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Abstract: Shorter available development times and fewer available vehicle prototypes have in-
creased the subsystem-based investigation on test rigs within the automotive development process.
Steering systems exhibit a direct interface to the driver, therefore, posing high requirements to
the control performance of a test bench, especially for the perception of steering feel. This work
proposes three approaches to improve the force control performance of permanent magnet linear
motors incorporated on a steering test bench. The first method improves control accuracy when a
harmonic force signal is introduced into the steering system by adjusting the reference force signal
based on the identified peak values of the measured and reference forces. The second method
allows the inclusion of the actuator’s inertia and the occurring ratios between steering wheel
angle and rack displacement into the control scheme to reduce performance deterioration due to
inertia. The third approach considers delay time in the actuator control and estimates its future
position for delay compensation. A validation of the proposed methods is conducted, displaying
an improvement for all three applications. The proposed methods extend the applicability of a
steering test bench within the automotive development process by enabling more accurate and
reproductible control performance.

Keywords: steering system test bench; permanent magnet linear synchronous motor (PMLSM);
electric power steering (EPS); steering feedback; steering guidance behavior

1. Introduction

Modern steering systems for passenger vehicle cars possess an electric motor, which
provides the necessary servo force to support the driver during steering maneuvers. During
the automotive development process, the steering feel is improved, often in full vehicle
tests. An alternative to road tests is the utilization of a steering system test bench, which
allows the objective investigation of the steering system, without the requirement of a
vehicle prototype.

Typical tests on steering test benches range from measurements of mechanical charac-
teristics, such as the friction force of the steering gear, to approximations of full vehicle tests.
Since electric power steering (EPS) systems exhibit large servo forces during parking, steer-
ing test benches for the investigation of such systems are required to provide sufficiently
large actuator forces to imitate the wheel–road contact for real word applications. Currently,
this goal is achieved by the usage of one or two permanent magnet linear synchronous
motors (PMLSM).

Due to the high-power requirements, the utilized PMLSMs exhibit non-neglectable
moving masses, deteriorating the dynamic behavior of the system. This is especially
relevant when rapid steering wheel angle inputs are present. Furthermore, EPS systems
represent nonlinear characteristics with friction, backlash, and natural frequencies within
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the investigated frequency range, which negatively influence the control performance,
exemplarily when harmonic rack forces are introduced into the steering system. These
shortcomings limit the applicability of steering test benches along the development process
and require optimization.

Common approaches utilized to improve the dynamic control of regulated systems
incorporate the inverse plant model into the control scheme [1,2]. In [3,4], a combined
offline and online estimated transfer function is utilized to adapt the reference signal to the
dynamics of the system under test, which is represented as a shaking table. For the online
implementation, a recursive extended least square algorithm is used. A similar approach is
described in [5], wherein an online recursive extended least square algorithm adaptively
alters the transfer function for acceleration, force and position control of a shaking table.
Another force control approach is introduced in [6], where the inverse model approach was
successfully implemented within a flight simulator.

The estimation of a control transfer function on a steering test bench is connected
to high efforts. Since the steering system represents an active component with friction,
backlash and a variable driver input, steering systems are nonlinear systems. Consequently,
the transfer function is only valid for one system state. Due to a great variety of variations
in the system, transfer function-based approaches are not applicable for this purpose.

Similar, but alternative, approaches to control harmonic reference signals on a shaking
table were introduced in [7,8]. Both methods utilize a least mean square filtering approach
to weigh or adapt the input signal to compensate phase and amplitude deviation in the
system response. Here, the adaptation occurs due to a comparison of the resulting and
measured signals of the shaking table, without the explicit knowledge of the transfer
function. Therefore, a similar approach can also be used on a steering test bench, where
harmonic excitations are inserted into the steering rack.

Alternative approaches for the improvement of the dynamic characteristics of control
systems are the usage of feedforward control signals based on velocity or acceleration
information. In the discipline of hard disc drive control, there exist high requirements for
the dynamic control performance, since the distance between a storage and the write/read
pin needs to be small, but physical contact must not occur, even in the presence of external
disturbances. For this purpose, [9] introduced an acceleration feedforward control (AFC),
which detects external disturbances to improve the control performance. In [10], a similar
approach was utilized to reduce the impact of external shocks to the drive system by an
AFC in combination with a double disturbance observer, which successfully enhanced the
control quality.

Within machining control applications, feedforward control approaches are exposed to
changing boundary conditions, introduced by the workpiece characteristics, tool degrada-
tion and travel speed. Therefore, [11] implemented an adaptive feedforward control based
on the reference position signal and the occurring error together with friction compensation
to reduce the resulting position error. Approaches for inertia compensation by a feedfor-
ward control are even further restricted since the workpiece and direction of excitation
vary over time. Consequently, [12] developed a velocity and AFC in combination with a
jerk disturbance observer to compensate for varying inertia during the machining process.
Similar approaches were conducted in [13–15], where observers and artificial intelligence
are implemented to estimate the current inertia of the system.

Previously described approaches for enhanced dynamics are implemented for position
or velocity control and for predefined reference signals. A torque control application
with feedforward control for friction and inertia compensation was proposed in [16] on
a rehabilitation device. The compensation is based on the currently measured angular
velocity and the motor inertia, which successfully improves the control performance. A
similar approach is also applicable for the implementation on a steering test bench, where
the PMSLM is normally operated in force control mode.

Since steering system test benches are required to function within real-time applica-
tions, exemplarily together with a vehicle model, there are not only dynamic requirements



Actuators 2023, 12, 186 3 of 24

in terms of magnitude accuracy but also concerning the time delay between the reference
and measured signal. Such effects originate from dead time and the dynamic properties of
the PMLSM control. A common method to deal with and improve the control performance
of systems with dead time is the implementation of a Smith predictor [17]. Here, a model
of the process is utilized to derive a mathematical formulation without a delay in the
system, enabling the use of standard PID control tuning processes for systems without
dead time. The work in [18] proposed an adaptation of a Smith predictor in combination
with a fuzzy-PI controller on a brushless DC motor to account for modelling uncertainties,
while an approach with an automatic dead time calculation is introduced in [19].

Another method to improve the dynamic behavior of a brushless DC motor incorpo-
rates time-shifting the voltage signal according to the electrical characteristics of the motor
in terms of inductance and resistance [20]. The identification of the shifting time for the
voltage signal is performed for different goals, such as performance [20] or acoustics [21].
A similar approach is proposed in [22], wherein a phase delay compensation is utilized to
improve the efficiency of the electric motor and its generated torque. Here, the optimum
shifting time is estimated based on a Fourier series. These approaches utilize information
of the current system state to alter the control strategy to improve performance. The basic
principle is also applicable for steering test bench applications in real-time operation.

For PMLSMs implemented in steering system test benches, the prevailing operation
mode is force control, which can be subdivided into two categories, based on the origin of
the reference force signal. First, a reference force signal is provided in advance of the test to
the PMLSM for the excitation of the steering system. This setup is exemplarily utilized for
the harmonic force excitation of the steering rack. Second, the force is calculated based on a
vehicle model, where the rack displacement measured within the PMLSM functions as the
input for the reference rack force calculation. For the most basic case, the PMLSM operates
as a virtual spring and, therefore, provides a reference force proportional to the measured
rack displacement.

In this paper, drawbacks of the control performance occurring for both control cate-
gories are identified, and associated improvement approaches are proposed. For a previ-
ously known harmonic reference signal, a similar methodology as in [7] is implemented to
calculate a weighing factor to adapt the reference signal. Two additional methods, which
are applicable for real-time testing, exemplarily combined with a vehicle model, use the
steering wheel angle and steering rack-velocity information to provide the PMLSM control
with a compensation signal for inertia and time delay.

The remaining article is structured as follows: Section 2 gives an overview of the
steering system and the relevant steering test bench, followed by a problem formulation
and the proposal of compensation approaches in Section 3. Results of the implemented
control improvements are displayed and discussed in Section 4. Section 5 summarizes the
conducted investigations.

2. Steering System and Test Bench

This section introduces both the structure and function of electric power steering
systems as well as the steering system test bench used for the investigations.

2.1. Electric Power Steering System

Modern steering systems in vehicles are equipped with an electrical motor to assist
the driver during driving maneuvers. Depending on the positioning of the electric motor,
different variations of EPS exist [23]. In this work, the motor of the steering system is located
parallel to the rack of the system, representing an axle parallel (apa) EPS. A simplified
sketch of the system is displayed in Figure 1.



Actuators 2023, 12, 186 4 of 24

Figure 1. Axle-parallel electric power steering system. Adapted from [24].

The rotational driver input is introduced through the steering wheel into the steering
column. Within the adjacent torsion bar, a sensor detects the applied steering torque.
Universal joints in this path allow adjustment of the steering wheel position. Within the
contact between the pinion and the steering rack, the rotational movement of the pinion is
transformed into a translatory displacement of the steering rack. The ratio of the steering
gear can be variable over the whole stroke, where the center range is generally less direct
compared to larger steering wheel angles. This allows the reduction of steering angle
demand during parking, while maintaining high stability under high-speed driving [23].
The translatory movement of the steering rack is then transferred by the tie rods to the
wheel carrier, introducing a wheel rotation. Based on the measured steering torque at the
steering systems torsion bar sensor and by different steering functions, a servo torque is
calculated within the ECU and supplied by the electric motor. A belt drive and ball screw
gear convert the assistance torque into an assistance force on the steering rack.

Due to the occurring inertia of the electric motor and the ball screw gear in combination
with its elastic connection, the steering system exhibits a low-pass character for external
excitations, originating from the tie rods [25,26]. In addition to the reduction of relevant
road feedback to the driver [25], investigations also showed that this combination leads
to a dominant natural frequency [26,27], complicating the force control during tests on a
steering test bench.

2.2. Steering System Test Bench

Within this investigation, an electromechanical steering system test bench by dSPACE
is utilized, which is described in [28], and consists of two PMLSMs for the introduction of
road excitations to the steering rack and one steering wheel actuator (SWA) representing the
driver input. Both PMLSMs are named according to their side of implementation, namely
rod left actuator (RLA) and rod right actuator (RRA). The technical data are displayed in
Table 1.

Table 1. Characteristics of the steering system test bench.

PMLSM SWA

Characteristic Unit Value Characteristic Unit Value

max. Force kN 20 max. Torque Nm 50
max. Velocity m/s 1 max. Velocity ◦/s 3000

max. Frequency Hz 30

The PMLSM can be operated in position, velocity and force control. Here, only force
control is considered. The SWA provides similar operation modes as position, velocity and
torque control. These control tasks in addition to the relevant signal measurements are
performed by a dSPACE Hardware-in-the-Loop (HiL) simulator [28]. A matlab/Simulink
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model allows the operator to adapt and extend the implemented control structures to match
the requirements. Within this work, the Simulink model interface is utilized to implement
the dynamic optimization methods.

Measurements on the steering system test bench range from the evaluation of the
occurring friction in the passive system to HiL tests on full vehicle level, including a real-
time vehicle dynamic model [26,27]. The setup of the test rig for HiL testing is shown in
Figure 2.

Figure 2. Setup of the steering system test bench for operation in combination with a vehicle model.

Based on the selected driving maneuver, the reference steering wheel angle δRe f ,SWA
is provided to the SWA. Further maneuver information, such as the surface geometry and
pedal position, are sent to the vehicle model. The residual bus simulation provides the
steering system with the necessary bus communication signals, such as vehicle speed vveh,
for a proper function, such as within the actual vehicle.

As a response to the reference steering wheel angle, the SWA excites the steering
column and induces a steering maneuver. Angle, velocity and torque sensors adjacent to
the SWA detect the relevant quantities. Sensors incorporated within the PMLSMs measure
the occurring rack displacement of the steering system, xmeas,RLA as well as xMeas,RRA,
and send this information to the vehicle model. Based on the rack displacement, the
vehicle dynamic model calculates the wheel carrier rotation and the associated tire and
rack forces. The latter are then utilized as the reference force signals Fre f ,RRA and Fre f ,RLA
for the RRA and RLA, respectively. A load cell within the force path between the steering
rack and the PMLSM detects the contact force for the closed-loop control. As a result,
the required steering torque for the SWA to reach the reference angle, measured by an
additional torque and angle sensor of the test rig close to the SWA, coincides with the
steering torque perceived by a driver in a vehicle test.

Since the required rack forces for the previously described setup may originate from
a vehicle model, the reference force signal is not known in advance to the test because
it is derived from the occurring rack displacement, vehicle speed and surface condition.
Alternative investigations, exemplarily the characterization of the feedback behavior of
the steering system as explained in [26,27], utilize reference force signals with specific
characteristics, which are defined as a time sequence before the test. Therefore, the reference
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force is not dependent on the steering system behavior and other surrounding conditions.
Therefore, in this case, the displacement of the steering rack does not influence the desired
reference force. The setup from Figure 2 remains similar, but the vehicle model is replaced
by a time dependent signal generator, which provides a predefined reference force signal
without incorporating the steering system behavior.

3. Problem Formulation and Compensation Approaches

In this section, two applications for the investigation of steering systems on a test
bench are introduced, where dynamic insufficiencies deteriorate the measurement result.
The first application describes the identification of the feedback behavior of the steering
system, wherein a previously defined harmonic reference force signal is introduced into
the steering rack. Due to the steering system’s characteristics, the measured force exhibits
deviation from the reference force. A second application investigates the guidance behavior
of the steering system, where both the magnitude as well as the phase delay between
the reference signal and the measured force do not adhere to the requirements. Solution
approaches for both applications are motivated and derived.

3.1. Steering System Feedback

This subsection describes the feedback investigation test, motivates the occurring
deviations and introduces a compensation approach.

3.1.1. Test Description

For the investigation of the feedback behavior of the steering system, only one PMLSM
(the RLA) is connected to the steering rack, while the steering wheel is either swinging freely
or locked at a constant angle, controlled by the SWA. Due to the high control performance
of the SWA, the steering wheel is approximately fixed at its position and not rotating.
Oscillations do occur for the case of a freely swinging steering wheel. A sine sweep signal
with constant amplitude and increasing frequency is then used as the reference force signal
for the connected PMLSM [26]. Based on the measured input force Fmeas,RLA and the
steering torque sensed by the torsion bar Mtb, a transfer function GFB,Steer is calculated by
a Fast Fourier Transformation (FFT) [29] of the input and output signal:

GFB,Steer =
FFT(Mtb)

FFT(Fmeas,RLA)
. (1)

An exemplary bode plot of the identification result for a passive steering system is
displayed in Figure 3, where a resonance frequency at 6 Hz is detected.

Figure 3. Bode diagram of the feedback behavior of a passive apa-EPS.
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3.1.2. Motivation and Problem Formulation

Due to the occurring friction and backlash in the system in combination with an
active servo motor, steering systems are nonlinear, which means that the identified transfer
function is only valid for the exact condition of the test. To compare the results of different
applications of whole steering systems, the boundary conditions of the measurement, such
as the force amplitude, need to be held constant, requiring high dynamic performance
control. Extrapolating the results outside the reference state is only valid for linear, time-
invariant systems [29]. This requirement becomes clear when considering the support force
of the servo motor, which does not correlate linearly to the rack force. Therefore, reduced
or increased rack forces lead to different torsion bar torques and, therefore, to varying
assistance forces, which change the share of the required steering torque of the driver.
Consequently, the magnitude of the transfer functions increases or decreases, complicating
a comparison for different rack force amplitudes.

As a result of the steering system characteristics, the resulting rack force amplitude
exhibits deviations from the reference amplitude along the frequency range. An exemplarily
resulting normed rack force course in the time domain is presented in Figure 4. Here, the
reference amplitude indicates the desired amplitude of the input force sine sweep reference
signal from 1 Hz to 30 Hz and ideally coincides with the amplitudes of the measured rack
forces. At 13.8 s, the rack force displays an overshoot of 43.6% compared to the reference
amplitude. For increasing time, which is equivalent to increasing frequency, the amplitude
drops to 81% of the reference signal. These deviations hinder reliable comparison.

Figure 4. Time course of the measured rack force for a feedback behavior investigation on a steering
system test bench.

3.1.3. Solution Approach

As the force control performance is strongly influenced by the characteristics of the
steering system, a transfer-function-based approach, as introduced in [1–4], represents
a valid compensation approach. Since the steering system is a nonlinear component,
a transfer function for the test bench control must be derived for each operating point
of the steering system, which is associated with a large effort. Therefore, an online
approach which solely requires the reference and the measured force signal is proposed.
To allow for wide applicability of the solution approach, an improvement is required for
the following conditions:

• Harmonic signal with constant and/or increasing frequency;
• Harmonic signal with constant and/or varying amplitude;
• Harmonic signal with or without a varying and previously unknown offset value and

their combination.

The latter case is especially important when the steering test bench is used in combina-
tion with a vehicle model and external disturbances are superposed to the rack forces from
the vehicle model.
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The basic principle of the proposed solution approach is, similar to [7], the adaption
of the reference signal to consider the current dynamic properties of the complete control
system. This means that the amplitude of the reference signal is increased for decreased
measured rack force amplitudes and vice versa. The magnitude of the correction factor
depends on the detected difference between the reference and measured rack force ampli-
tudes. Therefore, a real-time capable algorithm is introduced which calculates a correction
factor for the reference signal based on the currently measured force amplitudes, estimated
by a peak value identification (PVID). A visualization of the PVID algorithm to detect a
high point is displayed in Figure 5.

Figure 5. Visualization of the proposed peak value identification algorithm and pseudo code expla-
nation for high point detection. (a) Update of the temporary maximum value; (b) search for further
maximum values; and (c) trigger that a new high point is found for further calculations.
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If the search for a new high point is triggered, a comparison of the current value F(i)
and the stored maximum value Fmax,det is performed for each timestep (see Figure 5a).

An update happens if the current value is larger than the previously stored value,
otherwise the update is suspended (see Figure 5b). Since the force measurement is accom-
panied with measurement noise from the load cell, a threshold value is defined, which
allows a distinction between the discovery of a new high point and noise-induced force
reductions. As soon as the measured force value drops below a threshold, represented as
the value which is Fthres lower than the currently stored maximum, a high point detection
is triggered to update the currently reached force amplitude FHP, as displayed in Figure 5c.
Furthermore, the currently detected minimum value Fmin,det is initialized with the high
point value. Then, the search for a low point is performed identically.

The presented algorithm can be applied to the measured force signal as well as the
reference signal to obtain both the desired LPre f , HPre f and achieved LPmeas, HPmeas force
amplitudes. Here, HPi and LPi stand for the force high point and low point, respectively.
Subsequently, the correction ratio λ(i + 1) for both amplitudes is updated according to

λ(i + 1) =
λ(i)·HPre f

HPmeas
(2)

or

λ(i + 1) =
λ(i)·LPre f

LPmeas
(3)

and used to adapt the reference signal to the current situation (see Equation (4)). Since
this approach adapts the reference signal based on the occurring maximum and minimum
values, it is called peak value control (PVC).

Fharm,re f ,new = Fharm,re f ·λ(i + 1) (4)

Here, Fharm,re f and Fharm,re f ,new stand for the harmonic reference signal and the adapted
harmonic reference signal, respectively.

Note that the harmonic signal without offset Fharm,re f is separated from the reference
offset force Fo f f ,re f . This distinction allows the previously introduced superposition of rack
forces from a vehicle model and the harmonic signal. A block model of the whole algorithm
together with the force control structure of the steering test bench is displayed in Figure 6.

Figure 6. Implementation of the peak value control. (a) Location within the complete control structure
of the steering system test bench. (b) Detailed representation of the algorithm.

The adaption of the reference signal is conducted before the PI control structure of
the test bench and includes information from the measured force Fmeas and the reference
forces Fo f f ,re f and Fharm,re f (see Figure 6a). Figure 6b displays a block diagram of the peak
value control implementation). The harmonic reference signal is a multiplication with the
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currently active correction ratio, directly fed to the PVID algorithm, whereas the measured
force is offset adjusted by subtracting the reference offset value before being analyzed by
the PVID. The correction ratio λ is calculated according to Equation (2) or Equation (3) and
multiplied with the harmonic reference signal. Finally, the adapted harmonic reference
signal is added to the offset reference value, representing the adapted reference signal,
which is fed to the control structure. The separated analysis is conducted to only adapt the
high-frequency inputs, since the low-frequency signals possess high control accuracy.

The advantages of this approach are that no further information other than the
measured and reference force value are required. Furthermore, the calculation can be
performed for any steering system with different applications and boundary conditions
(e.g., vehicle speed). A disadvantage is that the calculation of a correction factor is only
possible when a new peak value is updated. Firstly, this leads to a time delay since the
threshold value must first be undershot. Secondly, it results in a lower limit up to which
amplitudes can be resolved. This value is determined by the measurement noise and the
resulting threshold parameter.

Here, phase correction is not implemented, since only the transfer from the mea-
sured rack force to the measured steering wheel torque is considered. A phase delay
between the measured and reference force signal is, therefore, irrelevant for the feedback
characterization of the steering system.

3.2. Steering System Guidance Dynamics

In this subsection, a description of the test setup and the derived control performance
limitation are explained. The description of two solution approaches, one for magnitude
improvement and another for delay compensation, conclude the subsection.

3.2.1. Test Description

For the investigation of the dynamic guidance behavior of steering systems, one or two
PMLSMs are connected to the steering rack. In contrast to the previously described feedback
investigation, the reference force signal is calculated based on the rack displacement of
the steering system and is not previously defined. For simplicity in the evaluation of the
results, a virtual spring is implemented in the control scheme instead of a vehicle model.
Consequently, the reference force generated is proportional to the rack displacement.

The identification of the guidance behavior of the steering system is adapted from a
standard full vehicle test, the frequency response test as described in ISO 7401 [30]. For
this maneuver, a sine steer input with slowly increasing frequency is introduced into the
steering wheel. For the investigation of the steering system, exemplary relevant objective
parameters are the transfer function from steering wheel angle to lateral acceleration and
from the steering wheel angle to the vehicle yaw velocity [27]. Consequently, the frequency
response test represents a relevant investigation for a steering test bench.

3.2.2. Motivation and Problem Formulation

To demonstrate the occurring control performance deterioration during the test, mea-
surements with a steering wheel angle of 20◦ and an implemented virtual spring stiffness
kvirt of 400 N/mm are conducted. Within 50 s, the frequency is exponentially increased
from 0.1 Hz up to 5 Hz, which lays above the reported frequency input ranges of 2.0 Hz
in [30], 2.8 Hz in [27], 3 Hz in [23,31] and 4 Hz in [32] and is, therefore, considered suffi-
ciently dynamic. Figure 7 depicts the bode plot of the transfer function from measured
rack displacement xmeas,RLA to the measured rack force Fmeas,RLA, introduced by the RLA,
calculated as the feedforward control performance GFF,Per f

GFF,Per f =
FFT(Fmeas,RLA)

FFT(xmeas,RLA)
. (5)
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Figure 7. Bode plot of the control performance for the dynamic guidance evaluation with a steering
wheel angle input of 20◦ and a virtual spring stiffness of kvirt = 400 N/mm.

Ideally, the magnitude course equals the defined spring stiffness, and the phase delay
is zero.

Two deviations from the desired test bench behavior can be observed. First, the
effective stiffness decreases for increasing input frequency. At 3 Hz, a stiffness reduction of
20% is measured which increases up to 50% at 5 Hz. That means that the desired rack forces
are not reached for the setup. Second, the phase delay increases in magnitude over the
frequency range. Consequently, the force applied to the steering system no longer matches
the steering wheel angle and the rack position, which negatively influences the steering
torque buildup and, therefore, the overall impression.

3.2.3. Solution Approach

Since the proposed approach is required for applications where the reference force
signal is not known in advance, adjustments to the reference signal cannot be conducted be-
forehand. To overcome the previously introduced deficits, a two-part approach is presented.
The first method allows an improvement of the magnitude course over the frequency range,
whereas the second solution reduces the occurring time or phase delay.

Inertia Compensation

The basic assumption to improve the magnitude control performance of the PMLSM is
that its moving mass is not incorporated in the control scheme and, therefore, deteriorates
the performance during high-dynamic maneuvers. To improve these dynamic properties,
inertia compensation (IC) is implemented in the control scheme by considering the acceler-
ation of the steering system, similar to [16]. For this purpose, two locations for acceleration
measurement are available. The first is located directly at the PMLSM and detects the
acceleration of the RLA or RRA. A second possibility measures the steering wheel angle
and derives the currently occurring steering wheel angle acceleration. For the investigated
setup, the acceleration of the steering rack represents the result of the steering wheel input.
Due to the elasticity of the torsion bar and the inertia of the steering rack, a time delay
is expected to occur within the transfer path. As the acceleration information should be
available as soon as possible, the steering wheel angle ϕSW and, more concrete, the steering
wheel angle speed

.
ϕSW is selected as the relevant signal.

Since the angular velocity is transformed into a translatory displacement of the steering
rack, the steering ratio as well as the gimbal error due to the universal joints within the
steering column need to be incorporated in the control structure. For this purpose, the
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steering system is steered from the maximum to the minimum steering wheel angle after
the initial setup, and the resulting overall steering ratio is measured and mapped to a
position dependent lookup table.

The measured steering wheel velocity
.
ϕSW is then multiplied with the relevant steer-

ing ratio, resulting in the estimated rack speed
.
x̂RLA or

.
x̂RRA. To receive an estimated

rack acceleration signal
..
x̂RLA and

..
x̂RRA, a derivative transfer function, according to the

recommendation in [33], is utilized as

sKD
1 − sTD

. (6)

KD and TD stand for the gain and time constant of the filter, respectively. For the implemen-
tation, a discrete transfer function for a sample time of 125 µs is derived, setting KD = 1
and TD = 1.25 ms.

To reduce the influence of the PMLSMs inertia, the estimated acceleration is then
multiplied with the mass of the respective motor mRLA or mRRA, resulting in the inertia
compensation force signal Fcomp,in, which is added to the reference force signal from the
spring model Fspring. The overall implementation of the approach is displayed in Figure 8a
and the more detailed representation of the IC in Figure 8b.

Figure 8. Implementation of inertia compensation. (a) Location within the complete control structure
of the steering system test bench. (b) Detailed representation of the algorithm.

In cases of active steering with steer-by-wire systems, as in [34], where rack displace-
ment occurs without steering wheel movement, the rack acceleration signal can be utilized
instead of the steering wheel angle displacement. The rack acceleration is then directly
available without the incorporation of a steering ratio in the control structure. Since EPS
systems with a mechanical link between the steering wheel and steering gear represent the
state of the art, this work focuses on a fixed and predefined ratio between steering wheel
angle and rack displacement.

Delay Compensation

The second approach aims to reduce the phase delay between the rack displacement
and the resulting contact force and is referred to as delay compensation (DC). Therefore, a
similar basic principle, as in [22], is incorporated. To compensate for the resulting delay,
the currently available reference signal is adapted so that the dynamic limitations of the
PMLSMs and the overlying control structure are considered. Therefore, the following
considerations are made exemplarily for a connected RLA.

Assuming the occurring displacement for the investigation of the dynamic guidance
behavior of the steering system can be expressed as a harmonic sine in the form of

xmeas,RLA(t) = smax· sin(2π f t), (7)
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where smax is the amplitude of the excitation, f the current frequency and t is the time. The
phase delay in the resulting measured rack force Fmeas(t) is then

Fmeas(t) = kvirt·smax sin
(

2π f
(

t − tdelay

))
= kvirtxmeas,RLA

(
t − tdelay

)
. (8)

The phase delay is considered here by incorporating tdelay into the formulation. The
goal is to introduce an additional term ∆x(t) to the measured position xmeas,RLA(t) to
compensate the delay, so that

Fmeas(t) = kvirt·
(

xmeas,RLA

(
t − tdelay

)
+ ∆x

(
t − tdelay

))!
;= kvirtxmeas,RLA(t). (9)

Together with the phase delay ϕdelay

ϕdelay = 2π f tdelay (10)

and the previously introduced definitions, the two right hand terms in Equation (9) can be
written as

smax sin
(

2π f t − ϕdelay

)
+ ∆x

(
t − tdelay

)!
;= smax· sin(2π f t). (11)

Adding a zero in the sine term on the right side, it can be reformulated as

smax sin
(

2π f t − ϕdelay + ϕdelay

)
= smax

(
sin
(

2π f t − ϕdelay

)
cos
(

ϕdelay

)
+ cos

(
2π f t − ϕdelay

)
sin
(

ϕdelay

))
(12)

For small delay angles ϕdelay, the approximations sin
(

ϕdelay

)
≈ ϕdelay and cos

(
ϕdelay

)
= 1

can be implemented. For the investigated delay here, a maximum deviation of 1.15% for the sine
term and 3.5% for the cosine term at 15◦ phase delay is observed, which is sufficiently accurate.
Therefore, Equation (11) can be simplified to

smax sin
(

2π f t − ϕdelay

)
+ ∆x

(
t − tdelay

)!
;= smax

(
sin
(

2π f t − ϕdelay

)
·1 + cos

(
2π f t − ϕdelay

)
·ϕdelay

)
, (13)

and further to
∆x
(

t − tdelay

)!
;= cos

(
2π f t − ϕdelay

)
·ϕdelay. (14)

Replacing the phase delay by its definition from Equation (10)

∆x
(

t − tdelay

)!
;= smax cos

(
2π f

(
t − tdelay

))
·2π f ·tdelay (15)

with the derivative of the measured rack position

d
dt

.
xmeas,RLA

(
t − tdelay

)
=

d
dt

(
smax sin

(
2π f

(
t − tdelay

)))
= smax cos

(
2π f

(
t − tdelay

))
·2π f (16)

Equation (15) can be rewritten as

∆x
(

t − tdelay

)!
;=

.
xmeas,RLA

(
t − tdelay

)
·tdelay. (17)

Consequently, the additional term from Equation (9) can be introduced by considering
the current velocity of the RLA multiplied with the occurring delay time.

∆x(t)!;=
.
xmeas,RLA(t)·tdelay. (18)

Therefore, the derived term represents an estimation of the future position of the
steering rack. To incorporate a frequency-dependent delay time, a simple frequency
estimation model, which is valid for sinusoidal excitation, is introduced. Since both the
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acceleration
..
xmeas,RLA and position of the PMLSM xmeas,RLA are measured, their ratio is

utilized for frequency estimation

..
xmeas,RLA

xmeas,RLA
=

smax(2π f )2 sin(2π f t)
smax sin(2π f t)

(19)

with a zero-value exception, the frequency is calculated as

festim =

√∣∣∣ ..
xmeas,RLA
xmeas,RLA

∣∣∣
2π

(20)

The approach with a variable delay time is called variable delay compensation and is
abbreviated as DCvar for distinction from the constant delay time solution.

For the DC and DCvar approach, the measured position of the PMLSM is added to the
look ahead term ∆x and utilized for the evaluation of the spring force Fspring, as displayed
in Figure 9a. The calculation of the look ahead term is illustrated in detail in Figure 9b for
a frequency-dependent estimated delay time t̂delay. In case of a constant delay time, the
lookup table is replaced by the constant value.

Figure 9. Implementation of delay compensation. (a) Location within the complete control structure
of the steering system test bench. (b) Detailed representation of the algorithm.

Both DC and DCvar can be utilized for steer-by-wire systems, since only rack informa-
tion and no steering wheel information are required. That means that there is no need for a
fixed link between steering wheel angle and rack displacement.

4. Results and Discussion

In this section, the comparison of the proposed approaches and the reference state
is conducted.

4.1. Feedback Control Performance

For the evaluation of the control performance during feedback characterization, the
transfer function from the reference force signal to the measured force is utilized as the
objective criteria. Identical to previously introduced transfer functions, the estimation is
performed with an FFT to receive the feedback control performance GFB,Per f

GFB,Per f =
FFT(Fmeas,RLA)

FFT
(

Fre f ,RLA

) . (21)
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Here, the magnitude of GFC,Per f represents the relevant parameter. For a setup where
the steering wheel is fixed in its position, the vehicle velocity is set to 70 km/h and a
force excitation amplitude of 600 N is defined; the magnitude of the feedback control
performance is displayed in Figure 10. The PVC successfully reduces the deviation from
the desired amplitude, which is indicated by the red horizontal line with a magnitude
of one. To display the improvement for multiple setups, the maximum and minimum
magnitude are identified for all available setups. The relevant values for the displayed
setup are marked with a triangle in Figure 10.

Figure 10. Control performance displayed as the magnitude of the transfer function from the reference
to the measured rack force during steering feedback evaluation.

An overview on the boundary conditions for four investigated setups is displayed in
Table 2. The results in Figure 10 represent S1.

Table 2. Overview of the investigated setups for feedback evaluation.

Setup Abbreviation

Parameter S1 S2 S3 S4

Velocity [km/h] 70 70 120 Passive EPS
Amplitude [N] 600 800 800 600

Offset Value [N] 0 0 1000 0
Steering Lock Blocked Free Steering Angle Control Angle Control

Table 3 summarizes the minimum and maximum occurring magnitudes for the initial
control structure without compensation (noComp) and the PVC for four setups. Addition-
ally, the last row displays the maximum deviation from the reference course. The average
and median for the investigated setups are calculated in the last column. On average, the
PVC is able to maintain the amplitude within a range of ±10.4% deviation compared to the
reference signal. For the reference setup, an average deviation of 26.7% is detected. This
means that the control performance is improved by more than 50%.

Table 3. Resulting maximum and minimum control magnitudes for the investigated setups with the
initial control structure and the PVC.

S1 S2 S3 S4 Average/Median

noComp PVC noComp PVC noComp PVC noComp PVC noComp PVC

Min 0.668 0.930 0.687 0.913 0.810 0.828 0.766 0.915 0.733 0.727 0.896 0.914
Max 1.024 1.035 1.028 1.098 1.028 1.051 1.294 1.052 1.094 1.028 1.059 1.052
Total 0.332 0.070 0.313 0.098 0.190 0.172 0.294 0.085 0.267 0.273 0.104 0.090

Despite the improvement in the average control performance, the maximum mag-
nitudes when PVC is applied are larger compared to the initial control approach. This
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means that the maximum occurring force amplitudes exhibit increased deviation from the
reference signal in comparison to the reference setup. Since the PVC is able to limit the
maximum positive deviations for all applications below 10%, especially for setup S3, where
the reference exhibits overshoot of 30%, the performance of the control scheme is improved
by the application of PVC.

Figures 10 and 11 display the control performance for the feedback investigation for an
alternative steering system with different inertia, friction and application. An improvement
in the control performance for the whole frequency range and the peak values is achieved
by the implementation of PVC. The qualitative deviation of the magnitude course over the
frequency range between Figures 10 and 11 is a result of the altered dynamic behavior of
the new steering system.

Figure 11. Control performance displayed as the magnitude of the transfer function from the reference
to the measured force for an alternative steering system.

To demonstrate the performance of the PVC for time-varying offset values, a low-
frequency sine for the offset force is superposed with a high-frequency sine, representing the
harmonic excitation. The offset force reference signal is a sine function with an amplitude
of 1000 N and 0.5 Hz frequency, while the harmonic signal possesses an amplitude of
600 N and an increasing frequency from 3 Hz to 30 Hz. The time course of the reference
signal displayed in Figure 12a. Figure 12b shows the objective control performance. An
improvement by the PVC control for both maximum and average deviation is achieved.
Consequently, the PVC is also applicable for these investigations.

Figure 12. Control performance for a harmonic signal superposed to a variable offset signal. (a) Time
course of the reference force signal. (b) Resulting magnitude of the transfer functions from reference
to measured rack force.
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After the verification of improved control performance by the PVC, a final experiment
is conducted to demonstrate the importance of the feedback characterization of steering
systems. Figure 13a depicts the identified feedback behavior of a steering system for three
different excitations, while Figure 13b represents the associated control performance.

Figure 13. Comparison of the identified feedback behavior of a steering system with and without PVC.
(a) Derived feedback behavior. (b) Magnitude of the transfer function from reference to measured
rack force.

In Figure 13a, two different feedback magnitudes for the same excitation force ampli-
tude of 600 N are calculated, which mainly differ at 16.5 Hz, where one result exhibits a
resonance phenomenon, while the other solution remains constant. The difference between
the results is the implementation of PVC. An explanation for the deviation can be found
when considering the occurring control performance. At 16.5 Hz, where the peak in the
feedback behavior is located, the measured rack force without PVC is 25% larger than the
reference value. Therefore, instead of 600 N, a force of 750 N is present at the steering rack.
For PVC, the deviation is less than 5%. A second experiment with 800 N amplitude and
PVC is introduced. It displays a similar resonance at 16.5 Hz like the course for 600 N
without PVC, while the control performance is close to one due to PVC implementation.
Consequently, the measured peak without the PVC with an amplitude of 600 N is not a
characteristic of the steering system but a result of the test bench control performance,
because the higher prevailing force amplitude is responsible for the behavior. If we now
consider benchmark investigations with different steering systems where the amplitude
setpoint is derived based on vehicle applications, the importance of the implementation of
an approach, such as PVC, is obvious to avoid unwanted influences.

4.2. Feedforward Control Performance

Since the derived IC, DC and DCvar approaches exhibit various parameters, a param-
eterization process is conducted.

For the selection of an adequate inertia compensation mass, a variation study of the
PMLSMs mass is performed. The experimental setup for the investigation of the dynamic
guidance behavior is utilized. Based on information from the test bench manufacturer, a
physical mass of 200 kg is assumed. Therefore, a range from 150 kg to 250 kg is considered
for identification. Figure 14a displays the sum of the root square error of the resulting
spring stiffness according to Equation (5), from the reference value of 400 N/mm, normed
to the solution without inertia compensation.
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Figure 14. Derivation of the PMLSM inertia value for inertia compensation (IC) approach. (a) Relative
stiffness error for different compensation masses (blue rectangles) and optimal solution (red circle).
(b) Comparison of the resulting control bode plot.

The occurring minimum error from the reference stiffness is obtained for a mass of
210 kg, where the error is reduced by more than 95%. This improvement is also visible
for the resulting stiffness in Figure 14b. Note that the phase delay is still identical to the
initial result, where no compensation is introduced. Consequently, a second identification
is performed to define the relevant delay time ∆tdelay for the DC and DCvar approach. The
results of the parameter optimization for a delay time variation between 5.7 ms and 6.2 ms
are displayed in Figure 15.

Figure 15. Derivation of the time delay value for the delay compensation (DC) approach. (a) Relative
phase error for different delay time (blue rectangles) and optimal solution (red circle). (b) Comparison
of the resulting control bode plot.

Based on the results from Figure 15a, the constant delay time ∆tdelay is set to 6 ms. The
frequency-dependent lookup table is identified as the inverse phase delay from Figure 14b
and exhibits a reduced error in comparison to the constant time delay compensation. The
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resulting bode plot in Figure 15b now displays good agreement for the desired spring
stiffness due to IC, as well as phase delay for the DC and DCvar approaches. The values
for the phase delay compensation for the frequency-dependent lookup table are displayed
in Table 4.

Table 4. Frequency breakpoints and lookup values for the frequency-dependent delay time.

Breakpoint 1 2 3 4 5 6 7 8 9

Frequency [Hz] 0.52 1.02 1.52 2.02 2.52 3.02 3.52 4.02 4.52
∆tdelay [ms] 5.6 5.7 5.7 5.8 5.8 5.9 6 6.1 6.2

To obtain an objective comparison of the different control performances, Tables 5 and 6
summarize the maximum and average deviations of the control performance magnitude
and phase delay from the desired behavior, respectively. In total, four different setups
for the steering guidance test are investigated where the vehicle velocity vveh, the spring
stiffness kvirt and the steering wheel angle amplitude ϕSW are varied. The setups are
abbreviated as

• V1: vveh = 70 km/h kvirt = 400 N/mm ϕSW = 20◦

• V2: vveh = 70 km/h kvirt = 800 N/mm ϕSW = 20◦

• V3: vveh = 180 km/h kvirt = 800 N/mm ϕSW = 20◦

• V4: vveh = 180 km/h kvirt = 800 N/mm ϕSW = 10◦

Table 5. Summary of the measured magnitudes of the transfer function from rack displacement to
measured rack force and the difference from the spring stiffness for the compensation methods.

Compensation None IC IC + DC IC + DCvar

Test Max Avg. Max Avg. Max Avg. Max Avg.

V1 207.46 74.75 23.47 3.15 10.12 3.43 11.68 3.44
V2 220.9 78.39 25.06 4.24 22.56 8.62 21.74 8.69
V3 229.78 78.82 25.40 8.50 38.23 14.42 36.99 14.5
V4 234.81 84.97 56.72 26.79 79.43 33.12 77.56 32.62

Average 223.24 79.23 32.66 10.67 37.59 14.90 36.99 14.81

Table 6. Summary of the phase delay of the transfer function from rack displacement to measured
rack force for the compensation methods.

Compensation None IC IC + DC IC + DCvar

Test Max Avg. Max Avg. Max Avg. Max Avg.

V1 12.32 5.62 11.35 5.53 1.11 0.21 0.74 0.17
V2 10.84 5.72 11.94 5.85 0.97 0.34 1.28 0.36
V3 10.97 5.74 11.45 5.50 1.00 0.15 0.89 0.17
V4 10.83 5.47 10.79 4.89 2.93 1.23 2.97 1.14

Average 11.24 5.64 11.38 5.44 1.50 0.48 1.47 0.46

Table 5 demonstrates that the IC approach successfully reduces the resulting devia-
tions between the measured magnitude and the reference spring stiffness. The best solution
concerning the magnitude accuracy is derived for IC without phase compensation. In-
corporating the DC and DCvar approach leads to an increase of 15% and 13.3% for the
maximum deviation, respectively. On average, the phase compensation exhibits a 50%
increase compared to IC alone. Still, all three approaches reduce the maximum occurring
stiffness error by at least 83% and on average by 81.2%, demonstrating the improved control
performance for the investigated application.

For the phase deviation in Table 6, the same observation as in Figure 14b is valid.
Although the resulting measured spring stiffness is thoroughly improved by the imple-
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mentation of IC alone, the phase delay is maintained at a constant level compared to the
reference measurement without compensation. For the integration of DC and DCvar, the
phase delay is reduced by 86.7% for the maximum and up to 91.5% for the average phase
delays of the measured force signal to the displacement signal. Here, DCvar exhibits
slightly improved performance if compared to DC, but the added value is neglectable.
Therefore, the following comparisons exclude the IC + DCvar approach and concentrate
on the IC and IC methods. Still, both DC and DCvar improve the phase accuracy of the
test bench.

A second experiment is conducted to validate the applicability of the control improve-
ments for applications, wherein their parameters are not optimized. Here, kvirt = 400 N/mm
and vveh = 70 km/h are chosen for the maneuver conditions. Instead of a sine sweep input,
which is utilized for guidance behavior identification, a steering wheel reference signal is
implemented, which is derived from a real driving maneuver from a driving simulator.
The complete reference force signal for the maneuver is depicted in Figure 16a, wherein
the relevant regions are highlighted with the indices “A” and “B”. In “A”, a steering
wheel excitation similar to an impulse is introduced, while region “B” represents a high-
frequency sine excitation. The resulting measured forces for the relevant regions A and
B are displayed in detail in Figure 16b,c to demonstrate the performance of the different
compensation approaches.

Figure 16. Comparison of the compensation approaches for the steering angle signal recorded on a
steering driving simulator. (a) Overview for the complete maneuver. (b) Zoom to an impulse-like
steering input. (c) Zoom to a harmonic steering input.

The contribution of the individual compensation approaches can be understood by
the measured courses. In the case of no implemented compensation approach, the PMLSM
inertia causes deviations at 14.3 s in Figure 16b, where an increase of the contact force
is observed in advance to the rise of the reference force. Here, negative contact forces
represent pressure on the load cell. When the steering maneuver is initiated at 14.3 s, the
steering system moves to the center region, therefore, reducing the rack force. Since the
PMLSM is not able to follow the movement immediately, an overshoot occurs where the
decrease in the rack force is primarily caused by the missing movement due to inertia
of the PMLSM. At the maximum reference force of the time course at 14.4 s, both the
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amplitude and phase deviation of the measured force without compensation are visible.
When incorporating the IC approach, the measured force deviation is reduced for both
previously described points, resulting in a better approximation of the reference signal.
The phase delay, as evaluated earlier, is still present. When IC and DC are implemented
simultaneously, the reference force is represented accurately by the measured force for both
amplitude accuracy and the phase delay. A similar tendency can be observed in Figure 16c.
Here, due to the implemented control improvements, the reference signal and the measured
force with IC + DC are almost indistinguishable. These observations also underline the
improved dynamic performance of the force control for an application where the tuning
parameters were not derived.

For the third comparison, a basic setup is investigated, which is utilized for the
evaluation of the steering power on a test bench (see [27]). For these tests, the steering
wheel angle is defined to obtain a constant steering wheel velocity over a large portion of
the complete steering stroke. The rack force is held at a constant value. For each new test,
the rack force is increased until the torsion bar torque exceeds a predefined limit. At this
point, the steering power limit is reached. For the herein investigated test setup, a constant
force of 0 N is predefined, while the steering wheel maneuvers at 800◦/s. Since the rack
force reference signal is constant over time, no DC is implemented since it has no effect on
the control performance. The time courses of the measured rack force with and without IC
is displayed in Figure 17.

Figure 17. Comparison of the force control performance for steering system power measurement at
800◦/s steering wheel angle velocity and 0 N reference force.

The fluctuations of the measured forces without compensation originate from the
gimbal fault and the steering wheel angle acceleration and deceleration at the beginning and
at the end of the steering wheel movement. Since the IC incorporates both the steering ratio
as well as the gimbal fault and provides an inertia compensation signal, these influences
are successfully reduced.

5. Conclusions

Within this paper, an automotive steering system testbench, consisting of two PMLSMs
and one steering wheel actuator, is examined concerning its dynamic performance. The
study presents three methods, each of which improves one defined use case. The first
approach deals with the situation when a harmonic reference signal is previously known
but the steering system characteristics hinder the PMLSM from reaching the desired force
course. An online real-time capable algorithm uses the peak value information of the
harmonic reference signal and the measured peak forces to calculate a ratio and adapt
the input signal accordingly to receive a good amplitude accuracy. A second approach is
applicable when the steering test bench operates in closed loop operation, meaning that the
rack force is calculated based on the rack displacement. Due to high inertia of the PMLSM,
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the magnitude and phase delay of the PMLSM are deteriorated. Therefore, the steering
wheel angle signal is used to provide an inertia compensation signal, which incorporates not
only the moving mass of the PMLSM but also the occurring steering ratio and gimbal error
in the column. It is demonstrated that the approach successfully improves the dynamic
control performance by reaching the desired force amplitudes. To compensate for the phase
delay in the same setup, a phase delay compensation approach is motivated, which ideally
avoids the occurrence of phase delay between the reference and measured force signal. The
latter approach can be combined with the inertia compensation to significantly improve
the test bench control. Final validation tests demonstrate the applicability of the proposed
methods, also for new applications where the parameterization was not performed. The
introduced methods represent an improvement of the steering test bench control to allow
subsystem-based development, even for the investigation of steering feel, which poses
strict requirements due to the close contact to the human driver. Future improvements in
the dynamic control performance may include model predictive control approaches for the
closed loop operation of the steering system test bench. Additionally, automated, online
transfer function estimation represents an approach to include the system behavior into
the control of previously defined excitation signals. In this method, the representative
transfer function can be selected based on information of the surrounding conditions of the
experiment and used to alter the reference signal accordingly.
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Abbreviations

AFC Acceleration Feedforward Control
Apa Axle Parallel
DC Delay Compensation
DCvar Frequency Variable Delay Compensation
EPS Electric Power Steering
FFT Fast-Fourier-Transformation
HiL Hardware-in-the-Loop
IC Inertia Compensation
PMLSM Permanent Magnet Linear Synchronous Motor
PVC Peak Value Control
PVID Peak Value Identification
RLA/RRA Rod Left Actuator/Rod Right Actuator
S1–S4 Setups for Steering Feedback Investigation
V1–V4 Setups for Feedforward Investigations
SWA Steering Wheel Actuator
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Nomenclature

Fre f ,RLA/RRA Reference Force at RRA/RLA
Fmeas,RLA Measured Rack Force at RLA
ϕSW Steering Wheel Angle
xRLA/RRA Rack Displacement
λ Correction Ratio
GFF Transfer Function of Feedforward Control Performance
GFB Transfer Function of Feedback Control Performance
mRLA/RRA Mass of the RLA/RRA
f Frequency
LPre f /HP_re f Reference Low- and Highpoint Amplitude Value
LPmeas/HPmeas Measured Low- and Highpoint Amplitude Value

References
1. Shen, G.; Zhu, Z.; Li, X.; Li, G.; Tang, Y.; Liu, S. Experimental evaluation of acceleration waveform replication on electrohydraulic

shaking tables: A review. Int. J. Adv. Robot. Syst. 2016, 13, 1–25. [CrossRef]
2. Smolders, K.; Volckaert, M.; Swevers, J. Tracking control of nonlinear lumped mechanical continuous-time systems: A model-

based iterative learning approach. Mech. Syst. Signal Process. 2008, 22, 1896–1916. [CrossRef]
3. Shen, G.; Lv, G.-M.; Ye, Z.-M.; Cong, D.-C.; Han, J.-W. Implementation of electrohydraulic shaking table controllers with a

combined adaptive inverse control and minimal control synthesis algorithm. IET Control. Theory Appl. 2011, 5, 1471–1483.
[CrossRef]

4. Shen, G.; Lv, G.-M.; Ye, Z.-M.; Cong, D.-C.; Han, J.-W. Feed-forward inverse control for transient waveform replication on
electro-hydraulic shaking table. J. Vib. Control 2011, 18, 1474–1493. [CrossRef]

5. Liu, G.-D.; Li, G.; Shen, G. Experimental evaluation of the parameter-based closed-loop transfer function identification for
electro-hydraulic servo systems. Adv. Mech. Eng. 2017, 9, 1–12. [CrossRef]

6. Zhao, J.; Shen, G.; Zhu, W.; Yang, C.; Agrawal, S.K. Force tracking control of an electro-hydraulic control loading system on a
flight simulator using inverse model control and a damping compensator. Trans. Inst. Meas. Control 2016, 40, 135–147. [CrossRef]

7. Yao, J.-J.; Fu, W.; Hu, S.-H.; Han, J.-W. Amplitude phase control for electro-hydraulic servo system based on normalized
least-mean-square adaptive filtering algorithm. J. Cent. South Univ. 2011, 18, 755–759. [CrossRef]

8. Yao, J.; Di, D.; Jiang, G.; Gao, S. Acceleration amplitude-phase regulation for electro-hydraulic servo shaking table based on LMS
adaptive filtering algorithm. Int. J. Control 2012, 85, 1581–1592. [CrossRef]

9. Jinzenji, A.; Sasamoto, T.; Aikawa, K.; Yoshida, S.; Aruga, K. Acceleration feedforward control against rotational disturbance in
hard disk drives. IEEE Trans. Magn. 2001, 37, 888–893. [CrossRef]

10. Kim, J.-G.; Hwang, H.-W.; Park, K.-S.; Park, N.-C.; Yang, H.; Park, Y.-P.; Jeong, J. Improved Air Gap Control With Acceleration
Feedforward Controller Using Time Delay for Solid Immersion Lens-Based Near-Field Storage System. IEEE Trans. Magn. 2011,
47, 556–559. [CrossRef]

11. Cao, J.; Zhang, J. Trajectory tracking control method for high-speed and high-acceleration machine tool. In Proceedings of the
27th Chinese Control and Decision Conference, Qingdao, China, 23–25 May 2015. [CrossRef]

12. Kim, J.-H.; Choi, J.-W.; Sul, S.-K. High precision position control of linear permanent magnet synchronous motor for surface
mount device placement system. In Proceedings of the Power Conversion Conference, Osaka, Japan, 2–5 April 2002. [CrossRef]

13. Jee, S.; Lee, J. Real-time inertia compensation for multi-axis CNC machine tools. Int. J. Precis. Eng. Manuf. 2012, 13, 1655–1659.
[CrossRef]

14. Li, S.; Liu, Z. Adaptive Speed Control for Permanent-Magnet Synchronous Motor System With Variations of Load Inertia.
IEEE Trans. Ind. Electron. 2009, 56, 3050–3059. [CrossRef]

15. Zhang, Y.; Kim, D.; Zhao, Y.; Lee, J. PD Control of a Manipulator with Gravity and Inertia Compensation Using an RBF Neural
Network. Int. J. Control Autom. Syst. 2020, 18, 3083–3092. [CrossRef]

16. Weiss, P.; Zenker, P.; Maehle, E. Feed-forward friction and inertia compensation for improving backdrivability of motors. In
Proceedings of the 12th International Conference on Control Automation Robotics & Vision (ICARCV), Guangzhou, China, 5–7
December 2012. [CrossRef]

17. Smith, J.M. Closer Control of Loops with Dead Time. Chem. Eng. Prog. 1957, 53, 217–219.
18. Xia, C.; Gao, G. Brushless DC Motors Control Based on Smith Predictor Modified by Fuzzy-PI Controller. In Proceedings of the

Fifth International Conference on Fuzzy Systems and Knowledge Discovery, Jinan, China, 18–20 October 2008. [CrossRef]
19. Veronesi, M. Performance Improvement of Smith Predictor through Automatic Computation of Dead Time. Available online:

https://web-material3.yokogawa.com/rd-tr-r00035-007.pdf (accessed on 16 March 2023).
20. Yahaya, N.Z.; Abu-Bakar, M.N.; Mohd, M.S. Study on Phase Advance Angle Control (PAAC) Technique for Brushless DC (BLDC)

Motor. In Proceedings of the IEEE Conference on Control, Systems and Industrial Informatics (ICCSII), Bandung, Indonesia,
23–26 June 2013.

https://doi.org/10.1177/1729881416662537
https://doi.org/10.1016/j.ymssp.2008.03.004
https://doi.org/10.1049/iet-cta.2010.0198
https://doi.org/10.1177/1077546311417743
https://doi.org/10.1177/1687814016684425
https://doi.org/10.1177/0142331216651326
https://doi.org/10.1007/s11771-011-0759-6
https://doi.org/10.1080/00207179.2012.694081
https://doi.org/10.1109/20.917637
https://doi.org/10.1109/TMAG.2010.2098856
https://doi.org/10.1109/CCDC.2015.7161758
https://doi.org/10.1109/PCC.2002.998509
https://doi.org/10.1007/s12541-012-0217-x
https://doi.org/10.1109/TIE.2009.2024655
https://doi.org/10.1007/s12555-019-0482-x
https://doi.org/10.1109/ICARCV.2012.6485173
https://doi.org/10.1109/FSKD.2008.65
https://web-material3.yokogawa.com/rd-tr-r00035-007.pdf


Actuators 2023, 12, 186 24 of 24

21. Lee, S.-J.; Hong, J.-P.; Jang, W.-K. Characteristics comparison of BLDC motor according to the lead angles. In Proceedings of the
2012 IEEE Vehicle Power and Propulsion Conference, Seoul, Republic of Korea, 9–12 October 2012. [CrossRef]

22. Lee, M.; Kong, K. Fourier-Series-Based Phase Delay Compensation of Brushless DC Motor Systems. IEEE Trans. Power Electron.
2018, 33, 525–534. [CrossRef]

23. Harrer, M.; Pfeffer, P.E. Steering Handbook; Springer International Publishing: Cham, Switzerland, 2017; ISBN 978-3-319-05449-0.
24. Lunkeit, D. Ein Beitrag zur Optimierung des Rückmelde-und Rückstellverhaltens Elektromechanischer Servolenkungen. Ph.D.

Thesis, Universität Duisburg-Essen, Duisburg, Germany, 2014.
25. Grau, J.; Nippold, C.; Bossdorf-Zimmer, B.; Küçükay, F.; Henze, R. Objective Evaluation of Steering Rack Force Behaviour and

Identification of Feedback Information. SAE Int. J. Passeng. Cars-Mech. Syst. 2016, 9, 1279–1304. [CrossRef]
26. Düsterloh, D. Funktionsoptimierung und Komplexitätsbeherrschung im Entwicklungsprozess Mechatronischer Fahrwerksysteme

am Beispiel Elektromechanischer Lenksysteme. Ph.D. Thesis, Universität Duisburg-Essen, Duisburg, Germany, 2018.
27. Schimpf, R. Charakterisierung von Lenksystemen mit Hilfe Eines Lenksystemprüfstands. Ph.D. Thesis; TU Wien: Wien, Austria, 2016.
28. Uselmann, A.; Preising, E.; Schrage, B.; Düsterloh, D. A Test of Character for Steering Systems. dSPACE Magazine, 2 November

2016; 24–31.
29. Isermann, R.; Münchhof, M. Identification of Dynamic Systems: An Introduction with Applications; Springer-Verlag: Berlin/Heidelberg,

Germany, 2011; ISBN 978-3-540-78879-9.
30. ISO 7401:2011; Road Vehicles—Lateral Transient Response Test Methods—Open-Loop Test Methods. International Organization

for Standardization: Geneva, Switzerland, 2011.
31. Zschocke, A.K.; Albers, A. Links between subjective and objective evaluations regarding the steering character of automobiles.

Int. J. Automot. Technol. 2008, 9, 473–481. [CrossRef]
32. Huneke, M. Fahrverhaltensbewertung Mit Anwendungsspezifischen Fahrdynamikmodellen. Ph.D. Thesis, Technische Universität

Braunschweig, Braunschweig, Germany, 2012.
33. IEEE Std 421.5-2016; IEEE Recommended Practice for Excitation System Models for Power System Stability Studies. IEEE: New

York, NY, USA, 2016. [CrossRef]
34. Shao, K.; Zheng, J.; Huang, K. Robust active steering control for vehicle rollover prevention. Int. J. Model. Identif. Control. 2019,

32, 70–84. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/VPPC.2012.6422706
https://doi.org/10.1109/TPEL.2017.2669040
https://doi.org/10.4271/2016-01-9112
https://doi.org/10.1007/s12239-008-0057-y
https://doi.org/10.1109/IEEESTD.2016.7553421
https://doi.org/10.1504/IJMIC.2019.101956

	Introduction 
	Steering System and Test Bench 
	Electric Power Steering System 
	Steering System Test Bench 

	Problem Formulation and Compensation Approaches 
	Steering System Feedback 
	Test Description 
	Motivation and Problem Formulation 
	Solution Approach 

	Steering System Guidance Dynamics 
	Test Description 
	Motivation and Problem Formulation 
	Solution Approach 


	Results and Discussion 
	Feedback Control Performance 
	Feedforward Control Performance 

	Conclusions 
	References

