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Virtual environments and real-time simulators (VERS) are becoming more and more
important tools in research and development (R&D) process of non-road mobile
machinery (NRMM). The virtual prototyping techniques enable faster and more
cost-efficient development of machines compared to use of real life prototypes. High
energy efficiency has become an important topic in the world of NRMM because of
environmental and economic demands. The objective of this thesis is to develop
VERS based methods for research and development of NRMM.
A process using VERS for assessing effects of human operators on the life-cycle
efficiency of NRMM was developed. Human in the loop simulations are ran using
an underground mining loader to study the developed process. The simulations were
ran in the virtual environment of the Laboratory of Intelligent Machines of
Lappeenranta University of Technology. A physically adequate real-time simulation
model of NRMM was shown to be reliable and cost effective in testing of hardware
components by the means of hardware-in-the-loop (HIL) simulations. A control
interface connecting integrated electro-hydraulic energy converter (IEHEC) with
virtual simulation model of log crane was developed. IEHEC consists of a hydraulic
pump-motor and an integrated electrical permanent magnet synchronous motorgenerator.
The results show that state of the art real-time NRMM simulators are capable to solve
factors related to energy consumption and productivity of the NRMM. A significant
variation between the test drivers is found. The results show that VERS can be used
for assessing human effects on the life-cycle efficiency of NRMM. HIL simulation

responses compared to that achieved with conventional simulation method
demonstrate the advances and drawbacks of various possible interfaces between the
simulator and hardware part of the system under study. Novel ideas for arranging the
interface are successfully tested and compared with the more traditional one.
The proposed process for assessing the effects of operators on the life-cycle
efficiency will be applied for wider group of operators in the future. Driving styles
of the operators can be analysed statistically from sufficient large result data. The
statistical analysis can find the most life-cycle efficient driving style for the specific
environment and machinery. The proposed control interface for HIL simulation need
to be further studied. The robustness and the adaptation of the interface in different
situations must be verified. The future work will also include studying the suitability
of the IEHEC for different working machines using the proposed HIL simulation
method.
Keywords:

virtual environment, real-time simulator, simulation, non-road mobile
machinery, off-highway, working vehicle, log crane, mining loader,
human effect, human factor, energy consumption, fuel consumption,
productivity, efficiency, HIL, hardware in the loop, HITL, human in
the loop
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Symbols and abbreviations
A

Area

Acyl

Piston area

Aor

Area of orifice

Bc

Bulk modulus of a cylinder

Be

Effective bulk modulus

Bh

Bulk modulus of a hose

Bp

Bulk modulus of a pipe

Cd

Discharge coefficient

Coll

Number of collisions

E

Energy

Ehydr

Hydraulic energy

Emec

Mechanical energy

ELF

Engine load factor

Fcyl

Cylinder force

FRMS

Root mean square value of a cylinder force

F

Friction force of a cylinder

FC

Fuel consumption

M

Mass matrix

p

Pressure

pLS

Pressure in load sensing line

pp

Pressure at pump outlet

ptank

Tank pressure
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p

Pressure difference

P

Power

Phydr

Hydraulic power

Pmec

Mechanical power

Prod

Working productivity

Q

Volume flow

q

Vector of accelerations of n generalized coordinates

Qc

Vector of generalized constraint forces

Qcyl

Cylinder volume flow

Qe

Vector of generalized forces

Qin

Volume flow into a volume

Qout

Volume flow out of a volume

Qp

Pump volume flow

Qv

Quadratic velocity vector incl. velocity-dependent inertia forces

T

Torque

t

Time
t

Simulation time step length

V

Volume

v

Piston velocity

Vc

Volume of a cylinder

Vh

Volume of a hose

Vp rad

Radian volume of a pump

Vp

Volume of a pipe
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Vtot

Total volume

x

Piston position
Efficiency
vol

Volumetric efficiency of a pump
Fluid mass density
Angular velocity

3D

Three Dimensional

DOF

Degree Of Freedom

FIMECC

Finnish Metals and Engineering Competence Cluster

HIL

Hardware-in-the-Loop

HITL

Human-in-the-Loop

HMI

Human Machine Interface

ID

Inverse Dynamics

IEHEC

Integrated Electro-Hydraulic Energy Converter

LHD

Load-Haul-Dump vehicle

LUT

Lappeenranta University of Technology

MBS

Multibody System Dynamics

NRMM

Non-Road Mobile Machinery

PID

Proportional-Integral-Derivative

R&D

Research and Development

RMS

Root Mean Square

UX

User Experience
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VE

Virtual Environment

VERS

Virtual Environment and Real-time Simulator

VR

Virtual Reality
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PART 1: OVERVIEW OF THE DISSERTATION
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1. Introduction
1.1 Background and motivations
This research was conducted in the Energy and Life Cycle Cost Efficient Machines
(EFFIMA) research program, project New Generation Human-Centred Design
Simulators for Life Cycle Efficient Mobile Machines (LEFA), managed by the
Finnish Metals and Engineering Competence Cluster (FIMECC), with the aim of
developing and designing a virtual environment (VE) based tools for the purpose of
mobile machine design, testing and operator training.
Non-road mobile machinery (NRMM) is used for ore extraction, road and site
construction, freight handling as well as for several other industrial sectors. They are
essential for modern civilization. NRMM developed for different tasks have much
structural similarities. Typically they consist of steel body, rubber tires, hydraulic
actuators and mechanical power transmissions. Typically NRMM is operated by a
human operator. Because of the similarity of the machines, the research methods
developed and tested for one type of NRMM can be often applied also for other type
of machines. In the case studies of this work an underground mining loader and a log
crane are taken as examples (Figure 1).
Life-cycle efficiency of mining machines is an important issue because the
production of primary metals can be expected to increase in the future due to the
increasing global demand for end products. Like other industrial sectors, the mining
industry is facing pressure to reduce environmental impact. It has been found that
the loading and hauling stage has the most significant contribution to CO2 emissions
for iron ore and bauxite production [1]. In addition, a company manufacturing
mining loaders was a participant in the project, in which the research cases are carried
out. Thus, an underground mining loader was used in two case studies.
Forest industry has a significant role for economics of Finland. A several log crane
and forest machine manufacturers are located in Finland. Because of previous
projects, a log crane was available in the Laboratory of Intelligent Machines in
Lappeenranta University of Technology (LUT). Thus, it was natural to carry out the
hardware-in-the-loop (HIL) simulation case studies using the log crane (Figure 1b).
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(a)

(b)

Figure 1. Non-road mobile machinery: (a) mining loader, (b) log crane
High energy efficiency ensures the competitiveness of NRMM manufacturers under
environmental and economic pressure. Design processes have traditionally placed
emphasis on technical performance rather than human effect. Though, the human
operator has a key role in operation of NRMM.
It has been found that by changing the driving style in traffic, human operator can
reduce the energy consumption of the vehicle over 30 percent [2]. Effects of
operating style and human machine interface (HMI) on the energy efficiency of small
unmanned ground vehicle has been also studied. When operating the vehicle below
the optimal velocity, the energy consumption can increase by up to 100 percent [3].
However, the nature and extent of the human effect on the life-cycle efficiency of
NRMM has not been well determined. Articles discussing the energy efficiency of
NRMM exist, but they are not describing the effects of human operators on NRMM
in details [4], [5], [6], [7].
Understanding the human effect can contribute significantly the development of
more efficient machinery. The development of virtual environments and real-time
simulators (VERS) has created new possibilities for studying the human effect on
NRMM and for studying benefits of novel energy efficient technology. The acronym
VERS is not yet well established. Interest in electro-hydraulic hybrid power
transmissions has recently been remarkable among researchers and manufacturers.
Ensuring the suitability of new components for different machines requires extensive
testing. Initial testing can be carried out completely in virtual environment (VE).
After manufacturing the first prototype of a new component, further tests can be
carried out using HIL simulation where the new prototype is run as part of a virtual
working machine.
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1.2 Scope of the work
The aim of this doctoral thesis is to show that life-cycle efficiency aspects and
especially the effects of human operators on life-cycle efficiency can be considered
in research and development (R&D) of NRMM significantly more detailed than with
traditional R&D methods. State of the art VERS enable immersive simulation of
physically adequate models of NRMM. The work concentrates on developing a
method to study effects of human operators on life-cycle efficiency of NRMM. The
effects of human operators are studied on the overall energy consumption and
productivity of a mining loader. The effects of human operators on the energy
consumption of working hydraulics of the mining loader are also studied. A
comprehensive study of efficient operating styles is not carried out but the suitability
of VERS for comparing life-cycle efficiency of different operating styles is shown.
The work also concentrates on developing a control interface connecting integrated
electro-hydraulic energy converter (IEHEC) with virtual simulation model of log
crane. The control interface is developed for testing the physical IEHEC prototype
in operation of hydraulic cylinders for different NRMM in the future. The work only
gives samples of possibilities of presented technology and methods. Due to
increasing computing capacity and more realistic virtual technology a number of new
ideas and applications can be proposed in the future. Investment costs into such
technology is becoming quite reasonable.
1.3 Scientific contribution of thesis
The main contributions of the work lies in the research of methods for R&D of
NRMM to take advantage of VERS technology.
1. Studying the suitability of VERS to find effects of human operators on the lifecycle efficiency of NRMM. Developing a process for R&D of NRMM which is
taking the effects of human operators into account in early phase of development.
Such a study with a virtual environment of this extend has not been proposed in
the reference articles. The present study clearly indicates the importance of
driving skills in many factors affecting the life-cycle. The results demonstrate
significant variations in life-cycle related factors.
2. Experimental studying and development of novel control interfaces for HIL
Simulation of Electro-Hydraulic Energy Converter as a part of power
transmission of NRMM. Novel ideas in selecting the quantities transmitted
through the interface back and forth are presented. In particular using virtual
closed loops to approximate variables typically obtained by using inverse
dynamic model is rarely used in literature.
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1.4 Author's contribution
Four scientific articles have been published regarding to research introduced in this
dissertation. The author was the first writer in three articles. In addition, he coauthored one article.
Author has worked as a member of team responsible for the design and realization
of the VERS in the Laboratory of Intelligent Machines at LUT.
Author was responsible for designing and organizing user tests. Sequent, the
suitability of VERS to find effects of human operators on the life-cycle efficiency of
NRMM was studied. Author has analysed the results of user tests and proposed a
process which is taking the effect of human operators into account in R&D of
NRMM. Following titles of articles are related to this part of the research.
1. Using Simulation in Virtual Reality Environment to find effects of human
operators on the life-cycle efficiency of off-highway working vehicles
2. Tool for studying effects of human operators on energy consumption of working
hydraulics of off-highway working vehicle
The author was responsible for developing a control system of the test rig used for
HIL simulations of integrated electro-hydraulic energy converter (IEHEC). In
addition, the author has worked as a team member responsible for carrying out the
experimental testing. Furthermore, the author was responsible for modelling
multibody model of the log crane, developing a novel interface connecting test rig
and multibody model. After preparations experimental tests were run and results
analyzed. Following titles of articles are related to this part of the research.
3. Experimental Analysis of Electro-Hydraulic Hybrid Actuator Systems in OffHighway Working Vehicles
4. Development of Control Interface for HIL Simulation of Electro-Hydraulic
Energy Converter
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1.5 Outline of the thesis
In Chapter 2, a state of the art review of virtual environments and real-time
simulation is given and the simulation software used for the research of this thesis is
introduced.
Chapter 3 introduces the simulation laboratory and proposes a process for using
VERS to find effects of human operators on the life-cycle efficiency of NRMM.
Chapter 4 presents the development of HIL simulation system for studying suitability
of integrated electro-hydraulic energy converter for different working machines.
In Chapter 5 the results of this work are discussed and recommendations for future
research are presented.
In Chapter 6 the conclusions are presented.
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2. State of the art - Theoretical background
2.1 Virtual environments and real-time simulators in research and development
of non-road mobile machinery
The terms virtual reality (VR) and virtual environment (VE) have been widely used
by researchers and nowadays also by industry. The terms have slight interpretation
differences in literature. In addition, the meanings of VR and VE are very close to
each other. Commonly the terms VR and VE are describing a computer synthesized,
three dimensional environment in which human participants have a sense of presence
and they can navigate around the environment. Realistic effects and interaction with
physical objects are essential for the sense of presence in VR and VE. [8], [9], [10]
Simulation is the imitation of the significant parts of operation of a real-world system
or process over time. [11], [12], [13] Simulation can be carried out using computers
[14], [15], [16], [17].
Real-time simulation can be seen as a special case of conventional simulation.
Typically, the conventional simulation methods used in the product development
processes are free from solution time restrictions. As a consequence, the simulation
of a few seconds is allowed to take several minutes or even hours of real time. This
is called off-line simulation. In the case of real-time simulation, the calculation must
be processed according to predetermined time requirements on real time. In the case
of NRMM simulation, the predetermined simulation time step is typically around
one millisecond. A time synchronous connection between the virtual real-time
simulation and the real world enable human-in-the-loop (HITL) and hardware-inthe-loop simulations. [18], [19], [20], [21], [22] , [23]
The following definition of simulator is used in this work. A real-time simulator is a
device which simulates a physical system and is responding to external stimuli as
fast as the real system. The simulator is required to sense operator’s actions and
respond so fast that the operator cannot distinguish between simulator response and
true system response. [11], [12], [17], [19]
The development of VERS has enabled detailed review of machine design and
assessing the effects of human operators on the machinery in early phase of R&D
process. VERS have a potential to decrease the time-to-market and to improve the
understanding of customer needs, which are important factors in product success of
NRMM nowadays. [6], [24], [25], [26], [27], [28], [29] Constructing of such VERS
has been discussed in [30], [31], [32], [33] and [34]. The level of immersion of VERS
has a significant effect on the usefulness of the results [35]. Figure 2 illustrates two
examples of VERS.
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Simulations carried out in virtual environment have significant advantages over field
tests on a real vehicle. Typically, manufacturing, testing and modifying of real
machines is more expensive compared to virtual implementation. In addition, the
conditions of experimental tests can be set equal for all participants and uncommon
and dangerous conditions can be studied safely. Furthermore, data acquisition is
relatively easy in VERS because real sensors are not required. [36], [37], [38]
A disadvantage of simulators is that the accuracy of the results is not absolute
because as a rule the accuracy of the simulation model is limited. Thus, simulators
are most suitable for comparing technical solution or human performances and for
operator training. [36], [37] A weak immersion can cause inaccuracy in results [35].
Some get symptoms of simulator sickness in VERS. Thus, they cannot perform tasks
in the VERS in the same level of performance as in real working environment. [39],
[40]

Figure 2. Virtual environments [41]
2.2 Studying human related factors
Three possible methods can be employed in research of human effect on NRMM: 1)
Field tests on a real vehicle, 2) Human-in-the-Loop simulation, 3) completely virtual
simulation including models for machinery and operator performance.
2.2.1 Completely Virtual implementation
Completely virtual simulations of human operated NRMM require modelling of the
performance of human operators. Accurate human operator models would enable
studying of human related factors also in off-line simulations. Driver models that
take the fundamental human factors (i.e. gender, age and driving experience) into
account have been developed for relatively simple car driving tasks [42]. Humanperformance models has been studied also to assess operator performance during
excavation processes but integrating all aspects of human performance and
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behaviour into simulation model remains still a challenge [43]. NRMM are operated
in varying and harsh environments which requires the operators to adapt in new
situations often. Studying of human effects requires detailed performance models to
achieve reliable results but the development of such models has not succeeded, so
far. Thus, a real-time simulation and virtual environment with a real human operator
are required for studying effects of human operators.
2.2.2 Human-in-the-Loop Simulation
In HITL simulation, the human operator is part of the real-time simulation loop.
Control signals given by the operator are sent to the real-time simulation. The virtual
machine reacts to the signals as a real machine would react. Figure 3 illustrates a
HITL simulation situation.

Figure 3. Human-in-the-Loop Simulation [44]
Human centred R&D of NRMM can be made more effective by using HITL
simulation because the user experience of the operator can be tested already in early
phase of product development. With an accurate simulation model, vehicle ride
vibrations, which have a great effect on human comfort and health, can be studied
[45]. When developing a novel user interface for NRMM, the user experience (UX)
tests can be carried out any time during the development [46], [47]. The human effect
on the loading cycles of NRMM can be taken into account when developing energy
efficient hybrid power transmissions for NRMM [25]. HITL simulation facilitates
cultural differences to be taken into account because equal virtual environment tests
can easily be set-up in several countries [48]. Driver errors and behaviour can be
analysed in critical driving situations using VERS [49]. The usefulness of new
vehicular assistance features and their effect on human behaviour has been studied
using HITL simulation [50], [51].
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2.3 Hardware-in-the-Loop Simulation
HIL simulation setups are widely used for R&D of machinery to reduce development
time and to ensure reliability and safety of complex components and systems [52].
In HIL simulation, which is also called hybrid simulation, external hardware is
connected to run as a part of the virtual simulation. The external hardware can send
control signals to simulation or external hardware can be controlled by a signal from
the simulator. In HIL simulation real constraints (e.g. sensor accuracy, signal noise,
sampling period of an embedded controller, modulation frequency and fault
operations) of the hardware can be taken into account. An adequate dynamic realtime simulation of a working machine provides realistic loading cycles for the real
prototype under test [21], [53], [54].
HIL simulation can be carried out in three different levels which are: signal level HIL
simulation, power level HIL simulation and mechanical level HIL simulation. In
signal level HIL simulation, only the embedded controller of the machine is under
test. All the other parts (power electronics, actuators, mechanical power transmission
and mechanical load) are simulated virtually. The embedded controller is working
just as it were connected into a real machine. The signal level HIL simulation has
been often employed in aerospace and automotive applications for assessment of
controller boards [55]. In the power level HIL simulation, also power electronics are
tested, in addition to the embedded controller. The other parts are simulated. Control
signals and power variables are transferred between the hardware and the virtual
model. A second power electronics set must be connected to the virtual simulation to
provide the load for the power electronics under test. In the mechanical level HIL
simulation, the whole drive (control, power electronics and actuator) is evaluated.
The mechanical construction of the working machine is simulated. The subsystems
of the drive under test are connected normally as in a real machine. Another actuator
is often used to provide mechanical load for the actuator under test. [54]
A significant benefit of using HIL simulation is that changing the test setup is
relatively easy compared to testing with a real machine. For instance, when the
performance of a prototype of new power transmission component needs to be tested
in different machinery, the physical connections of the prototype are not necessary
to change. Only necessary action is to change the virtual model of the NRMM to
describe another machine. Also testing of software components has the same
flexibility. [54], [56], [57]
Appropriate control interface of the HIL simulation depends on the system in
question. For the mechanical level HIL simulation the suitable physical parameters
for the control interface can be e.g. position, velocity, acceleration or force. The
physical actuator repeating the simulated mechanical load for the actuator under test
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has typically force or velocity servo control (torque or rotational speed servo control
for rotational systems). In some cases, the selection of the control interface depends
on the operation mode of the system. [56], [58], [59], [60].
A reliable study of working machines using mechanical level HIL simulation
requires running of an accurate simulation model of the machine on real-time.
Multibody dynamics approach has been applied to generate real-time models for
HIL-simulations [61], [62]. Versatile real-time simulation software with userfriendly graphical modelling features is an important tool in rapid development of
mechanical level HIL simulation setups.
Inverse dynamics (ID) is a classical method to solve the input force of a model if the
desired motion is known [63], [64], [65]. Thus, a mechanical level HIL simulation
setup can be built by solving ID of a NRMM model. A real-time ID solution of a
complex multibody system is a problematic task and requires a lot of computing
power [66]. Also, the availability of versatile real-time multibody modelling and
simulation software with ID solver is limited on the market.
Multiple different HIL simulation setups have been developed for studying dynamic
phenomena of fluid power systems. Commonly, nonlinear behaviour of fluid power
systems and sensor noise cause problems in hydraulic HIL setups. [67], [68], [69],
[70]
HIL method has been used for studying mechanical power transmissions, as well. In
[71] a system has been developed, in which an automotive transmission is driven by
a dynamometer emulating the engine. In transmission output, another dynamometer
is emulating the response of vehicle. According to the authors, this arrangement
allows rapid and accurate testing under realistic conditions and offers consistent
repeatability scenarios as engine/vehicle changes.
2.4 Simulation environment used in this work
In this work, the experimental simulations are carried out using commercial software
from Mevea Ltd. Mevea is a spin-off company of LUT. Many methods and solutions
are based on the work carried out in LUT. Mevea software was chosen because the
research team had prior knowledge about the models and methods used. The software
is especially developed for real-time modelling and simulation of NRMM. The
software is a general purpose tool which is implemented in a real-time simulation
environment with a three dimensional visualization system and an audio system. The
software includes also a versatile real-time interface to connect external hardware,
e.g. control devices of different machines and a motion platform. The modelling of
complex NRMM is effective due to the graphical user interface.
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The software uses Multibody System Dynamics (MBS) to solve responses of
mechanisms. MBS is a common method for creating dynamic three dimensional
(3D) simulation environments. A MBS can consist of rigid and flexible bodies and
joint constraints connecting the bodies. The multibody simulation approach uses
numerical methods to solve nonlinear equations of motion with respect to time.
Modern computer technology enables simulation of large mechanisms using the
MBS approach. Additional components such as actuators, external forces and
collisions can be connected to the MBS simulation to enable simulation of typical
functions of NRMM. A good review of multibody system dynamics is presented by
Shiehlen [72], Shabana [73] and Yoo [74]. Also several books have been written
considering MBS [75], [76], [77]. The description of the dynamics of mechanical
parts is based on the Newton-Euler equation (1).

Mq Q c Q e Q v

(1)

,where q is the vector of n generalized coordinates which define the position and
orientation of each body in the system, M is the mass matrix, Qe is the vector of
generalized forces, Qv is the quadratic velocity vector that includes velocitydependent inertia forces, and Qc is the vector of constraint forces related to a chosen
set of generalized coordinates [30], [21].
Collisions are important feature when simulating machinery in their working
environments. A general collision modelling method working in wide variety of
cases is necessary in efficient modelling of NRMM. [22] In the research related to
this work the dynamic tyre simulation of the mobile machinery is based on LuGre
tyre model. LuGre model is well known and efficient method for real-time
simulation of interactions between tyre and road [78].
Double-acting cylinders (Figure 5) are commonly used to actuate mechanisms of
NRMM. A fluid power circuit is necessary to power hydraulic cylinders. Typically,
a fluid power circuit consist of oil tank, pump, valves and pipelines. In the simulation
software in question, the modelling of the fluid power systems is based on the
assumption that the pressure is evenly distributed in control volumes [79]. The
method is called lumped parameter modelling method and it is introduced in [80].
Figure 4 illustrates how a simple fluid power circuit with a valve-controlled doubleacting cylinder is modelled.
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Figure 4. Simple fluid power circuit divided in control volumes [81], [82]

Figure 5. A simplified presentation of a double-acting cylinder
The force produced by hydraulic cylinder can be calculated by equation (2):

F cyl

p 1 A1

p2 A2

F

(2)

, where p is the pressure in cylinder chamber and A is the piston area, respectively.
F is the total friction force of the cylinder. The friction force occurs between seals
of the piston and the surfaces of cylinder. The friction force has a significant role in
damping of the hydro-mechanical systems. The friction force is depending on the
chamber pressures, efficiency of the cylinder and on the piston velocity. [83] The
cylinder volume flow is:

Q cyl

x A cyl

(3)

, where x is the piston velocity and Acyl is the piston area. In practice, different types
of hydraulic valves consist of multiple different flow orifices. The volume flows in
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and out of the each volume through the orifices can be described by the conventional
equation of the volume flow in turbulent orifice by Merritt [79]:

Q Cd Aor

2 p

(4)

, where Cd is a discharge coefficient, Aor is area of orifice, is the fluid mass density
and p describes pressure difference over the orifice. Hydraulic pumps convert
mechanical power into hydraulic power. The pump volume flow is calculated using
equation (5):

Qp

Vp rad

(5)

vol

, where is pump angular velocity, Vp rad is radian volume and vol is the volumetric
efficiency of the pump. The pressure in a control volume can be integrated according
to equation 6:
p

, where

Be
(
V

Q in

Q out

V)

(6)

p is the first time derivative of pressure, Be is the effective bulk modulus of

the volume, V is the studied volume, Qin and Qout are volume flows in and out of the
volume. V describes the alternation of the control volume, e.g. actuator movement.
Effective bulk modulus is the sum of affecting components in volumes (7). It is used
to describe the compressibility of volumes. [83]

Be

1
Boil

Vh 1
Vtot B h

1
Vc 1
Vtot Bc

Vp 1
Vtot B p

(7)

, where Bh , Bc and Bp are the bulk modulus of the hose, cylinder and pipe,
respectively. Vh , Vc and Vp are the volumes respectively. Boil is the bulk modulus of
the oil and Vtot is the sum of the previously mentioned volumes. When the fluid power
circuit is properly vented, the effect of the air dissolved into the hydraulic fluid can
be neglected [84]. Thus, the elastic behaviour of the hoses has the greatest effect on
the effective bulk modulus.
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3. Virtual environment and real-time simulator in finding effects of
driving performance of human operators on the life-cycle
efficiency of NRMM
The development of VERS has offered numerous new possibilities for R&D of
NRMM. In this chapter, a method for studying effects of human operators on the
life-cycle efficiency of NRMM in VERS is described. Conventionally, assessing the
user effect on the machine’s efficiency has been superficial (see Chapter 1.1).
Though, the operators are playing a key role in operation of machinery. A good
understanding of the effect of human operators on the life-cycle efficiency of
machinery can result in increased efficiency. VERS is a very suitable tool for
assessment of operator’s effect, because using a virtual prototype the assessment can
be carried out in early phase of R&D project. In this phase, the necessary changes
for the machine can be done with lower efforts and costs. In the virtual environment
the factors related to efficiency are easier to acquire and the effect of changing
environmental conditions can be eliminated.
3.1 Simulation Laboratory
Immersion level of VERS has an effect on the behaviour of human operators of
virtual NRMM. With sufficient high immersion level the operators behave as they
were operating a real NRMM. It has been shown that high resolution visualisation,
head tracking system, realistic sound feedback and motion feedback are essential in
creation of high immersion level in VERS. [35], [85], [86], [87], [88] Corresponding
information has been received also from manufacturers of NRMM.
In this work the case studies which are related to effects of human operators are
carried out in a simulation laboratory which has been developed to offer high
immersion level for the operators’ of virtual NRMM (Figure 6). The literature
regarding the high immersion level of VERS was taken into account during
development of the simulation laboratory. The simulation laboratory is described
more detailed in [89]. The laboratory is equipped according to the following list. The
list was presented earlier in [29].
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1. Four ViewSonic PJD6381 3D projectors
2. Four NVIDIA 3D Vision Pro glasses and a transmitter (NVIDIA Corporation,
2013)
3. Three Da-Lite Ultra Wide Angle rear projection screens sized 2.67 x 2.10 m and
floor projection surface
4. 12 OptiTrack FLEX:V100R2 motion tracking cameras, two Optihubs and
Tracking Tools software
5. 6-DOF Gough-Stewart type motion platform with Omron SGDH-04AW-0Y
Servopacks and 6 UBA2RNI linear actuators by Servomech
6. dSPACE real-time computer with ds1005 processor board
7. Dell Precision T7500 with two Intel Xeon X5560 CPUs, a soundcard by Creative
Technology Ltd. and two NVIDIA Quadro FX5800 GPUs connected together
with SLI bridge.
8. Dolby 5.1 Surround sound amplifier with speakers and a subwoofer
9. A vibration generator by The Guitammer Company

(a)

(b)

Figure 6. Overview of the simulation laboratory: (a) with light, (b) during
simulation
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3.2 Mining Loader
The case studies are carried out using an underground mining loader, which is also
called load-haul-dump (LHD) vehicle (Figure 7). The model of the loader consists
of a rear-body and front-body that are connected to each other by an articulated joint.
Steering of the loader is implemented by rotating the articulated joint using hydraulic
cylinders. At the front end the LHD has a boom structure that is used to move and to
actuate the bucket. The boom mechanism is actuated by hydraulic cylinders. The
LHD includes a conventional mechanical driveline consisting of diesel engine,
torque converter, gearbox, differentials and planetary gears. The model of the diesel
engine is based on the engine with displacement of 7.2 litres and maximum output
power of 220 kW. The simulated mining loader has a bucket with a volume of 4.6
m3. The weight of the loader in operating condition is 26 000 kg. The hauling
capacity is 10 000 kg. [82]

Figure 7. Virtual loader
The seat of the operator is oriented sideways. When driving forward or operating the
bucket, the operator is watching left. With reverse direction, the operator looks right.
Due to dimensional limitations and safety requirements of underground mines, the
size of the windows of the operator’s cabin is constrained. Thus, the field of view is
narrow. Especially, the forward view is very limited, due to the large bucket, which
is blocking the line of sight.
Figure 8 is illustrating the view from the cabin. Figure 9 illustrates the loading
situation seen from outside of the loader.
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(a)

(b)

Figure 8. Operators view from the cabin of virtual loader:
(a) during loading, (b) driving in a corner of the tunnel

Figure 9. Loading situation
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3.3 Assessing the effect of the operator on the efficiency of NRMM in of R&D
process using VERS
A R&D process, in which the effect of the machine’s operator on the life-cycle
efficiency related factors is taken into account, is presented in [82]. Figure 10
presents a possible R&D process of working machine utilising VERS as the main
testing tool. In practice, a wide variety of R&D processes are used by NRMM
manufactures depending on the modernity and advancement of the R&D methods.

Figure 10. Possible VERS based R&D process of NRMM taking effects of human
operators into account
3.4 Case studies
Two experimental studies were carried out using the proposed process. In the first
experimental study the effect of an operator on the overall life-cycle efficiency of
the loader was studied. A small test group performed tests in virtual underground
mine using a mining loader and the results of the participants were compared later.
[82] The first experimental study is referred below as a first case study. In the second
experimental study the effect of the driving style on the efficiency of working
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hydraulics of the loader was studied in the same virtual underground [90]. The
second experimental study is referred below as a second case study.
3.4.1 Selection of Variables to log
Depending on the complexity of the simulation model thousands or even millions of
variables are available for acquisition. It is not possible or reasonable to log all the
data available. Depending on the working cycle and the amount of test drivers the
completion of user tests can take several hours. It is important to consider carefully
that all the relevant variables are logged, in other case user tests need to be carried
out again. The variables logged during simulation in the first case study were selected
according to Table 1.
Table 1. Variables from simulation
Variable
Simulation time
Diesel engine power output
Total Energy Consumption
Collisions against the mine walls
Forces of lift and tilt cylinders

Symbol
t
P
E
Coll
Fcyl

Unit
s
W
kWh
Pcs, m/s
N

Some variables may not be directly available from the simulation. This is because
the software used provides a limited number of variables as an output to the user.
The data transfer and storage are limited to ensure the real-time performance of the
simulator. In that case, the variables need to be derived after the real-time simulation
from the available ones or an alternative method to assess the issue must be found.
The derived variables of the first case study were defined according to Table 2.
Table 2. Variables derived from the simulation results
Variable
Fuel consumption
Engine Load Factor
RMS of Cylinder Forces

Symbol
FC
ELF
FRMS

Working Productivity

Prod

Unit
l/h
N
m3 / h,
m3 / l

The engine output power equals to the product of the angular velocity and the torque
of the output shaft at the time step. The energy consumption is energy output from
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the diesel engine divided by the engine efficiency. The efficiency of a heavy-duty
diesel engine varies typically between 25 and 45 percent depending on the operating
point [91]. The efficiency of the engine was not taken into account in real-time
simulation, but an average engine efficiency factor (34 percent) was used in data
analysis. The energy content of diesel fuel varies around 10 kWh / litre [92]. The
fuel consumption was calculated from the simulated energy consumption based on
the average engine efficiency and energy content of diesel fuel. In future studies
more detailed efficiency chart could be used. The productivity indicators are
calculated based on the energy consumption, simulation time and amount of
transported rocks.
The number of collisions evidently affects the durability and service costs of the
machine. In addition, the speed of the collisions is an important factor as it
determines the momentum of the machine during the collision. The higher the
momentum, the greater the probability of the damage. Serious damage requires extra
maintenance. This has a negative effect on the life-cycle costs and to the production
while the machine is not working.
Selection of factors indicating energy consumption such as power and fuel
consumption of the diesel engine is trivial. But selection of factors indicating service
life e.g. durability and fault probability is more complex.
Stress in critical parts of the mechanical structure is in proportion to the forces to
which the parts are subjected. The stress history determines the fatigue life time of
the structure. A number of alternative approaches to determine stress histories from
multibody simulation is provide in literature. The first approaches to determine
structural stress histories from multibody simulation were proposed in 1996 [93],
[94]. The latest articles show that determining the stresses of structural details during
real-time multibody simulation is possible but challenging and the methods are still
under development [95], [96].
At the current study the history of lifting and tilting cylinder forces were considered
sufficiently accurate for relative comparison of test drivers. The root mean square
(RMS) values of lifting and tilting cylinder forces are calculated after real-time
simulations to create factors indicating durability of the boom. The boom is one of
the critical mechanical structures of the loader. The RMS of the cylinder force is
calculated by Eq. (8).
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n
i 0

Fi 2

n
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(8)

, where Fi is the cylinder force at each time step and n is number of time steps.
The second case study focuses on the efficiency of working hydraulics actuating the
bucket of the mining loader. The fluid power system (Figure 11) consists of a
variable displacement load-sensing (LS) hydraulic pump, a complex mobile
directional control valve, asymmetrical cylinders and pressure relief safety valves.
Pipes and hoses are used to connect the components to each other.

Figure 11. Schematic of the fluid power circuit
The variables logged during simulation in the second case study were selected
according to Table 3.
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Table 3. Variables from simulation
Variable

Symbol
Qp
pp
v
F
Q
t
t

Pump volume flow
Pressure at pump outlet
Velocities of lifting and tilting cylinders
Output forces of cylinders
Volume flow through pressure relief valve
Simulation time
Time step length

Unit
m3 / s
Pa
m/s
N
m3 / s
s
s

Not all the variables of interest were directly available from the simulation. The
variables derived from simulation results of the second case study were defined
according to Table 4.
Table 4. Variables derived from the simulation results
Variable
Hydraulic input power into the system
Hydraulic input energy into the system
Mechanical output power of cylinders
Mechanical output energy of cylinders
Overall efficiency

Symbol
Phydr
Ehydr
Pmec
Emec

Unit
W
kWh
W
kWh
-

The hydraulic output power Phydr of the pump is calculated by multiplying the
volume flow Q by the pressure drop p over the pump at each time step, i (9).

P hydr

i

Qi

pi

(9)

The mechanical output power Pmec is calculated by multiplying the velocity v of the
cylinder by the mechanical output force F at each time step, i (10).

P mec

vi

i

Fi

(10)

The hydraulic and mechanical energies Ehydr and Emec are calculated by multiplying
the power by the time step length. The total energy consumption is the sum of the
values of each time step (11, 12).
E hydr

n
i 1

Phydr

i

ti

(11)
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E mec

n
i 1

Pmec

i

(12)

ti

Energy efficiency is calculated based on the energy input Ehydr and the energy output
Emec of the system (13).

Emec
Ehydr

(13)

3.4.2 Working cycle
To achieve comparable results for test drivers, the working cycle must be fixed. In
designing of the test working cycle must be considered, which situations need to be
studied and which results in each situation are available. For the case studies a work
cycle that is typical for loaders is selected. The information is obtained from earlier
project with a mining company. The test drivers are supposed to move a fixed-sized
pile of rocks from loading point to the dumping point. The starting, loading, dumping
and finishing points of the working cycle are marked in the Figure 12. The dumping
point is located 14.5 m lower level than the loading point. Distance between the
loading and dumping points is approximately 110 m. The volume of the rock pile
was approximately 11 m3, corresponding to 27 000 kg of rocks. After the whole rock
pile has been hauled to the dumping point, the loader is parked next to the dumping
point.
(a)

(b)

Figure 12. Virtual mining tunnel: (a) Route of the testing task, (b) 3D view of the
tunnel
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3.4.3 Test group
The selection of tests drivers has influence on the results of user tests. Size of the
group and participants’ experience levels should be considered carefully to achieve
statistically valid results. The objective of the case studies of this work was to study
the suitability of VERS for assessing effects of operators on the overall efficiency of
NRMM and on the efficiency of working hydraulics of NRMM. Thus, small test
group was considered to be sufficient for demonstrating the usability and the power
of VERS. In the first case study, the test group consists of five operators with various
experience levels, (Table 5).
Table 5. Experience levels of the test drivers in the first case study
Participant ID
1
2
3
4
5
Experience levels
Novice
Competent
Expert

VERS experience
Novice
Expert
Competent
Novice
Novice

NRMM experience
Competent
Novice
Expert
Competent
Expert

Descriptions of the experience levels
Understand the basic concept and has operated in
VERS / NRMM only few times or never.
Has operated VERS / NRMM multiple times. The
systems are familiar.
Operates VERS / NRMM regularly. Are very familiar
with the systems.

Prior to the case study, the participants gained familiarity with the simulator in order
to be able to perform the task fluently. In the second case study, one operator
performed the task three times using different driving style in each performance. Due
to lack of resources an experienced test operator group was not available for the
second case study and one operator adapt himself to drive in three different driving
styles. The driving styles were the fast (performance no. 1), slow (performance no.
2) and intermediate (performance no. 3).
3.5 Results of case studies related to studying human effects on life-cycle
efficiency of NRMM
The variables logged from the real-time simulation and the variables derived from
the logged data are illustrated by time domain curves and histograms in this chapter.
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3.5.1 Results of the firsts case study
The total energy consumption and the average rate of fuel consumption are illustrated
in Figure 13.
(a)

(b)
Fuel Consumption [l / h]

Total Energy [kWh]

20
6
4
2
0

1

15
10
5
0

2 3 4 5
Participant

1

2 3 4 5
Participant

Figure 13. (a) Total energy consumption; (b) average rate of fuel consumption
Two indicators of productivity are calculated with respect to the amount of consumed
energy and total time used for performing the task. Figure 14 (a) illustrates the
average rates at which participants transported the rocks. Figure 14 (b) illustrates the
average amounts of rocks in cubic meters that participants were able to transport with
one litre of fuel.
(a)

(b)
Productivity [m / litre]
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3

Productivity [m / h]

100
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5

0

1
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Figure 14. Productivity: (a) as function of time; (b) as function of fuel consumption
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The mean values of RMS forces of lift and tilt cylinders are presented in Figure 15.
The force sums are in relation to the stress history, need for maintenance and fatigue
life time of the boom structure.
5

x 10

(a)

4
3
2
1
0

5

6
Force RMS [N]

Force RMS [N]

5

1

2 3 4 5
Participant

x 10

(b)

4

2

0

1

2 3 4 5
Participant

Figure 15. RMS force values: (a) lift cylinder; (b) tilt cylinder
The loading factors of the diesel engine are calculated by dividing the output power
by maximum power of the engine. The analysis of loading factor data reveals that
the engine loading was low during the task. It was observed that the participants were
driving relatively carefully and slowly. Participant 2 had exceptional high engine
loading compared to the other drivers. As an example of the engine loadings, the
lowest and the highest loading curves are presented in Figure 16.
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(a)

(b)
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Figure 16. Diesel engine load factors: (a) the lowest loading; (b) the highest
loading
3.5.2 Results of the second case study
The results of the second case study are presented below. The results are presented
mainly for one driving performance (performance no. 2). Only the overall efficiency
result is presenting all the three driving performances. The system input power of the
working hydraulics actuating the bucket of the mining loader is defined by the
hydraulic output power of the pump. The system output power is the sum of the
mechanical output powers of the cylinders. Figure 17 illustrates the hydraulic output
power of the pump and the mechanical output powers of the cylinders during a
loading stage of the working cycle. Figure 18 illustrates the system powers during a
dumping phase.
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Figure 17. System input and output power during loading (performance no. 2) [90]
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Figure 18. System input and output power during dumping (performance no. 2)
[90]
Figure 19 illustrates the energy input and output of the working hydraulics. The “Tilt
out” and “Lift out”-bars present the mechanical energies outputted from the tilting
and lifting cylinders respectively. The “Total out”-bar presents the sum of the
outputted cylinder energies. The “Total in”-bar illustrates the total energy from the
pump into the fluid power system. Only the positive cylinder power values are taken
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into account in the integration of the energies consumed by cylinders because the
loader under study is not equipped with energy recuperation system.

Energy [kWh]

0.2
0.15
0.1
0.05
0

Tilt out

Lift out

Total out

Total in

Figure 19. System input and output energy (performance no. 2) [90]
The overall energy efficiency of the working hydraulics is calculated based on the
total hydraulic energy input and the total mechanical energy output. Figure 20
illustrates significant variation in the overall energy efficiency depending on the
driving style.

Efficiency [%]
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Figure 20. Overall efficiency of the three different driving styles [90]
Numerous factors in the driving style have an effect on the overall energy efficiency
of the working hydraulics. The piston velocities, the cylinder forces and the scooping
trajectory are the most significant factors. A detailed analysis of the driving styles
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requires extensive research work and it will be a topic of a future research. A coarse
comparison of the driving styles can be carried out based on the piston velocity plots.
The piston velocity plots offer data how the lifting and tilting cylinders have been
used with respect to each other. The piston velocity correlates also often with the
cylinder forces. The piston velocities of all the performances are presented in the
Figure 21 - Figure 23.
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Figure 21. Piston velocity (performance no.1) [90]
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Figure 22. Piston velocity (performance no. 2) [90]
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Figure 23. Piston velocity (performance no. 3) [90]
The driving performance no. 2 is carried out using smaller piston velocities than
others. This has resulted also to longest total time. Thus, the highest overall
efficiency is not necessary correlating with best productivity of the loader. The
magnitudes of the piston velocities of the performances no. 1 and 3 are close to each
other. The most obvious difference is that the piston velocities of the performance
no. 1 are jerkier.
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4. HIL simulation setup for electro-hydraulic hybrid power
transmission of NRMM
In this chapter, an experimental development of a HIL simulation setup for testing
the prototype of an integrated electro-hydraulic energy converter (IEHEC) is
described. The objective is to develop a mechanical level HIL simulation setup which
enables testing of the functionality of IEHEC as a component of different NRMM.
A novel control interface is proposed because suitable control interface meeting the
requirements of the current setup was not found.
Fluid power systems are commonly used in power transmissions of NRMM. The key
advantage of the fluid power systems is the high power density. The energy
efficiency of the systems has a potential to be improved significantly. Normally, the
fluid power transmission lines are flexible hoses and pipes of small diameter which
cause remarkable power losses. In many applications remarkable energy losses occur
also because of the lack of energy recovery e.g. during the lowering of the payload.
The directional control valves of the conventional fluid power systems also cause
power losses. An improvement in the poor energy efficiency of the conventional
fluid power systems can be achieved by a hybrid technology. The IEHEC enables
the power transmission using electric cables and the recovery of the released
potential or kinetic energy. In the electrical cables the power losses are negligible in
comparison to the losses occurring in the long hydraulic transmission lines. [97]
The IEHEC (Figure 24) has been proposed to improve the energy efficiency aspects
mentioned above. The key component of the IEHEC is newly designed liquid cooled
electrical machine in which hydraulic fluid can be used as cooling media. Liquid
cooling enables to reduce the dimensions of the electrical machine and thus increase
the power density [98]. The most suitable places for IEHEC in NRMM are actuators
that carry out work cycle in which the kinetic or potential energy is available for
recovery e.g. lifting cylinders in cranes and grippers that tend to open by the payload
mass and gravity [99].
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Figure 24. IEHEC [98]
Figure 25 shows an example of the main power transmission system of NRMM
together with the integrated electro-hydraulic actuator system. System in question
follows serial hybrid transmission line architecture. It offers the possibility to recover
the potential energy into electrical form to be stored in electrical energy storage. [98]

Figure 25. Structure of a hybrid power transmission using IEHEC to operate a
cylinder [98]
Asymmetric hydraulic cylinder is a commonly used component in producing forces
and movements in NRMM. Together with a pump-controlled fluid power system
asymmetric cylinder can cause problems due to the differential volumes in the
chambers. Pump-controlled systems are commonly operated in a closed-loop, where
it is essential to maintain the even volume flows in the input and output ports of the
pump. The uneven volume flows can be balanced by pilot operated check valves
(Figure 26) [97], [100], [101].
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Figure 26. Electro-hydraulic hybrid actuator system [97]
4.1 Log crane
A virtual model of a log crane is used together with the physical prototype of IEHEC
during the development of the control interface. The main dimensions and the
locations of the lifting cylinder and the load of the simulated log crane are shown in
Figure 27. The total mass of the crane without the load is 800 kg and the mass of the
logs in the grapple is 260kg.

Figure 27. Log crane
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4.2 Test rig
A test rig is a necessary subsystem of HIL simulation setup that enables realistic
loadings for IEHEC. The main components of the test rig are presented in Figure 28.
IEHEC is operating the working cylinder. The loading cylinder is connected between
the frame of the test rig and the working cylinder. A force sensor is connected
between the working and loading cylinders. The piston positions are measured by
the position sensor. The loading cylinder is controlled by high bandwidth
proportional cartridge valves. The rotational speed reference of the IEHEC is the
input that makes the system move. The speed reference is inputted to the frequency
inverter that is driving IEHEC’s electrical machine. A real-time controller board is
controlling the test rig and communicating with the real-time simulation model.

Virtual
log crane

Position sensor

Inverter

Hardware control
Loading
cylinder

Force
sensor

IEHEC

Working
cylinder

Figure 28. Test rig
Dimensions of hydraulic cylinders in different NRMM have significant variations.
The signals sent through the control interface are scaled respect to the cylinder
dimensions of virtual machine and the working cylinder. Due to the scaling, a need
for changing the working cylinder of the test rig is avoided, when the cylinder size
of the simulated machine is changed. The scaling factor is the ratio of the areas of
the working cylinder’s piston and the virtual machine’s piston. The scaling of the
force and motion signals enables correct pressure level and rotational speed for the
IEHEC in spite of the different cylinder sizes. The effect of the cylinder size to the
cylinder friction and damping is ignored. However, when the cylinder sizes are
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relatively close to each other the error is not significant. The lifting cylinder of the
virtual log crane was simulated using the test rig. The other actuators of the log crane
model were not actuated during the experimental tests. The load was hold
continuously in the log grapple.
4.3 HIL simulation control interfaces
Three alternative control interfaces were studied and compared.
In the first control interface (option 1) the signal of force sensor connected between
the working cylinder and the loading cylinder is the input into the multibody
simulation. The piston velocity is returned from the multibody simulation and the
velocity is used as a reference value for the loading cylinder. The loading cylinder is
closed loop velocity controlled. The connections of the option one are shown in
Figure 29.

Figure 29. Connections between the multibody simulation and the hardware
(option 1)
In the second and third options the loading cylinder is controlled by a closed loop
force controller. The reference signal of the servo controller is the force acting in the
multibody model. The input force of the multibody simulation is calculated by closed
loop proportional-integral-derivative (PID) controllers (Figure 30).
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Figure 30. Connections between the multibody simulation and the hardware
(options 2 and 3)
The controller of the second option calculates the input force based on the velocity
difference of the test rig and the multibody model. In the third option, the first
controller is calculating the velocity reference signal based on the position difference
of the test rig and the multibody model. The second controller is calculating the input
force for the multibody model based on the calculated velocity reference and the
velocity of the multibody model.
Completely virtual simulations are carried out to obtain reference results for the HIL
simulations. The fluid power circuit including IEHEC is modelled by Simulink using
the modelling principles presented in Chapter 2.4. The same multibody model is used
for the virtual and HIL simulations.
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Rotational speed [rpm]

An example of the IEHEC control signal used in experimental tests is shown in
Figure 31.
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Figure 31. Rotational speed reference signal of IEHEC

4.4 Results related to development of control interface for HIL simulation setup
4.4.1 Control interface option 1
Cylinder force and piston velocity of the lifting cylinder of the multibody model
during the HIL simulation and the virtual simulation are shown in Figure 32 and
Figure 33.
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Figure 32. Cylinder force (option 1)
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Figure 33. Piston velocity (option 1)

With the current hardware the first option was found problematic. In theory the
method is correct but the experimental tests revealed force peaks when the direction
of the movement is changed. These are caused by the inertia and the friction of the
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components of the test rig. The peaks in the force sensor signal rise over the correct
level. Thus, the peaks are causing too high piston velocity in the multibody model.
Because of stability problems the first option was tested at lower velocity than the
others.

4.4.2 Control interface option 2
Cylinder force and piston velocity of the lifting cylinder of the multibody model
using the HIL simulation and using the virtual simulation are shown in Figure 34 and
Figure 35.

4

-5

x 10

Virtual
HIL

Force [N]

-6
-7
-8
-9

6

8

10
12
Time [s]

14

Figure 34. Cylinder force (option 2)
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Figure 35. Piston velocity (option 2)
The mechanical power of the lifting cylinder of the multibody model in the cases of
the virtual simulation and the HIL simulation are shown in Figure 36. The
mechanical power of the real working cylinder connected to IEHEC is also
illustrated. All the three curves are close to each other.
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Figure 36. Mechanical cylinder power (option 2)
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The second control interface option achieves high accuracy compared to the first
option. The cylinder force and piston velocity are close to the results of the virtual
simulation. Noticeable vibration appears in the cylinder force.

4.4.3 Control interface option 3
Cylinder force and piston velocity of the lifting cylinder of the multibody model
using the HIL simulation and using the virtual simulation are shown in Figure 37 and
Figure 38.
4

-5

x 10

Virtual
HIL

Force [N]

-6
-7
-8
-9

8

10

12
14
Time [s]

16

Figure 37. Cylinder force (option 3)
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Figure 38. Piston velocity (option 3)
The mechanical power of the lifting cylinder of the multibody model in the cases of
the virtual simulation and the HIL simulation are shown in Figure 39. The
mechanical power of the real working cylinder connected to IEHEC is also shown.
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Figure 39. Mechanical power (option 3)
Using the third control interface option, the vibration of the cylinder force is
significantly lower compared to the second interface option. Otherwise the accuracy
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of the cylinder force is at the same level than using the second option. The piston
velocity of the HIL simulation has small peaks with duration of approximately one
simulation time step. The peaks are probably originating from the sensor noise which
is amplified by the numerical noise during the simulation. The closed loop position
controller included in the third option removes the possibility of drifting during long
simulations. Regarding the results presented above, the control interface option no.
3 is recommended to be used in the future.
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5. Discussion
Studies in the extent presented in this work cannot be found in the literature. The
results can be considered as novel. Virtual environments and real-time simulation
are mainly used for user training and control hardware / software testing [19], [55].
In this work these methods and tools are demonstrated as they apply into R&D of
complete non-road mobile machinery systems.
References related mechanical level hardware-in-the-loop simulations are often
related to rotating electric or hydraulic machines [58], [102]. References related to
linear actuators can be found from field of active suspension systems of vehicles
[103], [104] and flight control of airplanes [105], [106]. Though these systems have
very different properties compared to system presented in this work. Mechanical
level HIL simulation setups for simulating hydraulic cylinder or electro-hydraulic
energy converter connected to NRMM has not been proposed in the reference
articles.
Two separate methods how VERS can effectively be utilized in early and later stages
of R&D process of NRMM are given. The methods and tools demonstrated open
new possibilities that cannot be achieved by using the traditional ones.
The experimental studies related finding suitability of VERS to assessing effects of
human operators on the life-cycle efficiency of NRMM were carried out with small
number of test drivers. This could affect to the reliability of the results. Though,
significant variations between results of test drivers were found. Thus, the number
of test drivers appears to be sufficient for the scope of this work. The effects of
varying torque and speed on the efficiency of the diesel engine was not taking into
account. This is limiting the accuracy of the simulated fuel consumptions. In the
future studies more detailed diesel engine efficiency chart could be used. Only one
loading and hauling case was studied. Varying hauling distances, minerals and other
environmental factors would have an effect on the numerical results. The accuracy
of the simulation model is limited and physical phenomena which are considered less
significant for human experience are neglected. The detailed verification of the
simulation model has not been carried out. However, the model is based on physical
equations which are widely acknowledged in literature. The accuracy of the model
is adequate for comparing differences between human operators, even though
absolutely accurate numerical results were not obtained. User experience in the
VERS of this study has not been verified by driving the tests using the real machine.
The detailed verification of the log crane simulation model used in HIL simulation
interface studies has not been carried out. However, the model is based on physical
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equations which are widely acknowledged in literature. The results of control
interfaces are presented only for one repeating working cycle. Thus, a possibility
exists that some phenomenon in HIL simulation control interface have been missed.
The working cycle used in the tests consists of typical operating velocities of
hydraulic cylinders used in NRMM. Thus, the control interface appears to be suitable
for HIL simulations in typical conditions.
By adding VERS into more traditional R&D process need some added resources
such as software and hardware environments and personnel specialized in using the
tools. The investment cost is approximately between 50k€ to 150k€. The payback
time is short if these tools are effectively implemented in the R&D process. The main
benefit is the significantly lower physical prototyping cost. Also time to market
becomes shorter and reliability of the R&D process becomes better.
In this work virtual environment and real-time simulation based methods for
improving life-cycle efficiency of non-road mobile machinery were presented. Such
a study of this extend has not been proposed in the reference articles.
More research needs to be carried out for better understanding of the effect of the
human operators on the mobile machinery. Further research could aim to create
guidelines about how to optimize the driving style of NRMM. An experimental study
with a larger test group would provide a useful knowledge for developing improved
fluid power transmissions for NRMM.
Future work will also include simulation of real working cycles of the log crane using
the HIL simulation setup. The robustness and the adaptation of the proposed control
interface in different situations will be verified. The actual energy saving potential
of IEHEC solution compared to the conventional valve controlled fluid power circuit
can be found out. The energy efficiency of the IEHEC at different working cycles
will be analysed. The developed HIL simulation setup will be used for finding
suitable applications for IEHEC in working machines.
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6. Conclusions
Large amount of beneficial methods for education, product development and
research of NRMM has become available frequently due to the development of
virtual environment and real-time simulator technologies. In this work two new
methods that take advantage of VERS have been introduced. The case studies are
carried out using mining loader and log crane. Typically, different NRMM have
many similarities in technology and in mechanical structure. Thus, the methods
described in this work can be considered valid for most of the other machines also.
The process for assessing effects of human operators on the life-cycle efficiency of
mobile machinery using VERS was introduced and realized. The process was used
in two case studies. The first study concentrated in effects of the operators on the
overall efficiency of the mining loader. In the second study, the suitability of a VERS
was evaluated to study the effects of driving styles on energy consumption of
working hydraulics of working machines. VERS was found to be a cost-effective
and powerful tool in assessing the effects of varying performances and driving styles
of human operators on life-cycle efficiency of NRMM.
Experimental studying and development of novel control interfaces for HIL
simulation of Electro-Hydraulic Energy Converter as a part of power transmission
of NRMM was carried out. Novel ideas in selecting the quantities transmitted
through the interface back and forth were presented. In particular using virtual closed
loops to approximate variables typically obtained by using inverse dynamic model
is rarely used in literature.
In the simulator, the variables that have an effect on the efficiency of the machine
are easily available. The variables can contain physical quantities or other indicators
that can be easily measured. It would be complex and expensive to research these
variables using physical prototypes. A great benefit of using virtual environment and
real-time simulator is the possibility to provide fixed conditions for all participants,
ensuring comparability of the results. The NRMM manufacturers may gain
considerable benefits by taking advantage of virtual environments and real-time
simulators.
Using VERS in early phase of machine’s R&D process improves the understanding
of the interactions between the machine and the human operator. This enables usercentered design of NRMM. In VERS critical machine design errors can be found in
early phase of the development process. This enables also testing of new machine
concepts with lower economical risk.
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Abstract – Virtual Reality (VR) environments and real-time simulators are becoming more and
more important tools in R&D process of off-highway working vehicles. The virtual prototyping
techniques enable faster and more cost-efficient development of machines compared to use of real
life prototypes. Possibilities of virtual prototypes should be studied to take full advantage of them.
The objective of this article is to study the process of using a VR environment with a real-time
simulator for assessing effects of human operators on the life-cycle efficiency of working vehicles.
As a test case human in the loop simulations are ran by virtual prototype of Load Haul Dump
(LHD) underground mining vehicle. Results of test drivers are compared and discussed. The
simulation model of the LHD is based on multibody dynamics. The model also includes models of
diesel engine, mechanical driveline and fluid power system. The study shows that state of the art
real-time working machine simulators are capable to solve factors related to life-cycle efficiency
such as energy consumption and productivity among others. A significant variation between the
test drivers is found. The study shows that VR environment can be used for assessing human
effects on the life-cycle efficiency of working vehicles. Copyright © 2013 Praise Worthy Prize
S.r.l. - All rights reserved.
Keywords: Construction Machinery, Efficiency, Energy, Human, Simulation, Virtual Reality,
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The emergence of real-time simulation and Virtual
Reality (VR) technology has enabled the virtual
prototypes to be used in R&D processes of mobile
working vehicles [1]-[3]. Real-time simulation is
essential in cases which require a human operator to
participate the simulation process, e.g. research of
human-machine interface (HMI) or research of human
effect on the machine performance.
Virtual prototypes have several advantages over
physical ones when carrying out research [4], [5]. For
example, the conditions of experimental tests can be set
equal for all participants, and uncommon and dangerous
conditions can be studied safely. Furthermore, data
acquisition is relatively easy in VR because real sensors
are not required. Use of the virtual prototype is cost
effective in most cases, because manufacturing of the
physical prototype can be avoided.
VR environments and real-time simulators are
becoming more and more important tools in R&D
process of off-highway working vehicles due to many
advances of them. Still companies have much to work
integrating VR-tools properly into their R&D and
business processes [4].
Virtual environment can bring user centred design into
a new level.
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Dynamic field of view analysis in virtual environment
has been developed to ensure performance, ergonomics
and safety of the vehicle already in early design phase
[6]. VR environment has also been used to develop novel
HMI. A multipurpose haptic interface for controlling
teleoperated mobile working machines has been
developed and tested in VR [7].
In advanced companies VR environments are used by
product development teams to review the design already
in early phase.
The potential problems in the design can be identified
easier when the whole team can analyse the full size
virtual model of the new product together.
In this study an underground mining loader, also
called Load-Haul-Dump (LHD) vehicle, is studied as a
test case. Life-cycle efficiency of mining machines is an
important issue because the production of primary metals
can be expected to increase in the future due to the
increasing global demand for end products. Like other
industrial sectors, the mining industry is facing pressure
to reduce environmental impact. It has been found that
the loading and hauling stage has the most significant
contribution to CO2 emissions for iron ore and bauxite
production [8].
The energy efficiency of the off-highway heavy-duty
working vehicles has been studied extensively in recent
years.

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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II.

VR Based Simulator
in the R&D Process
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A design and development process of a HMI for a
mobile machine using a simulator model and VR
environment has been introduced and realized by
Heikkinen [7]. The full R&D process of a HMI has been
carried out successfully in VR environment. The article
also highlights a several important details that need to be
considered during the process.
The most effective and profitable way to take
advantage of VR environments and simulators is to
utilise them from the very beginning of the R&D
process. Possibility to carry out user tests in early phase
can reveal problems in the design which would be much
more expensive to discover and change in later phases. In
addition, cost savings can be achieved because the
building and instrumentation of physical prototype for
research purposes can be avoided. Virtual testing also
enables the manufacturers to try radical new design
solutions which would be technologically and
economically very difficult to prove by other means.
Factors related to human operator of the vehicle
should be studied in early phase user testing as well. Fig.
2 shows ideal design process of working machine
utilising VR based simulator as the main testing tool.
Assessment of human related factors is included in the
testing and development block. That part of the process
is introduced in detail in Fig. 3.

III.

Description of the Process
III.1. Simulation Laboratory

The simulation laboratory used in this study is
developed for investigating HMIs of off-highway
vehicles. The main targets in the development of the
laboratory were high immersion level and flexibility to
test various HMI issues.

R
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R

A current research topic of considerable interest has
been hybrid powered construction machinery, which are
able to cut down fuel consumption and emissions [9],
[10]. Notwithstanding the obvious importance of energy
efficient technology, it must be noted that the human
operator of an off-highway vehicle has very significant
effect on the overall efficiency. Also the energy storage,
which is one of the most expensive components in the
hybrid vehicle, is difficult to be dimensioned without
studying the realistic work tasks with human operators in
a realistic work environment. To carry out this with a real
machine prototype is very expensive and timeconsuming. VR environment provides a really cost
effective tool for such design. Determining the peak
power of combustion engine is a similar issue.
The aim of the present article is to study the process of
using the VR environment with a real-time simulator for
assessing effects of human operators on the life-cycle
efficiency of working vehicles. A small test group
performed certain work cycle in VR environment.
Factors related to life-cycle efficiency were defined,
calculated and compared between the participants.
The work cycle was to transport a pile of rocks to the
dumping place in a virtual underground mine
environment with a mining loader. The virtual mining
loader used in this study is illustrated in Fig. 1.
The simulation results show that the effect of the
human operator on the life-cycle cost of the mining
loader can be assessed in a VR environment. The factors
calculated from data show significant variation between
test drivers. The results are compared with those
presented in literature. Understanding the effects of
human operator to the system enables better optimisation
of vehicles during product development.
The paper is organized as follows. First, the R&D
process utilising VR based simulator is described in
general. Then, the detailed process to assess effects of
human operators on the working machine is described. In
the following chapter, a test case that follows the
previously described processes is presented. Finally, the
results are presented together with discussion and
conclusions. The novelty of the present study is in the
demonstration of capabilities of very advanced virtual 3D environment equipped with a physically adequate
multibody simulation model to track the variations in
performance of work tasks between individual test
drivers on the basis of a number of measures.

Fig. 1. Illustration of virtual LHD

Fig. 2. Ideal VR based R&D process of working machine

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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In the boom structure, a hydraulic lift cylinder adjusts
the height of the bucket and a tilt cylinder actuates the
inclination of the bucket. Due to the geometry of the
boom structure, the lift cylinder also has a slight effect on
the bucket inclination.
The LHD includes a conventional mechanical
driveline consisting of diesel engine, torque converter,
gearbox, differentials and planetary gears. The model of
the diesel engine is based on the engine with
displacement of 7.2 litres and power of 220 kW. The
simulated mining loader has a bucket with a volume of
4.6 m3. The weight of the loader in operating condition
is 26 000 kg. The hauling capacity is 10 000 kg.
III.3. Simulation of Mining Loader

T

R

EP
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Fig. 3. Process for assessing effects of human operators
on the vehicle in VR

The laboratory includes four 3D screens, a six degreeof-freedom (DOF) multipurpose motion platform, an
optical user’s head tracking system, typical controllers of
real off-highway vehicles, a surround stereo system, and
hardware for creating high frequency vibrations. The
simulation laboratory is illustrated in Fig. 4. More
detailed description can be found in [2].

The real-time simulation software used in the research
has been under development since 2002 [3]. The
software is an accurate high performance tool for realtime multibody simulation of complex machines coupled
with additional functionality, such as modelling of
hydraulics, particle systems and connections with real
controlling hardware. The software includes features for
visualisation of the virtual environment and the
simulation data, as well. Simulation models can be
created by using the graphical user interface.
In the core of the dynamic solver, the formulations are
based on the Newton–Euler equations. The description of
the dynamics of mechanical parts is based on Eq. (1) [3]:

Fig. 4. Overview of the simulation laboratory

III.2. Mining Loader

As a test case, an underground mining loader is
studied. The simulation model of the LHD includes
accurate models of all the essential parts of power
transmission, such as fluid power system and mechanical
driveline. LHDs are structurally very close to wheel
loaders that are commonly used for surface mining and
earth moving. The loader consists of a rear-body and
front-body which are connected to each other by an
articulated joint. Steering of the loader is implemented by
rotating the articulated joint using hydraulic cylinders. At
the front end the LHD has a boom structure that is used
to move and to actuate the bucket.

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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(1)

where q is the vector of n generalized coordinates which
define the position and orientation of each body in the
system, M is the mass matrix, Qe is the vector of
generalized forces, Qv is the quadratic velocity vector
that includes velocity-dependent inertia forces, and Qc is
the vector of constraint forces related to a chosen set of
generalized coordinates [3], [5].
The fluid power system of the mining loader consists
of hydraulic pumps, cylinders and valves, which are
connected to each other by the pipeline. The fluid power
system is used for steering the articulated joint and for
actuating the boom structure of the bucket.
The simulation model of the fluid power system is
based on the assumption that the pressure is evenly
distributed in control volumes [11]-[14]. Fig. 5 illustrates
how a simple fluid power circuit with the valvecontrolled double-acting cylinder is divided into control
volumes.
The pressure build-up in each control volume can be
described by the conventional continuity equation (2) by
Merritt [11]:
B
(2)
p  e  Q in  Qout  V
V





where p is the first time derivative of pressure, Be is the
effective bulk modulus of the volume, V is the studied
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volume, Qin and Qout are volume flows in and out of the
volume. V describes the alternation of the control
volume, e.g. actuator movement.

Fig. 5. Simple fluid power circuit divided in control volumes [14]
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III.4. Selection of Variables
Depending on the complexity of the simulation model
thousands or even millions of variables are available
from the simulation. It is not possible or reasonable to
log all the data available. Depending on the working
cycle and the amount of test drivers the user tests can
take several hours. It is important to consider carefully
that all the relevant variables are logged, in other case
user tests need to be run again. Some variables may not
be directly available from the simulation. In that case, the
variables need to be derived from the available ones or
an alternative method to assess the issue must be found.
In Table I is presented the variables selected to
indicate life-cycle efficiency of the loader in the current
test case.

T

Models
of
mechanical
power
transmission
components are based on well known analytic
mathematical equations.

The number of collisions evidently affects the
durability and service costs of the machine. In addition,
the speed of the collisions is an important factor as it
determines the momentum of the machine during the
collision; the higher the momentum, the greater the
probability of the damage. Serious damage requires extra
maintenance, which has a negative effect on the lifecycle costs.
Selection of factors indicating energy consumption
such as diesel power and fuel consumption is trivial but
selection of factors indicating durability, fault probability
and so on is more complex.
Stress in critical parts of the mechanical structure is in
proportion to the forces to which the part is subjected.
The stress history determines the fatigue life time of the
structure. Reliable real-time stress analysis techniques
are still under research and development [15].
Stress history would be possible to assess and to
analyse by logging constraint forces or deformations of
bodies and by performing finite element (FE) analysis
later [16].
At the current study cylinder force history was
considered sufficiently accurate for relative comparison
of participants. The root mean square (RMS) values of
cylinder forces are calculated to create factors indicating
durability of the boom, which is one of the critical
mechanical structures. The RMS of the cylinder force is
calculated by Eq. (3):

R

TABLE I
VARIABLES SELECTED TO LOG FROM SIMULATION
Available directly
Variable
from simulation
Simulation time
Yes
Diesel engine power output
Yes
Total Energy Consumption
Yes
Collisions against the mine walls
Yes
Hydraulic forces of lift and tilt cylinders
Yes
RMS of Cylinder Forces
No
Working Productivity
No
Structural stresses on critical
No
components

The engine output power equals to the angular
velocity and the torque of the output shaft at the time
step. The energy consumption is energy output from the
diesel engine and does not take the efficiency of the
engine into account. The productivity can be described as
the amount of rocks transported by a litre of fuel or as the
amount of rocks transported in an hour. The productivity
indicators are calculated based on the energy
consumption, simulation time and amount of transported
rocks.
Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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N

(3)

where Fk is the cylinder force at each time step and N is
number of time steps.
III.5. Design of Working Cycle

To compare results of several test drivers, the working
cycle of the user tests must be fixed. In the real world the
working vehicles carry out varying tasks which often can
be divided into subtasks. When planning the work cycle,
it must be considered which results in each situation need
to be found. This helps to define the correct work cycle
for simulator tests.
For the case study a work cycle that is the most typical
for the real loader is selected. The test drivers are
supposed to move a fixed-sized pile of rocks from
loading point to the dumping point.
Fig. 6 illustrates the route in the virtual mine. The
starting point is in the upper left corner. Loading point is
located in the upper right corner and dumping point in
the lower right corner. The dumping point is located 14.5
m lower level than the loading point. Distance between
the loading and dumping points is approximately 110 m.
The volume of the rock pile was approximately 11m3,
corresponding to 27 000 kg of rocks. After the whole
rock pile has been hauled to the dumping point, the
loader is parked next to the dumping point.
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The histograms present the mean values and the
standard deviations of the two test runs for each
participant. Significant variation between participants
was found.
IV.1. Energy Consumption
The total energy consumption and the average rate of
fuel consumption are illustrated in Figs. 7.
(a)

(b)

III.6. Test Group

2
0

1

15
10
5

2 3 4 5
Participant

0

1

2 3 4 5
Participant

Figs. 7. Consumptions: (a) Total energy consumption
(b) average rate of fuel consumption

The energy content of diesel fuel varies around 10
kWh / litre [20]. The efficiency of a heavy-duty diesel
engine varies typically between 25 and 45 percent
depending on the operating point [21]. Specific
assessment of the engine efficiency on every time step is
excluded and the average efficiency of the diesel engine
is assumed to be 34 percent during the task. The energy
consumption was converted to fuel consumption, which
indicates the amount of fuel consumed in an hour. The
highest fuel consumption was 14.8 litres / hour
(Participant 2, Run 2). The mean fuel consumption of all
the runs was 8.3 l/h.
A strong linear correlation between engine power,
load factor and fuel consumption has been found [22].
Many off-highway working vehicles are structurally
relative similar, although configurations vary because the
machines are developed for different tasks.
Unfortunately, the amount of data of fuel consumption of
construction vehicles publicly available is limited. Thus,
it is justified to compare the energy consumption results
of this study to several different type of working
machines. Achieved results of fuel consumption are
compared to data available for excavators, bulldozers and
wheel loaders, which are all structurally close to the
mining loader. The consumption rates compared based
on the amount of fuel consumed in an hour. The
variations in hauling distances and in ore in question
have the effect on the fuel consumption.
Wheel loaders with diesel engines of around 100 kW
and displacement of 5.9 litres have been reported to
consume from 3.0 to 6.4 litres per hour, while the load
factor of the engines varied within a range of 9 to 25
percent. The loaders were run in a real working
environment for approximately 119 hours using
petroleum diesel [23]. While considering approximately
the same sized engine as used in this study bulldozer

EP

R

Selection of tests drivers has influence on the results,
especially when the effect of human operator on the
vehicle is studied. Size of the group and participants’
experience levels should be considered carefully to
achieve statistically valid results.
In this study, the test group is relatively small
consisting of five male participants who performed the
same task in the virtual mine. The mean age of the group
was 28.6 years and the standard deviation 4.22. Table II
presents the experience levels of the participants.
The objective was to study the process of using a VR
environment for assessing effects of operators so larger
group was not considered to be necessary.

4

IN

All the test persons performed the same task. Each
person performed the task twice and had a 15 minute
break between the runs. The task was divided into two
sub tasks to lower the probability of cyber-sickness, i.e.,
symptoms of motion sickness. Researchers have
suggested two different reasons for cyber-sickness.
The first theory is based on conflicting cues and the
second theory is based on postural instability [17]-[19].

6

T

Fig. 6. Route of the testing task

Fuel Consumption [l / h]

Total Energy [kWh]

20

R

TABLE II
EXPERIENCE LEVELS OF THE PARTICIPANTS
Participant
VR
Off-highway
ID
experience
vehicle experience
1
Novice
Competent
2
Expert
Novice
3
Competent
Expert
4
Novice
Competent
5
Novice
Expert

Prior to the study, the participants gained familiarity
with the simulator in order to be able to perform the task
fluently. Participant 4 suffered from a bout of cybersickness during the test. However, he was able to
perform the test to the end.

IV.

Results of Simulation

The results are illustrated by histograms and time
domain curves.
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International Review on Modelling and Simulations, Vol. 6, N. 5

1633

Lauri O. Luostarinen, Heikki Handroos

average amounts of rocks in cubic meters that
participants were able to transport with one litre of fuel.

consumption is reported to be below 20 l/h at loading
factor less than 35% [22]. It has been found that an
excavator with an engine size close to the size of the
engine simulated in this research consumes from 8,7 to
23,8 litres of fuel per hour depending on the operating
mode [24].
Based on the reference data reviewed above the
energy consumption results of this study are reasonable.
The values may not be absolutely correct with real world
values, but the accuracy of the fuel consumption data is
adequate for comparison of the performances of the
participants and to find the most efficient and productive
operating style.

1200
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Fig. 9. Total time for completion of the task

IV.2. Diesel Engine Load Factor
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Figs. 10. Productivity: (a) as function of time
(b) as function of fuel consumption
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IV.5. Cylinder Forces
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The mean values of RMS forces of lift and tilt
cylinders are presented in Figs. 11. The force sums are in
relation to the stress history, maintenance need and
fatigue life time of the boom structure.
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Figs. 8. Diesel engine load factors: (a) the lowest loading
(b) the highest loading

IV.4. Productivity
Two indicators of productivity are calculated with
respect to the amount of consumed energy and time used
for performing the task. Figs. 10 illustrate the average
rates at which participants transported the rocks and the
Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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IV.3. Total Time

Times elapsed in work cycle are illustrated in Figs. 9
for every participant. The results show that Participant
two performed the task fastest, and consumed the
greatest amount of fuel. On the other hand, Participant
one used the longest time to complete the task but failed
to have the smallest energy consumption.
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The load factors of the diesel engine was calculated
based on the angular speed and torque of engine output
shaft, which results to the current output power of the
engine. The output power is divided by maximum power
of the engine to get the load factor.
Analysis of load factor data reveals that the engine
loading was very low during the task. It was observed
that the participants were driving relatively carefully and
slowly.
Participant 2 had exceptional high engine loading
compared to the other drivers. As an example of the
engine loadings, the lowest and the highest loading
curves are presented in Figs. 8.

1
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x 10

(b)
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Figs. 11. RMS force values: (a) lift cylinder; (b) tilt cylinder

IV.6. Collisions
Collisions of the front-body were significantly less
frequent than collisions of the rear-body. The mean value
of the collision speeds between the front-body and the
mine was 1.25 m/s. The mean values of collision speeds
between rear-body and mine walls are presented in Figs.
12 for each participant. The total numbers of collisions
during the test run are presented as numeric values inside
the bars.
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However, the model is based on physical equations
which are widely acknowledged in literature. The
accuracy of the model is adequate for comparing
differences between human operators, even though
absolutely accurate numerical results were not obtained.
User experience in the VR environment of this study
has not been verified by driving the tests using the real
machine.
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VI.

Discussion
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Collisions between the bucket and the mine occur
whenever the rocks are loaded into the bucket. Therefore,
slow bucket collisions were very common. Hard
collisions (over 0.5 m/s) between the bucket and the
mine were uncommon.
The collision data shows that the driving style of some
participants is more expensive with respect to the lifecycle cost than the style of most of the participants. Real
world data of the correlation between the collision speed
and maintenance need was not available. The results
show that the tendency of the operator to collide can be
found in VR environment.

T

Figs. 12. Collisions of the rear-body against the mine walls:
(a) during the first test runs; (b) during the second runs

R

EP

The case study was carried out by taking advantage of
the R&D processes introduced in this article. The
comparisons of the attained simulation data show
significant variation between the participants.
One general meter indicating human effect on the lifecycle efficiency seems to be impossible to define because
the human operator influences to number of factors such
as energy consumption, productivity, stress history,
fatigue life time and maintenance need of the machine.
The process introduced previously provides the
method to find relative differences between participants
or technical solutions. This requires that only the variable
of interest is changed and other conditions in simulator
are maintained unchanged.
V.1.

Conclusion

The process of using VR environment for assessing
effects of human operators on the life-cycle efficiency of
working vehicles was introduced and realized. The
methods used for this research can be applied to most of
the off-highway working vehicles because the machines
typically have much similarity. VR is an effective tool in
assessing the variations in driving styles of human
operators. The biggest benefit of using VR environment
is the possibility to provide constant conditions for all
participants, ensuring comparability of the results. The
off-highway working vehicle manufacturers may gain
considerable benefits by taking advantage of VR.
More research needs to be carried out for better
understanding of the effect of the human operator on the
working vehicles. Further research could aim to create
guidelines about how to optimize the driving style of offhighway working machines. Development of more
efficient technology and mitigation of the impact of
human operators on the life-cycle cost are both areas
worthy of further investigation when developing the
future working vehicles.
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Development of Control Interface for HIL Simulation
of Electro-Hydraulic Energy Converter
Lauri O. Luostarinen, Rafael Åman, Heikki Handroos
Abstract – High energy efficiency has become an important topic in the world of off-highway
working vehicles because of environmental and economic demands. Hardware-in-the-loop (HIL)
simulation is a cost effective and powerful tool to study novel energy efficient power transmission
solutions of working vehicles. HIL simulation enables comprehensive testing of novel hardware
components and subsystems without the presence of the whole experimental working vehicle. The
objective of this article is to develop a control interface for HIL simulation of electro-hydraulic
energy converter (IEHEC). IEHEC consists of a hydraulic pump-motor and an integrated
electrical permanent magnet synchronous motor-generator. IEHEC is capable to reduce power
losses compared to conventional valve controlled fluid power systems. An energy recovery of
potential and kinetic energies is also possible using IEHEC. In this article, alternative HIL control
interfaces were studied experimentally. The results of HIL simulations were compared to reference
results obtained from completely virtual simulations. The results show that a functional and
accurate control interface was found. The developed interface will be used in the future to test the
suitability of IEHEC for different working machines. Copyright © 2014 Praise Worthy Prize S.r.l.
- All rights reserved.

Keywords: Hardware-In-The-Loop, Hybrid Power Transmission, Interface, Simulation, Working
Machine

I.

to improve the energy efficiency aspects mentioned
above. The key component of IEHEC is newly designed
liquid cooled electrical machine in which hydraulic fluid
can be used as cooling media. Liquid cooling enables to
reduce the dimensions of the electrical machine and thus
increase the power density [2]. Suitable places for
IEHEC in working vehicles are all actuators that carry
out work cycle in which the kinetic or potential energy is
available for recovery e.g. lifting cylinders in cranes and
grippers that tend to open by the payload mass and
gravity [3].
Fig. 1 shows an example of the main power
transmission system of an off-highway working vehicle
together with the integrated electro-hydraulic actuator
system. System in question follows serial hybrid
transmission line architecture and it offers the possibility
to recover the potential energy into electrical form to be
stored in electrical energy storage [1].

Introduction

Off-highway working vehicles are used for various
tasks e.g. for extracting and harvesting natural resources.
They are essential for current standard of living. High
energy efficiency of the working machines ensures the
competitiveness
of
the
manufacturers
under
environmental and economic pressure.
Power transmissions of working machines are
typically based on fluid power systems. The key
advantage of the fluid power systems is the high power
density but the energy efficiency of the systems has a
potential to be improved significantly.
Normally, the fluid power transmission lines are
flexible hoses and pipes of small diameter which cause
remarkable power losses. In many applications
remarkable energy losses occur also because of the lack
of energy recovery e.g. during the lowering of the
payload. The directional control valves of the
conventional fluid power systems also cause power
losses. An improvement in the poor energy efficiency of
the conventional fluid power systems can be achieved by
an electro-hydraulic hybrid technology which enables the
power transmission using electric lines and the recovery
of the releasing potential or kinetic energy. In the
electrical cables the power losses are negligible in
comparison to the losses occurring in the hydraulic
transmission lines [1]. In this article an integrated
electro-hydraulic energy converter (IEHEC) is proposed

Fig. 1. Structure of a hybrid power transmission using IEHEC
to operate a cylinder [2]
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After careful simulations of IEHEC, a physical
prototype was manufactured. The testing of the prototype
was started by efficiency and characteristic
measurements. [2] The next step is to test functionality of
IEHEC as a component of working machines and to find
suitable applications for IEHEC. This will be carried out
using hardware-in-the-loop (HIL) simulation. This article
describes the work carried out to enable the HIL testing.
HIL simulation is an important tool to reduce
development time and to ensure reliability and safety of
complex components and systems [4]. In HIL simulation
the real constraints (e.g. sensor accuracy, signal noise,
sampling period of an embedded controller, modulation
frequency and fault operations) of the hardware are taken
into account in the simulation loop [5]. Studies related to
integration of virtual prototyping, HIL simulation, and
human-in-the-loop simulation into R&D processes has
been published recently with promising results [6],[7].
Modern working machines are equipped with
intelligent control systems and the machines can be
decomposed into subsystems: the embedded controller,
the power electronics set, the actuator and the mechanical
power transmission. HIL simulation can be applied to the
subsystems at three different levels.
In the first case, the embedded controller is under test.
The simulation of the other parts (power electronics,
actuators, mechanical power transmission and
mechanical load) is carried out in real-time by virtual
models. A signal conditioning board is required to enable
communication between the simulation and the controller
board under test. The embedded controller is working as
it were connected into a real machine. This method can
be called “signal level HIL simulation” [5]. The signal
level HIL simulation has been often employed in
aerospace and automotive applications for assessment of
controller boards [8].
In the second case (power level HIL simulation), in
addition to the embedded controller, also power
electronics are tested. The other parts are simulated.
Control signals and power variables are transferred
between the hardware and the virtual model. A second
power electronics set must be connected to the virtual
simulation to provide the load for the power electronics
under test [5].
In the last case (mechanical level HIL simulation), the
whole drive (control, power electronics and actuator) is
evaluated. The mechanical construction of the working
machine is simulated. The subsystems of the drive under
test are connected normally as in a real machine. Another
actuator is often used to provide mechanical load for the
actuator under test. The reference signal for the loading
actuator is from the simulation model. The mechanical
response of the actuator under test is returned to the
simulation model [5].
Appropriate control interface of the HIL simulation
depends on the system in question. For the mechanical
level HIL simulation the suitable physical parameters for
the control interface can be e.g. position, velocity,
acceleration or force.

The load machine has typically force or velocity servo
control (torque and rotational velocity servo control for
rotational systems). In some cases, the selection of the
control interface depends on the operation mode of the
system [9]-[16].
A reliable study of working machines using
mechanical level HIL simulation requires running of an
accurate simulation model of the machine on real-time.
Multibody simulation approach has been applied to
generate real-time models for HIL-simulations [10],[17].
Versatile real-time simulation software with user-friendly
graphical modelling features is an important tool in rapid
development of accurate mechanical level HIL
simulation setups.
Inverse dynamics (ID) is a classical method to solve
the input force of a model if the desired motion is known
[18]-[20]. Thus, ID extends the possible control
interfaces of HIL simulation setups. Real-time ID
solution of a complex multibody system is a problematic
task and requires a lot of computing power [21].
Availability of versatile real-time multibody modelling
and simulation software with ID solver is very limited on
the market. Thus, the experimental HIL simulation tests
were not carried out using ID.
This paper is organized as follows. First, the
integrated electro-hydraulic energy converter (IEHEC) is
introduced. Then, simulation models and a test rig are
described. In the following chapter, three alternative HIL
simulation control interfaces are introduced. Finally, the
results are presented together with discussion and
conclusions.
This article introduces an experimental study to
develop a HIL simulation control interface for electrohydraulic actuator system. Based on the results a
functional and reliable interface was found. The
developed HIL simulation setup enables further research,
in which suitability of the electro-hydraulic actuator
system for different working vehicles will be studied.

II.

IEHEC

IEHEC is the principal component of the studied
hybrid actuator system (Fig. 2). The energy converter
consists of a hydraulic pump-motor and an integrated
electrical permanent magnet synchronous motorgenerator [3].

Fig. 2. Prototype of IEHEC
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generalized forces, Qv is the quadratic velocity vector
that includes velocity-dependent inertia forces, and Qc is
the vector of constraint forces related to a chosen set of
generalized coordinates [25],[26].
The main dimensions and the locations of the lifting
cylinder and the load of the simulated log crane are
shown in Fig. 4. The total mass of the crane without the
load is 800 kg and the mass of the logs in the grapple is
260kg.

Integrated energy converter can be driven in all fourquadrant modes. Thus, it can produce the hydraulic
power required by the actuator or recover the energy
released by the actuator mechanism [3].
Fig. 3 shows the circuit diagram of the electrohydraulic hybrid actuator system. The hydraulic machine
is directly driven by an electrical motor. The pumpcontrolled fluid power systems have many advantages of
which the biggest is the reduction of hydraulic losses in
comparison to the conventional directional valve
operated systems. Unfortunately, these systems have also
disadvantages.
Asymmetric hydraulic cylinder is a commonly used
component in producing forces and movements in
working vehicles. Together with a pump-controlled fluid
power system asymmetric cylinder can cause problems
due to the differential volumes in the chambers. Pumpcontrolled systems are commonly operated in a closedloop, where it is essential to maintain the even volume
flows in the input and output ports of the pump.
The uneven volume flows can be balanced by pilot
operated check valves (Fig. 3) [1], [22]-[24].

Fig. 4. Log crane

Completely virtual simulations are run to obtain
reference results for the HIL simulations. The fluid
power circuit including IEHEC is modeled by Simulink.
The same multibody model is used for the virtual and
HIL simulations.
The simulation model of fluid power system is based
on lumped parameter modelling method [27]. The valve,
pump and cylinder models calculate the incoming and
outgoing flows which are used in the volume models to
calculate the associated pressures according to Equation
(2) [28]:
Fig. 3. Electro-hydraulic hybrid actuator system

p 

III. Simulation of IEHEC operating the
Lifting Cylinder of a Log Crane

  Qin   Qout  V 

(2)

where p is the first time derivative of pressure, Be is the
effective bulk modulus of the studied system, V is the
studied model, Qin and Qout are volume flows in and out
of the volume, and V is the alternation of the physical
volume in a component as a function of time, e.g.
actuator on movement. In the virtual simulations the
multibody model and the fluid power circuit model are
run synchronously. The position and the speed of the
lifting cylinder are inputted from multibody system into
the fluid power model and the force is returned from the
fluid power model into the multibody system (Fig. 5).
The interface of the virtual simulation is commonly
used. Thus, the results of virtual simulations are used as
reference for HIL simulation results.

In this chapter simulation models, a test rig and the
HIL simulation control interfaces are introduced.
III.1. Modelling
As a case study, a log crane (Fig. 4) is modelled using
high performance real-time simulation software which
has been under development since 2002. The software
has been optimised for modelling and simulation of offhighway working vehicles. In the core of the dynamic
solver, the formulations are based on the Newton–Euler
equations. The description of the dynamics of mechanical
parts is based on Eq. (1) [25]:

Mq  Q c  Q e  Q v

Be
V

(1)
III.2. Test Rig

where q is the vector of n generalized coordinates which
define the position and orientation of each body in the
system, M is the mass matrix, Qe is the vector of

The test rig enables testing IEHEC as a part of virtual
working vehicle by means of HIL simulation in two
operating modes.
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The scaling of the force and motion signals enables
correct pressure level and rotational speed for the IEHEC
in spite of the different cylinder sizes.
The effect of the cylinder size to the cylinder friction
and damping is ignored. However, when the cylinder
sizes are relatively close to each other the error is not
significant.
III.3. HIL Simulations Control Interfaces
Three alternative control interfaces were studied to
connect the electro-hydraulic actuator hardware into the
multibody simulation model of the log crane. Two
separated computers are used in all the setups.
One computer is equipped with Dspace real-time
controller board which is dedicated for real-time control
of the hardware. Another computer is dedicated for
running the multibody model and a script handling the
data between the simulation model and the controller of
the hardware. With the structure of two separated
computers the safety functions of the physical hardware
can be guaranteed easier. Data connections of the HIL
simulation setups are illustrated in Fig. 7.

Fig. 5. Connections of the simulation models [22]

The first operating mode is the work cycle mode using
the electric machine of IEHEC as motor connected to the
hydraulic pump. The other mode is the energy recovery
mode while direction of operation is reversed. [29] The
test rig is illustrated in Fig. 6.

Fig. 7. Data connections

The test rig simulates the lifting cylinder of the log
crane. The other actuators of the virtual log crane were
not actuated during the experimental tests. The load was
hold continuously in the log grapple. An example of the
IEHEC control signal used in experimental tests is shown
in Fig. 8.

Fig. 6. Test rig

Rotational speed [rpm]

The loading cylinder is controlled by high bandwidth
proportional cartridge valves. The rotational speed
reference of the IEHEC is the input that makes the
system move. The speed reference is inputted to the
frequency inverter that is driving IEHEC’s electrical
machine.
Sometimes small-rate power systems are firstly used
to validate control algorithms before implementation on a
full-rate power system [5]. In this study, the loading
cylinder of the test rig is capable to produce only fifty
percent of the maximum lifting cylinder force of the log
crane. The problem was overcome by down scaling the
force of the multibody model by fifty percent before
realizing the force by the loading cylinder and vice versa.
Because the main objective of the study is to study HIL
simulation control interfaces, the down scaling of the
force is acceptable.
Dimensions of hydraulic cylinders in different
working machines have significant variations. To avoid
the need for changing the working cylinder of the test rig
every time the cylinder size of the simulated working
machine is changed the signals sent through the control
interface are scaled. The scaling factor is the ratio of the
areas of the test rig working cylinder’s piston and the
working machine’s piston.

500

0

-500
0

5

10

15
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Fig. 8. Rotational speed reference signal of IEHEC

In the first control interface the signal of force sensor
connected between the working cylinder and the loading
cylinder is the input into the multibody simulation. The
piston velocity is returned from the multibody simulation
and the velocity is used as a reference value for the
loading cylinder. The loading cylinder is closed loop
velocity controlled. The connections of the first interface
are shown in Fig. 9.
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The results of these resimulations are used to verify
the results of HIL simulations. Completely virtual
simulations were also run to obtain more basis of
comparison for the results of the HIL simulations.
Control interface 1
Cylinder force and piston velocity of the lifting
cylinder of the multibody model during the HIL
simulation and the virtual simulation are shown in Fig.
11 and Fig. 12.
4

x 10

Virtual
HIL

Force [N]

-4

Fig. 9. Connections between the multibody simulation and the
hardware in the first interface option

In the second and the third control interfaces the
loading cylinder is controlled by a closed loop force
controller. The reference signal of the servo controller is
the force acting in the multibody model.
The input force of the multibody simulation is
calculated by closed loop proportional-integral-derivative
(PID) controllers (Fig. 10).
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Fig. 11. Cylinder force using the first control interface
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Fig. 12. Piston velocity using the first control interface

With the current hardware the first method was found
problematic. In theory the method is correct but the
experimental tests revealed that the inertia and the
friction of the components of the test rig cause force
peaks when the direction of the movement is changed.
The peaks in the force sensor signal rise over the
correct level. Thus, the peaks are causing too high piston
velocity in the multibody model. Because of stability
problems the first control interface was tested at lower
velocity than the others.

Fig. 10. Connections between the multibody simulation and the
hardware in the second and the third interface options

The controller of the second setup calculates the input
force based on the velocity difference of the test rig and
the multibody model. In the third control interface
option, one controller is calculating a velocity reference
signal based on the position difference of the test rig and
the multibody model.
Another controller is calculating the input force based
on the calculated velocity reference and the velocity of
the multibody model.

IV.

Control interface 2
Cylinder force and piston velocity of the lifting
cylinder of the multibody model using the HIL
simulation, the virtual simulation and the resimulation
are shown in Fig. 13 and Fig. 14.
The second control interface achieves very high
accuracy compared to the first interface option. The
cylinder force and piston velocity are close to the results
of the virtual simulation. Noticeable vibration appears in
the cylinder force. The velocity of the resimulation
indicates that the force signal has a slight inaccuracy.
The mechanical power of the lifting cylinder in the
cases of the HIL simulation and the virtual simulation are
shown in Fig. 15.

Results and Analysis

In the case of second and third control interfaces the
input force signals of the multibody model calculated by
the PID controllers were saved during the HIL
simulations. Forward dynamic simulations were run
again by feeding the saved force signal into the
multibody.
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Fig. 13. Cylinder force using the second control interface
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The vibration of the cylinder force is significantly
lower compared to the second interface option.
Otherwise the accuracy of the cylinder force is at the
same level than using the second interface. The piston
velocity of the HIL simulation has small peaks which
duration is approximately one simulation time step. The
peaks are probably originating from the sensor noise
which is amplified by the numerical noise during the
simulation. The piston velocity of the resimulation
follows the other velocity signals with a high accuracy.
The mechanical power of the lifting cylinder in the
cases of the HIL simulation and the virtual simulation are
shown in Fig. 18. The mechanical power of the working
cylinder connected to IEHEC is also shown.
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Fig. 17. Piston velocity using the third control interface
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Fig. 14. Piston velocity using the second control interface
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The mechanical power of the working cylinder
connected to IEHEC is also illustrated. All the three
curves are close to each other.
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Conclusion

Alternative control interfaces for HIL simulation of
working machine operated by IEHEC were studied. The
third control interface option introduced in this article
was found to be functional, reliable and the most
accurate. Future work will include simulation of real
working cycles of the log crane and to find out the actual
energy saving potential compared to the conventional
valve controlled fluid power circuit. The energy
efficiency of the IEHEC at different working cycles will
be analyzed. The HIL simulation setup will be used for
finding suitable applications for IEHEC in working
machines.
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Fig. 18. Mechanical power using the third control interface

Control interface 3
Cylinder force and piston velocity of the lifting
cylinder of the multibody model using the HIL
simulation, the virtual simulation and the resimulation
are shown in Fig. 16 and Fig. 17.
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Fig. 15. Mechanical cylinder power using the second control interface
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