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A New Application of the Extended
Kalman Filter to the Estimation

of Roll Angles of a Motorcycle with
Inertial Measurement Unit

The capability of providing a real—time reliable measure of the actual roll
angle is of great importance for the racing motorcycle dynamics. This
study presents a method based on an Extended Kalman Filter (EKF) for
the estimation of the actual roll angle of a motorcycle equipped with an
Inertial Measurement Unit (IMU), with the advantage of not needing the
development and implementation of a complete motorcycle model. Measured
data which, depending on the additional instrumentation available on the
motorcycle, do not form a complete set of input data for the estimation
algorithm, induce the introduction of approximations affecting the accuracy
of the results. A thorough error analysis is carried out by means of
numerical simulations along with experimental validations. As a result, a
novel approximate form for the kinematical model of the IMU is developed,
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yielding an overall good accuracy in the roll angle estimates.

Keywords: Motorcycle kinematics, Motorcycle dynamics, roll angle
estimation, real time estimation, Extended Kalman Filter.

1. INTRODUCTION

The roll angle plays a fundamental role in the dynamics
of motorcycles, since it greatly affects the behaviour of
the tyre—road contact forces [1]. Hence, the capability of
providing a real-time reliable measure of the actual roll
angle is of paramount importance for any advanced
braking, traction and stability control systems. More
over, this would provide essential data for active or
semi-active suspension systems [2, 3], for improving the
development of innovative suspension systems [4], and
for a deeper understanding of motorcycle unstable
behaviours due to interactions between longitudinal and
lateral dynamics (like chattering [5, 6, 7] in the presence
of a lean angle).

Direct measurement with non—contact distance optical
sensors, when applicable, is perhaps the most precise
estimation technique of roll angles: capabilities and
limits of optical sensors, due to interaction between the
light diffused by the asphalt and the motorcycle speed,
are investigated and discussed in [8].

Several methods of motorcycle model-based
estimation have been developed, for application when
direct measurement of the roll angle (for example, with
non—contact distance optical sensors) cannot be
available. One of the most effective tools in this field is
the Extended Kalman Filter (EKF), which yields
optimal estimates for the state of non—linear models
with additive independent white noise in both the
transition and the measurement systems [9, 10].

Common purpose of several proposed methods, also
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patented [11-13], is to devise robust estimation methods
with low cost (and small size) equipment [14]. An EKF
is adopted in [15] to determine the roll angle by means
of low cost sensors, using as state estimator a multibody
motorcycle model with four rigid bodies. Another roll
angle estimation method based on a minimum set of
sensors is presented in [16], using a couple of
gyrometers feeding a non-linear EKF. A very simple
motorcycle mathematical model is adopted (single rigid
body in cornering steady state leaning motion, taking
into account tyre geometry and gyroscopic effects),
yielding errors with maximum of about 4° and r.m.s. of
1.5° with respect to multibody simulation, maximum of
about 10° and r.m.s. of 4° with respect to experimental
roll estimation from laser sensors. A simultaneous
estimation method of leaning and steering dynamics is
proposed in [17], adopting a motorcycle multibody
model consisting of two rigid bodies and 4 degrees of
freedom, as described in [18], with a nonlinear unknown
input observer syntesis based on a Takagi-Sugeno fuzzy
structure. In [19] the same multibody model is applied
to a nonlinear unknown input observer synthesis, in this
case based on a high order sliding mode observer. The
latter identification technique is adopted also in [20],
applied to a multibody motorcycle model with 11
degrees of freedom.

Other methods are based on image (camera data)
processing only, without using any motorcycle model.
In [21] the roll angle/rate is estimated from gradient
information of grey—value images, yielding mean errors
of about 2°; an improved version of this identification
algorithm is presented in [22], with comparison of the
results with those obtained using an IMU-based roll—
angle estimation (implementing a simplified roll angle
model neglecting gyroscopic effects, together with
Combined filter method and Kalman filter methods). A
different technique is proposed in [23], using four
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gyroscopes installed in special positions plus encoder,
and applying a frequency separation filtering of measured
data, yielding peak estimation errors of about 5°. The
same authors developed a different version of their
method [24], without using the speed signal and
assuming steady state cornering, negligible gyroscopic
effects on roll angle, horizontal track, null tyre thickness
and rider centre of gravity on symmetry plane.

In this study a new EKF-based method is presented
for the roll angle estimate of a racing motorcycle
equipped with an Inertial Measurement Unit (IMU).
Further instrumentation includes either a phonic wheel
(providing the velocity of the front wheel centre, by
means of rolling-radius maps) or a Global Positioning
System sensor (GPS).

An EKF is implemented on—board, in this case aimed
at estimating the actual state of the IMU (yielding real—
time roll angle estimates), and not the state of the whole
motorcycle, with the advantage of not needing the deve-
lopment and implementation of a complete motorcycle
model, especially when used in conjunction with a GPS.

Measured data which, depending on the additional
instrumentation available on the motorcycle, do not
form a complete set of input data for the estimation
algorithm, induce the introduction of approximations in
the kinematical equations modelling the IMU. Hence,
the main concern becomes the analysis of the
consequent errors affecting the accuracy of the roll
angle estimates, which has been carried out by means of
numerical simulations and experimental validations. As
a result, a novel approximate form for the kinematical
model of the IMU is developed, yielding an overall
good accuracy in the roll angle estimates.

2. MATERIALS AND METHODS

A Ducati racing motorcycle (maximum power: 250 hp,
capacity: 1000 cm’®, weight without rider and fuel: 157
kg, maximum speed: 350 km/h) was tested, as displayed
in Figure 1 (instrumented with optical sensors), and an
algorithm was developed for real-time estimates of roll
angles.

2.1 Sensors

The racing motorcycle under test was equipped with an
IMU fixed on its main frame (constituted by 3
accelerometers and 3 gyroscopes Micro Electrical
Mechanical System MEMS, measuring 3 acceleration
components and 3 angular velocity components) and a
phonic wheel sensor (for estimating the longitudinal
velocity component); further onboard sensors provided
the relative instantaneous position of the centres of the
IMU and of the front and rear wheels. Rolling radius
maps (both front and rear), racetrack altimetry (height
and slope) and yaw velocity were available as well.

For additional testing, the motorcycle was also
equipped with a Global Positioning System (GPS,
yielding the instantaneous position of a fixed point on
the motorcycle), and of non—contact distance optical
sensors measuring the instantaneous roll angle ¢ with
respect to the surface of the track, set as represented in
Figure 2:
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go=atan(d1 ;dzj )

which provided the data used for testing the proposed
estimation algorithm [8].
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Figure 1. Racing motorcycle under test.
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Figure 2. Setting of laser sensors for roll angle ¢.

2.2 Reference systems

The measured and estimated kinematical parameters are
defined with respect to three different coordinate sys-
tems, which referring to Figure 3 are: an inertial
coordinate system (O; X,Y,Z); an intermediate system
(C; x,3,2), with origin C placed at the ground contact
point of the rear wheel, and axes orientation due to a
simple rotation  with respect to Z (yaw angle); a third
system (C; &,1,¢), with origin C and same orientation as
the motorcycle’s main frame (assumed as a rigid body).
The orientation of system (C; &7, ) is given by two
consecutive rotations ¢ and 4 around x and y (roll and
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pitch angles respectively). Therefore, the sequence of
rotations from (O; X,Y,Z) to (C; & 1,¢) follows the yaw—
roll-pitch convention. If R is the rotation matrix from (C;

&n,8) to (0; X,Y,Z), then:
R'"=R,R R,

CyCy =S98,

RT = —C4Sy, c,C,, s, (2)

@

CySy +858,C,  —S,C,

S(‘) c’tf,' + c'19 Sq‘? S'Lj‘; s'ﬂ Sw - c'19 §,C, c'ﬂ Cq’)

(ot V)

) ¢, =cos(-)

with § @
S, =sin(")

where the roll angle ¢ can be obtained from ¢ as in (1)
knowing the actual lateral slope of the track. In Figure 3
point P represents the centre of the IMU, fixed to the
motorcycle’s main frame. The coordinate system origin
C has been positioned at the ground contact point of the
rear wheel since this is convenient for estimating the
longitudinal velocity component (say U) using the
phonic wheel. Otherwise it would be more convenient
positioning C on the GPS sensor.

2.3 Exact kinematical relations

Given a vector b whose components are the co- ordi-
nates of C in the inertial reference system, plus the
coordinates of P in the intermediate reference system (in
the following referred to as x = xp, ¥ = yp, z = zp), plus
the yaw, roll and pitch angles:

b=[Xc.Y.Zc,x,y,2,0,0,7] 3

then the acceleration and angular velocity measured by
the IMU can be expressed in exact form as functions of
b and its first and second derivatives with respect to
time. The components of the IMU absolute angular
velocity @ can be written in the (C; &7,4) coordinate
system as functions of the angles y;, 4, @, and of their
first time derivatives:

w | [0 é 0
o=|w, |=|J|+R,|0 |+R,R,|0 =
w | |0 0 )
- NG
Cy 0 —8yCy ¢
=[0 1 s, ||V
s, 0 ¢y, ¢_

The components of the absolute acceleration of P in
the same reference system (C; & 17,4 ), derived in the
appendix, are given by:

de | |u u 3
a,=|a, |=|v [tOx|v |+Ox|n |+
a. w w ¢
e - " ®)
r €] ¢
+ox|ox|n ||+20x|10 |[+|1F
L L KIS
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where u, v, w are the velocity components of C with
respect to the (C; & 1,¢{) coordinate system. Equations 5
can be rewritten in the form:

u Ww, — VW,
a,=|v |+|uw, —ww, |+
W v, —uw,
1
. . 2 2
(w" -, —f(wn +w<)+7]w£wn +CW§W<

W, —Cuw, |+ —77(w£2+w§)+§wnw£+Cwnwg +(6)

. . ,
nw, —&w, —((w; +w,) +&ww, +nww,

ht
<Wu - ﬁwq f
+2| Sw, —Cw, |+ 7]
ﬁwg - éwn C
——

1 v

where 1 + I represents the drag acceleration, 1 the
Coriolis acceleration and 1v the relative acceleration.
Adding the gravitational acceleration to (6) yields the
components measured by the IMU:

0 —5,C,
Apyu,a =@p t R|0 |=a,+g Sy @
g cﬂcm

which in the following will be referred to as ‘equations
A’ (exact form).

INERTIAL (X, Y, Z
SN muen o P

¢ INTERMEDIATE (x, y, 2)

Figure 3. Coordinate systems.
2.4 Approximated kinematical relations

Approximated forms for equations A are sought, for
testing the possibility of using the estimation algorithm
with a reduced set of input data. If the quantities:

éa 779 éa Ea ﬁa é:’ W£, wn’ C‘JC’
(®)

2 02 2
We» Wy W¢» Weldy, WylWe, Wele

can be neglected, then in (6) the terms given by 11 + 111 +
IV are negligible with respect to the terms in I, leading to
a first level of approximation (in the following referred to
as ‘equations B’):

u+ww, —vw, —=S,C

()

el s | ©)

WHvw, —uw, C,Cy

Ay p S| VHUW, —WW
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If the velocity components of C are expressed with
respect to the intermediate coordinate system (C; x,y,2):

u U Ucy +Vs,s, — Wc@s19
v |=R,R |V |= Ve, + Wsc_,) (10)
w

W] |Us, ~Vs,c, +We,c,
then their time derivatives take the form:
Ucl, + Vsésl, - W%Sﬁ + 8,

= VC@ + Ws(D +0,

= < =

Us, —Vs,cy+Weye, +0,

QY
B,==Us,0+Vc,s,0+Vs,c,0+Ws,s,p-Wc,c,J
B, :—Vs@gz.5+Wc¢gb
B, = Ucl,ﬁ—Vc@cl,<ﬁ+ Vs@sﬂﬁ—Ws@cI,(ﬁ—Wc,‘sl,ﬁ‘

[
If in (11) the terms depending on U,V (i.e. on the time
derivatives of ¥ and ¢), can be neglected, then:

Uc,+Vs,s, —-We,s,

) [0 lagV)

Ve, +Ws, (12)

= < o=
13

Us,—Vs,c,+Wcye,

which, introduced in (9) along with (10), give a further

level of approximation (in the following referred to as

‘equations C’):
—SyC,

ayyc=a+g| s

s
¢,
Uey +Vsysy=Weysy)+og, w, —og; w,

e

a= (Vca + I/I'/sd))+a22 W, — 0y Wy

Us,— Vs,cy+ ch)cﬂ) +tom, W —ag w,

oy, =Us, —Veye, +Weycy, oy =Ve, +Ws, (13)

o}

oy, =Ucy +Vs s, —We,s,, an =Us; —Ve,c,+Weyc,

Ogy =0y =Ve, +Ws,,  agy =y, =Uc, +Vs,s, —We,s

(o]

Introducing (10) and (11) in (12), if V, W, their time
derivatives and the time derivative of ¢ can be neglected,
yields:

Ucy+Us,w, =84C,
apyp = UcﬂuQ—Usﬂw5 +g| s, (14)
Us,-Ucyw, CyC,

which represents the highest level of approximation here
considered (in the following referred to as ‘equations D’).

3. RESULTS AND DISCUSSION
The instrumented racing motorcycle as in Figure 1 was

tested on racetracks; in particular, data were recorded at

258 = VOL. 48, No 2, 2020

the Mugello and Misano Adriatico racetracks (Italy),
shown in Figure 4.

The possibility of using the estimation algorithm
with a reduced set of input data was first assessed,
followed by a thorough analysis of the induced errors.

Curvone me g1 1

Misano
/e Adriatico

Figure 4. Mugello and Misano Adriatico racetracks (Italy).
3.1 Roll angle estimation via EKF

An EKF [9, 10] is an optimal estimator for the state of a
non—linear model with additive independent white noise.
It operates on a non—linear dynamic system discretized
in the time domain, described by two sets of equations,
representing the state—transition and the observation
models:

{Xk :f(xk—l’uk)+vk (15)

z, =h(x,u,)+w,

where x is the state vector, u is the control vector, z is
the observation or measurement vector, f is the state—
transition function, % is the observation function, v and
w are the process and measurement noises (assumed to
be zero—mean Gaussian with covariance matrices Q and
R, respectively).

In the present study the state vector (to be estimated)
contains the roll angle ¢ and the pitch angle 9 of the
motorcycle, while the observation vector is represented
by the acceleration components measured by the IMU
fixed on the main frame of the motorcycle:

x=[¢p 9]'. z=[a, a, a]. (16

The input vector u contains the angular velocity com-
ponents measured by the IMU, the gravitational
acceleration g, the yaw velocity, the yaw angle (computed
integrating the yaw velocity), the velocity components U,
V, W and their first derivatives with respect to time.

FME Transactions
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Figure 5. Roll angles (above, normalized to maximum absolute value) and relative errors (below, normalized to maximum absolute

value), Mugello racetrack (Italy). Experimental laser (red) vs EKF eqs. D (blue) vs tuned EKF eqgs. D (green).

Figure 6. Comparison among estimates of acceleration a, (longitudinal), equations A to D.
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Figure 7. Comparison among estimates of acceleration a, (lateral), equations A to D.
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Figure 8. Errors e (absolute values) in the acceleration estimates.

3.2 Using a reduced set of input data

After checking the settings of the IMU and optical
sensors (the latter used for reference), equations D (14)
were implemented in the EKF for a first assessment of
the possibility of using the estimation algorithm with a
reduced set of input data: in this case the components of

u simply consist of w,, W, We» & Y5 zb, U,U.

Since U can be computed starting from the velocity
of the front wheel center (using the phonic wheel), the
GPS signals are unnecessary for this application.

Figure 5, referring to data recorded at the Mugello
racetrack, shows a comparison between measured roll
angles (red line) and EKF estimates using equations D
(blue line). The reported values of both roll angles and
relative errors are normalized (for protecting reserved
data) with respect to their maximum absolute values on
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the whole manoeuvre (not completely displayed); the
errors of the estimates reported in Figure 5 reach
maximum absolute values of about 7°, and average
values between 3° and 4°. Which results are not
sufficiently accurate, in general over—estimating the
reference values, especially at high lean angles (¢> 45°).

An improvement was then sought by tuning the EKF
following a trial-and—error procedure, acting on both
filtering the input signals and setting the covariance
matrices Q and R of the process and measurement
errors. This led to a global improvement, as shown in
Figure 3, green line, but at high lean angles (¢ > 45°)
the accuracy was not satisfactory yet.

Which means that the approximations that led to
equations D (neglecting the lateral and vertical velocity
components V and W, their time derivatives, and the
time derivative of the pitch angle 9) are too strong.

FME Transactions
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Figure 10. Errors & (absolute values) in the estimates of roll angle ¢.

3.3 Experimental results and error analysis

A different kind of analysis was then performed, based
on tests carried out at the Misano Adriatico racetrack,
and aimed at evaluating how much each level of
approximation (equations B, C or D) can affect the
accuracy of the estimates. First the accelerations ap,
simulated feeding equations A with filtered experimental
signals, were compared with those simulated using
equations B (9), C (13) and D (14). Figures 6 and 7

FME Transactions

show the comparison among acceleration components,
while Figure 8 represents the absolute values of the
relative errors in each component. Equations B provide
an excellent approximation in any case, Equations C
give very good results in the longitudinal and lateral
components, while equations D yield the largest errors.
The roll angles were then estimated via EKF, using
the accelerations ap simulated with equations A (7) as
observation vector z in (15) and (16). The results were
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compared with the estimates obtained by ap simulated
using equations B, C and D as observation vectors z. As
shown in Figures 9 and 10, equations B (9) yield an
optimal approximation, equations C (13) still a good
approximation (average error less than 1°, maximum
error less than 2°), while equations D are not accurate
enough. The same conclusions could be drawn after
noise addition to the measures z in (15) and (16), as
shown in Figures 11 and 12.

80

This confirms that the approximations leading to
equations D (neglecting the lateral and vertical velocity
components V' and W, their time derivatives, and the
time derivative of the pitch angle) are too strong for
applications in racing motorcycles, while equations C
(which require GPS measures) allow a relevant error
reduction (average error less than 1°, and maximum
error less than 2°). Equations C (13) can therefore be
conveniently adopted as an approximate form for the
kinematical model of the IMU.
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Figure 12. Errors ¢ (absolute values) in the estimates of roll angle ¢ (input data with additional noise).
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4. CONCLUSION

In this study an EKF-based method has been presented
and discussed for real-time roll angle estimates of a
racing motorcycle, having the advantage of not needing
the development and implementation of a complete
motorcycle model. Instrumentation includes an IMU and
either a phonic wheel or a GPS sensor.

A first assessment regarded the possibility of using
the estimation algorithm with a reduced set of input data
(IMU and phonic wheel signals). The results were not
really accurate, showing the tendency to over—estimate
the actual reference values, especially at high lean angles.
Not even with an optimal tuning of the EKF the desired
accuracy could be achieved.

A thorough analysis of the errors induced by
incomplete sets of input data has then been performed with
numerical simulations and experimental validations. An
approximate form for the kinematical model of the IMU
has been identified, which requires GPS measures, yielding
an overall good accuracy in the roll angle estimates.

The proposed method can be successfully applied on
racing motorcycles for real-time roll angle estimates,
improving the quality of vehicle dynamics controls.

APPENDIX

Recalling Figure 2, the position of point P (centre of the
IMU) can be expressed in the inertial reference system
(0; X,Y.Z) as:

(P- O)X,Y,z =(C- O)X,Y,z +(P- C)X,Y,z

(A1)
= (C_O)X,Y,Z +R(P—C)£,

7,¢

where R is the rotation matrix from the moving reference
system (C; £,1,() to (O; X,Y,Z). Then:

(P_O)X,Y,Z =q,

(C_O)X,Y,Z =qc
(P_C)&’Iw( ErP (Az)
q,=q.+ Rr,

q,=9qc+ RrP+ R,

d,=4.+ Rr, +2R¥, + R¥,

If o is the absolute angular velocity of the motorcycle
main frame expressed in the moving reference system,
then the following matrix notation can be adopted:

0 W, —w,
oxv=Q,v, Q,,=-w 0 we | (A3)

w, —W 0

where v is a generic vector. The skew symmetric matrix
Qpu can also be expressed in the inertial reference system
(say Qn), and as a function of the rotation matrix R:
y
Q..=RR Q
> T
Q. =RR

MU — RTQIN R

A4
Qy :RQIMURT A9

Substituting in (A2) the time derivatives of the rotation
matrix R given in (A4) yields the absolute acceleration
of point P in the inertial reference system (O; X,Y,Z):

FME Transactions

. 2 -
aP(();X,Y,Z) _qC +QIN RrP+ sIIlerP +

+ 2Q R¥1, + RY,

(A5)

The same can be expressed in the moving reference
system as:

_pT
aP (C; €m0 — R aP (0;X,Y.,Z)" (A6)

Introducing the absolute velocity of C expressed in the
moving reference system (say uc):

R'q. = u, ={u v W}T (A7)
and considering that:
Q,, =R'Q R+R'Q R+R'Q R=

=—0Q2 +R'Q R+ Q% =R'Q R(Ag)
MU IN MU IN

then (A6) takes the form:

_ 2
Apcieme) =Ue Tt Qe+ QT +
. L (A9)
+ Qo+ 2Q 1+ Iy

which, recalling (A3), yields immediately (5).
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NOMENCLATURE

acceleration

gravitational acceleration
state transition function
observation function
rotation matrix

control vector

longitudinal velocity component
process noise vector

lateral velocity component
measurement noise vector
normal velocity component
observation vector

N ¥ 2 < < = g &5 >~0mn 8

absolute roll angle

relative roll angle (w.r.t. track lateral slope)
pitch angle

absolute angular velocity

< & ©s &

yaw angle

HOBA ITPUMEHA MPOIIUPEHOI' KAJIMAH
OUNIITPA 3A TIPOLEHY
YI'JIOBA KOTPJbAIbA MOTOIIUKJIA CA
JEJANHUIIOM 3A MEPEILE NHEPIIMJE

P. Pomyannu, H. Manhunesu, A. e ®eanhe,
C. CopeHTHHO

CrocobHOCT Ha ce y CTBapHOM BpEMEHY II0Yy3aHO
U3MEpH aKTyellHH yrao KOTpJbama je OJ BEJIHKEe BaX-
HOCTH 3a JUHAMHUKY TpKauykux Morolukana. OBo HCT-
paXuBame MpPEeACTaB/ba METOAY 3aCHOBaHy Ha IIpo-
mmpeHoM Kanman ¢untpy (EK®) 3a nporeny peanHor
yIila KOTpJbakha MOTOLHUKIIA ONIPEMJBEHOT jeJUHHUIIOM 3a
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uHepuujamHo Mepewe (UMY), rae je mpemrHocT To mro
HHUje TOTpeOHO pa3BUjaTH U NPHUMEHHUTH KOMILICTaH
MoJiel MOTOLMKNIA. V3MepeHu monany Koju, y 3aBHC-
HOCTH O]l [MOJaTHE WHCTPYMCHTAIMje MOCTyNMHE Ha
MOTOLIMKITY, HE (OPMHpPajy KOMIUICTaH CET YJIa3HHX
MoJaTaka 3a aurOpUTaM MpOIleHe, UHIYKYjY yBoheme

FME Transactions

arnpoKCUMalfja Koje YTHYy Ha TadyHOCT pe3yJTara.
JertapHa aHanmM3a rpelllaka BpIIM C€ HYMEPUYKUM
CUMyJalldjama, 3ajelHO ca CKCICPUMCHTAIHUM IMOTBp-
huBamuma. Kao pesynrar Tora, pasBujeH je HOBH
npuOIKHN 00JIHK 32 KHHeMaTtniku mozen UMY, koju
Jiaje OMIITY 10OPY TaYHOCT Y MPOLCHH yIiia KOTPJhamka.
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