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Abstract 

Trucks with semi-trailers are widely used for transportation of goods due 
their low operation cost, but inherent to these vehicles are some problems 
such as a poor maneuverability. To minimize the effects of this disadvanta-
ge, among other solutions, the incorporation of steerable axles in the semi-
trailers has been proposed. This paper presents a steering equation, and a 
fuzzy-logic controller for a semi-trailer automatic forced-steering system to 
minimize the off-tracking and the total swept path width, resulting in an 
improvement of vehicle´s maneuverability at low speeds. To accomplish 
this, the suggested control algorithm considers the articulation angle and 
parameters such as vehicle speed and direction. The system was tested on an 
instrumented experimental semi-trailer during various predetermined test 
maneuvers.
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Introduction

Articulated vehicles have proven their economic profi-
tability, but as the number of these vehicles grows, it 
becomes evident that there is a substantial need to im-
prove their handling control performance.

Different approaches have been taken into conside-
ration; one important and promising is related to trajec-
tory matching and lateral control of these heavy 
vehicles. In this line of work the objective is, in general, 
to make the articulated vehicles able to follow a secure 
and efficient path (Bolzern and Locatelli, 2001; El-Gin-
dy, 1978; Hingwe et al., 2000; Sampei et al., 1995 and 
Tsao et al., 2006), are a few of researchers who specialize 
in trajectory matching.

The biggest project in this area is the California Part-
ners for Advanced Transit and Highways (California 
Paths) (Hingwe et al., 2000) where numerous groups of 
government, public and private institutions are invol-
ved in the development of automated highway systems 
(AHS).

A different approach is to propose design modifica-
tions or the implementation of mechanical components 
that improve overall vehicular maneuverability perfor-
mance. Steerable axles on semi-trailers are an option to, 
not only improve maneuverability, but also reduce risk 
of accidents and decrease fuel consumption and tire 
wear. Further, it may also minimize hazards and dama-
ge to roadway infrastructures. Several mechanical con-
figurations have been tested via computer simulation 
(Sankar et al., 1991), yet few of them are already used as 
prototypes or are in early commercial stages. 

Those mechanisms represent significant benefits for 
vehicles, but they still need to be improved since some 
stability problems have been raised. Inside the group of 
steering axles of a semitrailer, the command-steer sys-
tem is the most efficient option (Jujnovich and Cebon, 
2002). 

In 2000 an Australian company, Gayat Pty. Ltd. 
(Prem and Ramsay, 2001) and in 2005 the Cambridge 
Vehicle Dynamics Consortium (Cambridge University) 
(Neads, 2006) presented full scale prototypes of semi-
trailers with command steer axles systems, each of 
them is part of the evolution of this technology.

Moreover, results from the tests carried out for this 
paper present work on an actual experimental semitrai-
ler. These results also show a control equation with a 
proposed method of employment for a system of con-
trol based on fuzzy-logic that could further advance in 
command steering technology.    

Materials and methods

An experimental semi-trailer was made in order to ob-
tain a better understanding of the articulated vehicles 
maneuverability performance and the most significant 
characteristics affecting it. 

Figure 1. Experimental vehicle

Resumen 

Los vehículos tractor-semirremolque se usan ampliamente para el transporte de mer-
cancías debido su bajo costo de operación, pero hay algunos problemas inherentes a 
estos vehículos, como una pobre maniobrabilidad. Para minimizar los efectos de esta 
desventaja, entre otras soluciones, se ha propuesto la incorporación de ejes direccio-
nales en los semirremolques. En este trabajo se presenta una ecuación de dirección y 
un control mediante lógica difusa para un sistema automático de dirección forzada 
para semirremolque para minimizar el despiste y el ancho de vía, mejorando la ma- 
niobrabilidad del vehículo a velocidades bajas. El algoritmo de control sugerido con-
sidera el ángulo de la articulación y parámetros como velocidad del vehículo y su 
dirección. El sistema se probó en un semirremolque experimental instrumentado 
durante varias maniobras experimentales predeterminadas.

Descriptores:

•	 semirremolque 
•	 dirección automática 
•	 control difuso
•	 maniobrabilidad
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Pulled by a pickup truck, this semi-trailer which is 
shown in Figure 1 incorporates several configurable 
characteristics such as the location on the fifth wheel 
(G) in front, on top or in the back from the traction axle. 
The length of the semi-trailer (H) and an axle in the se-
mi-trailer that is configurable as fixed or steerable, 
allowing the testing of different control schemes.

Instrumentation

To track the geometric behavior of the vehicle, a GPS 
receiver was installed on top of the fifth wheel, and an-
gular transducers in the steering wheels of the truck, in 
the hitch and in the steering wheels of the semi-trailer. 
This procedure is clearly explained in (Bortoni et al., 
2007).

Also accurate yaw rate sensors and lateral accelero-
meters were placed in the chassis of the truck and the 
semi-trailer. Finally a mini camera was installed in the 
front of the truck pointed toward the ground to guide 
the driver during specific maneuvers (Figure 2).

The signals were monitored by two portable com-
puters. The sample rate was established in 50 samples 
per second per channel. This sampling frequency was 
considered high enough to have a detailed time history 
of the measurements.

Handling performance

Handling performance is the result of a vehicle’s stee-
ring inputs determined by the vehicle weights, dimen-
sions, and mechanical properties of the tires, suspension, 
vehicle frames, and weight distribution among the 
axles (Sampson, 2000). 

Consequently, a number of performance measures 
can be compiled to assess the maneuverability perfor-
mance of the vehicles, particularly with regard to arti-
culated trucks. This study considers the performance 
measures related to geometrical requirements, as:

Off-tracking

Whenever a vehicle with more than one axle turns, rear 
wheels fail to follow the path of front wheels precisely. 
Off tracking measures the maximum distance between 
the paths of the steering axle and the axle of the most 
rearward wheels (Battelle Team, 1995).

Swept path width

Jujnovich and Cebon (2002) describe the “swept path 
width” as the maximum width of the swept trajectory 
in a small radius turn. Figure 3 shows both, the off-trac-

Figure 2. Video camera and video camera 
view at marks at the front of the truck

Figure 3. Off-tracking and swept path 
width during a stationary turn
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king and swept path width measurements during cir-
cular constant radius turns, also called stationary turns.

Test maneuvers

For testing, three different maneuvers were considered: 
two related to a predetermined defined following path 
and one slalom type. The first two consisted of a statio-
nary turn and a 90° transient turn, performed at a very 
low velocity.

Circular and transient curve paths were traced on 
the pavement surfaces which were to be followed by 
the truck to facilitate the path following an 8, 9.5 and 
11.25 m. radius, the stationary turn like the illustration 
in Figure 3 and transient turn in Figures 4 and 5.

Figure 4 shows the typical maneuverability perfor-
mance of an articulated vehicle. f stands for the angle of 
the front axle, the steering axle on the truck, and a for 
the articulation angle.

In the case when the 9.5 m maneuver was made, the 
results observed demonstrated that the angle of the ar-
ticulation reached 40° which means an off-tracking of 
2.95 m and a swept path width of 4.6 m.

When the semi-trailer axle is set to command steer 
as seen in Figure 5, it was found that the maneuver 

results in a maximum articulation angle of barely 
22°, which is an improvement of approximately 50%, 
therefore resulting in a negative off-tracking and a 
swept path width that equals that of the width of the 
vehicle.

The line r represents the angle of the semi-trailer 
axle, and as Figure 5 shows, the driver in the semi-trai-
ler performs a momentary opposite turn to get better 
alignment with the truck. When it leaves the transient 
part of the maneuver, in this case a 20° turn, the semi-
trailer axle was applied.

Besides the different radius, these maneuvers were 
performed from the left and from the right, under diffe-
rent vehicular configurations as the longitude of the 
semi-trailer and the fifth wheel location.

The slalom type maneuver consists of a series of di-
rectional changes around vial cones that were placed 10 
meters apart on a street that was 7 m wide while main-
taining a constant speed of 8 km/h. Figure 1 shows the 
vehicle during the slalom maneuver.

In these maneuvers there is not a defined trajectory, 
so the driver relies on his perception and expertise to 
deal with the obstacles. In this case the way to evaluate 
the maneuver is directly related to the lateral speed of 
the truck in contrast with the one on the semi-trailer.
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Figure 4. Transient turn with fixed semi-
trailer axle

Figure 5. Transient turn with command 
steering semi-trailer axle
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In Figure 6A, the lateral speed of the truck is almost 
twice that of the semi-trailer. This means that the truck 
is under high demand for the vehicle to avoid obstacles. 
On the other hand, in Figure 6B when the command 
steering was activated the speed of the truck and the 
semi-trailer, is almost the same, requiring less lateral 
space.

The difference in magnitude in the left verses the 
right turn corresponds to the perception of the driver. 
Note: It is easier to follow the obstacle and the edge on 
the driver’s side. Also, in the pictures can be noticed de 
difference in road space demand, with the fixed axle 
semi-trailer, the vehicle use the full wide of the road, 
and even then it fails to deal with all of the obstacles. 
While the command steer semi-trailer succeed all obs-
tacles occupying less space.

There is a significant amount of literature regarding 
studies comparing the behavior between fixed axles 
and steering command ones using simulation models. 
In most cases it was concluded that by incorporating 
steering axles important benefits can be obtained such 
as improving handling capabilities of the vehicle and 
reduction of tire friction demand  (Jujnovich and Ce-
bon, 2002; Billing and Patten, 2003). 

Test results using an experimental vehicle confirm 
this, but it also extends the scope of testing beyond 
most simulation results and illustrates some aspects of 
the driver’s perception on the experimental as-
sessments which in turn affects the maneuver perfor-
mance.

Control equation

During previous tests on full scale vehicles (Figure 7) 
and from the Ackerman equations, the angle in the se-
mi-trailer axle that would minimize the off-tracking for 
each radios turn were geometrically calculated This de-
fines the general behavior required for the specific se-
mi-trailer dimensional configuration.

The same dimensional characteristics were conside-
red in the construction of the experimental semi-trailer, 
in order to fine tune the control equation and to later 
experiment with the width the parameters in the algo-
rithm of control.

After this, by combining the dimensional characte-
ristics of the semi-trailer with the Ackerman equations, 
an evaluation computer program was set up to track 
the off-tracking results during the test maneuvers pe-

Figure 6. Shows yaw rates and semi-trailer’s axle lateral acceleration history, a) is the fixed semi-trailer axle, while b) is the steerable 
semi-trailer’s axle
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riod and by using interpolation regression techniques, 
a control equation was defined (Eq. 1 and 2, Figure 8).

Figure 8 shows the final curve of response in the 
command steering axle of the semi-trailer in relation to 
the articulation angle. The resulting equation of control 
was defined as:

X = exp(–1.370004G + 0.099728H + 0.833331J – 1.102983)                                        
						      (1)
where

G = 5th wheel to rear tractor axle distance
H = 5th wheel pin to last trailer axle distance

J   = spacing between trailer axles

Note: G, H and L are illustrated in figure 1.

Y = – 3.36E-07LX5 + 9.3698E-06LX4 + 1.4672E-03LX3 – 7.2697E-02 

LX2 + 1.5551LX – 1.9183     			     (2)

where

L = articulation angle

Factor X in equation 1 refers to the dimensional specifi-
cation of the semi-trailer G, H, L and Y are all illustrated 
in Figure 1. In equation 2, L is the articulation on the 
fifth wheel measured in degrees and Y corresponds to 
the angle required by the steering axle of the semi-trai-
ler to minimize off-tracking.

Fuzzy-logic control

As well as prior prototypes developed in Australia and 
England, endow of steering control in the semi-trailer 
improves maneuverability, but also increases the risk of 
vehicular instability.

During the testing, there was some experimentation 
with certain parameters that could minimize potential 
stability loss, for example, consider vehicle’s speed. 
These defined behaviors would apply during maneu-
vers at lower vehicular speeds and, as speed is increa-
sed, the system’s angle of the steering axle of the 
semi-trailer should decrease proportionally, to the 
point were the system will be set to null response at 
speeds higher than 60 Km/h (Figure 9).

Also the vehicle’s speed has an impact on the res-
ponse speed of the system which means that at very 
low vehicular speeds, the system will promptly execute 
angular adjustments, but as vehicle speed increases, 
these adjustments to the steering wheels will be perfor-
med more slowly.

Figure 7. Test vehicles used in the definition of the control 
equation

Figure 8. Articulation angle vs. steering angle on semi-trailer axle 
to minimize off-tracking (values in degrees) Figure 9. Response in the system based in vehicular velocity
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Another parameter to be considered is the marginal 
angular changes. This consists of a time delay in the res-
ponse of the system to changes in the articulation angle 
in order to prevent undesired oscillations that could oc-
cur during fast angle variations for example when the 
vehicle encounters a road or speed bump. If the angle 
variation doesn’t remain for at least two seconds, the 
system should ignore it.

Finally, all this considerations will be affected by the 
weight carried in the semitrailer, due this and the multi-
variable and non-linear nature of the system, an intelli-
gent control technique was required, taking into con- 
sideration fuzzy logic which is part of artificial intelli-
gence techniques and is an attractive and well-establis-
hed approach to solving control problems (Lee, 1990).

Fuzzy logic provides a methodology to represent, 
manipulate and implement expert heuristic knowledge 
for controlling a system. Also, with a fuzzy controller, 
robustness and low cost are inherent to each develop-
ment (Passino, 1998).

The set of fuzzy rules to develop the control system 
for each variable was obtained and fine tuned during 
the test rides of the experimental semi-trailer.

Figure 10 shows the example of two membership 
groups: a) articulation angle, with six linguistic varia-

bles to represent all the angle values: Zero, 4 to 20, 20 to 
50, 50 to 74, 74 to 82 and 82 to 90; as an example 4 to 20 
means that the value is between 4 and 20 degrees, con-
sidering zero degrees when the tractor and the semi-
trailer are aligned or in angles between 0 and 4°, and b) 
vehicular speed, with four linguistic variables: low, 
middle, middle-high, and high, both articulation angle 
and vehicular speed will be used to feed the fuzzy an-
gle estimator in order to calculate the angle of the stee-
ring axles.

This calculated angle is then compared with the cu-
rrent steering wheels angle to determine the corrections 
that should be applied to the steering mechanism (block 
diagram illustrated in Figure 11).

The corrections made by the fuzzy mechanical con-
trol are then compared cyclically retro-feeding the sys-
tem to avoid over-steer. Figure 12 shows the mem- 
bership functions group belonging to the error variable 
of the fuzzy control module, with “low”, “ok” and 
“high” as linguistic variables, to deal with the vehicular 
specific characteristics, such as: deformations caused 
by the lateral forces, deformations caused by the longi-
tudinal forces, deformations caused by the auto-align-
ment forces, semi-trailer length, rigidity of the steering 
mechanism and drift rigidity of the tires.

Figure 10. Membership functions: 	
a) articulation angle and b) vehicle speedVehicular speed domain

Articulation angle domain
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Conclusion

Heavy articulated vehicles are used world-wide, as one 
of the most feasible solutions for freight. Due to the 
length dimensions and weight they encounter poor ma-
neuverability.

The handling of this kind of such vehicles can be 
greatly improved by using steering axles in the semi-
trailer to reduce the required road surface necessary to 
perform a turn maneuver placing less demand on late-
ral tire efforts and consequently decreasing the risk of 
loosing vehicular directional control, not to mention 
the reduction of tire wear and scrub. Likewise, by redu-
cing lateral tire friction, the damage to road infrastruc-
tures will be minimized.

Fuzzy control represents a useful tool in dealing 
with non-linear systems. The controller approach pre-
sented in this paper is an alternative to solve some of 
the problems related to command steering in semi-trai-
lers without detriment to the improved maneuverabili-
ty provided from this type of systems.

The growing demand in freight transportation sys-
tems will soon require more efficient vehicles that are 
more secure and intelligent, as well as environmentally 
friendly. IE: Will not cause damage to the road infras-
tructures. In the years to come these varied demands 
will lead to the implementation of new technologies 
and designs.
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