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Abstract

The selling price of a multipurpose motor truck is composed of: the cost of the truck, that
of the components and technological equipment with which it is equipped, the trade margin
set by the integrator, as well as the costs - not negligible at all - of the research necessary
to optimize the parameters of the multipurpose motor truck.

Currently, there can be purchased: * from integrators - trucks equipped with various
technological equipment; these trucks cannot fully meet the needs of the technological
process, since the speed of movement provided by the mechanical transmission is not
adequate; * from importers - vans equipped with various technological equipment and
hydrostatic transmissions, which achieve adequate technological speeds, but which have
the disadvantage of low productivity due to their low loading capacity; * from integrators /
importers - UNIMOG model compact trucks, which are equipped with a hydrodynamic
transmission that allows movement at low speeds but are energy inefficient in this mode of
movement; another disadvantage they pose is the fact that they have a small loading
capacity.

In the above-described context, the aim of this thesis, namely to optimize the dynamic
parameters of multipurpose trucks, is attainable by equipping them with a closed circuit
primary control hydrostatic transmission and a PID controller; this transmission will enable
multipurpose trucks to achieve lower travel speeds than the mechanical transmission with
which the trucks are already equipped. Moreover, the travel speed of multipurpose trucks
will be uniform and can be continuously adjusted to meet the needs of any technological
process. The multipurpose truck with the previously specified features combines the
advantages of all the previously mentioned trucks. It will have an authorized mass of 18
tons, will be able to travel upwards and downwards a rough road with a 45% gradient at a
maximum speed of 4.3 km/h, and upwards a paved road with a 15% gradient at a maximum
speed of 7.35 km/h. Under these conditions, the truck will reach 99.85% of its maximum
speed in 3 seconds. Regarding the minimum travel speed, the motor truck can travel at
0.045 km/h. The truck will achieve low travel speeds with better energy efficiency compared
to trucks equipped with hydrodynamic transmissions; the two distinct transmissions which
the truck will be equipped with can be used independently, according to the needs of the
technological process, thus ensuring two modes of travel, both efficient from an energy
point of view.

The objectives of the thesis leading to the fulfilment of its aim, and the distribution by
chapters can be summarized as follows:

* In Chapter 1, the framework is established in which research will be carried out regarding
the equipping of multipurpose trucks with hydrostatic transmissions;

* In Chapter 2, an analysis of the state of the art in the field of mobile hydraulic transmissions
and in the field of motor trucks is carried out;

* In Chapter 3, the mathematical models of the parts of a hydrostatic transmission and those
of the pump displacement servo-control system are presented;

« In Chapter 4 the characteristics of a servo-pump are determined experimentally, as well as
the control performance of a closed circuit primary control transmission;

* In Chapter 5 the dynamic parameters of multipurpose motor trucks equipped with closed
circuit primary control hydrostatic transmissions are optimized virtually, with the help of
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numerical simulation. Also in Chapter 5, the influence that reducing the energy consumption
of the subsystems has on the closed circuit hydrostatic transmission is studied, with the
help of numerical simulation. Moreover, in Chapter 5 the possibility of obtaining optimized
parameters of multipurpose trucks is demonstrated; such parameters fully meet the
requirements of technological processes: travel speed rates that are lower than those of the
mechanical transmission and steadier, and also continuous adjustment of the travel speed
rate.

* The present thesis makes available to integrators a data set with a benchmark value; this
set can be found, in a concise form, in Chapter 5, and in detail — in Annex 39 of the thesis.

In order to fulfil the intended objectives, it has been necessary for the author of the thesis to
build an experimental bench for the study of the control capabilities of a servo-pump and
those of a closed circuit primary control hydrostatic transmission. Both bench control and
experimental data acquisition have been performed using the LabVIEW software; a total of
8 laboratory experiments have been carried out. Physical testing, in the laboratory, has been
continued virtually, with the help of numerical simulation by using the Simcenter AMESIim
software; the data obtained in the laboratory have been used to validate the numerical
simulation models, also being the initial parameters of the 3 numerical simulation models
developed by the author. They continue the study of the servo-pump control capabilities,
analyse the influence that reducing the energy consumption of the subsystems has on the
closed circuit hydrostatic transmission, leading, at the end of the research, to the
optimization of the dynamic parameters of multipurpose motor trucks.

The thesis is based on extensive bibliography; from its analysis, a large number of
bibliographic references (documentary sources directly related to the content of the thesis)
has resulted; their structure may be summarized as follows:

New references | Old references | TOTALof | *Since the publication

(= year 2013) (< year 2013) references | date of the information

A - on the websites could

Scientific Articles / 59 23 82 not be determined, the

Papers related references

Books 5 26 31 (marked as "'n.d.” - "no

TOTAL of Atticles / | 64 49 M3 ered oider than

Papers and Books 2073,

Datasheets 20 8 28
Websites 0 10* 10
GRAND TOTAL 84 67 151

In its 7 chapters (and especially in Chapter 5 — Optimization and virtual experimentation
using numerical simulation) the thesis comprises a large number of figures (graphs,
diagrams), with the role of providing information in an eloquent, dense and, at the same
time, visually appealing form; also, the information in the thesis is detailed by a significant
number of accompanying materials, annexes of this thesis.
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Chapter 1 - Introduction

In this chapter, the framework has been established in which the research has been carried
out regarding the equipping of multipurpose motor trucks with hydrostatic transmissions;
at the same time, this chapter also had the role of narrowing the field of research, as well as
the role of presenting the terminology used in the thesis. In order to be able to study the
issue of multipurpose motor trucks equipped with hydraulic transmissions, in this chapter,
a brief presentation of some introductory notions about hydraulic transmissions has been
made, including their classification and the particularities of each type of transmission. Also,
the notion of "multifunctional motor truck" has been defined and an overview of their
possible applications (Fig. 1 (Figure 1.8 in the full-length thesis)) has been outlined, with an
insight into the advantages brought by equipping them with hydrostatic transmissions.

Fig. 1 (Figure 1.8): Example of technological equipment that a multipurpose motor truck used in the
construction sector can be equipped with.

Chapter 2 - State of the art in the field of mobile hydraulic transmissions
and in the field of motor trucks equipped with them

In this chapter, an analysis has been made on the state of the art of research in the field of
mobile hydraulic transmissions and that in the field of motor trucks; also, some of the best
performing models of servo-pumps and servo-motors / hydrostatic motors have been
presented, as well as the subsystems of the transmissions. As a conclusion of the analysis
in this chapter, the hydraulic schematic diagram in Fig. 2 (Figure 2.39) has been chosen as
the optimal solution, with the arrangement of positive displacement machines on the motor
truck as shown in Fig. 3 (Figure 2.41).

Hydraulic pump

ey
Ak

Coupling
pneumatic control

Hydrostatic
maotor

v
.'r 4

. Tank and
«1 z¢-+ heat exchanger Coupling

Fig. 2 (Figure 2.39): Hydraulic diagram of  Fig. 3 (Figure 2.41): Application example for a split type
a split type hydrostatic transmission. primary control hydrostatic transmission.
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In addition, in this chapter, the disambiguation of the ‘multipurpose motor truck’ concept
has been made and the aim and objectives of the thesis have been stated.

The aim of this thesis is to optimize the dynamic parameters of multipurpose motor trucks,
using a hydrostatic transmission to this end.
In order to achieve the aim of the thesis, the following objectives have been considered:

» Establishing the framework in which research will be carried out regarding the
equipping of multipurpose motor trucks with hydrostatic transmissions;

» Making an analysis of the state of the art in the field of mobile hydraulic
transmissions and in the field of motor trucks that can be equipped with such
transmissions;

» Studying the parts of a hydrostatic transmission and the pump capacity
displacement servo-control system, through mathematical modeling;

» Experimental determination, in the laboratory, of the characteristics of a servo-pump
and the control performance of a closed-circuit primary control transmission;

» Virtual optimization of the dynamic parameters of multipurpose motor trucks
equipped with closed-circuit primary control hydrostatic transmissions, with the help
of numerical simulation;

» Studying the influence that reducing the energy consumption of the subsystems has
on the closed-circuit hydrostatic transmission, with the help of numerical simulation;

= Demonstrating the possibility of obtaining optimized parameters of multipurpose
motor trucks, which would fully meet the requirements of technological processes;

» Making available to integrators a data set with a benchmark value regarding the
parameters of hydraulic components and those of closed-circuit transmission
subsystems, so that the motor truck equipped by the integrator with the hydrostatic
transmission could meet the requirements of the technological process efficiently
and safely.

Chapter 3 — Theoretical elements regarding the mathematical modeling of
hydrostatic drive components and systems

In order to fulfill the aim and objectives of the thesis, mathematical modeling and dynamic
analysis in non-permanent regime of the main hydraulic components and hydrostatic drive
systems have been necessary. In this chapter, the mathematical models of the components
of a hydrostatic transmission (Fig. 4 (Figure 3.1), Fig. 5 (Figure 3.2), Fig. 6 (Figure 3.3)) and
those of the pump capacity displacement servo-control system (Fig. 7 (Figure 3.4)) have
been presented.
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Fig. 4 (Figure 3.1): Swash plate hydraulic pump. Dynamic mathematical model of a pump.



Thesis Summary - Theoretical and experimental contributions on optimizing the dynamic parameters
of multipurpose motor trucks by using hydrostatic transmissions - Chirita Alexandru-Polifron

known characteristics:
constructive: Vo, : |, Gag: P You: 8pi &
of hydraulic vip:E
Q V. dp (0]
& puaY Qu=%'mﬁ'“n’(|"]’n)+pu'ﬁ : E.E‘
a ‘£
A0 i
=
£ | o i ‘“ (y,,,+— 5,.,) Mg |£3
..E. Po Vom p=—={_ 5
— sgn(wg) - "'“' &g (p—po) # Mg = "2'"'(]’ Po)

Dynamic mathematical model of a high-speed
fixed-displacement motor.

\I th

Fig. 5 (Figure 3.2): Hydraulic cylinder.

v . . d
QM—(ZO:I_k)'we+“M'PZ+ﬂM'£
dw V
e+<0—71: k*)-6,’(,,(we—w5)2+ME =

N at ;
— (oM _ .
_<27T k) p;

ay=(@m-d-z-k-j3/96-b-n)-2nm-d-z-k/p-g-Vou

Dynamic mathematical model of a low-speed radial
piston motor.

known characteristics:
constructive: A: M, e @ Bagr: Yaar: €r
of hydraulic environment: v; p; E

Q dx dp i
g QA e (- po) B g (mY/se] [ is
s £
3 p i
£ e dzx dx F, ‘EE
Elp, | Mgty St SEN0D g A (- pe) + [E

—_— +Fg=A-(p—a-pe); [N]

Dynamic mathematical model of a hydraulic cylinder.

1
; X or Y (from the control circuit)
k ch teristics of the di I valve:
Px: Py | constructive: Ac: An; Ay 8: K Ko Formy: Ko §p
. of hydraulic environment: v; p; E; Qpe = Qu
o
E'[ pl Qpe = Qp Ky p: [m*/sec] ki ‘é
O\ m—p p Qf Pa 2
- ppa=t5 =  [IN/m?
" 2 A;flx! o &
(b)  AMB (a) d’x dx
— N m-gqz Ko gk x=Ac px-Fo-
o v X pe ;Ei; cosa-p- ‘-‘% COs«; [N]
PT

Directional control valve symbol

Fig. 6 (Figure 3.3): Hydraulically controlled
spool directional valve.

R(S) =

Dynamic mathematical model of hydraulic directional
control valves.

E, -V + 47 apu - (ruq% 5u) Er

e [EB2 KA
€ J (g +mp)-4; °
A
; 1 YrtYc+y
c=35"
2
J(k+x,,-4-%§-)-(mm+mc)
w,(S) _ Ksc - @} Ks - Wigs

Y(S) Sz+2{'—c we " S+1 32+2£H Wys - S+1
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Chapter 4 - Physical experimentation, in the laboratory, of a closed-circuit
primary control hydrostatic transmission

This chapter had as its objective to experimentally determine, in the General Hydraulics
Laboratory of INOE 2000-IHP, the control characteristic of the A10VG28 servo-pump
connected to the A6VM28 servo-motor and the response of the hydrostatic transmission to
a step signal.

The matrix of experiments has been designed in such a way that at the end of the testing
the following questions could be answered:

— How long does it take for the servo-pump to reach maximum flow rate? Does this time
depend on the load? What about from maximum flow rate to 0 (the neutral position of
the servo-pump swash plate)?

— What is the maximum flow rate of the servo-pump? Does it depend on the load?

— What is the minimum flow rate of the servo-pump? Does it depend on the load?

— From what values of the control current is the pump flow rate proportional to it? Does
it depend on the load?

Methodology of transmission and servo-pump experimentation

To achieve the previously mentioned objective, an existing bench of IHP intended for testing
hydrostatic motors has been modified and transformed into a bench equipped with a
closed-circuit primary control transmission. The physical embodiment of this test bench is
shown in Fig. 8 (Figure 4.1) and Fig. 9 (Figure 4.2).

Fig. 8 (Figure 4.1): The experimental test bench - Fig. 9 (Figure 4.2): The experimental test bench -
front view. side view.

Fig. 10 (Figure 4.3): The electric cabinet for the bench and electric motor control.
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As one can see in Fig. 8 (Figure 4.1), Fig. 9 (Figure 4.2) and Fig. 10 (Figure 4.3), the test
bench consists of four distinct components:

The first of these components is the electric pump, which has an asynchronous
electric motor - with the power of 30 kW and the synchronism speed of 1500 rev/min
— as one of its parts and the A10VG28 servo-pump;

Load simulation unit, comprising: the hydraulic oil tank, the panel with digital displays
for speed, temperature and torque, the A6VM servo-motor and the F112A fixed
displacement pump;

Experimental data acquisition system, consisting of a laptop equipped with LabVIEW
experimental data acquisition software, NI 6211 experimental data acquisition board,
various transducers and a programmable voltage source;

Electric cabinet for the bench and electric motor control, shown in Fig. 10 (Figure
4.3), with the following parts: 30-kW circuit breaker, star delta starter, 24 V power
supply, 12 V power supply, TP — 10 A automatic fuse, 3P — 1 A automatic fuse,
IEM3255 three-phase meter with Modbus RTU communication and +10 V
proportional controller.

The hydraulic schematic diagram of the experimental test bench on which the research on
the closed-circuit primary control hydrostatic transmission has been carried out is shown

below in Fig. 11 (Figure 4.21).
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Fig. 11 (Figure 4.21): Hydraulic schematic diagram of the experimental test bench for the study of the
closed-circuit primary control transmission and the pump displacement control servo-mechanism — The
hydraulic diagram at a larger size can be found in Annex 25 (of the thesis).

Notations in the hydraulic diagram: M. —electric motor, P, — main pump, P. — compensation pump, My -
hydrostatic motor, Ps — load pump, DAQ - experimental data acquisition board, PC - laptop and REXROTH

VT11118-10 - signal conditioner for driving the pump servo-mechanism.
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Operation of the experimental test bench: one supplies the test bench with electricity and
opens the LabVIEW application related to the experiment to be performed; from the
electrical cabinet, the electric motor is turned on; one waits for it to switch from star to delta,
and then presses the “start" button of the LabVIEW application. The control signal is
transmitted from the PC to the experimental data acquisition board, which converts it to
voltage (0 - 10 V); this voltage reaches the VT11118-10 proportional controller which
conditions the signal and transforms it into the control current (0 — 600 mA) of the
electromagnets of the proportional directional valve which is part of the pump displacement
control servo-mechanism. The proportional directional valve controls the displacement of
the hydraulic cylinder with bilateral rods; this displacement is directly proportional to the
control signal, the swash plate angle, the main pump displacement, and its flow rate. After
the swash plate angle exceeds the value of + 3°, the main pump discharges, on branch "A",
a flow of hydraulic fluid that passes through the flow transducer and reaches the hydrostatic
motor; the flow rate determines the speed rate of the hydrostatic motor, which is measured
by the speed transducer; this speed rate drives the load pump, whose flow is forced through
the proportional pressure control valve, which creates a resisting torque on the motor shaft;
this torque is proportional to the pressure reached at the pressure control valve. Given the
ratio of the displacement of the hydrostatic motor to that of the load pump, when on the
high-pressure branch of the closed circuit the pressure is 70 bar, a pressure of 140 bar is
installed at the proportional pressure control valve. The flow rate of the compensation
pump, with a value of approximately 9 L/min at a pressure of 25 bar, provides the required
flow rate to the servo-mechanism at a pressure of 20 bar, measured at port ps, compensates
the volumetric losses of the pump with the help of check valves, and the rest of the flow
drains to the tank through the pressure control valve set at 25 bar. The throttle between the
compensation pump and the proportional directional control valve is meant to limit the
pressure pulsations of the compensation pump that would reach the directional control
valve. The throttles on the ports of the hydraulic cylinder have the role of equalizing its
displacement speed and delaying the response of the servo-mechanism to the control
signal. The pressure control valves set at 350 bar act as safety valves, and the pressure
control valve (set at 340 bar) which is controlled by the pressure in the closed circuit
branches via the selector valve has the role of reducing the pump capacity if the pressure in
the closed circuit exceeds the set value. The power transducer directly communicates to
the PC the time-variation of the power absorbed by the electric motor, and the rest of the
transducers transmit to the PC, by means of the experimental data acquisition board,
signals proportional to the parameter values measured by them. After the data acquisition
completion condition has been reached, the acquisition stops automatically; then the
electric motor and the power supply to the stand are switched on; after performing these
operations, the results of the experiment can be saved.

Results of physical experimentation in the laboratory

In order to answer the questions posed at the beginning of this chapter, the experiments
have been divided into two main categories:

e Response to step signal (A)

e Control characteristic (B)

A. The experiments related to the response to step signal have been, in turn, divided as
follows:
e With load created by the hydrostatic motor:
o response to step signal
o lag detail
12
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e With no load, short-circuiting the closed circuit with a 90° bend
o response to step signal
o lag detail

B. The experiments related to the control characteristics have been, in turn, divided as
follows:
e With load created by the hydrostatic motor:
o and the maximum control signal
o and the minimum control signal
e With no load, short-circuiting the closed circuit with a 90° bend
o and the maximum control signal (experiment not presented in this summary)
o and the minimum control signal (experiment not presented in this summary)

AT10VG28EP4 servo-pump response to step signal

The LabVIEW application for step signal response uses 4 (four) analog 0 — 10 V inputs from
the data acquisition board: electromagnet current, servo-pump flow rate, pressure on
branches "A” and "B”. An analog output of the acquisition board is used for control. The
parameter values shown on the graphs are scaled from the voltage signal (1..5 V) to the
measurement ranges of the transducers. The control signal is connected to the input of the
controller that controls the pump flow rate. The application panel - Fig. 12 (Figure 4.22) -
The application panel includes graphical blocks for: current, flow rate, control signal, and PA
and PB values. The step signal is controlled, at a value that can be set in the range 0...10 V,
with the help of a button on the application panel.
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Fig. 12 (Figure 4.22): Application panel — A10VG28EP4 servo-pump response to step signal.

To be able to have an overview of the experiments in this section of the chapter and for an
easier interpretation of the results of the experiments carried out, the experimental data
related to the servo-pump flow rate, measured with the flowmeter placed in the closed
circuit, have been imported into MS. Excel. There, the four curves have been superimposed
so that the lag shown in Fig. 13 (Figure 4.28) can be read on the "X" axis of the graph.
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Fig. 13 (Figure 4.28): Response to step signal — centralized results.
A10VG28EP4 servo-pump flow rate/control characteristic and transmission characteristic

The application panel related to the experimentation with load created by the hydrostatic
motor and the maximum control signal is shown in Fig. 14 (Figure 4.38), while for the
minimum control signal the application panel is shown in Fig. 15 (Figure 4.40). These panels
contain pump and transmission characteristics on the first row, and on the second row, as
a function of time, there are shown variation of power absorbed by the electric motor,
variation of the control current of the proportional directional valve in the servo-pump
structure, and pressure variation on the branches of the closed circuit.
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Fig. 14 (Figure 4.38): Application panel related to the experimentation with load created by the hydrostatic
motor and the maximum control signal.
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Fig. 15 (Figure 4.40): Application panel related to the experimentation with load created by the hydrostatic
motor and the minimum control signal.

Conclusions of the laboratory experimentation

The answers to the questions posed at the beginning of this chapter, answers resulting from
the experiments, are presented in the following paragraph.

* The time needed for the servo-pump to reach maximum flow rate varies between
0.83 seconds and one second; it is measured between the time when the voltage
control signal has been given and the time when the pump has reached maximum
flow rate. If we exclude the time for processing the electrical signals from the
calculation, one can see that the servo-pump reaches the maximum flow rate in 0.7
- 0.8 seconds. Regardless of the angle of the pump swash plate (0° or 33°) from
which the voltage control is given, or of the load in the closed circuit, the servo-pump
reaches maximum flow rate or 0 flow rate in no more than one second.

* The maximum theoretical flow rate of the servo-pump if it were to be driven at the
synchronism speed of the asynchronous electric motor, is 42 L/min; two values have
been determined experimentally, 40.77 L/min (with load) and 41.17 L/min (no load).
The maximum flow rate of the servo-pump is load dependent: in proportion to the
increase in pressure, volumetric losses also increase. The flow rate of the servo-
pump is also influenced by the variation of the speed rate of the asynchronous motor;
this variation occurs as a result of the slippage between the stator and the rotor of
the electric motor, which slippage is influenced by the resistive torque on its shaft,
which torque is directly proportional to the pressure in the closed circuit.

* The minimum flow rate of the servo-pump is 0.116 L/min; it depends on the load
since volumetric losses are proportional to pressure. The minimum flow rate is
0.2762% of the maximum theoretical flow rate of the servo-pump at a speed of 1500
rev/min, (0.116/42 * 100 = 0.2762 %).

* The pump flow rate becomes proportional to the control signals from the value of
about 0.8 L/min, proportional adjustment starting from the voltage value of 1.1 volts
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and the control current value of 215 mA. The proportional relationship between the
servo-pump flow rate and the control current is not significantly influenced by the
load (pressure) in the closed circuit as long as the pump is operated at the nominal
conditions specified by the manufacturer; the increase in pressure causes the
increase in volumetric losses, and the latter reduce the flow rate for the same control
current.

The results of the experiments presented in this chapter have been used in Chapter 5 for
parameterization and validation of numerical simulations.

Chapter 5 — Optimization and virtual experimentation using numerical
simulation

5.1 Virtual experience of the AT0VG28EP4 servo-pump

This subchapter continues the research presented in Chapter 4, using it to parameterize and
validate the numerical simulation model of the servo-pump and the electronics that controls
its displacement volume. The numerical simulation model of the servo-pump, created in this
subchapter and validated by previous experiments, will be integrated into the numerical
simulation of the motor truck equipped with a hydrostatic transmission.

Methodology of virtual experimentation of the servo-pump

The initial data of the experimentation and those of the numerical simulation of the servo-
pump are identical, including the control signal. In this subsection, the initial parameters of
the components will be presented briefly; they, together with the simulation settings, can be
found in detail in Annex 34 (of the thesis), in order to fully meet the research reproducibility
requirements.
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Fig. 16 (Figure 5.2): Servo-pump simulation network.

The servo-pump simulation network is presented in Fig. 16 (Figure 5.2); on it, one can
identify: in green color - mechanical components, in red - electronic components or those
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carrying various signals, and in orange - hydraulic components, which also take thermal
phenomena into account; without them, the results of the numerical simulation could not
have been compared with the results of the laboratory experiments. The current control
signal is the one determined experimentally; it passes through the electronic blocks, which
condition it and send it to the servo-mechanism that controls the pump displacement
volume (flow rate) proportional to the value of the control current. The main pump has a
displacement of 28 cm3/rev, and the compensation pump - a displacement of 6 cm?3/rev, the
hydraulic fluid is ISO VG 46, and the pressure control valve is set at 20 bar.

Servo-pump response to step signal

In Fig. 17 (Figure 5.9) one can see that the time-variation of the simulated servo-pump flow
rate is almost identical to the experimental one; the control current is common.

—— Main pump flow rate (simulation) [L/min]
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Fig. 17 (Figure 5.9): Main pump flow rate and its control current — validation of numerical simulation.

Flow rate/control characteristic of the servo-pump
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Fig. 18 (Figure 5.16): Flow rate/control current characteristic — validation of numerical simulation resuilts.

17



Thesis Summary - Theoretical and experimental contributions on optimizing the dynamic parameters
of multipurpose motor trucks by using hydrostatic transmissions - Chirita Alexandru-Polifron

In Fig. 18 (Figure 5.16) one can see that the simulation results coincide with those of
physical experimentation; the maximum flow rate is identical, and the current value from
which the control of the pump displacement starts is similar; in this case, too, the control
current is common.

The linear correlation coefficient, Fig. 19 (Figure 5.17), estimates - as the name suggests -
the linear correlation of two signals (physical parameters), in the present case, the linear
correlation of the pump displacement control current, measured in amperes, and the servo-
pump flow rate. A value of 0 or close to 0 of this coefficient indicates no linear correlation
of the two signals, while a value close to 1, whether positive or negative, indicates a good
linear correlation of the two signals.
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Fig. 19 (Figure 5.17): Linear correlation coefficient - simulation vs. experimentation.

The control current with which the displacement of servo-pumps for mobile applications is
controlled has an insensitive "dead zone", in which the pump rate flow does not respond to
the control signal, to avoid the alternate rectilinear movement of the motor truck when the
swash plate of the servo-pump is in the neutral position and oscillates around it. In this case,
the numerical simulation shows a superior linear correlation of the control current and the
pump flow rate, because in simulation the conditions can be better controlled.

Frequency response of the servo-pump to the wobble control signal

Frequency response of the servo-pump flow rate to the wobble control signal - constant
amplitude and variable frequency control signal - is necessary for the correct tuning of the
PID controller in the structure of the hydrostatic transmission of the motor truck.

Frequency response of the servo-pump flow rate is shown in Fig. 20 (Figure 5.20); on this
graph, one can see what percentage of the flow rate amplitude is still available for a certain
frequency, and also the phase shift. Comparing the results in this figure with the
characteristics of the pump P7, one can see that the pump P7 achieves small amplitude
flow rates at a maximum frequency of 17 Hz and a pressure of 70 bar, and the simulation
reveals that the simulated servo-pump achieves small amplitude flow rates at 12 Hz, at a
pressure of 20 bar.
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Fig. 20 (Figure 5.20): Bode plot for frequency response of the servo-pump flow rate.

5.2 Virtual experimentation and optimization of the subsystems of a closed-
circuit primary control hydrostatic transmission

This subchapter aims to study the influence that reducing the energy consumption of the
subsystems has on the hydrostatic transmission.

Methodology of virtual experimentation of hydrostatic transmission subsystems

For the study of closed-circuit primary control hydrostatic transmission subsystems, the
simulation network shown in Fig. 21 (Figure 5.21) has been developed. This shows the three
transmissions, each with a different subsystem. All the main pumps, the ones with variable
flow rate, have a displacement of 210 cm?/rev; all of them are driven at 1000 rev/min and
receive the same control signal for the time-variation of the displacement. The pressure
control valves in the closed circuit are all set at the maximum pressure prescribed by the
manufacturer, that is 500 bar. All hydrostatic motors have the same displacement, 1400
cm?/rev, and all load simulation mechanisms are identical.
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Fig. 21 (Figure 5.21): The simulation network of the three transmissions with different subsystems.

The servo-control mechanisms in this simulation do not have a functional role; they only act
as energy consumers. In order to fully meet the research reproducibility requirement, the
initial parameters of the simulation, in their entirety, as well as the numerical simulation
settings, can be found in Annex 35 (of the thesis). As one can see from the simulation
network, certain hydraulic components are highlighted in purple; these are the different
components of the 3 subsystems, and in the following, the differences between the 3
transmissions will be presented in detail.

Transmission no. 1 is the classic one; its role is control and benchmarking with the other
transmissions. It is equipped with a compensation pump with a displacement of 46 cm?3/reyv,
and the valve of this pump is set at the value of 25 bar, which is standard for closed-circuit
hydrostatic transmissions.
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Transmission no. 2 has a proportional pressure control valve in its structure, which replaces
the compensation pump pressure control valve. Two pressure transducers can also be
noted on the same figure, located on the branches of the closed circuit; they are connected
to a series of electronic blocks, which have the role of comparing the two pressures and
selecting the greater one. The two amplifiers in close proximity to the pressure transducers
have the role of setting a minimum pressure rate for the maximum pressure selection
system to work properly. The amplifier between the signal selection block has the role of
scaling the pressure from the values in the closed circuit (500 bar) to the maximum value
of 25 bar, at which the proportional pressure control valve is set; the last electronic block,
the one before the proportional pressure control valve, has the role of setting the minimum
and maximum limit of the valve pressure. The role of this system is to adjust the pressure
in the compensating circuit in proportion to the pressure in the closed circuit. A very small
displacement pump (control pump) and its associated pressure control valve have been
added to the transmission, because the compensation pump pressure was no longer high
enough for the servo-mechanism to work properly.

Transmission no. 3 is similar to transmission no. 2, with the exception of the fact that
depending on the pressure in the closed circuit, the flow rate of the compensation pump is
adjusted proportionally. The minimum pressure of the hydraulic compensating circuit (5
bar) is controlled by the throttle, and when the pressure drop on the throttle exceeds 10 bar,
the flow rate of the compensating pump passes through the pressure control valve acting
as a safety valve. In this case, too, a control pump is required, because the pressure in the
compensation circuit is no longer high enough to meet the demands of the servo-
mechanism.

Presentation of the results of the virtual experimentation of the hydrostatic transmission
subsystems

The time-variation of the power consumed by the subsystems of the 3 transmissions can
be found in Fig. 22 (Figure 5.34). On this graph, one can see that, in the worst-case scenario,
the subsystem of transmission no. 3 consumes only one third of the power consumed by
the subsystem of transmission no. 1.
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Fig. 22 (Figure 5.34): Power consumed by the 3 subsystems of the transmissions.
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In Fig. 23 (Figure 5.36), one can see that subsystem no. 2 consumes, on average, 59.2%, and
subsystem no. 3 consumes, on average, 25.8% of the power consumed by transmission
subsystem no. 1.
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Fig. 23 (Figure 5.36): Power consumed by the 3 subsystems, expressed as a percentage, depending on the
pressure in the closed circuit, relative to the consumption of subsystem no. 1.

Fig. 24 (Figure 5.37) shows the time-variation of the energy consumed by the 3 subsystems
of the transmissions for the torque produced by the 3 hydrostatic motors and their speed

rate.
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Fig. 24 (Figure 5.37): Energy consumed by the 3 subsystems.
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Conclusions of virtual experimentation of hydrostatic transmission subsystems

The energy consumption of hydrostatic transmission subsystems can be considerably
reduced by adopting the constructive solutions presented in this subchapter, with no
negative impact on the components of the transmissions or on their control performance.

On average, subsystem no. 3 consumes only 25.8% of the power consumed by subsystem
no. 1; comparing the same subsystems from the point of view of energy consumption,
subsystem no. 3 consumes only 11.4% of the energy consumed by subsystem no. 1, for
the duty cycle presented.

The variable flow rate of the compensation pump in subsystem no. 3 does not necessarily
have to be supplied by a servo-pump; this flow rate varies between 10 and 44 L/min and can
be achieved using a gear pump with a displacement of 11 cm3/rev, driven by an electric
motor with variable speed ranging from 1000 to 4000 rev/min; this would consume 770 W
at most, and the only condition that must be met for optimal operation of the gear pump is
to ensure, as in the case of all pumps, a suction pressure equal to the atmospheric pressure,
regardless of the speed rate at which the pump is driven. The solution presented in
subsystem no. 2 is less complex, but achieves lower energy savings.

5.3 Virtual experimentation of a multipurpose motor truck and optimization of
its dynamic parameters by equipping it with a closed-circuit primary control
hydrostatic transmission

The numerical simulation in this subchapter combines and uses all the results and
conclusions of the previous subchapters; all previously presented research coalesces in this
subchapter to fulfill the aim of the thesis.

At the end of the experimentation with the help of numerical simulation, done in this
subchapter, it will be possible to answer the following questions:

e Which are the dynamic parameters of the multipurpose motor truck, equipped with a
hydrostatic transmission that have been improved, compared to a motor truck
equipped with a mechanical transmission, in the first gear?

o Which is the maximum travel speed?
o Which is the minimum travel speed?

e Which is the maximum slope that the multipurpose motor truck can travel upwards
on?

e How long does the multipurpose motor truck take to reach its maximum travel
speed?

e How accurate is the speed control of the multipurpose motor truck?

o Inthe case of steady-state control of the travel speed;
o And in the case of continuous control of the travel speed.

To achieve the parameters mentioned in Chapter 2, it is necessary to choose a truck
platform that has enough variants available and allows the various interventions necessary
to be equipped with the hydrostatic transmission. To this end, the platform made available
by MAN, TGM 18.320 model, with all-wheel drive and two axles - Fig. 25 (Figure 5.38), has
been chosen; this model has the maximum authorised mass in Europe of 18 tonnes and the
net mass on delivery, with full tank and with driver, of 6 tonnes; it has been estimated that a
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maximum of 2 tonnes will be added to this mass by the integrator, resulting in the possibility
of loading the motor truck with another 10 tonnes. The tires on both axles of the truck are
sized 295/80R22.5. The motor truck is equipped with a heat engine of 320 horsepower; the
D0836 LFL52 model delivers 240 kW at maximum speed rate of 1900 rev/min, maximum
speed which is specified in the intervention manual of this series of trucks; the torque
developed by the heat engine at the minimum speed of 1000 rev/min is 1020 Nm, Fig. 26
(Figure 5.39), and minimum travel speed, at the same rpm, is 2.16 km/h.
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Fig. 25 (Figure 5.38): MAN TGM 18.320 motor truck with 4x4 Fig. 26 (Figure 5.39): Torque and power

drive. characteristic of the D0836 LFL52 heat
engine depending on its rpm - Annex 36
(of the thesis).

The motor truck simulation network is shown in Fig. 27 (Figure 5.43); this integrates the
volumetric efficiency of the main pump from the previous simulation. The servo-pump is
connected to the power take-off (NMV 221) of the heat engine, which can transmit a
maximum torque of 2000 Nm.
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Fig. 27 (Figure 5.43): The simulation network of the motor truck equipped with closed-circuit primary
control hydrostatic transmission.

The initial parameters of the simulation are: the speed of the heat engine is constant and
has a value of 1000 rev/min; the main pump displacement is 210 cm?3/rev and is variable,
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and that of the compensation pump is 32 cm3/rev; the pressure control valves in the closed
circuit are set at the value of 450 bar, the pressure control valve of the compensating circuit
is set at 25 bar, and the pressure control valve of the flushing valve is set at 20 bar; the
hydrostatic motor, model CDM10, has a displacement of 1352 cm?3/rev; the pump
displacement control servomechanism is identical to the one in the previous chapters, being
experimentally validated. The transmission ratio of the transfer case has the value of 1.625
and the value of 1.007, and that of the differentials has a value of 4, according to Annex 37
(of the thesis). The total mass of the motor truck is 18 tonnes; tire size is 295/80R22.5; the
motor truck model is detailed; coefficients of friction, longitudinal slip (skidding of the tires
on the asphalt), distribution of the load on the axles of the motor truck (60% on the rear axle
and 40% on the front axle), moment of inertia of the wheels, air friction and road slope are
all taken into account.

The numerical simulation also has a PID controller with "feedforward", "feedback" and
advanced capabilities for compensation of non-linear phenomena. Automatic tuning of the
PID controller is shown in Fig. 28 (Figure 5.44); on it, one can see that the maximum
frequency of the signal transmitted to the pump displacement control servo system does
not exceed 22 Hz; also in this figure one can see that the application assesses the system
as stable, and the response time to step signal, 0.8 — 0.9 seconds, is identical to that from
laboratory experiments or from previous simulations.
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Fig. 28 (Figure 5.44): PID controller automatic tuning and the response to step signal.

In the numerical simulation, the library of hydraulic components has been used, which also
simulates the thermal phenomena that occur during operation; the hydraulic fluid model,
ISO VG46, takes into account the content of dissolved and undissolved gases in the
hydraulic oil; density and viscosity are temperature dependent; the compressibility and
inertia of the hydraulic fluid are taken into account, as well as the elasticity and capacitance
of the hydraulic lines. The simulation model also includes a hydraulic fluid cooling system;
the 3/2 proportional directional control valve next to the heat exchanger could act as a
thermostat, along with the temperature transducer located on the discharge of the pressure
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control valves; the 3/2 directional control valve has been used to bypass the cooling circuit
and study the behaviour of the transmission without cooling. Since cavitation on the suction
port of pumps is a problem in closed-circuit hydrostatic transmissions, advanced cavitation
modeling laws have been used.

Results of the virtual experimentation of the motor truck

Continuous control of the technological travel speed of the motor truck simultaneously
with going up and down a slope with a 45% gradient and maximum authorised mass

In Fig. 29 (Figure 5.45) one can notice the time-variation of the torque consumed by the
transmission - it does not exceed the maximum value that the heat engine can provide, while
Fig. 30 (Figure 5.46) shows the time-variation of the main pump parameters; these
parameters do not exceed the maximum values.

W] [rev/min] — Power consumed by hydrostatic transmission [W] [Nm]
x10” x10”  |— Heat motor speed (identical to pump speed) [rev/min] x10°
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Fig. 29 (Figure 5.45): Time-variation of transmission input parameters.
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Fig. 30 (Figure 5.46): Time-variation of main pump parameters.
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In Fig. 31 (Figure 5.57) one can notice the behavior of the motor truck upon startup, on a
slope. As the mass distribution on the two axles is different (60% on rear axle and 40% on
front axle), the percentage of longitudinal wheel slip is different. In Fig. 32 (Figure 5.58) the
traction parameters of the motor truck can be seen.
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Fig. 31 (Figure 5.57): Time-variation of motor truck wheel parameters.
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Fig. 32 (Figure 5.58): Time-variation of motor truck parameters.

In Fig. 33 (Figure 5.59) one can see that acceleration reaches the maximum value of 3 m/s?.
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Fig. 33 (Figure 5.59): Time-variation of motor truck dynamic parameters.
In Fig. 34 (Figure 5.60) one can see that the instantaneous error during the continuous

control of the motor truck speed varies in the range + 0.12 km/h; it occurs as a result of the
lag between the control signal and the speed achieved by the motor truck.
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Fig. 34 (Figure 5.60): Performance of continuous control of motor truck travel speed.

In the present case, the minimum speed of the motor truck is not limited by the minimum
flow rate of the pump; the limitation is caused by the minimum uniform rotation speed of
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the hydrostatic motor, Fig. 35 (Figure 5.61); this speed is 1.5 rev/min, and at this rotation
speed the motor truck reaches a travel speed of 0.0449 km/h.

— Motor truck travel speed [km/h]
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Fig. 35 (Figure 5.61): Motor truck minimum travel speed.

Because transient behaviours occur on the previous graphs, near the frequency of 19 Hz,
the stability of the system has been analyzed using the root locus, for the case where the
PID controller has been tuned automatically and for another particular case, where the PID
controller has been tuned manually.
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Fig. 36 (Figure 5.63): Root locus plot (0 — 50 Hz).
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Fig. 37 (Figure 5.64): Root locus plot (0 — 25 Hz) - detail.

There are marginal differences between automatic tuning and manual tuning of the PID
controller; it can be stated that in the case of manual tuning the system is better damped
for frequency rates lower than 15 Hz.

In Fig. 36 (Figure 5.63) and Fig. 37 (Figure 5.64) the graphs related to the system stability
analysis are presented; since all the points on these graphs lie to the left of the imaginary
axis and in close proximity to the real number axis, according to Fig. 38 (Figure 5.65), it can
be confidently and reasonably stated that the system is well damped and stable. In the green
border drawn in Fig. 38 (Figure 5.65) the particular cases related to the stability of this

control system are presented.

Fig. 38 (Figure 5.65): Particular cases of stability and damping of the automatic speed control system.
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Maximum speed of technological travel of the motor truck on a slope with a 45% gradient
and maximum authorised mass

In Fig. 39 (Figure 5.72) one can see the time-variation of the motor truck dynamic
parameters.
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Fig. 39 (Figure 5.72): Time-variation of motor truck dynamic parameters.
In Fig. 40 (Figure 5.73) one can see that the motor truck reaches 97.5% of its maximum

speed in 2 seconds, 99.85% of maximum speed in 3 seconds, and in 4 seconds the speed
control error is 0.
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Fig. 40 (Figure 5.73): Steady-state control performance of motor truck travel speed.
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Fig. 41 (Figure 5.75) and Fig. 42 (Figure 5.76) show the time-evolution of the temperature of
the servo-pump and the temperature of the hydrostatic motor.
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Fig. 41 (Figure 5.75): Time- variation of temperatures in various areas of the main pump.
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Fig. 42 (Figure 5.76): Time-variation of temperatures in various areas of the hydrostatic motor.

In Fig. 43 (Figure 5.77) one can see that the kinematic viscosity of the hydraulic fluid is kept
within the limits of the optimal values; these values are recommended by the manufacturers
of the hydrostatic pump and the motor.

32



Thesis Summary - Theoretical and experimental contributions on optimizing the dynamic parameters
of multipurpose motor trucks by using hydrostatic transmissions - Chirita Alexandru-Polifron

— Average temperature of hydraulic fluid [degree]
[deqC] [eSt]  |— Kinematic viscosity of hydraulic fluid [cSt] [kg/m**3] [barA]
o I Density of hydraulic fiuid [kg/m=*3] 875 raeé _ry
1 1 |— Pressure drop at tank [bara] =
i e -2.4 '
04 120\ 70 =
O - 2.2
100 — 86
o x =300
. , - 2.0
o y_1=16.876.
y_2 = 64,557,
50 4 - 1.8
| 60 1 g 55
¥oA= Sn1an L 1.6
40 — o
40 — 30
J — 1.4
30
20 - T B45 - 1.2
20 - 0 T T T T ™ T . — 840 - 1.0
1] 50 100 150 200 250 300
X: Time [s] Optimum viscosity 16 - 36 ¢S5t

Fig. 43 (Figure 5.77): Time-variation of hydraulic fluid parameters.

The time-variation of the tank and cooler hydraulic parameters is plotted in Fig. 44 (Figure
5.78) and Fig. 45 (Figure 5.79).
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Fig. 44 (Figure 5.78): Time-variation of hydraulic fluid tank parameters.
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Fig. 45 (Figure 5.79): Time-variation of cooler (heat exchanger) parameters.

Maximum speed of technological travel of the motor truck on a slope with a 15% gradient
and maximum authorised mass

The time-variation of the motor truck travel distance, along with its speed and acceleration,
are shown in Fig. 46 (Figure 5.84). In this figure, one can see that the average acceleration
has the value of about 1 m/s? in the first two seconds; in the same figure, one can also note
that the motor truck movement is uniform and without shocks, even upon startup.
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Fig. 46 (Figure 5.84): Time-variation of motor truck dynamic parameters fori = 1.007.

In Fig. 47 (Figure 5.85) one can see that the motor truck reaches 97.6% of its maximum
speed (7.35 km/h) in 2 seconds, 99.84% of maximum speed in 3 seconds, and in 4 seconds
the speed control error is 0.000082 km/h.

34



Thesis Summary - Theoretical and experimental contributions on optimizing the dynamic parameters
of multipurpose motor trucks by using hydrostatic transmissions - Chirita Alexandru-Polifron

—— PID controller setpoint [km/h] - intended speed
—— Motor truck travel speed [km/h] - achieved

[km/h] [km/h]
- T Instantaneous control error [kmyh] |
8 — 8 — )’ ==
7 74 )
6 6
a _‘ . _‘ x = 4.000000e+00
| A y_1 = 7.358918e+00
4] 4] y_2 = 7.360000e+00
L B 3
2= 2 -
1] 1
0 0
J 1 - T T T T 4 Q
0 1 2 3 !
X: Time [5]

Fig. 47 (Figure 5.85): Steady-state control performance of motor truck travel speed for i = 1.007.

Conclusions of the virtual experimentation of the motor truck and hydrostatic transmission

Dynamic parameters of the multipurpose motor truck, equipped with a hydrostatic
transmission that have been improved compared to a motor truck equipped with a
mechanical transmission, in the first gear, are pictured in Fig. 48 (Figure 5.86).
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Fig. 48 (Figure 5.86): Comparison between the optimized dynamic parameters of the motor truck equipped
with closed-circuit primary control hydrostatic transmission and the TGM 18 motor truck.

e Maximum travel speed of the motor truck equipped with closed-circuit primary
control hydrostatic transmission is 4.3 km/h, on a rough road with a 45% gradient,
while on a paved road with a 15% gradient its maximum speed is 7.35 km/h.

e Minimum travel speed of the motor truck is 0.045 km/h.
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The motor truck can go upwards and downwards a road with a 45% maximum
gradient at a speed of 4.3 km/h.

The motor truck reaches 97.5% of maximum speed in 2 seconds, 99.85% of
maximum speed in 3 seconds, and in 4 seconds the speed control error is 0.

Instantaneous control error during the continuous control of the motor truck travel
speed varies in the range + 0.12 km/h

Chapter 6 - Applicability of the research

The research in the present thesis is useful both for the private economic environment and
for the academic environment:

It is useful for integrators or for workshops / service stations that equip motor trucks
with closed-circuit hydrostatic transmissions or make changes to them, so that they
can be used in various fields — Fig. 49 (Figure 6.1) shows such a multipurpose motor
truck used in the construction sector. The thesis provides integrators with a set of
useful benchmark data regarding the parameters of hydraulic components and those
of closed-circuit transmission subsystems, so that the motor truck with a maximum
mass of 18 tonnes, equipped by an integrator with hydrostatic transmission, meets
the requirements of the technological process efficiently and safely.

Theoretical research in the field of hydrotronics can be used by the academic
professional staff as a university course support, while experimental (physical or
virtual) research can be used within the laboratory classes of Hydraulic Drives,
Automatic Control Systems and Mechatronics; the simulation and the results of
virtual experimentation with the help of numerical simulation of the dynamic
parameters of the motor truck can be used as a case study for the subject "Traction
vehicles" and the specific subjects of the specialization "Road vehicles".

Fig. 49 (Figure 6.1): Multipurpose motor truck used in the construction sector, equipped with an example of
technological equipment.

Among the accessories that can equip the motor vehicles (trucks or vans, depending on the
gauge), giving them a multifunctional character, one can list equipment pieces such as:
blade, blower or plow for snow removal; salt / sand spreader for spreading anti-skid material;

36



Thesis Summary - Theoretical and experimental contributions on optimizing the dynamic parameters
of multipurpose motor trucks by using hydrostatic transmissions - Chirita Alexandru-Polifron

tank with deicing liquid; mowing arm; hedge / branch / twig trimmer; trench unclogging
cutter; road spraying and washing cistern; carriage body or gripping device for utility
transport services; folding platform; height access platform; street sweeping rotary brush;
angled brush for cleaning tunnels, walls, dry canal beds or other inclined or vertical surfaces;
street vacuum cleaner; insecticide tank for spraying green areas or disinfectant solution
tank for sanitizing / decontaminating public areas; grab bucket; log transporting bucket; log
splitter; plant chopper; fertilizer spreader; bale handling tongs; fork for loading and
transporting garbage; emulsion spreader with lance; sump pump. All these pieces of
equipment fit out utility vehicles used mainly by municipalities, in the field of urbanistic
works. In Fig. 50 (Figure 6.2) some examples of such vehicles that perform public utility
works on the roadway and in the immediate proximity are pictured.

Fig. 50 (Figure 6.2): Utility vehicles performing works on the roadway or in the immediate proximity.

Chapter 7 — Conclusions, personal contributions and perspectives

7.1 General conclusions of the thesis

The aim of this thesis, that is to optimize the dynamic parameters of multipurpose motor
trucks, has been achieved by equipping them with a hydrostatic transmission in a closed
circuit, with primary adjustment and a PID controller, this transmission enabling
multipurpose motor trucks to achieve lower travel speeds than the mechanical transmission
with which the motor trucks are already equipped. Moreover, the travel speed of
multipurpose motor trucks is uniform and can be continuously adjusted to meet the
requirements of any technological process.
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The multipurpose motor truck with an authorized mass of 18 tonnes can go up and down a
rough road with a 45% gradient at a maximum speed of 4.3 km/h, and can go up a paved
road with a 15% gradient at a maximum speed of 7.35 km/h. Under these conditions, the
motor truck will reach 97.5% of its maximum speed in 2 seconds and 99.85% of its
maximum speed in 3 seconds, and in 4 seconds the speed adjustment error is 0. Regarding
the minimum travel speed, the motor truck can travel at 0.045 km/h. The motor truck with
the previously mentioned features adds up the advantages of all the motor trucks
mentioned in the state of the art section of the thesis: achieves low travel speeds with
superior energy efficiency compared to motor trucks equipped with hydrodynamic
transmissions; being equipped with two distinct transmissions, they can be used
independently, depending on the requirements of the technological process, ensuring two
modes of travel, both efficient from an energy point of view; compared to "vans" / "municipal
vehicles”, the motor truck has 2 or 3 times more transport capacity, which improves the
productivity of the technological process.

All the objectives of the thesis, stated in Chapter 2, subchapter 2.4, have been achieved, as
follows:

* |n Chapter 1, the framework has been established in which research will be carried
out regarding the equipping of multipurpose motor trucks with hydrostatic
transmissions;

* |n Chapter 2, an analysis of the state of the art in the field of mobile hydraulic
transmissions and in the field of motor trucks that can be equipped with such type of
transmissions has been carried out;

* |n Chapter 3, the mathematical models of the parts of a hydrostatic transmission and
those of the pump capacity displacement servo-control system have been presented;

* |In Chapter 4 the characteristics of a servo-pump have been determined
experimentally, in the laboratory, as well as the control performance of a closed-
circuit primary control transmission;

* |n Chapter 5 the dynamic parameters of multipurpose motor trucks equipped with
closed-circuit primary control hydrostatic transmissions have been optimized
virtually, with the help of numerical simulation;

= Also in Chapter 5, the influence that reducing the energy consumption of the
subsystems has on the closed-circuit hydrostatic transmission has been studied,
with the help of numerical simulation.

= Moreover, in Chapter 5 the possibility of obtaining optimized parameters of
multipurpose motor trucks has been demonstrated; such parameters fully meet the
needs of technological processes: travel speed rates that are lower than those of the
mechanical transmission and steadier, and also continuous adjustment of the travel
speed rate.

» The present thesis makes available to integrators a data set with a benchmark value;
this set can be found, in a concise form, in Chapter 5, subchapter 5.4.2, and in detail
— in Annex 39 (of the full-length thesis); these data regarding the parameters of
closed-circuit transmission hydraulic components and subsystems can be useful to
the integrator, so that the motor truck equipped by the integrator with the hydrostatic
transmission meets the requirements of the technological process efficiently and
safely.
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7.2 A synthesis of the personal contributions

A) In the following, the original contributions will be presented, with a mention of the chapter
and subchapter in the thesis where one can discover them.

= Analysis of the state of the art for research in the field of mobile hydraulic transmissions
and research in the field of motor trucks that can be equipped with such type of
transmissions - carried out in Chapter 2.

» Disambiguation of the multipurpose motor truck concept - made in Chapter 1, subchapter
1.2 and Chapter 2, subchapter 2.3.

» Presentation of the mathematical models of a hydrostatic transmission and those of the
system for pump displacement servo-control - made in Chapter 3.

= Experimental determination, in the laboratory, of the characteristics of a servo-pump and
the control performance of a closed-circuit primary control transmission - carried out in
Chapter 4. The author has carried out 8 sets of physical experiments in the General
Hydraulics laboratory of INOE 2000-IHP; the LabVIEW software has been used to control
the hydraulic and electronic components and to acquire the experimental data.

» Continuation of the physical tests, conducted in the laboratory, with the help of virtual
experimentation, through numerical simulation, of the servo-pump in the structure of the
hydrostatic transmission - carried out in Chapter 5, subchapter 5.2.

= Study and virtual optimization, with the help of numerical simulation, of the subsystems
of a closed-circuit primary control hydrostatic transmission - carried out in Chapter 5.

= Virtual experimentation of a multipurpose motor truck and optimization of its dynamic
parameters by equipping it with a closed-circuit primary control hydrostatic transmission
- carried out in Chapter 5, subchapter 5.4;

» In total, in Chapter 5, the author carried out 3 distinct numerical simulations: simulation
of a servo-pump, simulation of the closed-circuit transmission subsystems and
simulation of the motor truck equipped with a closed-circuit primary control hydrostatic
transmission; all three simulations have been performed using the AMESim software.

B) Physical embodiment - For conducting research in the laboratory, an experimental test
bench has been built by the author of the thesis, which aimed to physically test the control
characteristics of a servo-pump and those of a closed-circuit primary control hydrostatic
transmission. The test bench, which as regards the “Technology Readiness Level” (TRL) is
TRL 5, by enabling "laboratory testing of integrated systems in a relevant environment" (acc.
to Annex 40 of the thesis), is presented in the thesis in Chapter 4, subchapter 4.1, Figure 4.1
and Figure 4.2, and its hydraulic schematic diagram can be found in the same chapter and
subchapter of the thesis, in Figure 4.21.

C) In addition to the personal contributions listed above, which are an integral part of the
thesis, 4 (four) patent applications on the topic of the thesis, filed out to OSIM and published
in the Official Industrial Property Bulletin (BOPI) during the doctoral research stage, can also
be mentioned; the author of this thesis is among the co-authors, as follows:

. “Mixed transmission, mechanical and hydraulic, for all-wheel drive multipurpose
vehicles”, patent application registered at OSIM with no. A/00638 of 05.09.2018
(Annex 41 of the thesis), published in BOPI no. 3, March 2020, page 40, having as
authors: Lepadatu loan, Dumitrescu Liliana, Chirita Alexandru-Polifron.

) “Mixed transmission, mechanical and hydraulic, for rear-wheel drive multipurpose
vehicles”, patent application registered at OSIM with no. A/00637 of 05.09.2018
(Annex 42 of the thesis), published in BOPI no. 3, March 2020, page 54, having as
authors: Lepadatu loan, Dumitrescu Liliana, Chirita Alexandru-Polifron.
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o “Test bench for hydraulic pumps and motors”, patent application registered at OSIM
with no. A/01046 of 04.12.2018 (Annex 43 of the thesis), published in BOPI no. 5,
May 2020, page 57, having as authors: Dumitrescu Liliana, Lepadatu loan, Sefu
Stefan-Mihai, Chirita Alexandru-Polifron.

o “Spraying equipment with hydrostatic drive and pneumatic spraying”, patent
application registered at OSIM with no. A/01056 of 05.12.2018 (Annex 44 of the
thesis), published in BOPI no. 6, June 2020, page 17, having as authors: Cristescu
Corneliu, Chirita Alexandru-Polifron, R&doi Radu-lulian.

The first two patent applications are technical solutions that integrate closed-circuit primary
control hydrostatic transmissions, whereas the other two patent applications contain an
open-circuit hydrostatic transmission.

D) During the doctoral research stage, the author of this thesis has developed 6 (six)
scientific articles / papers on the theme of the thesis; 3 (three) of them have already been
published in the proceedings of international conferences and in a specialized journal in the
field of Fluid Power; all of them are indexed in international databases; the other 3 (three)
articles have been accepted for publication and are about to be published in the proceedings
of an international conference, and in two specialized journals, respectively, one of which is
indexed in WoS. The authors of the mentioned scientific articles - in order of appearance,
the titles of the articles / papers, as well as the related periodicals are presented below:

. Alexandru-Polifron Chirita, Cristian Pavel. “Agricultural platform equipped with a
hydrostatic transmission capable of continuously adjustable travel velocity and
non-linear disturbance compensation capabilities”. INMATEH - Agricultural
Engineering, vol. 69, no. 1 (April 2023): [article accepted for publication],

. Alexandru-Polifron Chirita, Cristian Pavel. “Mathematical modeling, laboratory
testing and numerical simulation of a servo-pump as part of a closed circuit primary
control hydrostatic transmission for multi-purpose trucks”. “Hidraulica” Magazine,
no. 4 (December 2022): [article accepted for publication],

. Alexandru-Polifron Chirita. “The influence of hydraulic fluid temperature on the
adjustment capabilities of servo-mechanisms and closed-circuit hydrostatic
transmissions”. Proceedings of 2022 International Conference on Hydraulics and
Pneumatics HERVEX (November 2022): [paper accepted for publication];

. Alexandru-Polifron Chirita, Radu lulian Radoi, Bogdan Alexandru Tudor, Stefan-
Mihai Sefu, Ana-Maria Popescu. “Control performance of an energy efficient
hydrotronic transmission”. “Hidraulica” Magazine, no. 2 (June 2022): pp. 7-14;

. loan Lepadatu, Corneliu Cristescu, Alexandru-Polifron Chirita, Cristian Marculescu.
“Four-wheel drive high efficiency hybrid transmission for multipurpose motor
vehicles”. Proc. of 2017 International Conference on Hydraulics and Pneumatics —
HERVEX (November 2017): pp. 140-146;

o  Alexandru-Polifron Chirita, Liliana Dumitrescu, Radu Sauciuc. “Numerical
simulation of the dynamic behavior of a multifunctional motor vehicle equipped with
a primary adjustment hydrostatic transmission”. Proceedings of ISB-INMA TEH'
2017 International Symposium (October 2017): pp. 375-380.

7.3 Perspectives for further research

As for the continuation of research on the topic of the thesis, the path remains open, and
new scientific challenges can be identified and addressed; specifically, starting from the
results obtained in this thesis, at least the following scientific approaches are considered:
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Elaboration of a scientific article and submission for publication (with financing provided
under the project SUPERCONEX belonging to INOE 2000-IHP, Financial agreement no.
18PFE/30.12.2022, in the framework of PNCDI Ill - Programme 1- Development of the
national research-development system - Subprogramme 1.2 — Institutional Performance
- Projects Funding Excellence in R&D&I (PFE-CDI)) in the journal “IEEE Transactions on
Vehicular Technology”, e-ISSN: 1939-9359, p-ISSN: 0018-9545, WoS-quoted (indexed in
Web of Science, with impact factor) journal; the article will integrate the theoretical and
experimental research on multipurpose motor trucks carried out by the author.

Filing out a new patent application to OSIM, this time regarding the technical solution to
improve the energy consumption of the closed-circuit hydrostatic transmission
subsystems.

After filing out the patent application, the aim is to continue the research on the efficiency
of the energy consumption of the closed-circuit hydrostatic transmission subsystems
and to publish the results of this research in the international scientific stream, in journals
/ conference proceedings indexed in international databases.

Publishing a book on the topic of the influence of temperature and cooling on the
adjustment capabilities of hydrostatic transmissions and on their efficiency;

The virtual experimentation in this thesis takes into account the volumetric efficiency of
the servo-pump, because it influences in a negative way the capabilities of adjusting the
dynamic parameters; however, the mechanical efficiency of the components has not
been taken into account. It is considered that, later on, the numerical simulation model
will be completed by taking into account the mechanical efficiency of the components,
too.

A new related direction of research is, in perspective, the virtual experimentation, with the
help of numerical simulation, of a closed-circuit primary control hydrostatic transmission
which has a hydrostatic motor with two displacement volumes as part of its structure;
such a motor is presented in this thesis in Chapter 2, subchapter 2.1.2.3; it would enable
the motor truck to travel at twice the speed of the single-displacement volume hydrostatic
motor version, maintaining the dynamic parameters of the single-displacement volume
motor for the first half of the speed range achieved.

The numerical simulation model of the motor truck equipped with closed-circuit
hydrostatic transmission has been thought and made to be scalable for vehicles with
transport capacity starting from 0.5 tonnes up to 100 tonnes and hydrostatic
transmission power rates between 1 kW and 1 MW. Moreover, the mathematical model
of the motor truck can also take into account the variation of the mass of the motor truck
during the travel, as well as the attachment of a piece of technological equipment, for
example a snow blower, to the front plate of the motor truck.

Since various metal structures with various roles are added to the original mass of the
motor truck, and they reduce the useful transport capacity of the motor truck, reducing
their mass should be considered, if possible even by means of structural topological
optimization; for example, hydrostatic motor and servo-pump mounts would be some of
the targeted components for such an endeavour.

Although at the present moment the efficiency of the hydrostatic pumps and that of the
hydrostatic motors have reached very good values (95% - for low rotating speed rates
and optimal pressure rates), there is still room for improvement. In order to optimize the
volumetric losses of hydrostatic machines, the use of CFD-type simulation can be
considered later on.
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Figure 4.18: Pepperl + Fuchs tip KFU8-FSSP-1.D frequency - voltage converter.

Figure 4.19: National Intruments USB — 6211 data acquisition board.

Figure 4.20: Hameg HM7044 programmable laboratory source.

Figure 4.21: Hydraulic schematic diagram of the experimental test bench for the study of the closed-circuit primary control transmission
and the pump displacement control servo-mechanism — The hydraulic diagram at a larger size can be found in Annex 25.

Figure 4.22: Application panel - AT0VG28EP4 servo-pump response to step signal.

Figure 4.23: Application block diagram —A10VG28EP4 servo-pump response to step signal.

Figure 4.24: Application panel ~A10VG28EP4 servo-pump flow rate / control characteristic.

Figure 4.25: Application block diagram - first section.

Figure 4.26: Application block diagram - second section.

Figure 4.27: Application block diagram - third section.

Figure 4.28: Step signal response - centralized results.

Figure 4.29: Time-variation of control voltage, control current and servo-pump flow rate - The control panel related to this experiment can
be found in Annex 26.

Figure 4.30: Time-variation of pressure on the branches of the closed circuit, within the response to step signal with load created by the
hydrostatic motor.

Figure 4.31: Time-variation of control voltage, control current and servo-pump flow rate - The control panel related to this experiment can
be found in Annex 27.

Figure 4.32: Time-variation of pressure on the branches of the closed circuit, as part of the experiment "Lag detail with load created by
the hydrostatic motor".

Figure 4.33: Time-variation of control voltage, control current and servo-pump flow rate - The control panel related to this experiment can
be found in Annex 28.

Figure 4.34: Time-variation of pressure on the branches of the closed circuit, as part of the no-load step signal response.

Figure 4.35: Time-variation of control voltage, control current and servo-pump flow rate - The control panel related to this experiment can
be found in Annex 29.

Figure 4.36: Time-variation of pressure on the branches of the closed circuit, as part of the experiment “No-load lag detail”.

Figure 4.37: Servo-pump flow rate as a function of hydrostatic motor speed.

Figure 4.38: Application panel related to experimenting with load created by the hydrostatic motor and the maximum control signal.
Figure 4.39: Transmission control characteristic (left) and servo-pump control characteristic (right) - The application panel at a larger size
and all graphics related to this experiment can be found in Annex 30.

Figure 4.40: Application panel related to experimenting with load created by the hydrostatic motor and the minimum control signal.
Figure 4.41: Transmission control characteristic (left) and servo-pump control characteristic (right) - The application panel at a larger size
and all graphics related to this experiment can be found in Annex 31.

Figure 4.42: Application panel related to experimenting with no load, short-circuiting the closed circuit and maximum control signal.
Figure 4.43: Servo-pump control characteristics - The application panel at a larger size and all graphics related to this experiment can be
found in Annex 32.

Figure 4.44: Application panel related to experimenting with no load, short-circuiting the closed circuit and minimum control signal.
Figure 4.45: Servo-pump control characteristics - The application panel at a larger size and all graphics related to this experiment can be
found in Annex 33.

Figure 5.1: Simcenter Amesim architecture (simplified view) — processed after (Siemens, 2020).

Figure 5.2: Servo-pump simulation network.

Figure 5.3: Compensation pump parameters.

Figure 5.4: Proportional directional control valve parameters.

Figure 5.5: Hydraulic parameters of the servo-mechanism cylinder.

Figure 5.6: Mechanical parameters of the servo-mechanism cylinder.

Figure 5.7: Hydraulic fluid parameters.

Figure 5.8: Main pump parameters.

Figure 5.9: Main pump flow rate and its control current — validation of numerical simulation.

Figure 5.10: Compensation pump parameters.

Figure 5.11: Proportional directional control valve parameters.

Figure 5.12: Hydraulic parameters of the servo-mechanism cylinder.

Figure 5.13: Mechanical parameters of the servo-mechanism cylinder.

Figure 5.14: Hydraulic fluid parameters.

Figure 5.15: Main pump parameters.

Figure 5.16: Flow rate/control current characteristic — validation of numerical simulation results.

Figure 5.17: Linear correlation index - simulation vs. experimentation.

Figure 5.18: Wobble control signal and its frequency.

Figure 5.19. Servo-pump flow rate in response to wobble control signal.

Figure 5.20: Bode plot for frequency response of servo-pump flow rate.
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Figure 5.21: Simulation network of the three transmissions with different subsystems.

Figure 5.22: Transmission 1 simulation network.

Figure 5.23: Transmission 2 simulation network.

Figure 5.24: Transmission 3 simulation network.

Figure 5.25: Flow rate of main pumps.

Figure 5.26: Pressure at discharge port of main pumps.

Figure 5.27: Speed of hydrostatic motors.

Figure 5.28: Torque developed by the three hydrostatic motors.

Figure 5.29: Suction pressure of main pumps.

Figure 5.30: Flow rate sent to the tank by the three transmissions.

Figure 5.31: Temperature of the flow rate sent to the tank by the three transmissions.

Figure 5.32: Displacement of the 3 servo-mechanisms.

Figure 5.33: Power consumed by a servo-mechanism.

Figure 5.34: Power consumed by the 3 subsystems of the transmissions.

Figure 5.35: Power consumed by the 3 subsystems as a function of the pressure in the closed circuit of the 3 transmissions.
Figure 5.36: Power consumed by the 3 subsystems, expressed as a percentage, as a function of the pressure in the closed circuit, in
relation to the consumption of subsystem no. 1.

Figure 5.37: Energy consumed by the 3 subsystems.

Figure 5.38: MAN TGM 18.320 motor truck with 4x4 drive (Man, n.d. b).

Figure 5.39: Torque and power characteristic of D0836 LFL52 thermal motor depending on its speed (Man, n.d. a) - Annex 36.
Figure 5.40: Simulation network of efficiency of main pump in the servo-pump structure.

Figure 5.41: Volumetric losses of main pump in the servo-pump structure (modeled in detail).

Figure 5.42: Efficiency of main pump in the servo-pump structure.

Figure 5.43: Simulation network of the motor truck equipped with closed-circuit primary control hydrostatic transmission.
Figure 5.44: PID controller automatic tuning and step signal response.

Figure 5.45: Time-variation of transmission input parameters.

Figure 5.46: Time-variation of main pump parameters.

Figure 5.47: Time-variation of compensation pump parameters.

Figure 5.48: Time-variation of flow rate through the closed circuit valves.

Figure 5.49: Time-variation of compensation circuit parameters.

Figure 5.50: Time-variation of temperatures in the closed circuit.

Figure 5.51: Time-variation of hydrostatic motor parameters.

Figure 5.52: Time-variation of temperatures in the immediate proximity of the hydrostatic motor.

Figure 5.53: Time-variation of parameters of the proportional directional control valve of the pump displacement control servo-
mechanism.

Figure 5.54. Time-variation of hydraulic fluid parameters.

Figure 5.55: Time-variation of transfer case parameters.

Figure 5.56: Time-variation of motor truck axle parameters.

Figure 5.57: Time-variation of motor truck wheel parameters.

Figure 5.58: Time-variation of motor truck parameters.

Figure 5.59: Time-variation of motor truck dynamic parameters.

Figure 5.60: Performances of continuous adjustment of motor truck travel speed.

Figure 5.61: Minimum travel speed of motor truck.

Figure 5.62: Frequency spectrum of main pump flow rate.

Figure 5.63. Root locus plot (0 — 50 Hz).

Figure 5.64: Root locus plot (0 - 25 Hz) - detail.

Figure 5.65: Particular cases of stability and damping of the automatic speed control system.

Figure 5.66: Time-variation of hydrostatic transmission input parameters.

Figure 5.67: Time-variation of main pump parameters.

Figure 5.68: Time-variation of parameters of check and pressure control valves in the closed circuit.

Figure 5.69. Time-variation of motor truck axle parameters.

Figure 5.70: Time-variation of motor truck wheel parameters.

Figure 5.71: Time-variation of motor truck parameters.

Figure 5.72: Time-variation of motor truck dynamic parameters.

Figure 5.73: Performances of steady-state control of motor truck travel speed.

Figure 5.74: Time-variation of speed rate for extended simulation time.

Figure 5.75: Time-variation of temperatures in various areas of the main pump.

Figure 5.76: Time-variation of temperatures in various areas of the hydrostatic motor.

Figure 5.77: Time-variation of hydraulic fluid parameters.

Figure 5.78: Time-variation of hydraulic fluid tank parameters.

Figure 5.79: Time-variation of cooler (heat exchanger) parameters.

Figure 5.80: Time-variation of hydrostatic transmission input parameters for i = 1.007.

Figure 5.81: Time-variation of main pump parameters for i = 1.007.

Figure 5.82: Time-variation of motor truck wheel parameters for i = 1.007.

Figure 5.83: Time-variation of motor truck traction parameters for i = 1.007.

Figure 5.84: Time-variation of motor truck dynamic parameters for i = 1.007.

Figure 5.85: Performances of steady-state control of motor truck travel speed for i = 1.007.

Figure 5.86: Comparison between the optimized dynamic parameters of the motor truck equipped with a closed-circuit primary control
hydrostatic transmission and the TGM 18 motor truck.

Figure 6.1: Multipurpose motor truck used in the construction sector, equipped with an example of technological equipment (Poclain
Hydraulics, n.d. b).

Figure 6.2: Utility vehicles performing works on the roadway or in the immediate proximity (Gradinariu, n.d.).
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