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Abstract

Autonomous Drift-Driving Control Design and Analysis
with Nonlinear Tire-Model

Rakjoon Chung
Mechanical & Aerospace Engineering
The Graduate School

Seoul National University

Control design and analysis of Wheeled Mobile Robot(WMR) autonomous
drift-driving and the simulation experiment using the CarSim simulator are pre-
sented and the analysis of the controller proceeds. We first introduce WMR
dynamics, tire model and problem formulation of the WMR. We then design
drift-driving control using human strategy (control side slip angle and yaw rate).
The drift-driving control consists of high-level control, optimization to find de-
sired control input and high-gain control. We analyze the uncontrolled velocity
dynamics and stability of the controller. The CarSim simulation results of drift-
driving on steady-state equilibriums and the hairpin path with the desired yaw

rate are provided.

Key Words: Wheeled Mobile Robot, Drift-driving control, Tire-model, Opti-
mization, High-gain control, Jacobian linearization
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Chapter 1

Introduction

1.1 Motivation and related works

The Wheeled Mobile Robot (WMR) is often used in a variety of tasks due to its
versatility and high stability. The WMR, therefore, has been studied widely [1-
9]. In order to increase the working efficiency, the WMR is necessary to develop
the movement at high speed. However, a controller that takes the slip at the
wheels into account is needed since high speed of movement can generate slip at

the wheels.

There are algorithms to predict and prevent the slip of the wheels in the
path planning stage in order to perform the task in fast and non-slip condition.

A control framework to enable WMR to autonomously drive with fast speed
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without slip at the wheels was proposed in [10]. In addition, planning to generate
a non-slip trajectory with time information and a controller for tracking the timed
trajectory was implemented. The framework to determine slippage and roll-over
tendency from calculating friction force and ZMP (zero-moment-point) from the
given trajectory using third dimension dynamics was proposed in [11]. These
algorithms prevent slipping and roll-over situations and help to move fast with

non-slip condition, these algorithms did not use a slip of wheels.

The driving using the slip of wheels helps not only to move fast but also to
prevent move off the track when it has a lower coefficient of friction like icy,
snowy and rainy roads. Thanks to the friction coefficient can be estimated in
real time [12], the friction force according to the slip can be estimated even if the
frictional force is changed, and controllers can be performed using the friction

forces.

The drift-driving is a method of moving sideways by using the slip of wheels,
and the drift-driving uses the tire slip a lot. The drift-driving has been studied
[13-18].

The 4-wheeled mobile robot dynamics, tire model and the limited slip differen-
tial are applied to model dynamics, and obtain equilibrium points of dynamics
and compare the equilibrium points with real expert experiment data, and lin-
earize the model dynamics and use the LQR(linear quadratic regulator) and
backstepping control for steady-state drifting [13]. The 2-wheeled mobile robot

dynamics and tire model used to find equilibrium values, and stabilize analysis
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with the invariant set, and the controller was implemented with a RWD by-wire
testbed in [14]. The steady-state equilibrium changes while drift-driving [15]. The
path was generated from mixed with simplified and high fidelity dynamics for
efficiency. The control choose open-loop and closed loop(LQR) base on predicted

tracking error for drift-driving in [16].

1.2 Contribution of this work

In this thesis, we propose a drift-driving controller which does not directly use
the values of equilibrium point or reference trajectory, unlike other controllers.
We use human strategy to control only the direction of WMR, which is related
to the side slip angle and yaw rate. We control these values through cost opti-
mization. The advantage of the proposed controller is that the controller can be
applied in a variety of path since the equilibrium and reference are not defined.
This designed controller allows the WMR to drive steady-state drift based on the
analyzed velocity stability. This drift-driving control design allows path following

because the controller does not use any equilibrium point values.

We use the single-track model dynamics and the forces from the tire model
which determine the force between the wheel and the ground, and we discuss
the problems in using these dynamics in Chapter 2. In Chapter 3, we design a
drift-driving controller consists of high-level control, optimization to find steering

control input and desired rear-wheel angular velocity, and high-gain control to
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obtain rear-wheel torque for rear-wheel angular velocity. We analyze the uncon-
trolled velocity dynamics and controller in Chapter 4. The CarSim simulation

results of using the proposed control are provided in Chapter 5.



Chapter 2

System Modeling

2.1 Model dynamics

To analyze the dynamics of the WMR, we apply a single-track dynamics
model that approximates the entire dynamics of WMR to a two-wheel model that
contains one front wheel and one rear wheel. This model is depicted in Fig. 2.1
where (v, 3,0,9) € R are the WMR’s velocity, side slip angle of mass center, yaw
angle of mass center and the steering angle of the front wheel, respectively. The
WMR is a rear-wheel-drive model and the WMR has three degrees of freedom
as (z,y,0) € R which are spatial x-axis, y-axis position, and yaw angle. The

dynamics of WMR is expressed in the body-fixed frame as follows.
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FIGURE 2.1: WMR dynamics

mo = (uf +uy) cos B+ (uf +uf)sin 8 (2.1)
mu(B+6) = —(u% + uy) sin 8 + (u? + u¥) cos B (2.2)
L6 = dpuf — dyul (2.3)

Ly, = —Ruy + 7/

where m € &, I, € R, and I, € R are the WMR’s mass, the moment of inertia
and wheels pitch moment of inertia, respectively. The distance between each
wheel and the center of mass are dy and d,. The x-axis and y-axis tire forces
are defined as u; € R (i € [z,y] and j € [f,r]) in the body-frame. Notations i
indicates x-axis and y-axis, and j indicates front and rear wheel. The rear-wheel

rotation angular rate is w,. The WMR has the same two control inputs, steering
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angle and rear-wheel torque(d, 7°) as the regular rear-wheel drive mobile robot.
The steering angle of the front wheel (§) is assumed that it changes rapidly
according to the control input. The rear-wheel drive torque input is defined as

7¢ € . The front wheel rotates freely without longitudinal forces.

2.2 Tire model

The tire forces of each tire ué can be obtained by ‘Magic formula’ [19]. From
the magic formula, the slip ratio x;, the slip angle «; and the theoretical slip

quantities sé- are defined as follows.

w; R —v¥ vY

v U

J J

- —Kj y tan a; .
C — , ) — , e [f, 24
S=tre S=ige €l (2.9
sj =/ (s7)? + (s7)? (2.5)

where the quantity of s7 and s? are the longitudinal and lateral slip quantity of
j-wheel. The radius of the wheels is R. The total slip quantity of j-wheel (s;) are

calculated from the friction circle (2.5). The velocity of wheels v;- can be written
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as below.

v} = wcos fcosd + (vsin B+ ds0) sin
v? = —vcos Bsind + (vsin B + d;0) cos
vy =wvcos

v! = vsin B — d,0

The quantities of vf, vé’ and w; are the longitudinal, lateral velocity and the

angular rate of j-wheel, respectively.

We assume the longitudinal and lateral forces of tires are symmetric that means
the longitudinal and lateral tire forces are in the friction circle [19], and tire forces

are assumed that these are linearly dependent on the vertical forces.

Tire forces can be obtained from the slip quantity (2.5). It is derived from the

simplified Pacejka’s Magic formula as follows [19].

F; = Dy sin(Cy tan_l(Btsj))FjZ = MF(sj) (2.6)
s? sY
J J
J J
Fi+F =mg, dFi—d.F7=0 (2.8)
ur Fr ur cosd —sind| | F¥
=, I = ! (2.9)
u? Y ui’c sind  cosd F}J
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where F is total tire forces of j-wheel, and we define equation (2.6) as M F'(s;).
The longitudinal and lateral forces of the j-wheel are F;" and F’ jl/ (2.7). The verti-
cal forces of each wheel (F 7 ) are distributed of vertical forces without generating
pitch moment (2.8). The quantity of B;, Cy and D; are tire model parameters.
From magic formula definition [19], D; is linearly related with friction coefficient
p. The friction coefficient can be obtained real-time using friction coefficient

estimation algorithm [12].

2.3 Problem formulation

The WMR has three degrees of freedom (x,y,6), whereas the WMR model
just has two control input (0, 7,). The WMR is an under-actuated system that
three DoF, and these DoF should be controlled only with two DoF. The non-
holonomic constraint makes the relationship with velocity, side slip angle, and
yaw rate (v, 3, 9) However, in the slip condition, the system does not have non-
holonomic constraints as in the non-slip condition. Therefore, the WMR in the
slip condition is more difficult to control. In this under-actuated situation, our
controller design objective is to converge WMR side slip angle () and yaw rate

(0) to the desired side slip angle and yaw rate. If we can change slip angle and

yaw rate at will, the WMR can go through the planned path while drift-driving.



Chapter 3

Drift-Driving Control Design

In this chapter, we propose a new WMR drift-driving controller that controls
the WMR to pass through the path while drift-driving. Because the WMR in
slip condition is an under-actuated system without non-holonomic constraint,
controlling all state is difficult while drift-driving. We concentrate on the human
strategy of drift-driving. In many car drift-driving videos, we found that the
human focuses on the direction of WMR. The direction of WMR is directly
related to the motion of side slip angle and yaw rate, not velocity. If we control
the direction of the WMR appropriately, the WMR goes through the path while
drift-driving. The new drift-driving controller deals with side slip angle and yaw

rate.

10
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1% 5¢

— |Optimization| = | Dynamics

High-level

control

L High-gain | {
C

3, 0 we, control T

FIGURE 3.1: Flow chart

The new controller consists of the three steps as the high-level virtual control,
optimization with constraints and high-gain control. The flow chart of this con-

troller is in Fig. 3.1.

In the high-level control, set the cost function from the current side slip angle,
desired slip angle, yaw rate and desired yaw rate. We obtain the derivative of
cost function from the model dynamics from Section 2.1. In the optimization,
minimize the derivative of cost function with tire model constraints from Section
2.2. In the high-gain control, calculate the rear-wheel torque from the results of

optimization. As the result, we obtain control input 6¢ and 7.

3.1 High-level control

The high-level control sets the cost function from the current side slip angle,

yaw rate, desired side slip angle and desired yaw rate. This cost function is for
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control the WMR from a current side slip angle and yaw rate to desired side slip
angle and desired yaw rate ([8,0] — [8%, 69]). The error e € 2! is defined as
follows.

es 8—p NREETE

€= = . . Y € = . .

€y I 6 — 67
where 8% and 6% are desired side slip angle and desired yaw rate of the WMR.
We set a cost function V' to stabilize the error.

w50>0

1
V=c_elWe, W=
2 0 wé
where W is a weight diagonal matrix about control gain. We obtain the derivative

of the cost function as follows.
V=—c'We

To make the errors converges to zero, V should be lower than zero. the quantity

of V is minimized by optimization in the next section.

From dynamics equations (2.2) and (2.3), above derivative of the cost function

can be expressed as follows.

—(uf+uf)sin B—l—(u? +uy) cos B
’ _ T muv -
V(ufvur) =—cW dfui’cfd,«uﬁi
I

o
i y (3.1)
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up = [uf, uf]" and u, = [uf,uf]" are the tire forces on the front wheel and the
rear wheel from the tire model. In the next section, we choose best forces that

minimize V with satisfying tire model constraints.

3.2 Optimization

The slip quantity (2.4) and tire model constraints (2.9) are calculated as
follows. The magic formula tire model function (MF) is defined in equation
(2.6). Because the current side slip angle and yaw rate (3, 0) are given, The front
tire forces are only the function of steering angle (J), and the rear tire forces are

only the function of rear wheel angular velocity (w).

B dfé cos d + vsin(p — 9)

57(0) = 5
F0sind + v cos(f — 9)
. vcos B — wpr vsin 8 — d,0
sy (wr) = wor ) Svg{(wr) = Wor

sr(wr) = \fs7(w)? + st (w2

2] 2 1_l|
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[ —sind
5 (=sgn(sf(8))MF(|sr(0)])) — uy

O NP (sy ) ) —
sy (wy)

€f

€r

= Te(uf, ur, 6, wy) < (3.2)
where longitudinal slip has not occurred in the front wheel. We assumed that

obtained tire model has bounded errors €; and ¢,. The function of sgn is the

signum function.

Solve optimization minimize V' (3.1) to obtain control input with the tire model
constraint (3.2). The minimum V means that errors (e) converge faster than other

control input.

0°¢ .
Ue = = argmin V(uy,u,) (3.3)
wg 6’w7‘
subject to
Tc(uf7u7’7 5a wr) < €, |5| < 5mam
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where 0,40 is the positive max steering angle. To reduce the computation time

of solving this optimization (3.3), we simplify its constraints.

In the tire model constraints (3.2), uy and u, can be expressed as the function

of 4, w, and ~.
—sinéd
ug(d,75) = 5 (=sgn(sf(0))ME(sg()]) + s
sy (wy) 1
ur(wr, ) (=M F(sr(w;))) )+ (3.4)
Sr (w,r) ST(wT)
V[ <e

where v = [v£,7,-]T are error parameters about tire model. From this simplified

constraint (3.4), V is expressed the function of 8, w,. The simplified optimization
problem is as follows.

66

U = argmin V(6, wy, ) (3.5)

O, wr,y

30

subject to

v <e 18] <45°

The result of U¢ is the optimized rear-wheel angular velocity and steering an-

gle control input. These control inputs are converted to rear-wheel torque and

2] 2 1_l|
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steering angle in the next section.

3.3 High-gain control

The control steering input and rear-wheel rotation rate (6¢, w¢) are obtained in
(3.5). Since the WMR'’s control inputs are steering angle and rear-wheel torque
(6¢,7F), the high-gain control is applied in order to change current rear-wheel

rotation rate (w,) to calculated control rear-wheel rotation rate (w¢). The input

torque 77 is calculated as follows.

Iy, = —Ruy + 7

75 = Ruf — K, sgn(w, — wy) (3.6)

T

where the moment of inertia of tire is I,,. The current wheel x-axis friction force

ur is obtained from tire model. The high-gain control input is 7.



Chapter 4

Analysis of Control

4.1 Internal dynamics

The proposed controller controls the WMR, drift-driving with three values
(v, B, 0) only with control two values the side slip angle and yaw rate (3, 9) The
internal dynamics of the WMR is the velocity dynamics (v). Since the proposed
controller’s control input is obtained from optimization, we can not determine
the real control input of the controller. We analyze the internal dynamics using
zero dynamics with Jacobian linearization. Assuming the side slip angle and yaw

rate ([ ,9) can converges to desired side slip angle and desired yaw rate(3%, 6%)

17
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using proposed controller.

where x is the vector of velocity, side slip angle and yaw rate. The error between
the vector x of current and equilibrium is e, and the error between current and
equilibrium control input is e,. From WMR dyanmics (2.1)-(2.3), The derivative
of x (f(z,v)) is defined as follows.

%((ufc + uf)cos B + (uzj”c + u¥) sin 3)
i = f(z,v) = %(—(u? + ul)sin f + (ui’c + u¥) cos ) — 6
i(dfu? — dyul)

M L-tf] &
¥ |l I ’
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790 = f(2°0, 1) = 0
& — 2% = f(x,v) — f(x, )
=A(x —z)+B(v—v*)+ HO.T

é; ~ Ae, + Be,

_Al_
of(z,v) 3%3
A= 12 = RrR>*
a.f zed ved A2 <
As
_Bl_
of (z,v) 3x2
B=———"2 = R
81/ x€q,ved B2 <
B3

where matrix A and B are jacobian linearized dynamics matrix. The objective
of control input e, makes the side slip angle and yaw rate (5,6’) converge to
the desired (B, éd). The control input e, can be obtained as values for making
[5 H}T to —K [5 — Bt -2 ‘ where K € R#2%2. If the control input works

properly, e, can be expressed as below. Desired side slip angle and yaw rate can
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be an equilibrium point (8¢ = 3¢9, 6t = éeq).

Ka: — [O2><1 K] c §R2X3

Ay By
_Kxex = er + €y
As Bs
—1
Bo A
€y = — ( z T )ex

where the control input errors e, is calculated from current side slip angle error

and yaw rate error (eg,es).

By As
ér = Ae, + Be, = Ae, — B (K, + )ex
Bs A3
As the result,
-1
By A
él = Alex — Bl (Kx + )ex (4.1)
B3 Az

ez and e3 go to zero with controller. (eg,e3 — 0).

-1

) By Az

€1 = (Al,l — Bl )61 = F€1 (4.2)
B3 Az

] 8-t &
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To analyze the stability of v, we choose many equilibrium points at side slip
angle grid and yaw rate grid. The stability of v is determined by F. If F' is less
than zero, the velocity state of the equilibrium point is stable. If not, the velocity
state of the equilibrium is unstable. We can choose the desired side slip angle
and yaw rate base on F value. If F' is less than 0, which uncontrolled velocity

can converge in near equilibrium points.

4.2 Stability analysis

In this section, we analyze the stability of the drift-driving controller. The
control objective is converging side slip angle and yaw rate (/3, 9) to desired
side slip angle and yaw rate (3, éd). The contours of V on the siumlation with

parameter with TABLE 5.1 are exists in Fig. 4.1, Fig. 4.2.

The control input is chosen from optimization of minimizing V. If V always
smaller than zero, the side slip angle and yaw rate goes to the desired values.
Many of the states can generate control input to make V < 0 in the simulation

at the Chapter 5.

A control input, however, may not exist to make V < 0 because of the un-
controlled velocity dynamics. We can express the side slip angular rate from the

equation (2.2) as follows.

—(uf +uf)sin B + (uf + u) cos

muv
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-18

0

-0.5

0 -1 Steering angle(rad)

Rear-wheelangularrate(rad/s)

FIGURE 4.1: The contours of V

In drift-driving, the sign of side slip angle and yaw rate is different, and tire forces
i

uj are bounded by tire-model. Therefore, if the velocity is too fast, the spectrum

of ,B is too narrow to make V < 0. In this situation, we decrease the velocity if

[ is bigger than zero. From the equation (4.1), the velocity error dynamics is as
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10

-10

-20

-30 -
100

50 0.5

0
0.5

0 - Steering angle(rad)

Rear-wheel angular rate(rad/s)

FIGURE 4.2: The contours of V (Cont)

below.
-
By Ao
él = Alez — Bl (Km + )ez
B3 A3
R
By 2.1
= (411 — B Jei+
| B | Az
~1
- By Azo Azz| |e2
([A1,2 Az| — B (K + )
- Bs Azo Aszz| |es3
es
=Fei +G
€3

If the desired side slip angle and yaw rate are in the region where F' < 0, the
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velocity error e; converges to near equilibrium. That means if the velocity is
too high and keep the side slip angle error and yaw rate error small enough,
the velocity will decrease to near equilibrium —%G[ez, €3]T. As the result, the
velocity would be enough to control V' < 0. The proposed controller choose the
control input to minimize V that resists the increase of side slip angle error and

yaw rate error when V is bigger than 0.

More precise analysis about stability should be in the future work.

M 2-tf & 3
¥ |l I ’



Chapter 5

Simulation Results

In this chapter, the simulated results of the proposed drift-driving controller are
provided. The controller is implemented in the CarSim2016.2 simulator, which

is often used to test algorithms in the vehicle area.

5.1 Simulation setup
A custom rear-wheel drive four WMR is provided in the CarSim software. It

has the same parameters in TABLE 5.1 where the simulation system mass, the

radius of wheels and yaw inertia are defined.

25
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Parameters Values
Total mass 1650kg
Gravity acceleration | 9.81m/s?
dy 1.4m
d, 1.65m
Radius of wheels 0.337m
Yaw inertia 3234kg - m?
By 14.1216
Cy 1.37107
Dy 1.05724

TABLE 5.1: The simulated WMR parameters table

The tire model Magic formula parameters of the simulation are By, Cy and Dy
which obtained from fitting simulator tire force value given CarSim (2.6) as Fig.
5.1. The roll and pitch inertia are 928.1Kg-m? and 2788.5Kg-m?, respectively.
The distance between the left wheel and the right wheel is 1.6m. The hight of
the mass center is 0.4m, the WMR has rear limited slip differential gear and the
friction coefficient (1) in the simulation is 0.85. The simulator runs at 1000Hz

and the drift-driving controller runs at 100Hz.
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5.2 Steady-state drift-driving

0.5

Steady-state equilibrium points to stabilize the uncontrolled velocity should

be chosen to be the desired value. Using equation (4.2), many equilibrium points
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in—-16<pf<0and0< 6 < 2 are checked velocity stability with the simulation

parameters. The steady-state drift-driving is simulated as Fig. 5.2.

FIGURE 5.2: An example of steady-state drift CarSim simulation

The results of the velocity stability at the equilibrium points are in Fig. 5.3.
The blue points mean that the velocity at the equilibrium point is stable and the
red points mean that the velocity at the equilibrium point is unstable. It also

calculated with parmeters in TABLE 5.1.
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Stability of the equilibrium (v >=2)

1571

Yaw rate(rad/s)

057}
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FIGURE 5.3: Linearized dynamics

The controller obtains the current velocity, side slip angle and yaw rate (v, 3, 9)
The controller gives the control input as steering angle and rear-wheel torque

(6,7,) to the simulator. A selected drift-driving desired side slip angle and yaw
rate are —0.4rad and 0.8rad/s.
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: Carsim result plots

An example of the result of steady-state drift-driving values in CarSim simulation

is provided in Fig. 5.4. The manual control input is applied from initial to four

seconds. This manual input just accelerates the WMR in a straight trajectory.

-

S -
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After four seconds, the WMR is controlled by the proposed controller. The results
show that velocity, side slip angle, and yaw rate of the WMR, converge to the
steady-state value. The controller converges side slip angle and yaw rate, and

uncontrolled velocity converges.

Moreover, using the proposed drift-driving controller, the WMR, while drift-
driving can track the changing desired steady-state value. See Fig. 5.5, the desired
steady-state value is changed at the 40s and 70s. The first desired side slip angle
and yaw rate are —0.7rad and 0.8rad/s. The second desired side slip angle and
yaw rate are —0.5rad and 0.7rad/s. The third desired side slip angle and yaw rate

are —0.4rad and 1.0rad/s. The velocity, side slip angle and yaw rate converges.
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5.3 Hairpin turn drift-driving

A hairpin turn is a bend in a road which necessary to turn about 180 degrees.
The WMR can drive drift-driving on hairpin planned path with yaw angle us-
ing the proposed controller. The global planned path position and yaw angle is
defined as (P9 = [xg yg}T, 69). The desired side slip angle (4%) and yaw rate

(0% is calculated from the planned path as follows.

d -1 igel 0 g
8% = (tan (yT) — 0) + Kjasat( 1 (R(O)P — R(O)PY))
sel
04 =07, — Ko(0 —07) (5.1)

R(0) cosf sinfd

—sinf cosf
where the position and yaw angle of selected planned path point are Pfel and Hg ol
The selected point is a point in the path which near with current position. The
rotation matrix from global frame to body frame is R(#). The current position
and yaw rate of the WMR is P and 6. The saturation function is sat(). The
quantities of Kj,; and Ky are lateral feedback gain and yaw angle error feedback
gain. The desired side slip angle consists of velocity direction of current position
term and lateral feedback term, and the desired yaw rate consists the selected

path’s yaw rate term and yaw angle feedback term.
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FIGURE 5.6: Carsim hairpin path simulation (Top view)

We simulate drift-driving in a hairpin path as Fig. 5.6 and Fig. 5.7. The planned
path is divided by straight paths and curved paths as Fig. 5.8. The planned yaw
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) Time : 7.0s (b) Time : 8.0s

) Time : 9.0s ) Time : 15.0s

) Time : 16.0s (f) Time : 17.0s

FIGURE 5.7: Carsim hairpin turn path simulation (Side view)

angle of straight paths is the same as the direction of the planned path angle. In
the first curve, the planned yaw angle is the same as the path direction angle at

curve start. The angle difference between the planned yaw angle and the path
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FIGURE 5.8: Carsim result position plot of hairpin desired

direction angle linearly increases from zero to 0.7rad on a quarter of the first
curve. Between a quarter of the curve and the end of the curve, the planned yaw
angle is 0.7rad bigger than the path direction angle. In the second curve, the

planned yaw angle is the same as in the first curve only different with 0.5rad

S e ik
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FIGURE 5.9: Carsim result yaw angle plot of hairpin desired

smaller than the path direction angle. In all curved path, we choose nearest point

of the desired path as a path with same angle of curve center.

We calculate the desired side slip angle (%) and yaw rate (%) using equation
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FIGURE 5.10: Carsim result velocity plot of hairpin desired

(5.1) and control WMR using the proposed controller. In all straight path, we
control rear wheel for velocity to the desired velocity, and steering angle set from
the position feedback using simple p-controller. The first straight path desired

velocity is 11m/s, and the second straight path desired velocity is 10m/s.

A2 83
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The Fig. 5.6 is top view of the CarSim simulation. The Fig. 5.7 are side views
of the CarSim simulation at t = 7.0s, 8.0s, 9.0s, 15.0s, 16.0s and 17.0s. The front
three subfigures are the WMR in the first curve. The later three subfigures are
the WMR in the second curve.

The hairpin path following simulation result plots are in Fig. 5.8, Fig. 5.9 and
Fig. 5.10. In Fig. 5.8, the WMR follows the planned path with errors in the
curved path. The WMR follows the planned yaw angle on the curved path in
Fig. 5.9. The position and yaw errors at initial are small but the errors increase
while drifting. Moreover, because we do not control velocity, If the velocity is too
high or low, we can not generate B ,é to converges side slip angle and yaw rate

to desired values.

In steady-state drift-driving, if the velocity is too high or low, the velocity
converges to the equilibrium values. But, it seriously affects on the path following.

The velocity while path following should be dealt with, and it is the future work.

2] 2 1_l|



Chapter 6

Conclusion and Future Work

6.1 Conclusions

In this thesis, we proposed the new drift-driving controller in the WMR slip
condition which has three degrees of freedom only with two control inputs. From
human strategy, we concentrate on the direction of the WMR. The proposed
controller controls only two states, side slip angle, and yaw rate. This controller
uses the 2-wheeled WMR, dynamics and the Magic formula tire model. This
drift-driving control sets cost function between current and desired the side slip
angle and yaw rate, and the controller optimizes to minimize derivative of this
cost function to decrease errors. The drift-driving controller was tested to the

steady-state drift-driving through high fidelity CarSim simulation to verify it

40
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in Section 5.2. The stability of the uncontrolled state, velocity, and controlled
state stability in equilibrium points are analyzed. Moreover, The drift-driving
controller was tested to the hairpin turn drift-driving CarSim simulation which

is not steady-state in Section 5.3.

6.2 Future work

Future work includes the precise stability analysis of optimization and control.
In this thesis, we only analysis stability of optimization and control with lin-
earized dynamics. Since the optimization function is non-linear, we should deal
more precise stability analysis. In addition, future work includes the analysis of
initial velocity for path following, too. The initial velocity is important for the
path following with drift-driving adequately, because it takes a long time to con-
verge the desired if the initial speed is too high or low. It should be analyzed

that the proper initial velocity and the effects of initial velocity.
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