Acta Polytechnica Hungarica Vol. 17, No. 4, 2020

Dynamic Simulation of a Prototype Race Car
Driven by Series Wound DC Motor in Matlab-
Simulink

Attila Szant6, Sandor Hajdu, Gusztav Aron Sziki

University of Debrecen, Doctoral School of Informatics, Kassai tt 26, 4028
Debrecen, Hungary, szanto.attila@zimbra.inf.unideb.hu

University of Debrecen, Faculty of Engineering, Otemett u. 2-4, 4028 Debrecen,
Hungary, hajdusandor@eng.unideb.hu, szikig@eng.unideb.hu

Abstract: In the last decade student teams at the Faculty of Engineering of the University of
Debrecen have designed and constructed several race cars with alternative (electric or
pneumatic) drives and took part and achieved successes in domestic and international
competitions. For more successful racing a simulation program has been developed in
Matlab for the calculation of the vehicle dynamic functions of the cars from their technical
data. Currently, it has become a prerequisite of successful racing because of the large
number of the possible values of technical data we can select the optimal ones by applying
the above program combined with an optimizing procedure. The detailed description of the
developed dynamic model and simulation program, together with the vehicle dynamics
functions generated by the program are presented here. The description of the optimizing
procedure will be presented elsewhere.
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1 Introduction

The Faculty of Engineering, University of Debrecen (FEUD) has years of
experience in the designing, development, and construction of vehicles with
alternative (electric or pneumatic) drives. As a part of the above activity, student
teams at our faculty have designed and constructed several alternative driven race
cars in the last decade and took part and achieved successes in domestic and
international competitions. One of the above-mentioned competitions is the MVM
Race which is sponsored and organized by the Hungarian Electrical Works Ltd
(Magyar Villamos Miivek) in Budapest from 2014, annually. With an electric
driven race car — that was designed and constructed by the Department of
Mechanical Engineering of FEUD — we scored first and second place in the above
race in 2014 and 2015 respectively.
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With the aim of more conscious design and development, thus more effective
racing, we have realised a simulation program in Matlab-Simulink for the
calculation of the vehicle dynamic functions (acceleration-, velocity-, and covered
distance-time functions) of a car from its technical data. The above technical data
have to be measured or sometimes they can be found in the specification of a
given vehicle component [1, 2, 3]. Applying the above program, together with an
optimizing procedure, the optimal values of technical data — with which the best
performance can be achieved (e.g. a given distance can be covered in the shortest
possible time) — can be determined. For example, determining the optimal gear
ratio in the chain drive is of key importance to reach the above aim.

It was important to develop a simulation program with modular structure, so that
the different structural units of the car (motor, powertrain, front and back wheels,
vehicle body) can be modelled and simulated separately. It was important because
we design and construct vehicles with very different vehicle components (e.g. the
motor can be pneumatic, electric, or combustion type, and the power train can also
be very different). Restructuring the whole program when, e.g. a new type of
motor is applied would be a tremendous amount of work, thus we wanted to avoid
this situation.

In Section 2 a detailed technical description of the car — which won the first and
second place in the MVM race in 2014 and 2015 — is given, while in Section 3 the
developed dynamic model for the same car is presented. In section 4 the latest
version of our simulation program — which is based on the model in Section 3 — is
presented. Finally, in Section 5 the dynamics functions — generated by the
simulation program for the modelled car — are presented.

2 The Race Car

The race car was designed considering the rules of MVVM competition (prototype
category), and it raced first in 2014. The vehicle has a welded frame structure,
which is made up of aluminium hollow profiles and tubes (Figure 1) [4].

Figure 1
The race car without housing and batteries
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The car has a double-wishbone front suspension, while the rear part of the vehicle
is suspended independently. This part involves the complete drive-train (Figures 2
and 3) with the electric motor, motor control unit and chain drive, and also the rear
wheels. The frame structure also contains battery holders at both sides of the pilot
and a safety rollover hoop as well. The vehicle is driven by a series wound DC
motor. The motor (1) is connected to the rear shaft (5) through a chain-drive (2, 3,
4). Bevel roller bearings (6) are applied to support the rear shafts. The wheels (8)
are connected to the rear shaft rigidly. For effective braking, a divided brake
system with four brake discs (7) is applied. The mass of the car — without the

Figure 2
The drive-train of the car
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Figure 3
Schematic drawing of the drive-train
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The type and technical data of the applied electric motor are summarized in Table
1

Table 1
Type and technical data of the applied electric motor

Type Nominal | Nominal Nominal Nominal Nominal Mass
voltage power current speed torque [ka]
V1] [kW] intensity [1/min] [Nm]
(Al
DC/T4-48 48 4 104 2800 14,7 28

3 The Vehicle Dynamics Model

In our model the car is divided into four structural units (Figure 4).

J

r

RN

Figure 4
The developed dynamic model for the car together with the forces and torques acting on its different
structural units

These units are:

1) The driven back wheels with the rotating machine parts connected to
them;
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2)

3)
4)

The freely rotating front wheels with the rotating machine parts
connected to them;

The body of the car including the strator of the electric motor;

The rotor of the electric motor [4]

In the model dynamic equations are written for the above construction parts taking
into consideration the different external and internal forces and moments acting on
them on the basis of Newton’s laws. Thus, from the above equations, we can
calculate not only the external forces and moments but also the internal ones (e.g.
the loads on the front and back shafts).

In our model we applied the following assumptions:

The mass distribution of the car is symmetric to the xy plane in Figure 4.
(It was checked with measurement and it is valid with a good
approximation.)

The vehicle is regarded as a rigid system. (This assumption is valid since
the stiffnesses of the front and back suspensions are high, and the race
track has a flat and smooth surface)

The resultant of the air resistance force goes through the centre of mass
of the vehicle and it is parallel to the vehicle’s velocity.

In references [5, 6, 7] other examples for longitudinal vehicle modells are
presented.

3.1 The Model of the Electric Motor. Dynamic and

Electromagnetic Equations

For the description of the series wound DC motor we applied the following model:

| L di/dt

s

R

wire

_ 2
Mmotor=Lsr

RS
[ ]

Figure 5
The applied model for the simulation of the series wound DC motor
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With the aim of describing the motion of the different structural units of the car
(Figure 4) quantitatively, we established dynamics equations taking into account
all the external and internal (between the different units) forces and torques.

On the basis of Figure 4 and 5 the dynamic and electromagnetic equations for the
different structural units are:

Equations for the freely rotating front wheels with the rotating machine parts
connected to them:

I. ZFiszf—thsz-asﬁ Tf=mf-aS+th
i
I ZFiYZ—an‘l'Nf‘l'mf'g:O
i

ML Z Misp = —Mronf + Fee - R — Mpraker = J5 - €
B

Equations for the driven back wheels with the rotating machine parts connected to
them:

IV. ZFix=Ftb—Tb=mb-aS—> Tb=—mb-aS+Ftb
i
V. zFiyz_Fnb+Nb+mb'8=0
i

VI. Z Mics,) = —Mrolb = Mbrakeb = Fib * R+ Myheel = Jb " €
i
Equations for the vehicle body:

VII. zFiX :Tb _Tf_Fair = Mg " ag
i

VIII.Z Fiy = —N¢— Ny + mg-g =0
i

IX. ZMi(S) =_Mmotor_Nf'lf+Nb'lb+Tf'W_Tb'W=0
i

Equation for the rotor of the electric motor (only for rotational motion):

Mmotor

2 i 1
X, Lg " I# = Mpes = Migaqg = Jr * €mot = Jr 112 Ep (Sb = Emot * l_)
12

Connection between the driving torque on the back shaft (Myne) and the loading
torque on the electric motor:
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XL Myheet = =1 12 * Mioaq <112 = Z_Z)
Electromagnetic equation for the electric motor:
XIL Vi (Rg + Ry + Ryee + Ryire) - I-(L (D + Lo (1)) -%-Lsr(l) ‘w1=0
The parameters in the above equations are:
Muneer: Magnitude of the torque exerted by the chain drive on the back shaft

Mmotor: Magnitude of the torque exerted by the strator of the motor on its rortor

Moonr, Mronp: magnitude of the rolling resistance torque on the front and back
wheels

F.ir: resultant of air resistance force

Fi, Fip: magnitude of the force exerted by the road on the front and back wheels in
tangential direction

Fnt, Frp: magnitude of the force exerted by the road on the front and back wheels in
normal direction

Ty, Tp: load on the front and back shaft in tangential direction

N¢, Np: load on the front and back shaft in normal direction

S, Sp, S: centre or gravity of the front and back wheels and the whole vehicle
Mobrakefs Mprakeb - Braking torques on the front and back wheels

n: efficiency of the chain drive

23 Zp: number of teeth on the driver and driven sprockets

i1o: gear ratio in the chain drive

Emot: angular acceleration of the rotor of the motor

€, angular acceleration of the driven back wheels

Ruar: the battery’s internal resistance

Vbatt: the battery’s electromotive force

Ruwire: resultant resistance of the wires connecting the battery to the motor
Rs, R electric resistances of the rotor and stator windings

I: the intensity of current flowing through the motor

Ls: self dynamic inductance of the stator winding

L:: self dynamic inductance of the rotor winding
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Lsr: mutual dynamic inductance

M es: sum of the bearing resistance and brush friction torques on the rotor of
the motor

Mioad: loading torque on the rotor of the motor [8]
I: distance between the front and back shafts in tangential direction

I, I,: distance of the centre of mass of the vehicle from the front and back shaft
respectively in tangential direction

w: distance of the centre of mass of the vehicle from the front and back shafts in
normal direction

mo: mass of the vehicle body including the driver

m¢ m,: mass of the front and back wheels with the rotating machine parts
connected to them

Js, Jp: moment of inertia of the front and back wheels with the rotating machine
parts connected to them

J;: moment of inertia of the rotor of the motor
R: effective wheel radius

The electromagnetic and dynamic characteristic of the applied electric motor
(Rbatt; Vbatt; Rwire; Rs; Rr, Ls; Lr, Lsr; Mres. ]r) were measured previously by the
authors [9]. Some of the other vehicle parameters (Mrolif, Mrol, 1, 15, In, w, mo, my,
mp, J, Jo, R) were also measured, while the remaining ones were
approximated on the basis of literature data.

3.2 Additional Formulas
Tyre slip:
During acceleration the longitudinal slip of the front and back tyres is calculated
as:
w*R

— US
———100%

lip =
slip >R

while during deceleration,

. w- R —v
slip =—-100%
US
where w is the wheel’s angular speed, R is the effective wheel radius and v; is the
speed of the vehicle. [4]

Coefficient of friction:
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The coefficient of friction (the ratio of the tangential and normal force exerted by
the road on the tyres) was calculated by the Pacejka formula [2, 3, 4, 9]:

Ftb . . . .
— = = . - at - sl — . - sl — at - sl
Fnb u Cqy *SIn (CZ atan (C3 SUP — Cy (C3 Sslip a an(03 S lp))))

Where ¢,,c,, c; and ¢, are constants based on the tire experimental data. The
constants above are referred to as the stiffness, shape, peak and curvature
coefficients respectively. [1, 7]

1

0.8 -
0.6
= ‘
04- | -
0.2
0 'v 1 1 L 1 1
0 10 20 30 40 50 60 70 80 90 100
slip [%]
Figure 6

The graph of the Pacejka formula applying values ¢,=0.9, ¢,=1.4, cs= 7.936, c,= -10
Air resistance force:

The magnitude of air resistance force is calculated as [3]:
1
Foir =E'C'A'p'vsz

where C and A are the coefficient of air resistance and maximum cross section
area of the car normal to its moving direction, p is the air density and v, is the
speed of the car relative to air [4].

Rolling resistance forces and torques:

The magnitude of rolling resistance forces and torques in case of the front and
back wheels of the vehicle are calculated as [9]:

Frour = Urous * Fufs EFroup = Uroun " Fup
Mrollf =R 'Frollf! Myoup = R " Froup

Where .o, and pyoyp are the coefficients of rolling resistance for the front and
back wheels at given F,; and F,, normal forces exerted by the road on them.
During intensive speed-up or braking the load on the back or front wheels
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increases significantly. We face the same situation applying a hevyer driver
instead of a lighter one. Because of that the dependence of rolling resistance
coefficient on vertival load (u.o;(F,)) was taken into consideration in the
simulation program applying lookup tables (Figure 9 and 11). On the other hand at
3 bar tyre pressure — which is the value regularly applied in a race situation — the
dependence of rolling resistance coefficient on vehicle speed is negligible in the
whole speed range of the car [17]. The procedure for the measurement of rolling
resistance coefficient as a function of tyre pressure and normal (vertical) load is
presented in references [10, 11] in details.

Bearing resistance torques:

On the basis of our simulations, it can be stated, that the contribution of bearing
resistance torque to the simulation results — in the case of the front and rear shafts
of the vehicle — is negligible compared to the other factors. Additionally, taking it
into consideration the running time of the simulation program increases
significantly. Thus we neglected this factor. However, at the shaft of the rotor of
the electric motor the bearing resistance and brush friction torques can not be
neglected, thus we built it into our simulation program in the form of a look-up
table (M, Figure 8).

4 The Simulation Program

On the basis of our vehicle model we developed a simulation program in Matlab
which is able to calculate the vehicle dynamics functions of a vehicle from its
technical data. The program’s block diagram is shown in Figure 7. [4]

—»Tf J
Nf

—>vs

Nb

—»as1

» Mmotor b

Vehicle body

Mmotor

» Mioad

T ) ga motor. omega bj— omega b vs2

»vs Motor
Nb as3

Powertrain

Front wheel »Tb Mioad3

Rear wheel

Figure 7
The block diagram of the simulation program in MATLAB Simulink
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The simulation program is built up of five modules in accordance with our
dynamics model. The modules are:

e vehicle body

o front wheels and connected rotating machine parts
e back wheels and connected rotating machine parts
e motor

e powertrain

In the following we describe the structure and operation of the above modules in
detail.

In references [12, 13, 14, 15, 16] other examples for vehicle dynamics simulation
programs are presented.

4.1 The Motor

The simulation module for the applyed series wound DC motor [8] is presented in
Figure 8.

1-D T(u)|

omega(motor)

omega motor

N * (60/2*pi)

Mres

Figure 8
The motor simulation program module

The self and mutual dynamic inductances — together with the resistance torque of
the shaft of the motor — are given as look-up tables in the program module. All the
other parameters are given as constants. The program module is based on
equations X and XII in Section 3. A more detailed description of the motor
simulation program module — together with the description of the measurement
process of the different input characteristics — can be found in reference [8].
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In references [17, 18, 19] other examples for the modeling of a series wound DC
motor are presented.

4.2 Front Wheels and Connected Rotating Machine Parts

:. Mbrakef
‘ Frollf Mrollf
1-D T(u)

mf*g R

omega f

@

Vs Inlerpreted
urollf MATLAB Fen

Ftf1
mf 1

slip calculation_acceleration

vs

i slip

neg:

slip calculation deceleration

Figure 9
Simulation program module describing the front wheels and connected rotating machine parts

The program module — describing the front wheels together with the connected
rotating machine parts — calculates the load on the front shaft in tangential
direction (Tf) from the load on it in normal direction (Nf) and also from the
velocity of the car (v5) on the basis of equations I, Il and Il (section 3.1).
Parameters N¢ and v; are calculated by the program modules describing the vehicle
body and back wheels respectively (Figures 14 and 10). The module calculates the
angular velocity (omega(f)) of the front wheels independent of vehicle velocity
(vs), and then the slip of the tyres from omega(f) and vs in case of acceleration and
deceleration applying different formulas.
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4.3 Back Wheels and Connected Rotating Machine Parts

(€D,
Tb e
o slip
omegal .
1s —>CD
slip calculation_acceleration as2 Ve vs2
1
1> 0
[ED, e as3
omega b
EX T
vs
slip mb
omega
slip calculatlon _deceleration N:R’?[‘X;‘:gn » Ftb
mb'g Fnb Mioad
Mioad3
Nb
Fnb1 > ——————————————pepsionb
a
epsilon b Motor load
Figure 10

Simulation program module describing the back wheels and connected rotating machine parts

The program module — describing the back wheels with the rotating machine parts
connected to them — calculates the load on the motor (M) together with the
acceleration (as) and velocity (v;) of the vehicle from the load on the back shaft in
tangential (T,) and normal (N,) direction and also from the angular velocity of the

back wheels (omega(b)) on the basis of equations 1V, V and VI (Section 3.1).

Inside the module, there are ,,sub-modules” for the calculation of the load on the
motor (Mg, Figure 11) and tyre slip in case of acceleration (Figure 12) and
deceleration (Figure 13). The load on the motor is calculated from the forces
exerted by the road on the back wheels in tangential (Fy) and normal (Fp)

direction and also from the angular acceleration of the wheels (g;).

@
D T(u)Ijj‘:._»
/ Frollb

Mrollb
urollb ) x
W Mload
sz
Mbrakeb
B

Figure 11
Program module for the calculation of the load on the motor
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1u

@D—{E> . ]
omega i
: silp

Vs

Figure 12
Program module for the calculation of tyre slip during acceleration

Figure 13
Program module for the calculation of tyre slip during deceleration

4.4 Vehicle Body

@

Mmotor (mo*g*i

Vs Fair

Vs

Air resistance

&D,

as1

mO*g

f .

o
Tf
Fnf3

Figure 14

Program module for the description of vehicle body

The program module — describing the vehicle body — calculates the load on the
back shaft in normal and tangential direction (N, Ty,) and also the one on the front
shaft in normal direction (N¢) from the torque that the motor exerts on the vehicle
body (Mpeor) @and from the velocity (vs) and acceleration (as) of the vehicle, and
also from the load on the front shaft in the tangential direction (T) on the basis of
equations VII. VIII. and IX. (section 3.1). The load on the back shaft in normal
direction is calculated by the formula
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(Tb_Tf)'W+m0'g'lf+Mmotor

N, =
b I, + I

which is derived from equations VIII. and IX. Inside the module, there is a “’sub-
module” for the calculation of the magnitude of air resistance force (Figure 15).

(A D)—»ur2 >
i
Vs o Fai
% Fair1 ar
((1/2)*C*A*rhoair)
c_air
Figure 15

Program module for the calculation of air resistance force

45 Powertrain

CO——»
omeotor <|—' - b
1112
1/i12
Figure 16

Program module for the description of the power train

The module calculates the angular velocity of the back wheel (omega(b)) from the
angular velocity of the motor (omega(motor)) and the gear ratio (i;») of the chain
drive.

5 Output Dynamics Functions of the Program

The program generates the following quantities as a function of time:

e The acceleration, velocity and covered distance of the vehicle

e The angular velocity and acceleration of the front and back wheels

e The forces the road exerts on the tyres in tangential and normal direction
e Front and back shafts loading in tangential and normal direction

¢ Rolling resistance torques

e Air resistance force
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e Tyreslip
e The intensity of the current flowing through the motor
e The torque and angular speed of the motor

It is important to emphasise that the simulation program stops with an error
message if we give zero initial values in the integrators, which are: calculate the
angular speed of the motor and the velocity of the car in the “Motor” and “Rear
wheel” program modules. So small initial values have to be given to these
guantities.

Figure 17 shows the (tractive) force exerted by the road on the back wheels in
tangential direction (Fy,) vs. time applying different gear ratios in the chain drive.
At gear ratio 8 a sharp peak appears on the graph of the tractive force-time
function. It is happening because meanwhile, the car is starting, the driven wheels
are spinning up, and then — with increasing vehicle speed — the wheels stick to the
road, which results in the sharp increase of the tactive force. The values of all the
other parameters are the same in the presented three cases. [4]

1800
Fw [N]
1600

1400
1200 L
1000 \\
800

600 . ‘\::§§‘"“

i12:2
400 %

200

0

Figure 17
Tractive force on the back wheels vs. time [4]

Figure 18 shows the velocity vs. time functions of the car applying the same gear
ratios as the ones in Figure 17.
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T T T T
0 5 10 15 20

t[s]

1
30

Figure 18

Velocity vs. time functions of the car applying different gear ratios [4]

Figure 19 presents the forces exerted by the road on the front and back wheels of

the car in normal direction vs. time.

2000

1800

A back wheel, i;,=4.5
1600

1400

1200

Fo [N

1000 /-—f

800

front wheel, i1,=4.5

600

400

200

0 5 10 15 20
t [s]

30

Figure 19

Forces exerted by the road on the front and back wheels of the car in normal direction vs. time [4]

Figure 20 presents the simulated velocity vs. time function of the car in case of 5s

acceleration and consequently that 5s deceleration.
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Velocity-time function

Velocity [km/h]
&

Time [s]

Figure 20
Velocity-time function of the car during during acceleration and braking

The supply voltage and braking torque belonging to the above simulation are
presented in Figure 21.

Voltage-time function Braking torque-time function

. 2 front wheel braking

Voltage [V]
8

back wheel braking

Braking torque [Nm]

Figure 21
Supply voltage and braking torque as a function of time

Conclusions

A vehicle dynamic simulation program has been developed which is capable of
the complete simulation of the motion of a vehicle on a linear track. The program
has a modular structure, so the different construction parts (motor, vehicle body,
drive train, front and back wheels and connected rotating machine parts) are
modeled and simulated in separate program modules. The program takes into
account all the factors which have a significant effect on the motion of the vehicle
and can calculate all its vehicle dynamic functions.

In the recent work, the program was applied for the simulation of the motion of a
prototype race car driven by a serious wound DC motor. The calculated dynamic
functions give a good approximation of the real ones, but for the precise
quantitative verification of the program, we intend to measure the values of all the
missing input technical data, and then to perform precise telemetry measurements
on the car in the near future.
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