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On-board intelligent predictive maintenance tools to avoid sudden breakdown of components can increase the
reliability of a system. It is often difficult to anticipate failure modes and to fabricate faults in an actual working
system for the developing of condition monitoring. In this paper, a multi-physics co-simulation model of an electric
reach truck is proposed as a tool for generating training data for Al based condition monitoring. The co-simulation is
established using three different software platforms: Mevea for real-time multi-body dynamics and animation,
AMESim for hydraulic components, and Simulink for control and electric drive model. The co-simulation model is
successfully validated by comparing the simulation and measured data.
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1 Introduction and Background

Electric reach trucks are widely used in narrow aisle warehouses to carry and stack goods. Working hydraulics is an
integral subsystem of the reach truck. However, hydraulic components (in addition to electric components) can be subject
to failure due to wear, contamination of oil, or manufacturing errors. The typical hydraulic failure scenario of a reach truck
includes leakages in various components such as hoses, pumps, cylinder, and valves. This affects the performance of the reach
truck and can be detected by monitoring the pressures at actuator ports [1], vibration response [2], friction torque [3], force [4],
the motor speed requirement that increases when there is an internal leakage in the system, and rising motor current due to
abnormal friction [5]. Thus, an on-board preventive/predictive maintenance tool — that is implemented on a PLC or edge
controller — to avoid sudden breakdown of components or excessive leakages that can increase the system reliability
and reduce downtime by indicating faulty conditions to an operator or to a supervisory level cloud like SCADA
should be implemented. Conventional condition monitoring uses sensors extensively [6] to monitor a system in real
time utilizing data that contains information regarding several failure modes [7]. Majority of novel condition-
monitoring methods are based on advanced control such as stochastic observers [8] and artificial intelligence (Al),
such as neural networks (NN) and machine learning [9]. One of the most utilized advanced condition-monitoring
methods is model-based condition monitoring. This class of condition monitoring utilizes dynamic mathematical
models of components or whole systems, and data from sensors for determination of real-time system states. As an
example, model-based condition monitoring of a hydraulic servo valve is represented in [10]. In this study, pressure,
spool-position and coil-current sensor signals are used to determine several types of valve fault. Another example
utilizes flow and pressure sensors in a hydraulic system and a mathematical estimator for calculating further system
states, which are required for the valve-condition evaluation [11]. Such a method uses complex mathematical
calculations. In [12], complex mathematical models are avoided by utilizing neural networks and/or fuzzy logic for

condition monitoring; however, extensive training data is required in such a case.

Overall, modern Al-based condition monitoring methods are data hungry. Consequently, labelled data of healthy and
faulty conditions is required extensively. It is often difficult to anticipate failure modes and to fabricate faults in an
actual working system to generate data for pre-set conditions. To overcome this challenge, various simulation
software has been explored widely. An example utilizing this approach is reported in [13], training data is obtained
from the simulation model of an electro-hydraulic servo system based on linear regression, which was validated using
a test rig. According to [13], that model-based data can be used for training Al-based condition monitoring.
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Drawbacks of this approach are the need for a high-fidelity model definition, long simulation times and tuned

simulation solver parameters.

Accurate and close to real condition simulation of hydraulic parts and systems can be realized by dedicated software
such as Simcenter AMESim and MATLAB. AMESim is often used in hydraulic simulation tasks. Authors in [14]
demonstrated utilization of the capability of AMESim simulating mechanics and hydraulics for hydraulic faults
modelling . However, for certain domains such as control signal flow other software tools might be more convenient
than AMEsim. Also co-simulation allows to combine the merits of different software tools. Such an example of
combining AMESim and MATLAB is represented in [15].

Most of the existing papers describe condition monitoring of separate components or sub-system only. However,
monitoring the whole system is not well investigated and it is required for further development of electrohydraulic
systems and detection of multi domain faults. This paper builds on the methods established in [5] and investigates
modelling capabilities for the establishment of multi-domain fault detection and classification methods. Exemplarily,
this paper presents a tool based on multi-physics co-simulation that creates training data for condition monitoring of
an electro-hydraulic reach truck. The reach truck model developed in this paper focuses on the main components of
the reach truck and its lifting function. A co-simulation model of an electric reach truck for lift function is modelled
using three complementing software tools: Mevea modeler for real-time multi-body dynamics simulation and
animation, Simcenter AMESim for 1D simulation of the hydraulic system and MATLAB/Simulink for control and
simulation of the Electric motor (EM).

The co-simulation model is validated by comparing the simulation and experimental data. The co-simulation model
closely represents the actual working conditions of the electric reach truck and will provide valuable data for further
investigation and implementation of condition monitoring. The remainder of the paper is organized as follows: The
reach truck Co-simulation model is introduced in Section 2. Section 3 describes the utilized experimental setup for this
study case in detail and data validation. Finally, Section 4 contains concluding remarks.

2 Methodology

Condition monitoring is to be implemented by utilizing data that is generated with the proposed tool. The co-
simulation structure is depicted in Figure 1. Mevea software is assigned as the controller, while both
MATLAB/Simulink and AMESim are agents.

Mevea and AMESim are connected through a shared memory area and a functional mock-up interface (FMI). The
purpose of the FMI standard is to allow simulation models to be shared across different software platforms [16].
Mevea and AMESim are connected through a functional mock- up unit (FMU) which is a zip archive that contains
XML-files and compiled C-code. The C-code contains the FMI that is created in AMESim, before it is wrapped in the
FMU and exported to Mevea. The FMU model serves as an agent software for the controller software to which the
FMU is connected. Mevea and Simulink are connected through a TCP/IP socket interface. Mevea modeler provides
interface as C files which are compiled in Matlab to mex-files. The mex-files work as Matlab functions which are
used in Simulink blocks to transfer data between Simulink and Mevea. The solvers of Mevea, MATLAB/Simulink,
and Amesim uses Runge Kutta method with a 0.2 ms, 0.1 ms and 0.05 ms timestep respectively for solving ordinary
differential equations.

The Mevea multibody dynamics model is introduced in section 2.1. Section 2.2 presents the electric drive model
realized in MATLAB/Simulink and the hydraulic AMESim model is introduced in section 2.3.

2.1 Multibody dynamics model

The multibody model of the reach truck is created in the Mevea Modeler software as shown in Figure 2. It contains
ready-made components with a list of parameters that are used to define their properties such as friction coefficients,
stiffness, or inertia. The components are used to define the kinematic chains that are actuated by the hydraulic
actuators. The rigid body geometries and inertia data are imported from a CAD model of the reach truck. The reach
truck consists of chassis, mast assembly with three-part mast, forks-carriage, forks, lifting chains, pulleys, and
hydraulic cylinders.
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Figure 2: CAD assembly of the electric reach truck.

The kinematic chain of the reach truck is presented in Figure 3. Bodies and constraints define the kinematic chain
which is actuated by components that contribute to load and are connected to the hydraulic model. Dummies define mass
and inertia for hydraulic cylinders. A simple drivetrain is modelled for the reach truck as well, but it is not investigated
in this paper. The lifting mechanism, which is the focus in this paper, consists of three-part mast — outer, middle, and
inner mass as depicted in the Figure 2 above,— chainwheel, lifting carriage and forks and it is driven by three hydraulic
cylinders. Rollers between inner and middle, and between middle and outer mast enable frictionless vertical movement
of inner and middle masts, whereas the outer mast always remains fixed. The primary lifting cylinder drives the
chainwheel in relation to the inner mast and two secondary lifting cylinders drive the middle-mast in relation to the
outer mast. Chains are used to connect the inner mast to the carriage and the outer mast to the inner mast via pulleys.
This has the effect of the primary cylinder indirectly driving the lifting carriage as well as the forks and the secondary
cylinders indirectly driving the inner mast.




The 13th International Fluid Power Conference, 13. IFK, June 13-15, 2022, Aachen, Germany

___ Constraint/
Body ‘ Dummy Force Rotpe_ Wheel Joint
PORSIOUN (Macallll Chain
R Pulley ========- P e
LoadWheel | LoadWheel i

1
1
el Right ! [PrimLifiCyl | [PrimLiftiston] !
1
1

SecLiftPistonLeft | il
J | SecLiftLeft i EnmanEii
= | 1

Ground M Fioating I Chassis ACETEETENE) | OuterMastAnd | NIEREEITE] MiddleMast rInnerMast iEElational }ChainWheel— Pulley

l ReachCarriage ‘

SecLiﬁRight—J
SecLiftPistonRight

Translational

Carriage

DriveWheel

EarkeAndF,
ForksAndrrame

Figure 3: Kinematic chain of reach truck Mevea model

2.2 Electric drive model and control

The model of the EM as a part of electric drive and its control is created in MATLAB/Simulink software. The EM, a
14-kW induction machine, is used to drive the hydraulic pump at a variable speed. The EM is modeled via differential
equations. A detailed description of utilized equations is represented in [17]. The EM is fed by the frequency
converter, which transforms the AC from one frequency and amplitude to AC with other parameters. Such
transformation is the main principle of electric motor control. The battery is not considered in this research and
consequently the operation is simplified by excluding DC-AC conversion which is typical for Electric reach truck.
Amplitude and frequency of the feeding currents and voltages are calculated at every moment with the help of a
negative-feedback control system. Vector control is used as a control system for the induction motor. Frequency
converter, induction motor, and control system are built via MATLAB/Simulink blocks. The structure of the model is
depicted in Figure 4.
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Figure 4: Structure of electric drive model (1-Inverter,2-Electric Motor).

The model of the electric drive has two input variables, a load torque coming from the hydraulic AMESim model
and a reference speed as a control input for the inverter. The output of the model is the simulated EM speed. Both
the digital co-simulation model and the physical reach truck are controlled with the same on-board joystick. The
physical reach truck is operated, and the flow, pressure, height, and joystick control values are measured with a data
acquisition system presented in Chapter 3. The same measured joystick control values run the digital co-simulation
through the Simulink as illustrated in Figure 5. Joystick control value is interpreted to electric motor speed in rpm
reference value and valve reference values for the hydraulic model in the controller block.
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Figure 5: Simulink model (electric drive control and co-simulation control) and Mevea Solver multi-body

simulation model run simultaneously.

2.3 Hydraulic Model

Simcenter AMESim is used to develop a one dimensional hydraulic simulation model by the means of pre-defined
hydraulic components. The simulation model developed in AMESim is illustrated in Figure 6; it represents the actual
hydraulic setup on the reach truck. The system consists of three cylinders; one primary cylinder (PC) and two
secondary cylinders (SC). Cylinder diameters and kinematics are such that the primary cylinder is driven on lower
pressure than the secondary cylinders. Therefore, the primary cylinder is extending to its end position before the
secondary cylinders start moving; for retraction/lowering, the sequence is reversed.

The prime mover is the EM that is modelled in MATLAB/Simulink. EM is connected to a fixed-displacement pump
with an orifice in parallel, which models internal leakage gaps. For the cylinder extension movements, the
hydraulically actuated 3/3-directional valve is switched to connect the pump to the cylinder, and pump control is
used; for the retraction movement, on the other hand, the pump remains still, and the directional valve is opened
continuously for valve-control of the movement. A pressure gauge is assuring that the pressure drop across the
directional valve remains constant during lowering, which makes the valve control load independent. The check
valves prevent the pressure gauge from influencing the extension movement, which is pump controlled. To achieve
control of the lifting and lowering speed, the operator signal, coming from a joystick, is used to control the electric
motor speed for extension and the valve opening ratio for retraction. Furthermore, a relief valve limits the maximum
pump pressure is modelled as well.

To generate co-simulation capabilities, a functional mock-up interface (FMI) is created in AMESim to send and
receive information between the simulation models that were built using different software. FMI is a standardized
way of defining a model and its interface in one container. It includes an XML file which contains a description of
the model, and the model itself is defined in C language, compiled for the target computer.

The FMI with eleven inputs and nine output variables is illustrated in Figure 7. The input variables of the FMI are
generated by AMEsim and are fed to Mevea. The output variables are generated by Mevea and Simulink
respectively and are fed to AMEsim. Motor Control, Control Right and Control Left are the output variables
generated by Simulink while the remaining output variables are generated in Mevea. The following section will
introduce the experimental setup utilized for validation of the proposed co-simulation model.
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Figure 6: Simcenter AMESim Hydraulic Simulation Model.
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Figure 7: Functional Mockup Interface Unit (FMI). “Inputs” refer to the data gathered from Amesim model,
while “Outputs” refer to the fed into the Amesim model.

3 Experimental Setup and Data Validation

The experimental setup consists of the original electric reach truck, added sensors, and a data acquisition system.
Figure 8 shows the photograph of the electric reach truck and the data acquisition system. The control and data
acquisition schematics of the experimental setup are shown in Figure 9. The sensors added to the system include a
height encoder, one pressure sensor, and two flow sensors. The height encoder is manufactured by SICK and has a
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measuring range of 0-10 meters. The pressure sensor is manufactured by Trafag and has a measuring range up to 400
bar. The flow sensor is manufactured by Kracht and has a measuring range between 0 — 80 L/min each.

The data acquisition is based on a National Instruments CompactRIO 9045 alongside two NI 9229 C series modules
with 4 channels each that are capable of simultaneous sampling at a rate of 50 kHz. The data acquisition hardware is
programmed using LabVIEW software. A LabVIEW Field-Programmable Gateway Arrays (FPGA) module is used
to take full advantage of the data acquisition module. The height sensor, two flow sensors, joystick control and
pressure sensor value are recorded using the data acquisition system. The experiment is carried out under no load
condition and with a sampling rate of 1 kHz. The duty cycle is lifting the forks of the reach truck and returning to
home position at various velocities.
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Figure 9: Structure of data acquisition.
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The data validation is carried out by comparing the measured results with simulation for three different scenarios.
Maximum, medium and varying velocity scenarios are utilized in this research. The height, flow, pressure, and
measured joystick control parameters are plotted for each scenario. A positive amplitude in joystick control indicates
lifting phase, and negative amplitude indicates lowering phase. The simulated and measured results for maximum
velocity during lifting and lowering are illustrated in Figure 10. The simulated and measured results are well aligned
for the height and flow. Noticeable oscillation in the pressure value before the lifting phase starts can be observed.
However, the value stabilizes during the operating cycle. The oscillation at the start is due to the limitations in

simulation settings which does not allow zero gauge pressure in the cylinder chamber. Overall, the simulation model
performs well and reacts perfectly with the measured joystick control values.
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Figure 10: Measured and simulated results comparison for maximum velocity scenario

The simulated and measured results for medium velocity during lifting and lowering are illustrated in Figure 11. A
slight deviation towards the end of the lowering phase for the height can be observed. Overall, the simulated and
measured results are perfectly aligned for the height, flow, and pressure. The relationship between the joystick control
amplitude and the flow rate is nonlinear and hence accurately tuning the co-simulation model would require plenty of
data for various joystick control amplitude. Consequently, a slight acceptable deviation is present in the height.
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Figure 11: Measured and simulated results comparison for medium velocity scenario

The simulated and measured results for varying velocity during lifting and lowering are illustrated in Figure 12. The
varying velocity is an excellent scenario as presentation of actual operating conditions, the operator will not operate
the reach truck using constant velocity. Identical to previous tested scenarios, the measured and simulated results are
aligned to each other for height, flow, and pressure signals. Only a slight deviation that is caused due to the nonlinear
relationship between the joystick control amplitude and flow rate can be observed in Figure 12.
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The co-simulation model can hence be used as a tool to generate data for various failure modes by changing parameters

[5]. The generated data will be used to train a classifier that can differentiate between the type of failure modes with
the aid of data pre-processing as well as Al algorithms.

4 Conclusion

On-board intelligent predictive maintenance tool to avoid sudden breakdown of components would increase the
system reliability and reduce downtime. It is often challenging to anticipate failure modes and to fabricate faults in an
actual working system to generate valuable data for preset conditions for novel condition monitoring Al-based
methods. The presented work propose a tool based on co-simulation multi-physics model for creating a training data
for novel condition monitoring Al-based methods. Electric reach truck is used as study case. The co-simulation model
was created by utilizing three software: Mevea Modeler for real-time multi-body dynamics, AMESim for hydraulic
components and MATLAB/Simulink for electric drive and its control. The model is validated by comparing the
simulation and experimental data. The simulation results are perfectly aligned for most of the operating cycle and
hence can be used as a suitable tool for generating training data for Al based condition monitoring.
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Abbreviations
Al Artificial Intelligence
AC Alternating Current
CAD Computer-Aided Design
DC Direct Current
EM Electric motor
FMI Functional Mock-up Interface
FPGA Field-Programmable Gate Array
M Induction motor
NN Neural Network

PLC Programmable Logic Controller
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SCADA Supervisory Control and Data Acquisition
XML Extensible Markup Language
PC Primary Cylinder
SC Secondary Cylinder
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