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Taman diplonitydn tavoitteena oli luoda Pab5 kuormaimelle simulaatiomallit Mevealla
(mekaniikka) ja Simulinkilla (hydrauliikka) ja yhdistaa mallit Functional Magkinterface
(FMI) -rajapinnan avulla. Mekaniikkamalli Meveassa koostuu pilarista, nostopuomista, 4
tankomekanismista, kallistuspuomista, jatkopuomista ja kourasta. Simulinkin
hydraulipiirissa on kaksi hydraulisylinteria, kaksi proportionaalista suuntaventtiilia ja
kuormituksen tunnistava pumpp8imulaatiomallit yhdistettiin kayttdamalla FMI f&o-
Simulation with generated codmenetelmaa. Aiemmin Mevea ja Simulink on yhdistetty
kayttamalla tool couplingmenetelmad, joka voi tehda simuloinnista laskennallisesti
raskasta ja voi vaatia suuremman adlskeleen toimiakseen oikein.

Tutkimus alkoi ekemalla hydraulipiiri Simulinkilla ja mekaniikkamalli Mevealla. Mallit
testattiin yksittain, jotta ne voitiin varmistaa toimivaksi ilman, etta ne vaikuttivat toisiinsa.
Hydraulipiiri testattiinlittamalla se aiemmin valmistettuun Simscayeltibody malliin ja
Mevean mekaniikkamalli testattiin rakentamalla hydraulipiiri Mevean sisaanrakennetulla
tyOkalulla. Kun molemmat mallit todettiin toimiviksi, ne yhdistettiin FMI:n avulla, jossa
Mevea toimi master ohjelmistona ja Simulinkin malli slave ohjelmistona.

Simulaatiomallia verrattiin laboratoriomittausten tuloksiin ja aiemmin Simscape
Multibodylla kehitettyyn malliin. Tassa diplomitydssa kehitetty malli saavutti samanlaisia
tuloksia kuin aiemmat tutkimukset ja mittaukset paineiden, sylinterivoinaiessemia
suhteen, mutta oli simulointiajan suhteen huomattavasti nopeampi kuin aiempi malli, koska
tama malli pystyi suorittamaan simulaation reaaliajassa, kun mekaniikkamallissa oli 1 ms
aikaaskel ja 0.25 ms hydrauliikasseaman diplomitydn tulosten perusteeFMI:n kaytto

on sopiva vaihtoehto sellaisten jarjestelmien simulointiin, jotka voivat hyotya useiden
simulointiohjelmistojen samanaikaisesta kaytosta, silla FMI:n kayttokasivattanut
simulointiaikaa ollenkaan tdssa mallissa.
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The aim of this master 6s t $ferPatuss5 wadewith o cr
Mevea(mechanicsand Simulink(hydraulics) and then combine the models with Functional
Mock-up Interfacg(FMI). The mechanics model in Mevea consists of pillar, lift boom, 4

bar mechanism, tilt boom, extension boom and log grappkhydraulic aicuit in Simulink

has two hydraulic cylinders, two proportional directional control valves and a load sensing
pump. The combination of the simulation models was achieved by using FMI fer Co
Simulation with generated code method. Previously the interaction between Mevea and
Simulink has been achieved with tool coupling method whichrmake the simulation
computationallyheavy and may require higher timestep to work correctly.

The research started by building hydraulic circuit with Simulink and multibody model with
Mevea. Both models were tested independently, so that they could be verified without
affecting each otheHydraulic circuit wagested by connecting it foreviously developed
Simscape Multibody modelnd Mevea was verified by building a hydraulic circuit with
Me v e a-bust tool. rAfter both systems were verified as working, they were connected
with FMI, where Mevea acts as master software and Simulink as slave software.

The simulation model was compared to data from laboratory measurements and previously
developed simulation model which was developed with Simscape Multdratigimulink.

The model develogkin this thesis achieved similar results to previous studies and laboratory
measurements in terms of pressures, cylinder forces and positions, but was significantly
faster than previous model, as it was able run the simulation in real time with tinoé $tep

ms for mechanics and 0.25 ms for hydraul@ased on the results from this thesis, using
FMI is a valid option for simulating systems which can benefit from using multiple different
simulation softwareas h e u s e oihcre&s#he sindulattbmindetat all in this model.
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1 INTRODUCTION

Nowadayssimulations are important part of product development and research because
modern simulation tools allow systemds be!
physical prototype, but it also allows monitoring of already existygjems with digital

twins. Simulations of mechanical systems reduces the product development cycles, costs
with the testing phase, validation and overall makes theesening faster. Modern
simulation systems are capable of simulating complex mechaygt@ms in realime, but
currently there is aeed for coupling mechanical systems to other subsystems. These other
subsystems can be for example hydraulics eladtronicsand these can require different
solvers and time steps than the mechanical ke to different propertiegPeiretet al.

2018 p. 1-2.) In additional to that, complex systems that consists of multiple subsystems are
usually designed by multiple teams and each teams has its own areas and tools. Complex
designing projects would aisenefit from coupling method because the subsystems should
be connected as soon as posdigeause the integration gets less optimal in the later stages

of the procesyGomes etla 2018 p. 2.)

One option for buildingmultiphysics simulation modelssicalled cesimulation. Co-
simulation allows subsystems to use their own solvers and time steps if needed. The
integration of subsystems is achieved by exchanging inputs and outputs at specific
communication points and this enables using suitable softvatiee different subsystems.

Most of the time these subsystems can also be executed in paralletechichd the overall

simulation time(Peiretet al.2018, p.2.)

A problem with cesimulation is that the interface between software requires staneidrdiz
definitions, so that the communication between software is reliable and less laborious to
achieve (Peireet al.2018 p. 2). Functional Mockup Interface(FMI) can help with trs
problem becaus&MI is a standardized interface which wasvelopedto simplify the

communication between different simulation softw@edelica Associatior2020,p. 1).

According to Blochwitz et al . AFMI i's a |

dynamic modelaind for CeSi mul ati ono and it is wus-spd for



Units (FMU) to other simulation software (Blochwitz et al. 2012)pFMU is a simulation
modelin aZIP file, which consists of FMI description file in XML format, source code of

the model in C language with standardized functions and possible additional FMU data. The
description file includes the data used in the FMU and defines the variables in standardized
way. The C functions are used for the equations in the madetlglica Asociation2020

p. 49.) Figure 1 introduces the basic principle of how FMU works.

I,.p.inital values (a subset of v(z, )) | T v
Enclosing Model *
t  time

p parameters of type Real, Integer, Boolean, String
u inputs of type Real, Integer, Boolean, String

v all exposed variables y
y outputs of type Real, Integer, Boolean, String

FMU instance

(model exchange or co-simulation)

Figure 1.Basic principle of FMU odelica Associatior2020,p.10)

The enclosing modeh figure linputs variables to thEMU, then the FMU interacts with
the variables and outputs new values to the enclosing modeix&mplejn the model built

in this thesis, thenclosing modeis built with Mevea, which inputs variables to the FMU
which is built with Simulink, and theNfU interacts with the variables and then outputs new

valuesto the enclosing modaind this interaction happens once a timestep

FMI has been wused in industrial and scie
compl etely a new iamp rnooarceh pbouptu | iatrd sb egeatuts e
continuously, and more tools are supporting it. For example, FMI has been used in
MercedesBenz gearbox projects for softwarethe-loop simulations (Chrisofakis et al.

2011, p.2), Daimler AG used it for meelronic shifting simulation (Abel et al. 2012, p.

775) and IFP Energies Nouvelles for combustion engine models (Khaled et al. 2083, p.

These are just few examples from first version, FMI 1.0, and nowadays the FMI 2.0 is



supported by over 100 toolsdis used by large companies worldwide, such as Robert Bosch
GmbH, Haldex, Siemens and Saab ABifctional Mockup Interface2021).

1.1 Motivation of the research

The system under investigation in this thesis isB&tuloader, which has been studied and
modeled multiple times at LUT University. Previously wissstens like Patdu655 have

been studied with esimulation principle using Simulink and Meveand Mevead i d n 6 t
support FMUimporand Si mul i nk didnét have option f
FMU, the interaction between simulation software has been achieved rarismission
Control Protocol/Internet Protocol socket interfaglich can be considetesimilar to FMI

for Co-Simulation with tool coupling method.

FMI for Co-Simulation can be divided into two categories: tool coupling and generated code.
The largest difference between these two is that tool coupling requires both modeling
software to bepen while with generated code only the master program must be running.
Using tool coupling can make the simulation heavy for the computer and may require larger
timestep to work correctly, especially when the simulation is executed on lower end

computer.

Currently, the interaction between Mevea and Simulink drdg been studied with tool
coupling method and not with generated code optiecause previously Simulink only
supported exporting the model for toel co
simul ati on st MATHABIversioa R26204) @hich is same thing as| Fof
Co-Simulation with generated code technigi&athworks2021b).

For example Mékitalo (2020) studiec forest machine system where mechanics were
modeled with Mevea, hydraulics with Amesim and control system with Simulink. In that
study Amesim model was exported with FMU for-Swonulation with generatedode,

Simulink with tool coupling and Mevea was the master prog&inte the generated code
option is nowadays supported in Simulink e

will be used in this thesis.



Similar approaches for connecting Simulink and Mevea can be found from Khadim (2017)
and Ustinov (2018). Both of the studies used Mevea for mechanics and Simulink for
controlling. In these studies the Mev8amulink interface is achieved with Transmission

Control Protocol/Internet Protocol socket interface, which means that Mevea software acts

server and Simulink as host.

Although FMI for CeSimulation withgenerate c ode h as niOltUT Onéversity st u d
with Simulink and Mevea, it has been used betwdifferent software. Kauppila (2019)

used it for exporting Amesim model to Adams and connected Adams and Simulink with
Adamso Pl ant e X por t-filato MIATLAB.hNGuptd (202 eexponted t e S
motion control algorithm from Simulink to Simulation¥th FMI Co-Simulation Target for
Simulink®CoderTM, which is a thirgarty addon for Simulink. FMI Target for Simulink
Coder is essentially same t hsimolgionastanddibAeT L A B
FMUO but it only dMatmhWaok 2028 MI 1. 0 version

In this study Paté 5 5rbeshanics will be modeled with Mevea and hydraulics with
Simulink and the models will be connected with FMI for8imulationwith generated code
method.Shevchuk (2020) modeled the P&&5 with Simulink and Simscape Mibody in

his masterds thesis so it wildl be used for
should have similar results even with di
mechanics were modeled with Simscape Multibody and hydraulicitcimas built with

Simulink.

1.2Goals

The aim of this thesis is to model the PeE% | oader 6 s mechanics
hydraulics with Simulink and then combine these two models withfBMCo-Simulation

with generated code methdihe study can be called successful if the FMU version achieves
similar results to the Shevchuk (202@)t udy 6 s simul ati on res

measurementwhile using reasonable timestep and parameter values

1.2.1research questions

How does the interaction between Simulink and Mevea work withvide using the Patu
655 mode?
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Is the modeldeveloped in this thesfast enough for reaime simulations or is thenodel
computationally too heavy?

Are the Patu655 simulationresults different withFMU versioncompared to Simulink
Simscape versioand laboratory measurements

Things to take into consideration while using multiple different software?

What are the benefits of using FMU in this model?

1.2.2Hypothesis

The hydraulic circuibuilt in thesisshould achieve same results to the Shevchuk (2020) study
because both systems model hydraulics with same equations with Simulink, but the
mechanics may have differenase to different softwaraVith the FM for Co-Simulation

with generated codé¢he simulation time should be faster than in previous studies.

1.3 Research methods

The research will start by gathering all the needed equations and parameters for the hydraulic
circuit of Patu655. After that, the hydraulic circuit is built with Simulink and the system

can be tested with step input to see how the system responsegdidadib circuit can be
verified byconnecting the circuit to Simscape Multibody model that was used in Shevchuk

(2020) study This way the circuit can be verified without Mevea affecting the results.

Normally the Mevea multibody model building would stay making the 3D models and
calculating inertias, but in this thesis P&&b 3D models by Luostarinen et al. (2014) were
used.So,in this case, thBD-models can be exported to the Mevea and the multibody model
can be built based on the data from Laasin et al. (2014 ¥unctionality of the Mevea

mod el can be tested by building hydraul i c:¢

After both models are built, they can be combined by exporting the Simulink hydraulics
model to FMU and then it can beported to Mevea. Then the model can be compared to
Shevchuk (2020) simulations and to the laboratory measurenidigisthe whole system

is verified to be working correctly, the FMU hydraulic circuit edsobebuiltwi t h  Me v e a ¢
hydraulics so that the effecsd benefit®f FMU can be monitored.
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2 METHODS

The research in this thesis can be divided into thraia categories which are explained in
following chapters. The methods chapter wkgin by introducing the system ued
investigation and contingdby expl aining how the systemds
built. The last part of methods chapter briefly introduces the basics of FMI and explains how

ités being utilized in this thesis.

2.1 Systemunder investigation

The sysem under investigation is PaBb5 loader from figure. It is a hydraulic crane,

which has in total five hydraulic cylinders, but in this thesis only the lift and tilt cylinders
have been modeldiecause the othénreew e r e n 6 Ror exas@egne ofthe not used
cylinders controls the extension boom and it was at the same position during the whole tests
so it was modelled as fixed to the tilt booS8tructurally the loader consists of pillar, lift
boom, 4 bar mechanism between lift and tilt boom, tilt b@ow extension boom. The 3D
models have small differences compared to thelifeadystem, for example the connecting
mechanism between the ldghd tilt boom is a bit simplified and instead d2@lL kgmass at

the end of the boom, the 3D model has a log grapple which acts as a mass in the simulation

as seen from figuré.
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4 ¥. W\
Ve \

Figure 2. System under investigation (Shevcuk 202®8).

2.2 Mechanics rodel in Mevea

The modeling process of mechanics started by crebtidggsand adding graphider each

part Creating bodies includes adding position and orientation of the, Isetgcting body
type,anddefiningto which body ifs related tpfor example the pillar is relative to ground,

the lift boom is relative to pillar and the tilt boom is relative to the lift bolonthis model

all parts are rigid for simplicityBe c aus e Me v e a intportng 3Donmodels u p p o
directly from Computeraided Design (CAD) softwaremass propertiemust bedefined
manually based on datérom the CAD model3D models were imported to Mevea in
stereolithography formab keep the simulation as light as possible, but the quality of the
graphicswill be worselnadd t i on, al | unnecessary parts,
included in the 3D models to reduce the complexity of grapkicgire 3 shows all the
requiredbody properties folift boom.
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- Design variables x -0.08599
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- Forces z -1.25241
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+ Power transmission Inertia * =

é----CoIIisions Definition Frame [m] :zf =

- /0

+ Scripting Graphics Add

- Particles . X

S World Collision Graphics Add

g Task definitions Flex File Prefix Select

- Virtual sensors

+- Signal processors Flex Modes

;--VISUE\CUmponents Relative damping of modes

Comment Field

Figure 3. Meveamodeler body properties window

After the parts are defined and the graphics are imported the next stepnséat the parts

by adding constraintdMevea supports 13 different joint types, but this model only required
translational, fixed ancevolute jointsAs seen from the figur§ adding a constraint requires
selecting the joint type, bodies that are connected to the joint, position of the joint in each
bodyand finally defining joint axis directions in unit vectors ua, ub, uc an&arexample

in figure 4 the revolute joint rotates around the global y axis.



Object View
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Assembly
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Active

Cut jeint (Recursive)
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Node in body 1
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in body 2 [m]
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ub[x
uc [x
ud[x

Figure 4. Revolute joint between pillar and lift boom

If the constraints are defined correctly the model should be a pendulum at this point. Since
the system is now swinging figethe next step is to add forces. Mevea has multiple different
options for forces but in this thesis only translational forces were Tismukslational forces

are also called bodtp-body force meaning that the force acts between two selected

positionsas seen from the figuf In this case the translational forces are used to describe

fyl
Iyl
fyl
I/

z]
z]
z]
z]

R I

(== =]

0

1427
0.09
-0.08599
0

0

o o e oo

the hydraulic cylinders.

o o o =
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Object View

MName ForceT_LiftFMU
Assembly w
Body 1 Palkki ~

Coordinate system 1 ~
Node in flexible body 1 0
x 0

Position of force y 0.44698939034411128146
in body 1[m]
7 -0.17112829345042930807
Body 2 Nostopuomi =

Coordinate systermn 2 w
Mode in flexible body 2

Paosition of force x -0.08599

in bady 2 [m] y Rl
z -0.3025
Input ~
Spring constant [N/m)] 0
Damping constant [Ns/m] 0
End damper spring constant [N/m] 0
End damper damping constant [Ns/m] 0
Spring initial length [m] 1.0652287651215899267
Spring minimum length [m] 0.925
Spring maximum length [m] 1.25
Constant force [N] 0
s rope O
Friction w
Use force splines O

Spring force spline w
Damping force spline ~

Damping hysteresis spline ~

Figure 5. Translational force between pillar and lift boom

The i ft and tilt cylinders have been moc
Mevea ADummi es are parts which are not <co
mass and inertia pr op@eveaModelleo Beginneréatias p.t a c hn
19). Basically they are not normal bodies, but their mass properties affect the bodies they
are attached to. Hydraulic cylinder are modeled as dummies because this method reduced
the number of bodies and constraints and thus makesnthbation lighterDummies are

defined similarly to normal bodies but they also regsekectingdummy type and dummy

index. In this model cylinder forces were modeled as Hodyody forces which means that
dummy types must also be boettybody forces(Reference Manual for Solver Librarg.

15)

At this point the mechanics are finishéke figure6) and normally the process would
continue by creating controls and hydraulics in Mevea. In this case the hydraulics and control
signal are made with Simuk andimportedto Mevea with FNU, so the final step is to
prepare the model for FMU. This includes adding outputs for cylinder positions and

velocities, and inputs for cylinder forcas seen from figureé.
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Figure 6. Patu655 model in Mevea Modeller

=-1/0
- Inputs
Input_FMU_Lift_F
Input_FMU_Tilt_F
- Input_pA_lift
Input_pB_lift
- Input_pA_tilt
Input_pB_tilt
- Input_QA _lift
- Input_QB_lift
Input_QA_tilt
Input_QB_tilt
(=- Outputs
AO_LiftCylinderDisplacement
. AO_TiltCylinderDisplacement
AO_LiftCylinderVelocity
AO_TiltCylinderVelocity
. Socket interface
Motion platform control

Figure 7. List of inputs and outputs in Mevea



17

2.3 Hydraulics model irSimulink

Simulink is used for modeling the P&@65 hydraulic circuit. The hydraulic circuit consists

of two hydraulic cylinders, twdirectional control valve€DCV) and load sensing pump as
seenfromthefigur8. The hydraulics wondt be expl ai/
in this model are exactly the same as in Shevchuk (2020) thesis and more information is

available there.

a_al 0 Bl g Az 0_Bz
p_Al p_Bl p_A2 p_B2
— e e — e — | ————————— e [ et
T T I (P
0 _val Q_vel | Q_waz 0_VBez

ARR

o_vP2 o_Tz2

O_vP1 a_T1

I
I
|
|
+ 4]
|
+
|

G

. Ll

Figure 8. Hydraulic circuit

2.3.1Directional control valve equations

Position of valve spool follows input signal with a delsythe feedback signaly is

calculated with following equation:
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n Y Y 1)

, where'Y is the input signal antl is time constant of the valve.

The DCV is modelled based on Danfoss PVG ¥2lume flow equations required few
additional conditions because when the pressure difference was less than 7 bar, the pressure
compensator works asrifice. The volume flows forthe directional control valve are
calculated by following system of equations:

) BE Y
. 60Y Y On QW n  On
’ 6O YiQ@e q @ nseR . 0On ()
0 60°Y Y @4 As
0 0
) BE Y
0 60Y Y @ As
. GOY Y On QO A Of (3)
SUY Y i Q@ /¥ nsQ® n on
V) V)

,where0 and0 arevolume flows for valve lines A and B, is volume flow for valve
pump line,0 us semiempirical flow rate coefficient for flow from pump to line A or B and
6 U is semiempirical flow rate coefficient for flow direction from lines A or B to tafk,
and”Y are valve opening thresholds voltags) x O ™0 ¢is compensator pressyre

n,n,n andn are pump, A port, B port and tank pressures respectively.

2.3.2Load sensing pump equations

Load sensingymp volume flowd is calculated with following equation:
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VIR n | Agms8n 0
v ¥ 4)
, Where 0 pp T is pump semempirical constant¥r o up T Qis pump

controller reference pressufe A @ i) 8 1} is the highest cylinder chamber pressure and
T  m8td is pump time constanThe maximum pressures are used for controlling the
pump so that the pump pressure will be a bit higher than the highessure in the system.

Pump pressurg is calculated with equation:

\ 6 i ol
n - U V]
® ()
, whered p o TOM TO Gpump bulk modulusf the pumpg o 1T & is volume

of hose connected from pump to valbe, pump volume flow and  volume flow from
valve to cylinderEquationd and5won 6t be wused i n modeldechusen a l

laboratory measurements file pump pressure will be used instea

2.3.3Hydraulic g/linder equations

The force produced by thglonder "Gis calculated by using chamber pressures and cylinder

areas:

O no no O (6)

, whered is cylinder piston side are@, is cylinder rod side area affdis cylinder friction

force.The values needed for calculating cylinder areas and volaredssted inablel.

Table 1. Pate655 cylinder dimensions

Lift cylinder Tilt cylinder
Cylinder side diameter (mm) | 100 90
Raod side diameter (mm) 56 56
Range (mm) 0-535 0-780
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Cylinder friction force Ois calculated with following formula because it also takes cylinder

velocity into account (Malysheva et al. 2082 & Andersson et al. 200p. 583

oo .
0 00ATE & ()

, where"™O wnilitis Coloumb friction,0 is cylinder velocity,0 T@tmnmm@ is

Coloumb velocity threshold ard T Tt TOTE)Y& is viscose friction coefficient.
Cylinder volume flowsarecalculated with following equations:
0 060 (8)
0 6 U )
, whered is cylinder piston side aremdd cylinder rod side area
Cylinder volumes are calculated with:
W 0w W (10)
w 0 0 0w w (11)

, wherew s cylinder positionw is hose volume from valve to cylindé® is cylinder

maximum stroke.
Cylinder pressures are calculated with equatidhand13:

0 : (12)

0 0 (13)
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where6 andd are effective bulk modules of cylinder chambers A and B.

In Shevchuk (2020) study theffective bulk modules werecalculated with following
equations because the amount of air in the hydraulic liquid was considered to have more

impact than hydraulic hose

P @ (14)

, Where6 p® P TV dis bulk modulus of oilw ¢® Pp 1 volume of air in the
hydraulic fluid, @ cylinder chamber volumed p&n bulk modulus of airand 1

cylinder chambr pressure

2.4 Functional Mockup Unit

According to Modelica Associatiod F M i dgndependem statard to support both

model exchange and ®mulation ofdynamic models using a combination of XML files

and C code (either compil ed i n ([bdelcashar e
Association 2020p. 1). FMU is a ZIP file, which consists of FMI description file in XML
format, source code of the model inldhguage with standardized functions and possible
additional FMU data. The description file includes the data used in the FMU and defines the
variables in standardized way. The C functions are used for the equations in the model.
(Modelica Association 202(@. 4.) Simplified, this means that FMU contains the simulation

model, and the FMI connects the FMU to other simulation software.

The basic idea behind FMI is to allow using components by different suppliers
simultaneously. This is great f@roduct devlepmentand researchingoecause usually
different softwareexcelsin different areas and if you stick with one software, you usually
have to make some tradeoffs. However, with FMUs this problem is avoided, and you can
use different tools for different as. For example, in this thesis Mevea was used to model
mechanics and Simulink for hydrauliaad the Simulink model was exported as FMU and

then imported to Mevea
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FMIs can be divided into two categories: FMI for Model Exchange and FMI fer Co
Simulation. The largest difference betwettreset wo 1 s t hat Mo d el E >
include numerical integrator (solver) and the&mulation includes its own solves you

can see from figur® and 10. However, these two operate similarly because both of them

use standardized C functions for the equations and both of them include the FMI description
file. This information is enough for bagsiser,but more detailed informaitn is available at

FMI standard(Modelica Associatior2020,p. 9.)

to, Vstart

Enclosing Model *

t time
vaan Variables with initial = “exact” (parameters, ...)
u(t) inputs (continuous-time and/or discrete-time)
u y(t) outputs (continuous-time and/or discrete-time)
; : : . o (55
—p| W(t) local variables (continuous-time and/or discrete-time)
z(t) event indicators (continuous-time)

Elements of local variables w and/or outputs y:
X¢(t) continuous-time states (continuous between events)

External Model (FMU Instance)
} }
= Y

Solver

t

X, Z

Figure 9. FMI for Model ExchangéModelica Associatior2020,p. 73).
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tﬂ.P,\rnl v

Co-Simulation Master ‘

t time
v all exposed variables
p parameters of type Real, Integer, Boolean, String
u inputs of type Real, Integer, Boolean, String
y outputs of type Real, Integer, Boolean, String
w local variables of the FMU
u X. continuous states (continuous between events) Y
=" | x4 discrete states (constant between events) -
z

(internal) event indicators

T [

Solver
Co-Simulation Slave (FMU Instance)

Figure 10. FMI for Co-Simulation(Modelica Associatior2020,p. 98).

As you can see from figur€and10, information is provided to the FMU and it also outputs
information.For example, in figur@0, the CeSimulation Master software inputs u(t) to the
Co-Simulation Slave (subsystem) and the FMU interacts with the imgltalculates the
equations with its solver and then outputs y(t) back to th&i@mlation Master. This
interactionhappens at leastonceinSa mul ati on Master 6s 11li me st
left side.The FMU model in this thesis uses the methotherright side of figure 11 because
hydraulic equations often need smaller timestep than multibody solver due to numerically
stiff equationsFMU in this system uses 0.25ms timestep for hydraulics and Meseésalms
timestep for mechanics, because the hydraulics are relasimajyle, and this produces
sufficiently accurate resultslowever, if the hydraulic circuit was more complex and had
more small volumes, the FMU timestep would be lower, for examptesd(Rahikainen et

al. 2018, p294 & Kiani-Oshtorjani2020, p.24.)
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1 |

Ile|:||:1.ilJe system matrices A N (Update system matrices ) (soveFmu ]
Salve system [ Update forces ]4—‘
Update velocities and positions Solve system
~ 1 o [ Update velocities and positions ]
T
h 4
i 0
Update system matrices [ Update system matrices ] [ Solve FMU ]
Solve system [ Update forces ]-v—l
Update velocities and positions Solve system
. S/
1 Solve FMU [ Update velocities alnd positions ]
¥
‘. ™y -
Update system matrices [ Update system matrices ] [ Solve FMU ]
SOVElSyStEm Update forces |-—|
Update velocities and positions [ i
" J Solve system
1 [ Update velocities and positions J
T
¥
Update system matrices [ Update system matrices ] l Solve FMU ]
Solve system ] T
Update velocities and positions l lipdate forees
Solve system
1 Update velocities and positions
—[ Update forces —{ Update forces ]

Figure 11. Different ways to solve FMURouvinen, p7).

MeveasupportsFMI for Co-Simulation based on FMI standard 2.0, which means that the
Co-Simulation will be explained more in depth. The FMI for-Simulation can also be
divided into two categories: C8imulation with generated codsee figurel?2) and Co
Simulation wit tool coupling(figure 13). The main difference between these two is that
with tool couplingall of thesimulationsoftwaremust also be running, but with generated
code only the master simulation program is running. Tool coupling also uses FMI Wrapper
to connect FMI function calls to application programming interface (API) as seen from
figure 13.

Executable FmnaL

Master =i

Fi

Slave

Model Salver

Process

Figure 12. Co-Simulation with generated cod&l@delica Associatior2020,p. 97).
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Executable Frau Simulation tool

Master —CO— FMI | :}_ slave
w "

Process 1 Process 2

Figure 13. Co-Simulation with tool couplingMlodelica Associatior2020,p. 97).

In this thesis, the generated code option was used betaviag to use multiple simulation
software simultaneously leads to higher computation load without any benefits in this case.
This also helps to achieve smaller timestep for the simulation with limited calculation power.

The final FMU has in total 6 inputs and 10 outputs, as seen from flguiehe inputs are
input voltage for lift and tilt cylindeosition,and velocityof the cylinder for both cylinders.
The outputs are for cylinder forces, cylinder chamber pressures and cylinder volume flows.
Only the force outputs are actually used in the Mevea, but rest of them were used for
troubleshooting and monitoring how the FMU foems. Also, the control signal was
imported from the laboratomneasurementdyut if neededit can be connected directly to

Mevea for further studies

Fout Bt————————»{" 1 )
1 Lin_lift Fout_lift
Fout_filt » 2 )
Fout_tilt
(A )———»{uin ph it ("3 )
w_Iift pA_ift
Group 1 pB_kft @
pB_ift
Importad_Signal 1 (2 )——»{y it
z oA Ldl— {5 )
y_lift - =
/\ [ QA_Lift
08_Lit » 6 )
Imgorted_Signal 3 P Uin_tilt QB _Lift
oA Tit
pA_Tilt
(3 )——»utit pB_Tilt » 8 )
w_tilt pE_Tilt
QA filth———————»{ 9 )
QA_tilt
(D)
y_tilt QB_til » 10 )

Figure 14.Inputs and outputs in Simulink model
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The FMU from figure 14works just like figurel0 shows, meaning that Mevea is -Co
Simulation Master and Simulink model is the slave which interacts with the cylinder position
and velocity with equations from chapter 2.3 and finally outputs the cylinder fémess
stated befre, the Simulink model wasxported as G&imulation Standalone FMU, which

is the same thing as €aimulation with generated code and it uses Rigfta 4 solver

with 0.25 ms timestep. Aftehat the FMU is imported to Mevea, and the inputs and outputs
are connected to the corresponding pdefore the system is usable, the user has to verify
if both systems use same units for parameter values and if any signal conversions are needed.
For this modebnly the initial cylinder displacement was calculatdtedently in Simulink

than in Mevea, and this was fixed bgding offset to the cylinder position output from
Mevea.For other models this final stepuld be for example conversion of motors angular
velocity from rad/s toRPM, changing displacement urfitom meters to millimeters or

changing directions for forces or other values.
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3 RESULTS

The simulation was divided into two parts, one for testing the lift cylinder and the other for
tilt cylinder. Both of these simulations are compared to Shevchuk (2020) thesis simulation
results and laboratory measurements. Paramataesand equations aresal same as in
Shevchuk (2020) study, so that the results are comparBbttte of the simulations used the
same solver settings which can be seen from figlbe@nd 16, but they had some different
starting values which are introduced in following chapt®oh systems are simulated with
140 bar pump pressure and 201 kg mass at the end of the tilt boom

Solution method Recursive o
MNumeric solver Runge-Kutta 4 b
Use sparse solver |

Time step [s] 0.001

Simulation Time [s] 67.1

Hydraulics integrator Mumeric solver b

Hydraulics integration steps 10
Qil bulk medulus 1.6e9

Enable hydraulics cavitation ]
Update frequency 0
Solve constraint forces with recursive method [ ]

x 0
Gravitation [m/s2] y -9.81

z 0
Integrator error tolerance 0.001
Maximum number of iterations 3

Figure 15.Mevea solver settings



Simulation time

Start time: (0.0

Solver selection

Type: |Fixed-step

¥ Solver details

Fixed-step size (fundamental sample time):

Figure 16. FMU solver settings

3.1Lift cylinder simulation

The DCV for lift cylinder uses spool with flow rate of 40 I/min with maximum opening.
The spool is in lifting position when the control signal is 5.56V or lower and in lowering
position when the signal is 6.44V or high&he parameter values used fdt Gylinder

simulation are listed in tab The control signal for lift cylinder simulation is represented

in figure 17.
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Stop time: |67.149242457020320

Solver: |oded (Runge-Kutta)

0.00025

Table2. Parameter valuefor lift cylinder simulation

Parameter Value
oV a
TP ——,
1 v
N 0'Q¢ Qo Qv a oa x@nﬁc‘b
n Q¢ Qo6 Qwa PP ™ O
ov a
1810 X3P T——,
1 v
wQ o 1 T T
N6 O ® PXDp T &
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Lifting cylinder joystick

7 :
65| -
(]
o 5 'J |
=
(@]
> 55 F -
5— -
45 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Ti me
Figure 17. Input voltage for lift cylinder simulatian
As seen from figurd 7, the lift cylinder is simulated for 67.1 secondifie control signal

from figure 17results in up and down movement in lift cylinder as seen frf@riihe control

signal wasmported from Shevchuk (2020) laboratory measurements.
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Measured and simulated positions
T T T

400 . . .
Lifting cylinder position measured
Shevchuk (2020) simulation
———— FMU simulation
350 [ 120% area §
€ 300 .
E
-
o
."g
o 250 |
200 7
150 1 1 1 1 1 1
0 10 20 30 40 50 60 70
Time, s

Figure 18 Simulated and easured positions

In figure 18 the blue curve represents lifting cylinder position from laboratory
measurements, the red one for Shevchuk (2020) simulation ardattieone for FMU
simulation. The FMU movement patter is similar to the other twoit Istérts todeviate at

30 seconds to the simulation, resultingoirer 10 mm difference at 50 secondi$owever,

the FMU simulation does stay inside of the green area whmlesent40% error margin

to both directionsMaximum deviation compared to the measured position for the FMU
model wasl6.8mm at 56 seconds and in Shevchuk (2020) simulation maximum deviation

was 8 mm atti8 seconds.

Figure 19 represents simulated and measured cylinder chamber pressures. In the figure 19
red curve is lifting cylinder piston side pressure from laboratory measurements, blue is rod
side pressure measured, yellow for piston side pressure from ShevchQk (20ple for

rod side from Shevchuk (2020), black for piston side FMU simulation and magenta for rod

side pressure from FMU simulation.
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— Lifting cylinder piston side pressure measured
— Lifting cylinder rod side pressure measured
Piston side Shevchuk (2020) simulation

Rod side Shevchuk (2020) simulation

— — Piston side FMU simulation

— —Rod side FMU simulation

«10% Measured and simulated pressure comparison
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Time, s

Figure 19. Simulated and measuréfting cylinderchamber pressures

The FMU rod side pressuiia figure 19 follows Shevchuk (2020) simulations almost
perfectly and they both react to cylinder movements before the measured pressures, but all
three of them have the same valudswever, the piston side pressure with FMU has larger
differences than rod side pressurdse FMU piston side pressure is constanifyl2ar lower
compared to the measured pressure, but it does oscillate less than the measured pressure.
Ignoring the pressure differenaad oscillation abeginning the FMU does act similarly to

the measured arsimulated pressures.

Figure 20 represents the measured and simulated lifting cylinder forces, where blue plot is
for measured force, red for Shevch(®020) simulation force and yellow for FMU

simulation force.
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o X 104 Measured and simulated cylinder force
Lifting cylinder force measured
Shevchuk (2020) simulation
81 FMU simulation )
7 -
Z 6 -
\ | I
L 5 }:: il H l'lﬂlt m m m lru H “ “‘ H| .
w bI H ‘
4| ‘ ‘ i
| J
3 i
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Time, s

Figure 20. Simulated and measured lifting cylinder forces

The FMU forcesn figure 20act similarly to simulated piston side pressures, it acts similarly

to the measured force, but is comstglower. Ignoring the oscillation at the beginning and

the constant 4@DN difference, the FMU model can be considered as working correctly
because the differences are small enough and the differences could be fixed by modifying
parameter values or tlmechanical model.

3.2Tilt cylinder simulation

The DCV for tilt cylinder uses a spool with flow rate of 15 I/min with maximum opening.
The spool is in lifting position when the control signal is 5.57V or lower and in lowering
position when the signal is 6.2 higher. Parameter values for tilt cylinder simulation are
listed in table3. The control signalised intilt cylinder simulation is represented in figure
21.
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Table3. Parameter values for tilt cylinder simulation

Parameter Value
oV a
p& T Ip T[ I3 L e el T4
I ddv
n 0Q¢ QO QO a VB TP T
n gQ¢ Qo6 Qo a Y uPp ™ O

fo]V) a
pP&LO @P T ——=,
I ddv
wQ ¢® o op T
N4 0o pXD M

1

1

1

1 1

1

4 1

40 80

Ti me

0 10 20 30 50 60 70

Figure 21. Input voltage for tilt cylinder simulation

As seen from figur@1, the tilt cylinder simulation lasts 78 seconds and the cylinder is again
simulated with simple up and down movement. However, the movements are much slower

than with lift cylinder, as seen from figu2e.
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Measured and simulated positions
T T

800 . . . . .
Bending cylinder position measured
Shevchuk (2020) simulation
700 — ——— FMU simulation i
[ 120% area

600

Position, mm
(4]
o
o

400

300

200 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Time, s

Figure 22. Simulated and measurétt cylinderpositions

Figure22 shows the simulated and measured cylinder positions, where the blue plot is the
measured position, red Shevchuk (2020) simulation position and magenta FMU simulation
position. As seen from figui22, the FMU position follows the Shelwak (2020) simulation
position within 10 mm during the whole simulation, but both of thagiffer from the
measured position during 245 seconds. During this time the largest difference is at the top
positionat 30 secondwhenthe difference iover40 millimeters. Before 20 seconds and
after 45 seconds the simulated models follow the measured position with small differences.
Maximum deviation compared to the measured position for the FMU modelSvam4at

29 seconds and in @lkichuk (2020) simulation maximum deviation was 36 mm at 78

seconds.

Figure 23 shows the simulated and measured tilt cylinder chamber pressures, where red plot
describes tilt cylinder piston side measured pressure, blue rod side measured pressure, black

Shevchuk (2020) simulation piston side pressure, cyan Shevchuk (2020) simulation rod side
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pressure, green FMU simulation piston side pressure and magenta FMU simulation rod side

pressure.

Bending cylinder piston side pressure measured
Bending cylinder rod side pressure measured
Piston side Shevchuk (2020) simulation

Rod side Shevchuk (2020) simulation

Piston side FMU simulation

— — Rod side FMU simulation

«108 Measured and simulated pressure comparison
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Time, s

Figure 23. Simulated and measured pressures

As seen from figur@3, the simulated pressures are almost similar, and the largest difference

is less than 1 bar. Howevdyoth of the simulations have quite large differences compared

to the measured ones. For example, at 35 seconds the simulated piston side pressures and
meaured pressure have over 30 bar difference, but they do act similar to the measured
pressuresAs seen from figure 24, the simulated

large difference, even though the pressures had.
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« 104 Measured and simulated cylinder force
2 I I I I I I

Bending cylinder force measured

1.5 Shevchuk (2020) simulation ]
— — FMU simulation

_3 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Time, s

Figure 24. Simulated and measurélt cylinder forces

In the figure 24, blue represents measured tilt cylinder forces, red Shevchuk (2020)
simulation force and black FMU simulation force. Most of the time, the simulated systems
and measured one has close to 2080f¢rence, and all of them act similarly, just like with
pressures and position. The FMU force has oscillation at the beginning of the simulation,
but during the test, the measured one oscillates more than the simulated rfBeeels.
though, the forces dmpressures are lower than the measured ones, the differences are small

enough and the model can be considered working correctly.
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4 DISCUSSION

This section compares the simulation results to previous research and discusses about the
differences.First the cylinder position simulation results from this thesis is compared to
laboratory measurements from Shevchuk (2020) and then the model developed in this thesis
is compared to Simscape Multibody model from Shevchuk (2020) in termsiofasion
speed. I n addition to that, t he stoolmiol at i o
hydraulics and compared to the FMU mastethat the benefits of building custom hydraulic
circuit can be observe@he section ends with key findings andsgible topics for further

research.

4.1 Comparison to previous research

As seen from the results chapter, the FMU simulation model follows the Shefaff(K
simulation and measured data satisfactorily, as it behaves similarly but achieves lower values
with pressures and forcdsut the positions stay inside the 20% amith both simulations

These differences can be caused by multiple different reagamexample differences in
constrains, simplifications in the 3Models, errors in hydraulic equations or parameters.
Also, the differences between the FMU simulation and Shevchuk (2020) can be explained
by the fact that they are made with differenttsafe. However, the differences are small
enough for this thesis arnlde Mevea model can be developed further if neetieel cylinder
position difference between FMU simulatgsamd laboratory measurements from Shevchuk
(2020)can be seen from figures 26da26.
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As seen from figur@5 and26, the deviation between measured and simulated lift cylinder
position is below 15 mm during almost the whole simulation and it can be verified to be
working correctly. However, as seen from fig@& the deviation in tilt cylinder simulation

is much highe Although thetilt cylinder simulation does stay inside the 20% error margin
area and can be considered as working, the simulation model could be revisited to make it
more accurate. Most likely the issue is in the mechanical model attibe echanism
which connects the lift and tilt booms because rest of the tilt boom is modeled similarly to
the lift boomand overall thenodel is very sensitive to tebar mechanism accuracyhe

issue could be caused for example by difference in joint types opjsitions in the 4ar
mechanismSimilar results were also found when the system was simulated with different
pump pressures and control sign@ee appendix I)These differences can also be caused
by differences in parameter values in hydraulic ctrdtor example adjusting valve opening
thresholdsor bulk modulus equatiorsould make the system follow measured data better.

The largest difference between Shevchuk (2020) simulation model and the model developed
in this thesiswas the simulation timeThe model built with Simscape Multibody was
simulated with same solver settings as the model in this thesis, with timestep of 1 ms and
RungeKutta 4 and with those settings the models run time for 100 second simulation was
15 minutegShevchuk 2020p.51). In comparison, the model built with FMU was capable

of reattime simulation as seen from figur2gand28.

The loop duration in figure®7 and28 s the time required for simulating one timestep. For

the simulation to run in redgime, the loop duration must be less than timestep. As seen from

the figures, both systems are ready with the computations in less than 0.3 ms, excluding one
small spike m tilt cylinder simulation, meaning that the simulation is running intiesd.

However, it must be noted that the longest simulation with this model lasted 78 seconds, so
it doesnbét guarantee that the modvahllongei | | b

simulations.
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Figure 27. Loop duration for tilt cylinder simulation
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Figure 28. Loop duration for lift cylinder simulatian
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In comparison to the Simscape Multibody model, the FMU model is significantly faster
without any drawbacks. Howeves hevchuk (2020) doesnodt St
about the computer that was used for the simulation, and the FMU model was simulated on
a computer withintel Xeon Gold 613processarsoone reason fathedrasticdifference in
simulation time couldbe the fact that one was simulated with4emdprocessoand another

with higherendprocessarAlso, the differences between software affect the simulation time
because one of the Meveads key feature is

that 1 sndét necessarily themoflelsr st priority

Similar results camlsobe found fromMalysheva(2021) and Makitalo (2020). Malysheva
(2021) built a similar Patt655 modelwith Simscape Multibody and used as a reference
model. In that study the model was simulated for 5 seconds with R{uttgee4 and time
step of 0.1 ms. The ®sond simulation had a 7.49 second simulation time with Intel Core
2 Duo CPU @2.26 GHz and 4 GB of RAfMalysheva 2021, pi7.)

Mékitalo (2020) simulated Ponsse K121 loader, which is similar to a@3&tuwith
combination of Mevea (mechanics), Amesinydraulics) and Simulink (control system).

The model was built using the FMI for €imulation principle, where Mevea acted as the
master program and Amesim and Simulink as slaves. The connection between Mevea and
Amesim wasexecuted with generated code amith tool coupling between Mevea and
Simulink. The Simulink model had 10 ms timestep, Amesim 0.25 ms, and Mevea 1 ms and
used Rung&utta 4 solverThe system was simulated with 100 secand was simulated

in reakttime, while the largest loop duration svA.93 ms with 1 ms timestepwith Intel i7-

8850H processofMakitalo 2020, p35.)

I n addition to software and computational
dynamics affect results and simulation speed. Mevea offers two different formulations for
multibody systems: recursive method and Lagrange, Penalty function. fiaeerdie

between these two is that recursive formulation is computationally more efficient than

Lagrangian formulation, as seen from figure 29.
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Figure 29.Loop durations with different multibody formalism

However, the recursive formulation requires mprecisejoint definitions and Lagrangian
formulation is more general option. For example with recursive method the joint order must
be based on kinematic chain of the model and only certain joint types are available. In
addition to that, closed kinematmopsrequire a cut joint to open one of the loops. In this
model this means that one of the joints in tHE# mechanism must be a cut jo{iReference
Manual for Solver Libraryp.11) Both methods were able to run the simulation in real time
but as sen from figure 29, the Lagrangian formulation was significantly slower than
recursive formulatiorbecausegon averagethe Lagrangian formulation required twitiee

time for simulating one timestegs therecursive formulation requide

4.2 FMU hydraulicscompared to Mevéahlydraulics

The hydraulic circuit for Pat655 was also built with Mevea, so that the difference between
custom built hydraulic circuitandle veadés hydraul i cs coul d be
for this model was achieved lagldingdirectional control valve, cylinder and volumes for

pressure source, hoses and tank, and then connecting the corresponding components. These
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readymade components have enough parameters and customization for normal use, but the
user forexamplecdnt add cust om e qu akamgaeMeveachlculatasr a me
effective bulk modulus of volumewith equation15 while in the custom circuit it was

calculated based on the amount of air in the hydraulic circuit with equiation

p W w (15)

In equationl5¢ is total number of hydraulic components related to volume volume

of single componentp combined volume of pipes, hosaisd other hydraulic components,

6 bulk modulus of componefté total number of pipes and hoses related to voliyme

constant volume of hose or pige, bulk modulus of hose or pipe. However, the oil bulk
modulustakes the amount of air inlanto consideration and in this case the amount of air

is approximately 0.5 % Reference Manual for Solver Librany. 79.)

As seen from figure 30, the position difference for lift cylinder between custom made
hydraulic circuit and Mevea hydraulics issignificant while the cylinder is moving and
when the cylinder isnoét moving the model
average. For this comparison the difference seems small but when comparing to the
measured data, the position for Mevea hydrauc s doesndét stay insid

area.
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Simul ated positions
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Figure 30. Simulatedift cylinder positions for FMU (red) and Mevea hydraulics (black)

As seen from figur8l, the Mevea hydraulics model follows the measured data satisfactorily
until 30 seconds and after that it constantly deviates from the measured data about 10 %
when the cylinder is moving. Based on the position results, the Mevea hydraulics model

c a n 0 erifiel ® bevworking correctly and would need further developing so it would be
more accurateAl t hough the model with Meveads hyd
20 % area in terms of location, but the simulated pressures and forces act siimd &t

model and achieve similar values (figures 32 and 33).
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Measured and simulated positions
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Figure 31. Lift cylinder positionsfor Mevea hydraulicsréd) and measured data (ig).

% 10° Simulated pressures
97 T T T T T T
FMU hydraulics piston side
8 Mevea hydraulics .

~
1

il
=

1

> MPIW- bl .'MH P\.' “'W nl» W,I-ML

@®
o
o5 1
=]
@
o 4r ]
o
3 - -
2 - -
1 - -
0 bt e el o e
0 10 20 30 40 50 60 70

Time, s

Figure 32. Simulated pressures for FMU (red) and Mevea hydraulics (black)
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%104 Simulated forces
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Figure 33. Simulated cylinder forces for FMU (red) and Mevea hydraulics (black)

Similar results for pressures and forces could be expected because Mevea uses &guation
and 13for calculating pressure in hydraulic chamber and equdiéor cylinder force.
However, instead of equation, Mevea calculates frictioforce based on cylinder force,
cylinder ceefficient and velocity dependent friction -efficient (Reference Manual for

Solver Library p. 77). The difference in position compared to measured data beuwtdused

by same reasons as for the FMU model because both models use the same exact model for

mechaniceand by the small differences in used equations

Figure 34 represents the loop duration for the simulation with FMU hydraulics and model
withMeveabs hydraulics. Based on |l oop durat i
the model ds simulation time at al/l because

timestep in less than 0.3 ms and the largest difference between the simiga@i@2sms.
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Loop durations
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Figure 34. Loop durations for FMU simulation (red) and Mevea hydraulics (black)

Based on the results from this chapter, one advantage gained by building the hydraulic circuit
with Simulink is that all the used equations and values are kndftimthe FMU hydraulics
theuser can see how all the calculations are done and which parameters dret wgitul

the hydraulic circuit made with Mevélae user inputs values and the reatlyde component
then outputs new Vval uhbosthaoutputis hchievelisveever, d o e s
Mevea does introduce the used equations in the Reference Manual for Solver kibifary,
needed, thaiser does know how the calculations are ¢gdoneb u t they areno
directly in the softwareSecond advantage building hydraulic circuit with Simulink is
customization. Customization of equations is beneficial for example in celsee
uncommon phenomenon affects the system more than the regular activity, or in cases where
the components are modeled in differe/ays et ceterdor example in this case, the friction

force.
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4.3 Key findings

Using FMU turned out to be very simple and good solution with Simulink and Mawéda

also had good results with both simulation results and simulation speed. The largest problem
with the FMU during this thesis was the fact that MATLAB and Simulink is only available

in 64-bit version and the used Mevea was2version, and the prédm is that with FMI

for Co-Simulation with generated code requires a .dll file and it must be in the same format
as the master program. Since the Mevea walit32ersion, the FMU had to be exported

with a 32bit .dll, and for that Simulink requires Mioft Visual C++ compiler. Even
though in this thesis it was only an extra step, but for other use it means that the target
operating system and processor must be knélemever, acording to FM standard, this
problem could be eliminated by using binary BNModelica Associatior2020,p. 11).

Based on the results in this thesis, FMU, especially FMI feG@uulation with generated

code is great option for simulating systems which requires using multiple different software
as long as the softwasipport FMU import and export. Currently FMI 2.0 supports over

100 tools and the standard is constantly being developed by multiple companies and research
institutes, which means that it is a solid option for building systems which require multiple
componats and subsystemBl0delica Associatior2020,p. 1).

4.4 Topics for future research

If more accurate simulation results are needed in the future, th&é®atmodel could be
developed by studying the-BAr mechanism more because the model accuracy is very
sensitive to itand br example this could include adjusting the constraints in the Mevea
model Also the hydraulic circuit could be developed further for example by adding leakage
to the cylinder equation$n addition to these, also control system couldlbeeloped for

the model instead of using joystick data as input. The control system could be imported as a
separate FMUWr with the Transmission Control Protocol/Internet Protocol socket interface

method.
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5  CONCLUSION

The aim of this thesiswastomodel P&t 5 | oader 6 s mechani cs wi |
with Simulink and combine these two simulation models with Advea was chosen as
software for the mechanics because it is capable ofinealsimulation of compbesystems.

Simulink was chosen for the hydraulics because it has a simple and clear interface for
mat hemati cal model i ng, amnidmu Ita tiinotnr osdtuacredda |
version R2020a, and the i nt er aeeristudied befoet we e
in LUT Universitywith FMI for Co-Simulation with generated code technigBesviously

the interface has been achieved with tool coupling method, which requires both simulation
software to be open, which can make the simulation compuédly more demandingout

with generated codmethod only the master software must be running.

The research started by building hydraulic circuit in Simulink with mathematical equations.
The hydraulic circuitvasverified by connecting the circuit to 8iscape Multibody model

that was used in Shevchuk (2020) stsdythe circuit could be observed without Mevea
affecting the results. After that, the multibody model was built in Mevea with-6%&u

models by Luostarinen et al. (2014). The functionality oftinody model was tested by

buil ding simpl e hydr -builtltoble Afteribotrcmodets were tdsted Me v
independently, the simulation models were combined with FkHB.interface was achieved

by using FMI for CeSimulation with generatecbde method, where Mevea acts as master
software and Simulink as slave. The final FMU had inputs for cylinder posiéiod

velocitiesand output for cylinder forces.

The model built in this thesis was compared to simulation results and measuredrdata fro
Shevchuk (2020) masterb6s thesis because b
Shevchuk (2020) used Simscape Multibody for mechanics. Both systems were simulated
with RungeKutta 4 solver and with 1 ms timestep but the FMU had 0.25 ms timestep for
the hydraulic circuit. Models were simulated with 140 bar pump pressure and with same
parameters, but the 3mModel used in this thesis had some minor differences compared to

the reallife system. For example thelbar mechanism is simplified and insteddanass at
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the end of the tilt boom, the 3Model has a log grapple which acts as a mass in the

simulations.

The model developed in this thesis achieved similar results to Shevchuk (2020) simulations
and measuredata,but it did havesome differences. The FMU simulation model behaved
similarly but achieved lower values with pressures and forces, but the cylinder position did
stay inside 10 % error margin when compared to measured data from laboratory tests.
However, the differences we small enough and the model can be considered working
correctly. The results were verified by multiple simulations with different control signals,
pump pressures and starting positions.

Largest difference between the FMU simulation model and Shevcl®20)2nodel was
simulation time. Thenodel developed in this study was able to run the simulation in real
time, while Shevchuk (2020) simulation with Simscdpeltibody and Simulink for the

same model took 15 minutes to run 100 second simulafioa drast differencecould be
explained by difference in computing power, using different software or solution method for
the model 6s dynamics. The effect of differ
model.The initial model used recursive formulatiwhich is computationally more efficient

than Lagrangian method. With the recursive formulation the took less than 0.3 ms for

calculating one timestep, while with Lagrangian formulation it was constantly over 0.5 ms.

The hydraulic circuit was also built wih Meveadés own tools for

di fference between custom built hydraulic
The model with Meveads hydraulics achieve
cylinder posisiteithe b0 %derrar maygin weeh eognpaiechito measured data.

The difference between the FMU model and M

differences in equations. Mevea for example calculates bulk modulus and friction force
differently than the estom built hydraulic circuitMost notable finding from building the
hydraulics with Mevea was that the loop duration was same for both models, meaning that
using FMU for this model didndét affect t he

Based on the resultsoim this thesis FMI for G&imulation with generated code is a valid

option for system simulations, where multiple software are nedded MU model had
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good results with both simulation results and simulation speed, but it also provides other
benefits. IBr example by building a custom hydraulic circuit, the user can see how all the
calculations are achieved and which parameters are being used, while withmaedely
components you canb6t see them directly an
eguations fr om Maotheranpostantbenefil foraising sustom hydraulic
circuit was customizatioof equations. The customization is beneficial in cases where some
phenomenon affects the system more than the regular activity, for exanipile ¢ade the

bulk modulus was calculated based on the amount of air in the hydraulic liquid because it
was considered to have more impact than hydraulic hésmsever, the FMI for Co
Simulation with generated codied one drawback, it generates a dynamier which is
platform dependent, meaning that the operating system must be known, but this problem

could be avoided by using binary FMU.

In future research, theldlar mechanism of Patb5 could benodeledmoreclosely because
the model is very sensitive to thébdr mechanism accuradyidso a control system could be
developed and imported to Mevea as separate FMU or with TransmissiorolContr
Protocol/Internet Protocol socket interfaddae hydraulic circuit could also be built with
different software and imported to Mevea as FMU. This would allow studying how using

multiple FMUs in same model affect the simulation speed and results.
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Additional simulation results
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Figure I.1. Lifting cylinder input voltage for 80 bar pump pressure simulation
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Figure 1.2. Lifting cylinder measured and simulated positions for 80 bar pump pressure simulation
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Measured and simulated pressure comparison
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Figure 1.4. Lifting cylinder measuredral simulated forces for 80 bar pump pressure simulation
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Bending cylinder joystick voltage
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Figure 1.5. Tilt cylinder input voltage for 100 bar pump pressure simulation
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M d and positions
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Figure 1.6. Tilt cylinder measured and simulated position for 100 bar pump pressure simulation
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o 108 Measured and simulated pressure comparison
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Figure 1.7. Tilt cylinder measured and simulated pressures for 100 bar pump pressure simulation
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15 & 10* Measured and simulated cylinder force
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Figure 1.8. Tilt cylinder measured arglmulated forces for 100 bar pump pressure simulation
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Lifting cylinder joystick voltage
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M d and positions
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Figure 1.10. Lift cylinder measured and simulated positions for 120 bar pump pressure simulation
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Figure 1.13. Tilt cylinder input signal for 120 bar pump pressure simulation



