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Preface

The 10" International Conference on Sustainable Energy and environmental Protection —
SEEP 2017 was organised on June 27 — 301 2017 in Bled, Slovenia, by:

e Faculty of Chemistry and Chemical Engineering, University of Maribor,
Slovenia,
e University of the West of Scotland, School of Engineering and

The aim of SEEP2017 is to bring together the researches within the field of sustainable
energy and environmental protection from all over the world.

The contributed papers are grouped in 18 sessions in order to provide access to readers
out of 300 contributions prepared by authors from 52 countries.

We thank the distinguished plenary and keynote speakers and chairs who have kindly
consented to participate at this conference. We are also grateful to all the authors for their
papers and to all committee members.

We believe that scientific results and professional debates shall not only be an incentive
for development, but also for making new friendships and possible future scientific
development projects.

General chair
Emeritus Prof. dr. Jurij Krope
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Plenary Talk on
The Relation between Renewable Energy and Circular
Economy

ABDUL GHANI OLABI - BIBLIOGRAPHY

Prof Olabi is director and founding member of the Institute of
Engineering and Energy Technologies (www.uws.ac.uk\ieet) at the
University of the West of Scotland. He received his M.Eng and Ph.D.
from Dublin City University, since 1984 he worked at SSRC,
HIAST, CNR, CRF, DCU and UWS. Prof Olabi has supervised
postgraduate research students (10 M.Eng and 30PhD) to successful
completion. Prof Olabi has edited 12 proceedings, and has published
more than 135 papers in peer-reviewed international journals and
about 135 papers in international conferences, in addition to 30 book
chapters. In the last 12 months Prof Olabi has patented 2 innovative
projects. Prof Olabi is the founder of the International Conference on Sustainable Energy
and Environmental Protection SEEP, www.seepconference.co.uk

He is the Subject Editor of the Elsevier Energy  Journal
https://www.journals.elsevier.com/energy/editorial-board/abdul-ghani-olabi, also
Subject editor of the Reference Module in Materials Science and Materials Engineering
http://scitechconnect.elsevier.com/reference-module-material-science/  and board
member of a few other journals. Prof Olabi has coordinated different National, EU and
International Projects. He has produced different reports to the Irish Gov. regarding:
Hydrogen and Fuel Cells and Solar Energy.

CORRESPONDENCE ADDRESS: Abdul Ghani Olabi, Ph.D., Professor, University of the West of
Scotland, School of Engineering and Computing, D163a, McLachlan Building, Paisley, United
Kingdom, e-mail: Abdul.Olabi@uws.ac.uk.
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Plenary Talk on
Energy Footprints Reduction and Virtual Footprints
Interactions

JIRI JAROMIR KLEMES & PETAR SABEV VARBANOV

Increasing efforts and resources have been devoted to research during environmental studies,
including the assessment of various harmful impacts from industrial, civic, business, transportation
and other economy activities. Environmental impacts are usually quantified through Life Cycle
Assessment (LCA). In recent years, footprints have emerged as efficient and useful indicators to
use within LCA. The footprint assessment techniques has provided a set of tools enabling the
evaluation of Greenhouse Gas (GHG) — including CO2, emissions and the corresponding effective
flows on the world scale. From all such indicators, the energy footprint represents the area of forest
that would be required to absorb the GHG emissions resulting from the energy consumption
required for a certain activity, excluding the proportion absorbed by the oceans, and the area
occupied by hydroelectric dams and reservoirs for hydropower.

An overview of the virtual GHG flow trends in the international trade, associating the GHG and
water footprints with the consumption of goods and services is performed. Several important
indications have been obtained: (a) There are significant GHG gaps between producer’s and
consumer’s emissions — US and EU have high absolute net imports GHG budget. (b) China is an
exporting country and increasingly carries a load of GHG emission and virtual water export
associated with consumption in the relevant importing countries. (c) International trade can reduce
global environmental pressure by redirecting import to products produced with lower intensity of
GHG emissions and lower water footprints, or producing them domestically.

To develop self-sufficient regions based on more efficient processes by combining neighbouring
countries can be a promising development. A future direction should be focused on two main areas:
(1) To provide the self-sufficient regions based on more efficient processes by combining
production of surrounding countries. (2) To develop the shared mechanism and market share of
virtual carbon between trading partners regionally and internationally.

CORRESPONDENCE ADDRESS: Jifi Jaromir Klemes, DSc, Professor, Brno University of Technology
- VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process Integration
Laboratory — SPIL, Technicka 2896/2, 616 69 Bmo, Czech Republic, e-mail:
klemes@fme.vutbr.cz. Petar Sabev Varbanov, Ph.D., Associate Professor, Brno University of
Technology - VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process
Integration Laboratory — SPIL, Technicka 2896/2, 616 69 Brno, Czech Republic, e-mail:
varbanov@fme.vutbr.cz.
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JIRI JAROMIR KLEMES - BIBLIOGRAPHY

Head of “Sustainable Process Integration Laboratory — SPIL”, NETME
Centre, Faculty of Mechanical Engineering, Brno University of Technology
- VUT Brno, Czech Republic and Emeritus Professor at “Centre for Process
Systems Engineering and Sustainability”, Pazmany Péter Catholic
University, Budapest, Hungary.

Previously the Project Director, Senior Project Officer and Hon Reader at
Department of Process Integration at UMIST, The University of Manchester
and University of Edinburgh, UK. Founder and a long term Head of the

: Centre for Process Integration and Intensification — CPI2, University of
Pannoma Veszprem Hungary. Awarded by the EC with Marie Curies Chair of Excellence (EXC).
Track record of managing and coordinating 91 major EC, NATO and UK Know-How projects.
Research funding attracted over 21 M€.

Co-Editor-in-Chief of Journal of Cleaner Production (IF=4.959). The founder and President for 20
y of PRES (Process Integration for Energy Saving and Pollution Reduction) conferences.
Chairperson of CAPE Working Party of EFCE, a member of WP on Process Intensification and of
the EFCE Sustainability platform.

He authored nearly 400 papers, h-index 40. A number of books published by McGraw-Hill;
Woodhead; Elsevier; Ashgate Publishing Cambridge; Springer; WILEY-VCH; Taylor & Francis).

Several times Distinguished Visiting Professor for Universiti Teknologi Malaysia, Xi’an Jiaotong
University; South China University of Technology, Guangzhou; Tianjin University in China;
University of Maribor, Slovenia; University Technology Petronas, Malaysia; Brno University of
Technology and the Russian Mendeleev University of Chemical Technology, Moscow. Doctor
Honoris Causa of Kharkiv National University “Kharkiv Polytechnic Institute” in Ukraine, the
University of Maribor in Slovenia, University POLITEHNICA Bucharest, Romania. “Honorary
Doctor of Engineering Universiti Teknologi Malaysia”, “Honorary Membership of Czech Society
of Chemical Engineering", "European Federation of Chemical Engineering (EFCE) Life-Time
Achievements Award" and "Pro Universitaire Pannonica" Gold Medal.

CORRESPONDENCE ADDRESS: Jifi Jaromir Klemes, DSc, Professor, Brno University of Technology
- VUT Brno, Faculty of Mechanical Engineering, NETME Centre, Sustainable Process Integration
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Plenary Talk on
Renewable energy sources for environmental protection

HAKAN SERHAD SOYHAN

Development in energy sector, technological advancements, production and consumption
amounts in the countries and environmental awareness give shape to industry of energy.
When the dependency is taken into account in terms of natural resources and energy,
there are many risks for countries having no fossil energy sources. Renewable and clean
sources of energy and optimal use of these resources minimize environmental impacts,
produce minimum secondary wastes and are sustainable based on current and future
economic and social societal needs. Sun is one of the main energy sources in recent years.
Light and heat of sun are used in many ways to renewable energy. Other commonly used
are biomass and wind energy. To be able to use these sources efficiently national energy
and natural resources policies should be evaluated together with the global developments
and they should be compatible with technological improvements. Strategic plans with
regard to energy are needed more intensively and they must be in the qualification of a
road map, taking into account the developments related to natural resources and energy,
its specific needs and defining the sources owned by countries. In this presentation, the
role of supply security was evaluated in term of energy policies. In this talk, new
technologies in renewable energy production will be shown and the importance of supply
security in strategic energy plan will be explained.

CORRESPONDENCE ADDRESS: Hakan Serhad Soyhan, Ph.D., Professor, Sakarya University,
Engineering Faculty, Esentepe Campus, M7 Building, 54187 - Esentepe /Sakarya, Turkey, e-mail:
hsoyhan@sakarya.edu.tr.
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and the rest for reasearch activities.

Teaching, courses taught:
Graduate courses:

- e Combustion technology;
? e Modelling techniques;

Undergraduate courses:

e  Combustion techniques;
e Internal combustion engines;
e  Fire safety.

Tehnical skills and competences professional societies:

25 jurnal papers in SCI Index. 23 conference papers;

Editor at FCE journal. Co-editor at J of Sakarya University;
Head of Local Energy Research Society (YETA);

Member od American Society of Mechanical engineers (ASME);
Member of Turkish Society of Mechanical Engineers (TSME).

CORRESPONDENCE ADDRESS: Hakan Serhad Soyhan, Ph.D., Professor, Sakarya University,
Engineering Faculty, Esentepe Campus, M7 Building, 54187 - Esentepe /Sakarya, Turkey, e-mail:
hsoyhan@sakarya.edu.tr.

https://doi.org/10.18690/978-961-286-062-2 ISBN 978-961-286-062-2
© 2017 University of Maribor Press
Available at: http://press.um.si.






10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND

)
ENVIRONMENTAL PROTECTION (JUNE 27T — 30™, 2017, BLED, -ﬁ-

SLOVENIA), TECHNICAL DEVELOPMENTS IN VEHICLES
J. Krope, A.Ghani Olabi, D. Gori¢anec & S. Bozi¢nik

Table of Contents

CONFERENCE PROCEEDINGS

Robust Neuro-Fuzzy Sliding Mode Speed Control for an
Electric Drive System

Ibrahim Farouk Bouguenna, Ahmed Azaiz, Ahmed Tahour & Ahmed
Larbaoui

Electronic Differential with Backstepping Control for Vehicle
Propulsion System

Ahmed Larbaoui, Beghdad Belabbes, Ibrahim Farouk Bouguennan &
Ahmed Tahour

Optimization of Automotive Diesel Engine Calibration Using
Genetic Algorithm Techniques
Federico Millo, Pranav Arya & Fabio Mallamo

Hydraulic  Transmission  for  Agricultural Machine
Appropriate for the Treatment of Steep Farmland
Martin Kodri¢ & Stanislav Pehan

University of Maribor Press

13

27

41



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND ENVIRONMENTAL
PROTECTION (JUNE 27™H—-30™, 2017, BLED, SLOVENIA), TECHNICAL DEVELOPMENTS IN
VEHICLES

Table of Contetns



10™ INTERNATIONAL CONFERENCE ON SUSTAINABLE ENERGY AND

)
ENVIRONMENTAL PROTECTION (JUNE 27T — 30™, 2017, BLED, -ﬁ-

SLOVENIA), TECHNICAL DEVELOPMENTS IN VEHICLES i
. N " e . niversity of Maribor Press
J. Krope, A.Ghani Olabi, D. Gori¢anec & S. Bozi¢nik

Robust Neuro-Fuzzy Sliding Mode Speed Control for an
Electric Drive System

IBRAHIM FAROUK BOUGUENNA, AHMED AZAIZ, AHMED TAHOUR & AHMED LARBAOUI

Abstract This work present a Robust Neuro-fuzzy-sliding mode speed
control (NFSMC) to ensure the traction of an electric vehicle; at the first
we applied the sliding mode control (SMC) on the three surfaces speed,
direct current and quadrature current on the permanent magnet
synchronous motor PMSM by taking into account the dynamics of the
vehicle; And afterwards we applied the Neuro-fuzzy-sliding mode on the
speed surface ; Simulation under Matlab/Simulink has been carried out to
evaluate the efficiency and robustness of the proposed control on a system
drive. It should be noted that the reference speed is the European urban
driving schedule ECE-15 cycle.

Keywords: « Electric vehicle « Sliding mode control ¢« Neuro-Fuzzy -
PMSM « Dynamics ¢

CORRESPONDENCE ADDRESS: Ibrahim Farouk Bouguenna, PhD student, University of Sidi Bel
abbes, Faculty of electrical Engineering ,22000 Sidi Bel Abbes, Algeria, e-
mail:faroukspvusto@yahoo.fr. Ahmed Azaiz, Ph.D., Full Professor, University of Sidi Bel abbes,
Faculty of electrical Engineering ,22000 Sidi Bel Abbes, Algeria, e-mail: ahazaiz2011@yahoo.fr.
Ahmed Tahour, Ph.D., Full Professor, University of Sidi Bel abbes, Faculty of electrical
Engineering ,22000 Sidi Bel Abbes, Algeria, e-mail: tahourahmed@yahoo.fr. Ahmed Larbaoui,
PhD Student, University of Sidi Bel abbes, Faculty of electrical Engineering ,22000 Sidi Bel Abbes,
Algeria, e-mail: s.godounov@gmail.com.
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1 Introduction

Due to the increasing requirements with regard to introducing environmental-friendly
vehicles and electrification of vehicle systems, much research on electric vehicles has
been carried out [1]. In particular control system as electric vehicle's brain which is a very
important part of the whole system and, to a great extent, determines the entire vehicle
performance, as it is the key to improve motor efficiency. in this context a Permanent
magnet synchronous motor has been adopted as the electric vehicle (EV) propulsion.

The FIS forms are a useful computing framework based on the concepts of fuzzy set
theory, fuzzy if-then rules and fuzzy reasoning. The ANFIS [2, 3] is a FIS implemented
in the framework of an adaptive fuzzy neural network. It combines the explicit knowledge
representation of a FIS with the learning power of ANNSs. Usually, the transformation of
human knowledge into a fuzzy system (in the form of rules and membership functions)
does not give the target response accurately. So, the parameters of the FIS should be
determined optimally [4].

The reminder of this paper is organized as follows: section 2 reviews the principle
components of the traction system and their model equations. Section 3 shows the
development of sliding mode controllers for electric vehicle motorization. Section 4
shows the proposed Neuro-fuzzy-sliding mode control law model to remedy the
chattering phenomena. Section 5 a simulation results verify the validity of the proposed
method of control. Finally the conclusion is drawn in section 6 .

2 Electric vehicle traction system modeling

This part is devoted to the dynamics of the electric vehicle and the different components
on board the vehicle and their equations models.

2.1 Vehicle Dynamics

The elementary equation describing the longitudinal dynamics of a vehicle in the road is
in the following form:

m, (0= E0)-(F, )+ E, () F,0)
dt ' ’ N (D)

Consider a vehicle of mass, M, proceeding at a velocity Vv, up a slope of angle ,

coefficient of rolling resistance C,. , density of the air o, frontal surface of the vehicle

A , coefficient of penetration into the air C .
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The force propelling the vehicle forward Ft , the tractive effort, has to accomplish the
following [5-7]:

e overbear the rolling resistance:

F =C .m g.cos(a) ?

e overbear the aerodynamic drag:

1 2
= 2 P-4 Cr(v=vy) ©

e provide the force needed to overcome the component of the vehicle’s weight
acting down the slope:

F,=%m, gsin(a)

(4)
e accelerate the vehicle, if the velocity is not constant:
F, . = mv.i.v(f)
dr (5)
2.2 Mathematical model of the PMSM
In this work we use a three phase induction motor type PMSM In the stationary (d — q)

reference frame, the mathematics mode of permanent-magnet synchronous motor is
shown as below [8]-[9]:

. L, 1
zd:—zzd+—dpfq,zq+zud
i =—§5 i, —E—dpag,fd —%ag, +iuq
q q q q
aJ',Zp(Ld —Lq)fd+PW;f —lC,—im,
’ J g T

(6)
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with R :Stator resistance, L, , L, d and q axis stator inductances /s :Permanent-
magnet flux linkage, id ) iq: Stator currents, U, : Stator voltages, @, : Speed mechanic,

j: Moment of inertia, f : Coefficient of viscous friction, p : Number of pole pairs, Cr :
Load torque.

3 Sliding mode control design for PMSM

Sliding modes is phenomenon may appear in a dynamic system governed by ordinary
differential equations with discontinuous right-hand sides. It may happen that the control
as a function of the system state switches at high frequency, this motion is called sliding
mode.

SMC has its own disadvantage, i.e., chattering phenomenon, which originated from the
interaction between parasitic dynamics and high frequency switching control. In order to
avoid the phenomenon, several control methods were proposed in the literature [10] [11].

3.1 Three surface control strategy

We take the general equation Proposed by J.J.Slotine to determine the sliding surface :

F (1)
5(x,t)z{—+l] e
. or (7

S : the sliding surface
€ : Error of the quantity to be controlled,

A : Vector of slopes of the S ,
n - Relative degree, equal to the number of times it derives the output for the command

to appear.

Figure 1 shows scheme of the sliding mode control of the electric traction system using
the principle of the cascade control method, the structure comprises a speed control loop

which generates the current reference iqref which imposes the control V. , the control

Ve IS imposed by the current regulation idref .

3.1.1 Direct axis control design

The resulting error will be corrected by a regulator operating in the sliding mode and the
surface of this control is given by:
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$; = Eﬂ:"d —1;

(®)

Considering the expression of the current id deducted in the equation system Eq. (6), the
derivative of the surface becomes:

+ R, L @i !
S _I —I - 21 ——U,;
a?d L ., p rg Ld a
)
During the sliding mode we have s*(i;) =0,U =0
R L,
= (1 ‘j-l——z ——p(Jz )L,
(2‘ La
(10)
U, =K sign(s(i,)) a1
Where : kd is positive gain for the direct current regulator.
3.1.2  Quadrature axis control design
The surface of this control is given by the following equation:
Sy =l 12)
The derivative of the surface becomes:
si=i  —( R“'i L, poi s o+ ! i)
2 T igref TN g T T Dl — D, T
! Lﬂ' ! L@' Lﬁ‘ Lq ! (13)

During the sliding mode we have s°(i,) =0,s(i,) =0,U,, =0
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R L .
u,,=G. +L_Si4 +L—"pm},fd + 2 o)L,
q q q (14)
Uy =K, sign(s(i,)) 5
Where : kq is positive gain for the quadrature current regulator.
3.1.3  Speed controller
sS=m —
mef r (16)
By replacing Eq. (c) in Eq. (20), we obtain:
L,—L)i,+py,
s'=w,,, _p( 0~ L)l + PV, i +1C}. +£m}.
. J R § J (17)
During the sliding mode we have s*(@,) =0,s(,) =0,i, =0
(“')i.‘mf +i (Jﬂ + Cﬂ
_ J
4eq L,—L
pL;,—-L) Lt p v,
J J (18)
i.=K sion(s(o,
o =K sign(s(,) )

with : Kwr is positive gain for the speed controller.

4 Adaptative neuro-fuzzy mode speed controller

The disadvantage of sliding mode controllers is that the discontinuous control signal
produces chattering dynamics, for this reason the combination of neural network with the
fuzzy logic control (FLC) aims to improve the robustness and the performance of
the controlled nonlinear systems. The proposed Neuro-fuzzy-sliding mode control
(NFSMC) scheme for electric vehicle (EV) speed control is shown in Figure 2. The
Neuro-fuzzy logic controller replace the speed surface sliding mode.
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Layerl Layer?2 Layer3

Layerd Layer3

X

y

<
P

Figure 2. Block diagram of proposed Adaptative Neuro-fuzzy sliding mode control speed

A typical architecture of an ANFIS is shown in Figure 3, in which a circle indicates a
fixed node, whereas a square indicates an adaptive node. For simplicity, we consider two
inputs X, y and one output z. Among many FIS models, the Sugeno fuzzy model is the
most widely applied one for its high interpretability and computational efficiency, and

built-in optimal and adaptive techniques [2].

ANFIS Controller

Figure 3. Architecture of ANFIS

The ANFIS controller generates change in the reference current (|
error (€ ) defined as [4]:

qref

e=0, . —0

I

Where @, and @, are the reference and the actual speeds, respectively.

), based on speed

(20)

In this study first order Sugeno type fuzzy inference was used for ANFIS and the typical

fuzzy rule is:
if €isAiand de is B; then z=f(€)
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Where A and B are fuzzy sets in the antecedent and z=f(€ ) is a crisp function in the
consequent.

The significances of ANFIS structure are:

Layer 1: Each adaptive node in this layer generates the membership grades for the input
vectors A;, i=1,...,3. In this paper, the node function is a triangular membership function:

0 e<a,
e—a
I a<e<b
O = g @)=1" "
f_lf'_al;f -
c —e
b <e<c
c —b
I
0 c <e

’ (21)

Layer 2: The total number of rule is 9 in this layer. Each node output represents the
activation level of a rule:

1 _ _ : P
O =w, =min((z,(e)) i=1.3 22)
layer 3:Fixed node i in this layer calculate the ratio of the i-th rule's activation level to
the total of all activation level:

= (23)

Layer 4: Adaptive node i in this layer calculate the contribution of i-th rule towards the
overall output, with the following node function:

O'=w= =w(pe+r
I 1 F(pF F) (24)

Layer 5: The single fixed node in this layer computes the overall output as the summation
of contribution from each rule:
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z— w,Z, +W,Z

S _ — 1-1 272
O = E wz, =——==
P w, +w, (25)

The parameters to be trained are, aj, b, and ¢; of the premise parameters and p; and r; of
the consequent parameters. Training algorithm requires a training set defined between
inputs and output [4][12].

5 Simulation results

In order to control the vehicle traction system behavior, simulations were carried out.
They show the vehicle speed control using sliding mode controllers (SMC) and Neuro-
fuzzy sliding mode controllers (NFMSC).

It should be noted that the simulation run under European urban driving cycle ECE-15,
during this cycle three trapezoids speed (9 km/h, 19 km/h, 30 km/h) shall be requested
by the driver. In addition we applied a slope of 10% between 16s and 23s. The purpose
of this simulation mode is to test our control technique through a real driving cycle.

20 ——mMmMmMmM—m—m—m———————— T
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! H
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Figure 4. Motor Speed (SMC & NFSMC)
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To show the ANFIS mode controller performances we have simulated the system
described above. Figure 4(a) show the vehicle speed response, the rotation speed of the
motorcan rapidly track the reference rotation speed , but this control causes fluctuations
in the response, it is the phenomenon of chattering (disadvantages of sliding mode
control), Figure 4(b) shows the performances of the adaptive neuro-fuzzy controller,
acting immediately on the speed loop by a considerable reduce of the chattering
phenomenon. Figures 5(a) & 6(c) shows the variation of electromagnetic torque as load
torque changes, figures 5(b) & 6(d) illustrates the tow current components quadratic and
direct and show good decoupling introduced by PMSM control (the current i_d=0), also
the magnitude of g-axis current, iq is proportional to the load torque. Figure.7 shows the
three-phase current of the stator.

From figures 5,6 and 7 it can be seen very clear the performances of the adaptative neuro-
fuzzy controller , without overflow of the speed, good decoupling and orientation , the
phase current have sinusoidal form and remarkably rejection of disturbance.
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Figure 6. c)Electromagnetic and load torque and (d) quadratic and direct currents in
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6 Conclusion

The paper presents a strategy based on ANFIS approaches to robust speed control for an
electric drive system based on PMSM propulsion . It develops a simple robust controller
to deal with parameters uncertain and external disturbances and takes full account of
system noise, digital implementation and integral control.
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The simulation results show that the proposed controller (NFSMC) is superior to
conventional

(SMC) controller in robustness and in tracking precision . The adaptative neuro-fuzzy
controller combine the advantages of three modern methods sliding mode SMC,fuzzy
logic control FLC, and neural network control. The control of speed by ANFIS gives fast
dynamic response indicating the superior performance of adaptive neuro-fuzzy control,
because it is inherently adaptative in nature.
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1 Introduction

The transportation sector is the largest consumer of oil and it has grown at a higher rate
than any other sector in recent decades [3]. Increases in transportation have caused
pollution emissions because of the utilization of internal combustion engine (ICEs), and
that have consequently caused some environmental problems, which must be prevented
to maintain the quality of life. Thus, many governments have developed more stringent
standards for the pollution emissions of vehicles [4].

In order to achieve better fuel economy and lower emissions, both academia and
automotive industry have conducted research on improving the efficiency of powertrains,
developing other energy sources, and changing the concept of the conventional
powertrains to electric vehicles EVs including EVs, HEVs, and FCVs [5].

Generally, in most electric vehicle (EV) propulsion applications, an ac motor is connected
to the wheels by reduction gears and a mechanical differential. in some vehicle drive
arrangements, high-speed, low-torque wheel motors requiring gear reduction are used,
and in these cases, either a gear motor assembly is mounted inside the wheel, or a chassis
mounted motor is connected to the wheel through gear reduction [6][8].

further simplification of the vehicle drive arrangement results in the elimination of the
gear being interposed between motor and wheel. the above then calls for the use of an
electric differential (ED) [1],[4].

ED-based EVs have advantages over classical EVs with a central motor. Indeed,
mounting the motors directly to the wheels simplifies the mechanical layout. The ED
system will reduce the drive line components, thus improving the overall reliability and
efficiency. This option will also reduce the drive line weight since mechanical differential
and gear reduction are not used. However, one of the main issues in the design of these
EVs (without mechanical differential) is to ensure vehicle stability in particular while
cornering or under slippery road conditions [2]. This calls for a specific traction control
system .

The control of the traction effort transmitted by each wheel is at the base of the command
strategies aiming to improve the stability of a vehicle. Each wheel is controlled
independently by using an electric motorization. However, the traditional thermal
motorization always requires the use of a mechanical differential to ensure the
distribution of power on each wheel. The mechanical differential usually imposes a
balanced transmitted torques, and in the case of an electric traction system, this balance
can be obtained by using a dual-motor structure which is shown in Figure 4 [3],[8].

In this context, the PMSM has been adopted as the EV propulsion base. Among the
available PMSM control technique, backstepping control is applied to the speed tracking
control appears to be very convenient for EV applications [9], [10], [11].
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The backstepping design offers a choice of design tools for the accommodation of
uncertainties nonlinearities, and can avoid wasteful cancellations. In addition, the
backstepping approach is capable of keeping almost all the robustness properties of the
mismatched uncertainties [10], [11].

The backstepping is a systematic and recursive design methodology for nonlinear
feedback control. The basic idea of backstepping design is to select recursively some
appropriate functions of state variables as pseudo control inputs for lower dimension
subsystems of the overall system. Each backstepping stage result in a new pseudo control
design, expressed in terms of the pseudo control designs from preceding design stages.
When the procedure terminates, a feedback design for the true control input results in
achieving of a final Lyapunov function by an efficient original design objective. The latter
is formed by summing up the Lyapunov function associates with each individual design
stage [9].

2 Control of the Electric Differential-Based Electric Vehicle Traction Drive

Figure 3 shows the proposed traction system of an electric vehicle with two independent
wheel drives. Two machines thus replace the standard case with a single machine and a
differential mechanical. The power structure in this paper is composed of two permanent
magnet synchronous motors via fixed gears which are fed by two three-phase inverters
and driving the two rear wheels of a vehicle through gearboxes. However, the control
method used in this work for the motors with ED is the adaptive backstepping control
will give the vehicle a dynamic behavior similar to that imposed by motor with a
mechanical differential [1],[2].

The ED system uses the vehicle speed and steering angle as input parameters and
calculates the required inner and outer wheel speeds where

the two rear wheels are controlled independently by two PMSM. Figure 3 shows the
proposed system control for the electronic differential based on backstepping.

2.1 Vehicle dynamics

Figure 1 shows the forces acting on a vehicle moving up a grade. The total resistive force
is defined as

Fres =|:rr + Fad + ic (1)
and

F, = #,mg )
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1
Fa :Ep C. A (V ) )2 (3)
1 .
R, =+ Mg sina Q)

where F,. is the Rolling resistance force, F,, is the Aerodynamic drag, F,_ is the hill
climbing force

Figure 1. Forces acting on a vehicle

2.2 Modelling the electronic differential

The considered propulsion system architecture permits one to develop an electronic
differential to assure that over a straight trajectory the two wheel drives roll exactly at the
same velocity; and in a curve trajectory the difference between the two wheel velocities
insure the vehicle trajectory over the curve. See Figure 2. Since the two rear wheels are
directly driven by two separate motors, If the vehicle is turning right, the left wheel speed
is increased and the right wheel speed remains equal to the common reference speed

@, . - If the vehicle is turning left, the right wheel speed is increased and the left wheel

speed remains equal to the common reference speed @, ¢ [2].[7].[8]. this helps the tyres

from losing traction in turns. Figure 2(b) shows the vehicle structure describing a curve,
where L represents the wheelbase, & the steering angle, d the distance between the

wheels of the same axle and @, | and @, , the angular speeds of the left and right wheel

r

drives, respectively.
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Figure 2 . (a) Structure of electronic differential. (b) Design model for vehicle structure
driven

in a curve. The linear speed of each wheel drive is expressed as a function of the vehicle
speed and the radius of curve:

d

vL—wV(R+Ej )
d

VR—a)V(R—Ej 6)

The curve radius is related to the wheelbase and steering angle:

L

R= tan(o) 0

Substituting (7) into Equations (5) and (6), we obtain the angular speed in each wheel
drive:

_L+05dtan(o) @®)
t L
o, = L—O.SI(_j tan(o) o, )
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The difference between the angular speeds of the wheel drives is expressed by the relation

Ao=0, -0, =dta—C(§) , (10)

Numeric sign of the steering angle signal indicates the curve direction:

& > 0= Turn right
6 =0 = Straight ahead
&5 =<0= Turn left.

When the vehicle begins a curve, the driver imposes a steering angle to the wheels. The
electronic differential however acts immediately on the two motors reducing the speed of
the inner wheel and increases the speed of the outer wheel. The driving wheel angular

speeds are,

A
O | ot =0, +_a) (11)
- 2
Aw
a)r_R_ref =, _7 (12)

The speed references of the two motors are:

a)Lm_ref = kgear a)r_L_ref (13)
me_ref :kgear a)r_R_ref (14)
Where K is the gearbox ratio.

gear
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Figure 3 . Electrical traction chain
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Figure 4. Block diagram show use of the electronic differential.

2.3 Traction motor model

Using Park transformations, the PMSM mathematical model in a rotating reference frame
(d-q), is defined by the following system of Equation. [9]:
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With R: Stator resistance, L, , L, d and g-axis stator inductances, ¢, :Permanent-

magnet flux linkage, 1, , l,: Stator currents,Vy , V,: Stator voltages, @, : Speed
mechanic, J : Moment of inertia, f : Coefficient of viscous friction, p : Number of pole

pairs, T, :Load torque.

< S Lq Vd
y=——l+t—pa i+
d d Ld
. R, . L . O Ve
ly=—"Il,—pw iy——p o, +— (15)
! Lq ! Lq Lq Lq
* 3p . . f T
wr=2_j(¢f Iq+(|‘d _Lq)ld Iq)_Ta)r+TL

3 Nonlinear Backstepping Control Design for PMSM

The essence of backstepping is the stabilization of a virtual control state. Hence, it
generates a corresponding error variable which can be stabilized by carefully selecting
proper control inputs. These inputs can be determined from Lyapunov stability analysis
[9],[10]. From Eq. (15), it is obvious that the dynamic model of PMSM is highly
nonlinear because of the coupling between the speed and the electrical currents.

According to the vector control principle, the direct axis current id is always forced to

be zero in order to orient all the linkage flux in the d axis and achieve maximum torque
per ampere. It is assumed that the engine parameters are known and invariant [11]. The
proposed control system is designed to achieve velocity-tracking objective and described
step by step as follows.

3.1 Backstepping speed controller

The first step is defined the tracking errors:

ew, za)r_ref — @ (16)
The derivative of an Equation (16) is

c 1/3p . .
e, =@r_ret ——|—|@; I, +(L, =L, )i, I

v j[Z(fq (d q)d ) 17

~fo, —TL]
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We define the following quadratic function:
V,=—e (18)

Its derivative along the solution of Eq. (18), is given by:

Vl = ea)r €

o,

. 13 . i
= ((()r_ref —T[7p (¢f I +(Ld - Lq)ld IQ) 49
- fa)r _TL])e@r

Using the backstepping design method, we consider the d-g axes currents components id

and iq as our virtual control elements and specify its desired behavior , which are called
stabilizing function in the backstepping design terminology as follows:

id ref — O
. 2 .
Iy e =—( fo, +T +] kwrewr) (20)
3p ¢
With: Kk, is a positive constant.
Substituting Equation (19) in Equation (18), the derivative of V, :
Vi=—k,.e <0 (21)

3.2 Backstepping current controller

We have the asymptotic stability of the origin of the system of Equations. (15).
We defined current following errors:

. . (22)
€ =lgret g

{ed =g ot ~ g with iy =0
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Their dynamics can be written:

-+ R. L .V,
€4 =ldarf—lg =—i; ——p @ i; ——+ (23)
L L L,
eq:iqref_iq
=2 _(fo,+T, +ik,e,) (24)
3p ¢
v
+&iq+ﬁp o, i +¢—fp o, ——
L, . L, L,
éqziqref_iq
2(k, j—f)(3 3p(L, -L,) .
_ ( ] ) p-¢feq+ p( 4 q)edlq (25)
3f ¢ 2] 2]

R,. L I
—kwrewr)+L—S|q+L—dpa)r|d+L—fpa)r—L—

q q q q

To analyze the stability of this system we propose the following Lyapunov function:

_ 1 2 2 2
V, _E(ewr +ef +¢e7) (26)

To guarantee the global asymptotic stability in the current loop, we must satisfy the
following inequality:

V, <0 (27)

The d-g axes control voltages are chosen as follows:

—3p(L"_L‘*)L"e i +R. i,
®'q s

Vg =Kg Ly & + 2] (28)

-p o L, i
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:2(kmrj—f)|-q(_ e + p¢fe
T 3pg v2j
3p(L,—L ]
+%% i) (29)
+k L e +3p¢f L

a9 7q 21 O

R, +p o Lyl +p o ¢

Therefore, finally we obtain the following expression of the differentiating Lyapunov
function :

\;Zz—k e> —ky e —k, €2<0 (30)

o

4 Simulation Results and Discussion
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Figure 5. Vehicle wheel speed in different cases
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Figure 6. Variation of electromagnetic torque of the right and left motor in different
phases
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Figure 7. Phase current for motors right and left.

It should be noted that the simulation run under an extra-urban driving cycle (EUDC)
figure (5) , which shows each wheel speed during steering for 0 <t < 400 sec. During
this cycle the vehicle approaches a right turn at 70 sec and a left turn at 140 sec .1t is
obvious that the electric vehicle operates satisfactorily according to the complicated
series of accelerations, decelerations, and frequent stops .

Referring to the figure (5) and figure (6), the vehicle turn right at 70 sec, in compensation
the torque of the right wheel decreases, briefly becoming negative. Negative torque is, in
essence, braking mode. This working phase can be exploited for energy recuperation.
Once the speed of the right wheel is stabilized , the torque returns to its initial value, as it
is shown in Figure (6). At t= 100 s the vehicle exits the curved section of road; thus the
driver applies an inverse steering angle to the front wheels. The electronic differential
subsequently acts to equalize the speed of the drive motors; The speed difference of the
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driving wheels is shown in figure (5). At 140 sec the vehicle approaches a left turn, it
can be seen that the electronic differential acts immediately on both electric motors by
lowering the speed of the left wheel and, unlike that on the right. This speed is illustrated
in Figure (5). The variation of phase currents are shown in Figure (7).

5 Conclusion

This paper has dealt with an ED based EV. The ED system will reduce the drive line
components, thus improving the overall reliability and efficiency since mechanical
differential and gear reduction are not used. In this case, The EV traction drive system
uses two separate PMSM back drive based wheels.

The proposed ED has been developed to handle the EV stability while cornering or under
slippery road conditions. For that purpose, it uses a backstepping speed control .The
results obtained by simulation show that this structure allows the design and
implementation of an electronic differential and ensures good dynamic and static
performances. The paper shows that the electronic differential controls the driving
wheels speeds with high accuracy either in flat roads or curved ones. The
disturbances do not affect the performances of the driving motors.
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1 Introduction

The demand for reduction in emissions and better performance from automotive industry
has transpired an evolution of diesel engines. This progress, with the assistance of modern
common rail fuel injection, turbocharging and aftertreatment systems, has greatly
increased the efficiency of the diesel engine [1], [2], [3]. It has also resulted in a better
control of the combustion process, with possibilities like injection rate shaping, premixed
combustion to further reduce emissions and fuel consumption. This better control also
means a higher number of control parameters and complex interactions between different
parameters. This makes defining the optimal tuning of these control parameters more
complicated and difficult. This tuning of engine control parameters over the complete
operating range is referred to as engine calibration.

Calibration of engine consists of using the empirical emission models created by Design
of Experiment (DoE) and optimizing the control parameters in order to have a good
performance of engine at a particular point. This process is repeated at multiple points to
cover the complete operating region of the engine and create maps for the engine control
parameters to optimize the performance of the engine. These maps of the control
parameters have an additional requirement of smoothness. Of course, it is not possible to
create models for all the operating points, it is for this reason some operating points are
selected based on their time weight in the driving cycle. These operating points are called
Key Points (KP) and they represent a cluster of operating points in their vicinity. This
approach is commonly known as the local approach for modelling [4].

With the increase in the number of control parameters, firstly the models that are created
need to be more complex in order to represent the combustion process adequately. Use
of conventional models like polynomial models is declining, since these models cannot
satisfactorily model problems of higher dimensionality. Therefore, black box models
based neural networks and Gaussian Process (GP), are being extensively used for
modelling applications [5], [6]. These methods have the advantage of being capable of
modelling very complicated multi-dimensional non-linear mapping. At the same time,
the optimization techniques should be well suited to the modelling methods. Classical
numerical techniques of optimization like simple gradient method, steepest decent
method worked well with trivial non-convex functions and convex functions [7].
However, they are dependent on the initialization, since they have a tendency to be
trapped in local minima. Furthermore, their application is limited on to continuous
differentiable functions. GA have been popular because of its stochastic nature and its
ability to avoid getting trapped in local minima.

In addition, population based measure such as GA, gives a set of good mathematically
feasible solution and not just one solution like conventional methods. If the final solution
found by population-based methods, is not feasible due to the problems regarding
implementation, then it is always possible to revert to the other good solutions.
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2 Engine Emission MOdels

For the purpose of this study, an operating point at 2000 rpm and 5 bar brake mean
effective pressure (BMEP) was selected as an example KP. This operating point was
selected because it is traditionally optimized in local modelling approaches. The
operating points in the vicinity of this key point are frequently encountered during the
operation of engine in common driving cycles like NEDC and WLTC.

The models and the data sets used in the study were provided by FEV lItalia. GP was used
for modelling the emissions at engine out level and fuel consumption as a function of 9
parameters. These parameters were Start of Injection (SOI), Air Quantity, Injection or
Rail Pressure (RP), Swirl level, 1%t and 2™ Pilot quantity, 1 and 2" Pilot Dwell Time,
Boost or Intake Manifold Pressure.

2.1 Model quality

The responses of the four different models that were used have been shown in Figure 1-
4. The normalized experimental value has been plotted on the x-axis and the normalized
predicted value from the model on y-axis. The NOx model was clearly the best in terms
of predictions, as it is evident from R? coefficient. Soot model showed a predictive
capability almost similar to the NOx model. Combustion Noise (CN) and Brake Specific
Fuel Consumption (BSFC) model also showed sufficiently good performance. The four
models were extensively tested on the engine test bench and the analysis was carried out
further using these models.

NOx model Response
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Figure 1. NOx Model Response
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2.2 Model domain

For each KP, the DoE is performed in a certain domain i.e. each input parameter in the
experiment is varied within a certain range and the models are built with this experimental
data. Therefore, the quality of the model is guaranteed only in this domain.

For this study, a pre-existing calibration was already present for the KP. It was assumed
that this calibration might already be a good starting point for the optimization. In
addition, the calibration of this KP was a part of the calibration of engine in the complete
operating range. It means that the maps for the control parameters were already present
and were sufficiently smooth.

In order to preserve the smoothness and thus usability of the calibration maps, the models
were explored and optimized in a narrow range centered around the pre-existing
calibration. The range of variation of models was reduced to 10% of the original domain.
As an example, if the DoE was performed with a SOI variation of 0°+4°, then the
optimization was restricted to 2°+0.4°, where 2° is the value of SOI in pre-existing
calibration. The reduced range of variation of the different control parameters has been
shown in Table 1. This also resulted in significant reduction in terms of time and
computational power, which has been explained in the next section.

Table 1. Range of variation of the control parameters

Input Quantity Unit Range of
Variation
Start of Injection °ATDC +0.4
Air Quantity mm?¥stroke  |£10
Rail Pressure MPa +5
Swirl level % +5
1% Pilot Quantity mm3/stroke  |£0.2
1% Pilot Dwell Time  |us +100
2" Pilot Quantity mm3/stroke  |£0.2
2" Pilot Dwell Time  |us +100
Boost Pressure kPa +5
3 Optimizer

An in-house optimization code was developed on MATLAB for this study. The code was
separated in two main parts, each then having further sub modules. As the GA works with
a population of solutions, the first part was the creation of a suitable initial population.
This initial population itself resulted in impressive reductions in the targeted quantity.
The second step was then further optimization using GA. The two steps have been
discussed in detail below:
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3.1 Random optimization

For this method, a large number of calibrations within the variation range were generated
using random number generator of MATLAB. These calibrations were then evaluated
using the GP models. As we narrowed down the variation range, the number of random
calibration that were needed to cover the complete range considerably decreased. The
constraints for the optimizer were the values of the emissions (NOx, Soot), CN and BSFC
evaluated on the pre-existing calibration using the models. The random calibrations, that
resulted in a lower target quantity, without violating the other constraints were stored and
the rest of the calibration were discarded. It was ensured that a minimum number of
calibrations are stored. In the selected case for this study, NOy was the target quantity. So
the calibrations that resulted in a reduction of NOy, without increasing the Soot, BSFC or
CN were stored. These stored calibrations were then used as an initial population for the
genetic algorithm. Figure 5 shows the complete process in a schematic way.

Random
calibration
generation

DoE
Models

NOx, Soot,
bsfc...

Objective
Function

Stored Yes
Calibrations

Genetic
Algorithm

Final Calibration

Figure 5. Schematics of the Optimizer

0.

3.2 Genetic algorithm optimizer

Genetic algorithms use the concept of natural selection to find the optimal solution over
multiple generations. The number of generations varies from problem to problem. Sastry
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et al. describes the steps and working of GA in great detail [8]. However, as the code for
GA optimizer was not a commercial one but developed in-house, the modules and
working of the optimizer have been described in brief here. Figure 6 shows the various
steps in the GA optimizer.

| Initialization |
I
I Selection |

!

| Recombination |

!

| Mutation |

!

| Evaluation |

!

| Replacement |

False

C Terminate >

Figure 6. Layout of GA optimizer
Initialization

Each promising solution obtained from the random optimization was first converted in a
form of row vector or a string. In terms of GA, each solution in this form is known as a
chromosome, each element of this vector is known as gene and the value that these genes
take is called allele. In this specific case, the complete calibration was a chromosome,
each control parameter was one of the genes and the specific value of that these control
parameters take were alleles. The control parameters represented as a chromosome has
been shown in figure 7. In the figure, only 7 genes have been shown for the sake of clarity,
but in the actual problem the chromosome consisted of 9 genes, same as the number of
control parameters. It should be pointed that the number of control parameters depend on
the control strategy and can vary a lot depending on the operating point. The methodology
explained here can be extended to any number of control parameters.
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Figure 7. Control parameters represented as a chromosome

Also since, each stored calibration was already evaluated using GP models during the
random optimization; a fitness value was assigned to each calibration using equation (1)

Fitness = (NO_g... — NO,,)/NO, ..., )

where, NOxgase is the value of the target quantity obtained from the pre-existing
calibration and NOy; is the value in i generation.

Selection

From the stored calibrations passed on by random optimizer, 50 calibrations were
selected as parents using a roulette wheel method. Since a standard method for selection
was chosen, it has not been explained here [9].

Recombination

In recombination, some genes of parent chromosomes are swapped using a certain
technique to most likely create more fit children chromosomes. For the optimizer,
uniform crossover technique was used, where swapping of each gene is considered
separately with a probability of 0.5. The recombination was carried out by generating a
row of random bits of same length as the chromosome. Each bit corresponded to a
particular gene. If the bit was 0, then the gene was swapped between the parents P1 and
P2. If the bit was 1 then the gene of parents P1 and P2 was copied as it is to the children
C1land C2. This has been illustrated more clearly in figure 8. Again the illustration shows
7 genes for the sake of clarity, but actual problem consisted of 9 control parameters.
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P1{[ 5011 | Ar1 | RP1 [swid1] PQ1 [ DTR1 |Boost1]
P2{[ soi2 | Ar2 | RP2 [ swin2| P2 | DTR2 |Boost2]

gﬁ{|1}o\o]1|o[1|o\

c1{ soi1] Ar2 | RP2 | swil1| PQ2 | DTR1 | Boost?]
c2{[ soi2| Ar1 | RP1 [ swil2| PQ1 | DTR2 | Boost1]
Figure 8. Recombination based on uniform crossover

Mutation

After every 10 generations, one of the 9 genes, was selected at random. This gene was
replaced with a value of that control parameter generated randomly within the narrow
domain.

Evaluation and Replacement

The outputs (NOy, Soot, CN, BSFC) were evaluated using the GP models for the new
population that was created using recombination and mutation functions. Also, for each
chromosome the fitness was calculated using equation (1). If the fitness increased,
without violating the same constraints introduced in the random optimizer, then the child
chromosome was passed on to the new generation. If there was no increase in the fitness
or if any of the constraint was violated, then the parent chromosome was copied to the
new generation. This ensured an increase in fitness over the number of generations
without increasing any other emissions or fuel consumption.

Stopping Criteria

In this case, the stopping criteria was a fixed number of generations. The GA was run for
200 generations.

4 Results
The methodology explained above has been applied to reduce the NOx for a pre-existing

calibration. Figure 9 shows the NOy variation relative to the calibrated NOx generation
by generation over the entire 200 generations.
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Figure 9. Variation in NOx

As evident from the figure, a significant part of the total reduction came from the random
optimization. This can be more clearly seen from figure 10 which shows the value of
fitness increasing over the generations.

Increasing value of Fitness Function

0.18
\
5017 n ‘w —Fitness

L T e O e O e O e T e T e A e O O O e O e O O e O T o T
ARSI NOR®SgINIRERE]
Generation
Figure 10. Increase in fitness over the generations

Figure 9 and Figure 10 are complementary in nature. It is because of the selected fitness
function given in equation (1) that fitness shown in Figure 10 is also reduction in NOy
relative to calibrated NOy. As can be seen in figure 10, the plot starts from 0.12 and
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reaches almost 0.19. This signifies that roughly 12% reduction came from random
optimization and further 7% reduction was achieved because of the GA.

The figure shows the fitness value decreasing for certain generation. This happened
because a population was created for a generation because of the crossover and mutation
and it was evaluated for the fitness. If the fitness obtained was worse than the previous
generation, the algorithm reverted back to the previous population. It is clear from the
plot, that for every worsening of the fitness function, the algorithm returns to the same
value of the fitness before the worsening.

Figure 11, 12 and 13 shows the CN, Soot and BSFC variations over the generations
respectively.
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Figure 11. CN variation during optimization
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Figure 12. Soot variation during optimization
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Figure 13. BSFC variation during optimization

It can be identified from the figures that the constraints were not violated in any of the
generations. Furthermore, the final values obtained for CN and BSFC are really close to
the constraints, as these were not being optimized. It was because the variations in BSFC
in Figure 13 could not be identified, that the scale was changed. A significant reduction
is only obtained for NOy, which was the target.

5 Future Work

The application of the optimizer can be further extended to a non trivial application where
the pre-existing calibration is not present and hence the narrow constraints are not there.
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The range of varation would be the complete domain of the model and an additional step
of defining the constraints dynamically would be required.

Furthermore, the optimizer can even be extended to multiple KP’s for both the scenarios,
with and without pre-existing calibrations. Thus the optimizer can be used to optimize
the complete operating range of an engine.
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1 Introduction

For the treatment of the sloped terrain planted with permanent crops and inclined at angles
greater than 60%, winch power is required [1]. The winch mounted on the reef of the
terrain pulls the cart with the accessories upwards. For this design, two motors are
required: one runs the winch, whereas the other runs the accessories. This arrangement
works on a steep terrain only. The obvious disadvantage is the disability of reusing the
potential energy. For the treatment of a flat and sloped terrain, inclined at angles less than
60%, classic tractors with wheels or tracks are in common use [2], [3] and [4]. In case of
a mixed structure of the terrain, where flat segments are included, a new agricultural
treatment method should be introduced, with the cart being substituted with a self-
propelled machine with the winch [5]. Approaches for an effective power transmission
design are investigated, with the aim to conceive a small and light agricultural machine
that would enable simultaneous operation of two accessories.

2 Hydraulic Transmission
The basic motor of the machine is a small internal combustion diesel engine. The criterion
for the determination of the engine power is the climbing abilities of the machines. The

machine transmission consists of two main units. The first one is the wheel drive and the
second one is the winch with the anchoring rope, Figure 1.

Aecessory No. 1

Spraver -, .
Hydraulic Motord .\ Anchering rope
yaraule Aotor \Ilj‘ Winch
Fear wheel
™
% _g
/

Aecessory No. 2

Mower
Hydraulic Pump
Hydraulic motor 5 IC engine
Hydrauhic Motor 1 i~ Hydraulic Motor 2

¢

% @/Frﬂm drive whesl

Figure 1. The Layout of the Main Components of the Agricultural Machine
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Figure 2. Basic Hydraulic Transmission

The minimum configuration of necessary hydraulic components, presented in Figure 2,

can operate successfully in case that both driving systems are independent and the valves
1 to 6 are opened. The basic hydraulic transmission actually represents a kind of
differential, which operates well in normal conditions but once the wheels slip, the winch
becomes useless, and also with no power. Consequently, when driving the machine
upwards on a slippery terrain, both wheel branches should be switched off. When driving
the machine downwards, the winch or both wheel branches could be switched off. It
means that the valves on input and output pipes of a pertinent hydraulic motor should be
closed and that would transform this motor into a blocked brake. As a result, the machine

would stop. To avoid this, the hydraulic transmission should be modified.
2.1 Hydraulic circuit designing

To enable the rotation of each of the switched off hydraulic motors, the free circuit of
the hydraulic fluid should be enabled. This can be done by introducing additional
valves, numbered 7, 8 and 9 in Figure 3. In such a case the hydraulic motor, which is
switched off, operates as a pump pushing the flow inside a closed local circuit. For
example, while only the winch drive operates, the valves 3, 4, 5, 6 and 7 are closed and
the valves 1, 2, 8 and 9 are open, Figure 3. Also by the switched off circuit due to the
previous operating conditions, the high pressure in the piping still exists and causes
harmful resistances, which leads to power loss that heats the hydraulic system.
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Figure 3. Closed Hydraulic Circuit

To overcome this disadvantage of a closed circuit, the open circuit is introduced, Figure
4,

Winch

Exculpatory 1
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Figure 4. Open Hydraulic Circuit
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The most prominent component of the open hydraulic circuit is the exculpatory reservoir.
The inlet and outlet pipes of each hydraulic motor are connected with it. In case of
operating the winch drive only, the valves 3, 4, 5, 6, 7 and 12 are closed and the valves
1,2,8,9, 10 and 11 are open. The hydraulic fluid in both wheel branches can now freely
circulate at the atmospheric pressure and at a negligibly low resistance. The hydraulic
fluid freely circulates from the reservoir through the hydraulic motor, which acts as pump,
and returns back into the reservoir with a symbolic resistance only.

2.2 Hydraulic drives for accessories

The accessories can be driven by the IC engine or by potential energy obtained from the
hydraulic system, Figure 5. The accessories operate when the machine goes downwards
and the potential energy comes from the winch rope, which rotates the additional pump
producing the energy in the hydraulic system. The potential energy obtained from the
winch is sufficient for one accessory only. The energy for the other accessory is obtained
from the IC engine.
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- 1 3
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1 2
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62 Control valve 1
s Drive wheel Dirive wheel

Figure 5. Hydraulic Circuit of the Agricultural Machine for Driving and for Crop
Treatment
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The major advantage of the presented hydraulic system is its ability to combine the two
energy sources and to transform their energy into proper input torque and rpm adequate
for accessories. The 4/2 control valve makes it possible to select the accessories. Figure
5 shows a situation with the machine travelling downwards. Both accessories operate.
The winch is operated with the open hydraulic circuit. The machine speed is adjusted
with the drive wheels. When the vehicle moves upwards, it is necessary to activate the
winch by moving the control valve 2 from position 1 to position 2. If the drive wheels
slip, the control valve 1 must be moved from position 1 to position 2. In this case, the
drive wheels rotate in an open hydraulic circuit and the vehicle moves due to the pulling
force of the winch.

3 Machine Prototipe Testing
The main purpose of testing is to verify the hypothesis that the hydraulic resistance
depends on the pressure in the pipeline. The prototype of the machine is made and some

hydraulic properties are tested, Figure 6.
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Figure 6. Testing Layout
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The influence of the pressure in the hydraulic circuit for winch is tested. The test rig
consists of a hand hydraulic pump, which is connected by piping and appropriate hand
valves to the real winch with the hydraulic motor MS 100 and gearbox with the speed
reduction of 6.2. The nominal diameter of the winch drum is 273 mm. The rope
diameter is 5 mm. The resistance of the closed hydraulic circuit is tested first. The
winch is driven by a hydraulic hand pump. The valves 1 and 2 are opened, whereas the
valve 3 is closed. The valves 1 and 2 are suddenly closed, the valve 3 is opened, and
then the tangential force on the winch drum is measured. Tests are carried out at several
pressures that gradually increase up to 60 bars. With the same equipment, an open
hydraulic circuit is tested. In this case, the valves 1 and 2 are opened, the valve 3 is
closed. By the hand pump, the pressure in the system is again raised to the normal level
required to drive the winch. Immediately after stopping the hand pump, the pressure in
the pipelines drops to the atmospheric level. The tangential force in the pulling rope is
measured.

4 Results

The agricultural machine is manufactured in accordance with the presented premise and
the hydraulic system transmits the power from the IC engine to individual components.
Losses in the hydraulic circuits are manifested in the form of forces and torques needed
for the rotation only. The advantage of the open hydraulic circuit is shown in Figure 7.
Based on the measured pulling force, the adequate power loss P is calculated. It is
considered that the machine is moving at the speed of 5 km/h.
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Figure 7. Hydraulic Circuit Resistances
5 Discussion

Rough principles of operation of hydraulic systems are presented; hydraulic schemes of
a real machine are much more complex. Measurements of hydraulic resistance on the
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winch drive are presented, but the situation is completely identical with respect to all
other hydraulic motors and pumps; this machine contains eight. Considering that the
nominal values of pressure in the hydraulic system amounts to up to 140 bars, it can be
concluded that an open hydraulic circuit significantly reduces the heating of the system.
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