the “Salix 2” project became a centre axle configuration 
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that is designed for best follow own track performance, this means the centre axle equal 
length “2+2 EL” concept. More information about the concepts and WIS- screenshots can be 
found in appendix N, as well as a summary of the most important characteristics and a 
comparison matrix. 
 
To improve the off-road properties of the vehicle, ideas of implementing Poclain Hydraulics 
hub motors on the rearmost axle of the trailer came up. Listed below is a set of specifications 
for the prototype.  
 

• FM 4x4 Rigid, 3,5 m TWB.  

• Cab L1EH1 (short day cab).  

• D13A400 engine. 

• 4,55:1 or higher in rear axle gear ratio. 

• I-Shift gearbox if possible to combine with mechanical AWD. 

• Centre axle trailer type “2+2 EL” adapted for a loading length of about 6,2 m. 

• Poclain Hydraulics system on one of the trailer axle including hub motors, PTO with 
pump, tank, cooler etc. Mainly needed for reversing. 

• Special designed coupling arrangement to make the equal length possible. 

• Possibility to take out a large amount of the total engine power on PTO:s for the 
aggregate as well as for the hydrostatic propulsion of the trailer. 

• CTIS on all wheels. 

 
The work was focused on the hydrostatic transmission as it was considered to be a common 
factor for all studied areas.  
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7 Hydrostatic propulsion development 
Parallel with the Poclain Hydraulics system installation on one of the trailer axles of the 
“Salix 2” trailer discussed above, VTC have a project running to implement a similar system 
as MAN HydroDrive on regular on-road trucks. Essential to both of these applications as well 
as the proposed dual steered concept is where the PTO is to be located and how the power is 
to be taken out.  
 
One of the goal for the hydrostatic transmission is to deliver highest possible torque which 
makes the biggest possible hub motors most interesting. Poclain claims they can deliver a hub 
motor with an increased displacement compared to the ones MAN is using. The Poclain-

Volvo hub motor would have 1250 cm3 displacement giving about 25% higher torque. 
Possibility to have a “Crawl-mode” meaning that the hydrostatic propulsion can be used 
separately to propel the vehicle with high velocity precision at very low speeds (up to 5-10 
km/h) is also desirable.  
 
To implement these features, some special demands are put on the PTO and the pump. 
Possible solutions cover clutch independent and dependent PTO:s as well as engine speed 
dependent, gearbox speed dependent and cardan shaft/wheel speed dependent PTO:s. The 
possibilities to declutch and adapt the gear ratio to the PTO are also characteristics that are of 
importance.  
 
In Table 7-1, I-Shift/manual gearbox implementable standard Volvo PTO:s are listed together 
with their limitations regarding torque and power. Figure 7-1 show pictures of them. 

 
Table 7-1. Standard Volvo power take-offs for I-shift or manual gearbox and engine D13 installation.  

PTO Engine  
mounted 

 

Flywheel mounted Gearbox  
mounted 

Type Clutch independent, 
engine speed 
dependent 

Clutch independent, 
engine speed 
dependent 

Clutch 
independent, 
engine speed 
dependent 

Clutch dependent, 
gearbox idler shaft 
speed dependent 

Name PTER-DIN PTOF-DIH KOBL85 (Koblam) PTRD-D 

Torque 1000 Nm 800 Nm 800 Nm 550 Nm 

Power Not limiting 110 kW w. oil cooler 110 kW w. oil 
cooler 

90 kW w. oil cooler 

Gear ratio 
(Engine:PTO) 

1:1,26  
 

1:1 
 

1:1,176 1:1,30/1,60 
(Lo/Hi splitter gear) 

 

 
Figure 7-1. Engine-mounted, flywheel-mounted and gearbox-mounted PTO counted from left [I.11].  
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The focus in the PTO study has been to find a solution that is implementable in all the 
mentioned concepts (frame steered, trailer propulsion and on-road trucks). It should also be 
implementable in many different truck set ups (different gearboxes, engines, wheelbases and 
so on) and not eliminate the body builders possibilities to use the existing PTO:s. These 
targets were established to create a versatile solution and increase the value for the customers, 
who will be able to have both hydrostatic propulsion in practically any truck and still run 
additional equipment at the standard PTO:s. Examples of applications that may need both 
hydrostatic propulsion and large PTO power are concrete mixers, hook lifts or tippers.  
 
The desired features in terms of an assist drive as well as possibility to have a “crawl-mode” 
will set the following demands on the PTO/Pump installation: 

• Mechanically engage-/disengageable on the fly 

• Not disturb the gearbox gear changing process 

• Possibility to deliver torque independent from the mechanical power train (for the crawl-
mode) 

• Keep the possibility to take out power for additional equipment 

 
To meet these demands, the standard PTO:s are not considered as sufficient. Engine-mounted 
or flywheel-mounted PTO:s in combination with the I-Shift gearbox will lead to problems 
since the I-Shift does not allow torque output above around 300 Nm during ride because of 
gear-changing issues. The I-Shift controls the engine during gear changes regarding rotational 
speed and if a power consumer is connected, it will disturb the gear changing program. It was 
also considered as limiting for additional equipment installation to occupy the engine- or 
flywheel-mounted PTO:s. It should though be mentioned that there exist stackable pumps, 
meaning that several pumps can be mounted in-line on the same PTO. A limitation is often 
that the biggest pump needs to be mounted first in line.  
 
The Gearbox-mounted PTO:s does not allow an engaged torque consumer during gear change 
because the PTO is connected to the idler shaft and the synchronisation rings gets overloaded. 
This would need an engage/disengage process during every gear change, which was found too 
inefficient. For the engage/disengage function on the fly, a friction clutch was considered as 
the best alternative since any kind of dog-clutch would need to synchronize the speed before 
engaging. The flywheel-mounted PTO:s offer that function, but as mentioned above, these are 
cancelled by the I-Shift gear change issue.  
 
With the engine-, flywheel- and gearbox-mounted PTO:s treated as unavailable for 
hydrostatic transmission a few concepts was developed: 

 

• Retarder Disable the retarder possibility and make a wheel rotational speed 
dependent PTO at the retarder interface on the manual and I-Shift 
gearboxes.  

• Transferbox Find a suitable cardan shaft-mounted tranferbox-PTO or modify a 
transferbox and make a PTO of it. 
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7.1 Retarder 

When a gearbox mounted retarder is used, the range gear house is changed and an extra cog 
wheel is added on the output shaft of the gearbox. This concept uses the same interface for 
PTO. Since the retarder interface is connected to the outgoing shaft of the gearbox the PTO 
will be “road dependent”. An advantage with this is that the PTO is completely separated 
from the gear shifting in the gearbox. Figure 7-2 and Figure 7-4 show one alternative for the 
interface where the clutch and clutch house from the flywheel-mounted standard PTO 
KOBL85 (Koblam) is used together with a developed adapter house. Figure 7-3 shows an 
adapter unit for cardan connection and the installed layout can be seen in Figure 7-5. Whit this 
solution a two step gear ratio set is implemented. By changing the gear set in the 
adapter/Koblam clutch house and/or between the output axel from the gearbox and adapter 
house, the total ratio can be adapted to a certain rear axle. By changing the gear ratio the same 
fix displacement pump can be used for several rear axles. Otherwise different pumps or a 
variable displacement pump must be used for different rear axles. The pump can be mounted 
either directly to the Koblam house, alternatively via a cardan shaft on a flange. Appendix O 
show extensive picture material on the retarder concept. 

 

 
Figure 7-2. The unit between retarder interface and pump including the Koblam clutch and house.  

 

 
Figure 7-3. The developed adapter unit between retarder flange and cardan flange. 
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Figure 7-4. The developed PTO unit mounted to an I-shift gearbox, a Rexroth variable 125 cm3 pump is 
mounted directly to the output flange of the PTO. 

 

 
Figure 7-5. The PTO unit installed with a cardan shaft from the retarder flange. A 
console attached to the frame supports the PTO. A Rexroth variable 125 cm3 pump 
is mounted to the PTO. A transferbox is also present in the picture, showing that 
this layout will work on a mechanically driven front axle. 

 

To enable “crawl” driving, the retarder mounted pump is not enough. A second, engine speed 
dependent pump is needed. When a stackable pump at the standard engine PTO is used it is 
still possible to mount additional pumps at the same PTO. This makes this concept not 
occupying any of the existing standard PTO alternatives. The engine mounted pump needs to 
be of variable displacement type to be able to deliver right amount of flow at every time, it 
will also enable the use of several rear axle configurations without changing the cog gear sets 
in the PTO for the main pump. The combination of two pumps makes the system versatile and 
will fit many types of drivelines and gear ratios. The retarder mounting flanges are the same 
on both I-shift and manual gearboxes which makes this system implementable on both 
gearboxes. When the standard retarder is used it will break 3200 Nm at the cardan shaft at 
maximum and hence the cog wheel set between cardan and retarder is dimensioned for that 
torque. As seen in the alternatives below, the PTO will occupy between 3100 and 4600 Nm of 
torque from the output shaft of the gearbox. Hence it will be on the limit for what the standard 
retarder interface is dimensioned for. The Koblam clutch unit is dimensioned for 800 Nm for 
continuous use. Discussions with Jan Öberg showed that it can be increased to the around 
1000 Nm that is needed, if used for shorter time periods. During the PTO development a 
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number of pump and gear ratio alternatives turned out. The most interesting are presented 
below.  
 
Alternative 1 
One large fixed displacement pump mounted on the retarder-PTO is used together with a 
small variable displacement pump mounted on the engine-PTO, both shown in Figure 7-6,  
ending up in the specifications showed in Table 7-2.  
 

Table 7-2. Details for retarder-PTO alternative 1. 

Rear axle(s)     

Number of allowed # 2 

Gear ratios - 3,76; 4,12 

   

Wheels     

Diameter mm 1200 

   

Retarder-mounted  pump   

Gear ratio 1 (Cardan:PTO) - 1:2.032 

Gear ratio 2 (PTO:PTO) - 1:1.90 

Total gear ratio  - 1:14.52/15.91 

(incl. rear axle)    

Pump brand - Poclain Hydraulics 

Pump model - PL6H14 6*25 cm
3
 

Number of pumps # 1 

Weight Kg 84 

Max. Torque Nm - 

Torque demand (on pump) Nm 1050-1150 

Torque demand (on cardan) Nm 4000-4400 

Max. power kW 304 

Power demand kW ~115 

Max. pressure (cont.) Bar 400 

Max. pressure (interm.) Bar 450 

Pressure demand Bar 420 

Displacement cm
3
/rev 150 

Max. Speed (cont.) rev/min 2700 

Speed demand rev/min 1900-2100 

Actual flow l/min 290-315 

   

Engine mounted pump     

Gear ratio (Engine:PTO) - 1:1.26 

Brand - Rexroth 

Model - A4VG 40 cm3 

Number of pumps # 1 

Weight Kg 30 

Max. power kW 107 

Max. pressure (cont.) Bar 400 

Max. pressure (interm.) Bar 450 

Displacement cm
3
/rev 40 

Max. Speed (cont.) rev/min 4000 

Max. Crawl velocity km/h 8,7 

(at 1900 rpm engine speed)     
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The small variable displacement pump makes it possible to use two different gear axle ratios, 
either 3,76 and 4,12 or 4,12 and 4,55 etc., without making any hardware changes in the 
system. 
 

 
Figure 7-6. The Poclain PL6H14 6x25cm3 to the left [I.26] and the Rexroth A4VG 40 
cm3 when mounted at the engine-PTO to the right. 

 
Alternative 2 
This layout is similar to the first alternative with the difference that two different gear set 
alternatives are needed for the PTO-unit. Details can be seen in Table 7-3. 

 
Table 7-3. Details for retarder-PTO alternative 2. 

Rear axle(s)     

Number of allowed # 5 

Gear ratios - 3,61-5,41 

   

Wheels     

Diameter mm 1200 

   

Retarder-mounted  pump   

Gear ratio 1 (Cardan:PTO) - 1:2.032 

Gear ratio 2 (PTO:PTO) - 1:1.5/2.2 

Total gear ratio  - 1:16.14-16.79 

(incl. rear axle)     

Pump brand - Poclain Hydraulics 

Pump model - PL6H14 6*25 cm
3
 

Number of pumps # 1 

Weight Kg 84 

Max. Torque Nm - 

Torque demand (on pump) Nm ~1050 

Torque demand (on cardan) Nm ~3100 

Max. power kW 304 

Power demand kW ~115 

Max. pressure (cont.) Bar 400 

Max. pressure (interm.) Bar 450 

Pressure demand Bar 420 

Displacement cm
3
/rev 150 

Max. Speed (cont.) rev/min 2700 

Speed demand rev/min ~2150 

Actual flow l/min ~325 
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Engine mounted pump     

Gear ratio (Engine:PTO) - 1:1.26 

Brand - Rexroth 

Model - A4VG 40 cm3 

Number of pumps # 1 

Weight Kg 30 

Max. power kW 107 

Max. pressure (cont.) Bar 400 

Max. pressure (interm.) Bar 450 

Displacement cm
3
/rev 40 

Max. Speed (cont.) rev/min 4000 

Max. Crawl velocity km/h 8,7 

(at 1900 rpm engine speed)     

 
These two gear set alternatives will cover all rear axle ratios. The two ratios are needed due to 
the size of the variable pump. If the variable pump shall be kept at a reasonable level it can 
only compensate for two different rear axle ratios as in “Alternative 1”, therefore two ratios 
are needed to cover all axles.  
 
Alternative 3 
In this alternative the main pump is of variable displacement type shown in Figure 7-7. When 
the size of the pump is big enough it will together with the small engine mounted pump cover 
all standard rear axle ratios. Details are found in Table 7-4.  
 

Table 7-4. Details for retarder-PTO alternative 3. 

Rear axle(s)     

Number of allowed # 5 

Gear ratios - 3,61-5,41 

   

Wheels     

Diameter mm 1200 

   

Retarder-mounted  pump   

Gear ratio 1 (Cardan:PTO) - 1:2.032 

Gear ratio 2 (PTO:PTO) - 1:1.90 

Total gear ratio  - 1:13.94-20.89 

(incl. rear axle)     

Pump brand - Rexroth 

Pump model - A4VG 180 cm
3
 

Number of pumps # 1 

Weight Kg 101 

Max. Torque  Nm 1144 

Torque demand (on pump) Nm 800-1200 

Torque demand (on cardan) Nm 3100-4600 

Max. power kW 300 

Power demand kW ~115 

Max. pressure (cont.) Bar 400 

Max. pressure (interm.) Bar 450 

Pressure demand Bar 420 

Displacement cm
3
/rev 180 

Max. Speed (cont.) rev/min 2500 

Speed demand rev/min 1800-2500 

Actual flow l/min 331 
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Engine mounted pump     

Gear ratio (Engine:PTO) - 1:1.26 

Brand - Rexroth 

Model - A4VG 40 cm3 

Number of pumps # 1 

Weight Kg 30 

Max. power kW 107 

Max. pressure (cont.) Bar 400 

Max. pressure (interm.) Bar 450 

Displacement cm
3
/rev 40 

Max. Speed (cont.) rev/min 4000 

Max. Crawl velocity km/h 8,7 

(at 1900 rpm engine speed)     

 

 
Figure 7-7. The Rexroth A4VG 180 cm3 
pump [I.28].  

 
 
Alternative 4 
This alternative is similar to the MAN solution. Only one fixed displacement pump is used and 
hence the crawl driving mode is unavailable. All different rear axles will need different gear 
ratios in the PTO. A small additional charge pump is needed when the engine mounted pump 
is excluded. An additional power steering pump can be used for this purpose as on a double 
front axle truck (8x4, 8x6). If the crawl mode is a demand, the variable displacement engine 
mounted pump is a demand also for this alternative, making it similar to “Alternative 2”, with 
the difference that this alternative uses one cog wheel set for each rear axle ratio. Details can 
be found in Table 7-5. 
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Table 7-5. Details for retarder-PTO alternative 4. 

Rear axle(s)     

Number of allowed # 5 

Gear ratios - 3,61-5,41 

   

Wheels     

Diameter mm 1200 

   

Retarder-mounted  pump   

Gear ratio 1 (Cardan:PTO) - 1:2.032 

Gear ratio 2 (PTO:PTO) - 1:1.516-2.272 

Total gear ratio  - 1:16.67 

(incl. rear axle)     

Pump brand - Poclain Hydraulics 

Pump model - PL6H14 6*25 cm
3
 

Number of pumps # 1 

Weight Kg 84 

Max. Torque Nm - 

Torque demand (on pump) Nm 1000 

Torque demand (on cardan) Nm 3100 

Max. power kW 304 

Power demand kW ~115 

Max. pressure (cont.) Bar 400 

Max. pressure (interm.) Bar 450 

Pressure demand Bar 420 

Displacement cm
3
/rev 150 

Max. Speed (cont.) rev/min 2700 

Speed demand rev/min 2200 

Actual flow l/min 331 

 
 

7.2 Transferbox 

The third concept is to modify a transferbox into a PTO, alternatively find an existing 
transferbox -PTO unit. The advantage with this system is the same as for the retarder concept. 
The gearbox becomes independent from the hydraulic transmission pump which is desired for 
I-shift gearboxes. It will also be implementable on all gearboxes including the planetary gear 
based Powertronic. Disadvantages will be that a lot of weight is added due to heavy 
transferboxes, if a modified version of the standard Volvo transferbox is used. The standard 
dog clutch in the transferbox will make it hard to clutch/declutch on the fly, which is a big 
disadvantage. To make this possible a friction clutch similar to the one found in the Koblam is 
needed. A benchmark was made for a tranferbox-PTO. Stiebel [I.48] was one manufacturer 
that delivers tranferbox-PTO:s but no model meeting the size/weight and friction clutch 
demands was found.  
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A design proposal for a new developed tranferbox-PTO was made. The focus was on a 
compact unit with an integrated friction clutch. Figure 7-8 show pictures of the unit when 
mounted in a frame steered chassis and appendix O show extensive material of the 
transferbox-PTO concept. 
 

 
Figure 7-8. The proposed tranferbox-PTO layout. 

 
A second engine-mounted pump is needed to enable the “crawl driving” mode also in this 
concept. On the “Salix 2” application the transferbox is needed to enable the mechanical 
FWD which will make it hard to implement hydraulic drive on the trailer through the 
transferbox. A second hydraulic trailer transmission solution is then needed for the “Salix 2” 
purpose. The retarder alternative is considered to be better adapted for that purpose.  
 

7.3 Hydraulic oil cooler installation 

According to Thorbjörn Brännström [V.11], the necessary cooling power is about 25 % of the 
total system power including losses. The total system power is about 115-120 kW for the 
Volvo-Poclain hub motors. 25% is relevant if the system is to be used for about 10-15 minutes 
at a high power output level leading to a maximum cooling power of about 30 kW. This 
cooling power is needed even in a worst case scenario when the difference between oil and air 
temperature is at its minimum. If maximum oil temperature is set to be 100 ˚C and the 
surrounding air is 30 ˚C the worst case difference is 70 ˚C, giving 0,43 kW/˚C as needed 
cooling effect. The Austrian company AsaHydraulik [I.49] delivers the coolers to MAN´s 
HydroDrive. The model they use is called ASA 0115 delivering about 0,3 kW/˚C at maximum 
oil flow 200 l/min. When using the bigger 1250 cm3 Volvo-Poclain motors the maximum oil 
flow is about 300 l/min, which is too much for the 0115 model. The bigger 0176 model can 
stand the 300 l/min flow and delivers about 0,45 kW/˚C cooling power at that flow rate. This 
would give a maximum cooling power of about 32 kW at 70 ˚C in temperature difference and 
300 l/min oil flow. It is a little more than the 30 kW discussed above and an evaluation needs 
to be done to discover if the system can be driven continuously without overheating. The size 
of the smaller 0115 is 430x380x160 mm and weighs 12 kg and the bigger 0176 is 
530x470x200 mm and weighs 19 kg. Figure 7-9 show the bigger 0176 motor.  
 
The size of cooler can be a choice for the customer depending on the field of application for 
the truck. If the system is to be used for longer periods at high power output levels, the size of 
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the cooler will naturally need to be bigger, while a customer that is only going to use the 
system for short periods occasionally can choose a much smaller cooler.  
 

 
Figure 7-9. The AsaHydraulik 0176 oil cooler. 

 

7.4 Hydraulic oil tank installation  

The need for a large oil tank decrease while the system is of a closed-loop type. The oil 
volume contained in the system components can be enough if the cooler is dimensioned 
correctly. Some advantages as decreasing the cooling power need in the cooler and lengthen 
the oil change interval can though be found. As for the cooler, it can be a customer choice to 
have a smaller or larger tank mounted, depending on the field of application for the truck.  
 

7.5 PTO results 

Of all PTO concepts presented we prefer the “Retarder” concept for Ackermann steered 
trucks such as the “Salix 2” and on-road applications. The proposed concept is based on 
“Alternative 4” above combined with a small variable displacement pump mounted on the 
engine-PTO. This concept is preferred because it will be developed to fit both the manual 
gearbox and the I-shift gearbox without any geometry modifications on the gearbox itself. 
The main pump will be of fixed displacement type which is cheaper and lighter than a 
variable displacement pump. The extra variable displacement pump is small which also 
decreases the cost. The variable pump enables the crawl driving mode which is desired for the 
“Salix 2” trucks. The system is possible to implement on all rear axles independent of the 
central gear ratio. The same pumps are used for all rear axles. This is achieved by adapting the 
gear set in the PTO unit to each rear axle. The weight added can also be kept at a reasonable 
low level because the new PTO can have a design adapted to only this purpose.  
 
The rotational speed at the retarder-PTO is linearly dependent to the vehicle velocity. This 
eliminates unwanted revolutionary speed drops (such as breaking the clutch on the engine) 
and makes it possible to implement a fix displacement pump which is less expensive and 
makes the control system less advanced. The Poclain PL6H14 6*25 cm

3 mentioned above 
was considered as a well suited pump for the purpose. The pump at the engine-PTO will be 
small, light weight and stackable with variable displacement. Bosch Rexroth A4VG 40 was 
found as a good alternative. It will deliver flow for maximum crawl speed of 8 km/h at 1900 
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rpm engine speed. Charge pressure is needed for charging the main pump as well as 
maintaining a ground pressure in the hydraulic system when freewheeling. This can also be 
obtained with the smaller engine-mounted variable pump. 
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8 Recommendations 
During the work with this master thesis three different scenarios for the front wheel drive 
have turned out. The three different scenarios are as follows: 
 
“Salix 2” prototype 
Volvo has a goal to deliver prototype trucks to sugar cane contractors in Peru during late 2008 
or 2009. Within this time span it would be unwise to attempt to develop an articulated steered 
vehicle due to the large cost it would bring to hurry through the development work that has to 
be done. The development of such a vehicle will take longer and a lot of testing is needed to 
determine for instance whether or not the front wheel drive is needed at higher velocities.  
 
Our recommendation for the next step is to go for an ordinary 4x4 mechanical propelled FM 
truck in combination with a 2-axle centre axle trailer modified to follow the tracks of the 
truck. Both truck and trailer should be equipped with the CTIS system for better off-road 
performance and obtain the lower ground pressure needed for agricultural use. This 
trailer/truck combination result in a versatile vehicle with large payload capacity and good 
tracking ability, with a minimum of development work needed. To improve the off-road 
performance of the vehicle, especially when reversing, the recommendation is to implement 
Poclain Hydraulics wheel motors on one of the trailer axles. The PTO for the hydraulic 
system can be implemented on the retarder output of the I-shift gearbox, as in the proposed 
“Retarder-PTO” solution discussed in chapter 7.1. The development cost and time for the 
proposed retarder-PTO was considered as an important advantage. If the clutch from the 
Koblam is reused, an essential component in the PTO already exists. Above standard 
components as cog wheels, sealings and bearings, components that need to be developed 
cover the PTO-house and mounting consoles.  
 
Articulated vehicle 
Parallel with the “Salix 2” prototype development, the design of an articulated vehicle should 
continue. An articulated vehicle has great potential due to its narrow turning radius and 
freedom in tyre choice leading to great off-road performance. The vehicle type has already 
interested customers within the heavy urban construction market. This is a project that will 
span longer than 2009 because of the large required development work. To improve the off-
road performance for the vehicle, a front wheel propulsion system is a demand. A prototype 
vehicle needs to be built, tested and evaluated to reveal the exact need of the front wheel 
propulsion in different situations. Even the Poclain motors needs to be evaluated in this 
application to discover if they deliver enough torque. The Poclain wheel motors may be 
suitable in low speed situations but they cannot replace a mechanical transmission if the speed 
and power performance is to be unchanged.  
 
We believe that a competitive dual steered vehicle can be built with the Poclain Hydraulics 
wheel motor system due to its light weight and relatively cheap purchasing cost. The Poclain 
wheel motors have a descent specific torque ratio but unfortunately poor speed performance. 
The demand to have front wheel propulsion up to full speed for an articulated vehicle is 
though eliminated with the dual steering concept. With the front wheel drive disengaged at 
higher velocities the vehicle will be less fuel demanding during high speed on-road transports. 
The proposed PTO layout is the “Tranferbox” discussed above. 
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Assist drive for on road trucks 
The third scenario where an alternative front wheel propulsion system is wishful is for 
ordinary on road trucks. Even here our recommendation is the Poclain system with PTO at 
the retarder output on the gearbox. On-road trucks does rarely need constant all wheel drive, 
therefore a disengageable FWD assist drive is a suitable compromise. The FWD can be 
engaged in harsh road conditions but also disengaged in a fuel efficient way when not needed.
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9 Conclusions 
Through this master thesis we have compared and developed alternative propulsion systems 
for the front axle. The conclusions that can be drawn are that no suitable electric or hydraulic 
wheel motors have been found today that beneficially can replace a mechanical transmission. 
Both electronic and hydraulic propulsion can be used as an assist drive, but since the size, 
weight and redesign is limiting, the delivered power and torque will be decreased. If the 
decreased power, torque and propelling velocity span is accepted, weight can be gained if 
radial piston hydraulic wheel motors are chosen. This can be done without major design 
changes to current structure.  
 
If the choice is between electric and hydraulic systems the hydraulics is the better alternative 
for a truck where high torque is more important than high speed performance. To get an 
electrical wheel motor of reasonable size to deliver sufficient torque a gear reducer is needed. 
The gear reducer in combination with a wheel motor will cause packaging problems and 
significant change of the current front axle structure, the weight added will also be 
unnecessary high. Dependent on the early development level of electric wheel motors 
combined with gear reducers, the technology is better suited for a non wheel steered vehicle 
compared to a wheel steered. The electrical motor assemblies of today are space demanding 
both inside the rim but also on the inside of the wheel where an Ackermann steering 
mechanism normally is mounted. Electric propulsion systems are though under development 
and it may very well be products available within a few years that will be much better suitable 
for the needs that have been discovered in this thesis work. 
 
Hydraulic motors have a higher specific torque than electrical motors, this in combination 
with the relative easiness to find suitable products on the market have made us focusing more 
on implementing a hydraulic system. The Poclain Hydraulics system is suitable because of its 
compact and light weight design and the possibility to mount them on the outside of the hub. 
The torque delivered by these motors may also be enough especially for on-road trucks. It has 
to be tested and evaluated whether or not the torque is enough for the off-road applications. 
While investigating the PTO placement, one of the goals has been to not occupy any of the 
current PTO:s as well as finding a solution that will be applicable in all of the three scenarios 
presented above. Due to very limited space in the front frame of a frame steered vehicle the 
retarder concept has not been applicable to this application, therefore the drop box concept 
has been developed to have a working solution to all of the three scenarios.  
 
It would be beneficial from production point of view if one alternative propulsion system 
could be developed that is implementable in several applications. This should be kept in mind 
during the development of the articulated vehicle. 
 
Regarding the electrics, one point of view that should be taken in to account is the easiness to 
implement a regenerative braking system. As electric hybrid technology is on the rising 
within the commercial vehicle industry, it can be a natural step to include electrical wheel 
motors on one or several axles in the hybrid system. This would also make the production 
volumes far more beneficial compared to if only implemented in a special vehicle like the 
frame steered concept truck.  
 
Below are some final conclusions and recommendations for future work grouped after 
application areas. 
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“Salix 2“ prototype 
For the “Salix 2” prototypes we believe that a hauler with a trailer is a good concept, even 
though some modifications have to be done. First of all the truck needs to be adapted to an 
AWD vehicle and still have an I-shift gear box. The suspension travel might have to be 
shortened to avoid a collision between the gearbox oil filter and the front axle cardan shaft. A 
decision has to be made of where to put the PTO. A suitable trailer needs to be found or 
developed. The installation of the Poclain Hydraulics wheel motors at one of the axles needs 
to done and evaluated. An essential thing that needs to be tested is on which of the axles on 
the trailer the propulsion is to be implemented. Dependent on the choice of trailer a new 
coupling may be needed to achieve best tracking performance. Detailed design of the 
hydraulic pump and cooler installation and the housings is also required. The real power need 
for the harvesting equipment should be decided since that seems to be unknown. Based on 
that, the hydraulic system installation including PTO should be made with consideration taken 
to the hydrostatic propulsion. 
 
Articulated vehicle 
For the articulated vehicle there is much more development work that has to be done. It has to 
be tested and evaluated if FWD is a demand up to full speed on the frame steered concept 
truck. Dependent on the outcome of that investigation a concept proposal needs to be 
established, either with a dual steered hydrostatic FWD, a mechanical FWD or other 
technology. If the dual steered concept is chosen, some effort is needed in developing the 
control system for the steering. A steer by wire solution will be needed if correct wheel angles 
are wanted in all situations. If a hydrostatic FWD is chosen, the proposed tranfercase-PTO 
needs to be found or developed. 
 
Assist drive 
For the assist drive, the packaging and detailed design of the Poclain Hydraulics wheel motor 
system is found as most important. As for the “Salix 2” application, the retarder-PTO need to 
be developed. The dimensions of the oil cooler needs to be decided and tested so that required 
driving time will be possible.  
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Appendix A Coefficient of friction for different surfaces 
 
 
Figure A-1. Rolling resistance over coefficient of friction [I.50]. 
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Appendix B Hydrostatic transmission layouts 
 

 
Figure B-A. Hydrostatic propulsion alternatives for one axle. 1- Hydraulic pump, 2- Hydraulic motor, 3- Prime 
mover (combustion engine in most cases), 4- Differential, 5- Cardan shaft and 6- Gear reducer [V.7, V.8]. 
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Figure B-B. Hydrostatic propulsion alternatives for two axles. 1- Hydraulic pump, 2- Hydraulic motor, 3- Prime 
mover (combustion engine in most cases), 4- Differential, 5- Transferbox and 6- Gear reducer [V.7, V.8].
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Appendix C Hydraulic motor technical data 
Table C-1. Technical data for the studied hydraulic motors. 
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Appendix D MAN HydroDrive 
Table D-1. Technical data for MAN HydroDrive [V.12]  

Pump/PTO   

Type - 

Poclain Hydraulics 6 row x 17,5 cm
3
 (105 cm

3
) radial piston 

type with fixed displacement, gearbox mounted, clutch 
independent, cardan shaft rotational speed dependent. 
Mechanically disengaged with a clutch when not in use. 

Number of pumps - 1 
Maximum rotational speed 
(for 315/80 R22,5 tyres)  rpm 3160 

Ratio Motor:Pump - 1:19,86 
Ratio Cardan:Pump 
(for rear axle ratio 4:1)  - 1:4,97 

Motors   

Type - 

Poclain Hydraulics MF E08. Radial piston motors with fixed 
displacement and charge pressure retractable pistons for 
freewheeling. 

Number of motors - 2 (One in each front wheel) 

Displacement  cm
3
 1043 

Maximum torque kNm 7,28 

Maximum rim pull kN ~13 

Maximum pressure Bar ~420 
Maximum rotational speed 
(for 315/80 R22,5 tyres) rpm 159 

Maximum vehicle speed km/h 30 

Maximum power kW 41 

Weight kg ~55 

Distance A in fig. D-1 mm 105 

Distance B in fig. D-1 mm 257 

Diameter C in fig. D-1 mm 230 

 

 
Figure D-1. Outer dimensions of the hub motor [I.22]. 
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Figure D-2. Schematic layout of the MAN HydroDrive: 1- Cardan shaft, 3- Hydraulic pump, 4- Hydraulic hose 
and 5- Hub motor [I.22].  
 

  
Figure D-3. Left picture show a cross section of the hub motor [I.22] and right picture show a mounted hub 
motor. 
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Figure D-4. Picture of the cooler mounted behind and above the gearbox. 

 

 
Figure D-5. Picture of the pump mounted at the back of the gearbox.
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Appendix E Electric motor technical data 
 
Table E-1. Technical specifications for the studied electrical wheel motors. 

 

Peak 
Power 
[kW] 

Continuous 
Power [kW] 

Torque 
Peak/cont. 

[Nm] 

Max. 
 speed 
[rpm] 

Weight 
[kg] 

Diameter/ 
Length 
[mm] 

UQM 120 120 75 650/530 6000 99,3 405/241 

TM4 80 - 670 1235 - - 

DRS - 178 679 5000 63 458/250 

SEP 125 50 400/200 9000 250 400/250 
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Appendix F SEP technical specifications 
 
SEP: Splitterskyddad EnhetsPlattform = Armoured Unit Platform 
 
Table F-1. Technical data for the SEP-vehicle [V.13]. 

Electric supply     

Type [ - ] 21-poles, 3-phase permanent magnet generator 

Number [ - ] 2 

Maximum output power (each) [kW] 190 

Maximum rotational speed [rpm] 4000 

Length [mm] 250 

Diameter [mm] 400 

Wheel motor    

Type [ - ] Permanent magnet radial flux 

Power (continuous) [kW] 50 

Power (peak) [kW] 125 

Torque (continuous) [Nm] 200 

Torque (peak) Nm 400 

Maximum rotational speed [rpm] 9000 

Gear box    

Type [ - ] Planetary gear based with two gear ratios 

Gear ratio 1 [ - ] ~ 50:1 

Gear ratio 2 [ - ] ~ 20:1 

Driving torque g.r. 1 (cont.) [kNm] 10 

Driving torque g.r. 1 (peak) [kNm] 20 

Driving torque g.r. 2 (cont.) [kNm] 4 

Driving torque g.r. 2 (peak) [kNm] 8 

Maximum velocity g.r. 1 [km/h] ~ 40 

Maximum velocity g.r. 2 [km/h] ~ 100 

Gear change speed  [km/h] ~ 25 

Wheels    

Rim size [in] 24 

Outer diameter [mm] 1250 

Wheel motor weight [kg] 250 

(motor, gear, brake)    
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Figure F-1. Approximate wheel torque and electrical motor speed over velocity range. Shift from low to high 
gear takes place at ~25 km/h. 



Appendix G 

 - 10 - 

Appendix G DRS PC36-XT PM motor specifications 
 

Figure G-1. Technical specifications for the DRS PC36-XT motor [I.29].  
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Appendix H VCE Rule of thumb 
Volvo Construction Equipment (VCE) has a rule of thumb for articulated steered vehicles. 
According to Jörgen Ahlberg [V.5] the outmost tyre midpoint cannot pass the centreline of the 
vehicle when the maximum steering angle is achieved. If it does, the vehicle will become 
unstable and may tip over.  
 

 
Figure H-1. A schematic picture of the VCE rule of thumb. 
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Appendix I F-Distance for different drive train layouts 
 

 
Figure I-1. Schematic picture of the powertrain with market out 
lengths of the components: 1- Clutch house/torque converter, 2- 
PTO, 3- Gearbox, 4- Transferbox. 

 
In Figure I-1 the proximal widths of the key components in the powertrain are presented. The 
minimum F-distance is depending on whether components are placed in the front or rear 
frame. The clutch or torque converter placement is considered fixed right behind the engine 
but PTO, gearbox and transferbox can be mounted either in the front or rear frame. Table I-1 
gives an overview of possible F-distances depending on how the components are packaged.  
 

Table I-1. Proximal F-Distances for different component placements . 

Drive train set up Min F-distance [mm] 
PTO + Gearbox + Transferbox in rear frame 800 
PTO in front, Gearbox + Transferbox in rear 800 
Gearbox in front, Transferbox + PTO in rear 1400 
PTO + Gearbox in front. Transferbox in rear 1600 
PTO + Gearbox + dropbox in front frame 2000 
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Appendix J The dual steering angle issue 
 

 
Figure J-1. Schematic picture of the dual steering angle issue. 

 
As seen in figure J-1, if the inner front wheel steering angle is fixed both when using 
Ackermann and dual steering, the outer wheel steering angle need to be decreased when using 
dual steering. As guidance, if the inner wheel steering angle is 25˚, the outer wheel steering 
angle is 21˚ when using Ackermann and 17˚ when using dual steering.  
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Appendix K Dual steering vehicle dynamics  
Throughout the master thesis the question of how large steering angle is needed at certain 
velocities was discussed. The reason why this is interesting is that wide tyres can not be 
Ackermann steered as much as regular on-road tyres when mounted on the same frame and 
with the same steering geometries. As a consequence of this a theoretical study to calculate 
the relationship between tyre width and velocity of the truck in a corner was made. 
 
The fundamental equation governing handling behaviour of a road vehicle is defined by 
Wong [L.2] as 
 

g

a
K

R

L l

us

c

twb

m ⋅+=α , [Eq. 5] 

 
where αm is the mean steering angle in radians, Ltwb is the theoretical wheelbase, al is the pure 
lateral acceleration, Rc is the radius of the curve, g is the coefficient of natural gravitation and 
Kus is the understeer coefficient expressed in radians. Kus describes the slip angle dependence 
between front and rear wheels. Positive Kus means an understeered vehicle while negative 
represents an oversteered vehicle. According to Niklas Fröjd [V.14], Kus is typically between 
0,035 and 0,070 for a Volvo Truck. He also claim that lateral accelerations above 4,5 m/s2 is 
very rare for a truck while it will tip over at that point. It should be noticed that this lateral 
acceleration actually is below the maximum lateral acceleration that the tyres can provide. 
The dependency between Rc and al is given by 
 

l

c
a

v
R

2

= , [Eq. 6] 

 
where v is velocity of vehicle. For the theoretical wheelbase, Ltwb, values between 4,5 and 5,5 
m is valid for a three axle FM truck. The mean steering angle is the mean value of inner and 
outer steering angles. For this application the worst case steering angle is of most interest 
leading to a conversion from the mean to the inner steering angle. Geometrically this is 
represented as is figure K-1.  
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Figure K-1. Geometrical representation of the different 
steering angles. R is the imaginary steering radius if no slip 
was present αo is the outer steering angle, αi is representing 
the inner steering angle and Wt is the track width. 
 

The conversion is done by the steps 
 

R

Ltwb

m =αtan
, [Eq. 7] 
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and by inserting Eq. 7 in 8, 
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α  [Eq. 9] 

 
which together with Eq. 5 end up in the combined inner steering angle formula, 
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These calculations end up in the steering angles presented in table K-1.  
 
Table K-1. Inner wheel steering angles for different velocities, Kus and theoretical wheel bases. 

                                          Turning     Inner wheel steering angle [degrees] 
                                          radius [m]     Ltwb = 4,5 m                  Ltwb = 5,5 m   

Kus 0,035 27,5 33,9 25 km/h  
 Kus 0,070 

10,7 
28,6 35,0 

Kus 0,035 18,8 23,2 30 km/h 
Kus 0,070 

15,4 
20,0 24,3 

Kus 0,035 13,9 16,9 35 km/h 
Kus 0,070 

21,0 
14,9 17,9 

Kus 0,035 10,7 13,0 40 km/h 
Kus 0,070 

27,4 
11,7 14,1 

 
The given steering angle is the angle that is required to achieve the tip over turning radius for 
the given velocity. 
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Appendix L Front tip over investigation  
When a heavy harvesting aggregate is attached at the front of the vehicle, it could cause the 
rear of the vehicle to lose contact with the ground. The level for the rear frame is shortened 
when a frame steering angle is applied. The maximum weight of an aggregate that can be 
connected at the front of the vehicle, when the frame is maximum steered is therefore of 
interest. That is done by an equilibrium calculation around the front axle. Figure L-1 show the 
affecting forces and lengths. 
 

 
Figure L-1. Forces and lengths for the front tip over investigation. 

 
The weights and lengths that has been used for the calculation are presented in table L-1. 
 

Table L-1. Numerical values for the calculation. 
Calculation variables   

Rear frame normal force, FRF    4380 kg � 43,0 kNm 

Front frame normal force, FFF   5440 kg � 53,4 kNm 

Aggregate fastening normal force, FAF  300 kg   � 2,94 kNm 

Aggregate normal force, FA x kg      

Frame steering angle, α 45 degrees 

 
An equilibrium equation around A in figure L-1 is given by 
 

( )( ) ( ) ( ) ( ) 08,16,27,0cos30 =⋅−⋅−⋅−+⋅→=∑ AFAFFRFA FFFFFM α
)

 

 
If FA is released from the formula it will give 
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( )( ) ( ) ( )

6,2

8,17,0cos3 ⋅−⋅−+⋅
= AFFFRF

A

FFFF
F

α
. 

 
With numerical values it will give a FA of 40,1 kNm or about 4,1 tonnes. As the aggregate 
weighs about 1-2 tonnes, this will not be an issue with the specified values. It should be 
mentioned that this is a static calculation, and that a more thorough dynamic investigation 
need to be done to determine how bumps and frame movements affect the vehicle stability in 
the specified situation. 
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Appendix M Concept comparison tables 
This appendix presents concept comparison matrixes. The purpose is to compare the concepts 
from a number of properties that contribute differently to the end result. Regarding the 
properties, these are considered to be the most important for the development of the front 
wheel drive in the specified truck.  
 
The upper part of the matrix presents the technical specifications for the concepts and make 
up a base for the comparison of the properties. A standardisation has been made to a 
theoretical wheelbase of 5 meters for the different concepts. The characteristics were found or 
assumed from the following procedure: 
 

• The F-distance estimations are based on the figures in appendix I. Volvo Articulated 
Haulers rule of thumb (appendix H) lead to the possible frame steering angles for the 
different F-distances together with the wheel base (which in turn depend on the total 
width and wheel width).  

• Regarding the wheel steering angles, these are limited by the wheel width and the total 
width of the vehicle leading to a strong connection between the choice of wheel width and 
demands for turning radius on the Ackermann- and dual steered concepts. To find an 
appropriate compromise between these variables, the turning radius was used as a base 
for the wheel steering angle, which in turn gave a maximum wheel width.  

• The turning radius demands for the frame steered and dual steered concepts were set by 
competitors offering similar vehicles given by Johansson and Nilsson. 

• The outer wheel diameter choice also affected the maximum steering angle for the 
Ackermann- and dual steered concepts, since an increasing outer diameter limits the 
steering angle. A compromise was done to achieve a satisfying ground clearance together 
with a satisfying wheel steering angle. The estimation of ground clearance was thus made 
both from the tyre outer diameter and the front axle design.  

• Approach angle was assumed to be similar because of the possibility to achieve the same 
frame height for all concepts.  

• Regarding the weight of the front wheel drive system, some standard weights for key 
components was assumed, and based on that differences in weight between the concepts 
were identified.   
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Table M-1. Summary of the most essential technical specifications for the 
front wheel propulsion concepts. 
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Table M-2. Explanations to the concept comparison tables. 
Technical 
Specifications 

  

FWD maximum 
velocity  

Maximum FWD velocity 

Torque/wheel  Maximum torque output for each front wheel  

Gearbox position Front frame / Rear frame 

Theoretical 
wheelbase 

Distance from front axle to centre of rear bogie 

F-distance Distance from front axle to frame steer joint if applicable 

Required waist 
angle 

Waist angle for targeted turning radius 

Required wheel 
angle 

Wheel angle for targeted turning radius 

Turning radius  Turning radius from curb to curb (outer side of outer front wheel) 

Tyre width  Width of the tyre 

Front axle load  Maximum technical front axle load (legal load 7-9 ton) 

Wheel diameter  The outer diameter of the wheel when loaded 

Ground clearance  Minimum distance from ground to front axle  

Approach angle  Angle between front wheel contact point and bumper 

Weight of front axle  
Including the axle itself, hub reducers and brakes. Wheels+ steering 
components excluded  

Weight of propulsion 
system 

Including all components needed for front wheel drive except the axle (cardan, 
transferbox, hydr. motor, pump etc.) 

Weight FWD total  Sum of front axle and propulsion system weight 

    

Characteristics   

Off road 
performance 

Factors regarding the off road vehicle performance 

Approach angle - 

Ground pressure - 

Ground clearance - 

Turning radius - 

Front wheel driving 
torque 

- 

On road 
performance 

Factors regarding the on road vehicle performance 

High speed handling 
Course stability, risk of going into a skid and general vehicle handling at high 
velocities 

Customer 
economy 

Factors regarding economics for the customer 

Payload Weight of legal load 

Fuel consumption - 

Volvo product 
development  

Possibilities for commercialisation 

Platform 
independency 

Possibilities to implement the FWD system in other Volvo trucks, eg. other rigid 
truck types and tractors 

Reuse of current 
components 

Possibility to reuse "of the shelf" Volvo truck components 
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Table M-3. Clarifications of the weight assumptions in the comparison table. 
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Table M-4. The Salix application weighed matrix. 
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Table M-5. The Tundra-application weighed matrix. 
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Appendix N Trailer configurations 

Centre axle trailers 

 
Figure N-1. The centre axle 2+2 concept. 

 

 
Figure N-2. The centre axle 2+2 EL concept.  

 

 
Figure N-3. The centre axle 2+2 MS concept.  
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Figure N-4. The centre axle 2+2 ELS concept.  

 

 
Figure N-5. The centre axle 2+3 concept.  

 

 
Figure N-6. The centre axle 3+3 concept.  
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Semi trailers 

 
Figure N-7. The semitrailer 2+2, 2+2 AS and 2+2 PBS concepts.  

 

 
Figure N-8. The semitrailer 2+3 concept.  

 

 
Figure N-9. The semitrailer 3+3 concept.  
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Turn table trailers 

 
Figure N-10. The turn table 2+2 concept.  

 

 
Figure N-11. The turn table 2+3 concept. 

 

 
Figure N-12. The turn table 3+3 concept. 
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Comparison matrix for different hauler-trailer layouts  
 
Table N-1. Comparison matrix for the hauler-trailer concepts. 
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Table N-2. Explanations off the specifications and characteristics in table N-1. 
Specifications  

Difference in t. r. 
Between inner rear truck wheel and inner rear trailer wheel when all 
trailer wheels are non steered. Represented by R2-R1 in figure N-13. 
For 12,5 m radius "between walls". 

Smallest truck t. r. 
Between curbs for 43 degrees inner front wheel steering angle 
(dimensioning steering angle for the specific front axle) 

Smallest tracking t. r.  
When all axles on the trailer are force-steered: The smallest "between 
curbs" turning radius for the truck for 45 degrees trailer steering angle 

Payload in 10 ft. Payload in front container. Empty weight 1,6 ton 

Active volume in 10 ft. 
Required load volume in the front container for load density 350 kg/m

3
 

(sugar cane greens and tops) 

Payload in 20 ft. Payload in rear container. Empty weight 2,2 ton 

Active volume in 20 ft. 
Required load volume in the rear container for load density 500 kg/m

3
 

(sugar cane trunk) 

Total payload Sum of front and rear container payload 

Combination G.W.   Total mass of the vehicle combination 

Legal C.G.W  In Brazil 

  

Characteristics  

Follow own track 
The ability of the vehicle combination to follow its own track. Both the 
turning radius difference and the number of tracks produced are taken 
into account.  

Total payload  
Payload of the combination with the specified load containers and load 
densities. 

Flexibility of truck 
Possibility to use the truck for other purposes, mostly dependent on the 
ease to make it independent from containers. 

 
 

 
Figure N-13. Representation of the difference in tuning radius between 
truck and trailer. 
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Appendix O Extensive CAD screen dumps 
 

 
Figure O-1. The adapter unit between retarder-interface and cardan connection. 

 

 
Figure O-2. The adapter unit between retarder-interface and pump 
mounting with Koblam cover removed. 
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Figure O-3. Cross section of the adapter unit between retarder-interface and pump mounting. 
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Figure O-4. The adapter unit between retarder-interface and pump 
mounting. 

 

 
Figure O-5. The adapter unit between retarder-interface and pump 
mounting with covers removed. 
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Figure O-6. The remote cardan shaft mounted retarder-PTO alternative. 

 

 
Figure O-7. The direct mounted retarder-PTO alternative with cooler installed. 

 
 



Appendix O 

 - 35 - 

 
Figure O-8. The direct mounted retarder-PTO alternative with cooler installed. 

 

 
Figure O-9. The direct mounted retarder-PTO alternative with cooler installed. 
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Figure O-10. The remote cardan shaft mounted retarder-PTO alternative with cooler installed. 
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Figure O-11. The remote cardan shaft mounted retarder-PTO alternative with cooler installed. 

 

 
Figure O-12. The remote cardan shaft mounted retarder-PTO alternative with cooler installed. 
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Figure O-13. The tranferbox-PTO layout. 

 

 
Figure O-14. The tranferbox-PTO layout. 

 



Appendix O 

 - 39 - 

 
Figure O-15. The tranferbox-PTO layout. 

 




