DESIGN AND CONTROL OF A STEERING WHEEL VIBRATION SIMULATOR

James A. Mynderse and George T.-C. Chiu

Perception Based Engineering Center
Ray W. Herrick Laboratories
Purdue University
West Lafayette, Indiana 47907, USA
E-mail: mynderse@purdue.edu
E-mail: gchiu@purdue.edu

Abstract: The design and control of a steering Whkidgation simulator capable of
reproducing a set of desired vibration/acceleratignals is presented. The simulator is
to be used in characterizing human perceptiontoftion as transmitted to the hand
through the steering wheel. Accelerometers werd teseecord the acceleration at the
top of the steering wheel in both the up-down (&) side-to-side (y) directions. A two
degree-of-freedom controller was synthesized withailizing feedback controller
designed using linear matrix inequality technigaed a zero phase error tracking
feedforward controller. Simulation and experimengalults to verify key steps of the
design process and the effectiveness of the siondag presentedCopyright © 2005
IFAC
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feedforward compensation, vibration.

1. INTRODUCTION involve fitting a production steering wheel ancesileg
wheel column to the existing vibration simulatomh&
In order to design a product that will be accedigd  sing these facilities it is often difficult to genate
the intended consumer, the product must be perteive repeatable stimuli under various different opeggtin
as being of the appropriate quality. In the autaifleob  ¢onditions. To study human perception of vibragton
industry, the consumer has certain preconceivedg extremely important to be able to generate
expectations of the fuel efficiency, handling, ride repeatable, high quality stimuli. Therefore, ittie
comfort and other quality factors that must be met  gpjective of this study to develop a steering wheel
order fo facilitate a purchase of the product. Oneyipration simulator that can accurately generates t

component in the perception of quality has beendou  gesjred vibration stimuli under a wide range of
to be the vibrations transmitted from the seagrflean  gperating conditions.

and steering wheel to the driver. Many auto makers

e.g. Ford Motor Company, as well as researchMany researchers have made progress that aided this
institutions have developed facilities to generate project. Bolanowskigt al. (1988) identified the four
controlled vibrations for testing human vibration nerve fibers and four channels involved in tactile
perception. These facilities typically consist afltiple sensation. Gescheidegt al. (1983) proved the
degrees-of-freedom actuators under a car seat anthdependence of the channels. Brisbemnal. (1999)
under the replica of the front section of the vishic  tested the detection thresholds for the palm inaxes.
The floor pan and seat vibrations produced by thesen control design, Balakrishnaet al. (1994), detailed
facilities have been sufficient for threshold tegti LMI controller design for continuous systems anthbo
However, there are only a limited number of devices lwasaki (1993) and Skeltoet al. (1998) showed the
for reproducing steering wheel vibration. Mostraftn discrete formulation of the LMI design process.sThi



work involved the gripping of a steering wheel e&d

of the hand tool typically used in haptics studidse

steering wheel introduces vibration in a combinmatib
the traditional axes used. The controller was aesig
in the discrete domain.

vibration, it was desired to isolate the simuldtom

the ground. A thermodynamic shaker of approximately
3000-Ibs was used as the base of the apparatus. The
thermodynamic shaker included a ground vibration
isolation system and convenient mounting options. A
support column was necessary to elevate the steerin

The remainder of the paper details the design,column to the correct height relative to the groimd

modeling and control of a steering wheel vibration
simulator which is organized as follows. Section 2
describes the design and construction of the simula

apparatus. Included are design specifications bad t

order to match the dimensions of a 2000 Ford Taurus

A steering column was needed to position the sigeri
wheel away from the thermodynamic shaker. The

hardware selected. Section 3 explains the mOde”Ug‘lexibility of both the steering column and theesiag
procedure used to develop the plant model used inyhee| added to the complexity of the plant model. |

designing the controller. Section 4 outlines the
procedure used in the development of the two degree

of-freedom controller. Section 5 presents simuitatio
and experimental results of the controller and tplan
model as well as the controller and simulator.
Summary and conclusions are given in Section 6.

2. STEERING WHEEL VIBRATION
SIMULATION APPARATUS
2.1 Design Specifications

A rigid structure was built to support the steering

addition, the steering wheel introduced coupling

between the z- and y-axes. The base was suffigientl

heavy that the steering column and wheel could be
modeled as a cantilever beam.

Two accelerometers were mounted to the steering
wheel at the 12'c’clock position to measure
acceleration in the z- and y-axes. A single inkftize
actuator was mounted parallel to the z-axis on the
steering column behind the steering wheel. Onlythe
axis motion was to be controlled in this work, nmaki

the plant a one-input two-output system. The plasgm

of the accelerometers and actuator can be seen in

wheel in a configuration such that the axes of all Fig. 1.

actuators were parallel to each other and to theecdx
the steering wheel which they were intended toedetu

2.3 Controller Hardware

The base of the structure was mounted to a large _ o
thermodynamic shaker which was isolated from the The three pieces of controller hardware used is thi

ground and an inertial force actuator was mourted t
an aluminum shaft representing the steering column

study were a Windows-based PC with MATLAB, a
real-time feedback controller and an amplifier thoe

an automobile which was, in turn, connected to theinertial force actuator.

steering wheel, see Fig. 1. The coordinate systad u
with the simulator was defined such that the z-and
axes were in the plane of the wheel with the z-axis
the up-down direction and the y-axis in the sidsitiz

direction. The x-axis extended toward the operator

perpendicular to the plane defined by the wheel.

Design specifications were given as follows:
= Frequency Range: 1-250 Hz.
= Degrees-of-Freedom: Vertical.
= Static Load Support: weight of hand and
arms.
= Background vibration experienced when
gripping the wheel should be imperceptible.

=  Simulator dimensions is based on a 2000 Ford

Taurus

2.2 Simulator Assembly

The PC was necessary to design the controller and
interface with the feedback controller. Additiogathe
feedforward controller was implemented by
preprocessing the reference signals. For this gtoje
MATLAB was used for the controller design and a
DSP based dynamic signal analyzer (SigLab) was used
to generate the reference input from MATLAB data
files.

A dSPACE ACE1104 controller rapid prototyping kit
was used to implement the feedback controller. &hre
ADC channels were for the two accelerometers amd th
reference input. One DAC channel was needed to
connect the feedback controller output to the dotua
amplifier. Based on the frequency range specificati

a minimum sample rate of 2.5-kHz was selected.esinc
the low frequency vibrations from 1- to 20-Hz isi®
generated by the thermodynamic shaker, a 70-W two

The assembly of the simulator apparatus waschannel audio amplifier with frequency range fradn 2

comprised of three key components. These componentsiz to 1-kHz was used to power the inertial force
were: the base and support column, the steeringactuator.
column and steering wheel and the actuator and
accelerometers. Each component will be briefly

discussed. 3. SYSTEM MODELING

In order to minimize the effect of background After the apparatus had been assembled, a plarglmod



of the system needed to be developed using thigdher was designed to address the problem of robustriess o
force actuator as input and the accelerometerthe system associated with gripping and the native
measurements as output. This was accomplished bylynamics of the system and the feedforward coseiroll
identifying a plant model from a stepped sinusoidal was designed to improve the response of the siowlat

response of the simulator. . ) )
Another known difficulty with the simulator appawnat

The stepped sine wave input was generated by thevas the effect of the steering wheel and the stgeri
SigLab unit and sent to the amplifier via a direetd. column. The steering wheel added a coupling between
Sinusoidal inputs were used for frequencies between the z- and y-axes while the steering column acsed a

Hz and 250-Hz at a resolution of 1-Hz and betweencantilever beam. Furthermore, the same simulator
250-Hz and 500-Hz at a resolution of 5-Hz. Allutg column and wheel assembly will being used to
were of magnitude 0.25-volts. A 10-msec delay wasreplicate the steering wheel and column asseminhy fr
given between the start of the sinusoidal inputtiied an arbitrary automobile. In order to deal with the
data collection. For each frequency, input anghaiut  unknown plant variations, coupling between the axes
data was collected three times and the resultingand the associated beam resonances, a two input one
frequency responses averaged. output stabilizing feedback controller is synthesdiz

) using LMI techniques.
Because the data available was frequency-based, the

MATLAB fit sys command was used to generate a Using standard LMI techniques for a discrete system
plant model from the frequency response data. Model (Iwasaki, 1993, Skeltorgt al, 1998), a MATLAB
were generated between"™@nd 60' order and the  script was written to synthesize a discrete colerol
sum of the square of the error between the measuredapable of making the closed-loop system quadyaticl
frequency response plot and the frequency respafnse stable. Given the following discrete-time LTI plant
the generated system model were compared. Thenodel:

model with the lowest sum of squared error was x(k+1) = Ax(k) + B, u(k) + B, w(k)
determined to be the closest fit. Due to compaoitei y(k) =C x(k) + D ,u(k)
problems associated with high order models, it was 5 = ¢ x(k) + D, u(k)
necessary to select a model with both low error and
low model order. Techniques such as the AIC (Akaike
1972) or MAICE (Akaike, 1974) can be used to select
the model order, but a heuristic approach was use
instead. The best model was &' 24der model. It is

evident that thé i t sys command did an excellent  got of 1 non-measurable outputs and those mézlsura
job fitting the z-axis while fitting only the higbe o huts not needed for control. The system maris
peaks of the y-axis. Figure 2 shows the experimenta yefined to be of size n x n. The input matriBgsand
frequency response of the simulator and tHe@der B, are defined to be of size n x, and n x [
model, where the dotteq que represents the simulat respectively. Similarly, the output matric8s andC,
response and the solid line represents the modelye of size px n and px n, respectively. The values of
response. theA, By, By, Cy andC, matrices were taken from the
system model discussed in Section 2.

1)

Without loss of generality, l€,, =D,,=0. The input
vector, u, contains all controllable inputs while the
jnput vector,w, contains all exogenous inputs. The
utput vectory, is the set of all measurable outputs
needed for the control and the output vectors the

4. NTROLLER SYNTHESI . .
co o S SIS A full order discrete-time LTI controller of therim

4.1 Stabilizing Feedback Controller X{k+) =Ax{(K+B)XK )
UK =C.x{k +D)K

One of the key issues for a steering wheel simulato i to pe computed. The closed-loop system mahix
was a lack of methods with which to force the omra -5 pe expressed as

to grip the steering wheel in exactly the same raann A +BDC BC
for each test. Particular areas of the steeringeWwhe Aq =[ "B oA c}
were marked for operator to place his hands, force o 3
sensors could be utilized to maintain constant grip o :{A 0}{0 Bu}{Ac Bc}{ 0 '] )
strength, but it can not be guaranteed that eastatyy ' [0 o] [I o]cC. DJC, O

will grip the wheel in exactly the same fashiondach A, = A + B,QC,

test. This variation in grip changed the system The condition for quadratic stability is
frequency response, which was modeled for thersyste ) ) X K) . (4)
without an operator present and also changed with{ } [(a, + Bo0C,) PA, +BoQCo)‘P][ }0

. . , ) ) x{K) x{K)
different operators and possibly during testingWie |, o qer to formulate the above system into a canve
same operator. In order to control for the existenic

) ) optimization problem, it was necessary to apply the
the uncertainty in the plant model due to the

- . e elimination lemma for discrete LMI conditions site
uncertainty in the gripping, a two degree-of-freedo by Skeltonet al. (1998).

controller structure was used. The feedback cdetrol

[



If MATLAB is to be used to solve the LMI
formulation, one needs to note the differenceémilil
space definition between MATLAB and that of the
elimination lemma as stated by Skeltehal. (1998).
The MATLAB nul | command produces a null space
described by
A% =nul | (A)
AA" =0

In order to produce the desired null space foliuiee
elimination lemma, it is necessary to use the form:

B” =[nul I (BY)] (6)
BB =0

(5)

Another important issue with using the MATLAB LMI
toolbox was the effect of rounding errors. Durihg t
modeling of the simulator it was found that higher
order models, typically above 40 states, generated
excellent fit the experimental frequency resporsta.d
However, with more than 40 states in the plant hode
the associated LMI solution was very sensitive to
rounding errors and failed the quadratic stability

condition stated by Eq. (4). It was necessary to

GCL z

G = |:GCL,y:| .

This inverted closed loop system provides a
relationship between the desired closed loop system
outputszy andyy and the system inpuk required to

achieve these outputs. This relationship can be

rewritten as
[GCL,Z GCL,y]|:

1
GCL,ZZ + GCL,yZ
Inserting Egs. (10) and (11) into the original elds
loop system in Eq. (8) gives
z GCI..z 1

—|G G
{y} |:GCL)JGCL.ZZ + GCL,yZ [ e CLy] {yd
Simplifying this expression yields

|:Z:| - 1 GCL,ZZ GCL,ZGCLY |:

y GCL,22 + GCL,yZ GCL. yGCL,z GCL,y2

In addition to the complexity in inverting the chub
loop system, the resulting pseudo-inverse is aisb n
causal for the strictly proper closed-loop systie

closed-loop system has non-minimum phase zeros,
then the pseudo-inverse will be unstable. To addres

(10)

z

-+
Y,

(11)

d

Z4

} . (12

Zy

} .(13)
Ya

generate a balanced realization of the system modejheqe issues, the zero phase error tracking control

before applying the LMI conditions.
4.2 Path Shaping Feedforward Controller

With the stabilizing controller in the feedback jp@

feedforward controller is designed to achieve the
desired performance. As designed, the feedbac
controller was not designed to satisfy the specific
performance condition. A feedforward controller for

concept was used.

The first step to achieve zero phase error is ttitjoe
the closed-loop transfer function into transferctions
for the z-axis and the y-axis and expressed as
Sy 2| Z7BLZY) Z77B( 2‘1)] (14)
M Z7) A(Z7)

wheredzanddy are the relative degrees of the closed-

CL

shaping the input was designed by inversion of theloop transfer functions for the z- and y-axis,
closed loop system designed above. One thing ® not respectively. Note thd,(z") andB\(z") contain both

in the derivation of the feedforward controller vilast
the feedback controller was selected to be ofivelt
low order in order to facilitate real-time
implementation. The feedforward controller was unde
no restrictions for size as it can be applied wi#lin
the actual implementation.

The stabilizing feedback controller together witle t

the minimum phase and non-minimum phase zeros of
the closed loop system. The non-minimum phase zeros
caused the instability mentioned above. To address
this, first partitiorB,(z*) andBy(z") into the stable and
unstable portions,
B{z7) =B,(z7)B,(Z")
B(z") =B, (2B, (2"

and (15)

plant model combined to form the closed loop systemwhere the stable roots are collected iB(z") and

G =Gyl +C, G, )™ (7)
The ideal feedforward controller is the inversetuf
closed loop systenGc . However, inversion of the
closed loop system(c,, with one input and two
outputs needs additional consideration. The cltmsgal
system can be described as

z
y =G, LU,

The pseudo-inverse of the 2x1 transfer maggx can
be computed by

CRCHECNITY

Note that ifG¢, is written as

8

=y, 9)

z

By'(z"), respectively. The unstable roots are collected

into the termsB;(z%) andBy (z?), respectively. With

the partitioned polynomials, the individual transfe

functions can be inverted and written as
A 27 A2

CFFi: o - -1\ ! P - - (16)
" B (Z)B,(Z7) B/(z)B/(7)

Since one cannot perfectly cancel the unstable-(non
minimum phase) zeros of the closed loop transfer
function, for tracking purpose, it would be desleato
compensate for the phase lag of the strictly proper
closed-loop system. Sincel[N2 N z?)|=0 for

z0O C, the following feedforward controller



| °A(ZYB, (9 2YA(z2)B, (2 (17) signals, it was possible to align the experimedfaia to
B, ( z‘)[BZ’(])]Z' B Z‘)[BYU)]z the simulated reference signal used.

together with the closed-loop systerg @vill result in Figure 5 shows the simulated z-axis reference kigna
a input/output system with zero phase lag. Thiasca with experimental z-axis acceleration. A slight gha
termsin the denominatoTsB 7(1)}2 and[BY’(l)T:are error can be seen between the reference and output.
v . . .« . .
. ) The magnitude error is minimal. Figure 6 shows the
added to ensure a unity steady state gain. percentage error between the experimental outglit an
the peak simulated reference signal.

FF

As in the stabilizing feedback controller design,
rounding errors were particularly significant insth
design. Unlike the feedback controller, no effoetsw 6. CONCLUSIONS
made to limit the size of the plant model to méatuh
computational limits of the feedforward controller
design. Although these results were derived using
transfer functions, in MATLAB it was far more
accurate to express the intermediate steps apoéro-
gain structures. This limited the rounding errarsuh
acceptable level.

The goals of this project were to build a simulator
capable of reproducing an arbitrary vibration signa
between 5-Hz and 250-Hz and to control the apparatu
in order to increase tracking performance durirg th
reproduction of an arbitrary vibration signal. An
apparatus was built that was capable of reproduzing
vibration input between 5-Hz and 250-Hz and
The implementation of the filter was not a triviask. controlled to increase tracking performance. In
Converting the zero-pole-gain structure to a transf simulation and experimental testing, the systeraguto
function in order to take advantage of the filtgrin capable to reproducing signals with minimal phase
functions built into MATLAB again introduced error and large magnitude error. For referenceassgn
significant rounding errors. Since the referengeais ~ comprised of sums of sinusoidal signals, pre-sgaifn

for testing were generated by a finite sum of shiss ~ the reference signal was used to achieve minimal
it was possible to apply the magnitude and phatieeof magnitude error. The two degree-of-freedom corroll
filter to each sinusoid. In addition, each sinuseas ~ was successful in the goal of eliminating phasererr
scaled by the inverse of the magnitude of the sitedl ~ between reference input and experimental outpuewhi
combination of feedforward and feedback control of being robust to variations in occupant grip.

the system model. In this manner, both the magaeitud
and phase errors were eliminated for all simple

) REFERENCES
reference signals.

Akaike, H. (1972). “Information theory and extensio
of the maximum likelyhood principleRroceedings
of the 2% International Symposium on Information
To verify theoretical controller performance, a  Iheory, Supplement to Problems of Control and
simulation study is performed. The reference was !nformation Theory pp. 267-281. o
selected as a 30-Hz sinusoidal signal. This frequen Akaike, H.(1974).“Anew look at the statisticabdel

- : identification”, IEEE Transactions on Automatic
as chosen to avoid resonances in the plant model. ! !
W Vol in the p Control, Vol. AC-19, No. 6, pp. 716-723.

Figure 3 shows a simulated 50-Hz reference sigmal, ~Balakrishnan, V., Boyd, S., Feron E., and El Ghaoui
output of the feedforward controller and the sirteda L.. (1994) Linear Matrix Inequalities in System and
response of the system in the z-axis to the 50-Hz Control TheorySIAM: P.h||adelph|a. .

reference input with appropriate magnitude calibrat BOI?]nOVI:SE" S.J., Geschelger, GAh Verlrlllo, R?hd h
in the preprocessing. As expected from the fulteays ;eiza?\igéf 'g/ls'p(el(i?)(')f':?g&gh,? nggjrzzd'g;e :h:
simulated frequency response, there is minimalg@has ’

. ; A ical i f Ameri l. 82, No. .
and magnitude error. Figure 4 shows the perceat err lggg_sfg&Sometyo merica/ol. 82, No. 5, pp

between the simulated response of the system in-the Brisben, A.J., Hsiao, S.S., and Johnson, K.O. (1999

axis and the peak simulated reference signal. This «pgtection of vibration transmitted through an aje
simulated result could easily be extended to anyess grasped in the hand"The American Physiological
comprised of a finite sum of sinusoids. Society pp. 1548-1558.

. . Gescheider, G.A., O’'Malley, M.J., and Verrillo, R.T
Some. post processing was necessaryin orde_r erpres (1983). “Vibrotactile forward masking: evidence for
experimental results. No signal was availableiggér channel independencelournal of the Acoustical
the collection of data. Instead, data collectiors wa Society of America/ol. 74, No. 2, pp. 474-485.
triggered manually, and the experimental feedfodwar Skelton, R.E., Iwasaki, T. ar,1d Grig,oriadis, K. (829

filtered signal was compared to the simulated Unified Algebraic Approach to Linear Control
feedforward signal. The actual reference signalneas Design Taylor and Francis: London, 1998.

recorded. By minimizing the sum of the squaredrerr | .~ \& T (1993).A Unified Matrix Inequality
between the simulated and experimental feedforward Apprc;ach to Linear Control Design Ph.D.

5. RESULTS



Dissertation, Purdue University: West Lafayette, 2%
Indiana, 1993.

20r b

DWWWW
99 99.02 9904 9906 9508 991 9912 9914 9316 9918 992
Time (sec)

Fig. 4. Percentage error between simulated response
of 24" order plant model with two degree-of-
freedom controller and peak simulated reference
input described by Fig. 3.

Fig. 1. Photograph of assembled steering wheel and
column with coordinate system.
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Fig. 2. Open-loop z-axis frequxtancy response of Fig. 5. Simulated reference signal at 30-Hz (dotted
apparatus (dotted line) and 2drder plant model line) and experimental output to the reference
(solid line). (solid line).
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Fig. 3. Simulated reference signal at 30-Hz in is-ax ) Time (<) ]

(top) with simulated response of feedforward Fig. 6. Percentage error between experimental outpu
controller (middle) and simulated z-axis response  @nd simulated peak reference input, as shown in
of 24" order plant model with two degree-of- Fig. 5.

freedom controller (bottom).



