
Sensors & Transducers, Vol. 161, Issue 12, December 2013, pp. 401-407 

 401

   
SSSeeennnsssooorrrsss &&& TTTrrraaannnsssddduuuccceeerrrsss

© 2013 by IFSA 
http://www.sensorsportal.com 

 
 
 
 
 

Design of Driver-in-the-Loop Simulator  
for Off-Highway Truck 

 
1 Yiting KANG, 1 Jue YANG, 1 Rui GUO, 2 Jinggao LIN,  

1 Wenming ZHANG 
1 School of Mechanical Engineering, University of Science and Technology Beijing,  

Beijing, 100083, China 
2 China Ocean Mineral Resources R&D Association,  

Beijing 100860, China 
1 Tel.: (86)138-1162-3675, fax: (86)010-6231-1181 

E-mail: kangyiting@sina.com 
 
 

Received: 6 October 2013   /Accepted: 22 November 2013   /Published: 30 December 2013 
 
 
Abstract: This paper proposes the design of a driver-in-the-loop simulator for off-highway truck which can be 
used in both vehicle performance test and driver training. A 14 degree-of-freedom vehicle model of 190 tons 
truck is established in TruckSim, and the detail parameters of its subsystems are also introduced. Human drivers 
can input steering, accelerating, and braking signals through the operation platform designed by Ergonomics, 
and then sensors and PXI of National Instruments Corporation of hardware system collect and input signals into 
the LabVIEW program which input them into vehicle model. Handling performance experiments are conducted 
in the simulator by different drivers, and the experiments results show the effectiveness and real-time 
performance of the simulator which can realize a “driver-vehicle-road” closed simulation.  
Copyright © 2013 IFSA. 
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1. Introduction 
 

Hardware-in-the-loop (HIL) simulation is a hot 
issue in vehicle research field with the development 
of information technology [1, 2]. Driver-in-the-loop 
(DIL) simulation which takes full account of the 
human function and effectively combines HIL 
simulation and three-dimension (3D) virtual reality 
technology is utilized to investigate vehicle 
performance. 

Driver-in-the-loop simulation has a lower cost, 
more flexibility, and fewer risks than conventional 
experiment methods. It is an effective tool to ensure 

the safety and success rate of field test and verify the 
matching of vehicle’s hardware and software [3]. 

Several simulation platforms are constructed on 
the basis of HIL simulation and DIL simulation to 
test vehicle performance, verify effectiveness of 
control system, and study dynamic response of 
vehicle. Reliability and safety of embedded 
automotive control system by means of HIL 
simulation are evaluated in [4, 5]. A HIL simulation 
system based on dSPACE, xPC TargetBox, and 
Vehicle Simulator is designed and utilized to assess 
the control performance of yaw stability controller 
[6]. The performance of the motor control algorithm 
for the in-wheel electric vehicle is evaluated by 
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human-in-the-loop simulations in [7]. Reference [8] 
proposed a design for an active trailer-steering 
system of multi-trailer articulated heavy vehicles 
using DIL simulation. Reference [9] developed a 
driving simulator light in size, fully parametric, open 
source and extremely portable for different platforms. 
And an objective handling qualities evaluation 
method is presented using DIL analysis [10]. In 
aerospace engineering, pilot-in-the-loop (PIL) 
technology has been widely used in pilot training, 
and the dynamic response can be fed back to the pilot 
through a set of mechanism. It is lacked that a DIL 
simulator especially for the mining truck, a kind of 
off-highway vehicle, which also can be used for 
driver training except for vehicle performance test.  

In order to investigate the handling performance 
of off-highway trucks considering human factor, a 14 
degrees-of-freedom (DOF) dynamic model of 
190tons truck is established in TruckSim software at 
first. Then a DIL simulator is developed whose 
operation platform is designed by ergonomics. 
Moreover, handling simulation experiments of 190 
tons truck on D-level pavement are conducted 
respectively by three drivers. Finally, the 
effectiveness and real-time performance of the DIL 
simulator are verified. 

2. Dynamic Model of Off-highway Truck 
 

TruckSim is a software tool for simulating and 
analyzing the dynamic behavior of medium to heavy 
trucks, buses and articulated vehicles, which utilized 
the parametric modeling method. And its multi-body 
code generator, Autosim, can automatically build 
mathematic model of the full-vehicle which has 
excellent expansibility and real-time performance. So 
TruckSim is selected to build the vehicle model 
which is used in DIL simulation. There are two parts 
in this section: full-vehicle model and subsystem 
model which both are essential for a DIL simulator. 
 
 
2.1. Full-Vehicle Model 
 

A detailed vehicle model of an off-highway truck 
is established by means of TruckSim. It has 14 DOF 
included 3 transition DOF (u, v, r) and 3 rotation 
DOF (α, β, γ) of sprung mass (MS) along X, Y and Z 
axis, 2 transition DOF (Sfl and Sfr) of unsprung mass 
of front axle (Mufl and Mufr), a transition and a rolling 
DOF (Sr and θ) of unsprung mass of rear axle (Mur), 
and 4 rotation DOF (φfl, φfr, φrl, φfl) of  
4 wheels (Fig. 1). 

 
 

 
 

Fig. 1. Vehicle model with 14 DOF. 
 
 

Load capacity of off-highway trucks are from 
35 tons to 400 tons, and a truck driven by electrical 
motors which can carry 190 tons minerals is selected 
as an example to build the detailed model. Its main 
parameters are shown in Table 1.  
 

Table 1. Main parameter of 190 tons off-highway truck. 
 

Parameter 
MS (includes 

payload) 
Mufl/Mufr  Mur 

Value 256490 kg 9195 kg 53750 kg 



Sensors & Transducers, Vol. 161, Issue 12, December 2013, pp. 401-407 

 403

The vehicle model is simplified as a body and 
four wheels. Elastic and damping characteristics of 
spring and K&C performance of suspension, steering 
angles relationship between inner wheel and outer 
wheel, tire characteristics, and the power output 
characteristics of engine are required to input to 
TruckSim in modeling instead of the detailed 
structure dimensions. And with the data mentioned 
above, the dynamic equation of full-vehicle model 
can be obtained based on Fig. 2: 
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Fig. 2. Dynamic model of vehicle in TruckSim. 
 
 
2.2. Subsystem Model 
 

Ignoring the aerodynamic influence, 7 
subsystems which include mass parameter, steering, 
suspension, tire, power train and braking are required 
to be modeled in detail. Handling performance test is 
conducted to verify the effectiveness of the simulator 
in Section 4, so subsystem models of suspension, 
steering and tire are introduced in detail in this part 
due to their crucial effects on handling.  

1) Suspension. 
The elastic and damping element of suspension 

used on off-highway truck is hydro-pneumatic spring 
which has nonlinear stiffness and damping 
characteristics. They are expressed as an elastic force 
in modeling:  
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where Fs is the spring force, Fd is the damping force, 
γ is the polytrophic-index of gas, P10 is the initial gas 
pressure, V10 is the initial gas volume, A1 is the area 
of working cavity, A2 is the area of ring cavity, and x 
is the relative displacement between cylinder and 
piston. 

The spring force and damping force of front and 
rear hydro-pneumatic springs on 190 tons truck is 
shown in Fig. 3. 
 
 

 
 

Fig. 3. Elastic and damping characteristics  
of hydro-pneumatic spring. 

 
 

The linkage types of front and rear suspensions 
are respectively combined-linkage suspension and 
three-linkage suspension, and their K&C 
characteristics are also required in modeling. 

2) Steering. 
Only the angle relationship between inner wheel 

and outer wheel is required to build the steering 
subsystem which is shown in Fig. 4. 
 
 

 
 

Fig. 4. Angle relationship between inner and outer  
steering wheel. 

 
 

3) Tire.  
Pacejka Model method is used in tire modeling, 

and longitudinal force Fx, lateral force Fy, vertical 
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force Fz, and aligning torque Mz are calculated by 
longitudinal stiffness κ, lateral angle α, vertical 
deformation dv and camber angle γ which are shown 
in Fig. 5. Engineering tire 37.00-57 is used on 
190 tons mining dump truck, and its parameters are 
shown in Table 2. 
 

 
 

Fig. 5. Tire parameters in TruckSim.

Table 2. Tire Parameters. 
 

Parameter Symbol Value 

Radial stiffness Kr 8000 N/mm 

Longitudinal stiffness κ 200000 N/mm 

Cornering stiffness Kα 10000 N/rad 

Camber stiffness KM 220 kN/rad 

Radial relative damping Cs 0.75 

Roll damping Cr 0.02 

Lateral relaxation length τx 20 mm 

Longitudinal relaxation 
length 

τy 50 mm 

 

 

3. Design of DIL Simulator 
 

A DIL simulator especially for off-highway truck 
is established to test vehicle performance and train 
drivers. This simulator can also be used to investigate 
the interaction between human driver and vehicle 
model, and its schematic diagram is shown in Fig. 6. 

 
 

 
 

Fig. 6. Schematic diagram of DIL simulator. 
 
 

The vehicle model built in TruckSim is imported 
in DIL system by PXI real-time hardware and 
LabVIEW software of National Instruments 
Corporation (NI) which realize the interaction with a 
human driver through hardware I/O channel. The off-
highway truck that driver operates is a virtual one 
conducted in simulation in fact. 

A human driver can operate the real steering 
wheel, accelerator pedal and brake pedal, and know 
about the driving situation from the virtual vision. 
The DIL simulator is essentially a closed system with 
interactive feedback which consists of virtual road 
vision, a human driver, and real-time control board. 
The virtual road vision provided by the simulator 
through virtual reality technology can lead the human 
driver to acquire road information and made 

subjective judgment to operate the equipments in 
simulator. The vehicle model will accelerate, 
decelerate and steer based on its own dynamic 
characteristic.  

The vehicle model can be driven by different 
drivers in DIL simulation to study the vehicle 
performance with the consideration of human factor. 

 

 
3.1. Ergonomic Design of Operation Platform 
 

The design of operation desk which is made of 
aluminium alloy extrusions follows light-weight 
principle. And its truss structure ensures the compact 
size, safety and stability. 
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The operation desk is consisted of an adjustable 
seat, a steering wheel, a tubular column, an operation 
handle, three screens, an acceleration pedal and a 
brake pedal (Fig. 7).  
 
 

 
 

Fig. 7. Operation platform. 
 
 

In Fig. 7 above, 1) Adjustable seat, 2) Steering 
wheel, 3) Tubular column, 4) Operation handle, 
5) Acceleration pedal and brake pedal, 6) Screens. 

The ergonomics evaluation about this operation 
desk is performed by CATIA. Result of posture 
evaluation is shown in Table 3. The average score is 
89.8, and scores of almost all the knuckles are more 
than 80, which means the operation desk meet 
ergonomics requirements. 
 
 

Table 3. Posture Scores. 
 

Segments Scores 
Lumbar 84.2 

Thigh 
Left 81.1 

Right 76.7 

Leg 
Left 92.0 

Right 91.1 

Arm 
Left 96.4 

Right 98.4 

ForeArm 
Left 95.5 

Right 93.1 
Average 89.8 

 

 
Binocular vision of driver is shown in Fig. 8. 

Inner ellipse is static vision where the middle screen 
can presented fully. And outer ellipse which contains 
three screens is kinematic vision, which indicates that 
the arrangement of screens is reasonable.  

 
 

Fig. 8. Binocular vision. 
 
 
3.2. Hardware System 
 

The hardware system of DIL simulator is shown 
in Fig. 9 which includes the operation platform 
mentioned in part 3.1, a PXI system, an upper 
computer, a rotary encoder, and two pedal sensors.  
 
 

 
 

Fig. 9. Hardware system. 
 
 

An operation platform designed based on 
ergonomics is for human driver to input steering, 
accelerating and braking signals into simulator. And 
a rotary encoder and two pedal sensors are mounted 
to measure steering angle, the level of throttle 
opening and brake pressure. The outputs of rotary 
encoder and pedal sensors are analog voltages which 
are collected by PXI which is extensions of PCI for 
instrumentation and applicable to measurement and 
automation systems. These data are delivered 
between PXI and the upper computer through 
TCP/IP. 
 
 
3.3. Software System 
 

LabVIEW and TruckSim are the main software 
used in DIL simulation. The vehicle model is 
established and conducted in TruckSim, and 
connected with a human driver by hardware I/O in 
LabVIEW. The solver of dynamic link library is 
loaded in LabVIEW to invoke vehicle model and 
algorithm in TruckSim. A monitor of vehicle speed, 
brake pressure, steering angle is developed in 
LabVIEW, which is used to monitor vehicle model 
and hardware. 

Operation 
Platform 

Upper 
Computer 

NI PXI

Rotary Encoder  Pedal Sensor 
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Graphic information about traffic status in 
simulation is displayed real-time by OpenGL 
technology used Surface Animator software in 
TruckSim. There is no need for any  
third-party software. 
 
 

4. Simulation 
 

A handling performance test is conducted to 
verify effectiveness and real-time performance of the 
DIL simulator mentioned above.  

Three drivers are invited to conduct the stead 
steering test on the DIL simulator. Drivers should 
drive the 190 ton off-highway truck on D-level 
pavement, step on the accelerating pedal in the 
beginning, and keep the maximum opening during 
the test. When the truck accelerates from 0 to 
30 km/h, drivers should uniformly turn the steering 
wheel a circle and keep the angle until the test ends. 
The truck will come into a steady-state steering status, 
and 70 s is set as the end time of the test. The results 
are shown in Fig. 10, which includes curves of 
vehicle track (a), speed V (b), steering wheel angle θ 
(c), lateral acceleration ay (d), yaw velocity ωr (e) and 
rolling angle of sprung mass Φ (f). 

It can be found that the truck will reach 30 km/h 
after about 7 s. Human drivers cannot turn the 
steering wheel around a precise angle (360°) in 
reality, so the angles of “a circle” that three drivers 
input are respectively 354.75°, 363.45°, and 378.90° 
(Fig. 10(c)). 
 
 

 
 

Fig. 10 (a). Results of steady-state steering test by three 
drivers: vehicle track. 

 
 

 
 

Fig. 10 (b). Results of steady-state steering test by three 
drivers: speed. 

 
 

Fig. 10 (c). Results of steady-state steering test by three 
drivers: steering wheel angle. 

 
 

 
 

Fig. 10 (d). Results of steady-state steering test by three 
drivers: lateral acceleration. 

 
 

 
 

Fig. 10 (e). Results of steady-state steering test by three 
drivers: yaw velocity. 

 
 

 
 

Fig. 10 (f). Results of steady-state steering test by three 
drivers: rolling angle of sprung mass. 

 
 

Difference among response time and steering 
wheel angles of three drivers are also clearly 
reflected in vehicle track shown in Fig.10 (a). The 
relationship among steady-state turning radius in 
three tests is r1>r2>r3. The maximum speed 
(30 km/h) is restricted by control program in 
LabVIEW, and the operations for drivers are not very 
complicated. As a result, there are almost few errors 
among speed curves in three tests (Fig. 10(b)). The 
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indicator data used for handling performance 
evaluation from three tests are lateral acceleration, 
yaw velocity, and rolling angle of sprung mass 
respectively shown in Fig. 10(d), Fig. 10 (e), and 
Fig. 10(f). Steady-state values of these indicators are 
also different. When three drivers finished “a circle” 
steering angle inputs, three indicators quickly came 
into their stable value. Steady-state values of ay, ωr, 
and Φ in three tests respectively conducted by three 
drivers are (0.266 g, 0.280 g, 0.298 g), (18.12°/s, 
19.10°/s, 20.38°/s), and (1.89°, 1.95°, 2.07°). It can 
be seen that stable values of three indicators in test 3 
is less than that of others, because the angle turned 
by driver 1 is the smallest. The vibration of three 
indicators curves are caused by the variation of 
suspension distances due to the wheel bounces on D-
level pavement. The indicator values oscillate based 
on the K&C characteristic of vehicle model. The 
steady-state steering tests for 190 tons off-highway 
truck are conducted on the DIL simulator by three 
drivers, and the results show that the simulator is 
effective to realize real-time DIL simulation. 
 
 

5. Conclusions 
 

The establishment of a dynamic full-vehicle 
model for 190 tons off-highway truck with 14 DOF 
has been described as well as its subsystems 
including suspension, steering, tire, drive train, brake, 
and mass parameters which are crucial for the design 
of a DIL simulator. A DIL simulator based on virtual 
reality and HIL technology is built which can be used 
for not only truck performance test but also driver 
training. Its hardware system included an operating 
platform designed based on Ergonomics for drivers 
to input steering, accelerating and braking signals, 
sensors and NI/PXI to collect and measure signals, 
and an upper computer. Its software system consists 
of TruckSim to build the truck model and provide 
real-time display and LabVIEW to import signals 
into the virtual model. A closed simulation system of 
driver-vehicle-road is realized in the DIL simulator. 
Steady-state steering tests have been conducted in the 
simulator by three human drivers, and its 
effectiveness and real-time performance are verified. 
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