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Abstract. Active safety systems play a fundamental role in improving stability
and safety performance of modern passenger cars. Within this todrdeque
vectoring (TV) represents one of the most promising technologies for the im-
provement of vehicle dynamics performance. This paper proposesbased-
Direct Yaw Moment Control (DYC) strategy aimed at designing the vehicle un-
dersteering behaviour through a software simulation environment basaad o
efficient Lumped-Parameter Full Vehicle Model (LPFVM). Simulation results
show that the vehicle is able to successfully follow a predetermirdetsiner
characteristic.

Keywords: Torque Vectoring, lumped-parameter modellinghicle dynamics.

1 Introduction

Modern vehicular technology puts key attention on safety. Nowadays, daivers
passengers are well aware of the presence of active control systems oaficégsy
including e.g. Anti-lock Braking System (ABS) or Electronic Stability Con&8C),
which enhance vehicle safety [1]. With that in mind, research has kept mowiregdor
and recent years have seen an increasing interest in Direct Yaw-Moment Control
(DYC) techniques [2, 3] to further improve vehicle safety. A direct yaw moment can
be purposely generated on a vehicle through an uneveo-edtt torque distribution.

The ability to distribute desired amounts of torque at different corners/driveisains
known as Torque vectoring (TV). TV has been widely explored in the literatostly

to improve vehicle safety and handling [4, 5] as well as performance B/ €an also
be exploited to enhance energy efficiefigy10].

The recent market increase of electric vehicles has provoked a boost in TV-related
research, nonetheless, TV can also be achieved through appropriate mechanical ar-
rangements, e.g. limited-slip differentials [11]

This paper deals with the design and simulation of a TV-based referencatgaw r
control aimed at reshaping the understeer characteristic, a.k.a. corneringegspons
an internal combustion engine vehicle with TV-capability at the rear axle. The effects
of TV on lateral dynamics of a vehicle is evaluated using a LPFVM implemented with
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a PID-based virtual Drivein-the-Loop (vDiL) scheme. The details of the proposed
simulation environment can be foumf12-14].

The outline of the paper is as follows. Section 2 describes the testing marmedivre
the methodology used to generate different reference yaw rate Look-Up(tabhi®s
reshaping the understeer characteristic using a PID conti®éietion 3 discusses the
simulation results for three different understeer characteristic curves. Ségiron
vides discussion on the results and concluding remarks with an ovenvienue de-
velopments.

2 Design of a PID-based controller for TV in a LPFVM

The presented PID-based TV controller aims to modify the lateral dynamics of the
vehicle by controlling the torque distribution between rear right and lefhgnivheels.
In the LPFVM described in [12, 13] the torque distribution was modelled with a clas-
sical mechanical differential in which the driving torqugsltransferred to the driving
wheels as follow:

T, =T4(0.5+p) @)
T;=Tq4 (0.5-p) )

where T, and T; are the torque delivered by the differential to the right and left @rivin
wheels respectively. The distribution ratio p is calculated as a function of the angular
velocity of the left (wn) and right (or) wheels as follows:

_ |('0rr_('0rl|
2 * (lwrrl + |(‘)rl|) +1

p= 3

To correctly implement a TV controller the above differential model for torque-dis
bution is replaced in the LPFVM by the following distribution relationships:

M, R
T, =05 (Td _ ) 4)
d
M, R
Ty = 0.5 (Td +—3 ) (5)

whereM,, is the yaw moment required by the desired understeer correRtisrthe
wheel radius and represents the vehicle half-track width. In the vehicle model used
in this work, the values dt andd are equal to 0.3135 m and 0.74 m respectively. The
desired yaw moment Ms calculated using a classical PID formulation as a function
of the error between the desired yaw K’ﬁ?é%(t),sx(t)) and the current vehicle yaw rate
y(t), as follows:

t dey,(t)
M, (D) = K * ey (D) + K *f eyr(Ddt + Kgy * it
0

(6)

where the error function is calculated as:
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e, (D=3 (3(t), Vy ())-Wi() ©)

The desired yaw rate valué (8(t),S,(t)) is derived from a Look-Up Table(LUT) as
a function of steering angi(t) and longitudinal speed@) at the current simulation
time t. To create the LUT, at first, the understeer characteristics of the vehicle was
evaluated during a steering manoeuvre performed at a constant speed /sfibng
the torque distribution of equations (1) and (2). During the implézdemanoeuvre,
the sigmoid input signal shown in Figure 1, with continuity of class C2, was used.
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Fig. 1: Steering input for LPFVM

Specifically, the manoeuvre is executed by speeding the vehicle up to 26tirds u
steady-state condition is reached. Afterwards, the virtual driver starts the stearing m
noeuvre until the target steering wheel input of 110 degrees is reached.
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Fig. 2: Understeer characteristic with classical differenti@l dayn(ay) - (b) y(t)

During the steering manoeuvre, the virtual driver uses a PID regulator tdheeep
car speed around 25 m/s with a maximum error of 0.2 m/s, while theevétavels
along a counterclockwise spiral trajectofyg. 2a and b show the trend of yaw rgte
and of the dynamic steering angle dqyn(8y) returned by the LPFVM, equipped with a
passive mechanical differential, during the manoeuvre.
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The trend of dayn(&) gives information about the understeer characteristic of the ve-
hicle. In this case, the vehicle shows an oversteering behaviour for lateral acceleration
value up to 5.5 mfsthen it becomes understeering.

A TV controller allows to change the dayn(a) relationship via DYCBY designing a
desired dgyn(ay) function and calculating the associated yaw rate it is possible to modify
the lateral dynamics of the vehicle as explained below.

Given the understeer behaviour of the vehicle equipped with the passive mechanical
differential it is necessary to get a mathematical formulation of d4yn @s a function ofya
In thisstudy, the numerical d4yn(8) curve was interpolated with an 8-degree polynomial
function obtaining the interpolating the baseline cW};@(a;) shown inFig. 2a.

At first, a vector of steady-state turning radii was computed as follows

Sy(k
r(k):ﬁ, k=1.....N (8)

whereN = tlis the total number of data stored for a manoeuvre of duration T tequal

330 s and with a simulation time stept0.001 s.
Once known r, it is possible to obtain the dynamic steering angle as:

180

esdyn(k)=(S(k)—r(ik)sqaﬁo)*T . k=1....N (9)

where 8(k) is the steering wheel angle andagd, equal to 16.67, is the vehicle steering
ratio. By imposing a lateral acceleratigi(i), in the range from 0 to 9 nifwith a step
of 0.01 m/8and index i varying from 1 to 900, the interpolating ClBSg@(a;(i)) was
calculated using the following polynomial function

Sayn (a;(i)) =2.9-10"%a; (i)%-8.62-107ay (1) 7+0.001 ay (i) °+..
-0.0065 ay (i)°+0.022 ay (i)*-0.04 a; (i)*+... (10
+0.034 -0.029 a; (i)+0.00023

The coefficients in equatioriQ) were obtained by using the Matfapolyfit func-
tion on the dayn(ay) curve. Once obtained tlﬁéyn equation, it is possible to populate the
reference yaw rate LUT by iterating the following equations for different longatudin
velocity S(j) varying in the range from 1 to 85 m/s with a step of 0.5 ndsiraiex |
varying from 1 to 169:

. S0 (1)
r (la.])_ a;(l)
*® .. L * EIPN
4 (I,J):m Stratio tdyn (ay(l)) (12
e Sy())
v (1’.])_ r*(l) (13)

LUT(=1 ... 241 j)=spline(8"(I=1 ... 900,), ¥'(1 ... 900), 8}, (1=1 .. 241)) (14
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The variables’(i,j) andy/" (i,j) represent, respectively, the desired turning radius and
the desired yaw rate that the vehicle will assume travelling on a curve with a steereing
wheel input 3(i,j) at a speed of,§) with the TV controller activated. The varialdi,j)
represents the steering wheel input angle. Equatmi@s used to reduce the number
of LUT elements by using a spline interpolationjofs function ob;,.(). The steering
input range was chosen between 0 to 120 degrees with a step of 0.5 ,degtbes
index | varies between 1 and 241. The current reference yaw rate estimation is derived
from from the LUT by using a double linear interpolation [15]. After llaseline un-
dersteer characteristic of the vehicle is defined, it is possible to modify its ldyeral
namics behaviour just by changing the trend of6f]9§(a;) curve and calculating the
associated LUT as explained above. In this research work, three different drodieg
(denoted as “baseling, “model’ and“mode2) were implemented to test the effective-
ness of the proposed TV controller. The following figures show the tktiee curve
Bzyn(a;) and of the yaw rate for each driving mode while fixing the vehicle dpe2si
m/s and using the steering input of Fig. 1.
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Fig. 3: Desired driving mode(a) dayn(ay) - (b) yi(t)

The trend oﬁsyn(a;) for model and mode2 was obtained by rotating the baseline
SZyn(a;) around the point (0,0) to increase the oversteering behaviour up tésb@ m
lateral acceleration (model) or to make the vehicle understeering for eaelofiaits
eral acceleration (mode?2). It is to be noticed that the cﬁa;yéay) cannot be changed
arbitrarily to avoid negative effects on the overall performance of the vehicle.

Fig. 4a and b illustrate the boundaries for the vehicle, within which the understeer
characteristic can be defined. Such boundaries were calculated by manoeuvring the ve-
hicle with two different fixed torque distribution (90% on the right and b@%he left
wheel and vice-versa). The intermediate curves shown in Figures 4a ded to 1@
case of even torque distribution between the two driving wheels. The achiewdment
a characteristic curve falling outside the range above is still possible, but thedequir
values of corrective yaw moment could be generated by the TV controllebpnly
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applying a braking torque on one of the wheels. In the latter scenahicle energy
efficiency would worsen.
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Fig. 4: Boundary and intermediate curvés) dayn(ay) - (b) yi(t)

3 Test results
This section shows the results of the tests executed using the TV controllezein th

different driving modes describe above. In Fig.5, it is possible to abdleevtrend of
M. for the analysed driving modes
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Fig. 5: : Yaw moment as a function of time for the three understeer characteristics

As expected, using driving model the engine torque is mostly assigrled tight
wheel, while in case of driving mode 2 it is distributed mostly to the ledelv In case

of baseline driving mode, the TV controller applies slight torque differentidté
tween left and right wheels, acting as a classic mechanical differential. The trend of
dayn(ay) andy(t) of the vehicle under TV control (solid lines) are compared with the

desired trends dfy, (a;) and of /' (t) (dashed lines) in Figures 6 and 7, which further
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clarify the effectiveness of the implemented TV controller. The latter allows to follow
the desireGBZyn(a;) curve for each driving mode with a maximum error of £0.5sdeg
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Fig. 6: dayn(ay) trends (solid line: TV controlled, dashed linkesired)- (a) base, (b) model, (c)
mode2
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Fig. 7: y(t) trends (solid line: TV controlled, dashed lirdesired)- (a) base, (b) model, (c¢)
mode2

4 Conclusion

This paper describes the integration of a TV controller in a platform for simulation
of road vehicles for dynamic testing. In the test vehicle model, a classical mechanical
differential was replaceldy a TV controller for uneven torque distribution. Three dif-
ferent driving modes were designed to tesftMecontrolled LPFVM, allowing to ver-
ify the reliability of the simulation system, able to produce results in agreemitént
the expected physical responses. Future developments are planned to implement addi-
tional test cases for further validatiof the proposed TV controller in driving scenarios
where different performance targets (e.g., fuel efficiency, lap time, etc...) are defined .
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