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Abstract: This paper is complementary to Part 1, [1], submitted in the present conference and
deals with the dynamic behavior of an aircraft (three-wheeled heavy vehicle) during taxing.
An electro-hydraulic servo valve EHSV with a PI controller is modeled and incorporated into
the hydraulic power steering system as an equivalent replacement to the directional control
valve assembly presented in Part 1. The design parameters values of EHSV are tuned to give
similar response to that of DCV assembly. Moreover, the steering hydraulic system is
integrated into a complete vehicle handling model using MATLAB-SIMULINK to assess the
dynamic behavior of the vehicle under various designs and operating conditions. The transient
and steady state responses of the vehicle are examined.
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Nomenclature

A, Spool valve restrictions area (a), m°. Cor  Cornering stiffness of front tire,

Ay Spool valve restrictions area (b), m-. N/rad.

A, Spool valve restrictions area (c), m?. Cor  Cornering stiffness of each rear tire,
Aq Spool valve restrictions area (d), m-. N/rad.

Ap  Piston side area, m?.

C Spool radial clearance, m.

ap Normal component of the absolute e(t) Errorsignal, A.

acceleration of the vehicle, m/s®. F¢  Rolling resistance force of the front
ay Tangential component of the absolute tire, N.

acceleration of the vehicle, m/s®. F..  Total rolling resistance force of the
ayg  The component along the longitudinal rear tires, N.

axis of the absolute acceleration of the ~ Fgz  Side force, N.

center of gravity of the vehicle, m/s%. Fs,  Force acting at the extremity of the
aycg  The component along the lateral axis of feedback spring, N.

the absolute acceleration of the center Fyr  Cornering force of front tire, N.

of gravity of the vehicle, m/s. Fy.  Total cornering force of the rear tires,
B Bulk modulus of oil, Pa. N.
b Rear wheels track, m. f.. Coefficient of rolling resistance.
Cq Discharge coefficient. f(t) Feedback signal, A.
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The transfer function.

Acceleration due to gravity, m/s°.

c.g height, m.

The Laplace transform of the system
input.

Vehicle yaw mass moment of inertia,
kg.m?.

Feedback current, A.

Control current, A.

Torque motor input current, A.
Vertical distance between c.g and the
rollover axis OF in the Xcg-Ycg plane,
m.

Feedback gain, A/m.

Under steer coefficient, rad.
Proportional gain.

Flapper length, m.

Feedback spring and flapper length, m.
Wheel base, m.

Distance between front axle and center
of gravity of the vehicle, m.

Distance between rear axle and center
of gravity of the vehicle, m.

Vehicle mass, kg.

Pressure in the left side of the flapper
valve, Pa.

Pressure in the right side of the flapper
valve, Pa.

Pressure in the flapper valve return
chamber, Pa.

Pressure at the supply line (P), Pa.
Pressure at the return line (T), Pa.
Flow rate in the left orifice, m®/s.
Flow rate in the right orifice, m®s.
Left flapper nozzle flow rate, m®/s.
Right flapper nozzle flow rate, m*/s.
Flapper valve drain flow rate, m®s.
Flow rates through the spool valve
restriction (a), m’/s.

Flow rates through the spool valve
restriction (b), m*/s.

Flow rates through the spool valve
restriction (c), m’/s.

Flow rates through the spool valve
restriction (d), m*/s.

Distance between midpoint of the rear
wheels track and the turning center C,
m.

Turn radius of the vehicle c.g, m.
Reaction force on the front wheel
assembly, N.

Vchar
Vroll

Vxcg

Vycg

Wi

W,

X(s)

>

F

x(t)

Vehicle engine thrust, N.

Torque of electromagnetic torque
motor, N.m.

Control signal, A.

Volume of the flapper valve return
chamber, m®.

Initial volume of the cylinder
chamber (A), piping and tubing, m°.
Initial volume of the cylinder
chamber (B), piping and tubing, m®.
Characteristic speed, m/s.

Vehicle rollover speed, m/s.

The component of the velocity vq of
the center of gravity along the axes-
OcgXcg, M/S.

The component of the velocity vq of
the center of gravity along the axes-
OcgYeg, M/S.

Normal load on the front wheel
assembly, N.

Normal load on each rear wheel
assembly, N.

Vehicle weight, N.

The Laplace transform of the system
output.

Flapper displacement on the level of
jet nozzles, m.

Spool displacement, m.

Input signal, A.

Steering actuator piston
displacement, m.

Pedal displacement, m.

Armature rotation angle, rad.
Measured tire/road adhesion
coefficient.

Threshold vehicle/road adhesion
coefficient.

Angular speed about the z¢4 axis,
rad/s.

Angle between the centrifugal force
and the centrifugal force component
Fc cos €, rad.

Angle between the centrifugal force
and the vehicle longitudinal axis, rad.
Oil density, kg/m®.

Angle between rear wheels track and
the rollover axis OF in the Xc¢g-Ycq
plane, rad.

Width of ports on the valve sleeve,
m.
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R; Resistance to internal leakage, N.s/m°.  t Ultimate period, s.
R, Reaction force on each rear wheel to Delay time, s.
assembly, N. ) Steering angle, rad.
Ty Derivative time, s. af Slip angle of the front tire, rad.
T; Integral time, s. - Slip angle of each rear tire, rad.

Abbreviations

c.g Center of gravity Pl . .

DCV  Directional Control Valve The proportional integral controller
EHSA Electro-hydraulic Servo Actuator PID  The proportional integral derivative
EHSV  Electro-hydraulic Servo Valve controller

ITAE Integral Time Absolute Error

1. Introduction

During flight, takeoff and landing, the motion of aircraft is governed by the aerodynamic
forces and is described by the flight mechanics rules. On the other hand, during taxing, the
aircraft is actually a three-wheeled vehicle. The dynamic performance of this type of vehicle
is of utmost importance because of their large mass and high center of gravity and above all
their values and prices. The stability of these types of vehicles is very critical and needs
highest considerations, particularly during on ground turning maneuvers. The dynamics of
this class of vehicles during steering is governed by different aspects of its design, loading
and operating parameters. Factors such as the road surface, weather conditions, steering rate
and tire inflation pressure, play an important role, [2,3,4]. The handling qualities play a
crucial part in vehicle safety.

The coupling between electrical and hydraulic power systems leads to much powerful steering
system that saves energy and cost, [5]. Using steer by wire system combines the advantages
of the hydraulic and electric systems such as the maximum power to weight ratio, high
stiffness of hydraulic actuators, high controllability and precision, [6]. In the steer-by-wire
system, the steering wheel is connected to the steering mechanism by an electric wire rather
than a shaft. A steer-by-wire system has only electrical signals connection between the
steering wheel subsystem and the steering mechanism subsystem, [7]. The elimination of the
steering column shaft frees up backing space, improve crash worthiness, and increase design
flexibility by allowing engineers to place the steering wheel on the middle or right or left side
of the driver compartment, [8].

2. System Description and Mathematical Modeling

The proposed system consists of two steer pedals, two-stage electro-hydraulic servo valve, a
symmetrical steering cylinder and matched control electronics including a PI controller. The
EHSV is electrically controlled by the steering pedals. The steering cylinder steers the front
wheel of the three-wheeled vehicle. The operating fluid under the hydraulic generator
pressure (Pp) is delivered to the steering EHSV, when the pilot pushes the left or the right
pedal. The actuator displacement (y) is proportional to the steering pedal displacement (z).
The steering direction is determined by which pedal is depressed. The control circuit
energizes the EHSV porting a pressurized hydraulic fluid to one of the cylinder chambers to
steer a left or right turn accordingly.
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2.1 Steering System Hydraulic Circuit
The hydraulic circuit of the studied steering system is shown in Fig. 1. It consists of a
hydraulic generator, a symmetrical hydraulic cylinder, (12), and an EHSV, (9) in lieu of the
DCV assembly used in Part 1, [1]. The supply pressure (Pp) is kept practically constant due to
the effect of the pump controller, considering the high pump flow rate and the very low flow
demands of the steering system.

1. Tank pressurization line, 2. Tank, 3. Pump suction line, 4. Pump, 5. Check valve, 6. Filter, 7. Check valve, 8.
Relief valve, 9. EHSV, 10. Inlet filter, 11. Housing, 12. Cylinder.

Fig. 1. Hydraulic circuit of the steering system incorporating EHSV

2.2 Two-Stage Servo Valve

Figure 2, depicts the construction of an EHSV of two stages with mechanical feedback. The
first stage of the servo valve includes a torque motor of an electromagnetic type and a double
nozzle flapper valve. The second stage consists of a spool valve driven hydraulically by the
pressure difference developed by the flapper valve.

The operation of the two stages EHSV with mechanical feedback can be described as follows:
The feedback between the second and first stages of the valve is achieved by the feedback
wire (2) attached to the flapper (1) at one end and engaged in a groove in the spool (3) at its
opposite end.

The displacement of the spool from null position causes a torque on the flapper (feedback
torque), which opposes the armature torque. When the spool displacement is such that the
feedback torque equals the armature torque, the flapper returns, almost, to its neutral position
and the spool movement ceases. Actually, the flapper is slightly displaced from its neutral
position. The flapper valve produces a very small pressure difference, just sufficient to
equilibrate the feedback spring force. This arrangement ensures the proportionality between
the spool displacement and control current.

2.3 Mathematical Model of the Proposed Steering System

2.3.1 Electro-hydraulic Servo Valve
The proposed electro-hydraulic steering system, Fig. 2, consists of a two stage electro-
hydraulic servo valve with mechanical feedback, a symmetrical steering cylinder (4) and

4
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control electronics. The dynamic behavior of the servo valve was investigated by Rabie, [9].
He developed a detailed mathematical model for the studied servo valve and proposed a
simple second order transfer function governed by Eq. 1, to describe the valve behavior, [9].
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Fig. 2. Schematic of the electro-hydraulic servo actuator, [8]

X(s) 0.020134
I.(s) 0.000002s2 + 0.0041s + 1

G(s) = 1)

The step response of the servo valve was calculated by the detailed model and by the transfer
function; the results are plotted in Fig. 3. The results are almost coinciding and the valve
response is over-damped with 10 ms settling time. The transfer function is therefore, used in
this study to describe the servo valve dynamic behavior for its simplicity.

2.3.2 Flow Rates through the Spool Valve
Neglecting the effect of transmission lines, connecting the valve to the symmetrical cylinder,
the flow rates through the valve restriction areas are given by Rabie, [9]:

Qa = CA (%) ’S (Pa —Pr) (2)
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2

Qp = CaAp(x) /5 (Pp —Pa) (3)
/2

Q.= CdAc(X) B(PP - PB) (4)
2

Q4 = CaAq(x) /B(PB —Pr) (5)
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Fig. 3. Transient response of the servo valve spool displacement to a 10 mA step, [9]
The valve restrictions areas are given by Rabie, [9]:

A, =A. = wc

Ay = Ag = @ ,—(XZ n cz)} forx =0 (6)
Aa:AC:wV(X2+C2)} forx< 0 (7)

Ab:Ad:(J.)C

2.3.3 Continuity Equations Applied to the Cylinder Chambers

Applying the continuity equation to the cylinder chambers, considering the internal leakage
and neglecting the external leakage, the following equations were obtained, [9]:

dy (Pa—Pg) _ Vao + Apy dPy

Q= Q= Ap = p e ®)
dy (Pa—Pg) Vg, —ApydPg

_ - = 9

Qc—Qq +Ap It + R, B It 9
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2.3.4 Equation of Motion of the Piston

The motion of the steering actuator piston under the action of pressure, viscous friction,
rolling resistance forces and inertia of moving and rotating parts was previously described in
Part 1, [1].

2.3.5 Feedback Equation

The piston displacement is picked-up by a displacement transducer and fed back to the
electronic controller, which generates the corresponding error signal. The feedback loop could
be described by the following equations:

Ie =1 — 1 (20)
ip = KppYy (11)

2.3.6 PID Controller
Generally, the PID algorithm is described as follows, [10]:

u(t) = K{e(t) + lfte(r).dt + Ty (12)
0

de(t)
Ti }

dt

The error signal e(t) is the difference between the instantaneous values of the input signal, x(t)
and the feedback signal f(t); as illustrated by, Fig. 4.

e(t) = x(t) — f(t) (13)

Input X E PID U Output Y
Controller SYSTEM >

A 4

Feedback
signal F

Fig. 4. Connection of the PID controller in the feedback loop, [9]

The transient responses of the EHSA, calculated using the simulation program for the electro-
hydraulic servo actuator incorporating, Fig. 5:

a) Simple proportional feedback controller.

b) PI controller.

This figure shows that the transient response of the EHSA with simple proportional feedback
(@) shows relatively longer settling time (ts= 309 ms) compared with the PI controller (b) (ts=
33 ms).

The derivative component of the PID controller had no significant effect on the transient
responses of the EHSA which is sufficient reason to use the PI controller, [9].
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Fig. 5. Step response of the electro-hydraulic servo-actuator incorporating a P or PI
controller, [9]

3. Comparison between the Transient Responses of the Two Steering

Systems

The transient response of the proposed system, Fig. 6, was calculated and compared with that
of the original steering system by using MATLAB-SIMULINK.

PID Controller

kl

0.020134
- Z 0.000002s 2-0.0041s+1
Samurationl ;
SV Transfer Function2 Cylinder
y and yss
¥
|-
e ITAE
ITAE Calculator

Fig. 6. Simulation block diagram of the Steering system with PI Controller Integral of
time absolute error ITAE

The comparison, Fig. 7, showed that both systems presented almost the same response except
a slight delay of the DCV system within 23 ms (the system response duration was within 3
seconds) and a negligible overshoot within 1.5%. The two systems have the same slope
because of limiting the maximum input current to the steering speed to satisfy an important

safety requirement.
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The EHSV is much more expensive but it has the following advantages: Practically a
negligible time delay and no response overshoot. But if compared with the original system, it
is of lower reliability and higher cost.

The original steering system is much simpler, less expensive and has relatively higher
reliability. However, it presents slight time delay and slight over shoot compared with the
EHSV steering system.
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Piston displacement y, (m)
=
= =
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0005k 5
= Step response of the steering system with DOV
=== Step response of the stecring system with EHSV

'] 'l L jlgl’ I L N
0.5 1 1.5 2 23 3 35
Time, (sec)

Fig. 7. Comparison between the step response of the loaded steering system
incorporating the EHSV and the DCV assembly

4. Mathematical Handling Model of the Vehicle Dynamics

4.1 Estimation of the Vehicle Rollover Speed Threshold and Road Adhesion
Limitation
In this section, preliminary estimations of the vehicle rollover speed and the speed at which
side skid might occur are first calculated as a guide line for studying the vehicle dynamics
when negotiating a turn.

The value of the centrifugal force (F;) of a 3-wheel vehicle is slightly complex and will
involve the longitudinal placement of the c.g as well as its height (hg), and the vehicle track
[11,12,13]. Fig. 8, shows a 3-wheel vehicle during a right turn with the resulting centrifugal
force and its reactions at the tire contact patches in Xcg-Yeg plane. The turning radius of the
vehicle c.g, (Reg) when the front wheel is given a steer angle (8) is obtained from the
geometry of Fig. 8 and it is equal to:

, 1
Reg = 1,2 + R, where R, = - (14)

Figure 9, shows the dynamic forces applied on the vehicle and tire reactions in the vertical
direction. The corresponding threshold rollover vehicle speed is obtained by taking the

9
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moments about the line joining the centers of the contact batches of the front tire and the outer
rear tire (vehicle rollover line, OF). The condition for rollover speed is that the vertical
reaction of the inner rear wheel vanishes. The governing equation is given below, Eq. 15.

W V)z(cg
jW = —h,,——cose (15)
g “®Rg

Rearranging the above equation gives the vehicle rollover speed (Vyon):

o _ |ig |Re _ 05bl
roll hcg cose’ ) ) (b)z (16)
12+ (5
2
O Xw

Fcsine

L

Fu/2 Reg

e

Zyw

Fig. 9. A 3-wheel vehicle rollover 3-D model
10
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21
@ = tan~! <3) = constant (17)
I Ry
— -1 2 | — -1 1
A = cos <ch> tan (12) (18)

The vehicle turning radius, (Rcg) and the rollover speed, (vioi) are calculated versus the front
wheel steer angle (d) as shown in Fig. 10, which is based on the actual parameter values of the
vehicle under investigation in this thesis. Further, this figure can help in predicting the
required steer angle value and the vehicle threshold rollover speed if the vehicle is to
negotiate a curved road with constant radius. This is indicated on the graph by the dashed
lines. For radius value, (R¢y = 6.43 m), resulting in the required steer angle, (d = 32.21°), and
rollover speed, (Vron = 5.09 m/s = 18.33 km/h).

40 40

35 i 35
Vroll, (IM/S)
— R, (M)

30 1 [ 30

N
Lh
)
W

Rollover speed v, (/s
— [®]
Lh <
- [
Lh =]
Turn radius Ry, (m)

5t \ 1 15
10 \ \ 10
\__“—-—.______‘—_—‘-\'K.

5 —— i et
0 Lo e — e 0
0 5 10 15 20 25 30 35 40

Steer angle 3, (deg)
Fig. 10. Relation between rollover speed, turning radius and the steer angle

It worth mentioning here that, the threshold vehicle/road adhesion coefficient, p is obtained
from the following equation:

2
_ V_vvrzoll e, = (Vroll/ch) _ Aycg (20)

g Reg g g

Considering the steer angle, d = 32.21° the corresponding rollover speed, Vo = 5.09 m/s, and
radius, Reg = 6.43 m are obtained from Fig. 10. Inserting these values in the Eq. 21 yields the
threshold adhesion, m = 0.411. Similarly, considering d = 2° and corresponding Vo = 21.9
m/s and R¢g = 115.41 m gives the threshold adhesion, m = 0.424.The calculated two values of
m are less than the value measured experimentally by a drag test for the wheel using force
gauge on the conventional maneuvering area of the vehicle. The adhesion coefficient, my;s is
obtained from Eq. 21.

11
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drag force ~ 97.89
wheel weight ~ 124.59

adhesion coefficient, g, = = 0.786 (21)

Since it is preferable, form safety point of view, that the vehicle side skid to occur before the
rollover; and mps>m utmost care must be taken during the maneuver of the vehicle considered
in this investigation to avoid the catastrophic rollover accidents.

4.2 Transient Handling Model

Between the application of steering input and the attainment of steady state motion, the
vehicle is in a transient state. The behavior of the vehicle in this period is usually referred to
as "transient response characteristics”. The overall handling quality of a vehicle depends, to a
great extent, on its transient behavior. The optimum transient response of a vehicle is that,
which has the fastest response with a minimum of oscillation in the process of approaching
the steady-state motion, [14].

The handling bicycle model is utilized in the present study to establish the transient response
of the vehicle using axes fixed to vehicle body; (Xcg) and (ycg). The acceleration components
of the c.g along these axes have established in, [14].

Axcg = Vxeg ~ Vycg{lz  Aycg = VycgtVxcglls (22)

Figures 11 and 12 show the kinematics and kinetics of the simplified vehicle model during a
transient motion. Examination of these figures together with Eq. 22, the three equations of
motion of the vehicle can be obtained as detailed in the following:

O, Xw

Yw

Xeg

Frf
Fyr

Yee
Fig. 11. Kinetics for the simplified vehicle model during transient motions, [14]

Ys:g
Fig. 12. Kinematics for the simplified vehicle model during transient motions, [14]

m(vxcg — Vycg QZ) = Tin — Frr — Frp cos8 — Fyrsind (23)

rn("’ycg + chng) = Fsp + Fyr + Fyf cosd — Fssind (24)
12
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1,Q, = Fyelycos8—Fy,l, — Frelysin§ (25)

In deriving the above equations, it is assumed that the vehicle body is symmetric about the
longitudinal plane and that roll motion of the vehicle body is neglected, [14].

The slip angles (o) and (ay), can be defined in terms of the vehicle motion variables (€;) and
(Vycg). Referring to Fig. 12, and using the usual small angle assumptions.

Vyeo + 1180
a = §— Zyeg T 177z (26)
Vxcg
Ql,—v
a = —2 VB (27)
Vxcg

The lateral forces acting on the front and rear tires are a function of the corresponding slip
angle and cornering stiffness, and are expressed by Eq. 28 for single tire in the front and by
Eq. 29 for two tires in the rear:

Fyr = Cor O (28)
Fyr = 2Cqr ap (29)
Fre = frr We (30)
Frr = 2f, W, (31)

The engine thrust value is adjusted to be:
Teh = For + Frp cos$ (32)

In the above equations, (d) represents the steer angle of the front wheel as a function of time.
If, in addition to the steer angle, external forces or moments, are acting on the vehicle, they
should be added to the right-hand side of Eqgs. 23 through 25 as input variables. Solution of
the these equations yields the variation of (X¢4(t)), (Yeg(t)) and Q,(t) related to the axes fixed to
the vehicle c.g, [14].

However, the trajectory of the vehicle c.g, and orientation of its longitudinal axis related to
fixed axes in space (World axes) are of significant importance. To obtain the solution of the
three differential equations of motion related to the world axes, the following well established
transformation matrix is incorporated in the solution, [15,16].

Vyw cosy -siny 0] [Vxcg
Vyw | = [ sinyy  cosy Of|Vycg (33)
Qg 0 0 111 Q,

The position of the vehicle c.g, (xw(t), yw(t)) can be obtained in the world axis from the
following Eqgs. 34 and 35, while the heading angle of the longitudinal axis (y(t)) can be
obtained from Eqg. 36 as follows:

13
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Xy (t) = f Vi - dt (34)
yw(t) = f Vyyw - dt (35)
WO = [ Qe (36)

In analyzing the transient response, the inertia properties of the vehicle must be taken into
consideration. During a turning maneuver, the vehicle is in translation as well as in rotation.
The solution method adopted here utilizes MATLAB-SIMULINK.

The values of the vehicle mass equals 9295.44 kg and vehicle yaw mass moment of inertia
equals 85552.10 kg.m? are used as inputs to the simulation model of the vehicle obtained
from, [17,18]. The tires cornering stiffness (bias-ply) are taken approximately 12 % of the
load on the tire, [19].

f

180
Co. = 0.12 X WF X (T) = 105.771 kN/rad (37)

180
Co = 0.12 X Wr X (T) — 260.713 kN/rad (38)

r

The understeer coefficient, (Kys) is given by:

Wf  Wr

Kus == ——=—) = +0.0001 rad. 39
= (- 5) = + 00001 @)

Since the under steer coefficient (Kys) is positive, therefore the vehicle is considered as an
understeer vehicle having a characteristic speed, (Vchar) €valuated by Eq. 40:

1
Vepar = /If— — 62876 m/s = 2263 km/h (40)
4.3 Comparison between the Transient Responses of the Two Steering
Systems

Fig. 16, shows the transient responses of the vehicle trajectories accomplished by step input of
the steer pedal, z = 1.27 cm, at delay time, t, = 1 s, for the steering system equipped with the
DCV assembly and for the one equipped with the proposed EHSV. The vehicle started this
maneuver with initial velocity equals 4.5 m/s.

It is obvious that the final steady state responses are circular paths, but with slight difference

between the two centers of rotations. The difference amounted to only 0.035 m, and this can
be attributed to the previously mentioned time delay in the steering system incorporating the

14
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DCV assembly. The 0.035 m shift of the center of rotation is in fact in the forward motion
direction (right) compared with that of the system incorporating EHSV.

15

Lateral vehicle displacement y., (m)
(9]

Voxeg™ 4.5 mV/s, Step input of z=1.27 cm, to= | s

-------- Steering system incorporating the EHSV
Steering system incorporating the DCVs

-5 '
0 5 10 15 20

Longitudinal vehicle displacement x,, (m)
Fig. 16. Comparison between the effects of utilizing an EHSV in lieu of the steering DCV
assembly on the transient response of the vehicle trajectories

4.4 Handling Dynamics Analysis of the Vehicle Incorporating EHSV

In this section a parametric study is carried out utilizing the developed handling model to
show the effects of the tire cornering stiffness, side wind and vehicle speed on the yaw
velocity response of the vehicle.

4.4.1 Effects of Tire Cornering Stiffness

It have been well established in the literature that the cornering stiffness of the tire is
noticeably dependent on the inflation pressure and applied vertical load. Therefore, three
values of the cornering stiffness of the rear tires are used to examine the effect of such
parameter on the yaw velocity response of the vehicle. A nominal stiffness value is
considered together with £25% variations of this value. The examination is carried out at
constant vehicle forward speed of 14 m/s (50.4 km/h) and step input function of steer pedal.
The response curves are shown in, Fig. 17.

It worth mentioning here that the vehicle was nominally slightly under-steer but decreasing
the rear tires cornering stiffness by 25 % (i.e., stiffness = 0.75xC,,) results in the vehicle
becoming over-steer. This is clear from the new value of (K,s) becoming negative and equal
to -0.0483 rad. On the other hand, increasing the stiffness by 25% (i.e., stiffness = 1.25xC,,)
results in the vehicle becoming more under-steer with K,s = +0.0292 rad.

15
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Fig. 17. Effect of rear tires cornering stiffness on yaw velocity response to a step input of
steer pedal displacement

Moreover, the effects of the three values of the cornering stiffness due to a step input of side
force (resulting from side wind) followed by a step input of pedal displacement are shown in
Fig. 18.
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Fig. 18. Effect of rear tires cornering stiffness on yaw velocity response to a step input of
side force followed by 4 seconds delayed step input of steer pedal displacement

The simulation results in Fig. 19, shows that for the slight understeer behavior of the studied
vehicle if a step input of side force is applied on its c.g its yaw velocity increases in the
positive direction up to 8.8x10° rad/s; i.e., it turns away slightly from the side force.

By decreasing the cornering stiffness of the rear tires by 25% the vehicle behavior will change
from understeer to oversteer that if a step input of side force is applied on its c.g its yaw
velocity increases in the negative direction; i.e., it turns toward the side force.

By increasing the cornering stiffness of the rear tires by 25% the vehicle understeer behavior
increases if a step input of side force is applied on its c.g its yaw velocity increases in the
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positive direction; i.e., it turns away from the side force and this completely agrees with

Wong, [14].
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Fig. 19. Effect of rear tires cornering stiffness on yaw velocity response due to a step

4.4.2 Effects of Vehicle Speed
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Fig. 20. Effect of vehicle speed on the vehicle trajectory during circle maneuver

Effects of the vehicle forward speed are shown in, Fig. 20, due to a step input of steer pedal.
Examining the response curves reveals that the final turning radius is almost equal for the
three chosen velocity but the vehicle paths to reach the steady state responses are different.
That is the instantaneous turning center is shifted in the direction of the initial vehicle motion
as the vehicle speed increases. Considering the nominal maneuver speed is 7 m/s, doubling
this speed to 14 m/s shifted the instantaneous turning center by 25.17 m to the right, while
decreasing the speed to 3.5 m/s shifted the instantaneous turning center by 10.15 m to the left.
This indicates the importance of the vehicle speed at which maneuvering takes place.
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5. Conclusions

The paper is dedicated to investigate the effects of utilizing an electro—hydraulic servo valve
EHSV as an alternate replacement to a direction control valve DCV assembly in a steering
system for a three-wheel vehicle on the dynamic handling performance of the vehicle during
road maneuvers.

The original studied system included a directional control valve DCV assembly, incorporating
three 3/2 directional control valves. The paper included a detailed description of the basic
components of the electro-hydraulic steering system used to control the three-wheel vehicle
and the mechanisms constituting the system. A nonlinear mathematical model describing the
static and dynamic performance of the electro-hydraulic system and the included mechanisms
is deduced. The simulation programs using MATLAB-SIMULINK have been developed
based on the deduced mathematical model. The step response of the system also has been
calculated, presented and analyzed. The flow characteristics of the directional control valves
were evaluated experimentally in Part 1, [1]. The simulation results showed good agreement
with the experimental results which validates the simulation program in the steady state
operating mode.

The investigation included a proposal for the improvement of the steering system by replacing
the DCV assembly by an EHSV. The transient performance of the steering system
incorporating the EHSV was studied by deducing a describing mathematical model and
developing a computer simulation program.

One of the main outcomes reached in this study is the capability of tuning the electro-
hydraulic servo valve design parameters in order to achieve an alternative replacement to the
DCV assembly satisfying a highly matched accuracy responses for the new proposed system.

From safety point of view during negotiating a turn, the threshold of the vehicle rollover
speed and road adhesion limitations have been examined and a design chart is obtained
relating the steer angle, vehicle threshold rollover speed and turning radius. That is by
decreasing the steer angle from (32.21°) to (2°) the allowable turn radius increases from (6.43
m) to (115.41 m) and that result in increasing the rollover speed from (5.09 m/s) to (21.9 m/s).

To avoid the occurrence of the rollover of this particular vehicle before side skid the threshold
of the road adhesion must not exceed the value of 0.411. Since the measured value of
adhesion, mpys = 0.786 of the road where the present vehicle in usually operated, the pilot
must be aware of the fact if he exceeds a defined speed the vehicle will rollover. Such roll
over speed is related to the road curvature as shown on the aforementioned design chart.

The transient response of the proposed system was obtained and compared with that of the
original system. The comparison showed that both systems presented almost the same
response except a slight delay of the DCV system within 23 ms (the system response duration
was within 3 seconds) and a negligible overshoot within 1.5%. The previously mentioned
time delay in the steering system incorporating the DCV causes a 0.035 m shift of the
vehicle’s trajectory center of rotation towards the forward direction (right) with respect to that
of the system incorporating EHSV during the vehicle response due to steer pedal step input.

Decreasing the inflation pressure of the rear tires to decrease the cornering stiffness
coefficient by 25% the vehicle behavior will change from under-steer (Kys = +0.0001 rad) to
over-steer (Kys = -0.0483 rad). While increasing the inflation pressure of the rear tires to
increase the cornering stiffness coefficient by 25% will increase the vehicle under-steer
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behavior (Kys = +0.0292 rad) compared with the nominal value (Kys = +0.0001 rad). This
underlines the importance of the tire inflation pressure on the vehicle response and stability.

The simulation results showed that for the slight under-steer behavior of the vehicle if a step
input of side force is applied on its c.g its yaw velocity increases in the positive direction up
to 8.8x107° rad/s i.e. it turns away slightly from the side force. By decreasing the cornering
stiffness of the rear tires with 25% the vehicle behavior will change from under-steer to over-
steer that if a step input of side force is applied on its c.g its yaw velocity increases in the
negative direction i.e. it turns toward the side force. By increasing the cornering stiffness of
the rear tires with 25% the vehicle under-steer behavior increases that if a step input of side
force is applied on its c.g its yaw velocity increases in the positive direction i.e. it turns away
from the side force and these results completely agrees with well-established finding of
Wong, [14].
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