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Abstract— In this paper, a body slip angle observer based
on yaw rate v and side acceleration a,, and a novel control
method of body slip angle 3 are proposed. Body slip angle
observer is robust against parameter variation and change of
road. Some experimental results by UOT MarchlI (Fig. 1)
are shown to verify the effectiveness of the proposed ob-
server.

Next, we proposed new control methods for 2-Dimension
control. We control beta by yaw moment with PID con-
troller. This method is known as DYC (Direct Yaw mom-
net Control) in Internal Combustion engine Vehicles (ICVs).
However, the torque difference can be generated directly
with in-wheel motors. We performed experiments by UOT
March/I. The experimental results proved that our pro-
posed method was good.

I. INTRODUCTION

Electric Vehicles (EVs) are environment-friendly and ex-
pected to be a promising solution for solving today’s energy
problems. Thanks to the dramatic improvement of motors’
and batteries’ performances, EVs will become more pop-
ular in the near future. It is predicted that before pure
EVs, Hybrid EVs (HEVSs) will be widely used in the next
10 years.

However, it is not well recognized that EVs have
other advantages over Internal Combustion engine Vehi-
cles (ICVs) [1]. Those advantages can be summarized in
three aspects.

First, motor’s torque generation is fast and accurate.
Electric motor’s torque response is only several millisec-
onds, which is 10-100 times as fast as combustion engine’s.
This advantage can enable us to realize high performance
control of EVs.

Second, motor torque can be known precisely. Therefore
we can easily estimate driving and braking forces between
tire and road surface in real-time. This advantage can be
used to realize novel control based on road condition.

Third, in-wheel motors can be installed in EVs’ each
rear and front tires. We can control each torques of the
four motors so that it is easier to control EVs’ slip angle
0 and yaw rate v than ICVs’. In order to make full use of
EVs’ advantages, it is essentially important to research on
B and v control and 3 observer.

In order to estimate (3, we utilize full order linear ob-

UOT MarchIl

Fig. 1.

server because nonlinear observer is too complex to control
£ and . We design observer’s gain matrix and propose a
new method based on y and side acceleration ay. We did
experiments by using UOT March II. Experiments show
the proposed observer can estimate (8 accurately and the
observer is robust against parameter variation.

Next, we design controller to control only 8. If § is too
big, EVs cannot be controlled and spin off. § should be
controlled. We utilize Model Following Control (MFC) and
PID controller. Experiments by UOT March II demon-
strated the effectiveness of our control method.

II. MODELING OF EVs

We use two-wheel model [2] for two-dimensional move-
ment of EVs as shown in Fig. 2. Generally, in order to
describe vehicle’s two dimension movement exactly, four-
wheel model is needed. However because four wheeled
model is non-linear model, it cannot be used for linear ob-
server design. Where P is the center of gravity, I is the
distance from P to the front wheel, [, is the distance from
P to the rear wheel, oy is the front wheel slip angle, o is
the rear wheel slip angle and §; is actual steering angle at
tire.

Usually, we express state equations with 3, v, and vehicle
speed v. Motion equations are expressed in Equs. (1).
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Fig. 2. Two-wheel model of vehicle motion
From Equs. (1) we can get the state equation:
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Cy and C, are cornering power, which is defined as Equs.
(2) and (3).

OFy
= — o= 2
Cy das |as=0 (2)
OF,
Cr - TM |ar:0 (3)

Input NV is yaw-moment by driving force distribution,
which is expressed by Equs. (4).

d
N:5(_Fr_fl+Fr_fr_Fm_rl+Fm_rr) (4)
Because N cannot be measured, we must estimate V.

A. yaw moment estimation

To estimate N, It is necessary to estimate driving forces
F;. We proposed this yaw-moment estimation method,
which is defined as Equs. (5) and expressed by Fig. (3).
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Fig. 3. driving force estimator

Fr = Fm - Mw%
dt
N = _(_Fr_fl+Fr_fr_Fm_rl+Fr_rr) (5)
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III. DESIGN OF PROPOSED LINEAR OBSERVER

A. Restructuring of output equation by using side acceler-
ation ay

Various methods for estimating 3 were proposed previ-
ously. For example, direct integral method [3] estimates /3
based on Equ. (6). In this method, estimated 3 contains
steady state error, therefore it can’t estimate [ exactly.
Nonlinear observers [4] [5] [6] [7] aim to design an accurate
model based on actual vehicle’s dynamics and to estimate
(. These methods are suitable for simulation. But due to
the complexity of the models, these methods are difficult
for § estimation in real-time.
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The advantage of conventional linear observers is it’s
simple structure. However they are not robust enough
against model error. Moreover it cannot estimate [ ex-
actly in non-linear region.

In order to overcome these disadvantages, we propose
a novel linear observer in this paper. Unlike conventional
observers using only vy as measurable signal, we utilize a,
together with ~ to construct the linear observer [8], which
can estimate § in non-linear region.

To design the observer, it is necessary to restructure out-
put equation by measurable parameters.

Parameters we can measure are

« longitudinal acceleration (a)

« side acceleration (ay)

o yaw rate ()

Because a, cannot be expressed by linear equation, we

use v and a, to restructure output equations. Using
Equs. (1) and (6), a, can be restructured as:
ay = v(a1f+ a2y + 019 +7) (7)
The output equation is:
y=Cz + Du (8)
C= [vc?n v(a121—|— 1)] » D= [vl?n 8] »J T [c;yy]

B. Full order linear observer

U—-s

Linear
Observer

Fig. 4. Full order linear observer



We use full order observer (Fig. 4), which is defined by
the following equations.

& =A%+ Bu— K(§ —y) (9)

gy =CZ+ Du (10)
where K is observer matrix gain. & s estimated z. The
estimation error equation e = 3 — [ should satisfy the
following error equation:

e=(A—KQ)e (11)
Full order observer’s characteristic is decided by value of
matrix gain K.

C. Design of gain matrix for robustness

If the selected matrix gain is inadequate, the linear ob-
server will have a poor robust performance against model
error and sometimes cannot estimate 3 exactly. To decide
matrix gain, we must consider two important factors. First,
the observer must be designed robust against model error.
Since two-wheel model is used in our design, some model
error exists more or less. Especially, cornering power Cf
and Cr depend on road condition and loads on each tires.
Therefore, their values are changing and cannot be mea-
sured. Second, all eigenvalues of A — K C must be located
in stable region. A — KC is the state transition matrix of
Equ. (10). The positions of A — KC' eigenvalues will affect
control system’s time response performances, such as over-
shoot, rising time and settling time. To make the observer
robust, we referred [9]. By calculate Equs. (7) and (8), we
can get B:

B = ay1B+aizd+bi16; — ki1 (5 —7) — ki2(dy — ay)(12)
State equation of 3 is expressed as:

B = airf + a2y + biidy (13)

ai1, ais and b{l are the real values. Any model error is
not contained in this equation.

By Equs. (12) and (13), the state equation for § — § is
given by following equation.

B - B: ar(1— leU)(B -B)
+ [a12 — kigv(aiz + 1) — kul](H — )
— (1 — k12v)(ai1 —an1)B
— (1 = k12v) (a2 — a12)y

— (1 — klgv)(b£1 - bll)fsf (14)
The best condition for robustness in Equ. (14) is:
1
1—k12U=0<:>k112:; (15)

Based on consideration of pole assignment and robustness
against cornering power, K is decided as:

A1 Q(Zf—é;)l —1 1
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K= ¥ N (L 417 (16)
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A1 and Ay are the assigned poles of the observer.
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Fig. 5. Simulation result

IV. SIMULATION RESULTS
A. Simulation setup

Before experiments, we simulated the behavior of EV by
using the four-wheel model. § will be estimated by using
the proposed observer. In simulation, all conditions can
be set freely. Road type is supposed to be dry asphalt.
Simulation time length is 100 [s]. In 0 O 35 [s], front and
rear tires torques are 556 [N] at each. Over 35 [s], torques
become 0 [N]. Over 50 [s], 07 is changed to be 5 [deg]. EV’s
parameters are supposed to be UOT MarchI’s parameters.

B. Simulation result

Fig. 5 is the simulation results. It shows that the pro-
posed observer can estimate (3 exactly. Rising time for
estimation is short enough and overshoot doesn’t occur.
When 67 is changed, inverse response occurred. It hap-
pened because % is included in the matrix gain K and
near-zero-divide problem appeared. This problem can be

solved by limiting the value of 5.



V. EXPERIMENTAL DEMONSTRATION FOR OBSERVER BY
UOT MAaRrcH I1

A. Experiment setup for the proposed observer

UOT Marchll is our experimental EV built to prove
EVs’ advantages. We made this EV by ourselves, which
is remodeling of Nissan March. The EV equips accelera-
tion sensor, gyro sensor and noncontact speed meter which
enable us to measure 3. Table. I explains specification.

We did various experiments and some experimental re-
sults were shown you. Vehicle velocity, driver’s input steer-
ing wheel angle 6 and road type were changed to test the
effectiveness and robustness of the proposed observer and
controller. While the experiment was done, road type was
changed from dry road to wet road. But observer’s and
controller’s parameters are kept unchanged. Steering an-
gle was changed freely by the test driver.

We recorded g3, v, 6, v, Vi, Fp, and ay in hard disk drive
by the sampling time of 1 [ms] and calculated by Matlab.

B. Ezxperimental results for the proposed observer

Figs. 6 and 7 show two experiments’ results under the
difference conditions.

Fig. 6 shows experimental results in linear region. Fig. 6
(a) is measured and estimated 8. Fig. 6 (b) and (c) are
measured and output a, and . In Fig. 6 (a), EV is in
linear region because steering angle ¢ is small. Fig. 6 shows
us that the novel proposed observer can estimate 3 well in
linear region.

Fig. 7 is experimental results in nonlinear region. Be-
cause ¢ is larger than § in Fig. 6, § becomes larger and
EV enters non-linear region. Fig. 7 demonstrates that the
novel observer can estimate 3 even in non-linear region.

Fig. 8 is same experiment condition as Fig. 7. But two
linear observers were used in this experiment. One observer
is the proposed observer, the other observer has different
matrix gain (see Equ. (17) ). The novel observer can es-
timate 0 exactly, but the other observer cannot. This ex-
perimental results shows us that our design of gain matrix
can make the linear observer more robust.

Ai(aie41) 1 al1—X\1
— a vaili
K= Qo — azilarz+1) _ ap (17)
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VI. DESIGN OF 3 CONTROLLER

Body slip angle 3 must be controlled for driver’s safety.
We proposed this method based on DYC (Direct Yaw Mo-
ment control), which makes full use of EVs’ advantages.

Proposed method is based on PID controller and MFC
(Model Following Control).

We did experiments by UOT March IT to demonstrate
the effectiveness of our control method.

A. Model Following Control (MFC)

We utilize Model Following Control (MFC) in order to
generate the reference of the vehicle dynamics, or the ”de-
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sired” response to driver’s input [2]. In this paper, MFC
calculates the desired value By.f.
We use linear state equations expressed by Equ. (1) as

the desired model. Using Equ. (1), Brey is:

(s — a22)b11 + a12b2y
(3 - an)(s - CL22) — a12G21

6ref =

b (18)

where matrix A and B are defined in Equ. (1)
If we can keep 3 following the desired value B,.s freely,
EVs’ movements and safety will be improved dramatically.

B. Design of body slip controller

The proposed control diagram is Fig. 9. We control
body slip angle 3 by yaw rate N. We use linear two wheel
(Equ. 1)model for PID controller to make EV’s advantage,
that is ”motor’s torque generation is fast and accurate”.

Fy5 is transfer function from input yaw moment N to
body slip angle 3.

a12b22

= 19
- (3 - an)(s - CL22) — 012G21 ( )
Transfer function from B,.¢ to 8 in Fig. 9 is:
CF
B 12 (20)

6ref - 1+CF12

To decide poles of the transfer function in Equ. (20)
freely, we use PID gain (Equ. (21)).

K3

C:Kls+K2+? (21)

By Equs. (19), (21) and (20), we can get following equation.

g _ (K15% + Kos+ Ky 2bao
Brer 83 —sHa11a22 —a19021) + K152+ Kos+ K3Ju12b22

This denominator of Equ. (22) is:
denominator = §° + s*(—a11 — as + Kia12bg2)
+s(a11a22 — a12a21 + Kaa12b22)  (23)
+ K3ai12b22
(24)
By pole placement method, we design this denominator as:

denominator = (s — a)(s — B)(s — ) (25)

a, 3 and ~ are poles of Equ. (20)
By Equs. (23) and (25), PID gains are expressed in
Equ. (28).

aﬁv = —K3ai12bao

aff + By +ya = ar1a22 — a12021 + Kaai2bao (26)
a+ [ +v=—(—ai1 —az + Kiai2b)
(3
a1 +azx— (a+58+7)
K=
a12b22
Ky— aB + By +ya — ar1az + azan (27)
a12b22
Km0
a12b22

VII. EXPERIMENTAL DEMONSTRATION FOR CONTROL
AND ESTIMATION BY UOT MARCHI]

A. Experiment setup for the proposed control

We did some experiments by UOT MarchIl to verify
the effectiveness of proposed controller. Two patterns of
experimental conditions were shown. One experiment was
did in linear region. Another experiment was did in non
linear region.

B. Estimation and contorl results

Two experiments’ results under the difference conditions
are shown as Figs. 10 and 11.

Fig. 10 is experimental results in linear region. Speed is
40km /h and driver’s input steering wheel angle § is 80[deg].
Fig. 10 (a-1) is body slip angle 8 with control and with-
out control to verify the proposed control. Fig. 10 (a-2) is
estimation and measured body slip angle § with control.
Fig. 10 (b) and (c) are measured and output a, and .
Fig. 10 (d) is reference and estimation by Equ. 3. Fig. 10
(e) is actual steering angle d; at tire.

Fig. 10 (a-1) shows us that body slip angle (§ is sup-
pressed by the proposed control. This figure demonstrates
the effectiveness of the novel control. In Fig. 10 (a-2), esti-
mated [ coresponds with measured 3. This figure demon-
strates that the novel proposed observer can estimate 3 in
linear region even if 3 is controlled by yaw moment N.

Fig. 11 is experimental results in non-linear region.
Speed is 40km/h and driver’s input steering wheel angle
J is 150[deg].

Fig. 11 (a-1) shows us that body slip angle § can be
suppressed by the proposed control even if in non linear
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region. In Fig. 11 (a-2), estimated § coresponds with mea-
sured 8. This figure demonstrates that the novel proposed
observer can estimate 3 exactly in non linear region under
the proposed control.

VIII. CONCLUSION

In this paper, we proposed novel methods to estimate
and to control g for EVs. The improved observer is based
on acceleration and yaw rate y sensors. By this method, we
can estimate 3 robustly and accurately. The results of ex-
periments by using UOT March II demonstrated that the
proposed observer could estimate 3 exactly and robustly.

Next, We utilize MFC and PID controller for EVs’ mo-
tion control by yaw moment N. Experimental results by
by UOT March II demonstrate the effectiveness of the pro-
posed method and show us that the proposed linear ob-
server can estimate 3 under the novel control in any region.
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