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ABSTRACT Steer-by-wire systems represent a key technology for highly automated and autonomous
driving. In this context, robust steering control is a fundamental precondition for automated vehicle lateral
control. However, there is a need for improvement due to degrees of freedom, signal delays, and nonlinear
characteristics of the plant which are unconsidered in the design models for the design of current steering
controls. To be able to design an extremely robust steering control, suitable optimal models of a steer-
by-wire system are required. Therefore, this paper presents an innovative nonlinear detail model of a
steer-by-wire system. The detail model represents all characteristics of a real steer-by-wire system. In the
context of a dominance analysis of the detail model, all dominant characteristics of a steer-by-wire system,
including parameter dependencies, are identified. Through model reduction, a reduced model of the steer-
by-wire system is then developed that can be used for a subsequent robust control design. Furthermore, this
paper compares the steer-by-wire system with a conventional electromechanical power steering and shows
similarities as well as differences.

INDEX TERMS Mechatronic systems, vehicle dynamic systems, steer-by-wire systems, modeling, model
reduction.

I. INTRODUCTION
Steer-by-wire (SbW) systems have become a key technology
on the way to highly automated and autonomous driving and
will therefore be used in modern vehicles. The advantages of
SBW systems can for example be found in [1]. The difference
between them and a conventional electromechanical power
steering (EPS) system is that SbW systems no longer have
a mechanical connection between the steering wheel and
the front wheels (see Fig. 1). As a result, it is no longer
possible to control the vehicle’s lateral position if the steering
control of the SbW system malfunctions. This could lead to
a considerably dangerous situation. Thus, a guaranteed high
robustness of the steering control in any driving situation
is essential for SbW systems [1], [2]. However, current
control approaches cannot guarantee this high robustness,
as illustrated in [3], and often show only limited robustness
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to degrees of freedom and nonlinear characteristics of the
plant which are neglected in the control design. To address
this issue, this paper develops an innovative detail model of
a SbW system that considers all relevant degrees of freedom
and nonlinear characteristics that may occur in a real SbW
system.

FIGURE 1. EPS system (left) and SbW system (right).
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This detail model describes the real plant with a high
degree of accuracy. It is introduced in chapter 2. The analysis
of the detail model is then described in chapter 3. The
model analysis is the basis for deriving corresponding optimal
design models from the detail model, which is presented in
chapter 4. In addition, chapter 5 compares the SbW system
with a conventional EPS system and identifies similarities as
well as differences. Finally, a summary is given in chapter 6.

II. DETAIL MODEL OF THE STEER-BY-WIRE SYSTEM
In this chapter, an innovative nonlinear detail model of a SbW
system is developed. The corresponding physical substitute
model of the SbW system with nine degrees of freedom is
shown in Fig. 2.

FIGURE 2. Physical substitute model of the SbW system with nine
degrees of freedom.

The SbW system includes a steering wheel and a feedback
actuator. Both are connected to each other via a torsion bar.
Moreover, the SbW system contains a front axle actuator. It is
connected via a belt drive to a nut, which in turn is connected
via a ball screw drive to a rack and finally via the tie rods and
levers to the left and right front wheel.

The resulting bodies of the multibody system are indicated
in Fig. 2 by the labels S (steering), MF (feedback motor),
MA (axlemotor), N (nut),WL (wheel left),WR (wheel right),
R (rack), C (casing), and V (vehicle). The degrees of freedom
of the multibody system are illustrated with purple arrows in
Fig. 2.

The nonlinear equations of motion of this physical
substitute model are derived with the help of the Newton-
Euler method [4], [5]. Starting point for this are the results
of the kinematic analysis as well as the free-body system,
which exposes the forces and torques acting on the individual
bodies of the detail model. Based on this, the principle of
linear and angular momentum for all bodies are formulated,
which finally lead to the nonlinear equations of motion.

The detail SbW model is divided into a submodel for the
steering feedback unit (SFU) and a submodel for the steering

rack unit (SRU). Both units are mechanically decoupled (see
Fig. 1 and Fig. 2). The SFU and the SRU are described in the
following subsections.

A. STEERING FEEDBACK UNIT
The steering feedback unit consists of the steering wheel and
a current-controlled feedback actuator. The feedback actuator
is also called SFU motor and is used to generate a desired
steering feel for the driver. Both the steering wheel and the
SFU motor are connected by a torsion bar [6]. The torsion
bar is modeled by the stiffness cTB and the damping constant
bTB (see Fig. 2). The steering wheel is modeled as a rotational
mass with the moment of inertia JS , the viscous friction bS
and the angle ϕS . The mechanical part of the feedback motor
including a corresponding gearing mechanism is modeled by
a rotational mass transformed to steering wheel coordinates
with the moment of inertia JMF , the viscous friction bMF and
the angle ϕMF .
By formulating the principle of angular momentum of the

individual rotational masses, the differential equations

JS�̇S = TS − TTB − bS�S

JMF �̇MF = −TMF + TTB − bMF�MF (1)

for the mechanical part of the SFU model result. Here, TS
describes the driver’s steering torque, TMF describes the
SFUmotor torque transformed to steering wheel coordinates,
acting in the opposite direction, and

TTB = cTB(ϕS − ϕMF ) + bTB(�S − �MF ) (2)

describes the torsion bar torque for ϕS > ϕMF and
�S > �MF . Hence, the mechanical part is modeled by a two-
mass oscillator. Furthermore, the dynamic characteristics of
the SFU motor control can be modeled by a first order lag
system with the differential equation

τMF ṪMF + TMF = TMFrq , (3)

as shown in [7]. Here, τMF is the time constant of the SFU
motor control and TMFrq is the requested SRU motor torque.
Equations (1) to (3) form the SFU model.

B. STEERING RACK UNIT
The steering rack unit consists of the steering mechanism
and a current-controlled front axle actuator. The front axle
actuator is located in a so-called axis-parallel configuration
parallel to the front axle resp. the rack, as shown in Fig. 2. Its
task is to deflect the rack and thus the front wheels according
to the steering wheel angle. The front axle actuator is also
called SRU motor.

The mechanical part of the SRU model considers all
relevant degrees of freedom and characteristics of a real
steering mechanism. The corresponding bodies of the SRU
are coupled by viscoelastic elements and gears. These are
indicated by the labels cxy as well as bxy and ixy in Fig. 2.
Here, the indices x and y specify between which two bodies
the viscoelastic element or the gear is placed. The viscoelastic
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elements and gears have partly nonlinear characteristics. The
mechanical part of the SRU model has seven degrees of
freedom (DOF). Therefore, the resulting overall SRU model
is also called 7DOF model. The large number of degrees of
freedom leads to a mathematical model with several coupled
differential equations and additional ordinary equations. Due
to the size, the equations are not illustrated here.

The dynamic characteristics of the SRU motor current
control can be modeled analogously to chapter 2.1 by a first
order lag systemwith the time constant τMA of the SRUmotor
control and the requested SRU motor torque TMArq.
By coupling the model of the mechanical part with seven

degrees of freedom and the model of the motor control, the
detail SRU model is generated.

If this detail SRU model is combined with the SFU
model from chapter 2.1, the detail SbW model results. The
detail model for a SbW system presented here has nine
degrees of freedom and outperforms the simple models
from other publications as described in [3]. For this detail
model, a comprehensive model analysis is demonstrated in
the following section.

III. MODEL ANALYSIS
In this chapter, the results of the analysis of the linearized
detail SbW model are shown.

A. STEERING FEEDBACK UNIT
Based on the approach of controlling the driver’s steering
torque [8], the SFU should provide the driver with a
desired steering feel depending on the current driving
situation [9], [10], [11], [12], [13]. The steering torque TS
induced at the steering wheel corresponds to the steering feel
experienced by the driver. At a constant steering angle ϕS ,
the steering torque TS is equal to the torsion bar torque TTB.
Since the steering torque TS cannot be measured, the torsion
bar torque TTB is the controlled variable as a substitute for the
steering torque TS . The steering torque TS itself represents a
disturbance variable for a corresponding control. The control
variable is the requested SFU motor torque TMFrq. Fig. 3 then
shows the results of the model analysis of the control transfer
path from the control variable TMFrq to the controlled variable
TTB in form of the step response (top left), the pole-zero map
(bottom left), as well as the frequency response (right).

In addition, Fig. 4 shows the results of the model analysis
of the disturbance transfer path from the disturbance variable
TS to the controlled variable TTB, also in form of the step
response (top left), the pole-zero map (bottom left), and the
frequency response (right).

It can be seen that a conjugate complex eigenvalue pair
dominates the dynamic behavior of the SFU. The eigen-
frequency at about 150 rad/s (24 Hz) of the corresponding
oscillation can be described by the equation

ω0 =

√
cTB
Jres

(4)

FIGURE 3. Step response (top left), pole-zero map (bottom left), and
frequency response (right) of the control transfer path of the SFU model
from the requested SFU motor torque TMFrq to the torsion bar torque TTB.

FIGURE 4. Step response (top left), pole-zero map (bottom left), and
frequency response (right) of the disturbance transfer path of the SFU
model from the steering torque TS to the torsion bar torque TTB.

with

Jres =
JSJMF

JS + JMF
. (5)

It thus depends on the stiffness cTB of the torsion bar as well
as on the moments of inertia JS and JMF of the steering wheel
and the SFU motor.

B. STEERING RACK UNIT
The SRU should convert a driver’s steering request into a
corresponding deflection sR of the rack. The deflection sR is
therefore the controlled variable and the requested SRUmotor
torque TMArq is the control variable. Disturbance variables are
the torques TWL and TWR about the steering axes of the left
and right front wheel. These torques correspond to the tire
forces and torques according to the current driving situation.
Fig. 5 then shows the results of the model analysis of the
control transfer path from the control variable TMArq to the
controlled variable sR in form of the step response (top left),
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the pole-zero map (bottom left), and the frequency response
(right). For better visualization, the two high-frequency zeros
of this transfer path at about -58 000 and -61 000 are not
shown.

FIGURE 5. Step response (top left), pole-zero map (bottom left), and
frequency response (right) of the control transfer path of the SRU model
from the requested SRU motor torque TMArq to the deflection sR of the
rack.

FIGURE 6. Step response (top left), pole-zero map (bottom left), and
frequency response (right) of the disturbance transfer path of the SRU
model from the disturbance torque TWL at the left front wheel to the
deflection sR of the rack.

In addition, Fig. 6 shows the results of the model analysis
of the disturbance transfer path from the disturbance variable
TWL to the controlled variable sR, also in form of the step
response (top left), the pole-zero map (bottom left), and the
frequency response (right).

Due to the symmetry of the steering mechanism, the results
of the model analysis of the second disturbance transfer
path of the SRU model from the disturbance torque TWR
to the controlled variable sR look identical to Fig. 6. The
corresponding results are therefore not illustrated here. The
two disturbance torques TWL and TWR are consequently
often combined in other publications to generate only one

disturbance variable in the form of a disturbance force at the
rack.

The dynamic behavior of the SRU is characterized by
several conjugate complex eigenvalue pairs. To highlight
the positions of the corresponding eigenfrequencies (black
circled digits), the frequency response of the control transfer
path of the damped and undamped SRU model is shown in
Fig. 7. In addition, the notch frequencies (gray circled digits)
of the control transfer path are also visible there.

FIGURE 7. Frequency response of the control transfer path of the damped
and undamped SRU model from the requested SRU motor torque TMArq
to the deflection sR of the rack.

The frequency response can be used to show the influence
of a variation of individual parameters on the characteristics
of the SRU. For example, the first eigenfrequency at about
150 rad/s (24 Hz) corresponding to the most dominant
eigenvalue pair can be determined very well by the equation

ω0 ≈

√
cres
Jres

(6)

with

cres =
cRW cMR

cRW + cMR
, (7)

cMR =
cNRcNCcCV

cNRcNC + cNRcCV + cNCcCV
, (8)

and

Jres =

JW
i2RW

(JMA +
JN
i2MN

)i2MN i
2
NR

JW
i2RW

+ (JMA +
JN
i2MN

)i2MN i
2
NR

. (9)

Here, iRW describes the average gear ratio and cRW as well as
JW the total stiffness and the total moment of inertia of the
left and right wheel attachment. Furthermore, the first notch
frequency at about 190 rad/s (30 Hz) can be approximated by
the equation

ωT ≈

√
cRW
JW
i2RW

. (10)

The location of the lowest eigen- and notch frequencies thus
depends mainly on the parameters of the front wheels and
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the wheel attachments. A stiffer connection cRW of the front
wheels to the rack increases the eigen- and notch frequencies.
A larger wheel inertia JW , on the other hand, reduces them.
A change in the gear ratio iRW between the rack and front
wheel also primarily affects only these eigen- and notch
frequencies.

In addition, the stiffnesses cNC , cCV , cNR, and cMN of
the axial nut bearing, the casing attachment, the ball screw
drive, and the belt drive between the SRU motor and the
nut have only a significant influence on the location of the
high-frequency eigen- and notch frequencies. Here, the eigen-
and notch frequencies increase with increasing stiffness and
vice versa. This insight can be used in the following model
reduction.

By analyzing the corresponding nonlinear model, the
conclusions drawn here can be reconfirmed. Hence, the
results are not shown.

IV. MODEL REDUCTION
For a subsequent controller and observer design, a SbW
model of the lowest possible order is required. Therefore,
in this chapter a reduced SbWmodel is derived from the detail
SbW model. This reduced model replicates all the dominant
characteristics of a real SbW system.

A. STEERING FEEDBACK UNIT
The mechanical part of the SFU model has two degrees of
freedom and corresponds to a two-mass oscillator. Hence,
it already represents a model of low order and does not have
to be reduced further.

B. STEERING RACK UNIT
The mechanical part of the SRU model has seven degrees of
freedom and thus a correspondingly high order. In addition,
it has high-frequency characteristics that are for example not
suitable for real-time simulation. Therefore, it needs to be
reduced.

If all the connections between the bodies of the SRU are
assumed to be rigid, the model of the mechanical part with
seven degrees of freedom is transformed into a reducedmodel
of the mechanical part of the SRU with only one degree of
freedom. Such a simple model like in [14], [15], [16], and
[17] is currently often used for the design of controls for
SbW systems. However, a control system created with such a
design model does not show good robustness characteristics
against unconsidered eigenmodes [3].

Since the viscoelastic wheel attachments usually have
a much lower stiffness than the remaining viscoelastic
elements of the SRU (cRW ≪ cMR), the dominant behavior
of the SRU is thus determined by the parameters of the
viscoelastic wheel attachments according to (6) to (10).
Therefore, a better model of the SRU with two degrees of
freedom can be developed based on the results of the model
analysis from chapter 3.2 by a physically motivated order
reduction which reproduces this dominant characteristic of
a real SRU. Consequently, the reduced model corresponds

to a two-mass oscillator with one degree of freedom for
the SRU motor angle ϕMA and one degree of freedom for
a substitute angle ϕW of the front wheels. It is derived
from the detail SRU model with seven degrees of freedom
by introducing constraints for the assumptions that the belt
drive between SRU motor and nut is rigid and that the front
wheels always deflect with the same angle. In addition, small
masses and inertias are redistributed to the remaining bodies
and the resulting model is statically condensed. Then, the
substitute stiffness of the statically condensed model can be
approximated using (7) and (8).

The SRU model consisting of this reduced model of the
mechanical part of the SRU with two degrees of freedom and
the current-controlled SRU motor is called 2DOF model in
the subsequent sections.

FIGURE 8. Frequency response of the control transfer path of the 7DOF,
2DOF, and 1DOF model of the SRU from the requested SRU motor torque
TMArq to the deflection sR of the rack.

Fig. 8 shows the frequency response of the control transfer
path of the 7DOF model as well as the 2DOF model of the
SRU. In addition, the frequency response of a 1DOF model
of the SRU, as currently often used for the design of steering
controls, is also displayed.

It can be seen that the developed 2DOF model maps the
7DOF model with sufficient accuracy up to frequencies of
3100 rad/s (490 Hz), whereas the frequency response of the
1DOF model already differs significantly from the frequency
response of the 7DOF model at frequencies of 130 rad/s (20
Hz). Consequently, the 1DOF model is not suitable for a
control design, since the corresponding control would have
only a small bandwidth and no high robustness.

The good conformity of the reduced 2DOF model with
the detailed 7DOF model can also be seen by examining
the eigenmodes of the models. Especially the eigenmodes
corresponding to the lowest eigenfrequencies are relevant,
since the other eigenfrequencies are beyond the supposed
bandwidth of a possible control. Therefore, Fig. 9 shows the
eigenmodes for the first eigenfrequency of the detailed 7DOF
model of the SRU. The eigenmodes for the first (and only)
eigenfrequency of the reduced 2DOF model of the SRU are
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FIGURE 9. Eigenmodes for the first eigenfrequency of the 7DOF model of
the SRU.

shown in Fig. 10. There, the amplitudes are normalized to
a common level. With the previously introduced assumption
that the front wheels can only deflect in the same direction,
the corresponding amplitudes and phase angles of the left
and right front wheel are identical (ϕW = ϕWL = ϕWR).
Nevertheless, the amplitudes and phase angles of both front
wheels are shown in the eigenmodes for a better comparison
with the 7DOF model.

FIGURE 10. Eigenmodes for the first eigenfrequency of the 2DOF model
of the SRU.

The comparison of the eigenmodes shows that the reduced
2DOF model and the detailed 7DOF model have a highly
similar behavior in the low-frequency range, where the
deflections of the wheels are dominant. From the plot for
the 7DOF model in Fig. 9, it can also be seen that the
elastic connections with the associated stiffnesses cNR, cNC ,
and cCV for the ball screw drive, the axial nut bearing, and
the casing attachment experience a deformation, since the
amplitudes and phase angles are different for the degrees of
freedom sR, ϕN , sN , and sC . Thus, these stiffnesses affect this
eigenmodes. In contrast, the elastic connection between the
SRU motor and the nut with the stiffness cMN of the belt
drive hardly experiences any deflection, since the amplitudes
and phase angle for the degrees of freedom ϕMA and ϕN are
almost identical. Consequently, this elastic connection can be
neglected, as it was also the case for the model reduction. So,

based on the eigenmodes, the previously made assumptions
for the model reduction can be confirmed once again.

The combination of the reduced 2DOF model of the SRU
and the SFU model yields the optimal reduced SbW model,
which can be used for a subsequent design of a highly robust
steering control system.

An advantage of the developed method for the order
reduction is that, if required, reducedmodels of most different
order can be generated in a simple way, which show an
optimal behavior for their respective application.

V. MODEL COMPARISON
In this chapter, the identified characteristic behavior of a SbW
system is compared with the characteristic behavior of an
EPS system, which is currently mainly equipped in motor
vehicles [18]. For this purpose, a detail model of an EPS
system is used that was developed analogously to the method
described in chapter 2. This model is for example illustrated
in [3]. For a better comparability, the parameterization of
the detail EPS model was selected to be the same as the
parameterization of the detail SbW model.

FIGURE 11. Frequency response of the control transfer path of the
damped and undamped EPS model from the requested motor torque
TMrq to the torsion bar torque TTB.

Fig. 11 then shows the frequency response of the control
transfer path of the damped and undamped EPS model.
Like the SFU model (see chapter 3.1), the eigenmodes for
the lowest eigenfrequency at about 50 rad/s (8 Hz) are
affected by the torsion bar in the steering column. The
corresponding eigenfrequency can be approximated by (4),
where the resulting moment of inertia Jres is now composed
of the moments of inertia of all bodies of the EPS model
according to equation

Jres =
JSJdown

JS + Jdown
(11)
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with

Jdown = JP +
JN i2NR
i2PR

+
JM i2MN i

2
NR

i2PR

+
mR
i2PR

+
JW

i2PRi
2
RW

(12)

due to the mechanical connection between the steering wheel
and the rack. Here, JP describes the moment of inertia of the
pinion at the lower end of the steering column and iPR the
gear ratio between the pinion and the rack. In addition, Jdown
represents the substitute moment of inertia of all the bodies
of the downstream of the EPS system. Since it is generally
true that JMF ≪ Jdown, the resulting moment of inertia Jres
of an EPS system according to (11) and (12) is significantly
larger than the resulting moment of inertia of the SFU of a
SbW system according to (5). So, the lowest eigenfrequency
of the EPS model at about 50 rad/s (8 Hz) is lower compared
to the lowest eigenfrequency of the SFU model of about 150
rad/s (24 Hz). In addition, the corresponding oscillation of the
EPS model has a lower damping factor d than the oscillation
of the SFU model according to equation

d =
ω0bTB
2cTB

(13)

because of its lower eigenfrequency.
The eigenmodes for the second lowest eigenfrequency at

about 150 rad/s (24 Hz) correspond with sufficient accuracy
to the eigenmodes for the lowest eigenfrequency of the
SRU model (see chapter 3.2). This is the case because
the resulting moment of inertia Jres of the EPS model is
dominated by the substitute moment of inertia Jdown of the
downstream according to (11) and (12) with JS ≪ Jdown.
Normalized to a common level, this substitute moment of
inertia is approximately equal to the resulting moment of
inertia of the SRUmodel. The same is true for the eigenmodes
corresponding to the high-frequency eigenfrequencies.

A comprehensive analysis of the detail EPS model can be
found in [19], [20], [21], [22], and [23].

VI. CONCLUSION AND OUTLOOK
This paper describes the modeling and analysis of a detail
model for a steer-by-wire system (SbW system) consisting of
a model of the steering rack unit (SRU) and a model of the
steering feedback unit (SFU). The detail model represents all
the characteristics of a real SbW system.

The detail model was subjected to a comprehensive
analysis. Both the parameter dependencies and the dominant
characteristics of the SbW system were identified. For
example, it was shown that the dynamic behavior of the
SRU is dominated by the viscoelastic wheel attachments.
Therefore, both the SRU and the SFU can be modeled by a
two-mass oscillator. Consequently, the reduced SbW model
consists of the combination of these two two-mass oscillators.
By means of a physically motivated order reduction, the
parameters of the reduced model were optimized in such a
way that the behavior of the reduced SbWmodel is congruent

with the behavior of the detail SbW model up to excitation
frequencies of more than 3100 rad/s (490 Hz).

In the next step, a control design for the control of the
driver’s steering torque and the rack deflection is performed
based on the optimized reduced SbW model. Afterwards, the
reference value specifications can be designed. This is the
subject of further work.
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