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Abstract: This paper presents a sensorless estimation algorithm for steer-by-wire applications based on the injection of a high-
frequency rotating voltage. Enhancement to the basic sensorless algorithm through SMP look-up tables is proposed. The
improved observer was simulated in MATLAB for a 12 V RMS 400 W permanent magnet synchronous machine (PMSM).

1 Introduction

Steer-by-wire systems aim to minimise the number of mechanical
linkages involved in steering, between the driver input (handwheel)
and the vehicle output (wheels). The characteristics and safety
requirements of steer-by-wire have been widely documented in
literature [1-4]. The precision of sensor measurements in steer-by-
wire has been identified as safety critical. Measurements include
the electrical machines' currents, voltages, and rotor positions. The
system currents/voltages are typically obtained from printed circuit
board (PCB)-mounted transducers which have high accuracy and
linearity throughout their operating range. The rotor position is
obtained either through an optical or magnetic encoder. Optical
encoders offer high resolution, however, tend to be prohibitive in
terms of cost for automotive applications. Magnetic encoders have
lower cost but are typically available up to 12-bit resolution. Both
technologies have significant limitations when applied to steer-by-
wire. Optical encoders tend to have reduced lifetime when subject
to mechanical vibrations, which are commonly found in
automotive applications. Magnetic encoders are non-contact and,
therefore, are not worn out from mechanical rotation or vibrations.
However, in this research, it was found that the linearity of
commonly used low-cost magnetic encoders varies significantly
with fractional millimetre variations in the air gap between the
magnet mounted on the rotor shaft and the encoder sensing
integrated circuit (IC).

Given the limitations of position sensors in practical steer-by-
wire applications, it is required to include a backup measurement
system to obtain the necessary automotive safety integrity level
(ASIL) required by the automotive industry. Researchers typically
introduce redundant encoders for backup in case of failure of the
primary sensor. The drawback of this approach is that it increases
both system cost and mechanical complexity of the steer-by-wire
system. To date, the most advanced implementation of steer-by-
wire in a production vehicle was in the infinity Q50, which
included a redundant mechanical backup system due to safety
concerns. Such a system relinquishes two main advantages of the
steer-by-wire  system: simplified mechanical design and
unconstrained handwheel placement.

The research presented here proposes the use of sensorless
estimation and control algorithms for encoder validation and
backup. These algorithms estimate the rotor position from current
and voltage measurements, which are integrated in standard
position/current-controlled  electrical drives. The electrical
machines used in steer-by-wire are typically three-phase permanent
magnet (PM) machines due to the high power density and low
maintenance of these machines [5, 6]. While high-speed sensorless
control of PM machines can be easily carried out with model-based
observers operating on the back-emf of the machine [7], these are
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not applicable for steer-by-wire which requires low-speed
sensorless estimation. In [8], it was found that the handwheel of a
commercial vehicle operates at mean zero speed with fast position
changes at a maximum rate of 286 degrees/s. Such conditions have
been generally found to be challenging for high-speed observers as
the back-emf produced by the machine is low and of the same
order of magnitude as sensor offsets and non-linearities. Hence,
alternative techniques have to be used which rely on the injection
of additional signals superimposed on the fundamental control ones
[9].

The sensorless control of a salient PM machine using a rotating
high-frequency vector was simulated in [1] and implemented
experimentally on a 400 W 12 V surface-mounted PM synchronous
machine (SMPMSM) in [10]. The simulation environment assumes
an ideal salient machine with constant but different values of
synchronous inductances Ly and Ly. When converted to the alpha-
beta or abc frames of reference, these inductances result in a rotor
position-dependent tensor matrix due to saliency. The saliencies in
simulation have a perfect sinusoidal variation; hence, the errors in
the sensorless estimates are negligible. However, the saliencies
observed on the experimental SMPMSM are not ideal; resulting in
an error in the rotor mechanical position of 11.5° (error in the
electrical domain 69°). This error is not suitable for vector-based
current control of the machine, which aims to keep the stator and
the rotor flux separate by 90° electrical. This paper models a
sensorless observer in MATLAB which operates on the three-phase
current data obtained from the experimental setup shown in [10].
The proposed observer uses selective real-time filtering in order to
improve the quality of the saliencies measured in order to reduce
the error in the position estimate.

2 Theory of saliency
2.1 Theory of saliency

The theory of saliency in a PMSM is derived from the flux
equation assuming RFO given in (1). Transforming the inductance
diagonal matrix from the synchronous frame to the af-frame the
tensor given in (2) is obtained.
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where, Wy d/‘{’sq is the stator flux in the d/g-axis; Ly/L, is the stator
inductance in the d/g-axis; is,/is, is the stator inductance in the d/g-
axis

W, is the rotor flux in the d/g-axis
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The tensor in (2) introduces a cross-coupling effect between a and
[ axes.

2.2 Rotating voltage vector injection

The injection of a rotating voltage vector in the af frame is
performed by superimposing a high-frequency carrier in the form
of (3) on the fundamental control voltage of the PMSM.

Vi, Vicos(w;t)

€)

vi/; V,'Sil’l(a)it)
where Vj is the amplitude of the injected HF component; w; is the
frequency of the injected HF component.

The rotating voltage vector injection (3) results in a
corresponding HF current in the PMSM with a saliency-dependent
amplitude as shown in (4).

I;sin(w;t) + 1,5in(20, — w;t)
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The sideband in the resulting aff HF currents due to saliency is on
the negative side of the frequency spectrum around -w;; hence, it
can be easily demodulated. The performance of a PLL observer
with a heterodyning demodulation input stage for a rotating voltage
vector injection is discussed in [1, 10].

2.3 Physical contributors to saliency

The synchronous inductances L, and L, can be expressed in terms
of the stator leakage inductances L4/Liq and the stator magnetising
inductances Lyg/Limq (5). The leakage inductance represents the

slot, end-connection, and tooth-top leakage flux and the
magnetising inductance represents the fundamental air-gap flux.

!
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The variation in the synchronous inductances in the d and ¢ axes
can be a result of variations in either one or both of the
aforementioned inductances. The rotor geometry predominantly
affects the magnetising inductance when the air gap is large
compared to the stator slot opening. This effect is mostly observed
in surface inset or partially insets magnets on the rotor core [11].
The magnetising inductances can be expressed in terms of form
factors k¢q and kgy as shown in (6) which are based on physical

rotor constants [12].
Lia|  |ktaLim
— 6
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Fig. 1 12V RMS 400 W 6-pole Surface Mounted Permanent Magnet
Synchronous Machine

Saturation is also another contributor to saliency and affects both
the magnetising inductance and leakage inductance. Under no load
conditions, the flux has a sinusoidal distribution along the air gap
with a peak in the d-axis. This produces stator teeth saturation
which increases the air gap in the d-axis resulting in a reduced Lpg,
while Lp,q remains unchanged. When the g-axis current is not zero,
the term L,,i, shifts the distribution of the air gap in the g-axis
direction. This shows that the saliency profile possibly changes
under different load conditions [12]. The saturation in the
machine's main flux also affects the stator leakage flux resulting in
a spatial modulation of the leakage inductance. The main flux
affects the stator teeth around the g-axis winding resulting in a
reduction of Ljq while Lj4 remains unchanged [12].

The identification of the exact physical contributors of saliency
in the experimental SMPMSM requires detailed finite element
analysis (FEA) which is beyond the scope of this paper. However,
a visual inspection of the 12V RMS 400 W 6 pole SMPMSM
(Fig. 1) shows that the magnets on the rotor are of the partially
inset type. Considering this and that, the size of the air gap is of
considerable size when compared to the stator slot opening, could
possibly result in a dominant rotor geometry-based saliency. Since
the geometric saliency is dependent on the air gap, a low-cost
machine such as the one used in this research with a high air-gap
tolerance could contribute to the imperfect saliencies observed in
[10]. The traditional inverse tangent or PLL-based observers
cannot produce accurate estimates when operating directly on such
non-sinusoidal inputs. Since saturation effects are also present to
some extent, the sensorless observer used with this SMPMSM
must also be designed for operation in dynamic load conditions.

3 Sensorless control theory

The high-frequency currents (4) resulting from the rotating voltage
injection can theoretically be used directly with a PLL observer
with a heterodyning section at its inputs shown in Fig. 2.

The error e resulting after heterodyning consists of a high- and a
low-frequency component (7). The high-frequency component can
be filtered out by a low-pass filter or by the closed-loop bandwidth
of the PLL. The remaining low-frequency component is a function
of the error between the actual and estimated rotor position.

e = IsinQ(wit — 0,) + Lsin(2(6, — 0,) 7

The proportional integral (PI) controller within the PLL loop will
reduce the error in the estimate to zero. By introducing an
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Fig. 2 PLL Observer with Heterodyning Input
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Fig. 3 Single-Sided Amplitude Spectrum of alpha-beta high frequency
components
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Fig. 4 Single-Sided Amplitude Spectrum of alpha-beta synchronous
filtered components

integrator block within the loop, the rotor rotational speed @, is
also obtained.

While in simulation [1], the observer shown in Fig. 2 has
negligible estimation errors this in not the case in practice [10].
The error is a result of the saliencies in the of-frame not being
perfectly sinusoidal. The frequency spectrum of the experimental
high-frequency currents in the of frame is shown in Fig. 3. From
(4), only two components should exist at the injected frequency fiy;
and at the side-band depending on the rotor speed fi,—2fc.
However, other frequency components can be observed in Fig. 3,
which are the result of non-idealities such as air-gap variations in
the electrical machine and switching losses in the inverter. The
effects of these harmonics on sensorless position control have been
researched for induction machines [13—15] and are still generally
applicable to PMSMs [16-18]. The high-frequency currents are
demodulated and filtered using a synchronous filter are shown in
Fig. 4.

The demodulated ideal saliency component is at 2 f,; however,
other components are also present in Fig. 4. The most significant of
these additional components are at f, and 4 f,. If such saliency
signals are used for estimation purposes directly, the rotor position
estimate would be significantly deteriorated compared to the actual
position. Hence, an enhanced sensorless estimation algorithm is
required with adequate harmonic compensation such as space
modulation profiling (SMP) [13]. In SMP, position-dependent
look-up tables are generated to compensate for the non-linearities
present causing distortion to the 2 f, component. The SMP
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Fig. 5 Sensorless Estimator with SMP/Mechanical Compensation and
PLL loop
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Fig. 6 Plot of Synchronous filtered alpha component [A] vs Oy, [rad]
(Actual — black, Ideal — blue, Compensated — pink)

approach has the drawback of requiring a zero-phase filter which
cannot be computed in real time, thus requiring offline calibration.
The proposed observer with SMP table compensation is shown
in Fig. 5. The high-frequency of currents are demodulated and
filtered using a synchronous filter. The outputs of the filter iy, ;

are compensated using SMP tables, which are applied as a function
of both the mechanical rotor position ¢,, and the g-axis current ig.
The compensated components i.va/fmmp are fed into the PLL observer
without heterodyning (demodulation is carried out in the
synchronous filter). The output of the PLL observer 20;: L requires
further mechanical compensation due to the pole-to-pole magnet
and air-gap variations in the electrical machine. Both the electrical
rotor position estimate @; and the relative mechanical rotor position

estimate HA,,, are available with the proposed observer.

4 Simulation results

The simulation results shown in this section are for the observer
proposed in Section 3 modelled in MATLAB and operating on
actual experimental measurements from the 400 W 12V RMS
SMPMSM. A rotating voltage vector with V;=3.0 V (25% of the
DC-link voltage) and fi;;=1kHz was used on the experimental
drive with a constant i; = 1 A. The load machine (handwheel side)
is driven at constant speed for test purposes.

The output of the synchronous-filtered aff components prior and
post-SMP table compensation as a function of the mechanical rotor
position 8,, are shown in Figs. 6 and 7. The compensated saliency
components are visibly closer to the ideal single frequency
sinusoidal component. This is a result of attenuation of the
additional components shown in Fig. 4.

The actual and estimated rotor electrical position output from
the observer 2 0, is shown in Fig. 8. The maximum error in the
electrical rotor position is 2.8° (0.47° error in the rotor mechanical
position). Such estimates are typically suitable for closed-loop
sensorless control of the SMPMSM.
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Table 1 Error Comparison Table

error in 6y, est. [°] error in 6, est. [°]
PLL observer 11.5 69
SMP observer 0.47 2.8

5 Conclusions

This paper has reviewed the application of sensorless control to the
steer-by-wire application. In Section 1, the need for a backup rotor
position measurement was identified for the required ASIL. The
ideal theory of saliency of PMSMs was discussed in Section 2, and
different possible contributors to physical machine saliency were
identified. The low-cost machine used for this paper was found to
have non-ideal sinusoidal saliency in previous research, which is
possibly a result of high manufacturing tolerances in the air gap
and physical PM dimensions. The imperfect saliencies were shown
to produce a frequency spectrum with a number of unwanted
harmonics, which significantly reduce the accuracy of traditional
inverse tangent and PLL observers. Hence, a new sensorless
observer using SMP table compensation and a simpler PLL
configuration without heterodyning was proposed in Section 3.
This observer also includes a mechanical compensation for pole-to-
pole variations, which are not included in the SMP tables which
compensate only for the electrical domain assuming that the
physical poles repeat themselves exactly around the air gap of the
machine.

The SMP table compensation was shown to significantly
improve the af saliency components being fed into the PLL
observer in Section 4. The resulting errors in the rotor electrical/
mechanical position for the SMP-based observer and for the
traditional PLL observer in [10] are shown in Table 1. The
performance of the proposed observer has significantly improved
the estimates compared to the traditional PLL observer operating
on non-compensated saliency signals as the error in the electrical
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rotor position was reduced by an order of magnitude from 69° to
2.8°.

While the performance of the proposed SMP-based observer is
satisfactory ~ for steer-by-wire applications, its practical
implementation has a number of limitations. The SMP table
approach only applies compensation in the electrical domain and
further mechanical compensation is required for pole-to-pole
variations. Both SMP and mechanical compensation are applied as
a function of the previous known value of the rotor position; hence,
an error due to noise in this parameter can lead the observer to
become indefinitely unstable. The generation of SMP tables can
only be carried out offline due to the zero-phase shift filter
required. Furthermore, the estimate for the mechanical rotor
position is relative and not absolute as required in the steer-by-wire
application.

Presently, research is being carried out on the development of
an innovative algorithm which produces sensorless estimates with
the same level of accuracy as the SMP-based observer but with
fewer practical limitations. The aim is to produce an algorithm
which can be calibrated online without the use of a zero-phase shift
filter in order to adapt to significant changes in machine
parameters, while the drive is in operation. The algorithm is also
intended to be optimised for different load conditions similarly to
what was proposed in the SMP observer here.
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