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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, 
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 

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 cm3, 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 ϕ with 
respect to the surface of the track, set as represented in 
Figure 2: 

 1 2atan
d d

p
ϕ

⎛ ⎞−
= ⎜ ⎟

⎝ ⎠
 (1) 

which provided the data used for testing the proposed 
estimation algorithm [8]. 

 
Figure 1. Racing motorcycle under test. 

ϕ

 
Figure 2. Setting of laser sensors for roll angle ϕ. 

 
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,y,z), with origin C placed at the ground contact 
point of the rear wheel, and axes orientation due to a 
simple rotation ψ with respect to Z (yaw angle); a third 
system (C; ξ,η,ζ ), with origin C and same orientation as 
the motorcycle’s main frame (assumed as a rigid body). 
The orientation of system (C; ξ,η,ζ ) is given by two 
consecutive rotations φ and ϑ 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; ξ,η,ζ ) follows the yaw–
roll–pitch convention. If R is the rotation matrix from (C; 
ξ,η,ζ ) to (O; X,Y,Z), then: 
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where the roll angle φ can be obtained from ϕ 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, y = yP, z = zP), plus 
the yaw, roll and pitch angles: 

 [ , , , , , , , , ]C C CX Y Z x y z=b ψ φ ϑ  (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 ω can be written in the (C; ξ,η,ζ ) coordinate 
system as functions of the angles ψ, ϑ, φ, and of their 
first time derivatives: 
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The components of the absolute acceleration of P in 
the same reference system (C; ξ,η,ζ ), derived in the 
appendix, are given by: 
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where u, v, w are the velocity components of C with 
respect to the (C; ξ,η,ζ ) coordinate system. Equations 5 
can be rewritten in the form: 
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where I + II represents the drag acceleration, III the 
Coriolis acceleration and IV the relative acceleration. 
Adding the gravitational acceleration to (6) yields the 
components measured by the IMU: 
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which in the following will be referred to as ‘equations 
A’ (exact form). 
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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: 
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can be neglected, then in (6) the terms  given by II + III + 
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’): 
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If the velocity components of C are expressed with 
respect to the intermediate coordinate system (C; x,y,z): 
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then their time derivatives take the form: 
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If in (11) the terms depending on U,V,W (i.e. on the time 
derivatives of ϑ and φ), can be neglected, then: 
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which, introduced in (9) along with (10), give a further 
level of approximation (in the following referred to as 
‘equations C’): 
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Introducing (10) and (11) in (12), if V, W, their time 
derivatives and the time derivative of ϑ can be neglected, 
yields: 
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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 

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. 

 
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: 
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where x is the state vector, u is the control vector, z is 
the observation or measurement vector, f is the state–
transition function, h 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 φ and the pitch angle ϑ 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: 

 [ ] TT , a a aξ η ζφ ϑ ⎡ ⎤= = ⎣ ⎦x z . (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. 
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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 eqs. D (green).  
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Figure 6. Comparison among estimates of acceleration aξ (longitudinal), equations A to D. 
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Figure 7. Comparison among estimates of acceleration aη (lateral), equations A to D. 

 
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 , , , , , , ,g U Uξ η ζω ω ω ψ ψ . 

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 

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 (φ > 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 (φ > 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 ϑ) are too strong. 
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Figure 9. Comparison among estimates of the roll angle φ, equations A to D. 
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Figure 10. Errors ε (absolute values) in the estimates of roll angle φ. 

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 

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. 

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 11. Comparison among estimates of the roll angle φ, equations A to D (input data with additional noise). 
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Figure 12. Errors ε (absolute values) in the estimates of roll angle φ (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 
(O; X,Y,Z) as: 

 , , , , , ,

, , , ,

( ) ( ) ( )

           ( ) ( )
X Y Z X Y Z X Y Z

X Y Z

P O C O P C

C O P C

− = − + −

= − + −R ξ η ζ

 (A1) 

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

 

, ,

, ,

, ,

( )
( )
( )  

                         
              

2  

X Y Z P

X Y Z C

P

P C P

P C P P

P C P P P

P O
C O
P C

− ≡
− ≡
− ≡

= +
= + +
= + + +

q
q
r

q q R r
q q R r R r
q q R r R r R r

ξ η ζ . (A2) 

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

 IMU IMU

 0   
,  0   

   0

⎡ ⎤−
⎢ ⎥× = = −⎢ ⎥
⎢ ⎥−⎣ ⎦

ω v Ω v Ω
ζ η

ζ ξ

η ξ

ω ω
ω ω
ω ω

 (A3) 

where v is a generic vector. The skew symmetric matrix 
ΩIMU can also be expressed in the inertial reference system 
(say ΩIN), and as a function of the rotation matrix R: 

 
T T

IMU IMU IN
T T

IN IN IMU 
= =

⇒
= =

Ω R R Ω R Ω R
Ω R R Ω RΩ R

 (A4) 

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): 

 
2

( ; , , ) IN IN

IN                2
P O X Y Z C P P

P P

= + + +

+ +

q Ω R r Ω R r

Ω R r R r

a
. (A5) 

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

 T
( ; , , ) ( ; , , )P C P O X Y Z= Rξ η ζa a . (A6) 

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

 { }TT
C C u v w=R q u  (A7) 

and considering that: 

 
T T T

IMU IN IN IN

2 T 2 T
IMU IN IMU IN        

= + + =

= − + + =

Ω R Ω R R Ω R R Ω R

Ω R Ω R Ω R Ω R
 (A8) 

then (A6) takes the form: 

 
2

( ; , , ) IMU IMU

IMU IMU              2
P C C C P

P P P

= + + +

+ + +

u Ω u Ω r

Ω r Ω r r
ξ η ζa

 (A9) 

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

a acceleration 
g gravitational acceleration 
f state transition function 
h observation function 
R rotation matrix 
u control vector 
u longitudinal velocity component 
v process noise vector 
v lateral velocity component 
w measurement noise vector 
w normal velocity component 
z observation vector 

 
φ absolute roll angle 
ϕ relative roll angle (w.r.t. track lateral slope)  
ϑ pitch angle 
ω absolute angular velocity  
ψ yaw angle  
  

 

 
НОВА ПРИМЕНА ПРОШИРЕНОГ КАЛМАН 

ФИЛТРА ЗА ПРОЦЕНУ 
УГЛОВА КОТРЉАЊА МОТОЦИКЛА СА 
ЈЕДИНИЦОМ ЗА МЕРЕЊЕ ИНЕРЦИЈЕ 

 
Р. Ромуалди, Н. Манћинели, А. де Фелиће, 

С. Сорентино 
 

Способност да се у стварном времену поуздано 
измери актуелни угао котрљања је од велике важ-
ности за динамику тркачких мотоцикала. Ово ист-
раживање представља методу засновану на про-
ширеном Калман филтру (ЕКФ) за процену реалног 
угла котрљања мотоцикла опремљеног јединицом за 
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инерцијално мерење (ИМУ), где је предност то што 
није потребно развијати и применити комплетан 
модел мотоцикла. Измерени подаци који, у завис-
ности од додатне инструментације доступне на 
мотоциклу, не формирају комплетан сет улазних 
података за алгоритам процене, индукују увођење 

апроксимација које утичу на тачност резултата. 
Детаљна анализа грешака врши се нумеричким 
симулацијама, заједно са експерименталним потвр-
ђивањима. Као резултат тога, развијен је нови 
приближни облик за кинематички модел ИМУ, који 
даје општу добру тачност у процени угла котрљања. 

 


