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Abstract

A force-feedback actuation loop for a steer-by-wire ve-
hicle is developed. It is shown that the performance of
this loop can be essentially improved by the introduction
of a torque sensor. Partial model based control algorithms
based on disturbance observer (DOB) and active observers
(AOB) are applied to enhance the robustness vs. mnon-
modelled dynamics and uncertain driver impedance. An
additional P D control is added in the feed-forward loop to
improve the driver feeling.

1 Introduction

Vehicle steering technology is evolving by substitut-
ing the mechanical and hydraulic subsystems with electri-
cal equivalents to boost perfermance and enhance safety.
Steer-by-wire is probably the most challenging steering
technelogy, whereby a highly complex mechatronical sys-
tem consisting of computing units, sensors and actuators
replaces the mechanical interface (steering columm) be-
tween the driver and vehicle. A steer-by-wire system is
basically a master-slave system: ihe driver corresponds
to the eperator, the vehicle to the environment, the force-
feedback actuator to the master and the front-wheel actua-
tor to the slave. From the control point of view, a steer-by-
wire system includes two force/position actuation inner-
loops, which are coupled by a suitable outer-loop con-
troller for the provision of a desired steering dynamics.
This paper is concentrated on the force-feedback actuation
loop.

The essential components of the force-feedback actua-
tor used to apply the vehicle reaction torque on the driver
are a servo-motor, a Harmonic-Drive gear and the torque
sensor. At the present, automotive industry is rather reluc-
tant in using Harmonic-Drive technology due to the cost
matters and its torque ripples (see later).

There are virtually no literature results on torque con-
trol for steer-by-wire vehicles. Obviously, most ap-
proaches are based on open-loop model-based torque con-
trol algorithms, that is (due to cost matter) no torque sen-
sors have been included in feedback actuation. However,
the performance of such control strategies is limited since
the torque applied to the driver is not sensed, thus lack-
ing the compensation of friction, unmodelled dynamics
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and disturbances. This paper follows the closed-loop strat-
egy by introducing a torque sensor at the steering wheel,
The authors believe that a closed-loop approach of the
torque inner-loop response improves essentially the driver
feeling, it provides additional robustness to the overall
steer-by-wire response and finally disburdens the outer-
loop controller dynamics.

Due to considerable modelling errors and uncertainties,
partial model-based control appreach is applied, that is, in-
stead of fitting the physical model into a2 mathematical one,
the opposite is tempted, the physical model is forced to fit
into a mathematical description, by introducing correction
signals at the input. Therefore, the observer-based algo-
rithms: Disturbance Observer (DOB), [8], [10] and Active
Observer (AOB), [2] are used.

The paper is organized as follows. In Section 2 the
force-feedback control in the context of the steer-by-wire
systemn is discussed. In Section 3 the components of the
the steer-by-wire test-bed are presented. Details about the
hardware and medelling of the force-feedback actuator are
discussed. Section 4 recalls the basic theory of the distur-
bance observer and Section 5 the basics of the active ob-
server algorithm. Finally, Section 6 presents experimental
results of the tests with DOB and AQB.

2 System modelling

Fig. 1 shows a simplified interaction scheme of the
driver and a steer-by-wire vehicle via a force-feedback ac-
twator. Notice that 74 stands for the forces generated at the
muscles of the driver, . is the reaction torque which the
driver should feel, &y is the steering angle and 4, stands
for the vehicle lateral position. The front-wheel actua-
tion, vehicle dynamics reaction and the actuation coupling
control is included within the Steer-by-Wire Vehicle block.
The Driver Impedance block represents the passive bio-
mechanical impedance of the driver arm[7]. It has been
shown that the complex neuro-muscular phenomena may
be roughly modelled by a stiffness and damping, which
however are highly uncertain; e.g. in [6] it was shown that
the human arm stiffness may vary between 2 Nm/rad and
600 Nm/rad.

The discussion of this paper focuses on the block Force
Feedback Actuation. Its task is to apply the torque T
computed by the outer-loop steer-by-wire controller on the
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Figure 1: Force-feedback in a steer-by-wire vehicle,

driver. Basically, in a steer-by-wire system (and in gen-
eral in force-feedback control} two approaches are possi-
ble. In the so-called open-loop force control, the torques
applied on the driver are not sensed, i.e. a feed-forward
control scheme is used. Its disadvantage is that in real-
ity torque differs from the computed one, owing to several
factors such as system noise, frietion and ineriia in the in-
terface mechanism. To compensate for the above effects
and improve control accuracy and performance, the inter-
face needs to incorporate a torque sensor. This is usually
called closed-loop foree control in force-feedback litera-
ture [1]. In this paper the latter approach is applied.

The essential torque components measured by the sen-
sor are included in the following equation,

T=FTn—Zupdy — (Ta+ Zswon + Zadn+ Tap),

(1
whereby,
T: Measured torque,
P Linear torque transfer function,
Tin® Motor torque,

the open-loop is described by the simple equation,
T = Pi1,, + disturbances. 2)

Notice that this is a simplified model of the torque balance,
since it is implicitly assumed that the torque ripple 7gp is
additive, i.e. its dependency on 7, is disregarded.

3 The Steer-hy-Wire Setup

This section provides a description of steer-by-wire
force-feedback actuator. In the sequel, the hardware com-
ponents of the actuator are presented. This is followed by
a discussion on its dynamics.

3.1 Harmonic Drive Gear

The main component in the the force-feedback actua-
tor, Fig. 2, is Harmonic Drive’s FHA Series Hollow-Shaft
Aetuator. It consists of a sine-commutated AC servo mo-
tor with the built in incremental encoder and a Harmonic
Drive gear reduction. In Fig. 3 the main components of the
Harmeonic Drive gear are shown. The teeth on the nonrigid
Flexspline and the rigid Circular Spline arc in continuous
engagement. Since the Flexspline has two teeth fewer than
the Circular Spline, one revolution of the input causes rela-
tive motion between the Flexspline and the Circular Spline
equal to two teeth. With the Circular Spline rotationally
fixed, the Flexspline rotates in the opposite direction to the
input at a reduction ratio equal to one-half the number of
teeth on the Flexspline. This relative motion may be seen
by examining the motion of a single Flexspline tooth over
one-half an input revolution. The tooth is fully engaged
when the major axis of the Wave Generator input is at 0°.
When the Wave Generator’s major axis rotates to 90°, the
tooth is fully disengaged. Full reengagement occurs in the
adjacent Circular spline tooth space when the major axis
rotates 180° back to 0°, thereby producing the two tooth
advancement per input revolution.

Zgp: Mechanieal impedance of the foree-feedback actuator,

Zgw: Scaled steering wheel impedance (inertia),
Zy: Driver impedanee,
Tgp: Harmonic-drive periodic torque ripples.

The definition of P, follows from (1). It represents the
transfer funetion from the motor torque 7,,, to the measured
torque, while the steering wheel is kept fixed, &, = 0.
The Harmonic-Drive torque Typ exhibits nonlinear de-
pendency on steering angle, its rate and motor torque, see
Section 3, Fig. 5.

Model-based control approaches require good models
for all these components, whieh is rather a difficult task.
In addition, the driver impedance is Z, is highly uncertain,
since the driver may hold the steering wheel tight (high
Zgq) or let it free (Z; = 0). To overcome these problems,
in this paper a partial model-based control approach will be
used, that is, the components which are hard to model or
are uncertain are considered simply as disturbances. Thus,

Figure 2: Force-feedback actuator
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The steering wheel is mounted directly on the gear out-
put shaft. Due to the high single stage gear reduction ra-
tio of N = 50, a compact unit eould be designed, that
provides an output torque of up to approximately 50 Nm.
Further advantages of the solution are that there is virtually
no backlash and that Harmonic Drive gears are reversible
and can be back-driven in an emergency.
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Figure 3: Harmonic Drive gear components

Various effeets such as friction, the torgue ripple, typ-
ical for Harmonic Drive gears, and the motor's moment
of inertia need to be compensated to provide a smooth
steering feeling, comparable to the feeling of a mechan:-
cal steering mechanism of today’s vehicles. Experiences
from the light-weight robotics, whereby at each joint a
torque sensor mounted on 2 Harmonie Drive gear has been
used for feedback compensation, [9], encourage utilization
of the same actuation technology for force-feedback on a
steer-by-wire system. The inclusion of a torque sensor di-
rectly between the gear output and steering wheel therefore
is suitable (see later) for closed loop compensation.

3.2 Torque Sensor

The funetion of the torque sensor is based on strain
gauges. This operating principle implies that an addi-
tional elasticity is introduced into the mechanical system
which accounts for approximately one third of the entire
gear elastieity. The use of two independent measurement
bridges provides redundancy and also allows the compen-
sation of temperature changes and other disturbances.
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Figure 5: Torque ripple of the Harmonic Drive gear

3.3 Actuator Modeling

In [5] 2 model of the FHA actuator with the torque sen-
sor is developed. In order to record step responses, the gear
output is locked up mechanically when commanding mo-
tor current steps. It turns out that the measured gear output
torque is surprisingly nonminimum-phase. A closer look
at the setup explains this effect: in order to allow multiturn
operation of the unit, without having the wiring problem of
a rotating torque sensor, the torque is measured at the non-
rotating gear housing. This torque does not only include
the gear output torque, but also the motor torque. Dur-
ing the initial phase of a step response, the torque sensor
registers the motor torque only, which builds up immedi-
ately. The gear output torque only gradually increases due
to gear elastieities. Since the Harmonic Drive gear reverses
the direction of rotation, the sensor registers a torque in the
opposite direction and finally the gear output torque dom-
inates the overal! step response.

Fig. 4 depicts a simplified schematic model of the FHA
actuator, allowing the verification of this behavior. It in-
cludes the moments of inertia of rotor and housing and
the elasticities of torque sensor and Harmonic Drive gear,
modelled as spring-damper systems. Thereby, it can be
shown that the non-minimum phase zero in the model is
caused by the elasticity of the strain gauges. Thus the non-
minimal phase effeet is principally conditioned. However,
this zero is not critieal, because of the high sensor stiffness.

N: Gear reduction ratio
Dy1: Damping constant, sensor elasticity
Ky,:  Stffness constant, sensor elasticity
Dys: Damping constant, gear elasticity
Kpp:  Stiffness constant, gear elasticity
Jhouw:  Moment of inertia, motor housing
Jeot:  Moment of inertia, rotor.
Measurements with the joint in motion revealed further



unmodeled characteristics. Fig. 5 displays the torque rip-
ple, which, as one of the most serious disturbances in the
steering wheel setup, needs to be reduced through com-
pensation. The gear’s torque error is periodic in nature
and its fundamental component corresponds to twice the
frequency of the motor shaft speed. [4] analyzes the Har-
monie Drive gear torque ripple and discusses the connec-
tion to the gear’s mechanical operating principle.

4 DOB based control

The disturbance-observer control method uses the in-
verse model approach for the design of a two degree of
freedom control architeeture (8], [10], by providing both,
feedforward and feedback control. Its scheme is shown in
Fig. 6. It can be shown that sensitivity 5(jw) and comple-
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Figure 6: Disturbance observer scheme for force control.

mentary sensitivity T'(jw) functions of this structure are as
follows,

.__I_ 1 _ Pn(l_Q)
S=3TTrr R iP-rm @
__r_ L _ QP

IT=—=1yi " p+xp-mo @

whereby the open-loop transfer function, L, is easily
shown 1o be,

L= _ ®)

P.(1-Q)

Notice that the DOB structure introduces two functions,
P.(s), which is called nominal {or targef) plant and a filter
Q(s). The basic idea of the DOB approach is to force the
behavior of the overall system in the operating frequency
range be as that of the nominal plant P,. Indeed, the trans-
fer function from «.. to 7 in the DOB scheme is,

T PP, 6
W P (P-PQ ©

which for the frequencies where |Q(jor)| & 1, tends to
F,. On the other side, notice that because of S(jw) — 0,
the system response on disturbances d is minimized at

these frequencies, while the response is highly sensitive
on measurement noise r, T'(jw) — 1. Fortunately in most
applications the disturbance d is low frequent, while mea-
surement noises are high-frequent. Therefore, for a given
application the design task of the filter £ is to shape it in
such a way that |Q(jw)| = 1 in the frequency range of in-
terest (usually low frequencies), and to let it tend to zero
1Q{jw)| — 0 for higher frequencies for noise attenuation.
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Figure 7: For the provision of a better feeling, T is sup-
plied additional damping.

The essential task of a force-feedback algorithm is to
provide the driver a goed feeling. In Fig. 7 the mapping
from the force generated in the muscles of the driver 74 to
the steering angle &y, is schematically shown. Thereby, &
stands for the sensitivity function (5) and d; includes mo-
tor inertia, harmonic drive inertia and its ripples, (1). In
order to improve the driver feeling, the sensitivity func-
tion ST will be provided with additional damping. Thus,
the scheme in Fig. 6 is augmented with an additional PD
controller term as shown in Fig. 8, C'(s) = P + Ds.

Figure 8: Disturbance observer scheme for force control.

5 AOB based control

A linear system represented in state space by
Trg = PrZrp1 +Trug_y 7
Yk = Crr, ’

can be controlled through state feedback (e.g. optimal con-
trol, adaptive control, deadbeat control and "pure” pole
placement control). In practice, the main problem of this
approach is that (7) does not represent exactly the real sys-
tem. In fact, unmodeled terms including noise, higher or-
der dynamics, parameter mismatches, couplings and un-
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known disturbances are not addressed in the control de-
sign. Therefore, it is necessary to develop a control struc-
ture that can deal with them, so that the overall system may
have the desired behavior. The AOB state space control
design satisfies these requirements.

The main goal of the AOB is to fit a physical system
{i.e. its input/output behavior) into a linear mathematical
model, rather than to fit a mathematical model into a phys-
ical system. To accomplish this goal, a description of the
system (closed loop and open loop) is necessary. A special
Kalman Filter (KF) has to be designed. The motivation for
this special KF is based on:

1. A desired closed loop system for the state estimation.

2. An extra equation o estimate an equivalent distur-
bance referred to the system input. An active statc py,
{extra-state) is introduced to compensate unmodelted
terms, providing a feedforward compensation action.

3. The stochastic design of the Kalman matrices ) and
R for the AQB context. Model reference adaptive
control appears if €}, , is much smatler than @, .
In this case, the estimation for the system state fol-
lows the reference model. Everything that does not fit
in the z, ; model goes to p.

Section 5.1 describes the first-order AOB algorithm!.

5.1 AOB-1 Algorithm

Controlling thc system of (7) through state feedback
from an observer and inscrting pg in the loop, the overall
system can be described by

[ Itk [ Qr | ] [ Trk—1
Pk 0 1 Dr—1
I,
+[ 0 :!uk—l“'dk ®

and

Yk =Ca | Trp—1 Pr—1 ]T + ng, 9)

where

weot =7h—1 — [ Lr 1] [ -";»:_—11 ] )

The stochastic inputs dr and nj represent respectively
model and measure uncerfainties. The state estirate of
(8) is based on the desired closed Ioop (i.e. $x = p and
&k = Zr k) ILis

i‘r,k _ ¢r - FrLr 0 ir,k—l
R i [ T
r, )
+[ 0 ]Tk—l + K (e — ),

The generat AOB algorithm uses N extra states to describe py (3],
2]

with
. &.-I.L, 0 g1 .
= ([ ][5 [+ )
(12)
and
CG:[C, 0}. (13

The Kalman gain K} reflects the uncertainty associated to
each state based on model and measure uncerfainties. It is
computed from

Ke=PuCT[Ca PeCT+R™', (19)

with
Pue =0, Pe_y O + Q4 (15)

and
Py = P — K Cs Piie. (16)

&, is the augmented open loop matrix,

&, T,
(D,,:[ 0 1 ] {amn

(J; is the system noise matrix and represents model uncer-
tainty. 1t is given by

Qzp 0
Qk = [ 0 QPF: ] - (18)

The measurement noise matrix Ry represents measure un-
certainty. Py is the mean square crror matrix. Iis initial
value should reflect at least the uncertainty in the state es-
timation. 1t should not be lower than the initial matrix (.

6 Experimental results

DOB aigorithm. This section brings the experimental
results with the DOB algorithm. A fourth order target plant
P, with four poles near to the identified system is used
to compensate the linear dynamics P, (1), of the force-
feedback actuator, (6),

1.132e011

T + 365.353 + 15511052 + 2.399e007s + 3.773e009
(19

(14

Netice that the non-minimum phase zero of the plant is
excluded from the target plant. As a G—filter a fourth-
order Buttcrworth filter is used,

v
Q= 761370, + 410w § 26132u3s + wi’

(20

with w, = 190.
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Figure 9: Disturbance rejection of the DOB control with
Zd — O0.
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Figure 10: Disturbance rejection of the DOB control with
the driver-in-the-loop.

Fig. 9 shows the rejection of step disturbances of differ-
ent levels applied at the output. Thereby the steering wheel
1s kept fixed, 95, = 0, that is, an infinite driver impedance
is emulated. In Fig. 10 these experiments are repeated with
the humnan-in-the-loop, that is, the responses of the system
on step disturbances during the normal driving operation
are shown. These experiments prove the robustness of the
algorithm w.r.t the impedance of the driver.

Fig. 11 and Fig. 12 show torque tracking responses of
sinusoidal torque inputs of different frequencies, respee-
tively with an infinite driver impedance (steering-wheel
kept fixed) and with driver-in-the-loop.

Experimental tests verify that the performance of the
force-feedbaek actuation improves the driving feeling for
different maneuvers such as abrupt steering. This is due to
the high-bandwidth of the torque control. In addition, the
torque ripples of Harmonic Drive gear are compensated.
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Figure 11: Torque tracking responses for Z; — oo.
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Figure 12: Torque tracking responses with driver-in-the-
loop.

AOB algorithm. Fig. 13 and Fig. 14 exhibit the distur-
bance rejection and the tracking performance of the AOB
algorithm. Note the compensating response of the active
state.

7 Conclusions

A high bandwidth force actuation system for steer-by-
wire vehieles is presented in this paper. Rather than open-
loop force control, the elosed-loop force control strategy
is followed by installing a torque sensor in the force-
feedback actuator. The partial model based control ap-
proach is used, that is, instead of putting effort in mod-
elling the processes, which are difficult to model (e.g.
torque ripples in the barmonie drive gear) or are highly
uneertain (driver impedance), observer-based algorithms
are used to cancel the non-modelled physical dynam-



ics. Thereby, the disturbance-observer (DOB) and active-
observer (AOB) control has been applied. While a certain
reluetance in applying the harmonic-drive gearing technol-
ogy because of the torgue ripples is at the present notice-
able, this paper shows tbat at the expense of an additional
torque sensor, high-bandwidth robust and smooth torque
control is feasible. Zero-torque regulation problem is pro-
posed to judge about the steering feeling. It is shown that a
PD controller in the feed-forward loop provides improve-
ment (damping) of the steering feeling.
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Figure 13: Disturbance rejection of AOB for Zg — oo.
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Figure 14: Torque tracking of AOB for 75 — co.
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