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Abstract: The work presents a simulation model of a
“driver—automation—autonomous vehicles-road” system
which is the basis for synthesis of automatic gear shift
control system. The mathematical description makes use
of physical quantities which characterise driving torque
transformation from the combustion engine to the car
driven wheels. The basic components of the model are al-
gorithms for the driver’s action logic in controlling motion
velocity, logic of gear shift control functioning regarding
direction and moment of switching, for determining right-
hand side of differential equations and for motion qual-
ity indicators. The model is realised in a form of an ap-
plication software package, comprising sub-programmes
for input data, for computerised motion simulation of cars
with mechanical and hydro-mechanical — automatically
controlled - transmission systems and for models of char-
acteristic car routes.

Keywords: autonomous vehicle, automatic gearing control
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computer simulation of motion, control algorithms

1 Introduction

The vehicle which does not require the participation of
a driver in controlling it in road traffic is called the au-
tonomous vehicle. Gathering information about traffic con-
ditions and the behaviour of other traffic participants,
which are determined by the rules of law, is the responsi-
bility of control systems generating relevant control algo-
rithms and start appropriate elements and executive sys-
tems [1-3]. It also pertains to controlling the driving system
of autonomous vehicles.

The system which gathers and processes information
about the state and the traffic mode of the vehicle chooses
the direction and the moments of gear switches, controls

*Corresponding Author: Grzegorz Koralewski: Polish Air Force
University Deblin, Poland; Email: g.koralewski@law.mil.pl

the engine, the engine brake, the clutch or the blockade
of the torque converter and the gearbox in the process of
switching, chooses and activates the demanded gear after
braking or coasting, is referred to as the automatic system
of controlling gear change [4-7].

In designing such a system it is necessary to choose its
information parameters which will determine the rules of
gear change. They determine the moments of switching to
the neighbouring gear depending on the component val-
ues of the vector of information parameters [8—11].

The problems of choosing the elements of information
parameters vector and the rules of gear change are solved
by the joint usage of simulation and optimization models.
From the mathematical point of view these tasks are in-
cluded in the class of mathematical programming prob-
lems, in which a number of restrictions is algorithmically
assumed by means of a simulation model [12-15].

Scientific publications address the problems of de-
veloping simulation and optimization models describ-
ing automatic control of car drive systems [16—18]. They
concern drive systems with both mechanical and hydro-
mechanical transmission. However, it seems justified to
work out a simulation model with a clear representation
of physical quantities which characterise driving torque
transformation from the combustion engine to the car
driven wheels. This will make the analysed field of scien-
tific research into automation of car drive systems more
complete.

Such a simulation model which is the base of solving
the aforementioned problems is the model of the “driver-
automation-vehicle-road” system. The model must meet
the following requirements for cars with mechanical gear-
box:

1. enabling the work of the engine on outside and par-
tial characteristics of the load [19-21];

2. simulating the actions of the driver by controlling
the speed of the vehicle and ensuring the following
driving modes: bringing up to speed; driving at per-
missible speed; coasting, braking with the engine;
braking with the brakes and the engine simultane-
ously [22, 23];
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3. synthesizing diversified variants of the rules of gear
change with the use of operational and corrective
combinations of information parameters [24, 25];

4. ensuring switching to higher and lower gears in com-
pliance with the rules assumed in the system control-
ling gear switch automatically [26-28];

5. realizing the algorithm of the logic of the automatic
gear shift control functioning;

6. simulating the motion of the car on the road with
changeable profile and with different kinds of road
surface and with speed limits on particular sections
depending on safety conditions or the speed of trans-
port stream motion;

7. variables which will characterize car motion, as well
as its average speed and fuel consumption on the
route should be the result of solving differential
equations describing the behaviour of the model [29,
30].

In the case of modelling the motion of the car
equipped with automatic hydro-mechanical transmission,
the above mentioned requirements should be supple-
mented with:

8. making it possible to model the process of switching
gears with the stream of power flow both intermit-
tent and continuous [31-33];

9. ensuring automatic blocking and unblocking of
the hydrokinetic torque converter according to the
set rules of switching gears, as well as unblock-
ing the hydrokinetic torque converter during gear
change [13, 34, 35].

In scientific literature one can come across models of
car motion which serve as the basis for the synthesis of au-
tomatic gear switch systems or optimization undertakings
e.g. [2, 14, 36]. However, not always do they contain math-
ematical descriptions of applied algorithms.

2 Mechanical drive system of the
car

The main components of the simulation model of the
“driver-automation-vehicle-road” system are algorithms
for calculating the right-hand sides of differential equa-
tions. They describe the behaviour of the car during differ-
ent driving modes and determine the indicators of its mo-
tion quality. There are also algorithms of the logic of the
driver‘s actions in controlling the speed of the ride and the
logic of the functioning of automatic gear switching sys-
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Figure 1: Dynamic scheme of the car system with mechanical trans-
mission [own study]

tem in terms of selecting the direction and the moment of
gear change.

Dynamic scheme of the car system with mechanical
transmission applied for the synthesis of the simulation
model of the “driver-automation-vehicle-road” system is
presented in Figure 1.

The following symbols were introduced:

I, I, Iy, - respectively: moments of inertia of the engine fly-
wheel together with its rotating parts; moment of inertia
equivalent to the car mass in translatory motion; moment
of inertia of car wheels;

Cc - clutch; C, and C; - synchronizers of activating higher
and lower gear, respectively, in the gearbox;

ws, Wy - angle speeds of the engine flywheel and masses
with moments of inertia, respectively I and I;; Ms and
Mop - engine torque and the moment of car resistance to
motion; i - total ratio of the vehicle drive system.

The clutch C. and the synchronizers C, or C; are usu-
ally closed, except for the cases when the car is coasting or
gear change is being performed in the box.

The movement of dynamic system masses of the car
with mechanical transmission (Figure 1) reduced to wheels
driven at closed C¢, Cy, or C; is described by the following
equation:

. dw
(Is~r1m-1g+IC+Ik)~d—tk=Mk+Ms, (1)

where M, - torque on driving wheels of the car; nm - me-
chanical efficiency of the drive system.

While deriving the equation of vehicle motion, the last
one is replaced by the equivalent mechanical system of ma-
terial points consisting of vehicle mass moving in transla-
tory motion and some masses which are in translatory and
rotational motion at the same time.

Therefore by replacing in the equation (1):

dw dV. 1
at " ar e @

Mop = Fop - 1¢

2 . . .
Ic=mc- 1y ic=1;-1o;

My =Fi 155
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one receives:

dve _ Fy - Fop o G
dt me+1 .(ﬂ)z.rl +Ii
ctls ™ m¥
dVC _ Fk_Fop
dt - mc'am
where
I (i-io)\’ I 1
6m=1+7s-<1 0) 'rlm+i’7 (4)
me rk me rk

6m - coefficient allowing for the rotational motion of iner-
tial masses; V. - linear speed of vehicle mass moving in
the translatory motion, m/sec.; m. - mass of the vehicle
in translatory motion, kg; r; - rolling radius of the wheels
moving without skidding, m; Fj and Fop - tangent driving
force and total force of resistance to motion, N; i;, ig - ratio
of the gearbox and the final drive, respectively.

3 Hydro-mechanical car drive
system

Unlike the car with a mechanical transmission in the drive
system, which can be represented by a system with one de-
gree of freedom, the car with hydro-mechanical transmis-
sion has a dynamic system with two degrees of freedom be-
cause the hydro-kinetic transmission divides the car drive
unit into two parts, which are not rigidly connected.

A scheme of the car dynamic system (with hydro-
mechanical transmission used in the drive system) is pre-
sented in Figure 2.

Adopted symbols:

Ip and It - moments of inertia, pump and turbine impeller
wheels and elements rigidly connected with them, respec-
tively, as well as working liquid in the wheels; Mp and Mt
- torque on pump and turbine wheels respectively; @g, @y
and @; - friction clutches, blocking hydro-kinetic trans-
mission, switching to higher and lower gears respectively;
wp - angular velocity of pump impeller in hydro-kinetic
transmission.

Equations of mass motion for a car with a hydro-
mechanical transmission (Figure 2) when the inertia mo-
ment It is taken to drive wheels axles, with the clutch @
disengaged and the gear switched on, take the form of:

dw
IP' dtP :MS _MP (5)
. d .
(IT-zg-nm+Ic+Ik)-% =Mr-ic Nm—-Mop (6)
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Figure 2: A scheme of the car dynamic system (with hydro-
mechanical transmission used in the drive system) [own study]

Mp = kay - Ap- pg-wp-Dg Mr=ig-Mp

where: Ap - torque coefficient of pump impeller, Ap = f1(i});
iy - coefficient of torque transformation, iy = f>(iy); iy -
hydro-kinetic transmission ratio, i = 2’)—;; wr - angular ve-
locity of turbine wheel rotation; kg, - coefficient of dimen-
sion harmonisation; py -working fluid density; Dq - active
diameter of hydro-kinetic transmission.

Expressing My through Mp in equation (6), solving
equation (5) relative to Mp and replacing the last in a re-
arranged equation (6), after simple rearrangement comes

to:
da)k Ms

- g+ i Mm — Mop
dt Ip s s da}p Ir 2D I :
Ic- T+ i Mmlg: g+ 71 *Mm+ 1

For a car motion as a system of masses moving in trans-
latory motion at velocity V. and connecting them to tur-
bine shaft through gearbox transmission i; and transmis-
sion of the final drive ip, taking into account dependen-
cies (2) but also wy = wr - ic finally gives:

dVC _ Fk_Fop
dt = me- By @
where
N
_ Ip lj * 1o . da)p
5hm—1+E< T ) Nm ldw (8)

N
I ;-1 1
LT (itto Nm + kz
me\  rg me-ry

4 Modelling features of car motion
modes
Equations (3) and (7) make it possible to model the follow-

ing modes of car motion, accelerating, moving at a veloc-
ity below maximum, constant motion, and in the special
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cases, motion at a velocity equal to a speed limit, deceler-
ation caused by the change (decreasing) in the position of
the engine control pedal.

For modelling coasting motion when the car is de-
clutched or at neutral position of the gearbox, equa-
tions (3) and (7) take the form:

ave —Fop

At me-6m
where for cars with mechanical and hydro-mechanical
transmission

€)

G142 1 (10)
me e

In case of modelling car deceleration while using
brakes and the engine, the following equation is used:
dVC _FH - Fop

= HZTop 11
dt me- 5m(hm) ( )

where Fy - total overall braking force on the car wheels.

While modelling the motion process of a car equipped
with a hydro-mechanical transmission, with the hydroki-
netic transmission blocked, equation (7) instead of 6,
should use the coefficient of rotating mass 6, defined by
the following dependency:

. . 2
5, :1+ﬂ.(u) ot
m

12
mc Tk me - ri (12)

Tangent driving force F) applied to the car driven
wheels depends on the value of effective torque generated
by the engine or torque on the pump impeller wheel of the
hydrokinetic transmission, drive transmission ratio, its ef-
ficiency and rolling radius of the driven wheels.

When modelling car motion, engine torque is defined
as a function with two variables: angular velocity of engine
crankshaft ws and the lever position in angular velocity
governotr hs, i.e. Ms = f(ws, hs).

In the calculation process the current value of torque
for a petrol engine or diesel engine is described as a linear
interpolation of function with two variables, from tabular
statement, with changeable steps for each argument:
Ws — Wi

(13)
Wi — Wi1

Ms = [Ml-,,- -Mi_1j - (Mjjq ‘Mi—l,i—l)]

hs - hj_y

Ws — Wi
[ A et et
hj —hi4

M; i1+ M1
( i,j-1 i-1,j 1) Wi - Wi
hs — hj_y

+ (Mi—l,j + Mi—l,j—l) m

+ M1,

where: M; ; = f(w;, hy), i = 1, n;j = 1, m; i - the number of
tabular value of the first argument (angular velocity); j-the
other argument (the lever position in angular velocity gov-
ernor of a diesel engine or throttling valve angle of a petrol
engine); Ms, ws, hs - current values of respective variables
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Driving force on car driven wheels is described by the
expression:

:Ml’ii’rlm

F
k T

(14)
where: M; - torque of input shaft of the gearbox (for me-
chanical transmission M; = Ms, for hydro-mechanical
transmission M; = Mr).

Car resistance to motion Fop consists of rolling resis-
tance, grade resistance, air resistance and forces of inertia
generated when the car accelerates both in translatory mo-
tion and rotary motion of rotating parts.

When modelling car mode of decelerating with the use
of the braking system and the engine (equation (11)), brak-
ing force Fy on the wheels is defined by the expression:

Fy = Fys + Fyp (15)

where: Fys - engine braking force, reduced to drive wheels;
Fpyp - braking force on the vehicle wheels when the basic
braking system is used.

Engine braking torque can be determined experimen-
tally by rotating an engine driven from an external source
and approximating it as follows:

Mys = Myys + bys - ws (16)

where: bys - constant coefficient; MY - constant compo-
nent of engine braking torque.
Now

_ Mpys-i;

17
e (17)

Fys

When decelerating with the use of the basic braking

system, braking force is defined in such a way that given

uniformly decelerated motion with a given force applied,

braking distance equals a set distance Sy and is calculated
by a formula:

me-6- (V2= V)

i (18)

Fyp =

where Vy,, - car motion speed permissible for safety rea-
sons at a set route section.

An allowed speed for a vehicle going downhill is the
maximum speed of a safe downhill drive calculated as m/s
on the basis of the formula [17, 27]:

Atr Btr
Vdop.tr =——+* a + Cer
adop dop

where: Adop - slope angle of the track, %; a;, = —183,7;
Ber =127,1; cer = 4, 45.
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5 Calculation of car motion quality
indicators

The results of differential equations (3), (7), (9) and (11),
representing motion of a car with mechanical or hydro-
mechanical drive system are car motion quality indicators
on a set route such as average velocity of the car motion V,
and fuel consumption Q4 on a typical route.

Average velocity km/h is defined by:

Va=3,6- S—tc (19)

where: S; - length of the distance covered, m; t - motion
time, s.

Length of the distance covered is calculated by inte-
grating the differential equation:

dSc
dt

=V (20)
where: V. - current value of car motion velocity, m/s.
Current velocity value is calculated, depending on mo-
tion mode and the type of vehicle drive, by integrating one
of the differential equations (3), (7), (9) or (11).
Average fuel consumption 1/100km is calculated by
the formula:

(21)

where: Q - total fuel consumption on the route, kg; pf - fuel
density, kg/m>.

Total fuel consumption is defined by integrating the
differential equation:

dQ _ Gy

dt 3600 (22)

where: Gy, - current hourly fuel consumption, kg/h.

In order to define current hourly fuel consumption ac-
cording to engine full-load characteristic with G, = f(N5s),
ws; = const, i = 1, p, where: p - number of engine full-
load characteristics, one should make software tabulated
dependency G, = f(ws, Ms) using a computer program.
Value Gy, is calculated by linear interpolation of a function
with two arguments: ws and Ms and a formula analogous
to (13).

6 Logic of the driver’s action

The logic of the driver‘s action meets the requirement of
full exploitation of car velocity properties.
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Figure 3: Scheme for determining the mode of car motion [own
study]

Mathematical interpretation of the driver‘s actions is
expressed by logical operations which are carried out in
the process of simulation modelling of car motion and con-
stitute an integral part of the model.

The modelling begins with the simulation of the mo-
tion of the car pulling away or moving at a lower gear with
set velocity V¢ pocz, depending on which velocity has been
accepted as the initial one, i.e. V¢ = 0, or V¢ = Ve pocz <
Vdop-

At the same time the pedal of engine work control is
in the position hs = hs. max, which makes it possible for
the car to move at the maximum speed for a given pedal
position.

The logic of the driver‘s action comes down to accom-
plishing the following operations:

1. in the process of modelling the motion, at every step
of integrating, a current value of vehicle velocity V.
is compared with the velocity which will be permissi-
ble at the point of the road with the coordinate equal
to the sum of the current coordinate value of the road
and the range of visibility;

2. if the current value of vehicle velocity V. exceeds
the permissible velocity, it is necessary to check the
relation between the current velocity and the veloc-
ity exceeding the permissible one by the determined
value V! _,, where i - the number of activated gear.
It is assumed that if Vg, < Ve < Vgop + Vi,
(Figure 3), the driver can reduce the car velocity to
the value Vy,,, pressing the pedal of engine control.
For carrying out such control, one should determine
the value ws corresponding to the motion of the car
with the velocity permissible at this gear and the
value Ms. Next, by interpolating the function with
two variables, one should determine such a position
of the engine pedal hs = f(ws, Ms) that at the next
step of integrating, the total current value of motion
velocity becomes equal to the permissible one.

3. if Ve > Vgop + Vi, the mode of breaking with the
main brake and the engine is modelled. The power
of braking is determined by the expression (15).

4. if V¢ < Vg4, the current value of motion velocity Ve
is checked in the range where AV - value characteris-
ing the accuracy of keeping the permissible motion
velocity by the driver;
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5. if Vigop —AV < V¢ < Vo, the car motion goes ahead
with the given velocity until the permissible veloc-
ity or the car velocity changes as a result of motion
resistance changes. In order to maintain smooth mo-
tion with permissible velocity, preserving the equa-
tion Fy = Fop is required. The required torque of the
engine is determined by the expression:

Fop'rk

Ms=. . i
li*10* Mm

(23)
where - the drive system ratio and the efficiency at i
-th gear, respectively;

6. if Ve < Vyop — AV, the car acceleration is modelled;

7. the car motion velocity on the slope is limited by
the permissible velocity in accordance with the re-
quirements of safety on the slope Vyop ¢ If Vigop 1 is
higher than the maximum velocity of the car V¢ max,
it assumes the value of the latter.

8. if the force of summary car motion resistances as-
sumes the negative value, its mode of coasting is
modelled.

It is assumed that the driver has an influence only on
the car velocity, adjusting his/her actions to the situation
on the road. The choice of the moment of switching to
higher or lower gear, the choice of the number of gear ac-
tivated after the phase of braking or coasting, protecting
the engine against spluttering, blocking and unblocking
the hydrokinetic torque converter are conducted by the sys-
tem of automatic gear switch according to the established
rules of switching and the algorithm of its functioning.

7 Logic of the functioning of the
automatic gear switch system

Depending on the number, the kind and interrelations
of information, operating and correcting parameters, it is
possible to realise diverse rules of switching gears.

The model put forward realises the logic of the func-
tioning of control systems which select the moments of
switching gears:

— when linear accelerations of the car at neighbouring
gears of the transmission become equal;

— when the car reaches its threshold velocity either ex-
cluding engine load or considering engine load.

In the two previous cases it is possible to correct
threshold velocities because of the value of acceleration
(or deceleration) of the car or because of the direction of
the car acceleration changes.
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Figure 4: Structure of relations among algorithms of “driver-
automation-vehicle-road” system modelling [own study]

In all three cases — due to the direction of changes in
the difference between current values of hourly fuel con-
sumption for neighbouring gears of the transmission. Ad-
ditionally, in the logic of automatic gear switch function-
ing, the choice of the proper gear in the transmission is pre-
dicted after the phase of coasting motion or the car brak-
ing.

When the car is coasting or braking, a need to switch
to one or a few lower gears is checked, but the signal of the
chosen gear activation appears only when the car velocity
drops below the value Vg,, — AV.

Proceeding from the phase of coasting or braking to
the mode of engine drive takes place in motion if the per-
missible motion velocity does not equal zero. In addition,
only the gear which is appropriate for car motion velocity
at the end of the braking or coasting phase is activated in
the transmission.

The structure of the relationship between the model-
ing algorithms of the “driver-automation-car-road” system
is presented in Figure 4.
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A car equipped with an automatic transmission is a
complex system and belongs to a class of logical-dynamic
systems [15, 31]. In such systems beside functional depen-
dencies described by numeric functions and differential
equations, there are logical connections between param-
eters and processes which may be analysed with the use
of mathematical logic. In a given case logical connections
between each motion mode are defined algorithmically.
They are of a random character and rely on the logic of
the driver’s behaviour which depends on road conditions
such as topographic profile of the road and the permissible
speed at a given section of the route. Moreover, the order
of calculations is influenced by relations resulting from the
logic of gear shift control system.

When modelling motion of a car with hydro-
mechanical transmission, at each step of integrating it
is necessary to do calculations concerning matching of
hydrokinetic torque converter and engine operations as
well as calculations of a coefficient of rotating masses iner-
tia depending on the gear activated and the hydrokinetic
torque converter operating mode.

In the modelling process information is obtained ev-
ery set period of time in order to be printed. It concerns the
current time, road distance covered, car velocity, number
of the gear activated, drive force tangent value, total car
motion resistance force, position of engine control pedal,
engine angular velocity and torque, hourly fuel consump-
tion and car acceleration. When motion of a car with hydro-
mechanical transmission is modelled, additional informa-
tion is printed about turbine impeller torque and hydroki-
netic transmission operating mode.

After modelling of the whole route is completed, the
following information is printed: total motion time, the dis-
tance covered, mean velocity, number of gear shifts, total
and mean fuel consumption.

8 Conclusion

A mathematical analysis of processes underlying driving
torque transformation from the combustion engine to the
car driven wheels has been performed. It forms the ba-
sis for synthesis of a simulation model representing pro-
cesses of car drive systems control. This model can be used
for designing and optimisation of automated mechanical
car drive systems as well as automated hydro-mechanical
transmission systems.

The packages of programmes which are taken into
consideration allow investigating motion processes of cars
equipped with mechanical and hydro-mechanical drive
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systems with automated gear shift control. This makes it
possible to compare and evaluate gear shift rules in rela-
tion to all information parameters processed by automatic
gear shift control system.

If systems replacing the driver in his role of controlling
the car and evaluating the situation on the road are intro-
duced, the developed methodology of synthesising drive
system control may be successfully applied to autonomous
vehicles.
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