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ABSTRACT

This paper explores the possibility of combining solid estat
accelerometers with a low resolution position sensor tovjute
clean estimates of automobile handwheel position, vel@sid
acceleration for use in force feedback. Typically deteingrihe
acceleration and velocity of the handwheel requires diffiat-
ing a position sensor such as an encoder or potentiometer.
less expensive high-resolution sensors are used, thevatitia-
tion leads to a noisy signal, requiring significant filterimgnich
leads to significant phase lag. With a direct measurementof a
celeration, we circumvent many of the problems associattéd w
differentiation and filtering. This work uses a Kalman filter
combine a pair of MEMS accelerometers with a low-resolution
potentiometer to estimate handwheel states. This measatem
scheme is effective in this application because of the lew fr
quency nature of the force feedback and because of thestalict
robustness of the handwheel system. Initial in-vehicleegxp
mental results show the setup can provide smooth acceaderati
and velocity signals in a moving vehicle.
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NOMENCLATURE

0 Handwheel angle

b Total accelerometer bias

Aq Discrete state transition matrix
By Discrete input matrix

Cy Discrete output matrix
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Lss Steady state Kalman gain

Zss Steady state error covariance
2y Sensor noise covariance

2w Process noise covariance

X Estimate state vector

INTRODUCTION

The handwheel is the primary control mechanism of an au-
tomobile, and thus interaction between the handwheel aad th
driver is critical to safety. Forces on the handwheel comicata
to the driver about the tire forces acting on the vehicle. fded-
wheel also presents a predictable mechanical feel to thierda
allow smooth and safe control.

In a vehicle with a conventional steering system, forces are
transmitted from the road wheels to the handwheel through th
mechanical steering linkage. These include forces frord nma
perfections and the aligning moment. The aligning moment is
what causes the steering wheel to return to center whileghe v
hicle is moving. It is caused by the offset between the stgeri
axis and the application point of the tire side force in thetaot
patch (see Figure 1). This offset is a combination of the me-
chanical and pneumatic trails. The pneumatic trail is tHisedf
between the center of the tire patch and the centroid of the si
force generated by the tire. This is a result of the mechabigm
which tires generate lateral force. The mechanical trail geo-
metric offset caused by the design of the steering geometrg.
effective lever arm is the sum of these two offsets, and ttee ti
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Steering Axis allow smooth control of the vehicle. One way to recreate this
damping and inertia is to estimate the velocity and accttera
of the handwheel and provide force feedback to counterét th
motion. Similarly, the aligning moment can be recreatechwit
accurate knowledge of handwheel position and vehicle motio

Thus to create this force feedback we need accurate esti-
mates of three handwheel states: position, velocity andlacc
eration. These states are also needed for accurate feedébrw
control for steer-by-wire, in which the handwheel command a
its derivatives are used to compensate for the dynamicseof th
steer-by-wire system [1]. Traditional automotive handelten-
gle sensors are low resolution encoders or potentiomededs,
are inadequate for this task as they contain too much nodis-or
cretization error to allow derivatives. Although suffici¢ar po-
ﬂwechanicaﬂ TraiIFr:eumatic Trail sition sensing for applications like vehicle stability ¢, this
high frequency noise makes these measurements useleggifor h
bandwidth estimation of velocity or acceleration.

Most haptic systems (in laboratories or some consumer

force applied about this arm causes a moment about the steer-prOdUCtS) use high resolution encoders to measure shaift pos
ing axis that tends to straighten the wheels. In a conveallipn tions. The benchmark laboratory haptic interface, the PHA_N
steered vehicle, in addition to acting to straighten theeld)ehis T,OM’ for exgmple, uses several brushed DC motors, each kel
moment also provides the driver an indication of the foraethe high resolution encoder [2]. These sensors are excelllemhlfs).
road wheels, and can warn of an impending loss of traction. task because when used properly they have no elec.trllcw,rmns .
Steer-by-wire vehicles require artificial force feedbaok t the only measurement error comes from the quantizing of posi

replicate these forces in a conventional steering systet@erS tion. \_N'Fh each dg.\n\'i'atlve of th;s ?OS;:.'OR signal :]he quzl aﬁumt())_n
by-wire differs from conventional steering in the way thentia €rror IS increased. However, I of a nigh enough resolutibis,
wheel controls the roadwheels. In a conventionally steeebit quant|zat|0|j IS & minor gffect and two derivatives of pogm:an
cle, the handwheel is mechanically connected to the roaéshe be taken without inducing overly large amounts of noise. Un-

and the driver controls the steering system of the vehictaigh I(r)]rtunatgly, h|gfhthresolut|r(])n gncl:odzrs ire ?xpenswe tfmeg] d
this mechanical linkage. In a steer-by-wire vehicle thi<haa- € precision of the mechanical and oplical componentsetee

ical link has been removed, and some sort of actuator cantrol In addition, because they measure position instead of Rgloc

the road wheels in response to commands from the handwheel®" agceleratlon, a sensor .W'th small enough quaqtlzat|m1 m
(see Figure 2). Steer-by-wire systems of the future wiltéase provide reasonable velocity and acceleration estimatksiaie

; L : : ; itioning precision way beyond what is hecessary.
vehicle safety, simplify vehicle cabin design, and open ap n apostt ) : ;
possibilities for vehicle control, With the rapid advance of MEMS devices in recent years,

With the mechanical steering link removed, any force feed- extremely cheap solid-state accelerometers are now biaila

back at the handwheel must be artificially created using amot Because the?e fare c?mp?ct, Eexpensw;, a?d pfrov:mei d direc
or other actuator. This includes the aligning moment, bustmu measurement of acceleration, they are atiractive for antiven

; : : A use. These accelerometers can directly measure the atimier
also include an appropriate amount of damping and inertia to . ! . o
pprop ping on the handwheel, allowing high bandwidth estimation ohbot
acceleration and velocity of the handwheel.

Centroid of
Tire Force

Figure 1. STEERING GEOMETRY CAUSING ALIGNING MOMENT.

. , Most haptic systems do not use an accelerometer to estimate
steering belt drive ———— ﬁhandwheel . i i T
/ column feedback acceleration or velocity because of the high frequencyenivis
handwheel - imermediate e or/ steering troduced by directly measuring acceleration. Insteadyuthel
t . . . .y .
o / = /a_ﬂ_“ﬂm' practice is to combine a position sensor with a model of the dy
universal joints =—— / Poorasset T Bnon andle namics of the system to help estimate the states and/omekter

gear assembly — L1 pinion forces being applied to the system [3]_. T_here are two. key dif-
ferences between the handwheel application and traditimea
rack/ tic setups which might allow accelerometers to be usefulrethe
they are normally not even considered. First, the dynamics o
Conventional Steering Steer by Wire the handwheel and aligning moment are both at low frequencie
Figure 2. STEER BY WIRE CONCEPT. below about 5Hz. Thus the force feedback need not have high

2 Copyright © 2004 by ASME



frequency components much above this range. Haptic systems

are also designed to be transparent to the user, presemtiyng o
the forces desired to represent the slave system with mimima
ertia on the master. This is done by making the master asdight
possible, quite unlike the robust steering wheel in most.car
steering wheel has significant inertia, which acts as a nmecala
filter to remove high frequency vibration. This inertia i<apt-
able because this work seeks to recreate the feel of a hastiwhe
which includes a feeling of inertia. For these two reasons ac
celerometers may work in a vehicle application.

Accelerometers have been successfully used before in high
Fassnacht and Mutschler [4] used an ac-

bandwidth control.
celerometer for high speed motor control when a differéadia

encoder would have too much noise. To date, no one has ap-

plied accelerometers for handwheel feedback in steeribg:-w
Instead, most work on force feedback for steer-by-wire $esu
on complex modeling to reproduce the nonlinear charatiesis
feltin a conventional vehicle [5], [6], [7], [8]. This modef can
be combined with control of the steer-by-wire itself as inrkvo
by Setlur et al. [9], in which a nonlinear tracking controlie
used to simultaneously control the steer-by-wire and féeee-
back. Here we are concerned not with complicated forms o&for
feedback, but with state estimation to allow low frequermgé
feedback.

This work explores whether accelerometers are useful for
handwheel state estimation. A Kalman filter combines the ac-
celerometers with an absolute position potentiometer. stag
estimates resulting from this filter can be used to provideefo
feedback to recreate inertia and damping. Experimental in-
vehicle results show that the approach works well at low fre-
quencies, but that high frequency noise and instability lmam
problem when trying to recreate the feel of a high level of in-
ertia. At the level of inertia and damping needed to provide a
comfortable feel to the driver, this noise is not a problem.

MEASUREMENT CONFIGURATION
Physical Setup
To estimate the handwheel position, velocity and acceler-

ation, we want to measure angular acceleration and combine

this with a low resolution position measurement using a Kaim
filter. To produce a useful angular acceleration signal,atie
celerometers are mounted as shown in Figure 3, in which the ar
rows indicate the direction of measuremeatsnda,. The sen-
sors measure zero acceleration when oriented horizont@ity
orienting the sensors so that the measurement directiqresep
each other and summing their signals, the specific force alue t
gravity can be cancelled.

a1 = Rd+gcogd)
a; = R — gcogd)

1)
)

KS\
S .
y

4

Figure 3. MEASUREMENT SETUP ON HANDWHEEL.

Vv

Figure 4. HANDWHEEL POSITION IN VEHICLE.

Combining equations 1 and 2 and dividing by 2 yields

. arta
6:
2R

3)

This signal summation should cancel any acceleration cammo
to the two sensors, such as gravity or vehicle body acc@erat

Error Sources

Ideally, the setup described above should cancel gravity
completely and would measure pure rotational acceleration
reality a number of error sources may affect the measuresment
The cancellation of gravity is achieved only if several dtinds
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are met. First, the sensors must both be measuring in the pfan
the handwheel rotation. In this way as the handwheel is turne
the two sensors will always measure equal but opposite com-
ponents of gravity, allowing cancellation. If the sensiyivis
slightly different between the two sensors, a similar emdr
result in the form of an uncancelled gravity component depen
dent on handwheel position.

In addition to inaccuracies resulting from sensor placdmen
it is possible that vehicle dynamics will couple with the teys
and prevent an accurate determination of the handwheelsstat
Of concern are accelerations in roll, yaw, and pitch. Sinostm
steering wheels are close to vertically aligned (see Figungaw
and pitch will not significantly affect the measurement,diexe
the motion is nearly perpendicular to the direction of measu
ment. In addition, typical yaw and pitch accelerations dreua
30deg/s?, much smaller than the handwheel accelerations of in-
terest. Vehicle roll is of greater concern as it is roughlthe
same plane as the handwheel acceleration. The angle oétre st
ing wheel will not minimize the effects of roll significantls in
the case of yaw and pitch. Thus any vehicle roll acceleratitin
appear as handwheel acceleration to the inertial sensaw- H
ever, amounts of roll even in aggressive slalom maneuversrar
the order of 3@eg/s?, again quite small in comparison to those
found for the handwheel acceleration during aggressiveeman
vers.

Structural vibrations of the handwheel system are also a con
cern. Realistically, any fixture in a car will have some higé:f
quency modes that will appear when measuring accelerasion u
ing high bandwidth accelerometers. The relative phaseasfeth
structural vibrations between the two sensors depends ®n th
mode of vibration and thus may not be cancelled by summing
the signals. Fortunately, if the structure is rigid enougg ttes-
onances will be high enough frequency that they can be filtere
without adding significant phase lag to the handwheel aczele
tion.

SIGNAL PROCESSING: THE KALMAN FILTER

To combine the potentiometer with the accelerometers, a
Kalman filter is used. The Kalman filter was chosen over aradi
tional observer so that knowledge of the noise magnitudeklco
be used to find optimal filter gains. The Kalman filter simulta-

neously combines the two measurement sources and estimates

Hered is the angle of the handwheel, abhds the combined bias
of the two accelerometers.

The Kalman filter consists of a time update step and a mea-
surement update step. In the time update step, the dynarhics o
the system are propagated forward. This is followed by tha-me
surement update step where the propagated state is compared
a new measurement and corrections are made. In this case, the
acceleration is used to propagate the state forward andtbap
tiometer is used for the measurement update. The Kalman filte
used assumes steady state values of the covariances, and thu
the measurement and time updates can be collapsed intola sing
equation:

Xy = Agx_ + Lss(épot — Cyx_ + BgBaccel) (5)
HereAq is a forward euler discretized version of tAenatrix in
equation 4 (with sampling tim®&), andx, andx_ are the current
and previous state estimate vectors.Thenatrix is simply a row
vector stating that the potentiometer is measuding

1T, 0 0
Ag=10 1 T By= | Ts Cq=[100] (6)
001 0

The Kalman filter gairLgsis found from the steady state covari-
ances of the states as
Les= AgZsC (CaZs Ly +2v) t ©)

>ssis the steady state covariance of the state estimate, which i
found as the solution to the discrete algebraic Riccati egua

Tos = AgZsA + Zw — AgZsCl (CaZsCy +2y) *CaZsA (8)

HereZ,, is the process noise covariance, apda scalar) is the
measurement noise of the potentiometer. All process naise ¢
variance values are set to zero except the accelerometsg noi
and bias variance.

0 0 0
2w=1| 0 Oacc 0 )
0 0 Obias

any bias in the acceleration measurements so this bias can be

removed.

The only model required for the Kalman filter is the kine-
matic relationship between the handwheel accelerationtfzad
handwheel position.

5 010][3 0]
b 000 b 0
4

These variance values are shown in Table 1. The acceleromete
and potentiometer noises are simply the variance of data mea
sured with the handwheel stationary and the engine runnibg b
with the vehicle not moving. The bias variance is a tuningpar

eter for the filter. The actual bias of the sensors does natgeha
nearly as quickly as the variance of Table 1 would indicatead-

tual filter operation, this bias term compensates for un-eted
dynamics in the system in addition to electrical biases.
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Table 1. KALMAN FILTER NOISE PARAMETERS.

Variance Symbol Value Units
Accelerometer Noise Tacc 200 deg/s
Bias Variance Objias 100  deg/s
Potentiometer Noise %, 0.048 ded

IMPLEMENTING FORCE FEEDBACK

To evaluate the effectiveness of this measurement setup, in
ertia and damping are recreated on the handwheel of theleehic
As shown in Figure 4, a brushless DC motor is connected to the
handwheel via a 5:1 ratio synchronous belt drive to provided
feedback torque. This motor can supply a peak of 20Nm while
the handwheel is spinning at 700deg/s. It is also equippdd wi
a high resolution shaft encoder, with a resolution of 100Rsti
per revolution at the motor, or about 5000 ticks per revolutit
the handwheel. The high precision of this device allows lt¢o
used as a truth reference for the measurement scheme geksent
in this paper.

The accelerometers used are MEMS units from Analog De-

vices with a measurement range of 1.7g and a user selectable

output bandwidth, set to 200Hz. The mounting in the vehicle
is shown in Figure 4. It consists of a rigid mounting platehwit
the accelerometers about 5cm from the axis of rotation. With

the radius of 5cm, these sensors can measure a maximum an

gular acceleration of about 8086y/'s>. This is about a factor

of 1.5 above the maximum acceleration seen in even emergency

maneuvers.
To recreate the feeling of viscous damping, a torque com-
mand is sent to the handwheel in opposition to the velocity.

Tdamping= —Cdampsest (10)

Wheredegt is the velocity estimate output of the Kalman filter.
Cdampls a constant representing the amount of viscous damping
recreated by the force feedback.

To recreate inertia, the acceleration signal from the sum of
the two accelerometers is used to counteract measurecexcel
tion:

Tinertia = *'addsest (11)

Herelaqq is the amount of inertia to be added by the force feed-
back systemdeg; is the acceleration signal from the sensors with
the estimated bias removed. In this way, the small offsetin a
celeration will not cause a constant offset in torque fromah
tificial inertia. These estimates are fed back directly. r€tig no

model of handwheel position between the state estimatethand
torque command to the motor, so lag is minimized.

STATIONARY TESTING

Before evaluating this measurement setup in a moving vehi-
cle, itis useful to evaluate its performance in a stationatyicle.
This allows separation of the effects of vehicle motion aitdar
tion from inherent limits of the measurement scheme.

The amount of inertia recreated is chosen to feel like a stock
Corvette. Through a system identification of the steerirgs sy
tem, the inertia as seen at the input shaft of the power stgeri
is 0.028%gn?. The inertia added is chosen to b&@kgnT? to
make the total when combined with the motor system match that
of the stock Corvette. The damping is chosen to feel reasenab
to the user, at a value of I72Nmy/rad/s. The inertia signal is fil-
tered at 20Hz to remove any high frequency signal which might
cause unwanted vibration.

Figure 6 shows the acceleration, velocity, position ang bia
estimate with the user turning the handwheel to simulate dri
ing. Not shown is the first few seconds of data in which the bias
quickly converges to the actual bias, successfully rengpeainy
offset from the acceleration signal. This convergencesakeut
0.2s.

The filter effectively smooths the position signal from the
potentiometer, with no perceptible lag induced. In factheg t
scale shown the filtered and raw signals are indistinguishétp
the velocity signal we see the benefit of the estimation sehem

The velocity estimate is very smooth, and has no significamt |
when compared to a differentiated version of the potentteme
signal. The potentiometer velocity presented is more ndéesy
spite being filtered at 40Hz, and actually lags behind theriaal
filter output. Thus the velocity estimate is as good or béttan
that from a typical potentiometer. The acceleration sigmeail-
tains significant high frequency content, but is actuallychmu
cleaner than a double differentiated and filtered encodgrasi
The bias does drift with handwheel position, but the magigtu
of this drift is much smaller than the signal itself. Becatlse
vehicle is not moving for this test, this drift is not from vele
motion but rather is due to inaccuracy in the mounting orisens
tivity of the sensors. Because the filter successfully rezadkis
drift as a bias, it does not noticeably affect the velocityosi-
tion estimates. This confirms that the inevitable small ntiogn
errors associated with a real-world implementation carole-t
ated by this measurement scheme.

EXPERIMENTAL RESULTS IN MOVING VEHICLE
Installation of this measurement setup in a steer-by-wére v
hicle allows for evaluation of its performance on the road an
with a human in the loop. The test vehicle is a 1997 Corvette
modified to a full steer-by-wire setup (no mechanical cotinac

Copyright © 2004 by ASME



between the road wheels and the handwheel) [1]. A brushl€ss D hicle instability. To evaluate this scenario, the car'estey-wire
motor drives the input shaft of the power steering unit teistiee system can steer in the absence of handwheel command with the
vehicle in response to commands from an onboard computer.  handwheel force-feedback active. In this way, both of theoma
noise sources will be present: vehicle motion and vehidbeavi
tion.

Figure 8 shows two types of autonomous driving. Column
(a) shows the estimates when the vehicle is driven straimtt,
over some large bumps and potholes. Column (b) shows the es-
timates when the roadwheel angle is a sinusoid of magnitude
20degrees and frequency of 2rad/s. These two tests allow the
separation of effect from bumps and vehicle motion. Theestat
estimates are largely uncorrupted by either the bumps acleeh
motion. With the sinusoidal steering, the bias does drifhso
what from the vehicle motion, but this drifting is about twe o
ders of magnitude smaller than the acceleration signéil.itBeis
is approximately the magnitude of the vehicle roll accelera
which is indistinguishable from handwheel acceleratiotihis
measurement scheme as discussed in the section on errcesour
The high frequency vibration noticed with the user steeifg
present in the acceleration signal, but it is not of a largeugh
magnitude to move the handwheel. This shows that the system i
stable with the user’s hands off the handwheel.

Testing while driving

The next question experimentally is whether the estimation
scheme still works well when the vehicle is in motion. As de-
tailed earlier, vehicle motion and vibration will enter theea-
surements. Here we seek to examine the magnitude of thig,nois
and whether it is amplified by the estimation scheme. Figure
7 shows the estimates while the driver is controlling thei~veh
cle through maneuvers typical of city driving. These testsav
performed at speeds of 12-15m/s on the West ramp and parallel
of Moffett Federal Airfield. This surface includes pothokesd
pavement seams as large as those on bumpy city streets. §he su
pension of the Corvette is rather stiff, transmitting lag@ck
and vibration to the entire vehicle. Despite this, the estas
are almost as clean as those of Figure 6 in which the vehicle
was not moving. The velocity and position estimates efietyi
remove most of the vibrations, resulting in estimates sintib
those in the stationary vehicle. The acceleration sigrmalgver,
does show more high frequency content in the 30-50Hz range
with the vehicle in motion. Because this signal appears ih bo
the accelerometer signal and the twice-differentiatedéecsig-
nal, it represents actual motion, probably due to engineatitn
transmitted to the handwheel. The vibration signal is scth-
pared to the main acceleration signal and is not a problem for
low frequency force feedback. Vehicle vibrations therefare
the effective limit on the bandwidth of force feedback thet be
applied to the handwheel.

CONCLUSIONS AND FUTURE WORK

These experiments show that accelerometers can be used to
effectively estimate handwheel states in a moving vehitlee
measurement setup cancels gravity and minimizes the effect
vehicle motion on the state estimates. Vehicle roll doesapp
in the accelerometer bias estimate but does not cause aioléce
torque on the handwheel.

Force feedback will be a critical component of future vehi-
Autonomous Maneuvers cle control applications of steer-by-wire. The state eaten ob-

The above experiments show that the system works well tained here can be used for a variety of force feedback scheme
when the user is actively steering. The system must also work Advanced stability control, lanekeeping assistance artrot
with hands off the handwheel. The concern here is that thd-han control schemes made possible by steer-by-wire all recuice
wheel would move due to noise or other excitation, causing ve cessful interaction with the driver, which requires carefsign
of the force feedback. With effective handwheel force feith
and advanced steer-by-wire algorithms, the cars of thedwtill
be higher performance, safer, and more fun to drive.
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