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Abstract: Heavy-wheeled vehicles with articulated hydraulic steering systems are widely used in
construction, road building, forestry, and agriculture, as transport units and tool-carriers because they
have many unique advantages that are not available in car steering systems, based on the Ackermann
principle, such as—high cross-country mobility, excellent maneuverability, and high payload and lift
capacity, due to heavy axles components. One problem that limits their speed of operation and use
efficiency is that they have poor directional stability. During straight movement, articulated tractors’
deviate from a straight line and permanent driver correction is required. This limits the vehicles’
speed and productivity. In this study, we describe a driver-aid system concept that would improve
the directional stability of articulated vehicles. Designing such a system demands a comprehensive
knowledge of the reasons for the snaking phenomenon and driver behaviors. The results of our
articulated vehicle directional stability investigation are presented. On this basis, we developed
models of articulated vehicles with hydraulic steering systems and driver interaction. We next
added the stabilizing system to the model. A simulation demonstrated the possibility of directional
stability improvement.
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1. Introduction

Wheel machines with an articulated frame due to rigid axles, large tires, and hydraulic steering
systems have many unique features, such as high maneuverability, high cross-country mobility,
high payload capacity, and high durability and reliability, with low manufacturing costs, as a result
of the simplicity of construction and the serial, mass production of components. For these reasons,
they are widely used with high efficiency in agriculture like heavy tractors; in forestry, as tree-harvesters
and forwarders for transport tasks; in mining sites as transportation vehicles, and on construction
and mining sites, as loaders for realization load and carry tasks, and as dumpers for hauling and
transportation tasks. According to Petraska et al. [1], transportation productivity mainly depends on
average speed. Lopatka et al. [2] indicated that this speed for articulated vehicles is mainly limited by
the snaking phenomenon—low direction stability of machine movement. According to Meng et al. [3],
the average speed of an articulated hauler on construction sites is about 25 km/h, with a top speed
of 54 km/h. According to previous studies [2,4,5], low directional stability demands higher effort
from drivers, increasing their concentration levels; additionally, cases of dynamic loads on bearings
in joints and in the hydraulic cylinder are a serious problem. The robotization of such equipment
is a main development trend, and according to Alshaer et al. [6], the dynamics of vehicle steering
systems are critical for path planning for articulated vehicles. Wider use of articulated vehicles in
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transport applications and increasing their productivity require improvements to their average speed,
by limiting the snaking phenomenon at high speeds. The effective realization of transport tasks requires
duplication of road speed and achieving about 60 km/h, during driving in good road conditions.

The low lateral stability of articulated machines is a broadly known problem; for this reason,
the international standard [7] was developed. It describes the method of dynamic testing of vehicle
stability when moving at high speeds. Lateral stability of articulated vehicles is the subject of
many studies. A general model of heavy articulated vehicles with hydraulic steering systems was
presented [8]. It enabled investigating the influence of geometrical parameters on directional and
roll-over lateral stability, and the influence of torsional joint stiffness on the front and rear parts of
vehicles and their inertia. Additionally, the lateral and radial stiffness of tires were considered.

Crolla et al. [9] described the handling behavior of articulated vehicles riding on smooth and rough
surfaces at high speeds. The model used had three degrees of freedom (DOF) and was linear. Steering
actuators were modeled as torsional springs and dampers at the articulation joints and were not
actively controlled during riding. The main assumption for this investigation was that low directional
stability is caused by mutual front and rear frame oscillation, due to low hydraulic cylinder stiffness.
For the studied model, whose weight was 3000 kg, the authors found that with higher speed (12 m/s),
folding instability could occur in addition to oscillation. The authors indicated that the most important
parameter for stability is oil volume in the hydraulic steering system. Crolla et al. [10] added a model
of a hydraulic steering system with linear directional valves. The authors showed the influence of
cylinder dimensions and leakage in the hydraulic circuit and additional friction in the articulated joint,
on the possibility of mutual frame oscillation damping and lateral vehicle stability improvements.
The advanced model revealed that an oversteer mode is also possible. The authors concluded that the
interaction between oversteering response and driver action is, in practice, the most likely cause for
weaving oscillations, called the snaking phenomenon.

A linear model of an articulated vehicle with a rotary proportional valve, corresponding to
the popular technical hydraulic feedback solution was presented [11]. The authors analyzed the
understeering or oversteering behavior of articulated tractors with hydraulic steering systems, in the
same manner as in vehicles with steering systems based on the Ackermann principle, according
to Wong [12].

Azad et al. [13] described the lateral stability of an articulated forestry skidder witch pulling
logs. The authors investigated the impact of hydraulic cylinder stiffness, play in the steering system,
and locking the front and rear differentials on the stability of such systems. They assumed that frame
oscillation is caused by low cylinder stiffness of up to 1◦. The used models of vehicle and hydraulic
steering system were linear.

A similar assumption was used in other studies [14,15], but the authors noted that for handling the
characteristic of articulated vehicles with hydraulic steering systems, one of the most important features
is front and rear frame inertia, which affects yaw acceleration and real yaw steer angle. For better
results, they used a multi-body model of vehicle build in the MSC.ADAMS software and added a
Fiala tire model. The experimental investigation of a scale model of articulated vehicles was prepared,
according to this assumption [16].

According to the Standard PN-EN 12643:2000 [17], letting go of the steering wheel or the steering
lever should not result in a deviation from rectilinear vehicle travel, coupled with crossing the
boundaries of the standard 125% of vehicle width, for a distance less than 20 m. Such requirements
were adopted as the technical stability criterion for the investigation of rectilinear travel of an articulated
10-ton loader [18]. The authors used the multi-body model of a vehicle with a locked hydraulic steering
system, consisting of a hydraulic cylinder and hoses. They used a single obstacle as disturbance,
acting only on the right front wheel. The results of the tests showed that the flexibility of the hydraulic
pipelines and flexibility of large-size tires have a strong influence on the total (equivalent) torsional
stiffness of the steering system, and consequently, on the snaking of vehicles of this class.
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The necessity of using more advanced models of articulated vehicles and a hydraulic steering
system was confirmed [3]. Widely used linear models show relatively low accuracy and are not suitable
for solving stability problems. The authors proposed using a 3D multi-body vehicle model, together
with a nonlinear hydraulic steering model, considering the elastic modulus.

The influence of nonlinearity of flow area on hydraulic steering system characteristics was
reported [19]. The researchers showed the influence of dead zones on the rotary valve and the
nonlinearity of flow areas, as a function of the relative angular position between the spool and the
sleeve in hydrostatic steering units. When modeling the dynamic behavior of hydrostatic steering
systems, special attention should be paid to dead zones, which delay the systems’ actions, increase
errors, and change system responsiveness.

Daher et al. [20] investigated the yaw stability of an articulated five-ton loader model with
active steering control, during a steady-state cornering maneuver and a single-lane change maneuver.
The efficiency of such a system on a slippery (snowy) surface during a single-lane change maneuver
and J-turn maneuver with a speed of 20 km/h was investigated [21]. The proposed active system used
a lateral acceleration and a frame-steer angle sensor. An electrohydraulic proportional valve was used
for the hydraulic steering system control. The proposed system was intended for increasing the safety
level on a slippery surface during maneuvering at high speed.

2. Experimental Identification Research

All work discussed above assumed that poor directional stability is caused by low torsional
stiffness of the hydraulic system and a low damping coefficient. As a result, the snacking phenomenon
and frame oscillation can occur. According to previous studies [15,18], the frame, which has limited
stiffness and tire flexibility due to the hydraulic cylinder, can oscillate by up to ±2◦, with a period of
one to two seconds and an oscillation damping ratio of about 0.05–0.1.

To verify this assumption, an experimental investigation on a 20-ton articulated loader was
conducted [22]. For this purpose, the pressure in hydraulic actuators was measured. As a forced signal,
a fast steering wheel revolution rate was used (about 1 rps). During testing, the loader was placed on a
hard surface. The pressure pulsation (Figure 1) showed that fast steering wheel action could generate
oscillation, but its period was much smaller, at about 0.4 sec. (with a frequency of about 2.5 Hz) and a
damping ratio of about 0.3. The maximal actuator displacement was below 0.1 mm and the angular
oscillation did not exceed 0.1◦. This was more than 10 times less than that in theoretical assumptions.
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Figure 1. Pressure pulsation in hydraulic actuator of the steering system as a response to steering
wheel forcing action—(a) forcing signal and (b) response signal. Ts—time of steering wheel turn, and
TFD—period of articulated frame oscillation.

Recognition of the snaking phenomenon required a vehicle stability investigation at top speed on
a straight-line strip and, 125% of vehicle width over tire [7,17]. We investigated 20-ton loaders with a
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hydraulic steering system with mechanical feedback (5.5 revolution per full-frame turn), and with a
hydraulic steering unit (hydraulic feedback) working in a load-sensing system (LS) with a hydraulic
amplifier (3.2 revolutions per full frame turn). The results (Figure 2a) showed that during stable
movement, lateral displacement exhibited sinusoidal change and could reach 20 cm. In a system with
a higher gain (Figure 2b), drivers with lower experience could lose stability, and displacement would
constantly grow, causing the driver to stop the vehicle.
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Figure 2. Example of driver lateral displacement during straight-line riding at 30 km/h speed—(a)
hydraulic steering system with mechanical feedback and (b) hydraulic steering system with load-sensing
system (LS) and hydraulic amplifier.

When riding, the length of the hydraulic actuators continuously changed (Figure 3) due to the
driver constantly acting on the steering wheel. The steering wheel’s rotation as the driver reacted
to the on-vehicle’s location, strongly depended on speed, driver experience, and type of hydraulic
steering system, but typically during stable movements, steering wheel rotation did not exceed 20◦,
with an average frequency of 0.4 Hz [23]. According to Chaczaturow et al. [24], driver action caused
driver lateral displacement or driver angular deviation from the strip axle. During straight-line car
driving, angular deviation did not exceed 0.5◦ and the reason for driver action was mainly lateral
driver displacement. Previous research [2] confirmed this and showed that driver perception and
sensing were limited. During driving on a straight strip, humans do not sense a lateral displacement
error of up to 0.1 m and a yaw deviation of up to 0.5◦.
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The values of the human sensing level of angular deviation during articulated vehicle riding
permanently exceeded a frequency of about 0.4 Hz (Figure 4a). Deviations of the front frames achieved
±1◦. Rear frame achieved a bigger deviation—of up to ±1.7◦, due to a lower rear tire pressure and
lateral stiffness. Frame turn in articulated joints did not typically exceed 1◦ (Figure 4b). As in articulated
wheel loaders, the driver seat is typically placed above an articulated joint and connected to the rear
frame, these deviations trigger driver action and activate the snacking phenomenon.
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This phenomenon did not exist in vehicles with a steering system, based on the Ackermann
principle. The design and work characteristics (positive caster angle) of such a system enable acting
stabilizing torque [12], which straightens the leading wheel position. In articulated vehicles with
hydraulic steering systems, stabilizing moments do not exist. All errors must be eliminated by the
drivers, which have limited ability as their acting and feeling accuracy is about 0.5◦.

Initial deviation is caused by limited driver accuracy during maneuvering and the driver sensing
only one frame position; at the same time the second frame can be twisted in an articulated joint,
which leads to yaw. After the driver closes directional valves in the hydraulic actuator chambers,
residual pressure tension of up to 1 MPa can remain, due to friction in the actuator sealing. During
riding, this pressure acts on pistons and causes additional frame turn, due to vibration.

According to Figure 4, the leading vehicle front-frame deviation preceded the rear frame yaw.
Hence, the loader vehicle drivers led the part deviation with a time lag. This delayed reaction and
increased lateral vehicle displacement and angular deviation. Moreover, hydraulic steering systems
introduced an additional time lag, as a result of the mechanical and hydraulic characteristics of the
system [2]. In hydraulic systems with mechanical feedback, this delay amounted to 0.45 s and in
systems with LS and a hydraulic amplifier, it could amount to 0.35 s. Other authors [22] showed that
to limit internal leakage, the rotary valve of the steering unit had a positive overlay, which caused a 2◦

dead zone and disturbed the steering system action. Finally, in articulated loaders, the driver reaction
was permanently delayed and this caused the necessity of a permanently high level of activity from
the driver.

In modified articulated loaders, the driver seat was in the front of the vehicle and was connected
to the front frame. Thus according to Figure 4, the drivers felt a deviation earlier because the rear frame
deviation was delayed and their reaction to the leading frame’s position could be quicker and provided
better directional stability. To improve vehicle reaction, the steering system should be quicker, without
LS, and a hydraulic amplifier. To verify this theory, study of a modified loader was conducted.

For the test, a direct hydraulic steering system without LS and amplification was used and the
driver was moved to the front of the vehicle to heighten his sensing of yaw (Figure 5). The time lag,
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which is caused in such hydraulic systems through a pressure transmission in the pipeline, was about
0.05 s. During riding, the average steering wheel rotation was similar (a bit smaller), compared to other
hydraulic systems, and its values were about 15◦–20◦. Driver and front frame yaw deviation were
on the same level, at about 1◦. However, an increase in low driver activity duration was observed
(Figure 5b);—points 1 to 2 and 3 to 4, and the interval between interventions increased from 2.5 s
to about 4 s. During low driver activity, steering wheel rotation was about 5◦, and was probably
caused by driver vibration and inertia during riding. Considering the dead zone in the rotary valve,
these steering wheel rotations had no significant influence on the steering system operation. This was
confirmed by the hydraulic actuator length measurements. This meant that better yaw sensing and a
shorter time lag in the steering system could significantly improve the stability of articulated vehicles
and enable a higher driving speed. However, the main problem was the absence of mechanisms that
straighten the frame like in vehicles with an Ackermann-based steering system principle. Necessity of
continuous correction of frame twist by the driver was the main limitation of the articulated vehicle
speed. During riding with a higher speed, the driver sensing and acting ability could be too low and
the vehicle could lose stability. In order to increase the articulated vehicle speed, it was necessary to
introduce a driver-aid system correcting the frame twist. This should lower the driver effort and reduce
driver activity to levels observed in vehicles with a steering system, based on the Ackermann principle.

Appl. Sci. 2020, 10, 5747 6 of 17 

2.5 s to about 4 s. During low driver activity, steering wheel rotation was about 5°, and was probably 

caused by driver vibration and inertia during riding. Considering the dead zone in the rotary valve, 

these steering wheel rotations had no significant influence on the steering system operation. This was 

confirmed by the hydraulic actuator length measurements. This meant that better yaw sensing and a 

shorter time lag in the steering system could significantly improve the stability of articulated vehicles 

and enable a higher driving speed. However, the main problem was the absence of mechanisms that 

straighten the frame like in vehicles with an Ackermann-based steering system principle. Necessity 

of continuous correction of frame twist by the driver was the main limitation of the articulated vehicle 

speed. During riding with a higher speed, the driver sensing and acting ability could be too low and 

the vehicle could lose stability. In order to increase the articulated vehicle speed, it was necessary to 

introduce a driver-aid system correcting the frame twist. This should lower the driver effort and 

reduce driver activity to levels observed in vehicles with a steering system, based on the Ackermann 

principle. 

 

 

0 2 4 6 8 10 
-30 

-20 

-10 

0 

10 

20 

30 
S

te
e

ri
n
g

 w
h

e
e

l t
u

rn
  

[o
] 

Time [s] 

1 3 2 

4 

 

(a) (b) 

Figure 5. View of the modified loader with driver before front axle and direct hydraulic steering 

system during straight-line test (a), and driver reactions during modified loader straight-line test at a 

speed 28 km/h (b). 

3. Concept of Driver-Aid System 

Vehicles (e.g., cars) with Ackermann-based steering systems due to their geometry and 

characteristics (positive caster angle), have the ability to stabilize vehicle direction. In contrast, the 

geometry of the steering system in articulated vehicles, makes the driver responsible for stabilizing 

the steering system. The driver’s perception limits the accuracy of vehicle heading, the directional 

stability of movement, and the top permissible speed. To improve the directional stability of the 

articulated tractors, the limited sensitivity of the human brain should be supported by the driver-aid 

system. Since the driver sensitivity of yaw deviation is limited to about 0.5° and this is the main cause 

of poor directional stability of articulated vehicles, the driver-aid system should straighten the frame 

and eliminate small frame twist that lead to growing deviations.  

For this reason, the proposed system consists of a steering wheel rotation, a frame articulation 

sensor, and an additional hydraulic circuit for straightening the frame (Figure 6a). For the driver-aid 

system, we assumed that such a system should act only when the main steering system controlled by 

the driver was not operating (maneuver was not conducted), and that its flow should be as small as 

possible and not disturb the main steering system operations, in case of driver-aid system failure. 

Moreover, its energy consumption should be low and jerk accelerations should not be generated. 

Hence, the driver-aid system switched on an additional pump to straighten the frame when the 

steering system wheel sensor indicated that the frame twist was below 1°. It was assumed that such 

a situation corresponded to straight-line riding. The system should stop when the frame articulation 

Figure 5. View of the modified loader with driver before front axle and direct hydraulic steering system
during straight-line test (a), and driver reactions during modified loader straight-line test at a speed
28 km/h (b).

3. Concept of Driver-Aid System

Vehicles (e.g., cars) with Ackermann-based steering systems due to their geometry and
characteristics (positive caster angle), have the ability to stabilize vehicle direction. In contrast,
the geometry of the steering system in articulated vehicles, makes the driver responsible for stabilizing
the steering system. The driver’s perception limits the accuracy of vehicle heading, the directional
stability of movement, and the top permissible speed. To improve the directional stability of the
articulated tractors, the limited sensitivity of the human brain should be supported by the driver-aid
system. Since the driver sensitivity of yaw deviation is limited to about 0.5◦ and this is the main cause
of poor directional stability of articulated vehicles, the driver-aid system should straighten the frame
and eliminate small frame twist that lead to growing deviations.

For this reason, the proposed system consists of a steering wheel rotation, a frame articulation
sensor, and an additional hydraulic circuit for straightening the frame (Figure 6a). For the driver-aid
system, we assumed that such a system should act only when the main steering system controlled
by the driver was not operating (maneuver was not conducted), and that its flow should be as small
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as possible and not disturb the main steering system operations, in case of driver-aid system failure.
Moreover, its energy consumption should be low and jerk accelerations should not be generated.
Hence, the driver-aid system switched on an additional pump to straighten the frame when the steering
system wheel sensor indicated that the frame twist was below 1◦. It was assumed that such a situation
corresponded to straight-line riding. The system should stop when the frame articulation sensor
indicated frame straightening. Due to safety reasons, the flow in the driver-aid system was assumed to
be 10% of the main steering system flow, considering the maximal steering wheel angular speed was
100 rpm, according to [25,26]. In the analyzed case, it was 10 dm3/min.
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Figure 6. Driver aid system—(a) diagram of hydraulic steering system with additional driver-aid
system: 1—steering hydraulic actuator, 2—main pump, 3—hydraulic steering unit, and 4—additional
pump with electric drive; and (b) frame turns as results of additional gear pump operation.

To verify the operation capability, the possibility of such system actions was investigated,
considering a high moment of inertia of the rotated front and rear parts of the vehicle. For this reason,
an additional hydraulic system powered with a 24V electric motor, 2.2 kW power, and 10 dm3/min
pump flow was installed on 20-ton wheel loader, and the time domain characteristics were determined.
The results (Figure 6b) showed that during 0.3 s of operation, the pump achieved almost nominal flow
at 8 dm3/min, and the frame turned about 0.5◦, a value comparable to the initial frame twist. This was
a favorable result because it indicated a high speed of turn corrections almost without any time lag,
and with a low power consumption at a small pump flow rate, and indicated the possibility to operate
such systems.

4. Method

4.1. Vehicle Model

For evaluating the operational efficiency of such a system and estimating its main parameters,
a 3D multi-body model simulation of an articulated vehicle as a steered vehicle was developed in
the Adams 2014.0.1 (MSC Software Corporation, Newport Beach, CA, USA) software A collaboration
co-simulation model of a driver and hydraulic steering system was developed in the Easy5 2015.0.1
Version 9.1.1 (MSC Software Corporation, Newport Beach, CA, USA) software. The assumed principle
of the vehicle model is shown in Figure 7 and its parameters are presented in Table 1.
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Table 1. Parameters of the Articulated Vehicle Model.

Parameter Value

MF—front frame mass 8500 kg
MR—rear frame mass 9500 kg

MW—tire mass 250 kg
DT—tire diameter 1.62 m

BT—tire width 0.60 m
B—track width 2.08 m

LF—front axle distance from joint 1.57 m
LR—rear axle distance from joint 1.57 m
A—front gravity center distance 1.70 m
B—rear gravity center distance 2.00 m

HF—height of front gravity center 1.25 m
JF—front frame moment of inertia 42,000 kgm2

JR—rear frame moment of inertia 56,000 kgm2

ks—torsional stiffness coefficient 112 × 105 Nm/rd
cs—torsional damping coefficient 1 × 105 Nms2/rd2

KF—front tire lateral stiffness 6.1 × 105 N/m
KR– rear tire lateral stiffness 6.1 × 105 N/m

CF—front tire damping coefficient 5 × 104 Ns2/m2

CR—rear tire damping coefficient 5 × 104 Ns2/m2

KFY—front tire radial stiffness 700 kN/m
KRY—rear tire radial stiffness 700 kN/m
HO—height of rear axle joint 0.80 m

HR—height of rear gravity center 1.35 m
A—active area of hydraulic actuator 160 cm2

pF—front tire pressure 280 kPa
pR—rear tire pressure 280 kPa

4.2. Driver Model

Modeling human driver behavior is a well-known problem in automotive research. Many different
models are used, including linear transfer function models, non-linear models, adaptive controllers,
neural networks, and fuzzy logic controllers for modeling complex task performance, including
acceleration, braking, and steering, with a driver in the loop. These models can be used to simulate
human drivers when testing new vehicle designs and technology to verify developed solutions or
concepts [27,28]. According to previous studies [13,29], low order models are often sufficient for many
control tasks and are more reliable and easier to apply, because model parameters are relatively easy
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to identify and determine. The essential requirements of a model should include a time delay due
to human processing and acting ability [28,30]. The time delay is strongly connected with driver
concentration level, and depend, for example, on vehicle velocity and vehicle and strip width.

Vehicle steering models can use one or more feedback signals as input to the driver model
including—lateral displacement, lateral velocity, lateral acceleration, yaw angle, yaw rate, yaw acceleration,
roll angle, roll rate, roll acceleration, and other parameters, such as sound and vibration [13,24,26].
Driver behavior emerges from visual cues, motion effects, and tactile feedback.

During straight-line driving and vehicle stability investigation [24,31], the main signals for driver
behaviors were lateral displacement and yaw angle (Figure 8)—and models with these inputs were
sufficient. Considering the results from investigating the nonlinearity, reflecting time lag and limited
driver sensing were introduced (Figure 9). The assumption for the model was that the driver always
observed a point on the road. The observable point lay on the required vehicle trajectory at a distance
of L from the driver. Distance L depends on vehicle velocity and curvature of trajectory. Any lateral or
angular driver inclinations might cause the driver’s reaction.
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Typically, driver behaviors are described as an anticipative model [24,31,32]. To obtain more
credible results, both models were used. Due to the lateral driver displacement being below the
driver perception level, according to our assumption, the anticipative driver behavior was described
as (based only on angular displacement):

βD(s) = K
〈{
α(s)

[(
KD(T1s + 1)

T2s + 1

)
− αo(s)

]}(KI

s
+ KP

)〉
(1)
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where, βD(s)—driver output signal; α(s)—driver input signal (yaw angle); αo(s) = 0—desired yaw angle;
K—system gain; KD—derivative gain; KI—integral gain; and KP—proportional gain. The driver model
parameters after tuning are shown in Table 2. In the inert model, the driver behavior was described as:

βD(s) = (α(s) − α0(s))

K ω2(T′1s + 1)

s2 + 2hs +ω2

e−τs

 (2)

The model parameters after tuning are shown in Table 3. The whole model developed in the
Easy5 2015.0.1 Version 9.1.1 (MSC Software Corporation, Newport Beach, CA, USA) software of a
vehicle control system is shown in Figure 10.

Table 2. Parameter of Anticipative Driver Model.

Parameter Driver on the Front of the
Vehicle Next to Front Axle

Driver Above Articulated Joint
Connected with Rear Frame

K—system gain 3.5 4.2
KD—derivative gain 1.3 0.7

KI—integral gain 0 0
KP—proportional gain 1.2 0.6

T1—derivative time 0.45 s 0.79 s
T2—damping time 0.02 s T2 = 0.02 s

Table 3. Parameter of the Inert Driver Model.

Parameter Driver on the Front of the
Vehicle Next to Front Axle

Driver Above Articulated Joint
Connected with Rear Frame

K—system gain 1 0.67
T1 –derivative time 0.33 s 0.545 s

ω—natural driver frequency 10 1/s 10 1/s
h—dumping coefficient 2 h = 2
τ—driver delay time 0.25 s 0.05 s
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5. Results and Discussion

The goal of the simulation was to select the best driver model, then to verify the acting efficiency
of the proposed driver-aid system and finally to investigate the possibility of increasing vehicle velocity.
For these reasons, the simulation of straight-line riding with a speed of 30 km/h was made. To compare
simulation results with experimental results, a simulation was conducted for both anticipative and
inert driver models. Apart from the two driver positions, sitting at the front and above the articulated
joint were taken into consideration. In the beginning, the linear model of drivers without a dead zone
of sensing was used. For both driver models (anticipative and inert), the snacking phenomenon did not
occur. The system was stable without any oscillation. After adding dead zones of driver perception,
oscillation appeared in both models. This confirmed that limited driver perception was crucial for the
occurrence of the snaking phenomenon. For these reasons, the non-linear driver model was used for
the following simulation.

The conducted simulations confirmed the high quality of the used models and the coherence of
the results. For the anticipative driver model, results for sitting at the front of the vehicle are shown
together with long low driver activity periods (Figure 11a). The length of the hydraulic actuator
changed by about ±15 mm. The lateral axle displacement reached 70 mm and the driver yaw angular
deviation was about 0.65◦ (Figure 11b,c, respectively). The oscillation period was about 5.2 s. In the
case of the driver sitting above the joint and connected with the rear frame, there was no low driver
activity period (Figure 11d) and the length of the actuator changed by up to ±50 mm. The driver was
constantly active and the oscillation period was about 4 s. This meant that driver effort was much
higher. Despite this lateral axle, displacement reached 120 mm and the driver yaw angular deviation
was about 1.45◦ (Figure 11e,f, respectively).Appl. Sci. 2020, 10, 5747 12 of 17 
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Figure 11. Example of simulation for anticipative driver siting before front axle of vehicle—(a) hydraulic
actuator displacement, (b) lateral displacement of front—1 and rear—2 axle, (c) yaw angular driver
deviation, (d) hydraulic actuator displacement, (e) lateral displacement of front—1 and rear—2 axle,
and (f) yaw angular driver deviation.

The simulation performed for the same assumption but with an inert driver model produced
slightly different results. For a driver model sitting at the front of the vehicle, similar long low driver
activity periods arose (Figure 12a), but the oscillation period was shorter, at about 4.5 s, and the
hydraulic actuator length changed by about ±12 mm. The lateral axle displacement reached 51 mm
and driver yaw angular deviation was about 0.52◦ (Figure 12b,c, respectively). In the case of the driver
sitting above the joint and connected with the rear frame, there was no low driver activity period
(Figure 12d) but the length of the hydraulic actuator changed by only up to ±10 mm. The oscillation
period was shorter, at about 3.4 s. Despite this, the lateral axle displacement reached 170 mm and driver
yaw angular deviation was about 2.3◦ (Figure 12e,f, respectively). Comparisons of experimental and
simulated results showed that the inert model produced much better results. The period of oscillation
and lateral displacement was reflected better. It was particularly visible in the simulation with the
driver siting over the articulating joint and connected with the rear frame of vehicle. For these reasons,
the inert model was selected as a better driver model for future simulations.

As the driver was sitting at the front of the vehicle in transport applications, such as articulated
dump trucks and forwarders, and given the possibility of the speed increasing, it was crucial for these
applications that the following simulation for higher vehicle velocity was made for this configuration.
The results showed (Table 4) that the system could be stable up to 60 km/h but the driver must adapt
their behavior. The period of oscillation caused by the snaking phenomenon for varied vehicle velocity
was at similar level and the driver had to introduce corrections to the steering system at intervals of
approximately 2 s. This indicated a demand for high driver concentration level and heavy physical
effort during driving. The proposed driver-aid system should reduce this effort. To evaluate the
efficiency of the driver-aid system, its operation was simulated. As an assumption for the simulation,
straight-line driving was taken, with the driver triggering the aid system after introducing correction
to the steering system. In automated mode, triggering should occur when the frame turn was below
0.5◦ and driver activity (steering wheel rate) was low. The aim of the aid system action was to prevent
articulated frame twist, if it occurred, but the flow in the aid system was limited to 10% of the main
steering system. The results of the simulation are shown in Figure 13. After 0.3 s, the frame twist
was reduced to the demanded level and the yaw angle of the driver and vehicle was below 0.1◦.
The angular deviation did not increase and the lateral displacement increased very slowly, reaching
the permissible 0.1 m (driver perception limit) in about 10 s. During this period, no driver action was
needed. The vehicle movement was stable to aid the driver system’s operation and driver effort was
significantly lowered—the interval between driver action increased by four to five times, meaning that
lateral displacement was a major factor of driver reaction. Thus, the system’s behavior was similar to
cars’ steering systems, and it allowed reaching higher speeds of vehicle motion with a lower level of
driver effort and concentration.
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Table 4. Simulation results of high-speed driving with an inert driver model and a driver at the front of
the vehicle.

Vehicle Velocity (km/h) Derivative Time (s) Actuator Displacement (mm) Oscillation Period (s)

30 0.33 1.5 4.40
33 0.36 1.65 4.40
36 0.38 1.4 4.22
39 0.41 1.1 4.26
42 0.44 1.1 4.33
45 0.47 1.1 4.30
48 0.50 1.0 5.12
51 0.51 1.0 4.55
54 0.52 0.8 6.40
57 0.53 0.8 5.43
60 054 0.7 6.10



Appl. Sci. 2020, 10, 5747 14 of 16

Appl. Sci. 2020, 10, 5747 14 of 17 

behavior was similar to cars’ steering systems, and it allowed reaching higher speeds of vehicle 

motion with a lower level of driver effort and concentration. 

Table 4. Simulation results of high-speed driving with an inert driver model and a driver at the front 

of the vehicle. 

Vehicle Velocity 

(km/h) 

Derivative Time 

(s)  

Actuator Displacement 

(mm) 

Oscillation Period 

(s) 

30  0.33  1.5  4.40  

33  0.36  1.65  4.40  

36  0.38  1.4  4.22  

39  0.41  1.1  4.26  

42  0.44  1.1  4.33  

45  0.47  1.1  4.30  

48  0.50  1.0  5.12  

51  0.51  1.0  4.55  

54  0.52  0.8  6.40  

57  0.53  0.8  5.43  

60  054  0.7  6.10  

 

Figure 13. Example of simulation for inert driver model, siting at the front of the vehicle—(a) 

hydraulic actuator displacement, (b) lateral displacement of front (1) and rear (2) axle, and (c) yaw 

angular driver deviation. 

6. Conclusions 

The conducted research demonstrated that the low directional stability of articulated vehicles 

with hydraulic steering systems was mainly caused by limited driver perception in sensing angular 

yaw and the absence of mechanisms that straightened the twisted frame and prevented increasing 

lateral and angular deviation. In car steering systems, this task was performed by special steering 
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Figure 13. Example of simulation for inert driver model, siting at the front of the vehicle—(a) hydraulic
actuator displacement, (b) lateral displacement of front (1) and rear (2) axle, and (c) yaw angular
driver deviation.

6. Conclusions

The conducted research demonstrated that the low directional stability of articulated vehicles with
hydraulic steering systems was mainly caused by limited driver perception in sensing angular yaw
and the absence of mechanisms that straightened the twisted frame and prevented increasing lateral
and angular deviation. In car steering systems, this task was performed by special steering knuckle
geometry, which generate straightening torque. Hence, yaw was eliminated automatically and drivers
had to mainly heave to react to lateral displacement. In the case of articulated vehicles, in contrast to
cars, angular deviations were dominant due to the limited possibility to detect and eliminate them.
Unnoticed yaw could reach 0.5◦ and unnoticed lateral displacement was 0.1 m. The conducted tests
showed that a hydraulic steering system, especially one operating in an LS system, could introduce a
time lag of up to 0.4 s. This lowered the overall steering system efficiency and the vehicle’s directional
stability. The driver’s location significantly influenced movement stability. Driver placement at the
front of the vehicle accelerated sensing of lateral and angular deviations from the path.

During the simulation, inert and anticipative driver models were used. The best results and
higher simulation accuracy were obtained with the inert model.

Simulations showed that limitation of the snaking phenomenon during movement of articulated
vehicles with the driver-aid system was possible. The principles of their operation were verified using
simulations. A limited flow rate in the driver-aid system did not cause lateral jerk and acceleration,
and high dynamic reactions.

The unique developed model of an articulated vehicle as a steered vehicle, exhibited full usefulness
for such simulations and could be used in future work on developing the electronic control and the
sensor systems necessary for stabilizing articulating vehicles.

The proposed system could increase the productivity of articulated equipment, due to a significant
reduction in driver activity. It lowered the necessary driver effort and concentration level. It, thus, enabled
the development of higher travel speed during operations. As was mentioned above, a vehicle’s
velocity is crucial for its productivity and operation efficiency. The proposed system could also be
used to improve the stability of robotized articulated vehicles—one of the main development direction
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of modern mining equipment. In automated or robotized equipment, it is strongly recommended to
measure the frame twist and connect sensors of deviation to the front frame of vehicle.

This paper only presented the concept and preliminary simulations of the new system. The simulations
showed that it is possible to increase directional stability of the articulated vehicles. The results should
be verified using wider simulations with different scenarios (on various types of terrain and with
different slopes). Before the implementation of such a system on vehicles, risk assessments should be
conducted and the implementation possibility of additional safety systems for the driver should be
taken into consideration.
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