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Dual extended Kalman filter for vehicle state and
parameter estimation

T. A. WENZEL*{, K. J. BURNHAM, M. V. BLUNDELLY and R. A. WILLIAMS:#

FControl Theory and Applications Centre, Coventry University, Priory Street, CV1 5FB, Coventry, UK
+Jaguar and Land Rover Research, Whitley, UK

The article demonstrates the implementation of a model-based vehicle estimator, which can be used
for combined estimation of vehicle states and parameters. The estimator is realised using the dual
extended Kalman filter (DEKF) technique, which makes use of two Kalman filters running in parallel,
thus ‘splitting’ the state and parameter estimation problems. Note that the two problems cannot be
entirely separated due to their inherent interdependencies. This technique provides several advantages,
such as the possibility to switch off the parameter estimator, once a sufficiently good set of estimates
has been obtained. The estimator is based on a four-wheel vehicle model with four degrees of freedom,
which accommodates the dominant modes only, and is designed to make use of several interchangeable
tyre models. The paper demonstrates the appropriateness of the DEKF. Results to date indicate that
this is an effective approach, which is considered to be of potential benefit to the automotive industry.

Keywords: Vehicle dynamics control; Dual extended Kalman filter; State and parameter estimation;
Modelling and simulation technology

1. Introduction

The automotive industry has made significant technological progress over the last decade or
so concerning active vehicle stability control, and hence improved safety, by developing and
introducing microprocessor control systems. Among these controllers are systems such as
the anti-lock braking system, active roll control, active front steering and electronic stability
programs [1]. Effective operation of each of these systems depends on an accurate knowledge
of the vehicle states, such as velocity, lateral acceleration, yaw rate, as well as vehicle and tyre
side slip. Due to physical and economic reasons, only a few of these states can actually be
obtained by measurement, thus the knowledge of the majority of these states is required to be
obtained by online estimation. As the control systems currently operate independently, their
functions are based on their individual vehicle state estimations. For a vehicle manufacturer,
it may be more desirable to develop a coordinated approach, overseeing these control systems
by designing a single state estimator, which is common to all systems, and hierarchically
configured to provide the necessary states.
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Accurate knowledge of vehicle states is essential and, not surprisingly, there are different
approaches for their estimation. However, most of these approaches are not without their
restrictions and limitations. Many of the estimators work only with a reduced number of states
or a reduced vehicle model, such as a bicycle model. Approaches can be found that use this
model for the estimation of side slip angle and yaw rate [2] or for lateral acceleration, yaw
rate and tyre slip angles [3, 4].

Other approaches make use of more comprehensive vehicle models, such as a four-wheel
model. For example, in ref. [5], use is made of a four-wheel model to estimate lateral velocity
and yaw rate, as well as the vehicle’s roll motion, but it has the drawback that the implemented
estimator requires the use of a whole set of additional costly acceleration sensors. A four-wheel
model is also used by Huh ef al. [6] to estimate longitudinal and lateral velocity and yaw and
roll motion.

All the above approaches have another common limitation. They use fixed vehicle param-
eters, such as mass, moments of inertia and/or position of the centre of gravity (cog), which
are assumed to be known. While approximate values for these parameters are known, such as
the weight of an empty vehicle, these parameters may vary significantly from one journey to
the next. For example, when comparing a vehicle occupied only by the driver with a vehicle
with passengers, additional luggage and a full fuel tank, then the mass could easily vary by
several hundred kilograms. There are approaches to estimate some of the parameters, such as
mass [7], but these depend on the existence of further measured states. It can be shown that
appropriate knowledge of these vehicle parameters is of importance for effective estimation of
the various vehicle states. Recognising the need for such knowledge, the estimator described
in this paper additionally estimates the parameters to achieve an improved estimation of the
vehicle states.

2. Vehicle model

The state and parameter estimator presented here is based on a four-wheel vehicle model,
which comprises four degrees of freedom: the motion in the longitudinal direction x, i.e. the
longitudinal velocity v, ; the motion in the lateral direction y or lateral velocity v, ; yaw around
the vertical axis z, described by the yaw rate v and roll with regard to the longitudinal axis x,
i.e. the roll angle ¢.

Other states that depend directly on these four states can be directly derived, such as longi-
tudinal and lateral accelerations a, and a,, or depend indirectly on these states, such as body
slip angle B and torque I" around the z-axis. The tyre states, such as wheel slip angle «;; and
slip rate s;;, as well as the wheel forward velocities v;; and rotational velocities w;; are also
of importance. Note that for the states concerning the tyres, the indices ij represent the tyre
location on the vehicle, where i indicates the front (f) or rear (r) tyre and j indicates the left
(1) or right (r) side.

The vehicle states are largely dependent on the key operating parameters of a vehicle. Of
particular importance here are the vehicle mass m, moments of inertia J, and J, and the
distances b and c between the centre of gravity and the front and rear axles, respectively.
Figure 1 illustrates the main states and parameters for a vehicle.

The interrelationships between the different vehicle dynamic states can be described by
differential equations. Various approaches for formulating these equations can be found in the
standard literature. The vehicle model implemented here utilises standard formulae, which
can be obtained from refs. [8, 9]. The differential equations for the calculation of longitudinal
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Figure 1. Tllustration of vehicle states and parameters.

and lateral acceleration are as follows:
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where the F’s denote the tyre forces acting in the vehicle coordinate system as follows:
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with #; and 7. denoting the front and rear track widths, respectively. For the roll motion only
the sprung mass is taken into account, where mg denotes the sprung mass, J;, the moment of
inertia around the longitudinal axis and & denotes the height of the cog. The constants « and
By denote the roll stiffness and roll damping, respectively.

The longitudinal and lateral velocities, the steer angle of the front wheels and the yaw rate
are then used as a basis for the calculation of the tyre slip angles «;; as well as the vehicle
body slip angle B:

)+ by
ag i = & — arctan <M> (10)
vy £t /2
Oyl r = arctan <——vy + .Cw ) (11)
v, £y /2
Uy
B = arctan | — (12)
Ux

The slip rates of the tyres are calculated based on the ratio between the rotational wheel
velocities w;; and the actual velocities v;; of the wheel centres on the road, following the
approach in ref. [10]:

a),-jr

= — 13
Sij o (13)
where
. tr
Vfl,fr = Veog + ¥ (ii — bﬂ) (14)
. 1
Uilir = Veog + ¥ (izr + Cﬁ) (15)

in which v, denotes the absolute velocity of the cog.

Due to longitudinal and lateral acceleration of the vehicle, the load distribution can vary
significantly during a journey. The load distribution can be expressed by the vertical forces
that act on each of the four wheels. These can be calculated as follows:

1 ayh\ ¢ 1 h

Foizfc = 3m8 + m[—f 7~ My (16)
1 a,h\ b 1 h

Fzrl,zrr = zmg +m ;r Z + Ema"z (17)

The lateral acceleration used in equations (16) and (17) is that which occurs at the cog. It
should be noted that, in general, this cannot be measured, because an accelerometer cannot
normally be placed in the exact cog, due to design constrictions. Also, the position of the
cog will vary depending on the actual load distribution of the vehicle. Consequently, the
measured and the actual acceleration will differ due to yaw and roll movement, depending on
the actual sensor position. A simplified approach for compensating for this discrepancy can
be found in ref. [11], which accommodates the additional acceleration measurement due to
both gravitational acceleration g and yaw acceleration 1/':

Ay sensor = (ay + 1./})64) cos ¢ + gsing (18)

where x, is the longitudinal distance between the accelerometer and the cog. However, not
only the roll angle ¢, but also the effects of roll rate ¢ and roll acceleration ¢ as well as
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yaw rate are required to be considered. Taking into account the accelerometer position with a
height &, above the roll axis, the longitudinal distance x, and lateral distance y, from the cog
and making use of the basic kinematic equations, which may be found in ref. [12], a refined
expression (superceding equation (18)) for the measured lateral acceleration can be deduced:

ay,sensor = (ay + i&xa - 1/}2)’a + d)hz - qazya) : COS¢ + 8 Sin¢ (19)

This can be simplified by using the approximations sin ¢ & ¢ and cos ¢ ~ 1 for small angles
of ¢. Furthermore, assuming a lateral position of the accelerometer over the vehicle’s centre
line along the x-axis, and defining the longitudinal position of the accelerometer as b, behind
the front axle, equation (19) can be simplified to:

Ay sensor = (ay + Tﬂ(b - ba) + ¢h2) + g¢ (20)

3. Tyre model

The whole motion of the vehicle is a direct result of the forces (neglecting the aerodynamic
forces) that are generated between the road and the four tyres. The dynamic equations outlined
above show that all states depend on the calculation of the vehicle accelerations, which in turn
depend very much on accurate knowledge of the tyre forces, as can be seen in equations (1),
(2) and (6). Because the actual tyre forces cannot be measured, they need to be calculated
based on the estimated and measured states.

There are different approaches for achieving this, such as the so-called ‘Magic Formula’
by Pacejka [13], the tyre model by Fiala [14] or the “TMeasy’ tyre model [15]. The estimator
described in this article is configured such that use may be made of any suitable tyre model,
thus facilitating comparison between the various approaches.

Essentially, the tyre models differ in terms of their relative complexities, i.e. number of
coefficients, which are specific for each particular model. The number of coefficients can vary
widely, e.g. from 9 in the Fiala model to 82 in the latest version of the Magic Formula. These
parameters are normally obtained by extensive experimental testing of tyres on a test rig.

The tyre models require certain common inputs, such as tyre slip angle, tyre slip rates and
vertical forces acting on each tyre. The example presented in section 5 makes use of both
the Magic Formula and TMeasy for determining the tyre forces. The Magic Formula is used
to calculate the longitudinal and lateral tyre forces F, and F), as well as the self-aligning
moments M by a scheme, which is given by the following equations [16]:

y = Dsin[C arctan{Bx — E(Bx — arctan Bx)}] 201
Y(X)=yx)+ S (22)
x=X+S (23)

where the general output variable Y in equation (22) is used to represent the tyre forces F,
and F), and self-aligning moments M, while the input variable X is used to represent tyre
slip rate s (when calculating FY) or tyre slip angle o (when calculating F, and M_). The main
issue is then the determination of the coefficients B, C, D, E, S, and S;,, which are calculated
using the vertical tyre force F;, the road friction u and the specific tyre model parameters.
Note that y and x in equations (21)—(23) are merely intermediate variables in determining the
general output Y (X).

In contrast to this approach, which calculates each directional force separately, the TMeasy
tyre model calculates the resulting force F on the tyre by a combination of rational and
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polynomial functions, as can be found in ref. [15]. Using the same notation as in ref. [15], the
force on the tyre as a function of slip is given by:

M 0 _ M
sUdF 1+a(o+dF0C;sM/FM)72)’ o= O<s<s
M
_ s—S
FO) =1 FY — (FM -~ F9)6>(3~20), 0= 0, s <5<sC 24
sG —s
FY, s > s6

where s denotes the resulting slip. The maximal possible resulting force is denoted by F¥
and the resulting force in full sliding condition is denoted by F¢. The corresponding slip rates
are denoted by s™ and s, respectively. The actual values for the forces FM and F© and the
slip rates s™ and s© are obtained by performing quadratic interpolation, depending on the
vertical force, using values specified in look-up tables. Furthermore, d F° denotes the overall
initial inclination of the horizontal tyre forces. The resulting force F may be decomposed into
longitudinal and lateral forces:

F, = Fcosu (25)
Fy = Fsina (26)

Despite the complexity of the tyre models, there are several reasons why such models do
not match the actual tyre forces perfectly [17]. For example, the rig testing may have taken
place under well behaved conditions corresponding to operation in a linear region, while the
tyres may find themselves in rapidly changing conditions and may even experience effects
of non-linear behaviour at the limit of the linear region. In addition, although representative
surfaces may be used for testing, these surfaces can differ significantly from the road surface on
which the tyres are subsequently used. Thus, when choosing and using a tyre model, due care
needs to be given, recognising that whilst a model may be quite advanced, it will nevertheless
introduce an element of uncertainty into the overall vehicle model.

4. Dual extended Kalman filter

The state and parameter estimator proposed in this article is based on the Kalman filtering
technique, which is a widely used conceptual two-stage prediction/correction approach that
has found application in a variety of areas. Whilst the Kalman filter (KF) was originally
proposed by Kalman [18] for the estimation of the non-measurable states in linear systems,
it has found wide usage in its extended form for state estimation of non-linear systems as
well as joint state/parameter estimation for linear and non-linear systems. The fundamental
operation of the KF is a successive process of prediction based on system input, followed by
the correction based on measurable system output.

A powerful extension, developed for state estimation in non-linear systems, is the so-called
extended Kalman filter (EKF), in which the state equations are linearised at each working point
[19]. The main concept is the same as the standard KF, but the computational complexity is
enlarged, as the linearisation requires the evaluation of a Jacobian matrix at each time step.
Recognising that the resulting augmented system is in fact non-linear, such an approach has
also been developed for joint state/parameter estimation for linear systems.

A further development also designed for state and parameter estimation is the dual extended
Kalman filter (DEKF), which was proposed by Wan and Nelson [20]. This variant provides
a ‘boot-strapping’ procedure for combined state and parameter estimation using two EKFs in
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parallel. Figure 2 illustrates the working scheme of the DEKF, consisting of alternating steps
of prediction followed by correction.

The vehicle parameters, such as mass, can be assumed to be constant during a journey or
vary at least only marginally, e.g. small reduction due to consumption of fuel. This indicates
an advantage of using two EKFs instead of a single EKF, which combines both state and
parameter vectors. Using the DEKF, it is possible to switch off the parameter estimator, once
a sufficiently good set of estimates for the parameters have been found. This should increase
the performance of the state estimator, as it reduces the parameter uncertainties as well as
disturbances arising from the varying model parameters.

In general a non-linear system can be formulated as:

Xs(1 + 1) = f(xs(2), u(1), X, (1), w(1)) (27a)
y(0) = h(xs(1), v(1), Xp(1)) (27b)

where x; is the state vector, X;, is the parameter vector, u is the input vector, y is the output
vector, with w and v being the process noise and output noise vectors respectively. The basic
equations for the DEKF for such a non-linear system can be found in [20]; they are stated here
as follows:

Parameter prediction:
R (1) = %(t — 1) (28)
@, ()=®,(1—1)+R, (29)
input u measurable output y
VEHICLE »
noise
X (t1)
P measurable
output y
~ PARAMETER | user input i i
X {t1) PREDICTION mclu;img
s noise
h 4 3 W
STATE P

PREDIGTION  |q USEr input

X {1} I

PARAMETER

CORRECTION < user input

X0

h 4

STATE

CORRECTION g user input

X

Figure 2. Scheme of DEKF.
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State prediction:

State correction:

Parameter correction:

T. A. Wenzel et al.

X (1) = fG& (@ = D,u),x; (1)
o, (1) =J(OP; (t — DIT() + Ry

K () = &7 ()H! [0, + H,®_ (HH!]™!
X(1) =X, (1) + K ()[y(r) — HX; (1)]
@ (1) = [I - K (H)H,]®, (1)

K, (1) = ®, ()H, [0, + Hy®, ()H] ]
Xp(1) = X, (1) + Kp()[y(1) — HX{ (1]
@, (1) = [1 - Ky () H, 1@, (1)

(30)
€29

(32)
(33)
(34)

(35)
(36)
(37)

Here, R, and R, are user-specified process noise covariance matrices for the state and
parameter estimators, respectively; o and o}, are the corresponding output noise covariance
matrices, respectively, and ®¢ and @, are the covariance matrices of the estimation errors,

respectively.

Using equations (1)—(20) for defining the system dynamic equations f(-) and k(-), the
Jacobian matrices Js and Hj for the state and output equations are then given, respectively, by:

(o A

3X1 axm
Js= .

3fm 3fm

_8x1 me

[0 0 1 0 0
H,=|{0 0 0 O 1

(100 0 0

(38)

(39)

The input vector u and the output vector y consist of the available measurable vehicle states:

1)

wi

u=| ws

Wy

Wrr

Y = | dysensor | = H,x,
Ux

(40)

(41)
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The state and parameter vectors comprise the internal states required by the dynamic safety
control systems and the unknown vehicle parameters, respectively:

Xs = [vx vy Y a, I' Bay ag o oy oy

Fz,ﬂ Fz,fr Fz,rl Fz,rr S Sfr Sl Srr @ d’ ay,sensor]T (42)
m

Xp = J; 43)
b

Note that the matrix Hj, is required, which can be simplified as follows [21]:

af(f(sv ﬁp)

H, = H; — 44)
P 0x,

oy oy oy
om T ab

_ 8ay,sensor 8ay,sensor aay,sensor (45)
om 3T b
avx avx avx
om aJ, ab

Equations (28)—(37) depend on the definition of the four covariance matrices. Since for
both parallel estimators, the same output y is used, the measurement noise covariances are the
same: 65 = 0}, denoted o. Thus the number of covariance matrices is reduced to three.

According to ref. [22], the measurement noise covariance matrix ¢ can be obtained via
off-line sample measurements, while it is more difficult to define the process noise covariance
matrix. In the case of state estimation, the estimator works well with a fairly ‘crude’ initial
setting, such as setting the process noise covariance matrix to the identity matrix with the same
constant value R, for the diagonal elements. Experiments show that setting R to a sufficiently
large value, such as Ry = 10,000, results in good state estimates. In this example, good results
for the state estimation were obtained with the following settings:

2
Sy 0 0
oo=0p=1]0 St O (46)
0 0 ng
R, = Ryl @7

However, the parameter estimation is found to be more sensitive to the actual process noise
covariance matrix settings. The initial covariance matrix for the parameter estimator was set
to the following diagonal matrix:

531 0 O
R,=|0 53 0 (48)
0O O s,f

For the following example the process noise covariance matrix R, was set such that the
variables s,,, s;, and s, were of an order of approximately 1% of the corresponding actual
values for the parameters m, J, and b.
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The better the parameter estimation becomes, the smaller become the model uncertainties.
This can be taken into account by weighting the covariance matrices exponentially. Thus, in a
similar manner as in ref. [23], the covariance matrices corresponding to the model uncertainties
are decreased at each time step by a factor y < 1:

Ri(t) = yRs(t — 1) (49)
R,®) =yR,t - 1) 50)

A further feature of the DEKF implemented here is the possibility of complete and partial
switch off. For example, during vehicle stand-still, noise would be the only input to the DEKF;
therefore, both state and parameter estimation schemes are switched off. Consequently, the
DEKEF is deactivated whenever zero velocity is approached.

Additionally, when the output signals corresponding to yaw rate, lateral acceleration and
longitudinal velocity are below certain thresholds, implying that the signal information is less
than the noise, then the parameter estimator is also switched off and the previous parameter
estimates are maintained.

5. Results

The DEKF algorithm used here is implemented in the industry standard MATLAB® [24]
functional programming environment.

Available data for arearwheel drive executive saloon car was used to demonstrate the efficacy
of the estimator. The data sets comprise the vehicle parameters and the dynamic vehicle states
obtained both from an independent simulation using an alternative software package as well
as actual measured data from a single test drive using an actual vehicle.

The alternative simulated data was generated by the simulation software-package
ve-DYNA® [25]. The advantage of using simulated data, e.g. ve-DYNA, as a comparison is
the possibility to obtain the non-measurable states for reference, as shown initially in ref. [26].
Figure 3 shows that the DEKF works well for state and parameter estimation for such simulated,
noise-free data. Further results contained in this article confirm these preliminary findings and
also show that the DEKF estimator is capable of handling realistic data from an actual test
drive in the presence of measurement noise.

Data from the single test drive provides a realistic data set, e.g. with combined braking and
cornering, as well as measurement noise, similar to that which can be expected in a practical
application.

The example uses data that were obtained by driving on a public road at low speed. The
manoeuvres carried out consisted of acceleration, braking and cornering. Data were measured
over a time span of 135s with a sampling period of 50 ms. Figure 4 shows the steer angle §
and the wheel velocities corresponding to the rotational velocities w;;, which were used as
inputs for the DEKF. Figure 5 shows the reference outputs forward velocity vy, yaw rate
and measured lateral acceleration ay sensor-

Data for the tyres used on the vehicle — the parameters for the Magic Formula tyre model —
were available. Parameters for slightly different tyres for the TMeasy tyre model were also
available. This deliberate discrepancy provided the possibility to investigate the sensitivity of
the DEKF to the tyre model, including the accuracy of such parameters. The estimator was
then run with both tyre models. Figure 6 shows the estimated parameters: mass n, moment of
inertia J; and position b of the cog when using the tyre models, namely, Magic Formula and
TMeasy. It can be seen that the Magic Formula tyre model provides final estimates within a
range of about 4% of the actual values. However, with the same settings the use of the TMeasy
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Figure 3. Estimated states for noise-free simulation data.

tyre model provides worse estimates, giving a final error in terms of the estimated mass of the
order 20%.

The results for the state estimation using both the Magic Formula tyre model and the TMeasy
tyre model are shown in figure 7, which depicts the estimates of the lateral velocity vy, the
lateral acceleration a,, vehicle slip angle 8 and the front left wheel tyre slip angle ag, the
vertical force F.y and the slip rate sg. The input data were also used within an independent

o] 20 40 60 80 100 120

[

rw. [m 5’1]

0 20 40 60 80 100 120

L

time [s]

Figure 4. Input to DEKF.
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Figure 6. Estimated parameters mass m, moment of inertia J, and longitudinal position b of the cog.
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Table 1. RMS error of selected states.

State Using TMeasy Using Magic Formula
vy (ms™ 0.027668 0.032576

ay (ms™2) 0.23524 0.39377

B (rad) 0.013016 0.013524

aq (rad) 0.0070118 0.0081403
Fa (N) 547.77 407.18

sa (1) 0.014151 0.014447

reference vehicle simulation model to obtain reference values for the non-measurable states.
Comparing the state estimates from the DEKF, using both tyre models with the reference
simulation, it can be seen that the estimation is successful. By considering the root mean
square error (RMS) of the estimates over a period of 135 s versus the reference simulation as
given (see results given in table 1), it is found that the errors are acceptably small and appear
to be independent of the tyre model used. Only the estimation of the vertical force differs
appreciably from the reference data. This is believed to be caused by the strong dependence
of the vertical forces on the vehicle mass, which, for the time range shown, has not converged
sufficiently towards the actual values, but is known to differ by up to 8%. There appears to be
interdependence between the error in the mass estimation and the error in the vertical force
estimation. It can be seen that the DEKF is able to compensate for inaccurate vehicle and tyre
parameters in the case of the state estimator, thus demonstrating that it is able to provide fairly
good estimates for the main states.
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Figure 8. Estimated parameters mass m, moment of inertia J, and longitudinal position b of the cog for various
settings of the process noise covariance matrix R,.
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Figure 9. Estimated states for various settings of the process noise covariance matrix Ry,.
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Table 2. Root squared error of selected states for various
process noise covariance matrix Rp.

State DEKF1 DEKF2 DEKF3
vy (m s7h 0.032576 0.032012 0.031152
ay (m s72) 0.39377 0.37471 0.3481

B (rad) 0.013524 0.013451 0.01334
oy (rad) 0.0081403 0.0080705 0.0079272
F (N) 407.18 400.18 396.68

s (1) 0.014447 0.014413 0.014356

In contrast, it is found that the parameter estimator is significantly more sensitive than the
state estimator, both in terms of dependency on the accuracy of the vehicle and tyre models
used and of the noise. From the results obtained, the importance of using the correct tyre
data is clearly evident. Inaccurate coefficients for the tyre model result in large errors for the
parameter estimation.

It is instructive to note the influence of the process noise covariance matrices on the DEKF.
The results obtained when running the estimator three times, using the Magic Formula only,
with initial process noise covariance matrix R;, given by equation (48) as well as 2R;, or 3R,
are stored in the data sets DEKF1, DEKF2 and DEKF3, respectively. Figure 8 shows the
influence of the choice of R, on the parameter estimation. However, the final estimates are
still within a range of approximately £6% for all three estimations.

Figure 9 shows that the state estimation is very similar for all three cases. The RMS error,
given in table 2, shows again that the DEKF is capable of compensating for incorrect parame-
ters. It can be concluded that the selection of the process noise covariance matrix is a significant
factor for the parameter estimation.

6. Conclusions

This article has demonstrated the application of the DEKF technique for realising a model-
based vehicle state and parameter estimator. This technique makes use of two parallel driven
EKFs, which interact in a ‘boot-strapping’ way. Whilst one of the two EKFs is configured
for the estimation of the main vehicle parameters, the other EKF is configured for estimating
the vehicle states. One advantage of this technique is that with an efficient estimator and an
improved accuracy of the parameter estimates, the model uncertainties within the state esti-
mator decrease, thus allowing an enhancement of the quality of the state estimation. A further
benefit is the possibility to switch off the parameter estimator, once the parameter estimates
converge to satisfactory values or when the signal/noise ratio indicates disturbed input and
output signals. In this case, constant parameter estimates are maintained, thus reducing the
uncertainties for the state estimator.

The estimator is implemented in the Matlab/Simulink software environment and is based
on a four-wheel dynamic vehicle model with different interchangeable tyre models. The latter
feature offers the added flexibility to investigate the sensitivity of the estimator when using
different tyre models.

Evaluation of the state and parameter estimator with both independently simulated data
and measured data from a test drive using different tyre models shows that the state estimator
is reasonably robust in terms of coping with variations in the tyre model. It is able to com-
pensate for inaccuracies in the tyre parameters. However, the parameter estimator is much
more sensitive both in terms of the tyre models and in terms of the initial settings of the KF
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process noise covariance matrices. In general, the results to date are promising and show the
effectiveness of this approach. The principle of replacing the existing individual state estima-
tors, required by the various stability control systems within a vehicle, by one comprehensive
single state and parameter estimator has been demonstrated, and potential benefits have been
highlighted.

Further work is planned to extend the estimator by increasing the number of states and
parameters, whilst at the same time improving stability and computational efficiency. Of
particular interest is the inclusion of the vehicle’s environment, such as the road friction u,
which could be treated as an additional state to be estimated.
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Nomenclature
ay longitudinal acceleration (m s72)
ay lateral acceleration (m s~2)

Ay sensor Measured lateral acceleration (m s72)

b distance between cog and front axle (m)

b, distance between accelerometer and front axle (m)
c distance between cog and rear axle (m)

f state equations

Fiij longitudinal forces on each wheel (N)

Fyij lateral forces on each wheel (N)

Fij vertical forces on each wheel (N)

g gravitational acceleration (ms~2)

h height of cog (m)

hy height of cog of sprung mass (m)

h, height of accelerometer above roll axis (m)

h output equations

H,, H, Jacobian matrix of output for state/parameter estimator
i front(f) or rear(r)

j left(1) or right(r)

Jsx moment of inertia of sprung mass around longitudinal axis (kg m?)
J, moment of inertia around vertical axis (kg m?)

Js Jacobian matrices for state estimates

K, K, Kalman gain matrices for state/parameter estimator
£ length of wheel base (£ = b + ¢) (m)

m mass of vehicle (kg)

my sprung mass (kg)

M;; self-aligning moment off each tyre (N m)

r tyre radius (m)

R, R, process noise covariance matrices for state/parameter estimator
Sij wheel slip rate

te, by front and rear track width (m)

u input vector

Veog velocity of the centre of gravity (ms™!)

Vij forward wheel speed (ms™")

Uy longitudinal velocity (m s7h

vy lateral velocity (ms™")

v output noise vector

w process noise vector

X;, Xp state/parameter vector

y output vector

ajj wheel slip angles (rad)

B body side slip angle (rad)

B roll damping constant (Nm s)

y reduction factor for process noise covariance matrices
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steer angle (rad)

torque around z-axis (N m)

roll stiffness constant (N m)

measurement noise covariance matrices for state/parameter estimator
body roll angle (rad)

estimate error covariance matrices for state/parameter estimator

yaw rate (rad s7!)

wheel rotational velocity (rads™")
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