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Chapter1l

Introduction

1.1 Background

The basic aim of steering is to make sure that the wheels are pointing in the desired
directions. This system uses the driver’s physical strength as the steering energy. The
steering motion is transmitted by the driver to the wheels through steering wheel

and a series of linkages, rods, pivots and gears.
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Figurel.l rack and pinion system

The pure mechanical steering system in order to generate enough steering torque
requires the use of large-diameter steering wheel, occupies larger space, the whole
mechanism is very large, especially for the greater resistance of heavy vehicle
steering. Steering is very difficult, which greatly limits its use. But because of its
simple structure, reliable operation and low cost, this kind of steering system has
been applied to agricultural vehicles except for steering cars with little steering

power and low control performance.

1.2  Hydraulic

Military needs during World War Il for easier steering on heavy vehicles boosted the

need for power assistance on armored cars and tank-recovery vehicles for the British


https://en.wikipedia.org/wiki/World_War_II
https://en.wikipedia.org/wiki/Armored_car_(military)

and American armies. Chrysler Corporation introduced the first commercially
available passenger car power steering system on the 1951 Chrysler Imperial under
the name "Hydraguide". Nowadays the system is widely used on Mini tractors,

Universal tractor, Forklift trucks, ATV’s, Articulated vehicles and some special

vehicles.

Hydraulic power steering systems work by using a hydraulic system to supply force
applied to the steering wheel inputs to the vehicle's steered (usually front) road
wheels. The hydraulic flow rate typically comes from a gerotor or rotary vane pump
driven by the vehicle's engine. A double-acting hydraulic cylinder applies a force to

the steering arm, which steers the roadwheels. Figure 1.2 shows an example of full

hydraulic steering system.
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Figure 1.2 Full hydraulic steering system

Operation is purely hydrostatic, there is no mechanical connection between the
steering wheel and road wheels, but there are hydraulic conduits, rigid or flexible
ducts mounted between the steering wheel and the steering cylinders. By setting a
rotation on the steering wheel, the system measures an oil volume proportional to
the above rotation, which is sent to the steering actuators at the expense of the local
energy provided by pump, thus allowing the user to maneuver without further effort
to that to produce the signal. There are three main components: the rotary valve, the
volume meter (orbit motor), the actuator. Rotary valve consists of sleeve, spool and
casing. Spool can rotate in the sleeve that in turn can rotate inside the casing. The
2
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relative position of the sleeve and spool varies the area of cross orifices on sleeve
and spool. The spool is connected with the steering wheel, its position is decided by
the driver, the hydraulic feedback is between the orbit motor and the actuator. The

sleeve is connected to the orbit motor, this represents the mechanical feedback.

Figure 1.3 relationship between steering wheel and actuator

Advantages
¢ Small dimensions and low weight
e End ports with integrated fittings
e Easyinstallation and accessibility
e Possibility of integrated steering column
e Low pressure drop
e Low input torque
e Low system price

e Low noise



1.3  Steering unit Danfoss

Danfoss is one of the largest producers in the world of steering components for
hydrostatic steering systems on off-road vehicles. Danfoss offers steering solutions
both at component and system levels. Their product range makes it possible to cover
applications of all types: ranging from ordinary 2-wheel steering (also known as
Ackermann steering) to articulated steering, automatic steering (e.g. by sensor) and

remote controlled steering via satellite.

OSPM is a hydrostatic steering unit which can be used with an add-on steering
column, OTPM/OTPM-T or with the steering column integrated with the unit. The
steering unit consists of a rotary valve and a rotary meter. Via a steering column or
directly the steering unit is connected to the steering wheel of the vehicle. When the
steering wheel is turned, oil is directed from the steering system pump via the rotary
valve and rotary meter to the cylinder ports L or R, depending on the direction of
turn. The rotary meter meters the oil flow to the steering cylinder in proportion to
the angular rotation of the steering wheel. If the oil supply from the steering system

pump fails or is too small, the steering unit is able to work as a manual steering

pump.
The mini-steering unit is available in three versions:

e Open-Center Non-Reaction (ON) version
e Power Beyond (PB) version where surplus oil can be led to the working
hydraulics

e Load Sensing (LS) dynamic versions

1.3.1 OSPM ON

Open center steering units have open connection between pump and tank in the
neutral position. PT,L,R connects flow generating group, tank, left and right chamber
of steering cylinder respectively. In the rest phase of the steering system, no load
between pump and tank. If the driver wants to steer to right, directional control
valve will be pushed to right, fluid generated by the pump will pass through left block

4



of the directional control valve to port L, to left chamber of the steering cylinder,
push the piston to right. And fluid in right chamber of steering cylinder will be
discharged through port R, into the tank.

AT

Figure 1.4 OSPM-ON

1.3.2 OSPM PB

In Power Beyond steering units the oil from the pump is routed in the neutral

position through the steering unit to the E-port.

The steering function always has priority, with any excess oil flow passing through the
E port. If the steering wheel is held at full lock, all flow is led to tank across the

pressure relief valve, and flow from the E port will stop.
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Figure 1.5 OSPM-PB

1.3.3 OSPM LS

In load sensing steering systems both the steering system and the working hydraulics
can be supplied with oil from the same pump. The load sensing steering unit works in
line with a priority valve and can be connected in parallel with working hydraulics.
The priority valve ensures that the steering unit always has priority of supply from
the pump before any working hydraulics. Steering input is signalled back to the
priority valve and/or a load sense pump through an extra port on the steering unit.
The load sensing signal is used to control the pressure at the inlet of the steering unit,
so that the pressure drop across the rotary spool is constant. It is the same principle
of a three-port flow control valve, where the port T is substituted by the EF (excess
flow) port. When the steering wheel is in neutral full flow is available for the working
hydraulics connected to the excess flow port of the priority valve. All OSPM LS
steering units are dynamic type.
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Figure 1.6 OSPM-LS

1.3.4 OSPM 80 PB

Here is a table for series of steering unit OSPM. And what we will study is as follows:

Steering unit Code No. Relief valve Shock valves Check valve | Steering wheel Weight
OSsPM in P-port connection

bar ‘ Ipsil bar ‘ Ipsil kg |0kl
OSPM 80 PB 150L0125 None None None Flanged-on 3.0 [6.6]
OSPM 80 PB 150L0126 None None None Integrated type A 3.0 [6.6]
OSPM 80 PB 150L0139 None None None Integrated type B 3.0 [6.6]
OSPM 80 PB 150L0127 75-80 |[1087-1160] | None None Flanged-on 3.0 [6.6]
OSPM 80 PB 150L2128 75-80 |[1087-1160] | None None Integrated type A 3.0 [6.6]
OSPM 80 PB 150L0138 75-80 | [1087-1160] | None None Integrated type B 3.0 [6.6]
OSPM 100 PB 150L0160 75-80 | [1087-1160] | None None Flanged-on 3.2 [7.1]
OSPM 100 PB 150L0161 75-80 |[1087-1160] | None None Integrated type A 3.2 [7.11
OSPM 100 PB 150L0162 75-80 |[1087-1160] | None None Integrated type B 3.2 [7.11

Figure 1.7 OSPM 80 PB
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Connects steering wheel

Figure 1.8 OSPM 80 PB 3D model

Port T

Pert GA

Port L (flow generating group)

Figure 1.9 Each port of OSPM 80 PB



Chapter 2

Working principle

2.1 Type OSPM 80 PB

In the version OSPM 80 PB, when the distributor is in the resting position, the whole
flow is directed towards a secondary user port which will be indicated as "port E".
Other users who can use the power generated by the GA may be connected to this

port. Hence the name of "power Beyond", which is "power above".

The steering activity has precedence over the use of the available flow rate. In fact,
during the steering phase, as described in the following chapter, there is a increasing
capacity control until the total occlusion of the connecting channels between the GA
and the port E. This phenomenon allows the steering to behave as if there were a
priority valve inside. In figure 2.1, upstream of the distributor, a pressure relief valve

and a check valve are installed. The purpose and the structure of these valves are

gl

Rotaryvalve

\
\ /

Check valve —_

treated in Chapter 4.

Orbit motor

Relief valve m
—

Flow generating group g
(GA) A Ll E

Figure 2.1 symbology diagram of OSPM 80 PB



2.2 Geometry of rotating distributor

Imagining to develop on the plane the spool and the sleeve, in correspondence to
the mating surface, we obtain the drawings shown in Figure 2.2.1 and in Figure 2.2.2
respectively, within which itis possible to identify from right to left:

In the sleeve:

* The seat of the leaf spring pack housings.

* 4 Communication holes with the reservoir.

* The hole in which the plug is inserted without backlash.

* 4 Communication holes with a working port.

* 4 Other communication holes with the next working port.

* 8 Conical holes in communication with the ducts to the chambers of the motor

* 8 Communication holes with the power supply unit (GA).

* 8 Series of 3 communication holes with the port E.

O o
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000 O O / with reservoir
© o C
000 O
O o
Q00 Q
O o
Connection holes _| 000 O  leaf
— Seat of leaf springs
with port E © O O Pring
e O
O
—

Connection holes  with Seat of the pin

working ports L and R

Figure 2.2.1 Sketch of the sleeve
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In the spool, starting from the right:

* 1 through-drilling of the spool housing for leaf springs.

* 2 parallel millings that meet the seat of the spring pack, to connect the chambers
of the actuators to the tank, through the inner cavity of the spool.

* 2 millings that meet the pin-hole for the pin and allow the unloading of the
chambers of the actuators.

* The pin-hole for the pin, useful to limit the rotation relative to more or less 11 °
degrees.

* 4 axial Millings, connected by a circular milling, guarantee the passage of fluid
between the pump motor discharge and the working doors.

* 4 millings to connect the GA with the admission of the orbital motor.

* 1 circumferential comb milling able to connect the GA with the door and in with a
resting diction and to act as a radial balancer of the spool during the steering phase.
* 8 millings for connection to the port E, of which 2 with a wider width in two thirds

of their total length.

Annular grooves for radial

balancing of the spool Hole of the pin

[ \ J
Milling for __ Milling for
connection GA and ) unloading
<

i

orbit motor )

G|

L Soft pack

housing

)
D
N

)
Axial milling for ’:) ‘:’ L
Il \|F

connection port E

\& Y

Milling unloading port

Figure 2.2.2 Sketch of the spool

Imagining to couple the sleeve and spool on the plane, in resting condition, the

distributor of figure 2.2.3 is obtained:



e i =]
nm#l; rQ @'1r _____ C;,' o / i
s O SO @TT | ;
) LQ @JLQ,,,T =0 |
1 QTe |
= i@--@'ii‘f e i
m]é: LQ ) A e A— j }
QY0 0 3
~ o e s
L0 O 3
e | S N

Figure 2.2.3 Sketch of the spool and sleeve assembly

(Continuous line=sleeve, dashed line=spool)

2.3 Description of operating positions

2.3.1 Rotary distribution in resting position

As can be seen from figure 2.1, in resting position the actuators are isolated from the
rest of the system, ensuring the maintenance of the position imposed on the wheels.
This is because the incompressible working fluid remains trapped between the
power steering and the actuator outputs, preventing any variation in the volume of
the chambers themselves. In the same way the orbit pump motor is insulated,
unable to move, keeps the Cardan shaft to which it is connected fixed, and
consequently the pin and the spool. After a rotation of the steering wheel set by the

operator, arotation between sleeve and spool will result.

Figure 2.3.1.2 Section of the system in resting position Figure 2.3.1.3 Section of the casing
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Figure 2.3.1.2 shows an image of the three-dimensional model of the hydraulic
system. In this particular, it has been imagined to section the casing, as shown in
figure 2.3.1.3, to better highlight the connections between port E and the power
supply ports. Furthermore, it was decided to eliminate any element that did not
affect the adjustment in the resting phase, thus obtaining figure 2.3.1.4, which
showed:

* In green the channel P connected to the GA

* In red the channel connected to port E

* The tank pressure lines T in yellow

Figure 2.3.1.4 Sketch of the oil channel in resting position

Once the flow generating group is activated, all the incoming fluid flow arrives at the
power steering channel P and isolated by the non-return valve which closes the
channel T from tank. From the channel P, the working fluid is sent to port E by means

of suitable ducts of the rotary distributor.

Seat of the pin

Comb milling

Axial balancing milling Axial milling of

connection to port E

Figure 2.3.1.5 Section of the relative position in resting phase
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The flow passes through the connection holes in the flow generating group (GA),
reaching the groove first, and then through the 8 sets of 3 holes, which act as a
connection to the E-port. The uniform connection of the individual orifices is
guaranteed by millings. Circulation in the casing, which provides to convey all the
working fluid towards the duct E. In Figure 2.3.1.5 we can see clearly the connection
between channel, sleeve and spool.
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Figure 2.3.1.6 Grooves occupied by the fluid coming from the GA
In Figure 2.3.1.6, it has been decided to highlight those milling of the spool crossed
by fluid under pressure coming from the GA. As can be seen in Figure 2.3.6 and in
Figure 2.3.1.5 the holes in the sleeve which have a negative overlap are those for
connection to the GA and to the port E, while all the other holes are occluded. This

isolates the rest of the system.

In resting phase, the pressure is dependent on the load of the user that is connected

to the port E. In any case, this pressure value can’t exceed the value p* imposed by
the safety limiting valve incorporated in the system . For OPSM 80 PB this value is
equal to 75-80 bar.
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2.3.2 Rotary distribution when turning right

Following a turn command from the driver, the spool, connected to the steering
wheel, performs an angular displacement. The sleeve, being connected to the orbital
motor, remains motionless as long as the latter remains isolated from the system.
This creates a rotation, A8, between the spool and the sleeve, which assumes the
minimum value in conditions of rest and maximum value when the pin is against the
spool, that is when the distributor is in the highest-steer condition. To better analyze
the steering phase, we alsoreport A6 on the plane.
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Figure 2.3.2.1 Section of the connection between channel and distributor

Assume that a point N on the sleeve and a point M on the spool, coinciding in the
resting condition, we define A@ the angle between the segments MO and NO in the

steering phase.

Sleeve

Figure 2.3.2.2 Relative rotation A©

It is therefore noted that the delay between the sleeve and the spool can also be

expressed by the length of the line MN on which the angle A6 affects, namely:

15



MN=R-A6

where R indicates the radius of the coupling surface, equal to 12.5 mm. (Radius of
the spool).

Returning A6 to the plane transforms the radial delay of the sleeve into a translation
of the spool, perpendicular to the axis of the same and equal to the length of the line
MN. This simplification does not involve any loss of information, provided that the
thicknesses of the sleeve and of the spool are returned to the mating surface only. In
this way the sections of the radial holes and the width of the grooves in the spool are

kept constant.
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Figure 2.3.2.3 Turning distributor right (Maximum rotation)

Figure 2.3.2.3 shows the areas of fluid passage in the turning phase to the right. As
can be seen in this figure, the translation of the spool generates connections which
are not present in the resting phase. The contact between the pin and the spool, that
is the condition of maximum steering, is obtained by moving the spool equal to 2.4
mm, which is equivalent to a rotation of 11°.Following a A6 > 0°, the connection
between the GA and the E-port is choked up to total isolation of the E-port. This step
takes place gradually to avoid sudden changes in pressure.
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Axial connection milling

with orbit motor

Figure 2.3.2.4 Port communication holes obstructed during the maximum turn to right

For the eight holes connecting the GA, during the turning phase, four of them are
partially superimposed on comb millings and four of them on axial millings of the
orbit motor chambers (see Fig. 2.3.2.3). The flow rate coming from the GA is thus
sent both to the comb millings and to the four axial millings indicated in Figure
2.3.2.4. By passing these four millings the fluid passes through the orbital motor
distributor and is sent to the orbital machine through appropriate channels obtained
in the casing.

The coupling between the internal and external wheel of the orbit generates five
chambers of variable volume. Of these five:

*Two, with increasing volume, (C1, C2) are connected to the admission of the
machine

*Two, with decreasing volume, are connected to the discharge of the same.

* The remainder allows to isolate the two environments

B A
Casing External wheel
t
o SEZIONE A-A SEZIONE B-B
B A Rotary distributor
- = Internal wheel

Figure 2.3.2.5 Section of the orbit motor
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Figure 2.3.2.6 Rotary distributor and orbit motor in right turning position

During the rotation five channels connected to the chambers and the chambers were
switched role becoming respectively environment under isolation and discharge with
the opposite direction to that of rotation of the orbital motor. The increasing volume
of chambers, shown in green in figure 3.3.2.7 is put in rotation, the wheel within the
orbit, its motion gives a volume decreasing to the other two chambers shown in
purple.

Axial connection milling with
orbit motor discharge and

work ports

Figure 2.3.2.7 Motor and ports connection in maximum right turning position
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These two chambers, decreasing in volume, send fluid to the grooves of the spool
through appropriate radial holes in the sleeve. For these four millings, only two are
directly involved (as the exhaust chambers of the orbit engine are two) while the
others are affected by the pressure information transmitted by the circumferential
milling. In this way the radial forces of the spool are balanced. Finally, the fluid
discharged from the orbit motor passes through the connecting holes to the working
port R and through a circular milling in the casing itis directed towards the port itself.
The output of the actuator connected to this port is thus caused.

Figure 2.3.2.8 Port Land R connection in maximum right turning position
The return fluid from the cylinder returns to the distributor through port L and is

sent to discharge through the millings which meet the seat of the pin and the spring
pack, shown in blue in the figure below.

19



Port T connected to

the tank

Figure 2.3.2.9 Port L and tank connection in maximum right turning position

These 4 grooves represent in fact a single channel, since the holes in the seats are
through and allow the fluid to penetrate into the inner cavity of the spool. The
presence of oil inside this cavity guarantees the lubrication of the toothed coupling
between the Cardan shaft and the internal wheel of the motor. Summing up, to a
possible rotation of the steering wheel are generated that put in common the GA
with the orbital motor, which begins to rotate in a direction to the steering. A flow
rate is then sent, proportional to the speed of rotation of the motor, to the chamber
in expansion of the cylinder. The sleeve, dragged by the orbital motor through the
Cardan shaft, follows the movement of the spool until the two are centered again.

Figure 2.3.2.10 Rotation of the Cardan shaft

Figure 2.3.2.11 shows the connection millings in turning right condition.

20
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Figure 2.3.2.11 Connection millings in turning right phase

2.3.3 Rotary distribution

Turning to the left, similar connections are made inside the distributor, such as to

feed the actuator chamber that was previously unloaded and vice versa. Only some

Fluid entrance to the orbit motor

Connection between tank and port L

when turning left

camouflage holes are used as shown in figure 2.3.3.1

* The holes that were used to discharge the actuator chamber are now engaged
with the milling of the spool traversed by the exhaust fluid of the motor / pump

* The fluid that previously allowed the actuator chamber to be powered, now

discharge it.

* The orbital motor changes towards rotation, also because the sleeve must follow

the spool in the new direction of rotation

21
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+“, 7,7 Fluid entrance to the orbhit motor

m Connection between orbit motor and port L

Connection between tank and port R

Figure 2.3.3.1 Connection millings in turning left phase
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Chapter3

Components

3.1 Assembly of steering unit

The steering unit consists of several parts:

Torgque 30Nm

Figure 3.1.1 Assembly of steering unit
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Figure 3.1.1 shows that assembly of steering unit, the main parts are: rotary valve

consist of casing, spool, sleeve in assembly 2, orbit motor in assembly 17.

1-dust seal ring 2-housing spool and sleeve 3-ball 4-ball stop 5-shaft seal
7-bearing 10-ring 11-cross pin 12-set of springs 13-cardan shaft 14-spacer
15-O-ring  16-distributor plate  17-gearwheel with 27.4 diameter 18-O-ring
19-end cover 20-O-ring 23-special screw with 47.6 diameter 24-name plate

30-complete relief valve 31-spring for relief valve

SEZ. A=A

Figure 3.1.2 Section view of steering unit

1-spool 2-bearing 3-safety valve 4-cardan shaft 5-sleeve 6-distributor plate
7-orbit motor/pump 8-shell of orbit motor/pump 9-end cover 10-fixing screw

11-spring package 12-pin 13-non return valve 14-shell of the body

The OSPM 80 PB is a steering system consisting of a rotating distributor with
continuous positioning, which is constituted by a sleeve and a spool (figure 3.1.1 and
3.1.2) and an orbital motor/pump. They are all housed in a special shell. The steering
wheel is connected to the distributor spool by means of a grooved coupling, and the
spool, in turn, is coupled to the sleeve by means of the leaf springs. The connection
between the spool and the pin is carried out by means of a hole with a greater

diameter than that of the pin; This creates a space that allows a rotation of the pin,

24



with respect to the axis of the hole, between plus and minus 11 ° , this represents
the end stop (figure 3.1.3). Then we can have a relative angle between sleeve and

spool as different working condition what we want.

Figure 3.1.3 Spool

Figure 3.1.4 Spool and pin

Figure 3.1.4 Spool, pin and sleeve

25



The mobility of the pin makes possible a rotation between the spool and the sleeve
that generates a passing line, between the grooves of the spool and the radial holes
of the sleeve. In this way, the flow of fluid coming from the flow generating group to
the orbital motor and therefore to the steering actuator is regulated. The sleeve is

also connected to the orbital motor by means of a cardan shaft that has a fork, seat
with a pin yoke.

Figure 3.1.4 Cardan shaft
Through the groove of the pin and rounded tooth on the shaft, inner wheel of the
orbit motor and sleeve are coupled, which allows the transformation of the
planetary motion of the motor in rotary motion of the sleeve, thus realizing the
mechanical feedback signal on the rotary distributor.

Internal gear of the

External gear of the
orbit motor

orbit motor

Figure 3.1.5 Orbit motor assembly
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Figure 3.1.6 Leaf springs in the housing

See figure 3.1.6 and 3.1.7. A package of leaf springs, composed of four elements, is
housed in the distributor and fixed by a centring ring. The spring pack produces the
relative centring between the sleeve and the spool during the resting phase. In order
to absorb the axial thrusts on the distributor and to facilitate its rotation, an axial
thrust bearing (figure 3.1.8) inserted between two protective rings is positioned in
the front part of the casing.

Figure 3.1.7 Leaf springs



Figure 3.1.8 Axial thrust bearing and protective rings

The tank, the flow generating group, the L and R working ports, the motor/pump and
a further use port are connected to the casing, to which all the flow from the flow
generating group is addressed during the resting phase. These connections are
positioned circumferentially to the rotating distributor by means of special grooves.

Figure 3.1.9 Connects between ports and distributor spool

Figure 3.1.10 shows the sections of the spool for illustrating how the connections
between the Rotary distributor and the various working ports:

* With P the connection port to the GA
* With E to the external users
* With T the connection port to the reservoir

* With R and L the connecting ports to the chambers of the actuator cylinder
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The five holes, with a smaller diameter than the ports previously indicated,
constitute instead the connections between the orbital motor and the rotating
distributor.

o 4
r /A,rzzlf’ar’”‘!

A..: :
- .I'EIIII

24 IIIIII-‘ e

Figure 3.1.10 Section view of the connections
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The tank, the flow generating group and the working ports are connected to the

casing by means of suitable holes which also act as a seat for the tightening screws.

Figure 3.1.11 Screws

3.2 Mechanical model

In order to build the simulation of the system, Simcenter Amesim can be used, it
offers us an integrated simulation platform to accurately predict the
multidisciplinary performance of intelligent systems. Simcenter Amesim enables us
to model, simulate and analyze multi-domain controlled systems and offers plant
modeling capabilities to connect to controls design helping you assess and validate
control strategies. At first we have to use Solidworks and ANSYS to define the
mechanical properties of the components. Torsional stiffness and virtual viscous
friction coefficient in Amesim are needed to simulate the mechanical model in
steering. Since the sleeve, from a mechanical point of view, is simulated by a spring

and damper.

The steering unit is integrated by the following main parts:
® Sleeve

® Spool

® Cardan shaft

® Springs

In the next we will analysis these parts one by one
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3.2.1 Sleeve

The material of sleeve is AISI 1045 steel. AISI 1045 steel is a medium tensile steel
supplied in the black hot rolled or normalized condition. It has a tensile strength of
570 - 700 MPa and Brinell hardness ranging between 170 and 210. AISI 1045 steel is
characterized by good weldability, good machinability, and high strength and impact

properties in either the normalized or hot rolled condition.

Model Type: Linear Elastic [sotropic

Units: SLoNmmA2MPa) Y
Categany Steel

Hame: AISI1045 Steel, cold drawn
Description:

Saurce

Sustainability, | Defined

Property Value Units I
Elastic Modulus 205000 |W/mmA2

Poisson's Ratio 029 MN/A

Shear Modulus 80000 |W/mmA2 |
Miass Density B0 [kg/m'3 B
Tensile Strength 625 N/mm#2

Compressive Strength N/mm#~2

Yield Strength 530 N/mm*2

Thermal Expansion Coefficient |1.15e-005 | /K

Thermal Conductivity 49.5 W/ K} -

Figure 3.2.1.1 Material of sleeve

Then we can get the moments of inertia from the model:
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Mass = 172.58 grams
Volume = 21984 48 cubic millimeters
Surface area = 15575.44 square millimeters

Center of mass: [ millimeters )
X =3862
¥ = 0.00
Z=000

Principal axes of inertia and principal moments of inertia: [ grams * sguare millimeters )
Taken at the center of mass,

Ix = [ 1.00, 0.00, 0.00) Px = 35437.25

Iy = (0.00, 0.01, -1.00) Py = 106939.55

Iz = [ 0.00, 1.00, 0.01) Pz = 106943.69

Moments of inertia: [ grams * square millimeters )
Taken at the center of mass and aligned with the autput coordinate system.

Lix = 35437.25 Ly = 0.07 L = 0.10
Lyx = -0.07 Lyy = 106943.69 Lyz = 0.03
Lz = 0.10 Lzy = -0.03 Lzz = 10693955

Figure 3.2.1.2 Inertia of the sleeve

Due to the pin joining, the moments of inertia should be the sum of the sleeve

inertia plus half of the pin’s inertia.

PXsleeve=35437-25[g'mm2]=3.54'10_5[kg-m2]

Mass = 5.20 grams
Volume = 662,83 cubic millimeters
Surface area = 546,40 square millimeters

Center of mass: [ millimeters }

X =0.00
¥ =0.00
£=0.00

Principal axes of inertia and principal moments of inertia: [ grams * square millimeters |
Taken at the center of mass,

Ix = {0.00, 0.00, 1.00) Px =17.55

Iy = {0.00, -1.00, 0.00) Py =431.20

Iz = {1.00, 0.00, 0.00) Pz =431.20

Figure 3.2.1.3 Inertia of the pin

Pypin=431.20[g-mm?]=0.04-10"[kg-m?]

So the total inertia of the sleeveis

PX5|eeve+ % Pyp|n=3.56'10_5[kg'm2]
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In order to evaluate the stiffness and friction viscous we hypothesis that, in
maximum rotation, the pin contact with sleeve and spool, so the torque transferred
from pin is nearly equal to the torque on the steering wheel, is larger than the leaf
spring, we assume the parameters as follows: The fixed hinge is on the inner surface
in which the pin is located and the 3[N-m] torque is applied in the sleeve-pin contact
inner planes. Moreover on the surfaces between sleeve and springs we have
geometry fixed and there is 1[N-m] torque is applied by the springs. See figure
3.2.1.4.

Figure 3.2.1.4 Sleeve static test-Configurations

Solid-Works creates a mesh to perform the calculation via finite element method.
Figure 3.2.1.5 shows a summary of the mesh global parameters settings:

Mesh Details @ x

Study name Static 1 [-Destra-]  »
Mesh type Solid Mesh

Mesher Used Standard mesh
Avtomatic Transition ulij =
Inchude Mezh Auto Loops u]i}

Jacobian points 4 points

Elerment zize 2.8024 mm
Taolerance 0.14072 rom

tesh quality High

Total nodes 32729

Taotal elemnents 18554

b aimun Azpect Fatio 19,439 i

Figure 3.2.1.4 Sleeve static test-Mesh
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Figure 3.2.1.5 and figure 3.2.1.6 represents the results of such test.

van Mises (N/m~2)

1.034e+007

l 9.479¢+005

L 8.618e+006

. T.TS6e+ 008
_ 6.694e+006

1034e+007

L 6.032e+006

5.17T1e+00§
4,309e+008
L 344764006

L 2.586e+006

1.72de+008
8.621e+005
3.495e+002

— P Vield strength; 5,300+ 008

Figure 3.2.1.5 Sleeve static study-Von Mises tensions

URES [mm)
17766005

L GAane00s
50326005
51842-008

L 4s36e005
3.8882-005
‘ 3.2406-005
L 25926005

L Lade 005

12062005
Sdgie-008
10006030

Figure 3.2.1.6 Sleeve static study-Displacement
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As the Von Mises tensions are in all parts of the body under the yield strength limit,
none of the deformations will be permanent and it is valid to assume that the piece

N-m

is behaving as a spring; therefore, being K| ] the rigidity constant, y[degree] the

degree
maximum angular relative displacement (twist) and T[N-m],
the torque applied:

where 'd' is the maximum displacement (perpendicular to the radius 'R') of the
sleeve. Being: d=7.76-10~°[mm], r=14.25[mm], then 7Y =5.45-10"%[rad].

If contact between pin and sleeve occurs, the equivalent torsion spring stiffness is:

3[N-m]

m=5.51-105[N-m/rad]

Ksieeve=

or

Ksieeve=9601.32[N-m/degree]

The mechanical system can be simulated by a spring and damper, usual damping
values are around 5% to 10%.

Considering a Rotary Mass-Rotary Spring system of moment of inertia ' I ', stiffness
'K' and viscous friction 'R', the motion law can be expressed as a second order
system:

] eg+RO+K =+ 0=0
or alternatively
6+2-2-wo-0+w?2-8=0

where 'wg' is the natural pulsation and 'z' is the damping ratio, these values are
defined as:

W_K
0 I

__ R
2-VK-I

z

Then if the value of damping equal to 5% is chosen for the present system, being:
1=3.56:10°[kg-m?], Ksjeeve=5.51-10°[N-m/rad]

N-m

N-m ]

Rsjeeve=2-0.05-VK - [=0.443[——2-1=0.046]

rad/s rev/min
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In this case we assumed that the contact between pin and sleeve is totally rigid

because the stiffness Kis big enough so the displacement can be ignored.

3.2.2 Spool

Now analyzing the spool it is also assumed that due to the pin joining , its inertia is

the sum of the spool plus half the pin’s inertia.

”
qﬂ Mass Properties = —

% {Casetto.SLDPRT

[ Owverride Mass Properties... ] [ Recalculate ]

Include hidden bodies/components
|:| Create Center of Mass feature
] show weld bead mass

Report coordinate values relative to:  -- default -- -

Mass properties of Casetto
Configuration: destra
Coordinate system: -- default --

»

Density = 0.01 grams per cubic millimeter
Mass = 212.32 grams
Volume = 27046.53 cubic millimeters
Surface area = 16422.35 square millimeters
Center of mass: [ millimeters |

X=6165

¥ =000
Z=000

m

Principal axes of inertia and principal moments of inertia: [ grams * squa
Taken at the center of mass.

b= (1.00, 0.00, 0.00) Pi=18623.75

Iy = (0.00, 0.10, -0.99) Py = 289764.57

Iz=(000, 099, 010) Pz=289904.77

Moments of inertia: [ grams * square millimeters |
Taken at the center of mass and aligned with the output coordinate syst

Lok = 18623.75 Ly = 0.01 Lz = 0.01
Lyx = 0.01 Lyy = 289902.79 lyz = 14.32
Lz = 0.01 Lzy = 14.32 L2z = 289766.0

Moments of inertia: [ grams * square millimeters |
Taken at the output coordinate system. -
Do = 18623.75 by = -0.04 bz =019
Iy = -0.04 Iyy = 1096922.67 Iyz = 14.32 i
< | 1n ] +

Frint... ] [ Copy to Clipboard

Figure 3.2.2.1 Inertia of the spool

PXspooi=18623.75[g-mm?]=1.86-10"[kg-m?]

PXspoo|+ % Pypin=1.88'10_5[kg'mz]
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Then using the same finite element method we can simulate the stress and
displacement which is applied on the spool. See figure 3.2.2.2: Where the torque
received from the springs is 1 [N-m] , from the steering wheel on the shaftis 3[N-m],

from the pin is equal to the shaft but on opposite direction.

URES (mm]
wvon Mises [NfmA2)
1.208e-003
2.674e+007
1107e-003
2,451e+007
. L00Ge-003
L 2.223e+007
_ 8.056e-004
. 2.006e+007
_ £.050e-004
. 1783007
L 7.044e-004
. L560e+007
| £.036e-004
L 1337e+007
L 5.031e-004
L 1115e+007
_ 4.025e-004
L 8.917e+006

| 3.019e-004

2.013e-004
1008e-004
1.000e-030

| G.663e+006

4.461e+ 006
2.233e+006
5.073e+003

— Yield strength: 5.300e+ 008

Figure 3.2.2.2 Spool static study-stress and displacement
The radius of the spool is 11[mm]. Following the results we can calculate:
d=1.20-10"3[mm], r=11[mm], then Y =1.17-10"*[rad].
So the torsion stiffness is:

3[N-m]

mzz'SG'lmlN-m/rad]

Kspoo|=

or
Kspooi=446.8[N-m/degree]
Considering the value of damping is equal to 5% then the viscous friction is:

N-m N-m ]

R5p00|=2'0.05' V K * I=0.069[

]=0.007]

rad/s rev/min
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3.2.3 Cardan shaft

Cardan shaft is the connection between the pin and the inner gear of the orbit motor.

So when we talking about the mass moment of inertia we should consider not only

the shaft but also the orbit gear.

U

% alberino_card.SLDPRT

[ override Mass Properties.. | [ Recalculate |

[¥] Include hidden bodies/componeants
[] Create Center of Mass feature
[] sShow weld bead mass

Report coordinate values relative to: - default -- -

Mass properties of alberino_card
Configuration: Default
Coordinate system: -- default
Density = 0.00 grams per cubic millimeter
Mass = 7.32 grams
Volume = 7318.54 cubic millimeters

Surface area = 3343.11 square millimeters

Center of mass: [ millimeters )

Principal axes of inertia and principal moments of inertia: { grams * square millimeters |
Taken at the center of mass.

I =(1.00, 0.00, 0.00) Px=137.16

Iy= (0,00, 1.00, 0.00) Py =4010.15

Iz=(0.00, 0.00, 1.00)  Pz=4019.19

Moments of inertia: [ grams * square millimeters )
Taken at the center of mass and aligned with the output coordinate system.
.00 Lxz = 0.00

Lyx = 000 Lyz = 0.00
Lzx = 000 Lz = 4019.19
Moments of inertia: [ grams * square millimeters |
Taken at the output coordinate system.
o= 13716 Iy = 0.00 bz = 0.00
Iy = 0.00 Iyz = 0.00
Izt = 0.00 Izz = 4115.03
Proprieta di massa di retore ~

Configurazione: Default
Sistema di coordinate: — default -

Densita = 0.00 grammi per millimetro cubico
Massa = 14,29 grammi
Volume = 14286.11 millimetri cubici
|Area superficie = 5506.30 millimetri quadrati
Centro di massa: ( millimetri )

X=0.00

¥ =000
Z=1347

i

|Asse principale diinerzia e momenti principali di inerzia: | grammi * millit
Nel centro della massa.

b= (071, 070, 0.00)  Px=1971.22

y=(070, 0.71, 0.00)  Py=1971.24

1z=(0.00, 0.00, 1.00)  Pz=2156.79

Momenti di inerzia: { grammi * millimetri quadrati )
Presi nel centro di massa ¢ allineati con il sistema di coordinate risultato,
1 Lz =0.00

Lot = 197123 Ly = 0.0
Lyx = 0.01 Lyy = 1971.23 Lyz = 0.00
Lzx = 0.00 L7y = 0.00 L7z = 2156.79

Momenti di inerzia: { grammi * millimetri quadrati )
Al sistema di coordinate di autput, -

Lioc = 4563.55 Iy = 001 bz = 0.00
llyx=-0‘01 Ty = 4563.55 yz=000 T
4 . L3
[ 2 Stampa.. ] [ Copia negli Appunti

Figure 3.2.3.1 Inertia of the cardan shaft and orbit gear
Making the static analysis we can get:
Pxshaft=137.16[g-mm?]=1.37-10"[kg-m?]

PZgear=2156.79[g-mm?]=2.16-10"°[kg-m?]
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Ptota | = PXS haft+Pdear=2.30' 10_6 [kg' mz]

URES fmim)
s von Mises N/MAZ) AR
c L041e+007 £.3820.005
9,539¢+006 "t | s.002e-005
| aermevons R s
. T80desn08 ] . 46426005
| GTer006 | 40616005
_ 60706+ 006 34816005
520364006 | 25016005
.9‘: 433664006 | 2321005
| 3469+ 008 | 17416005
| 2601es008

1.160e-005

173484006 I 5.802e-006

I B6T1e+005 1.000e-030
0,000+ 000

—P Vield strength: 5.300e+008

Figure 3.2.3.2 Cardan shaft static study-stress and displacement
Then combine the geometry and simulation figure 3.2.3.2, we can get:
d=6.96:10">[mm], r=5.5[mm], then 7Yy =1.27-10"%[rad].

So the torsion stiffness is:

3[N-m]

m=2.36-105[N'm/rad]

Kshaft=

or
Kshaft=4119.0[N-m/degree]

Considering the value of damping is equal to 5% then the viscous friction is:

Rehari=2:0.05VK - 1=0.018[ 7-1=0.0019[ """ ]
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3.2.4 Springs

Spring is an elastic part between the sleeve and the spool. It provides the rebound
force to close the port when the driver hold the steering angle. So it is very

important for the system performance.

Spring is made of two couples of leaf springs inside a parallel steel board. When the
force acts on the board, it compresses the springs. So for this part, we simulate it
using ANSYS workbench.

At first we build the leaf spring model by measuring.

Figure 3.2.4.1 Leaf spring

Then we mesh the model by choosing a proper sizing as follows:

|| Sizing
Size Function Adaptive
Relevance Center Coarse
Element Size Default
Initial Size Seed Assembly
Transition Fast
Span Angle Center Coarse
Automatic Mesh Based Defeaturing | On
Defeature Size Default
Minimum Edge Length 0,250 mm

Figure 3.2.4.2 Leaf spring mesh property

Because when there is relative angle between sleeve and spool by leaf spring, the
counteract point is the contact point between housing of the spool and the spring.
We set the deformation of two points of the spring as follows: each side of the

deformation equals to 1mm.
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[=| Scope
Scoping Method |Geometry Selection

Geometry |1 Edge
g p—
Type Displacement
Define By Compaonents
Coordinate System | Global Coordinate System
X Component Free
¥ Component |-1, mm (ramped]
Z Component Free
Suppressed Mo

Figure 3.2.4.3 Leaf spring deformation setting

After this we must set boundary constrains on the spring, we should make sure when

the displacement applied on the spring, the spring is fixed in the housing:

Figure 3.2.4.4 Leaf spring constrains

At last we can solve the model, see figure 3.2.4.5-3.2.4.8:

Figure 3.2.4.5 Leaf spring total deformation

41



Figure 3.2.4.6 Leaf spring equivalent stress

Then we have the reaction forces shows in figure 3.2.4.7, on the opposite end of side

on upper and lower spring, make up a torque on the spring.

Figure 3.2.4.7 Leaf spring reaction force

We assume that the displacement from 0to 1mm in 1s. The value of the reaction

force is that:

1]

2(8,e-002  -84986e-007
3014 -1,4876e-006
4 |0,22 -2,4440¢-006
5|0365 | -38821e-006
60,565  -6,0144e-006
7|0765 | -81504e-006
80,8825 | -9,4071e-006
91, -1,0665e-005

Figure 3.2.4.8 Leaf spring reaction force parameter

0,2237
0,39151
0,64319
1,0206
1,5797
2,1385
2, 4667
2,7949
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7,1593e-016
-1,0245e-014
3,3576e-014
5,3397e-015
-2,6079e-014
9,1366e-014
11512e-014
6,4424e-014

Time [s] F Force Reaction 2 (%) [M] ||7 Force Reaction 2 () [N] ||7 Force Reaction 2 (Z) [N] ||7 Force Reaction
H_sz,e- -4, JABSe-U07 10,1181 -1 007 3015 0,1TT8T
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0,64319
1,0206
1,5797
21385
24667
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From the geometry of the spring, length is 29.30mm, width is 6mm. Figure 3.2.4.9
shows that when the maximum angle is 11°, on each side of upper and lower plate
the rotation angle is 5.5°. And if we have 1mm deformation on the contact points
between spool and spring. In figure 3.2.4.9 we can have 2.12° rotation angle on
lower plate it means that we have 4.24° relative angle between sleeve and spool.

The spring width becomes 4.91mm.

225

Figure 3.2.4.9 Geometry of the compression spring

From the geometry and simulation , when the spring is compressed 1mm on point A
and B in figure 3.2.4.3, a force equals 2.79[N] acts on the end side of the spring in
figure 3.2.4.7, where the torque:

T=2.79[N]+(29.3-2.25)[mm] -2=150.94[N-mm]

While from the geometry of the spring the compression is equal to 6-4.91=1.09[mm].

So we can get the stiffness of the rotary spring is:
K=150.94/1.09=138.48[N-mm/mm)]

Then from the geometry relationship between sleeve and spool, we can get the

compression length x=(D-%2/(g)/z)) , Where D is the width of the housing, L is the

spring length, a is the relative angel from -11° to 11°. Figure 3.2.4.10 represents the
relationship of the relative angel and the compression, we can consider itis a linear

function, ratio is:

B=x/a=2.83/11=0.257[mm/degree]
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mm Angle vs Compression
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0,5

degree

Figure 3.2.4.10 Function of the relative angle between sleeve and spool and compression

It means that when we have 1° relative angle of the sleeve and spool, the spring
compression is 0.257mm. Then we hypothesis the function of the spring is linear,
then the stiffness of the rotary spring is:

Krotary=K- B=35.6[N-mm/degree].
And when the spring is free, the width is 10.8mm, so the preload of the spring:

Fpre|oad=K'(10.8‘D)=803.17[N'mm].
3.3 Amesim simulation connection

In order to simulate the hydraulic system performance, we should build the

mechanical part of the system first.

At previous we have finished the analysis of these important parts then we must

choose proper models for them in Amesim.

So we can build the mechanical system as follows:
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Sleeve and spool

interaction

=1 Sleeve stiffness

Cardan shaft

and gear

Figure 3.3.1 Model of mechanical system

For sleeve and spool, ROTARY LOAD (for the inertia) with viscous friction
and a ROTARY SPRING (simulating the stiffness) “FE= " Jre introduced.

Moment of inertia:

PX5|eeve+ % Pypin=3.56'10_5[kg'm2]

PXspool+ %Pypin=1.88-10'5[kg-m2]

Viscous friction:

N.
RSIeeve=0'046[rev/T:lin]
N
Rs p00|=0.007[ra;7$]

Rigidity stiffness of the sleeve:
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Ksleeve=9601.32[N-m/degree]

4 Change Parameters 4 Change Parameters IS4 Change Parameters

Submodel Submodel Submode|

i rotaryload2ports_1 [RL04] ; rotaryload2ports [RL04] : rotaryspring_3 [RSPROO]
e e
; rotary load with two shafts rotary load with two shafts 3 ideal rotary spring or torsion
2 (angle as output) 2 (angle as output) 1 bar (with state variable)
Parameters Parameters Parameters
Title Value Unit Tan Title Value Unit T Title Value Unit Tags
@ shaft speed at port 2 0 rev/min (@ shaft speed at port 2 0 rev/min @ angular twistin spring 0 degree
@ shaft angle at port 2 0 degree @) shaft angle at port 2 0 degree spring stiffness 9601.32 Nm/degree
modulo option no modulo moduio option no modulo
offset to be subtracted from angle 0 degres offset to be subtracted from angle 0 degree
moment of inertia 3.56e-05 kgm**2 moment of inertia 1.88e-05 kgm**2
coefficent of viscous friction 0.046 Nm/(rev/min) coeffiient of viscous friction 0.007 Nenj(revjmin)
Coulomb friction torque 0 Nm Coulomb friction torque 0 Nm
stiction torque 0 Nm stiction torque 0 Nm

Figure 3.3.2 Parameter of the sleeve and spool

For the leaf spring, we can use the ROTARY SPRING VT g well, but since the
compression of the leaf spring is equal to relative rotation between the sleeve and

ﬂljz

I
spool, two ANGULAR DISPLACEMENT SENSORS are added in the two sides of
the leaf spring. This signal will be generated by the driver input signal through the

mechanical parts, then transferred to the hydraulic system.
From the previous analysis, the stiffness and the preload values are as follows:

Kspring=3.56:1072[N-m/degree], Fspring=803.17[N-mm]

A Change Parameters Y| -]

Submodel

2

% rotaryspring_1 [RSPRO0A]

External variables

ideal rotary spring or torsion

1 bar (no states)
Parameters
Title Value  Unit Tags
spring stiffness 0.0356 Mm/degree

spring torque with both angles zero 803.17 Nmm

Default value | Max. value
Reset title Min. value

Figure 3.3.3 Parameter of the leaf spring
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For the spool and sleeve interaction, the equivalent model is that of the elastic

double end-stop in rotary motion ~ (in which the viscous friction is negligible
due to low relative angle velocities). This model allows both, upper and lower
connections, to rotate freely during a determined relative angle (Aa=11°), if that
value is exceeded the sum of the spring stiffness will now rule the relative motion,
nevertheless as the double end-stop’s inner stiffness is very big the spool and sleeve
will move practically solely. And this part is also used for mechanical connection
between driver and the wheel. When the hydraulic system is unavailable this

connection will take part in.

So the stiffness is the stiffness of the spool, as follows:

[z Change Parameters |. ? i‘E-J

Submaodel

rotary_clearance [MCCLOAA]

External variables
elastic double endstop in
rotary motion {no states)
Parameters
Title Value  Unit Tags

relative displacement when just in contact ... -11 degree

relative displacement when just in contact ... 11 degree

contact stiffness 446.8 Nmjdegree

contact damping 0 Nmj(rev/min)

limit penetration for full damping 0.001 degree

Figure 3.3.4 Parameter of the spool and sleeve interaction
For the steering column, we assume that the stiffness rigidity is:
Ksteering column= Kspool /10=44.68[N-m]
which represents the connection stiffness between steering wheel and the spool. In

Amesim it can be indicated by ROTARY SPRING ~ ="

T

For the Cardan shaftand orbit gear, ROTARY LOAD can be used, where:

Ksha=4119.0[N-m/degree], Rhan=0.0019[——2—].

rev/min
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Chapter4

Simulation of the system

4.1 Amesim submodel selection and governing equations

Each one of the Amesim models selected for the several parts of the steering system
has in turn a few submodel associated. In the following subsections the selection of

each particular submodels is explained and ruling equation of each one of them.

4.1.1 \Variation area of the distributor orifices

From the beginning of the simulation, we should calculate the variation area of the

distributor orifices when the systemis under working condition.

We can simplify the model to analyse the fluid flow as follows:

R L

A4 (A3

g. et
A2
AT

Ag)) Al NAte N At

A E L] ]

Figure 4.1.1.1 Simplified model of the steering unit
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In this case the fluid flows which are discharged to each ports are decided by the
opening areas of the orifices. And the opening areas are decided by the relative

angle between sleeve and spool as figure 4.1.1.2 and figure 4.1.1.3:
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Figure 4.1.1.2 Sketch areas on the sleeve and spool on centre position
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Figure 4.1.1.3 Sketch areas on the sleeve and spool when turning right

* Al is the overlapping area between orbit motor and port R

* A2 is the overlapping area between orbit motor and GA

* A3 is the overlapping area between port R and left chamber of the actuator
* Ad is the overlapping area between port L and right chamber of the actuator

* Ag is the overlapping area between GA and steering unit
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* At is the overlapping area between port L and reservoir

* Ae and Ael are the overlapping areas between GA and port E

In the case of turning right, the fluid is discharged by the GA to orifices Ag, through
the orifice A2 to the orbit motor, then discharged by the orbit motor to orifices Al
and A3, fill into the left chamber of the actuator, then push the piston to right. On
the other side of the actuator, fluid flows through A4 and At, back into the reservoir.

For port E, we can observe that when the system is moving from the centre position

to the right position, the holes Ae and Ael are closed gradually.

Then using the mathematical method, the variation of the relative angle and the

area of holes can be calculated as follows:

o SAl

—_
=S D G0 =1 Gy W

—

Figure 4.1.1.4 Variation of the relative angle[°] and area of orifices[mmz]
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From the figure 4.1.1.4 and figure 4.1.1.5 we can see when the relative angle
increasing, the area of the steering orifices increasing, port E which is connected to
the external equipment, is closed gradually. On the other hand, when the steering
unit is on the centre position, the resting phase, fluid from GA is totally discharged to
the external equipment through port E.

In order to simulate the variation area of the orifices in Amesim, we can use the

block VOR002 - variable hydraulic orifice with tables or equations

hd=f(x) and a=f(x). Then we canset the variation area of the orifices as a function of

relative angle.
4.1.2 Ideal orbit motor/pump

Then the block HYDFPMO01 :© - fixed displacement hydraulic pump or motor with
tabulated efficiencies f(dp, w, (T)).

The theoretical flow rate of a hydraulic machine, either pump or motor, is defined as:
Qrh=V X w. Where Vis the displaced volume (corresponding to the user parameter
displacement) and w is the shaft speed.

The theoretical torque, either for a pump or for a motor, is defined as: Tth=V Xdp .
Where dp = p2-pl is the differential pressure at the hydraulic ports of the hydraulic

machine.

The real quantities are then derived by the theoretical ones through efficiencies.Ina
real displacement machine several energy losses occur, mainly divided in two
categories: Volumetric losses, determined by internal and external flow leakages
through different gaps or clearances, flow losses due to the fluid compressibility.
Hydraulic mechanical losses, representing torque losses due to dry and viscous

friction between moving elements.

Due to volumetric losses, the real flow rate delivered by a displacement pump is
consequently less than the theoretical value generated by an ideal pump (with the
same shaft speed). While in the case of a displacement motor, the required inlet

flow rate is greater than the theoretical value needed by an ideal motor.

Due to the hydraulic mechanical losses, the torque required by a displacement pump
with a certain differential pressure is greater than the ideal value. While in the case

of a displacement motor, the differential pressure applied to the hydraulic machine
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must be greater than the theoretical value (to produce the same torque).

Depending on the pump or motor working mode, the real flow rate and torque are

evaluated as follows:

Pump mode Motor mode

Volumetric flow rate

_ _ Qp,
QreaI - QTI?, bl ot Q‘reai _
ot
Torque
TT.F!.
Treai = Treai = Tn % Nhyym
ﬂhyar:

Figure 4.1.2.1 Definition of efficiencies, for pump or motor.

Using this block we can simulate both pump and motor, which corresponds to

changing the sign of the flow rate and torque depending on dp and w:

Pump
power sign convention

Tt

L/min bar

Pump mode | Motor mode
Q<0 Q=0
Torque<0 | Torque =0 4= Nim

= rev fmin

Motor mode | Pump mode
Qz =0 'Qg =0
Torgue <0 | Torque =0

Motor
power sign convention

Motor mode | Pump mode
Q=0 Q=0
Torque =0 | Torque <0 4= Nm

= rev min

Pump maode | Motor mode
Q<0 Qz<0
Torque =0 | Torque <0 Ljmin bar

Figure 4.1.2.2 Definition of efficiencies, for pump or motor.
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4.1.3 Double acting steering cylinder

Double acting steering cylinder can be used for this system. With rod diameter
d=25[mm] and piston diameter D=50[mm]. In our design, the maximum number of
steering wheel revolution is=3, steering unit displacement (orbit motor) V=80[cc],
which means that the maximum volume by actuator from middle to lock is

Vmax=240[cc]. Area in chamber:
2_ 2
A=%=1472.6[mm2]

so the actuator stroke:
L=V max/A=163[mm]

For the vehicle the maximum steering angle is 36° , so the offset between steering
rod and drive shaft (figure 4.1.3.1):

a=__ L =2242[mm]
tan(36°)

The maximum pressure from the steering system (relief valve pressure) P.=80[bar],

so the maximum actuator force:
Fmaxzpmax'A=11780.8[N]

maximum steering torque :

Tmaszmax'a=2641.3[N'M]

Figure 4.1.3.1 Double acting steering cylinder
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- double hydraulic chamber double rod jack with no

orifices at flow ports can be used to simulate our double acting steering cylinder.
4.1.4 Hydraulic chambers

There are several volumes that are considered in the hydraulic model. In Amesim we

can use HCOO @ - simple hydraulic chamber to simulate the hydraulic chamber

with a constant volume and pressure dynamics. Each port receives a flow rate as
inputs and gives a pressure as output. They are used to compute the time derivative

of pressure.

Chambers between

sleeve and spool

Figure 4.1.4.1 Chambers between sleeve and spool

The basic formula used for computing the derivative of pressure in terms of the net
flow rate and total volume is Dp/dt=B(p1)(q1+g2)/volo where B is the bulk modulus.

Sum of flow rates entering into the volume, qsum=g1+92
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4.1.5 Hydraulic tank

In this simulation, we assume that ideal fluid hydraulic tanks what we need. So in

Amesim TKO0O i - tank modeled as constant pressure source can be used.

4.1.6 Resistance load

Resistance by steering is coming from the friction force between wheels and road.

Moreover it has two endstops in the steering cylinder. In Amesim MAS005 i

mass with friction and ideal end stops can be used.

MASO005 represents the one-dimensional motion of a two ports mass under the
action of two external forces in N and frictional forces. The submodel returns the
velocity in m/s, the displacement in m and the acceleration of the mass in m/s2. The

displacement is limited to a specified range by inclusion of ideal end stops.

Use MASQO5S for linear motion of a mass with two forces applied to it when there is

friction and restrictions on displacement with no elastic effects during contact.

Displacement sensor

=L

D | Zrinciirisds]
s ™ A
5 | E_ - P S Resistance force input

I'l Actuator S —

Transfer displacement to wheel angle

Figure 4.1.6.1 Resistance load connections

Figure 4.1.6.1 shows that the assembly of the resistance load. We can see that the
force is acted on the right through MASOO5 to the actuator. Then the force
generated by the hydraulic system to the actuator should be equal to the input

resistance force.
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4.2 Simplified model of the hydraulic system
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Figure 4.2 Simplified model of the steering system
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Figure 4.2 shows that the simplified model of the steering system. It consists of three
parts: mechanical components, hydraulic components and resistance load

components. In following sections we will explain respectively.

4.2.1 Mechanical parts

From figure 2.3.1, we have built the model of mechanical parts. In the assembly of

the whole system, it represents the connection between driver input and hydraulic

system.

(g
' Signal 3
Signal 1

1/5

Signal 2

Figure 4.2.1.1 Signal input and output in the mechanical system

Signal 1 is the input signal from the driver, which is the function of steering wheel
angle and time. It means that in our simulation, the reaction of the steering angle of

the wheel should be proportional to the angle of the steering wheel.

Signal 2 is the angle of the sleeve and spool, then we can get the relative angle
between sleeve and spool, which decides the variation area of the orifices between
sleeve and spool. The signal will be sent to the logic control of the area variation

orifeces in the hydraulic parts (figure 4.2).
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Signal 3 is the input of the mechanical system which is from the ideal orbit motor in
hydraulic parts. It means that the orbit motor drives Cardanshaft, then the sleeve

rotates with the orbit motor.

4.2.2 Hydraulic components

Signal 3

Middle part

3 i

oo |

=1

T

Lower part

[mco]

Figure 4.2.2.1 Signal and logic control in the hydraulic system

Signal 4

Hydraulic part is the core part of the steering system. It connects mechanical part

and resistance part. Then main purpose is that reduces the force acting on the
steering wheel. Signal 2 and signal 3 have been explained before, signal 4 is the

output piston force of the actuator. Which counteracts the resistance force.

In order to simulate the operation of the system correctly. We set three parts of the

logic control under signal 2.

In figure 4.2.2.1, upper part controls the area variation of orifices which are related

to steer right. It means that when the driver wants to turn right, this part received

relative angle of the sleeve and spool from signal 2, sent to the variable orifices.
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Then the fluid is allowed to passing through the opened orifices, filling left chamber
of the actuator,pushing piston to right. Fluid in right chamber can be discharged to
the tank. At the same time middle part controls turning left so it should be closed.
Lower part represents the variation area of the port E which connects the external

devices.

*a Ael

& i

Figure 4.2.2.2 Fluid flow when turning right

Figure 4.2.2.2 shows the fluid flow when turning right clearly, the variable orifices
VARO0O02 correspond to the orifices in figure 4.1.1.1 respectively. Fluid generated by
the pump, passing through orifices to the left chamber of the actuator. While the

upper logic control part controls the area of the orifices.

On the contrary, turning left is controlled by middle part of the logic control. It is

similar as turning right.

Relief valve in figure 4.2.2.1 is used to prevent the system when resistance force is
very large, increased pressure could damage the system, it is set to be 80[bar]. So

when the pressure from the pump is larger than 80[bar], through this valve, fluid can
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flow back to tank. Non-return valve in figure 4.2.2.1 is used to supply fluid from tank

when the pump is lack of fluid. Prevent cavitation in the channel.

4.2.3 Resistance part

Figure 4.2.3.1 Resistance part

This part has explained before, we just need to make sure the resistance force input
sign is equal to the steering wheel input, making sure that the resistance load is

usually resisting the force from the piston rod.

4.2.4 Simulation and analysis

At first we should check the correction of the model. Then we set three sets of

parameter input, as follows:

& AMEPIot - 1 [=s][®@ =]

Maa@ ¢ +%4 08 v LEA B
Degree — user defined duty cyde output [nul] end1=150, start2=150, .. "1"
x10% — user defined duty cyde output [nul] end1=360 , start2=360, ., "2"
10 user defined duty cyde output [nul] end1=720 , start2=720, ., 3"

0.5
0.0 §° =,

0.5

1.0 T T T T T T 1

¥: Time [5]

Figure 4.2.4.1 Steering input signal[Degree]
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—— putput from differentiator [null] end1=150 , start2=150, .. "1"
degree/s — putput from differentiator [null] end1=360 , start?=360, .. "2°
400 —_| output from differentiator [null] end1=720 , start2=720, .. "3" —_—

300 —
200 —

100 —
- |
u_
7 I
100 — |

-200 —

=300 —

-400 T T T T T T T

¥: Time [5]

Figure 4.2.4.2 Steering input signal speed[Degree/s]

It shows that the driver input steering angle signal as a cycle of time. Then from the
output signal of the actuator we can get the displacement of the piston and wheel

angle as follows:

SRR b E = R Avelot -1 ===
Masa ¢ +n 0K o DE®E 8 — @
gl output [l end1=150 , star 2150 , - 1 HRaa ¢ +¢6 O v DEA R
mm — signal output [nul] end1=360 , start2=360, .. "2

015 — function of input x [uil] end1=150 , start2=150, .. "1"
Degree — function of input x [ull] end1=360 , start2=360, .. "2"

307 function of input x [rull] end1=720 , start2=720 , .. 3"

signal eutput [nul] end1=720 , start2=720 , .. *3°

0
IO_A

o |
-10 | \:7

-20 |

-30 T T T T T T 1

H H i 3 1 2 14 ¥: Tme [5]
X Time (5]

Figure 4.2.4.3 Piston displacement (left) and wheel steering angle (right)

The simulation shows that the output signal is proportional to the input signal, but if
we compare the curve between input and output one by one we can find the

difference as follows:
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Figure 4.2.4.4 Comparison between input degree and output displacement of piston
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Figure 4.2.4.5 Details comparison between input degree and output displacement of piston
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We can see that at every cornering of the steering input, we have hysteresis acting
on the actuator. One of the reason is that the spring between sleeve and spool,
which corresponds to the function of servo system. It means that when we hold the
steering wheel not rotating, the orifices should be closed. Under this condition, spool
is not rotating by our hands, compressed spring release the force to the sleeve and
spool, then the sleeve back to centre position, with relative angle between sleeve
and spool is decreasing. But during the spring is compressing or sketching, it needs

time to open or close the orifices, so there is a reason why we have delay.

We can see more details for the relative angle between sleeve and spool:

= output from summing junction [null] end1=150 , start2=150, .. "1"
D
egree —— output from summing junction [null] end1=360 , start2=360, .. "2"

107 output from summing junction [null] end1=720 , start2=720, .. "3" J—
. Time for spring expansion
5 —_— /
\ 1'
| \ \‘\
| e o
0
5 f
-10 T T " T T T " T T T " T T 1
0 2 4 6 8 10 12 14

X: Time [s]

Figure 4.2.4.6 Relative angle between sleeve and spool

We can see that the spring closed the orifices slowly, we also can find there are
vibrations when we start steering. This is caused by impact and friction between

mechanical parts and vibration of the spring, after few millisecond it becomes stable.

When the steering speed is faster in figure 4.2.4.2, relative angle is larger,
compression force acting on the spring is larger. It means that opening area of
orifices becomes larger, we need more flow rate to push the piston to steer and
more torque should be put on the steering wheel, to compress the spring more
between sleeve and spool. Figure 4.2.4.6 shows that increasing the relative angle
with increasing the steering speed. Figure 4.2.4.7 as follows shows the flow rate in

the actuator and torque we need on the steering wheel.
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— flow rate at port 1 [Lmin] end1=150 , start2=150 , ., "1"

[L/min] . — torgue applied to shaft 1 [Nm] end1=150 , start2=150 , .. "1"
o= flow rate at port 1 [L/min] end1=360 , start2=360, .. ,2, NI | oroue applied to shaft 1 [um] end 12360 , start2=3¢0 , . 2"

] flow rate at port 1 [L/min] end1=720 , start2=720 , .. "3 — 16 ] toraue applied to shaft 1 (Nm] endi=720 , start2=720 , ., 3 o

8 14 -

&
e
&

T T T T 1
o 2 4 6 8 10 12 14 o 2 4 6 8 10 12 14

X: Time [s] X: Time [5]

Figure 4.2.4.7 Steering speed effects the flow rate and torque

Under the design of OSPM PB, the port E should be closed gradually with the
increasing of relative angle. Figure 4.2.4.8 shows that the flow rate in port E, when
we steer the vehicle, fluid flow in port E is decreased, and more fluid flow we need
to steer, less fluid is discharged to port E, through the decreased area of orifices. It
means that the steering system operation has high priority than the external devices.

— flow rate at port 3 [L/min] end1=150 , start2=150, .. "1"  flow rate at port 3 [Ljmin] end 1150 , starta—150, .. "1
Wmin] |__a . " _ _ . i .
12— flow rate at port 3 [L/min] end1=360 , start2=360, .. "2’ [L/min] — flow rate at port 3 [Ljmin] end1=360 , start2=350, .. "2"
flow rate at port 3 [L/min] end1=720 , start2=720 , .. "3 — 6 fow rate at port 3 [Ljmin] end1=720 , start2—720 , .. *3" .
10 5
1
8- 4
6
! / 3] |
i l ] \
4 | 2 1
2 1
0 T T T T 1 T 1 0 T 1 T T 1 T 1
o 2 4 3 k] 10 12 14 (1] 2 4 6 8 10 12 14

X: Time: [8] X: Time: [£]

Figure 4.2.4.8 Flow rate in port E (Ae on the left and Ael on the right)

Figure 4.2.4.9 shows that actuator force is equal to resistance load regardless of
speed variation. It also can be evaluated by the difference pressure in each chamber

of the steering cylinder multiply the chamber area as we will talk as follows.

N]
3 — - - ="
IN] | — force exerted by actuator rod [N] end1=150 , start2=150 , .. 1" x10 Resistance load [N] end1=150, start2=150, .. "1
x0° | force exerted by actustor rod [N] end1-360 , start2—360 , .. 2° 157 —— Resistance load [N] end1=360 , start2=360, .. 2
157 force exerted by actuator rod [N] end1=720 , start2=720, .. "3" — ] Resistance load [N] end1=720, start2=720, .. "3
1 — 10
10
51
5
0]
04 L |
|
1 5
5] ‘ ]
-10 10
-15 T T T T T T 1 15 T T T T T T 1
0 2 4 6 8 10 12 14 o 2 4 6 8 10 12 14
%: Time [s] ¥: Time [s]

Figure 4.2.4.9 Actuator force (left) and resistance load (right)
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— pressure at left chamber [bar] end1=150 , start2=150, .. "1"
—— pressure at left chamber [bar] end1=360 , start2=380 , .. 2" [bar]
pressure at left chamber [bar] end1=720 , start2=720 , .. "3" 80 —

; i

— pressure at right chamber [bar] end1=150 , start2=150, .. "1"
— pressure at right chamber [bar] end1=360 , start2=360, .. "2
pressure at right chamber [bar] end1=720 , start2=720, ., "3 —_

o ] ’

30 - 30

X Time [s] Xt Time [s]
Figure 4.2.4.10 Pressure at left chamber and right chamber with different steering speed

Figure 4.2.4.10 shows that the pressure at left chamber and right chamber. At first
we can evaluate the force output from the rod. For example the yellow line on 0-2
second, we can read that we have 51.75[bar] at left chamber and 17.8[bar] at right
chamber, chamber area comes from our design A=1472.6[mm?]. So the force is:

F=(Pieft-Pright) * A=(5.175-1.78)[Mpa] :1472.6[mm?]=4999[N]

It is the same as the value in figure 4.2.4.9. The difference of the pressure between

left and right chamber is decided by load.

{(I

From Bernoulli equation: n most flows of liquids, and of gases at low Mach
number, the density of a fluid parcel can be considered to be constant, regardless of
pressure variations in the flow. Therefore, the fluid can be considered to be
incompressible and these flows are called incompressible flows. Bernoulli performed
his experiments on liquids, so his equation in its original form is valid only for
incompressible flow. A common form of Bernoulli's equation, valid at any arbitrary

point along a streamline ” is:

v p
— + gz + — = constant
2 o

Where:
v is the fluid flow speed at a point on a streamline,
g is the acceleration due to gravity,

z is the elevation of the point above a reference plane, with the positive z-direction

pointing upward - soin the direction opposite to the gravitational acceleration,
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p is the pressure at the chosen point, and
p is the density of the fluid at all points in the fluid.

The constant on the right-hand side of the equation depends only on the streamline
chosen, whereas v, z and p depend on the particular point on that streamline.

The following assumptions must be met for this Bernoulli equation to apply:

The flow must be steady, i.e. the fluid properties (velocity, density, etc...) at a point

cannot change with time,

The flow must be incompressible - even though pressure varies, the density must

remain constant along a streamline;
Friction by viscous forces has to be negligible.

When the fluid through orifices, we have loss of pressure, transfer the Bernoulli

Q=Ce-A- ,2-(P1—P2)
p

Where Q is the flow rate through the orifice, Ce is orifice flow coefficient, A is orifice

equation we canget :

area, P1 and P2 is each side pressure of the orifice, p is density of the fluid.

Then we can choose an orifice randomly for example. Orifice A3 in first 0-2 second.

— flow coefficient (Ce) [null] end1=150 , start2=150, .. 1" — area [mm**2] end1=150 , start2=150, .. "1"
[null] [mm**2]
0.7 74

0.6 6
0.5 5
0.4 4
03—7 3
0.2 24

01 14

0.0

T T T 1 0 T T T 1
4 6 8 10 12 14 2 4 § 8 10 12 14
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[m**3/s] — flow rate at port 3 [m*==3/5] end1=150 , start2=150, .. "1"

[Pal | — pressure atport 1 [Pa] end1=150, start2=150, .. 1" x10°*
s
x10 — pressure atport 2 [Pa] end1=150 , start2=150, .. "1" 120 o
4.2 1
a1 100
4.0 -
] 80
3.9 -
38 - 60
374
] 20 4
36— ]
35 20 -
34 -
33 0
324
T T T T 1 . -20 T T T T T T 1
0.5 0.0 05 10 15 2.0 25 o 2 4 & 8 10 12 14
X: Time [s] end1=150 , start2=150 , .. "1" X: Time [s] end1=150 , start2=150, .. "1"

Figure 4.2.4.11 Orifice A3 loss pressurein 0-2 second

From the figure 4.2.4.11, in first 0-2 second, Ce=0.48, A=2.72[mm2], P1=3.69[Mpal,

P2=3.62[Mpal, then Q=0.48-2.72-10° \/2'(369""3;0362"000>=1e.75-1o-6[m3/s], it is the

same as the last plot in figure 4.2.4.12. So we can say in our simulation the orifice

works correctly.

For orbit motor/pump, Q=g-n, Q is fluid flow rate generated by the pump, q is the
displacement of the orbit motor and g=80[cc/rev] in our case, nis rotating speed.

Submode!
3 pumpmotor00 [HYDFPM01-1]
;46*2 External variables
fixed displacement hydraulic pump or motor with tabulated efficiencies fidp, w, (T))
Select result set
1 ]
Variables
Title = @Valua Unit Saved Savenext Tags
volumetric effidency 1 null
shaft torque 0.397933 Nm
shaft speed 12.5 revjmin
pressure atport 2 37.0723 bar
pressure atport 1 36,7597 bar
hydrauli chanical effid 1 null
1.00323 L/min

Figure 4.2.4.13 Orbit motor/pump behavoir on 1.5s

From figure 4.2.4.13 we can find that efficiency is 100%, n=12.5[rev/min], then
Q=80-12.5=1000[cc/min]=1[L/min], the value is equal to the simulation.
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Back to figure 4.2.4.7, we can read if our steering speed is the yellow line, which is
360[degree/s], driver should put T=1.42N-m torque on the steering wheel. IF we
assume that the diameter of steering wheel is D=0.35m, then the force supplied by

the driver is F=T/D=4[N]. It is very easy to steer the vehicle. See figure 4.2.4.14.

Figure 4.2.4.14 Driver force

4.2.5 Failure of the pump

If our pump fails, it means that our hydraulic system won'’t assist us to steer. Then

we just can through the mechanical connection to steer our vehicle.

—— displacement of piston [m] ge1=3 L/min, gs1=8 L/min "1"

[m] = digplacement of piston [m] ge1=0 L/min, gg1=0 L/min "2"
0.30 5
0.25 o
0.20 ]
0.15 o
0.10 —
0.05 . T — . T . I . — T . .
1] 2 4 6 8 10 12 14

¥: Time [s]

Figure 4.2.5.1 Piston displacement when pump fails
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From figure 4.2.5.1, the displacement of piston is almost the same as the normal
condition. The reason is that when the pump fails, we rotates the steering wheel
then the spool is rotating, when the relative angle is 11° which is maximum relative
angle between spool and sleeve, the pin fixed in the sleeve will contact with spool,
then sleeve is rotated with the spool. Orbit pump connected to the sleeve by Cardan
shaft and pin, is then rotated. Fluid oil sucked by orbit pump is delivered to the
steering cylinder, then the vehicle is steered. We can see in figure 4.2.5.2, the blue
line represents when pump fails, the relative angle reached 11° between spool and

sleeve, is different from in normal condition, the red line.

— output from summing junction [null] ge1=8 L/min, gs1=8 L/min "1"

[null]
15

= putput from summing junction [null] ge1=0 L/min, gs1=0L/min 27

10

15 -—r 77—

X: Time [s]

Figure 4.2.5.2 Relative angle between sleeve and spool when pump is failure

— torgue applied to shaft 1 [Nm] ge1=8 L/min, gs1=8 L/min 1"

[Nm] — torque applied to shaft 1 [Nm] ge 1=0 L/min, gs1=0L/min "2"

60 —

-60 -——
1] 2 4 6 8 10 12 14
¥: Time [s]

Figure 4.2.5.3 Driver torque when pump is failure

Figure 4.2.5.3 shows that when there is no fluid generated by the pump, driver
should supply a much bigger torque than normal case on steering wheel. For now
T=55N'm, in our prevouis hypothesis, diameter D=0.35m, then F=55/0.35=157[N] by
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the driver. So steering is very difficult. It indicates that in any case, we have to make

sure our hydraulic system is working.

4.3 Complete model with the real orbit motor

4.3.1 Real orbit motor simulation

The difference between real orbit motor and ideal orbit motor is that real one has
volumetrical loss and mechanical loss as we have talked before. In this section we
will build a simulation to indicate that the volumetrical loss from leakages of the oil

in the pump.

Another difference is that the model in figure 4.3.1.1 is “dynamic”, in fact it can
simulate the pressure /speed oscillations, while the model previously presented is

steady-state.
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inlet

Figure 4.3.1.1 Real orbit motor model

In order to simulate orbit motor, we need to simplify the operation process of the
orbit motor. The flow volume in a chamber is variation with the relative angular
position between internal and external gear. It means that with the rotation of
internal gear, volume in each chamber is changing. Volume in each chamber is from
close to open then to close in 1/(N-1)=0.25 revolution of the shaft. In our orbit motor,
it has 5 chambers. Every adjacent chamber has a phase shift which is 2r/5 degree. In
this case, we can build a model is that fluid generated by pump passes through each
chamber with variation area of orifices, and with leakages, sent to the outlet of the
motor. Then the fluid flow drives the internal gear rotation, with a torque to the

shaft. On the other side of shaft, we add a resistance torque. We can see more

details in figure 4.3.1.2:

71



— T =}
Bs___ _____ [ p—pe- -3 Mod F pas
i : 5% 5
i > Y ! i T x 2
1 —— I [ i
o L 3 TNy FCR—— %ib_,& ........ o g P i : 5
i ol dv/dfi (mas/rady ; : i §
i T — 2 U 3= o ! i ]
§ Bl -

Figure 4.3.1.2 Details of real orbit motor model
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From the equation M-w=Q:p, where M is the torque delivered by a chamber, w is the
rotary speed of the shaft, Q is the flow rate, p is the outlet pressure of the chamber.

de-d—v-p, so M=p- Z—Z. Torque delivered by the motor is the overlaid value

Then M- —=
dt dt

from the torque delivered by each chamber, then we add torques from five

chambers is the torque which is acted on the shaft.

;D / Piston

AE
. J Leakage
DLIII 0.~

Figure 4.3.1.3 Leakages of chamber

In order to simulate leakages between internal and external gear, we can transfer
this leakage to which between a cylinder spool or piston and cylinder sleeve, as well
as the corresponding viscous friction force, using the Amesim model BAP11-piston
and model BAFQ1-leakage with variable length, eccentricity and viscous friction in
figure 4.3.1.3.

frevsmin)

E=emi = ==y
NN ."‘I‘- I‘ A
AW W) \m_f W

[null]

88—

400 T T T 1 T
00 05 10 15 20 0.0 0.5 0 15 20

: Time [¢] X: Time [s]

Figure 4.3.1.4 Angular velocity of the shaft (left) and output flow rate from motor (right)
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From figure 4.3.1.4, angular velocity of the shaft mean value n=100[rev/min], and

the displacement of our orbit motor v=80[cc/rev], from the equation:

Q=n-v=100-80=8000[cc/min]=8[L/min]

The value is the same as our simulation in figure 4.3.1.4.

In the motor, efficiency is equal to useful power of the shaft divided by the expended

power from the fluid. In this case, useful power Pyse= M-w, see figure 4.3.1.5, we can
get: Pyse=1[N-m] -10.64[rad/s]=10.64[W].

N'm
0.0 4

02—

0.4 |

06—

0.8 |

T
T T 1

05 10 L5 20 0.0 0.5 10 15

X: Time [5]

X: Time [s]

Figure 4.3.1.5 torque on the shaft (left) and rotary velocity of the shaft (right)

Expended power Pexp=(Pin-Pout) *Q. Pin and Poyt is the inlet and outlet pressure of orbit

motor, Q is the flow rate, and is equal to 8[L/min] from the pump. See figure 4.3.1.6,

Pexp=(Pin-Pout) -Q=(0.415-0.304)[Mpa] -8[L/min]/60=0.0148[Kw]=14.8[W]

[bar]
45

4.0

Figure 4.3.1.6 Pressure at motor inlet (left) and at motor outlet (right)
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So the efficiency n= Puse/ Pexp=71.9%. It is worth noting that this value is just an
sample of calculation. The losses depend on the value of clearance and friction,

which are quite random in the model.

4.3.2 Real orbit motor inside the steering system

Finally we combine the real orbit motor model and the steering system, instead the
ideal one. The torque signal comes from the mechanical system connects the orbit

motor shaft, and the fluid flow signals connect inlet and outlet port of orbit motor.
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Real orbit motor
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Figure 4.3.2.1 Real orbit motor connection
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Figure 4.3.2.1 shows real orbit motor in hydraulic system, the icon “real orbit motor”

represents the real orbit motor model in previous section.

Then we can see figure 4.3.2.2, the input steering wheel angle signal is proportional
to the output displacement of the actuator piston and the wheel steering angle. It

means that our simulation is correct.

— displacement of the actuator piston

— degree of the whee

[m] . w
|1 Degree — user input steering angle nheel degree steering wheel degree — user input steering angle

0024 150 59 150
] .
100 100
] 5
0.01 ]
2
50 - s0]
1
0.00 0 o ok
5
-50 0]
0.01 - ] 27
-100 | 3
1 100 —
] o
002 150 T T T ¥ f T 1
0 2 4 [ 8 10 12 14 So T T T T f T 1
2 4 6 3 0 12 14

: Time: [£] X: Time [5]

Figure 4.3.2.2 Real orbit motor in the steering system

If we compare real case and ideal case, figure 4.3.2.3, red line represents piston
displacement in the system with ideal orbit motor, and blue line represents the
system with real orbit motor. The real curve is not good as the ideal one, it has
vibrations. We can find in real case the piston movement is lower than the ideal one,
this is because of the leagakes in the orbit motor. The real orbit motor efficiency is
not 100% anymore. The leakages also effect the feedback of the rotary valve. It
produces vibration on relative angle (figure 4.3.2.4), it means that the vibration is

acted on the leaf springs and fluid flow through rotary valve is not constant.

= gignal ideal output [rull]
[mm] — signal real output [null]

0.000

-0.005

-0,010

-0.015

0,020

0.025 -—— 71—
6 8 10 12 14
*: Time [s]

[=]
=]
Y

Figure 4.3.2.3 Piston displacementin ideal case and real case
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— relative angle between sleeve and spool in ideal case

— relative angle between sleeve and spool in real case

T T T T T T T T T T T T T 1
2 4 ] 8 10 12 14
X: Time [s]

Figure 4.3.2.4 Relative anglein ideal case and real case

In conclusion, avoid leakages in the orbit motor can increase the stability of the

steering system. Also can increase the handling behavior of the steering.
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Chapter5

Conclusion

During the study in Fluid Power Research Laboratory Politecnico. We measured the
geometry of “OSPM 80PB” mini hydraulic steering unit. And then we built FEM
model to analyze the mechanical properties by Solidworks and Ansys. Finally we built
the hydraulic model and analyzed the hydraulic properties by Amesim. Since the
models and analyses are simple, further more we can change parameters of each
part which can increase the performance of the steering unit, such as viscous
damping coefficient corresponding the vibration of the system. What’s more, the

offset between ideal case and real case can be decreased by simulation.

Nowadays, the newest hydraulic steering unit is under electronic control, which can
increase the reaction speed and accuracy. But it is much more expensive than the

traditional one.
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