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Abstract

This work presents the development of methods for improving the estimation
accuracy and bandwidth of self-sensing techniques which utilize a high frequency
voltage injection and analyze the current response to estimate position. In particular a
method is developed of accumulating time series current samples and applying image
tracking methods to extract position information. The time samples are analyzed for
properties of the high frequency current response which relate directly to rotor position.
This project pays special attention to the generation of the current image, specifically
selecting the reference frames used to isolate patterns with rotor position dependent
properties. Pattern matching methods are applied to extract this information and
associate it with a position to replace state-of-the-art heterodyning demodulation and
improve estimation accuracy, increase system bandwidths, and remove lagging filters
from the self-sensing system. To analyze the effectiveness of these methods, offline
estimation accuracy using experimental data was performed, as well as online closed-
loop simulation, and online closed-loop experiments all showing an improvement in
estimation accuracy and bandwidth over state-of-the-art demodulation methods. This is
due to the use of a template which associates current response with rotor position and
captures non-ideal system properties without the need for further measurement and
decoupling. To determine system properties when unexpected non-ideal inductance
effects are present, as can be the case during machine faults, operating conditions, or due
to aging the simulation was extended and results show graceful degradation of closed-
loop error to a similar magnitude and phase of state-of-the-art demodulation.

Additionally, a method for modeling estimation errors due to speed effects related

to the typically unmodeled stationary frame latch and reference frame transforms to



return to the synchronous frame is developed. A compensation method is proposed and

evaluated in simulation.
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Introduction

This section provides research background and motivation, an overview of the research,

and a chapter-by-chapter list of the material discussed in this report.

Research Motivation

Self-sensing methodologies have been researched for several decades and have been
shown to be an acceptable sensor replacement particularly in high-speed cases that enable the use
of back electromotive force (back-EMF) tracking. Removal of mechanical sensors allows for a
reduction in cost, weight, and operational noise. However, in low-speed conditions, an external
excitation of a spatially variant machine property is required to generate a position estimate.

All of these low-speed methods have relatively poor dynamic performance due to the
extensive use of filters in the demodulation process, especially in low signal-to-noise ratio
conditions such as those found in a surface-mounted permanent magnet synchronous machine
SPMSM. Furthermore, estimation accuracy is relatively poor compared with traditional
mechanical sensors, especially in the presence of non-ideal conditions such as cross-saturation,
multiple saliencies, resistance, and inverter non-linearities.

Traditionally, high frequency injection based self-sensing has been focused on interior
permanent magnet synchronous machines (IPMSM) and specially modified machines that induce
a spatially variant inductance or resistance which can be tracked. Numerous projects have
focused on creating small spatial saliencies in SPMSMs, typically through modification of the
rotor. This allows for reuse of the simple SPMSM rotor structure and keeps production costs in
check. Self-sensing with both inductive and resistive based methods were shown to be possible.
However, they are both limited by the SPMSM’s low saliency ratio as well as the multiple

saliencies and cross-saturation which are load dependent in the machine.



Signal and image processing techniques often must deal with noisy environments and low
signal-to-noise ratios. A number of methods have been utilized to extract small signals from
environments with large amounts of noise. It is expected that by looking at the current response
of a machine to a high frequency injection, image processing techniques will allow for improved
estimation accuracy of rotor position. Furthermore, by considering a number of samples as an
image it is expected that the number of filters required to successfully extract the signal will be

reduced which will improve the dynamic capabilities of the system.

Overview

This work encompasses two main portions, both aimed at increasing the accuracy and
bandwidth of self-sensing methods. The first deals with a modeling and compensation technique
of the voltage latched in the stationary frame which is typically neglected and causes small
position estimation errors. The second deals with the development and evaluation of self-sensing
methods utilizing time series of the current response to a high frequency injection. This time
series of a properly experimentally captured template is compared to samples collected in real
time to generate position estimates. Results and analysis are presented for simulation, offline, as

well as online experiments.

Research Contributions

The following list summarizes the key contributions made by this research.
e Analysis of the effects of the voltage latched in the stationary frame upon self-sensing
methods.
e Development of a pattern-matching image tracking methodology utilizing a rotating vector

injection in the stationary reference frame to perform position self-sensing.



e Comparison of the estimation accuracy, computational complexity, and system components
of image tracking methodologies to traditional rotating and pulsating vector injection self-
sensing methodologies.

e Documentation of non-ideal cross-saturation, multiple saliencies, resistance, and the
stationary voltage latch effects upon the current image.

e Documentation of non-ideal effects on image tracking and comparison with traditional
rotating self-sensing.

e Documentation of non-ideal effects which are not captured by the template, such as those
which can arise from load dependent machine properties on image tracking.

e Documentation of relative performance in simulation, offline, and online experiments

comparing heterodyning demodulation and image tracking methodologies.

Summary of Chapters

In Chapter 1, a state-of-the-art review is given on permanent magnet (PM) machine self-
sensing methodologies, as well as the background required for image registration.

In Chapter 2, modeling of the effects of the stationary frame voltage latch on the current
response to a pulsating voltage injection in the synchronous frame is provided. A method for
compensating for these effects is developed and evaluated.

In Chapter 3 the development of a new form of position estimation via self-sensing is
documented. This includes image formulation, effects of non-ideal and unmodeled inductances
on the image and response, analysis of speed varying effects, and an analysis of the costs and
tradeoffs associated with this method are presented.

In Chapter 4 the image tracking method is evaluated in simulation and offline
experiments to demonstrate the viability and improvements of the method on a low-power, low-

saliency, SPMSM.



In Chapter 5 the image tracking method is evaluated in simulation and online
experiments to demonstrate the improvements of the method over existing methods on a 1.5kW,
low-saliency, SPMSM.

In Chapter 6 presents key conclusions and contributions generated by this research.
Recommended future work in the area of self-sensing and image tracking are discussed.

In 6.3Appendix A the development of the state-of-the-art control methods used in this
project, as well as the experimental validation on a 13W low saliency SPMSM are provided.

In 6.3Appendix B the experimental validation of the control methods as well as

evaluation of non-ideal conditions is provided for a 1.5kW low saliency SPMSM.



Chapter 1 State-of-the-Art Review

This chapter presents a summary of the state-of-the-art of position sensing. In

general, position sensing is achieved with a standalone position sensor utilizing technology based
on optics, electric machines, or the sensing of magnets. A newer field of self-sensing utilizes
signals from the machine itself to estimate the rotor’s position. These broadly fall into two
categories, back-EMF tracking methods, which are suitable for medium-to-high speed
applications, and high frequency injection (HFI) based methods, which are suitable in the zero-

to-low speed range. Figure 1.1 shows a breakdown of the types of sensing which will be

reviewed.
Position
Sensing
Position Self-
Sensors Sensing
Hall Effect Back-EMF HFI Based

Rotating Pulsating Flux Torque

Voltage Voltage Injection Injection

Figure 1.1 — Position sensing methods overview.

These technologies are well known and have been reviewed elsewhere [1-6]. This
section will give a high-level overview to highlight the research opportunities available in the
field. Detailed derivations of implemented methods based on the state of the art literature have

been developed in 6.3Appendix A.



1.1 Position Sensors

1.1.1 Common Sensing Methods
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Figure 1.2 — Optical encoder, a) schematic [7], b) Moiré pattern created from interaction of disk
and mask [8].

b)

The optical encoder operates by generating a Moiré pattern and turns that pattern into a
position. A light is shown through two specially slotted disks and the light intensity which
passes through the disks is measured using a pair of photodetectors. One disk is attached to, and
rotates with, the encoder shaft. The second disk is stationary in between the light source and the
photodetectors, but mounted eccentrically from the rotating disk so that a Moiré pattern is
formed resulting in a sinusoidally changing light intensity. This assembly is shown in Figure 1.2
a). An example of a Moiré¢ pattern created between two full disks is shown in Figure 1.2 b). The
position of the photodetectors is such that there is a 90° shift in the sinusoidal intensity measured
between them and will form the signals A and B. The number of sinusoidal periods in a
mechanical revolution equals the number of lines, N, on the code disk.

The output signals produced by an optical encoder can be either analog or digital.
Analog signals are less common but will show the quadrature sinusoidal signals captured by the
photodetectors as shown in Figure 1.3 and represented as a rotating vector in (1.1). More

common is a digital incremental encoder which will convert the continuous sinusoidal signals



into discrete steps. Typically, this is further simplified to provide just a count of the number of
steps the encoder moved either forward or backward by tracking the edges of the digital signals.
This has the advantage of being easy to use, but limits the resolution to four times the number of
lines on the code disk. If the analog signals are provided, vector tracking, as described in section
[2, 4], can be applied with an increase in accuracy.

In Figure 1.3 the top signals are the quadrature signals A (blue) and B (red) as received
by the photodetectors. The signals at the bottom are the discretized A (blue) and B (red). A
single encoder line is shown, which represents 360/N° mechanical and can be decoded into an

incremental count.
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Figure 1.3 — Example analog and discretized signals in an optical encoder.

To decode a set of digital signals into an incremental count, the transitions at each edge

must be considered [2]. The smallest increment which can be detected is described in (1.2) as



360° divided by four times the number of lines, due to the fact that each quadrant of a line can be

detected. [9]

Eqp = cos(NOy,) - j*sin(NO,,) (1.1)
360°
Oinc = (4*N) (1.2)

Resolvers operate on the same principle as electric machines. Namely the coupling of
electromagnetic fields between sets of coils on the rotor and stator. Figure 1.4 shows a photo of
a resolver a) and a diagram of a two-pole resolver with sin and cosine coils set in quadrature on
the stator, and an excitation coil on the rotor which can be a commutated coil or magnetically

coupled with the stator.

b)

Figure 1.4 — Optical encoder, a) representative encoder and resolver sizing [10], b) resolver
electrical diagram demonstrating quadrature sets of coils[11].

Ve =V,cos(m.t) (1.3)
Ve = Vcos(®t)cos(@pmt) (1.4)
Vs = V,cos(@gt)sin(@pmyt) (1.5)
V2 = Vc082(0t)cos(mpmt) (1.6)

V2 = Vyc082(ot)sin(mpmt) (1.7)



If the rotor coil has an excitation signal of the form of (1.3), then the measured quadrature
coupled voltages can be shown to be of the form of (1.4) and (1.5) with the assumption that the
excitation frequency is significantly higher than the rotor frequency [12]. The goal is to isolate
the position information from these measurements. Two of the most common methods for
extracting this information are synchronous demodulation and convolution plus filtering. In
synchronous demodulation, only the peaks of the waveform are sampled and as such the carrier
cosine term is considered equal to one and drops out leaving just the rotor position dependent
sine and cosine terms. Using a convolution-based method multiplies (1.4) and (1.5) by the
carrier sinusoid again, resulting in (1.6) and (1.7) respectively. [12-17]

This process is shown in Figure 1.5 and is perhaps easiest understood in the frequency
domain as shown in the right column. In Figure 1.5 a) the carrier signal with frequency 10 Hz is
shown and has a peak in the frequency domain at the expected 10 Hz. The ideal quadrature
signals with a rotor frequency of one Hz are shown in Figure 1.5 b). In Figure 1.5 c) the carrier
and ideal signals are multiplied together in the time-domain and the corresponding convolution
in the frequency domain is evident. Note that the envelope of the quadrature signals is still
visible in the time-domain. In the case of synchronous demodulation, only the peaks are
sampled which results in a sampled version of b). In Figure 1.5 d) the modulated signal from c)
is again multiplied by the carrier frequency. The envelope is again plainly visible in the time-
domain, and the convolved signals are shown in the frequency domain. It is also clear that the
desired position signals have reappeared at the rotor frequency. The high frequency components
will be at two times the carrier frequency and returning to our assumption that the carrier is

significantly higher than the rotor speed, these signals can be separated. The most common way
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Figure 1.5 — Resolver modulation and demodulation signals in time and frequency
domains.

to remove the undesired high frequency components is to create a low-pass filter with a break
frequency below the carrier frequency. These higher frequency components are only a function
of the carrier and should be well known, as such they can be directly decoupled. Once the sine
and cosine terms are obtained by whatever method, vector tracking can be applied as described

in [2] to determine the rotor position.



a) b)

Figure 1.6 — a) Shaft-end mounting allows for absolute angular measurement, b)
Circumferential mounting allows for incremental angular measurement [ 18].

Anisotropic Magneto-Resistive (AMR) sensing takes advantage of the magneto-resistive
properties of thin film permalloys. These AMRs are physically separated by 90 electrical
degrees (quadrature) and placed into Wheatstone bridge configuration as discussed in [19].

Two magnetic configurations are applicable for rotary applications, one makes use of a
shaft-end magnet attached as in Figure 1.6 a) and allows for absolute position measurement. The
other configurations make use of magnets mounted to the circumference of a shaft and allow for

incremental position as in Figure 1.6 b).
V¢ =cos(Ca) (1.8)
Vs =sin(2a) (1.9)
The outputs of the quadrature sensors will rotate at twice the rotor speed as in (1.8) and

(1.9) which can be tracked using a vector tracking observer as described in [2, 4].
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Figure 1.7 — A current flowing through a thin conductive material experiences a
Lorentz force if an external magnetic field B is applied [20].

When a current I flows through a thin sheet of thickness d of conductive material, in a
magnetic field with flux density B, a voltage V is generated perpendicular to the field and current
as illustrated in (1.10) where Ry is a material dependent Hall coefficient described in (1.11). In
(1.11), n is the carrier density and q is the charge of the current carrier and is valid for materials

with either positive or negative charge carriers. In semiconductors the relationship is more

complicated and simply defined by Ry [20].

IxB IxB
V= nqd =Ryg J (1.10)

A diagram of this process is shown in Figure 1.7. For position sensing, two sensors are
placed in quadrature, over a magnetic pole pitch. This leads to the familiar situation where the
analog signals produced from the two sensors are a sine and cosine signal which can be
interpreted as a rotating vector and tracked using the vector tracking described in [21]. If digital
signals are produced they lead to the same situation as with an incremental encoder and can be

decoded in the same manner [2, 4, 20, 22-25].

12



1.1.2 Sensing Method Drawbacks

Table 1.1 shows commercially available devices with maximum accuracy and cost range
at the time of this publication. It is clear that with commercially available devices accuracy of
<0.002° can be achieved, however this accuracy comes with increased price and cheaper sensors
universally provide lower accuracy. In many commercial devices cost is one of the largest
driving factors and so being able to maintain an acceptable accuracy while decreasing cost is
desirable. In many applications such as fans and pumps this is especially true where the machine
is to supply a torque and the shaft position is only a concern in the control of the machine, not
explicitly in the application itself. Other applications such as servo motors tend to demand
higher accuracy, but in this case the position of a tool or joint is the variable directly under

control and so position as well as torque are of concern.

Table 1.1 — Sensor Accuracy and Cost Comparison [26]

Accuracy [Mech °] Cost [$US March 2020]
Optical Encoder 0.0018-90 9-3700
Absolute Encoder 0.0014-10 41 - 2700
Resolver 0.09-15 200 - 700
Magnetic Encoder 0.022-90 35-300
Magnetoresistive 0.03-15 1.5-350
Hall Effect 0.9-15 1.5-350

A secondary concern is the bulk and mass associated with the sensors themselves. These
parameters tend to be similar across sensing methods, but scale with application, particularly
shaft size. This is a driving factor in many applications where additional mass must be
transported and can reduce the overall system efficiency. The consideration of bulk is
application dependent. Some applications, particularly high-speed applications, are particularly
concerned with additional bulk as it means longer shafts and can impact the vibration modes of

the product.
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Figure 1.8 — Axial vibration induced fretting in blade connector [27].

In many applications the failure modes are a large concern. Particularly in drilling and
manufacturing applications where a damage encoder may mean the loss of substantial operating
costs while the sensor fault is diagnosed and replaced. These failure modes tend to involve the
electrical connectors, which are a well-known failure source [28-33]. In high vibration
environments the connectors tend to develop fretting as in Figure 1.8. This can change the
impedance of the connector and in extreme cases can result in open or short circuits. Similarly,
the connector housing can be damage and fail. This is a common concern regardless of sensing

technology.

Figure 1.9 — Damaged glass optical encoder disk [34].

The use of rotating glass disks in close proximity results in optical encoders being
sensitive to high vibration environments. Figure 1.9 shows the damage that can result to the
optical disk. This sort of damage can decrease the accuracy near the damage, or if severe enough

may prevent the device from working altogether.



Optical encoders tend to have additional sensitivities when compared to other sensing
methods. Any infiltration of dust, oil, or other contaminants can decrease the accuracy or cause

an outright failure [34].

1.2 Self-Sensing at High Speed

Self-sensing at high speed, relies on the back-EMF of the machine [23, 35-40]. Viewing
the SPMSM machine equations in the stationary reference frame in (1.12) and (1.13) and
modeling only the resistive and inductive loads, the back-EMF clearly rotates locked to the
position of the rotor. By estimating the back-EMF as a disturbance voltage, a back-EMF state
filter can be created as in Figure 1.10. The rotating voltage can then be tracked using a vector

tracking method. [2, 4]

d . .
Vop = Laplap 5+ Rslop + joehpm eite (1.12)

cos@e}

Eqp = ®eApm {_Smee (1.13)

Back-EMF tracking faces several known challenges. The most obvious can be observed
from (1.13), namely that the back-EMF scales proportionally with speed. At higher speeds, the
back-EMF is a relatively large signal, with a high signal to noise ratio, making it easy to measure
and track. At low speeds, the back-EMF tends to be lost in system and sensor noise [36, 37].
Numerous secondary effects have been neglected in (1.12) which can degrade the position
estimation. The effects of back-EMF harmonics was evaluated in [36, 37] and a vector tracking
method including the harmonic tracking is shown in the full system back-EMF tracking diagram
in Figure 1.10.

Additionally, cross-coupling due to latching and reference frame effects is often
neglected in first approximations. These effects are proportional to speed and have been

evaluated in [41].
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Figure 1.10 — State-block diagram of the implementation of harmonic decoupling with
motion controller, physical system, and cascaded position observer shown from [37].

1.3 Self-Sensing at Low Speed

Back-EMF tracking tends to be robust at medium-to-high speed where the signal is large
enough to be discerned from the sources of noise. However, at low speeds it suffers from poor
signal-to-noise ratios and so other methods have been explored. The most common methods rely
on exciting a position-dependent feature of the machine, such as a resistance or inductance
variation (also called a saliency or anisotropy) [1, 5, 42, 43]. The most common methods inject
either a rotating voltage into the stationary reference frame, or a pulsating voltage into the
estimated synchronous reference frame. Numerous variations and extensions of these methods
have been explored including increasing the injection frequency to half of the switching
frequency as in square-wave injection [44], formulating the injection as a flux, as in flux

injection [45-50], and more exotic forms combining features of both, such as pulsing injection

16



[51]. Additional methods rely on injection of an oscillating torque to generate a large enough
back-EMF to track while tolerating system vibrations [52-55].

The major variations of stationary frame rotating voltage injection and estimated
synchronous frame pulsating voltage injection will be briefly reviewed to demonstrate their
operating principles, strengths and weaknesses. Full derivations of the operating methods and

implementations can be found in 6.3 Appendix A.

1.3.1 Stationary Frame Rotating Voltage Injection

Rotating vector injection makes use of an injection into the stator reference frame. This
injection rotates with respect to the stator and collects information about the entire rotor over a
single injection cycle. Typically, this injection frequency is high enough to capture variations in
inductance [42], however, at lower frequencies, variations in resistance can be used to generate a
trackable signal [1, 56, 57]. This system is shown in Figure 1.11 with the high frequency
injection being combined with the fundamental to form a reference voltage for the voltage source
inverter. Note that the resulting high frequency current has both positive and negative rotating
vectors, but that only the negative rotating vector contains rotor position information as in (1.14).
A full derivation is given in section 6.3A.12 . The positive high frequency portion is removed,
typically with a very high bandwidth negative carrier reference frame low-pass filter so as to

minimize dynamic impact.

Ve ( { cos(ct) } { -cos(26-(oct)D
= 1.14
lop oc( ZL? - AL?) =L -sin(®ct) rab sin(20-wct) (119

The negative sequence then forms a rotating vector which can be tracked via a vector

tracking method [2, 4]. Figure 1.12 shows the modified vector tracking demodulation process

specifically for the high frequency rotating vector injection self-sensing method. The drawback
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with this method is that the injection in the stationary reference frame periodically aligns with

the g-axis, which generates torque and results in high frequency vibration and audible noise.

/ AC Machine
with Rotor Saliency
PWM v
Current Voltage qds
Regulator Source
Inverter
1gds1 w9,
LPF [* g
BPF

Figure 1.11 — High frequency signal injection into the stationary reference frame
combined with the fundamental excitation and a simple filtering current separation
scheme [42].
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Figure 1.12 — Block diagram of the heterodyning demodulation process for rotating
vector injection [1].



q-axis

d-axis

Figure 1.13 — Negative sequence components of the carrier current response, plotted in
the negative carrier reference frame from [58].

Filtering the positive carrier component from (1.14), and transforming the signal to a
reference frame which is synchronous with the negative carrier results in polar plots similar to
Figure 1.13. 1In [58-60] this form is analyzed as relative to the harmonics present in the
inductance which is unique to a machine at a given load level, and presents additional

information which can be tracked.

1.3.2 Estimated Synchronous Frame Pulsating Voltage Injection

Pulsating vector injection is done by realizing that in the ideal case an injection along an
axis should only return a response along that axis. However, if there is position estimation error
then the injection will be partially along the quadrature axis. By measuring and driving the
quadrature magnitude to 0, the angle can be reliably tracked. This is shown graphically in Figure
1.14. The choice of injection axis is left to the system designer, however injection along the g-
axis will generate a pulsating torque which is typically undesirable. To minimize this, d-axis
injection is often selected [1, 43, 57].

A system block diagram is shown in Figure 1.15. The pulsating vector injection in the

estimated synchronous reference frame is shown in (1.15) with magnitude Viyj and carrier
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angular velocity . and the response in the synchronous reference frame can be shown to be
(1.16). A full derivation of the pulsating response and associated states and variables is given in
section 6.3A.10 . It should be noted that if the resistive portion of the impedance is being
tracked, that the current response is phase shifted by 90°. It is also instructive to view the
injection in the stator reference frame as (1.17). In this form, it is clear to see that the voltage

injection is identical to two counter-rotating vectors, and can be related directly to rotating vector

HFI [57].
Vdg=V 1.15
da ¢ cos(mct) ( )
oo — ok Ve in(20) si 1.16
9™ oo L2 - AL2) sin(20) sin(mct) (1.16)
V' 1 . A . A
des - _J%l-l (e]((nct + 0err) 4 @j(-0ct + 9)) (1.17)
» A Correctly estimated position &
é & Incorrectly estimated
o o AC position
PSS S T | é
: I _I I _\J” 2 : o
: Ads = p Vds = 0, sin(ot) ! [reseeresmemeamameaeny
=TT ‘ {eqs = = p Ve sin(0t) (sin0er)
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Figure 1.14 — Flux response to a high frequency voltage injection in a) the actual axis b)
an axis with a small position estimation error [52].
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Figure 1.15 — System block diagram of pulsating injection in the estimated
synchronous reference frame.[43]

A heterodyning demodulation process can be applied to Ign the high frequency current
from (1.17). A block diagram of the process is shown in Figure 1.16 with the Iy, being
multiplied by a sinusoid to form g, a noisy error term. The result of this is low-pass filtered, and
then fed into an ELSO of the form described in [43]. It has been shown that the low-pass filter
bandwidth used in the demodulation process limits the bandwidth of both the ELSO and the

motion controller [1, 57, 61].
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Figure 1.16 — Heterodyning demodulation for inductive-based pulsating HFI self-
sensing [1].
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1.4 Non-Ideal Effects on Low Speed Methods

The ideal model used for high frequency injection assumes a continuous time model, with
a perfectly sinusoidal inductance in the stationary frame mapping directly to Lq and Lg, with
negligible resistance at high frequencies, perfectly separated high frequency and fundamental
current signals and no inverter effects [1, 42, 43]. For many applications these assumptions are
reasonable, particularly those which spend minimal time in the low speed region and only suffer
a small efficiency drop while in that region. For applications which deal with position and hold
and require high accuracy in their position estimates the small errors from each of these
assumptions leads to intolerable errors. This is often the case in servo applications.

A version of this base model is developed in 6.3A.2.2 . The impact of the assumptions
above depends on the machine, inverter, and controller selected for a particular application. As

such, the relative impact of each will vary significantly and must be evaluated per application.

1.4.1 Current Separation

Ideal modeling assumes that the high frequency model does not see any effects from the
torque regulator. In practice, torque regulators may be pushed to significantly high bandwidths
such that the current regulator response to the high frequency injection may not be negligible.
This acts as a secondary injection at the same frequency as the carrier but attenuated and phase
shifted and will result in a phase error in the demodulated current signal. Initially, it was
proposed to separate the signals with a low-pass filter for the fundamental signal, and a bandpass
filter for the carrier [42]. Later, it was observed that the filters introduce lagging effects, and the
current regulator continues to respond even at frequencies beyond the frequency of the filters and
current regulator [59]. The proposed solution uses a number of high-pass filters, implemented in
a reference frame synchronous with the positive and negative sequence components, along with a
recombination of the fundamental and error terms which can be used for current regulator

feedback as shown in Figure 1.17. This was further expanded in [62] using carrier observers as

22



23

§x
Vgds_c
S o o s motor
i
qds_f Synch. PI} Vgds + Vads Vads
—b?—b current il 9 PWM 1 r—
- regulator
[ i fsds
' sl-s A8 4
iS4 v Sqdsi observer |+ X 1 ‘qds f wt
qds_f % |regulator st [ [ -
| :
i i
i . fundamental current observer _ _ |
S ‘
+Q<+ lgds_cn "'Slgrds
gj(-}ds negative positive
sequence sequence f¢———
BSF BSF ‘qu_c"‘efi}ds
Br .
tracking |_ [fundamental
“*“observer [*]  BsF
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shown in Figure 1.18 to further reduce the high frequency signals reaching the current regulator

and allowed higher achievable system bandwidth.

1.4.2 Effects of Non-Ideal Inductance

In most electric machines, the dg-axes are not perfectly isolated, and cross-saturation
effects show up. As opposed to an inductance matrix which has only Lq and Lg, to model cross-
saturation the off-axis terms contain an Lgq term as shown in (1.18). A full derivation of the
current response to a rotating voltage injection is derived in 6.3A.12.2 and for a pulsating voltage
injection in 6.3A.10.2 . The effects of cross-saturation show up as a phase shift in the error term

as in (1.19) and can be measured and decoupled with either a lookup table, or using adaptive

methods [63].

L Ld}
q —q
L= 1.18
[qu L4 (1.18)
L
Ocrr = arctan(Xng) (1.19)

In general, the inductance of the machine is not purely sinusoidally distributed but is
position dependent and can be modeled as a Fourier series as shown in (1.20), with a full
derivation of the states and variables provided for a rotating voltage injection is shown in
6.3A.12.2 and for a pulsating voltage injection is shown in 6.3A.10.2 . The effects of cross-
saturation can be included in this generalized model as a modification of the magnitude and
phase at the harmonic h=0. The effects have been studied and shown to result in harmonics on
the estimated position with methods for decoupling or tracking them presented in [58, 60].
These harmonics present an additional source of position dependent information as shown in
Figure 1.13.

1 0 cos(hO+¢p) - sin(hO+op)
01 - sin(h6+¢p) - cos(hO+dp) (1.20)

h
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1.4.3 Resistance Effects
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Figure 1.20 — Demodulation scheme to decouple the effects of resistance [64].

The effects of resistance are typically very small because at high frequency, the machine
appears as an inductor. In cases where the machine’s time constant is relatively small, or the

injection frequency is relatively small, resistance can have a significant impact on the position
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estimation. These effects appear as a constant position error offset relative to the resistance of
the machine and can be decoupled using the method shown in Figure 1.20. However, measuring
the resistance of a machine can be challenging as it varies with machine temperature. To
overcome this, [64] proposed a scheme not only to decouple a known resistance effect, but

additionally to adaptively decouple the effects in real-time.

1.4.4 Inverter Effects

In [65-69] the effects of non-ideal inverters are considered. The sources of these effects
can be dead-time [66, 67, 70-72], zero-current clamping [66, 68, 69, 71], switch turn-on and
turn-off times [66], and parasitics [66, 71, 72]. These effects show up as harmonic distortion,
typically near the positive and negative sequence, and can cause substantial position estimation
errors up to tens of mechanical degrees. Compensation methods have been developed in [36, 37,
73] which, at high current levels, add the dead-time back into the command to compensate, but at
lower loads, use approximations or lookup tables to compensate the current dependent effects as

shown in Figure 1.21
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Figure 1.21 — Current dependent compensation of inverter effects developed in [36].
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1.4.5 Speed-dependent effects from reference frame and latch modeling
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Figure 1.22 — Increasing estimation error with speed as identified and neglected in [74]

Several authors have noted the presence of speed dependent estimation error [65, 74-76]
one of these is shown in Figure 1.22. The source of the error is typically neglected if It is even
noted. Compensation methods note that the voltage applied to the machine is not the ideal
expected and propose the use of voltage sensors to measure and correct for the source of the
error. For pulsating voltage injection methods the entire model is in the estimated synchronous
reference frame. However, discrete time modeling and, in particular, the effects of the stationary
frame latch have not been explored. Similarly, for rotating voltage injection methods the
injected voltage is assumed to be perfect with no cross-coupling due to the stationary frame

voltage latch.

1.5 Image Registration

The field of image processing is closely related to both pattern matching and signal
processing in multiple dimensions [77, 78]. One of the main areas of research is the topic of
image registration, i.e. finding the transformation that aligns two images best. An example of
this is shown in Figure 1.23. An image of a face is cross-correlated (1.21) with a search space,

and the maximum of the correlogram is found to identify the location of the best match.
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Rft(y) = 2 f*(x)t(x-y) (1.21)

X

(©)

Figure 1.23 — A template and search space pair of images, with the resulting cross-
correlation map [21].

The cross-correlation process is very computationally intensive, especially when
considering multiple parameters such as translated location, rotation and scaling. A method of

linearizing the process was shown in [79] to improve processing. Further optimization using



identities of cross-correlation and the Fourier transform were explored in [80-82] to reduce the
computational time from polynomial time to n*log(n) time and to be more noise tolerant.

In the late 1990’s and early 2000’s, a family of algorithms appeared which focused on the
identification of key points which are invariant to noise and scaling, and then to use features of
each key point to find matches between two images. The most famous of these are SIFT [83]
and SURF [84] which extended the idea by relaxing the affine transform constraints. These

methods are much faster and can be more easily parallelized to make use of modern hardware.

1.5.1 Image Registration with Stationary Frame Voltage Injection

Several works have focused on the use of a rotating voltage in the stationary reference
frame as the source of excitation and have replaced the demodulation scheme with image
registration methods. Many have focused on the current response in the stationary reference
frame with demodulation methods including cross-correlation [2, 21, 57], Recursive Least
Squares [85], Neural Networks [86], and Principle Component Analysis [87]. Of these, all these
methods used offline processing of current data as the computational load for the method was
significant enough to preclude use in real-time controls. The exception [85] spent considerable
effort to reduce the computation of the pattern matching approach to be suitable for application

in real-time.
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Figure 1.24 — Diagram showing the movement of the current components in different
reference frames from [85]

In principle, all of the methods us the current response shown in (1.14) which represents
the full high frequency current response as a rotating ellipse in the stationary reference frame as
shown in Figure 1.24. Each method uses a different method to estimate the relative rotation of
the ellipse and uses this as an estimate of the rotor position. These methods can be very
effective; in offline tests show accuracy greater than those achieved using traditional
heterodyning demodulation techniques as shown in Figure 1.25. However, some non-ideal
conditions can cause larger errors. In [85] the effects of cross-saturation were explored and show
up the same as in traditional heterodyning demodulation, namely as a load dependent position
offset which must be compensated. Additionally, in [21, 57] it was realized that multiple
saliencies cause harmonics similar to heterodyning demodulation. These harmonics in the
movement of the ellipse are challenging to compensate for as they cause the ellipse to wobble

back and forth even in smooth constant speed conditions. This leads to a situation where pattern
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matching with the ellipse is no longer a one-to-one function, meaning that multiple rotor

positions can map to the same ellipse orientation.
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Figure 1.25 — Offline estimation accuracy demonstrating a less than 0.75° mechanical
position error using cross-correlation [2].

1.5.2 Image Registration with Estimated Synchronous Frame Voltage Injection

One method of using a pulsating voltage in the estimated synchronous reference frame
was attempted [3]. In this work the current response is shown to be ideally a line, but practically
an ellipse when considering sensor noise with major axis related to the position error as shown in
Figure 1.26.

As the method is based on position error, which tends to be influenced by sensor noise
and non-ideal effects, the method was only able to show a tradeoff between improved accuracy
of position error with a larger number of points with a cost of a reduced system response time.
This is due to the fact that the collection of multiple samples functions similarly to a moving
average filter with an frequency response shown in Figure 1.27. By increasing the number of
points, it decreases the bandwidth of the filter underpinning the tradeoff between improved

accuracy and lower dynamic response. This method was tested online to show this tradeoft.
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Figure 1.27 — Moving average filter varying the number of samples used [88].

1.6 Summary of Research Opportunities Identified

Based on the state-of-the-art review in this chapter, the key identified research opportunities are:



Negative Sequence Image Tracking

e Image tracking solutions applied to rotating voltage injection-based systems have not utilized
the negative carrier frame to focus attention on the position information contained within the
negative sequence response.

Stationary Frame Voltage Latch Effects on Self-Sensing

e Estimation error speed dependences have been noted in the literature, however the voltage
latch in the stationary frame has not been investigated as a source of this error.

e Development of a model of the cross-coupling caused by the stationary frame latch, analysis
and quantification of the self-sensing error the latch generates has not been performed.

e Methods of mitigation and compensation have not been developed.

Online Image Tracking Implementation

e Existing image tracking self-sensing methods have focused on offline estimation accuracy
and have not analyzed the resulting closed-loop dynamics.

e A full closed-loop online implementation has not been developed, or the limitations of these

implementations evaluated.
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Chapter 2 Stationary Frame Voltage Latch
Analysis of Effects on Self-Sensing and
Compensation Methods

This chapter documents the presence of a heretofore unidentified position error based on
a neglected cross-coupling between the axes due to the voltage being latched in the stationary
reference frame and position assumed to be constant within a switching period. In reality, the
rotor continues to spin causing a speed dependent cross-coupling of the applied voltage. This
cross-coupling generates a high frequency current response which ultimately demodulates into a
speed dependent estimation error. This effect is identified, a method of modeling it is developed
utilizing a full order current observer which considers discretization effects, finally a

compensation method is proposed.

2.1 Identification of Effects of the Stationary Frame

Voltage Latch on Self-Sensing Estimation Error

During the development of the simulation to analyze state-of-the-art self-sensing
methods, as well as the image tracking methods, the speed dependent estimation error effects of
the stationary frame voltage latch were realized. Figure 2.1 shows the system overview and the
model of the electrical plant. In the system overview particular attention should be paid to the
generation of the pulsating voltage injection as both the output from the current regulator and the
high frequency d-axis injection are added together in the synchronous reference frame. After
this, the command is converted to the 3-phase stationary reference frame. In the electrical plant,
the details are shown starting with the 3-phase stationary reference frame latch, the inverter, and
the reference frame transformations back into the synchronous reference frame. The

inconsistency comes from the fact that the discrete system uses a position estimate which is
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generated every sample period and latched for the duration, conversely the electrical system is

continuous and so the position used for reference frames is continuously changing.
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Figure 2.1 — Annotated system with voltages highlighted to match those shown in Figure
2.2

An example of these signals are shown in Figure 2.2 tracing the voltage along the g-axis
through this path. The injected voltage is a 1V pulsating voltage injection along the d-axis and
theoretically should provide only the g-axis voltage required to compensate for the back-EMF
voltage and the cross-coupling. Here the discrete command as well as the commanded voltage
supplied by the inverter are shown in cyan and blue respectively. The problem is already visible

as the discrete voltage command appears as a discrete signal comprised of the component parts.



However, the blue signal showing the voltage delivered in the g-axis of the continuous electrical
plant shows a ramping feature. Also shown is the cross-coupling component which is
compensated for by the method presented in 6.3A.3 and the back-EMF component which is
compensated for in the complex vector current regulator presented in 6.3A.3 . Finally, the
effective voltage applied to the machine is shown in black. This voltage has 2 features which
should be noted. At the beginning of each switching period the effective voltage is zero,
showing that the compensation for cross-coupling and back-EMF is calculated correctly and
working as intended. However, within a switching period the voltage appears to be a ramp.
Since the simulation is using a constant rotor speed, this makes sense as the axes are coupled
linearly in steady-state. The other major feature is that the size of the ramp changes each
switching period. This is also consistent as the high frequency voltage injection for pulsating
voltage self-sensing is a sinusoidal voltage along the d-axis. The cross-coupling combines these
features as dependent on the speed of the rotor, and the g-axis voltage and assuming a constant
speed over the switching period can be modeled as in (2.1).
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Figure 2.2 — Simulated g-axis voltage along the path from the discrete controller, through
the latch, and what is effectively applied to the machine.

Isolating just the effective voltage applied to the g-axis is shown in Figure 2.3 at different
operating speeds. This again illustrates the voltage within a switching period is dependent on the

d-axis voltage, and the speed of the machine.
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Figure 2.3 — Simulated g-axis effective voltage at different speed operating points
showing speed dependence.

The effective voltage applied to the machine generates a small current which is also
speed dependent as shown in Figure 2.4. This current is the result of the voltage applied to the
L-R electrical plant, which at high frequencies is dominated by the inductance, and shows an
almost 90° lag as is expected. This current is sampled, multiplied by the pulsating demodulation
local oscillator using the process described in 6.3A.10 . The resulting error term is plotted and
shows a speed dependent small position estimation error. While this may be small, for precision
motion control, this error represents a substantial contribution to the error shown in Figure 2.4.

The average value of the estimation error shown in Figure 2.4 can be measured at a given
operating point and subtracted from the demodulated signal to remove the average effect but is
dependent on the machine parameters and operating speed requiring careful calibration to

remove.
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Figure 2.4 — Simulated sampled current, local oscillator, and estimated position error at varied
speed operating points showing dependence of estimated error on speed.

2.2 Full Order Modeling of Discrete System Effects

and Simulated Evaluation

A full order system including proper discretization of the stationary frame latch interface,
the plant cross-coupling, the plant salient inductance and resistance effects was developed in

[89]. In Figure 2.5 a) the form of the plant used in traditional high frequency self-sensing is
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shown. This neglects resistance, cross-coupling, reference frame, and latch effects on the final
solution. For many applications this is able to meet the specifications required of the self-
sensing. In other particular instances some of these effects are compensated for independently.
A description of these methods are discussed in 6.3A.10.2 and 6.3A.12.2 . In Figure 2.5 b) the

form of the full order model is considered. This model captures cross-coupling, resistance,
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Figure 2.5 — Comparison of typical high frequency injection based self-sensing modeling
as shown in state block diagram form in a) with a full order modeling considering the full
plant, stationary frame latch, and relevant reference frame transforms as shown in state
block diagram form in b).

salient inductance, as well as the addition of reference frame, latch, and discretization effects on

the sampled current.



The final model in current observer form is shown in (2.2) with associated conventions
and definitions shown in (2.3) through (2.7). There are several important factors to note about
the development of this model. Because the inductance matrix Lyq contains a saliency, it cannot
be simplified to a scalar for use with complex vector notation and as such requires the rest of the
modeling to be done using vectors and matrices. In this derivation vectors are underlined, and
matrices are bolded. Additionally, when the inverse Laplace transform is taken it results in the
exponential matrices shown in (2.2). These conceptually function as exponents and are used to

capture the dynamics of the system.

Lig[k+1] = Lare7eTs (I - e To)ygq k] + L&%le_T_(’“l'Tsquldq[k] +

] ] (2.2)
L (et )
Fq
ydq _ _E, +qu (2.3)
Fq
{ 10 } 2.4)
. .
01
{ 0 -1 } (2.5)
5o .
10
T = (RSL&EI + JWe) -1 (26)
o qu /R 2.7)

To evaluate the model, a simplified simulation was created based on the state block
diagram shown in Figure 2.5 b) with the ability to control a fixed speed, and to inject a signal at
an arbitrary angle, a block diagram is shown in Figure 2.6. This allows for the model to be
evaluated in the synchronous reference frame, and with an applied error, the effects in the
estimated synchronous reference frame.

To verify the model properly estimates the current, even considering the cross-coupling
and reference frame effects, the current observer was evaluated at varied speeds. Since the

model is in the form of a current observer, it estimates a single time step ahead. In Figure 2.7 a)
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the model is evaluated in the synchronous reference frame. It is shown that the model properly

estimates a time step ahead.
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Figure 2.6 — Simplified system model, with a method for imposing artificial reference
frame error and fixed speed, for evaluating the current model and demodulation.

Further evaluation of the model takes places with an estimated synchronous reference
frame formulation. To evaluate the effects of speed, the same test was applied with varied speed
in Figure 2.7 b) and again the model is shown to estimate the current a time step ahead. Finally,
the model was held at constant speed but with varying the estimated synchronous reference
frame to show that the model properly estimates even when the reference frame has error in its
position. This test was performed in Figure 2.7 c¢) and again the model properly estimates

regardless of position error applied to the reference frame.
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Figure 2.7 — Time-domain current observer estimation to a high frequency voltage injection Ve
=1V, fc = 2kHz. a) current observer in synchronous reference frame at varied speeds, b)
current observer in estimated synchronous reference frame at varied speeds, c) current observer
in estimated synchronous reference frame at fixed speed with varied reference frame error.

2.3 Analytical Effects of Full Order Model on Self-

Sensing and Proposed Compensation Method



The full order model presented in [89] provides the starting point for the analysis of the
estimation error which develops due to neglecting these secondary effects. Starting with the full
order current observer in (2.2) several steps will be taken. First the back-EMF will be neglected
as It is a slowly changing variable and can easily be filtered or decoupled from a high frequency
response. Next, the observer model will be delayed a time step so that it predicts the current
value based on previous values. Finally, the current will be rearranged as in (2.8) to form an
effective change in current. It should be noted that this is not simply the change in current
between time instances but also depends on the machine parameters and current speed to
generate Alqq. The right side of (2.8) remains as a much simpler equation dependent on the
voltage injection, the machine parameters, and the rotor speed.

For pulsating voltage injection, the voltage is injected into the estimated synchronous
reference frame, but the previous development through (2.8) was done in the actual synchronous
reference frame. Therefore, (2.8) is transformed into the estimated synchronous reference frame
as shown in (2.9). Next, the pulsating voltage is shown in the estimated synchronous frame in
(2.10) and applied to the change in current from (2.9), and furthermore the g-axis is isolated as
we’re only interested in the portion which is projected onto the g-axis which results in (2.13).
Equations (2.11) and (2.12) define an average and differential response. This is analogous to the
average and differential inductance from classical derivations as presented in 6.3A.10 . These
terms also capture the effects of the resistance and will similarly modify the magnitude of the

current response with the saliency as in classical pulsating voltage self-sensing.

Algg[K] = Lig[K] - Lake "0 TSsLyglgg[k-1] = Lkre@eTs (1 - ¥ ' Ts)yg [k-1] (2.8)
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Alg[k] = EC (-sin(we*Ts) - Ap cos(weTs)sin(20[k]) +

s (2.13)

Ap sin(®Ts)cos(20[k]) + Zp sin((oeTs)) cos(w:KTy)

Equation (2.13) provides the basis for the self-sensing method as it contains the position
error term which must be extracted to estimate the current position. This is done similarly to the
classical pulsating demodulation. The first step is to multiply by a cosine term as in (2.14). By
realizing this generates two terms one at DC and one at twice the carrier frequency content as
defined in (2.15), and applying a low-pass filter significantly lower than twice the carrier, (2.14)
can be simplified as (2.16). As this method is for low speeds and T will be very small, a small
angle approximation can be applied to the sinusoidal terms depending on speed. Similarly, the
angle error should be small or controlled operation will not be possible and so a small angle
approximation can be applied to the sinusoidal terms depending on position error. This
simplifies (2.16) into (2.17). Rearranging (2.17) to isolate the position error term results in
(2.18). This final form shows that there is a speed dependent portion of the error term which is
entirely neglected in classical demodulation and accounts for the error previously identified.
demod = Algl[k]cos((ockTs) = demod = Al?:[k]cos((ocKTs) =

%: (-sin(o.Ty) - Ap cos(wTy)sin(20[k]) + (2.14)
Ap sin(eTy)cos(28 [k]) + Zp sin(@cT) ) cos*(@KTy)
cos2(mkTg) = %(cos(Z(ockTs) +1) (2.15)

\Y%
demod Ipf= ﬁ (-sin((oeTS) - Ap cos(weTs)sin(20[k]) +
) (2.16)
Ap sin(weTs)cos(20[k]) + Zp sin(coeTS))
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Figure 2.8 — Comparison of demodulation methods for pulsating voltage high frequency
injection to extra position error. a) classical demodulation, b) proposed demodulation

The equation form of the demodulation is shown in (2.18) and repeated in state block
diagram form in Figure 2.8 b) with constants and functions of speed defined in (2.19)-(2.21).
Classical demodulation is also shown in Figure 2.8 a) for ease of comparison. It is clear that the
proposed method is significantly more complicated involving a method to extract the change in

g-axis current, as well as a speed dependent method for compensating the position error term.

Ki = Lile ™ TsLgq (2.19)
R 2.20
~ ApV, (2.20)

T
TS Ap — 221
C 2Ap(1 Ap — Zp) (2.21)



2.4 Simulated Evaluation of Compensation Method

The simulation developed to analyze the current model, described in Figure 2.6 was used
with the machine parameters for the prototype machine developed in [46, 47]. The results are
compared with the reference frame held constant and a varied speed as in Figure 2.9 a). Here it
is shown that the proposed method does not contain error in the demodulation estimated position
error, while the classical pulsating demodulation method has increasing estimation error with
increased speed. This makes sense as the classical method doesn’t consider the reference frame
cross-coupling, and to a lesser extent the other non-ideal effects of the plant such as cross-
coupling and resistance, while the proposed method accounts for all of these effects. To show
that the proposed method can accurately estimate error, the same test was performed with a
constant speed held at 2r rad/s. The imposed reference frame error was increased from 0° to
15°. In all cases the proposed method correctly estimates the reference frame error. The
classical demodulation shows the expected sinusoidal error, but also has increased offset and

error amplitude as the reference frame gets further away from the 0° error.
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Figure 2.9 — Time-domain estimation error with a voltage injection V¢ =1V, fo = 2kHz. a)
reference frame error held constant at 0°, comparison with increasing speed, b) speed held
constant at 2w rad/s, comparison with increasing reference frame error.

2.5 Summary

This chapter documented the presence of a previously unidentified cross-coupling
between axes in high frequency injection methods due to the voltage being latched in the
stationary reference frame. An advanced cross-coupled current observer was used and extended
to provide estimates of the estimated synchronous reference frame currents and verified in
simulation. The model was further extended to provide position estimates including resistance
and cross-coupling effects from reference frame transforms. A demodulation method was

developed to account for these variations and was validated in simulation.



Chapter 3 Negative Sequence Image Tracking:
Method and Analytical Results

This chapter documents the development and analytically evaluates a new self-sensing
method which utilizes a high frequency rotating voltage injection. The collection of a time series
of current responses to form a current image enables the use of image processing techniques to
generate a position estimate. The image formulation and position estimation methodology are
documented. The limitations, particularly computational complexity, cost, and arc length

variation with speed, are discussed and methods of mitigating these limitations are proposed.

3.1 Sensor Replacement Overview

The goal of image tracking is to create a sensor replacement technology. Using a voltage
injection and the measured current response it is desired to have a high accuracy, high bandwidth
position estimate. The general overview of this type of system is shown in Figure 3.1 where the
demodulation process of rotating voltage injection described in 6.3A.12 is entirely replaced with
a stand-alone position estimation process. In Figure 3.1 b) this design is shown with the optional

cascaded position observer included to provide zero-lag filtering.
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a) Heterodyning demodulation with cascaded saliency tracking observer
b) Negative sequence image tracking method with cascaded saliency tracking observer

Figure 3.1 — Contrasting state block diagrams of position estimation methods of state-of-the-
art heterodyning demodulation and negative sequence image tracking.

3.2 Negative Sequence Image Formulation

The first crucial step in performing image tracking is to form the image. The name may
suggest a camera or optical sensor, but in this work the image will be formed by the creation of a
time series current response to a high frequency voltage. In section 6.3A.12 rotating voltage
injection-based self-sensing is discussed in detail. The current response to a rotating voltage
injection, considering only an ideal saliency with no secondary effects is shown in (0.125) and
restated here for convenience as (3.1). This response forms a rotating ellipse in the stationary
reference frame and in previous work has been the subject of image processing techniques to
estimate position [2, 21, 85-87]. Parsing this equation though there is a component at the
positive carrier frequency, and a component in the negative sequence near the negative carrier.

Only the negative sequence component contains position information. Noting that the signals are

separated from each other by nearly two times the carrier frequency and are nearly a full carrier
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frequency separation from the fundamental at low speeds provides an opportunity to isolate these
components with either filters or observers. In this work a high-pass filter is applied in a
reference frame synchronous with the positive carrier frequency to remove it from the current
response resulting in (0.126), restated here as (3.2) for convenience.

Ve cos(mct) -c0s(20-mct)
lop = (212 - AL2) (ZL[ -sin(mct)}FAL{ sin(26-oact)D G

AL V, { -c08(20-0ct) }
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Figure 3.2 — Negative sequence current images in the negative carrier reference frame with
current when 0e=0 marked.

a) ideal current response, b) current response containing cross saturation with Ldq =
0.1*ZL, c¢) current response with inductance harmonic h] =2 and a multiple harmonic h?

=3 with Icn1 / Icn2 = 2, d) current response containing effects from both b) and c).



Next, the carrier frequency is well known and so transforming the current response into a
reference frame which is synchronous with the negative carrier frequency is easily accomplished.
This removes the carrier dependence seen in (3.2) and results in simply (3.3). This response is
plotted in the complex plane over a full electrical cycle, it results in a circle traced on top of itself
twice as shown in (3.2) with the current response when the rotor position iszeroshown as a blue
dot for reference. Therefore, each rotor position maps directly onto this circle, albeit with a
second mapping offset by 180°. This is analogous to the ellipse in the stationary reference frame
being identical to itself when rotated 180° and appears as a problem for heterodyning

demodulation as well as other forms of image tracking.

1 0 h[ cos(hO+¢h) - sin(hO+dp) }
L= ZL{ } + AL )
0 1 Z - sin(h0+¢p) - cos(hO+dh) (3.4)
h
Ve { cos(mct) } { -cos(h@-wct +h) }
loh = e (ZL2 (Y ALp) 2} >k sin(wct) " Z Abh sin(h0-mct +0p) (3.5)
h h
Ve -cos(hO +¢p) }
I = AL
dlq(il oc (EL2 -(Q_ ALp) 2} Z h{ sin(h0 +¢p) (3.6)
h h

The current response can be calculated when both cross-saturation and multiple
inductance saliencies are considered into the inductance matrix as shown in (3.4). This results in
a full stationary frame current response as in (3.5). Again, note the positive carrier which
contains no information, and the portion near the negative sequence which contains many
harmonics all of which are position dependent. Applying a high-pass filter in the carrier
synchronous reference frame removes the positive carrier component, and transforming the
response to the negative carrier reference frame results in (3.6). The current responses with

cross-saturation and multiple saliencies are shown in Figure 3.2 b-d. It should be noted that a
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simple cross-saturation only changes the phase and magnitude of the current response as shown
in Figure 3.2b and the same problems, namely symmetry at 180°, are still present. However, the
inclusion of multiple saliencies as shown in Figure 3.2c-d demonstrates uniqueness of the current
response at varied rotor position. Of course there are points where the figure crosses over itself
and which will present ambiguity if a full image is considered, however it is not the pure overlap
of the full cycle at 180° offset as in the other methods and so disambiguation is possible if the
rotor is moving or not near one of those few cross-over points.

To form an image, several samples are captured and aggregated to form a time series.
When plotted in the polar plane it represents an arc portion of the full electrical cycle with length

dependent on the speed.

3.3 Image Tracking Methodology

Using the analysis outlined in section 3.2, the current response considering non-ideal
inductances can be used to determine the position. This process is outlined in flow chart form in
Figure 3.3, each step will be outlined in the Figure 3.4 through Figure 3.7. In essence it uses a
known current response with associated positions, and a small current sample captured in real-

time, to match the two currents and use the template’s position as a position estimate.
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template = GenerateTemplate()
sample =CollectNegSeqHFCycle()

errMin = inf, thetaBest =0
indexStart = thetaToIndex(thetaEst — thetaRange)
indexEnd = thetaTolndex(thetaEst + thetaRange)

True Return(thetaBest)

If(indexStart >
indexEnd)

v

False
v

subTemplate = template(indexStart, indexStart+cycleLength)

v

err = errorMetric(subTemplate, sample)

If(err < errMin) False

True
A 4

errMin = err, thetaBest = indexToT heta(indexStart)

Vv

indexStart = indexStart + cycleLength <

Figure 3.3 — Rotor position estimation using image registration of a negative sequence
template and the negative sequence of a full injection cycle.

To begin, a commissioning process is required where the current response to a rotating
high frequency voltage injection is captured along with the position. This process can also be
accomplished using FEA and simulation if the models accurately predict the current response of
the machine. In this work a method using an encoder to commission the machine was performed
experimentally. If the template is captured experimentally the full system configuration should
be set including inverter, cabling, and controller so that secondary effects are properly captured.
A representative template plotted across a full electrical cycle is shown in Figure 3.4a. A
zoomed in version is shown in Figure 3.4b with the array indices and associated positions are

annotated near the beginning of the electrical cycle.
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In real-time operation, a set of current samples is collected. This is shown in Figure 3.4c
where N=10 samples are collected and aggregated into a time series. Each of the ten samples is

stored in an array with indices shown in Figure 3.4c. N is left to the controls engineer to

determine as a larger N will increase the number of switching periods between position estimates

thereby potentially increasing lag, where a smaller N will result in a poorer match and a smaller

signal-to-noise ratio.
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Figure 3.4 — a) template across a full electrical cycle with parameters Lq and Lq from
Table 1, and AL; to be 0.3*AL for demonstration, b) template zoomed into black box in 3a
showing the start of the electrical cycle with indices and corresponding electrical angles
annotated. c¢) Time sampled current shown with order of the collection shown, overlaid on
the template for reference from the blue box area in a), d) 10° range limited template with
indices and angles in electrical degrees shown.
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To limit the processing required, only a portion of the template is used to determine the
position. This process takes the last position estimate as the center of the template arc, and adds
and subtracts Orange to obtain the range limited template arc which will be used to find the
position. This process is annotated in Figure 3.4d with indices and positions shown for
reference.

To find the best match between the sample and the range limited template, portions of
size N are selected from the range limited template for comparison with the sample. This is

shown in Figure 3.5 where the portion is shown, and a zoomed in version is shown with indices

numbered for reference.
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Figure 3.5 — a) Template portion overlaid with range limited template and full template
overlaid for reference, b) zoomed in template portion with indices numbered.

xcorr(s, t) = Zy[(ta(t) sq(ttn) + (t4(t) sq(ttn)] (3.7)

(3.8)

error(s, t) =/ Zal(tan - San)? + (tqn - Sqn)?]
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Figure 3.6 — Graphical comparison of error metrics with simple 1-D signals. a) sample signal
and template, b) results of applying each metric to the sample and template in a)

Next the arcs must be compared to generate an error metric. In previous work a cross-
correlation metric as shown in (3.7) was used. In its most basic form, the cross-correlation has
problems with amplitude variation and can match similar shaped patterns between two signals
even if the patterns have differing amplitudes. This source of error is shown in Figure 3.6 when
the cross-correation between the template and sample are calculated. A peak in the cross-
correlation is seen at index 8 which generates the global maximum, when index 2 in the template
is the correct match. This is due to the cross-correlation being a multiplication between the
sample and template which is sensitive to changes in magnitude in both signals. The correct
match will be a local maximum in this case, but is not necessarily the global maximum. There
are known ways to handle these errors [90] with cross-correlation. Alternately a different metric
can be used such as the two-dimensional Euclidean distance (3.8). Using the same sample and

template, the distance is minimized at the second index in Figure 3.6a.
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Figure 3.7 — Error metric shown with index of minimum error, and minimum error
shown. In simulation the error is zero as all conditions are ideal, in practice it will be a
small positive value.

This process is extended into 2-dimensional time series for use with the sampled current
and the N-size portion of the range limited template. It is then repeated by incrementing the
starting index of the N-size portion of the range limited template and repeating the process. This
has the effect of comparing the sample to a slide N-size portion of the template. At each of these
slides, the error between the sample and the N-size portion of the template is calculated. After
this is completed the observation that the global minimum is the best match can be used to
determine the index of the best match as shown in Figure 3.7. Since the template was captured at
known positions, finding the best match determines the estimated position. This position
estimate can then be used in control algorithms directly or can be fed into a position tracking

observer if zero-lag filtering, or additional state estimates are required.

3.4 Arc Length Variation with Speed

The amount of the electrical cycle arc which is captured within N samples is dependent

on the speed of the rotor. These effects are shown in Figure 3.8 where an arc captured at four
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times higher speed traces out a four-times-longer length of current arc. This results in an error
based on speed if the sample and template are captured at differing speeds.

The error metric described in section 3.3 matches each current sample within the sampled
arc to the same index within the template portion. The effect of this is that if the arc length of the
sampled arc is of a different size than the template portion, the error metric will align the centers
of the two arcs as is shown in Figure 3.8. The length of an arc is 360° divided by the number of
samples per electrical cycle as shown in (3.9) where N is the number of samples per image or
arc, fe is the electrical frequency and fj is the system sampling frequency.

As the two arcs are matched at their centers, the error caused by the speed is then the
lengths of the template portion and the sample subtracted from each other, divided by two as
shown in (3.10) where ft is the electrical frequency at which the template was captured. To
analyze the impact this may have, a few example numbers are chosen with N = 10 as is typically
used in this work, f; = 1Hz, f. = 1Hz, and f; = 10kHz numbers representative of the situation

shown in Figure 3.8 which results in a 0.54° electrical error.

~ o N
0e = 360 ( £ fej (3.9)

~ N ft-f
0c = 360° @( fsej (3.10)
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Figure 3.8 — a) Effects of speed on the captured sample arc, b) zoomed in arc portion.

This error is small, but for some applications may be substantial. To compensate for this
error, the template should be captured at multiple speed operating points and the correct template
selected for that speed. Alternately, if the template is characterized using a tool such as a Fourier
series, it could be dynamically resampled at the cost of additional computation power required at

runtime.
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3.5 Computational Load

Analysis of the computational complexity begins by looking at the program flow outlined
in Figure 3.3. The core computations create loop which slides the sampled current response
across a portion of the template. In this implementation the operating speed is assumed to be at
or near the speed at which the template was collected. This means that the current samples have
the same angular spacing between them as the template does which makes calculating the
computation required simpler. Additionally, the electrical cycles are all assumed to be identical
which reduces the size of the template required.

When the algorithm is designed, the controls engineer selects a thetaRange which is
suited for the operation. This is a design variable which impacts the amount computation
required as well as the maximum amount of position error which can be accounted for between
position estimates. To determine the number of discrete current samples, the resolution of the
position sensor used in commissioning is divided by the number of pole pairs as in (3.11). Next
the indexRange is found by taking the specified thetaRange in degrees and scaling it by the
templateLength divided by electrical degrees in a full cycle as in (3.12). This specifies the
angular range to either side of the current estimate which is included in the part of the template
which will be compared. The full arc length is given as in (3.13). To determine the number of
times the sampled current must be slide across this template arc, the sampled image size is

subtracted from the template arc length plus one for the initial comparison as is given in (3.14).

2
templateLength = encCount * P (3.11)
t lateLength
indexRange = round(thetaRange x S0 ; 6eooeng j (3.12)
templateArcLength = 2*indexRange + 1 (3.13)
numSlides = templateArcLength — imageSize + 1 (3.14)

To compare the current sample with the template, each current sample in the image of

imageSize must be compared. To compare each individual sample with the current along the
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template, six assignments, four subtractions, two additions, two multiplies, and a comparison are
required. If the comparison is true, two additional assignments are required. To calculate the
total number of cycles to perform a comparison on the AIX, the number of cycles per instruction
were found experimentally and relevant portions are shown in Table 3.1. The total time to
compare two individual current samples is calculated as 31 cycles. To find the computations per
slide, these 31 cycles must be done for imageSize current samples, which in this work is ten. In

total requiring 310 cycles per slide.

Table 3.1 — Cycles Per Instruction
. Cycles Per Number Used Per Cycles Per Comparison by
Instruction . . .
Instruction Comparison Instruction

= 6 2 12
+ 2 2 4
- 2 2 4
* 2 2 4
< 7 1 7

Total Cycles Used Per Comparison 31

In Table 3.2 the variables required to calculate the computation time as they were used in
this work are given. Multiplying the number of slides by the cycles per slides gives a total
execution time per position estimate of 65720 cycles. Given that the AIX operates at 100 MHz,
and this work uses a 20 kHz switching frequency, that gives 5000 cycles per control loop. In this
work, the cycles to perform normal sensing, control, safety and output functions takes roughly
3500 cycles depending on the settings used, and the branches taken during execution. Obviously
the 65720 cycles required by this algorithm cannot be executed within the remaining 1500 cycles

so additional hardware must be utilized.
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Table 3.2 — Negative Sequence Tracking Settings
Variable Value Used
thetaRange 8°
encCount 20000
imageSize 10
numSlides 212
Cycles per Slide 310

3.6 Cost Analysis

To analyze the tradeoff in computation power and monetary costs, several factors must be
considered. The main purpose of self-sensing in general is to remove the cost of the encoder
from the system while maintaining acceptable resolution and accuracy of the position estimate
for the application. Several encoders are considered which were used in this project and are
representative of servo grade encoders as shown in Table 3.3. These are characterized
particularly on their lines which is a measure of resolution, and their cost. Note that price and
resolution are correlated and as one increases the other increases. Throughout this section

minimum order quantity is given to capture any effects of higher volume discounts.

Table 3.3 — Encoder specifications.

Manufacturer Model Lines Unit Cost [USD] Mlnlmum.Order
Quantity
Tamagawa TS5208N530 1024 125 1
Heidenhain ROC 426 10000 425 1
DFS20A-
SICK A2BACO005000 5000 400 1

Next several current sensors are characterized, specifically ones used within this project.
Several aspects are of interest. First note that either two or three current sensors can be used, two

can be used to perform the reference frame transforms assuming there is no zero-sequence
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component to the current. However, to add noise tolerance and fault tolerance to the system
three current sensors are considered for this implementation and cost evaluation.

Aspects of the current sensors which must be considered when choosing them for an
application are the current range which will be sensed, this is typically determined by the rating
of the inverter, motor, and wiring of the system. The current range sensed can be modified by
adding additional turns which has the effect of increasing accuracy by the turns ratio but
decreasing the maximum current by the turns ratio. The number of turns should be maximized to
allow the machine to operating over its entire operating space plus a margin of error, this will
allow the full range of the sensor to be utilized and give the controller the highest accuracy
measurements possible.

With regards to self-sensing, for a rotating voltage injection, the current response is given
in (0.126) and is dependent on the machine saliency, voltage injection magnitude, and voltage
injection frequency. The rating of the current sensor, times its accuracy, should be smaller than
the magnitude of (0.126) to achieve high quality results. If this is violated, the system should be
tested to verify the sensors accuracy by ensuring repeatable measurements compared to another
high range, high accuracy current sensor such as a current probe.

The current range, accuracy, and cost are shown in Table 3.4. Note that as current range

and accuracy increase, the cost also increases.

Table 3.4 — Current sensor specifications.

Current Accurac Minimym
Manufacturer Model R N N y Cost [USD] Order
ange [A] [%] .
Quantity
Delta 2000 25 13 8 20
Electronics
LEM LA 55-P 50 0.65 20 25
LEM HAIS 100-P 100 1 17 25
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Finally, the processing requirements are considered. Three processors are considered
which are used in aspects of this project and are suitable for real-time control systems. While
many characteristics of the chip determine the execution time of the real-time code, clock speed
is a good predictor of execution time and is shown for each chip along with its cost in Table 3.5.
Note that in general faster clock speeds tend to cost more. The ADSP-21161NKCA is more

expensive at the time of writing as it is no longer in production and so the cost has increased.

Table 3.5 — Controller processor specifications.

Clock Speed Minimum
Manufacturer Model [MHz] Cost [USD] Order Quantity
Infineon TC1782 180 15 1
. ADSP-
Analog Devices 2116 INKCA 100 50 1
NPC QorlQ PS5021 2000 280 1

Combining all of these into representative systems and assuming that the associated
inverters, ADC circuitry, and other signal routing and condition circuitry is roughly comparable
in cost and can therefore be neglected results in the systems shown in Table 3.6.

Configuration 1 represents a high-resolution encoder on a low power system, while
configuration 2 represents the same system without an encoder. These systems form the basis
for the analysis provided in Chapter 4 and 6.3Appendix A and are suitable for traditional
demodulation schemes and offline image tracking evaluation.

Next 3 and 4 represent commercial systems using a moderate and high-resolution encoder
respectively, with system costs increasing with higher resolution. Configuration 5 shows the
same system configured with a higher accuracy current sensor, and more powerful processor, but
without the encoder. These systems form the basis for the analysis provided in Chapter 5 and

6.3Appendix B are suitable for traditional as well as image tracking demodulation schemes.



Table 3.6 — Representative system configurations.

CO;%%E lﬁi?on Processor Encoder CurreIZg)S ensor System Cost
! J116INKCA | A2BACOOSO00 | HAIS 100-P 525
2 71 IIEIIDSIEC A - HAIS 100-P 125
3 TC1782 TS5208N530 C2000 165
4 TC1782 ROC 426 C2000 465
5 P%‘;‘g% - LA 55-P 340

Overall, the cost analysis shows that self-sensing systems can remove the cost of the
encoder but may require an increase in cost in the current sensors. This comes with the tradeoff
of lower accuracy, which in some applications such as servo motors, may be unacceptable. To
regain some of this accuracy, an image tracking solution could be applied. This comes with the
additional tradeoff that the increase in accuracy is paired with an increase in the cost of the
processing power. In applications where high accuracy is still required while the cost of the
encoder would preferably be removed, image tracking becomes an attractive option.
Furthermore, image tracking is suitable for a dedicated implementation in either FPGA or ASIC

which would increase development costs but decrease manufacturing costs further.

3.7 Summary

The current response to a high frequency rotating voltage injection can be formulated in
the negative sequence to isolate and highlight the position dependent component. The negative
sequence can be accumulated into a time series image and with the use of a template generated a
priori can be used to estimate the rotor position. The error metric used for matching has a large
impact on the quality of the match, a distance metric is suitable for the two-dimensional data
used in the negative sequence image. Arc length variation is a minor concern as at low speeds

this will be a small fraction of an electrical degree. For extremely high precision, template
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resampling can be instituted to generate variable length templates in real-time, at the cost of
additional computational power. Computational power in general is a concern with this method
and effectively trades off increased computational power for increased accuracy. This tradeoff
will increase price but for some high precision application at low speed the tradeoff may be

worth the effort.
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Chapter 4 Negative Sequence Image Tracking
Evaluation on a 13 Watt Low Saliency
Ratio SPMSM

4.1 Overview

The methods presented in Chapter 3 are evaluated in simulation and offline experiments
on a low saliency ratio SPMSM developed in [91]. This machine’s parameters are specified in
Table A.1 and tuning is specified in Table A.2. These parameters and tuning are used
throughout this chapter for simulation evaluation of the image tracking methodology. The
controller integrated into this test bench is based on an ADSP-21161NKCA-100 processor which
is a 100 MHz processor. Operating at 20 kHz, this proved to be too low of processing power for
an online implementation to validate the experiments. However, the initial offline evaluation is

provided in 4.4.

4.2 Simulated Ideal Response on a Low Saliency
SPMSM

To begin with, the negative sequence image tracking method was implemented and
directly replaced the heterodyning demodulation from the state-of-the-art rotating demodulation.
The command tracking and closed-loop estimation accuracy are shown in Figure 4.1.
Performance here shows significant error with periodic segments of oscillation. The current at
startup is shown in Figure 4.2 with the template overlaid for reference. Note that the sampled
current is two orders of magnitude larger than the current expected in the template. This effect
results from the closed-loop properties when using the speed estimate from the cascaded position

observer to decouple back-EMF effects from the current. The oscillations and quick change in
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position error result in large speed errors. This erroneous speed is used to decouple the back-
EMF from the current and introduces large high frequency content into the current spectrum.
This results in a current image which deviates largely from the expected current and generates
poor position estimates. This cycle feeds back to drive the phenomena shown in Figure 4.1 and

Figure 4.2.
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Figure 4.1 — Simulated time-domain estimation accuracy and command tracking using
closed-loop self-sensing feedback at startup with only a position cascaded observer.
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Figure 4.2 — Experimental negative sequence response for at startup with only a cascaded
position observer.
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Figure 4.3 — State block diagram of Negative Sequence Image Tracking with a cascaded
saliency tracking observer to generate position estimates, with a cascaded speed observer
to provide a zero-lag filtered speed estimate.

S cascaded speed observer was added to the negative sequence image tracking solution to
mitigate errors caused by small steps in position estimation causing large speed estimation errors,

and the feedback loop of speed-based back-EMF decoupling errors leading to additional position
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estimation errors and propagating into unstable or oscillatory states. This is a truncated version
of the position estimation observer, with a similar tuning process as outlined in section 6.3A.5 .
In this section, the cascaded speed observer was tuned to a bandwidth of 5SHz, and for a fair
comparison it was also added to the state-of-the-art rotating voltage solution which is also able to
take advantage of the cleaner back-EMF decoupling to achieve higher bandwidths than those
presented in section 6.3A.12 . An alternate solution, albeit with a performance decrease, is to
neglect the back-EMF decoupling and cross-coupling decoupling in the low speed region by
setting the wm to 0. This solution is a reasonable approximation in many applications as ®m is
small and so these cross-coupling terms are likewise small.

To evaluate the estimation accuracy, the motion control feedback was set to the motion
observer, and the saliency tracking observer command feed-forward was disconnected to show
the estimation properties of both rotating voltage demodulation and negative sequence image
tracking without the effects of torque command feed-forward tracking. The estimation accuracy
in the frequency domain is shown in Figure 4.4 comparing both rotating voltage demodulation
and negative sequence image tracking each with the highest achievable bandwidth. The effects
of the higher achievable negative sequence image tracking system bandwidths are clear. The
rotating voltage demodulation is tuned to a motion controller bandwidth of 15Hz and a saliency
tracking observer bandwidth of 30Hz. These tunings agree with the results presented in the
estimation accuracy FRF with an achieved bandwidth of 34Hz according to the magnitude
criteria, and 25Hz according to the phase criteria. The negative sequence image tracking system
is tuned to a motion controller bandwidth of 50Hz, and a saliency tracking observer bandwidth of
100Hz. These tunings are confirmed with an achieved bandwidth of 100Hz according to the
magnitude criteria and 66Hz according to the phase criteria. This confirms the improved
performance of the higher achievable stable system bandwidths under negative sequence image

tracking.
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Figure 4.4 — Estimation accuracy comparison of the self-sensing methods when T was
removed from the cascaded saliency tracking observers.

The improved estimation accuracy of negative sequence image tracking is also shown in
the time-domain estimation accuracy results presented in Figure 4.5 and Figure 4.6. In Figure
4.5 the comparison is shown between a rotating voltage demodulation system tuned with a
motion controller tuned to 15Hz and saliency tracking observer tuned to 30Hz is compared to
negative sequence image tracking systems tuned with system bandwidths of 15Hz and 50Hz for

fair comparisons. In steady-state, the error of the rotating voltage system is 0.2 degrees, while
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the maximum error of the 50Hz bandwidth negative sequence image tracking system is 0.1
degrees, and the maximum error of the 15Hz bandwidth negative sequence image tracking
system is 0.04 degrees. The error present in the rotating voltage demodulation is identified as
due to the effects of the stationary frame voltage latch, which are assumed to be negligible in the
state-of-the-art, and are shown to be very small in this figure. However, in both negative
sequence image tracking solutions the estimation accuracy is significantly improved, and the
achievable bandwidth is additionally improved. The higher bandwidth solution performs slightly
worse as the entire system more aggressively tracks the small estimation errors resulting from
imperfect pattern matching. In Figure 4.6 the same steady-state is shown zoomed in on
individual time steps.

The effects of the stationary frame voltage latch are magnified here as the rotating
demodulation saliency tracking observer is 0.2 degrees off, which equates to about ten time steps
lagging, where the observer should ideally be 1 time step ahead. The negative sequence image
tracking on the other hand performs as expected and estimates with a very small degree of error
and is 1 time step ahead. It is also visible that position estimates are generated every time step at
20 kHz, while the negative sequence image tracking is generating position estimates at 2 kHz.
This is due to the negative sequence image tracking position estimate being fed into the saliency
tracking observer, but the observer itself runs at 20 kHz using the open loop model and the
command feed-forward to provide accuracy position estimates at every controller switching

period.
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Figure 4.6 — Simulated time-domain estimation accuracy with closed-loop self-sensing
feedback with a motion controller tuned to the highest achievable stable bandwidth.

Figure 4.7 shows the comparison of the startup response of each system at startup. In
each system, there is an initial transient when the machine applies a torque to accelerate to the

steady-state speed command. This torque generates a small change in the negative sequence

current
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Figure 4.7 — Simulated closed-loop self-sensing feedback with a motion controller tuned to the
highest achievable stable bandwidth as noted, zoomed to beginning and end of the startup
transient.

response and in each system, there is some initial position estimation error. In each system,
within 0.2s after the initial command is given, the system has settled back into a low error

estimate of position and is tracking correctly. The system with the highest bandwidth has the
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largest error as any errors in the position estimate due to disturbances in the negative sequence
are most aggressively tracked. In Figure 4.8, the maximum error is shown to be in the high
bandwidth negative sequence image tracking solution of -12° compared to 2° for rotating voltage
demodulation and 0.5° for the low bandwidth negative sequence image tracking system. This
situation presents an interesting design tradeoff as a higher system bandwidth will more

aggressively track
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Figure 4.8 — Simulated closed-loop self-sensing feedback with a motion controller tuned to the
highest achievable stable bandwidth as noted, with a wy,* of 1Hz at steady-state.

errors in the negative sequence causing substantial position errors during transients. However,

comparison of a rotating voltage demodulation system with a negative sequence image tracking
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system of the same bandwidth shows an increased estimation for the negative sequence image
tracking during the transient. This leaves the choice of higher system bandwidth and the
associated benefits at the loss of some accuracy during transients, or lower system bandwidth for

higher accuracy during transients than state-of-the-art rotating demodulation.
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Figure 4.9 — System command tracking comparison of the self-sensing methods.



System command tracking performance in Figure 4.8 is similar between the three
combinations of tuning and position estimations. The system includes command feed-forward
for the motion controller and so shows similar magnitude and phase between all three
configurations. The system begins to degrade at higher frequencies in both magnitude and phase
due to the limitations of the motion command state filter which is tuned to 200Hz.

The simulated dynamic stiffness comparison between state-of-the-art rotating
demodulation and negative sequence image tracking is shown in Figure 4.10. Here the effects of

the increased system bandwidths are more clearly seen as the dynamic stiffness of the negative
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Tq* chirp with fy = 1Hz, f; = 200Hz, T = 0.5s, magnitude 0.1pu

Figure 4.10 — Simulated dynamic stiffness FRF comparing rotating demodulation with
negative sequence image tracking feedback.
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sequence image tracking demonstrates the S0Hz motion controller tuning and increased lower
frequency dynamic stiffness when compared to state-of-the-art rotating demodulation with

motion controller tuned to 15Hz.

4.3 Simulated Non-Ideal Inductance Response on a
Low Saliency SPMSM

In section 6.3A.12.2 , the effects of non-ideal properties are discussed with their effect on
the current response to a rotating high frequency voltage injection. These same effects will show
up in the negative sequence image according to the same equations. In Figure 4.11, the effects of
cross-saturation and a single multiple saliency are shown. Additionally, a reference point
representing the current response with the rotor position is at 6=0° is noted to show the effects on
the image phase. In Figure 4.11a, the simulated image with ideal properties is shown. In Figure
4.11b, the image with a cross-saturation is shown. Note that the shape is the same, but the
magnitude and phase change according to the current response including cross-saturation effects
as denoted in (0.133). In Figure 4.11c, the effects of a single multiple saliency are shown. Here
the image has more harmonic content and loses the symmetry the ideal case has when 6,=180°
as governed by the current response in (0.136). Finally, in Figure 4.11d, the effects of both
cross-saturation and multiple saliencies are shown. The image is similar to Figure 4.11c, but

with a noticeable rotation due to the cross-saturation, and a modulation of the amplitude.
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Figure 4.11 — Negative sequence current images in the negative carrier reference frame
when 0.=0 highlighted to show relative phase

If the template and sample data are from the same model, then matching will produce the
correct result. However, machine properties change with operating point. This machine was
specifically designed to have zig-zag leakage flux which causes the saliency [91], but also has
saturation effects in the current due to load as shown in [2, 57, 91]. So, while the collection of
experimental templates at known operating points will allow matching at those operating points,
if the operating point drifts, the machine properties will change and the sampled arc will not

perfectly match against the template arc.
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Figure 4.12 — Simulation results comparing estimation accuracy of self-sensing methods with
cross-saturation that is not decoupled or included in the negative sequence image tracking
template.

To analyze these effects, a simulation was performed using negative sequence image
tracking with an ideal template, but with the effects of non-ideal inductance properties to allow
analysis of how the algorithm will perform in these unknown conditions. For comparison, the
simulation was also performed with rotating demodulation using a normal demodulation process
with no cross-saturation or multiple saliency compensation was analyzed. In Figure 4.12 an

exaggerated cross-saturation was applied. The results show that this uncompensated for cross-
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Figure 4.13 — Simulation results comparing estimation accuracy of self-sensing methods with
a secondary inductance harmonic that is not decoupled or included in the negative sequence
image tracking template.

saturation has the same effect on both rotating and negative sequence image tracking.
Furthermore, in Figure 4.13, a similar test was performed using an ideal template for negative
sequence image tracking, and an ideal demodulation with no multiple saliency compensation for
the rotating self-sensing. Here the results are similar with the same magnitude error using both

demodulations, but with a phase shift due to the pattern matching of negative sequence.
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4.4 Offline Estimation Accuracy Evaluation on a
Low Saliency SPMSM

Further analysis was performed experimentally. While the algorithm is complex and
cannot be run in real-time on the AIX controller, a rotating voltage was applied with filtering as
described in [2, 57]. The negative sequence image was then plotted over four electrical cycles.
This shows that there are small variations in each electrical cycle, likely due to small
manufacturing defects. For reference, an injection arc in shown to show the size of the segment

traced out when the rotor is spinning at 1Hz mechanical.
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Figure 4.14 — Experimental negative sequence response for four consecutive electrical cycles
comprising a full mechanical cycle with an injection cycle included for reference.

One of these cycles was used as a template, while the others were used as sample data

and processed according to the negative sequence image tracking method presented in Figure
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3.3. The data was processed offline to generate the offline position estimation accuracy as shown
in Figure 4.15. This is plotted against the rotating vector demodulation for the same set of data.
It is clear that the error is significantly reduced. The underlying reason is that the template
captures the non-ideal effects which rotating demodulation does not compensate for and so it is

able to provide a more accurate position estimate than rotating demodulation.
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Figure 4.15 — Experimental estimation accuracy calculated offline with experimental data
comparing position estimates from rotating demodulation and negative sequence image
tracking.

85



4.5 Summary

This chapter demonstrates by both simulation and experimental results the practical
challenges to implementing NSIT, as well as other self-sensing algorithms, during transients.
Also shown is how to formulate the speed feedback so that tracking can be maintained.
Furthermore, simulated results show an improvement in achievable steady-state accuracy by
50% and an improvement in achievable system bandwidths by 3.3x. Additionally, a design
tradeoff was demonstrated showing that during transients the improved bandwidth can increase
estimation error temporarily, but that at comparable tuning between heterodyning demodulation
and image tracking, the image tracking method shows improved accuracy even during the
transients. Finally, the offline estimation accuracy shows an improvement over heterodyning
demodulation demonstrating by 30% the viability of the method if computation power is

available.
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Chapter 5 Negative Sequence Image Tracking
Evaluation on a 3.7 kKW Low Saliency
Ratio SPMSM

5.1 Overview

The methods presented in Chapter 3 are evaluated in simulation and online experiments
on a low saliency ratio SPMSM developed in [46, 47]. This machine’s parameters are specified
in Table B.1 and Table B.2 and tuning is specified in Table 5.2 and Table 5.3. These are used
throughout this chapter for simulation and experimental evaluation of the image tracking
methodology. The controller integrated into this test bench is a dSpace MicroLabBox based on a

dual core, 2GHz DSP.

5.2 Simulated Ideal

A simulation was created to implement the control structures shown in Figure 3.1 and
Figure 3.3. The parameters for the simulation are the same as for the experimental machine and
are given in Table B.1 and Table B.2 while the bandwidths used for the various control structures
is given in Table 5.1. For demonstration purposes a rotating voltage injection with heterodyning

demodulation implementation was created for use as a reference point.

87



Table 5.1 — Simulated Control Structure Tuning

Control Structure Bandwidth [Hz]

Current Regulator 500
Fundamental Current Observer 100
Current Observer Carrier HPF 200
Motion State Filter 200

Motion Controller X

Saliency Tracking Observer 2X
Demodulation LPF 6X

*X specified in corresponding tests, ratios constant between methods.
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Figure 5.1 — Simulated closed-loop self-sensing feedback with tuning as noted
To evaluate the image tracking method, two sets of bandwidths were tested. One set for
both heterodyning demodulation and negative sequence image tracking tuned to 5Hz, and a

second for negative sequence image tracking tuned to 10Hz, both sets representing the highest
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achievable stable bandwidth on the respective systems during initial transients of an acceleration
from standstill to 1Hz mechanical frequency. The lower bandwidth image tracking solution is
used to provide a fair comparison. The system was commanded to start up from zero speed to
1Hz mechanical frequency with the results shown in Figure 5.1. The boxed portions are zoomed
in on and shown in subsequent figures to demonstrate the transient, in Figure 5.2, and steady-

state properties in Figure 5.3.
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Heterodyning Demodulation SHz MC, NSIT 5Hz MC,

on™* = 1Hz, Vc =50V, fc = 1000 kHz, Tuning described in Table 5.1

Figure 5.2 — Simulated closed-loop self-sensing feedback with tuning as noted, zoomed in
steady-state shown in Figure 5.1.

Several interesting details emerge. In the steady-state analysis, in Figure 5.2 both of the

image tracking observers estimate at a single time step ahead of the actual value as is predicted



from the observer control theory, this results in very little error in either case. However, the
heterodyning demodulation has a 0.3° electrical error as a constant offset. The heterodyning
demodulation compensates for resistance and cross-coupling of the electrical plant, as described
in 6.3A.12.2 . The remaining error is largely due to the inexact nature of the high-frequency
injection analytical derivation, assuming a continuous implementation and neglecting the cross-
coupling effects of the stationary frame latch. It should be noted, that since the negative
sequence image tracking solution captures the template experimentally, these effects are captured
in the template, as well as in the sampled data and accounts for them in the position estimate.

In Figure 5.3, the initial transient is observed, and the effects of the system bandwidths
become more apparent. The lower bandwidth solutions both show lower tracking error than the
higher bandwidth negative sequence image tracking. Heterodyning demodulation and the
experimentally obtained template both assume steady-state, during transients the constant speed
assumption used in steady-state is broken and the current response differs significantly from the
expected current, resulting in position errors. The higher bandwidth system more aggressively
tracks this unmodeled behavior and results in the larger error observed in Figure 5.3.

This provides an interesting tradeoff for the design of the control systems. At equal
tuning, negative sequence image tracking solutions provide a higher accuracy position estimate.
Additionally, higher tuning is possible but results in a larger position estimation error during

transients.
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Figure 5.3 — Simulated closed-loop self-sensing feedback with tuning as noted, zoomed in
initial transient shown in Figure 5.1.

To confirm the additional achieved bandwidth of the negative sequence image tracking
solution, the dynamic stiffness was captured and shown in Figure 5.4. Here the eigenvalues are
estimated with the heterodyning demodulation showing the lower tuning of SHz as is expected,
and the image tracking solutions provides 10Hz of bandwidth again as is expected, confirming

the tuning and achievable system bandwidths.
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Figure 5.4 — Simulated dynamic stiffness FRF comparing feedback from heterodyning
demodulation with negative sequence image tracking.

5.3 Load Dependent Evaluation of Template

Variation

As outlined in section 3.3, the first step to performing image tracking is to obtain a
template of the machine’s current response at known positions. This can be done through FEA if
it matches the test bench accurately, but this work is done by experimentally capturing the
template. The changes in the template are predicted to be load sensitive due to saturation of the

machine. In [46, 47] the machine was designed specifically to have a small but relatively
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constant saliency with load changes. Even so, a single electrical cycle was captured and plotted
in Figure 5.5a-c at varied loads. Additionally, FFTs of the negative sequence current responses
are shown in Figure 5.5a-c. These shown that as load changes from OP.U. to 1P.U. the

harmonics present in the current response and subsequently, the shapes of the current image

vary.
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Figure 5.5 — Experimentally captured current response image showing the effects of different operating
points. a-c show the effects of changing load on a single electrical cycle at a constant speed while d shows
the effects of different speeds at no load.

From 6.3A.12 the ideal current response should contain 2™ harmonic content, i.e. the
current image will rotate twice per electrical cycle and should be a circular response with the
angle equal to the position plus a possible offset due to cross-saturation. Here, there are

significant -4%, -1t 0™, 274 harmonics present at no load, and with the 0™ and 2" harmonics



remaining relatively constant with load. This shows a primary saliency, with a secondary
inductance likely due to an eccentricity of the rotor.

In Figure 5.5d the effects of speed are shown. The frequency of the current response
obviously changes with the speed operating point as is predicted from the current response
equations. However, the magnitude of the response at each harmonic stays relatively constant
over the operating range, also as is expected.

In summary, loading conditions change the template significantly and if multiple
operating points are expected to be used each will need to be captured in a template and in real
time the templates should be selected based on load. Otherwise, errors related to unmodeled
inductance characteristics will appear as discussed in section 4.3. Speed effects show minimal
variation on the template. For best performance templates could be captured at each speed
operating point and selected based on operating condition. However, as changes in magnitude
are minimal but arc length is speed dependent as discussed in section 3.4 a simpler solution of

resampling the template based on estimated speed is recommended.

5.4 Template Generation via Spatial Synchronous
Averaging

From Figure 5.5, it can be seen that there is significant noise on the measurements. This

is expected as the signals are only a few tens of mA, which is 0.0003P.U., which are very small
signals to measure. In the template matching step there will be a template and a sampled current
with possibly both being noisy as a result of the small signals and system noise. The sampled
data will have this noise on it and that cannot be avoided. This section explores how the
template may be prepared in a manner to suppress the noise while maintaining the integrity of

the template.
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Figure 5.6 — Current image template collected using encoder feedback, with varied numbers of
time averages. a) SHz Motion Controller, b) 25Hz Motion Controller

A first attempt at creating a template using varied time averages is shown in Figure 5.6
collected using encoder feedback at two different motion controller bandwidths. If the machine
is assumed to be at constant speed of ®m = 1Hz as commanded, and with a switching frequency

of 10kHz, with four pole pairs, then one electrical cycle happens every 2500 samples. Ideally,
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every 2500™ sample would align in position and they could be averaged together over numerous
cycles to create a template that suppresses noise. The results of increasing numbers of averages
is shown in Figure 5.6 where a single cycle has significant variance, and as the number of
averages increases, the image becomes somewhat clearer. However, it should be noted that the
template at differently tuned bandwidths generates different templates if a time averaging is
applied. This is not a physics issue as the spatial inductances are not changing. It is a problem
caused by time averaging and the assumption that every 2500" sample lines up at the same
spatial position. With a lower bandwidth motion controller, any torque disturbance will cause
the speed the deviate from the commanded significantly more than a higher bandwidth
controller.

Clearly the problem is that time averaging is the wrong domain to approach this problem
in. The template is fundamentally the current response as a function of position, so the current
samples should be averaged spatially instead of temporally. One method to do this, is to spatial
synchronously average the data [4, 92]. This method is outlined in Figure 5.7 with a block
diagram of the process as well as a sample data structure used to perform the averaging. The
method takes a large number of samples of current and position and segments the electrical cycle
by the number of encoder counts per cycle into bins. Every sample is then accumulated in the
bin based on its position, and the count of that bin is incremented. When all of the samples have
been accumulated, the total accumulated is divided by the number of samples added to that bin,
and the average is obtained. This resulting average is the current as a function of position with

any noise, which is not spatially synchronous removed.
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Figure 5.7 — Block diagram of spatial synchronous algorithm with data structure used to
accumulate spatial data.

This data can be formed into a lookup table and used at the template itself. In this work,
further processing is applied to gain a more versatile analytical result. Data was captured with a

25Hz bandwidth motion controller using encoder feedback, and with a 50V rotating voltage



injection applied as is done in the associated experiments in section 5.5. Spatial synchronous
averaging was applied to the machine spinning with a mechanical frequency of 1Hz. This allows
for 240 averages of the electrical cycle to be performed to remove non-spatially synchronous
noise. In Figure 5.8 the spatial FFT of the data is shown using the g-axis as the 0° reference
point. The dominant harmonics are selected as the -4, -1t 0, 274, 51 a5 shown in Table 5.2

and are used with a Fourier Series as in (5.1) to recreate the template.
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Figure 5.8 — FFT of the spatial synchronous averaged current.
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(5.1
h
Table 5.2 — Template harmonic components \
h An [mA] ¢n [rad]
-4 2.6 2.30
-1 0.815 -2.36
0 9.04 -1.81
2 30.1 -1.36
5 2.92 -1.52

With the analytical characterization of the template several uses can be devised. In this
work the dominant harmonics are selected, the operating speed of 1Hz mechanical is selected,
and a 10 kHz sampling frequency is selected all to match the conditions on the bench. Then
using (5.1) and the parameters in Table 5.2 a template was reconstructed and saved relating d-
and g-axis components to the specified positions. The reconstructed template using 1Hz
mechanical frequency, and 10 kHz sampling is overlaid with the spatial synchronously averaged
data in FFT and polar plot in Figure 5.9. These show good agreement.

As opposed to simply using the spatial synchronously averaged data as a template, the
Fourier Series representation can be resampled at different speeds. This can be done offline and
saved as a lookup table similarly to what was done in this work. Additionally, it leaves the
controls engineer an option to resample the template in real-time based on the estimated speed of
the machine. A mismatched template speed compared to the actual speed with result in small

estimation errors as discussed in section 3.4.
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Figure 5.9 — FFT of spatial synchronously averaged data with overlaid harmonics selected for
parameterization. a) FFT of current and parameterized current, b) polar image from spatial
synchronously averaged data and parameterized current.

An additional use of the spatial synchronous averaging is another way to analyze the

effects of speed variation and torque disturbances. If the rotor is regularly slowing down at a

specific position, the number of times that position is sampled with increase. This can readily be

seen by plotting the number of counts of each position bin and is shown in Figure 5.10 with a

low and high bandwidth motion controller. The higher bandwidth motion controller is better at

rejecting disturbances and so maintains a more constant speed, while the low bandwidth motion

controller shows a regular slow down around 300° electrical, which shows up as around the 850
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encoder count. Discussion of the torque disturbances which cause this speed error is given in

section 6.3B.7 .
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Figure 5.10 — Plot of the count of the spatial bins used in spatial synchronous averaging.

5.5 Experimental Results

The system described in previous sections was implemented on a dSPACE MicroLabBox
controller using MATLAB Simulink auto code generation. The template created in 5.4 was used
to do the negative sequence image tracking self-sensing. Additionally, two forms of
heterodyning demodulation were applied. The first was rotating heterodyning demodulation is
the classical method of vector tracking described in 6.3A.12.1 . The second method which will
be called multiple saliency decoupling (MSDC) is based upon heterodyning demodulation but
decouples the effects of multiple saliencies identified the Fourier series characterization in
section 5.4 and described in section 6.3A.12.2 . The tuning for each method was identical with

values listed in Table 5.3. Note, the evaluation provided in this section is done with a standalone



motor disconnected from the dynamometer for a number of reasons which are documented in

section 6.3B.7 .

Table 5.3 — Experimental Control Structure Tuning

Control Structure Bandwidth [Hz]

Current Regulator 200
Fundamental Current Observer 2X
Current Observer Carrier HPF 25X
Motion State Filter 2X

Motion Controller X

Saliency Tracking Observer 2X
Demodulation LPF 10X

*X specified in corresponding tests, ratios constant between methods.

To evaluate the performance of the different methods, a time-domain estimation accuracy
was collected using the encoder for feedback while applying a high-frequency voltage injection
of 1kHz with magnitude 50V. The position estimate from each method was collected and is
shown in Figure 5.11. The heterodyning demodulation method shows large harmonic errors with
20° magnitude and at twice the frequency of the rotor. While the 2" harmonic in the current
response contains the main saliency position information, the 0" harmonic observed in the
previous section presents as a 2" harmonic on the position estimate and is expected if no
compensation method is applied. Using a heterodyning demodulation with multiple saliency
decoupling improves this to a 10° amplitude ripple, with the 2"¢ harmonic removed leaving non-
spatially synchronous torque disturbances as the source of error. Finally, the negative sequence
image tracking improves the estimate to 6° maximum error for a 40% reduction in error over

state-of-the-art methods applied to this bench.
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Figure 5.12 — Self-sensing estimation accuracy using encoder feedback comparing two forms

of heterodyning demodulation with image tracking.
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Next, a frequency domain estimation accuracy was collected using the encoder for
feedback while injecting a high-frequency voltage. A sinusoidal command was applied to
observer the ability of each estimate to track the position as shown in Figure 5.12. As the system
is using command feed-forward and comparable system bandwidths, the response is similar
between all three methods.

The frequency domain command tracking was collected as shown in Figure 5.13 by
having each method’s motion information be used as feedback for the motion controller and
injecting single sine wave commands at each plotted point.. The negative sequence image
tracking was able to be tuned to a higher stable value and shows a slightly higher bandwidth in
the command tracking plots, however, the effects are limited as each method is using command
feed-forward in the motion controller.

A sample of the command tracking at steady-state is shown in Figure 5.14. This plot
shows that heterodyning demodulation has significant ripple content at twice the electrical
frequency. It also shows that the NSDC method reduces but does not perfectly remove this 2™
harmonic content. The NSIT removes the 2" harmonic content as it is now tracked in the
template, however there is significant error as the higher bandwidth system more aggressively
tracks errors.

Finally, each estimate was used as the feedback for the controller while applying a
sinusoidal commanded torque disturbance with results shown in Figure 5.15. Here we can
clearly see the effects of the higher bandwidth tuning of the negative sequence image tracking as
it has a larger dynamic stiffness across much of the range compared to the heterodyning
demodulation and NSDC methods. Around 20Hz the methods begin to converge to a level lower
than the value expected by the system inertia. This is a result of an interaction with the current
observer as frequency separation of the current observer, current regulator, and current filters is

not perfect and results in interaction in the mid-range frequencies.
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5.6 Summary

Simulated and experimental results for a 3.7kW SPMSM test bench are provided
showing an improvement in both achievable accuracy to nearly perfect results and higher

achievable bandwidth by 2x. The challenges of template creation are addressed considering the



variation of the saliencies with load, and the challenge noise presents when creating a template.
A method based on spatial synchronous averaging is applied to create a template with reduced
noise, and a method to convert it into a parameterized function suitable for resampling at various
speeds is presented. Experimental results are shown demonstrating a 1.65x improvement to
bandwidth, as well as a reduction in estimation accuracy error by 70% over heterodyning
demodulation and a 40% over state-of-the-art compensation methods. Experimental results show
valid improvements but lesser magnitude improvements than simulation. This is largely due to a
combination of current sensor resolution and accuracy limitations and significant experimental

torque disturbances.
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Chapter 6 Conclusions, Contributions,
Planned Remaining Work

6.1.1

6.1.2

6.1 Research Conclusions

The following list summarizes the key conclusions offered by this research.

Conclusions from the State-Of-The-Art Review

Image tracking methodologies have not been developed for pulsating voltage injection-
based self-sensing systems.

Image tracking methodologies have not been developed in a form which is compatible
with DB-DTFC.

Image tracking solutions utilizing rotating voltage injection have not utilized the negative
carrier reference frame to isolate the position-dependent information.

Estimation error speed dependencies have been noted, but the voltage latch in the
stationary frame has not been identified as a cause nor its effects analyzed.

Image tracking solutions have not been implemented online in a closed-loop feedback

system to evaluate achievable system performance.

Conclusions from Stationary Frame Voltage Latch Effects on Self-Sensing

The stationary frame voltage latch couples the d- and g-axes which creates a coupling of
the injection and results in a speed-dependent current response.

The current response, when demodulated, results in a speed dependent error in the
position estimate in state-of-the-art demodulation techniques when latch effects are

neglected.
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6.1.3

Modeling of the stationary frame latch as a rotating latch in the synchronous frame allows
for accurate current estimation.

Applying a high frequency voltage injection to the properly modeled system allows for
the speed effects on estimation error to accurately modeled.

Analytically identifying the latch speed dependent terms allows for them to be accurately

decoupled, removing the speed dependence

Conclusions from Negative Sequence Image Tracking Self-Sensing

The negative sequence current response to a rotating voltage injection forms a unique
fingerprint of the machine properties and manufacturing defects at steady-state.
Collecting the negative sequence over an injection cycle traces a speed dependent arc that
can be compared to a template image to estimate rotor position.

By obtaining the template experimentally, all non-ideal effects present in the system are
included in the template and improve accuracy without decoupling.

If the template arc length speed dependency is neglected, the template matching will have
inherent error as the template is inconsistently sampled relative to the template.

The image arc length speed dependency presents an opportunity that with proper template
resampling will provide an additional means to estimate rotor speed.

Negative sequence image tracking provides a 40% increase compared to state-of-the-art
rotating self-sensing in offline estimation accuracy.

Negative sequence image tracking requires a cascaded speed observer to provide
additional filtering of the speed to increase closed-loop bandwidth in simulation.

A cascaded speed observer prevents small steps in position estimation from generating
large erroneous speed estimates by reducing the step’s impact on other system state

estimates which are dependent on speed feedback for decoupling.
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e Small steps in position estimation result in large speed estimates due to the derivative
relationship, further causing back-EMF and cross-coupling decoupling to be noisy and
degrade the resulting current images.

e A cascaded speed observer allows for filtered speed estimates to accurately decouple the
back-EMF, retain high quality current images, and result in high estimation accuracy.

e Negative Sequence Image Tracking provides a 2x improvement over state-of-the-art
rotating self-sensing in closed-loop simulation.

e Achievable closed-looped bandwidth of negative sequence image tracking in simulation
is 3x larger than achievable bandwidths demodulation-based methods.

e Spatial synchronous averaging can be used to improve the quality of the negative
sequence current response image used as a template.

e Negative sequence image tracking experimental bandwidth can be increased by 1.65x
over existing heterodyning demodulation-based methods.

e Negative sequence image tracking experimental estimation accuracy can be improved by

70% over heterodyning demodulation, and 40% over state-of-the-art decoupling methods.

6.2 Contributions

The following list summarizes the key contributions made by this research.
Developed methods to estimate rotor position by performing pattern matching between a
sampled current response image and an experimentally captured template.
Developed a negative carrier reference frame model of the current response image to a
rotating voltage in the stationary reference frame including non-ideal inductance effects.
Developed methodologies of extracting the steady-state current response of a PMSM to a
high frequency voltage injected into the stationary reference frame.
Developed a generalized analytical, multiple saliency current model of a high-frequency

pulsating voltage injected into the estimated synchronous reference frame.
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Developed current response image models to a high frequency pulsating voltage injected into
the estimated synchronous reference frame.

Developed a method of filtering the speed estimate specifically to generate a high quality
back-EMF decoupling and resulting current response image.

Developed a method of capturing and processing the negative sequence current image into a
high-quality parametrized method suitable for use as a lookup table, or real-time resampling.
Developed a method for analyzing the speed-dependent effects the unmodeled stationary
frame latch has on high-frequency injection self-sensing.

Developed a method for compensating for speed-dependent effects from the unmodeled

stationary frame latch.

6.3 Recommended Future Work

Explore Better Matching of Current Response with Current Sensors.

In all self-sensing methods, current sensors take the place of position sensors. Torque
production is machine dependent, but typically large values and set the minimum max
current rating of the sensor. Self-sensing is typically designed to generate the least current
response possible to minimize losses, acoustic noise, and to preserve voltage bus space for
torque production. This implies that current sensors must sense both large signals and small
signals simultaneously, which requires very high accuracy sensors. To better evaluate the
design options of self-sensing, the torque and self-sensing signals should both be well within
the accuracy of the current sensors.

Experimental Analysis of Arc Length Changes and Implementation of Compensation
Schemes.

In section 3.4 a method for accounting for speed dependent arc length variation was
presented. In section 5.4, a method of template generation which is suitable for the

resampling method described in 3.4 was presented. These methods should be combined and
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evaluated experimentally. It is expected that the accuracy will improve, but that dynamics
may become a significant factor. This is due to the template resampling being dependent on
estimated speed, in the event that speed estimates are incorrect, the goodness of the position
match will be impacted and will likely need to dynamic degradation. Solutions to this
problem should be investigated and their limits explored.

Development of an Optimal Method to Select and Change Between Image Templates
Based on Load.

As was shown in section 5.3, the saturation effects caused by different loads have an impact
on the current image. This leads to degradation of position estimate if the load differs
significantly from the load the template was collected at. For a full production level
implementation of negative sequence image tracking, the templates should vary with load
level. This may be as simple as a look-up table of template based on load. However, it will
need to be verified that the polar plane location of the current response at a given position
does not jump between selected templates. This jumping will cause a jump in position
estimation and it will need to be evaluated against the application requirements. If the jump
is too large, finer resolution templates will need to be created, or a method of interpolating
between the templates will need to be developed.

Expand the Method to Handle Super Sampling of Current.

NSIT requires a time series to be collected to compare against the template. If the current
were sampled faster, and the processing power were available, position sampling could be
achieved faster. This would also reduce the error in speed estimation which was shown to
cause numerous difficulties in the image creation process.

Experimental Verification of Stationary Frame Voltage Latch Compensation

In Chapter 2 the modeling of the effects of the stationary frame voltage latch on the current

response to a high frequency voltage injection and subsequently on the position estimate was
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performed. Furthermore a compensation method was proposed. Due to the non-ideal torque

and saliency properties of the test bench evaluated in appendix B.6
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Appendix A Control Structure Design and
Implementation for Image Tracking

A.1 Introduction

This chapter describes the electrical and mechanical models used throughout this work as
well as documents methods used for parameter estimation of the bench developed in [56, 91, 93-
98]. Sections describing the control methods, their design, and their evaluation follow. The end
of the chapter discusses self-sensing implementations and considerations. Each section describes
the estimation and tuning methods used in this work. Where applicable, the simulation used in
this work is documented and any specific considerations are documented.

Throughout this chapter some assumptions are made for the purposes of derivations.
Complex variables will be represented in the form given in (0.1) where the g-axis is aligned with
the real axis and the d-axis is aligned with the negative imaginary axis. The rotation matrix and
its inverse are given in (0.2) and (0.3) respectively. These matrices allow reference frame

transformations from stationary to synchronous as defined in (0.4) and synchronous to stationary

as in (0.5).
Fq
RO) - { C(‘)s(e) -sin(0) } 02)
sin(0) cos(0)
cos(0) sin(0)
-1(9) = 0.3
R7O) { -sin(0) cos(0) } ©03)

R(0) Fop = Faq (0.4)
R-1(0) Faq=Fap (0.5)



Parameters used for simulation as well as tuning of the experimental system are given in

Table A.1 and are used for all calculations unless noted otherwise.

Table A.1 — Nominal Parameters

Parameter Nominal From [21]
Apm [WH] 0.0022
Lg [pH] 425
Lq [pH] 46.7
Rs [Q] 0.117
Jp [uNs2/rad] 60
Bp [1Ns/rad] 100
Ty, [mN] 44

Bandwidths used for simulation and experimental results are summarized in Table A.2

and are used throughout this chapter unless noted otherwise.
Table A.2 — Nominal Bandwidths, Dominant Bandwidth Bolded

Controller/Filter Simulation Bandwidth [Hz] | Experimental Bandwidth [Hz]
Current Regulator 500 500
Fundamental Current Observer 10 10
High Frequency Current Observer 10,000 10,000
Current Observer Carrier HPF 200 200
Motion State Filter 2000, 200 2000, 200
Motion Controller 5,1,0.2 2,0.4,0.08
Motion Observer 100, 20, 4 100, 20, 4
Saliency Tracking Observers 10,2, 0.4 33,0.7,0.13
Rotating LPF 50 50
Pulsating LPF 25 25
Flux Observer 1000, 100 N/A

A.2 Electric Machine Modeling and Parameter Estimation

This section outlines the electrical and mechanical models used in this work as well as

their extensions. Sensor models and experimental characterization are documented. In relevant

sections, methods for estimating parameters as well as the experimental results are given.
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A.2.1 Ideal electrical model of a PMSM

The electric machine model used in most of the simulation, and many of the controls
derivations assumes constant d-axis and g-axis inductance, a constant stator resistance, and back-
EMF proportional to speed. It is based on the machine models developed in [99, 100]. This
machine model is built in the synchronous frame, denoted by the subscript dq. The machine
model in the stationary frame, using complex variables for a compact form, is given as (0.6).
The model is converted to the synchronous frame as this results in DC quantities to control for a
constant speed trajectory. This transformation is shown in (0.7). It should be noted that frame
dependent cross-coupling appears due to the product-rule of differentiation when applied to the
reference frame transformation and will need to be appropriately handled in the current regulator

to avoid having speed dependent errors.

d .
d .
Vdq = Ldgldq z; + Rsldg T joeLdgldg + ®eApm (0.7)
d .
Ldqldq 7; = Vdq - Rsldq - jweldgldg - ®eApm (0.8)

The equation is rearranged to form (0.8), which will form the core of the electric machine
model simulation. This equation is shown in state block diagram form in Figure A.1. Note that
a simple model for the inverter is also included. This is simply a latch on the 3 phases in the
stationary frame. Reference frame transformations are applied using the mechanical position
from the continuous time model developed later in A.4 .

To achieve useful mechanical work, the torque equation shown in (0.9) is derived as the
cross-product of flux and current. This is shown in state block diagram form in Figure A.2. All
of these parts are shown together in Figure A.3 in the Simulink diagram used throughout this

work.
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Figure A.1 — State block diagram of an IPMSM electrical model with an idealized
inductance (diagonal) and constant resistance shown in the synchronous frame.
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Figure A.2 — State block diagram of the air gap torque produced by an IPMSM.
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Figure A.3— Simulink implementation of the idealized electric machine model presented
in this section.



A.2.2 Ideal high frequency electrical model of a PMSM

In high frequency applications, such as high frequency voltage injection self-sensing, a
simpler model is used. This model assumes that the frequency of interest is significantly higher
than the fundamental, and therefore content at or near the fundamental is insignificant and not
included. This model removes resistance effects, back-EMF, and cross-coupling to leave just a
simple inductance based model as shown in (0.10) with a salient inductance (0.12). This model
is rearranged in (0.11) to be in a form more suited for simulation and one which will reappear in
later high frequency injection based self-sensing which is concerned with the current resulting
from the voltage injection.

In this work, this model is not used in Simulink as the full model tends to produce
estimation accuracy errors which are in this case considered significant and on the order of 2-15°
electrical degrees depending on parameters and injection type. This model does provide a useful

starting point for analytical derivations and to gain insight into the system.

Vaq = Lagldq = (0.10)

ldg =Ly [Vdq (0.11)
Lq 0

Lq = { . LJ (0.12)

A.2.3 Non-ideal inductance model of a PMSM

Of particular interest to this work is the current response to a high frequency voltage
when the inductance matrix is more complicated than the simple salient model presented in
A.2.1. To facilitate this analysis, a machine model in the stationary frame based on the flux
model of a machine is presented in (0.13) and (0.14). It should be noted that the back-EMF now
shows up as an explicitly position-dependent signal, and the inductance is generated as a
function of position as in (0.16). Rearranging (0.14) allows for a solution for current to be

obtained as in (0.15).

128



* _ Vq(S) 1 1 Iq(S)
V.(z) S ] Tq —
L
" Al *x 3-Phase
V(2 — 1 Vane(s) 2-Level Vae(s), abe/dq
C PWM-VSI
Vi |"
(z
[ V(s)| 1 1 |1a(s)
— ] —
S Ld

Figure A.4 — State block diagram of a high frequency electrical model suitable for
simplified investigation of high frequency voltage injection based self-sensing on
IPMSM machines.

d
Vop = Rslap + Aopy (0.13)

. . {sin(e)}
= Logplap +
ap = Laplap *lpm  0)

I =L'1[x Xm{sm(e)D (0.15)
ap ~Lap hap-Pom o) :

) _{ L(0) Las(eq
P Lap®) Lp(©)

Lop can be obtained from Lgq by using the high frequency model in (0.10). By

(0.14)

(0.16)

multiplying (0.10) by the rotation matrix R-1(0) the equation can be converted to the stationary
frame as in (0.17). Using the identities provided in (0.18) and (0.19) the equation can be
rewritten as in (0.20) . Extracting the inductance portion results in (0.21). It should be noted that
this method is slightly inaccurate as the inductance derivation neglects a portion of the response
due to the resistance in the high frequency model, this is however added back in as shown in

(0.13).
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R-1(0)Vq = R1(O)Laglag ©0.17)
Fop=R1(0) Faq (0.18)
Faq =R(0) Fop (0.19)
Vop = R(0)Lag RO)gp (0.20)
Lop = R-1(8)Laq R(0) 0.21)

This form is substantially more complicated as can be seen in both the state block
diagram and the Simulink diagram. The inductance and back-EMF are dependent on the rotor
position, there are four inductances which need to be calculated and utilized, and the magnitude

of the inverse of the inductance matrix is used to correctly scale the flux to a current.

% _
V.(z )
(2) . L (s)
% Al % 3-Phase
Vi(z) T Vare(s) 2-Level Vae(s) abc/af
C PWM-VSI
. H
Vi) b

Figure A.5 — State block diagram of an IPMSM electrical model with a non-ideal
inductance and constant resistance shown in the stationary frame.

A.2.4 Electrical parameter estimation

Reviewing the machine equation (0.7), there are three main parameters to estimate:
inductance, resistance, and permanent magnet flux. As a starting point, nominal values are listed
in [91], reproduced here in Table A.3.

Viewing equation (0.7), if current is 0, all that remains is Vq = ®eApm. To perform this
test, a 500hz bandwidth synchronous frame PI current regulator was used, with a current

reference set to 0. The machine was then given an oscillating speed command as shown in



(0.22) with the voltage commands needed to obtain zero current plotted against the speed as in
Figure A.7. This shows the expected linear relationship between speed and voltage as well as the

estimated best fit line overlaid.
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Figure A.6 — Simulink implementation of the non-ideal electric machine model presented
in this section.

Viewing equation (0.7), which is rewritten here for convenience as (0.23), if we is zero,

the back-EMF and decoupling terms disappear. Transforming the result to the Laplace domain,
(0.24) is obtained. Rearranging this into an admittance form is shown in (0.25). Several things

should be noted about this form. At low frequencies, (0.25) simplifies to 1/Rgs. At high
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frequencies, (0.25) is dominated by 1/(Lqq jo). This allows for estimates of the parameters by
isolating asymptotes in either the low frequency region, or the high frequency region. This
process is shown in Figure A.8 and Figure A.9 for the d-axis and g-axis respectively, resulting in
a consistent estimate of resistance of 0.11Q and estimates of inductance of 37uH and 41pH

along the d-axis and g-axis respectively.
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Figure A.7 — Estimation of Apm, is done by relating the speed and voltage through
equation (0.7) with estimated Apm of 0.0022Wb overlaid for comparison.

d .
Vdq = Ldqldq z; + Rsldq + j®eldgldg + ®erpm (0.23)
lag(s) 1 (0.25)

qu(s) B (qu s+ Ry)
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Figure A.8 — Estimation of d-axis parameters on test machine.

Table A.3 — Electrical Parameter Estimates

Parameter Nominal From [21] Obtained Experimentally
Apm [WH] 0.0022 0.0022
Lq [uH] 425 37.3
Lq [pH] 46.7 41.2
Rs [Q] 0.117 0.12
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Figure A.9 — Estimation of g-axis parameters on test machine.

A.2.5 Modeling of rotational mechanical system
The mechanical model includes an inertial term Jp, a damping term bp, and Ty, which is

a non-linear friction term as developed in [100]. This equation also includes the generated
torque Tem, and any unknown disturbance torques T4q. This model is shown in state block
diagram and implemented Simulink diagram in Figure A.10 and Figure A.11 respectively. It

should be noted that while the friction is observed on the bench, its nonlinear nature makes

analysis complicated and therefore in simulation Ty, is often set to zero to prevent numerical
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problems. In bench evaluation, it is advised to also stay away from rotor speed zero-crossings to

prevent this same problem.

. 1
Q(s) = E *(Tem - bp*Q - Tysign(Q?) - Td) (0.26)

Ta(s)
1 Q(s)] 1]6(6s)
Jp8 1s —>

sign ¢

Figure A.10 — State block diagram of a rotational mechanical model with showing
inertia, damping, and non-linear friction.
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Figure A.11 — Simulink implementation of the mechanical model presented in this
section.
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A.2.6 Mechanical parameter estimation

To estimate the mechanical parameters, the torque is plotted against speed as in Figure
A.12 and Figure A.13, known as flag plots. This gives some insight into the mechanical system
when compared to equation (0.26). Noting the region near zero speed, it is clear that a non-linear
phenomenon takes places, this corresponds with the reversal of static friction to oppose the
direction of the motion. The relationship is shown in (0.27) and is overlaid in red.

Next, estimating the inertial portion is done by taking the derivative of the torque with
respect to time and adding it to the static friction as in (0.28). This portion gives the ‘flag’ its
width. As sine waves are used in these tests, the width is not constant and so it is slightly less
accurate. For a better estimate, a triangle wave could be used. Ultimately, the inertia will be
estimated from the dynamic stiffness plot later in this work. The estimated inertial torque is
overlaid in black on the figures.

Finally, it is recognized that there is a definite slope to the flag. This denotes a
proportional relationship between the speed and torque and corresponds to damping of the form:
bp*w(t). This is added to the static friction and inertial terms to form (0.29) and is overlaid on the
figures in blue. Note that this estimate closely matches the raw experimental data. Slight
variations are due to overshoot in the controller, and some lagging effects due to the filters used
to remove quantization from the data.

Final parameter estimates used to generate the model overlays, and which will be used

throughout this work are given in Table A.4.
Tem(t) = Tpsign(w(t)) (0.27)

Tem(t)=Jp (t) + Tysign(o(®) (0.28)
Tem(t)=Jp Q1) + bp*o(t) + Tysign(e(t)) (0.29)
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Figure A.12 — Flag plot used to estimate mechanical parameters.
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Table A.4 — Mechanical Parameter Estimation.

Nominal from [21] Estimated Value
Jp [uNs2/rad] 60 60
Bp [uNs/rad] 100 250
T, [mN] 44 39.6

A.2.7 Current sensor modeling and characterization

Current sensors have a number of characteristics which must be considered to achieve
accurate current measurements including current sensor scaling, offset, and the system or current
sensor noise which shows up on the measurement. In this work a set of 2 current sensors are
used for each machine: LEM HAIS-100P current sensors for the speed control machine, and
HAIS-50P current sensors for the load machine with the third phase estimated by assuming the
Zero sequence is zero.

An initial estimate of current sensor scaling can be found by checking the sensor data
sheet, and the number of turns. In this work there are 2 turns for the speed control, and 3 turns
for the load machine, which give a set of initial gains listed in Table A.5. This scaling factor
should be approximately correct, but to verify it a sinusoidal current is applied to the machine
and the sensor value is compared to a current probe. After applying this process and minimizing

the error between the two sensors, the final scaling factor is found and documented in Table A.5.

Table A.5 — Current sensor characterization.

Machine/Phase Motion/u Motion/v Load/u Load/v
Gain from Spec Sheet/Turns 80 80 26.67 26.67
Tuned Gain 74.16 80 2491 25.63
DC Offset 2.49 2.49 2.48 2.56
Noise Mean -7.39x 10° | 4.69x10° | 458x 107 1.31x10°
Noise Std Dev 0.08 0.08 0.04 0.04
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Current sensors often have an offset. This offset can be compensated for at startup. Set
all of the voltage commands to zero and collect the current sensor for a short period of time. In
this work 0.5s are observed. At the end, the average value can be calculated and subtracted from
the current sensor to provide a compensated 0. As this work compensates for the sensors each

run, the offset changes slightly but values for a representative run are shown in Table A.5.
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Figure A.14 — Raw current sensor output when zero voltage is commanded.

Finally, current sensors tend to have noise on them. This can be from the sensors,
imperfect signal conditioning, or external equipment nearby. To characterize the sensors, set the
system voltage to zero and collect the current sensor readings. This data is shown in Figure A.14

for phase machine a, phase u in a), machine a, phase v in b), machine b, phase u in c¢), machine b,



phase v in d). Characterization can be done in several ways. To determine if the noise is colored,
an FFT can be taken as in Figure A.15. The FFT shows more of a high-pass filtering of the

spectral content so a more complicated model of the noise may be a better fit to the actual sensor

response.
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Figure A.15 — FFT of the current sensors when zero voltage is commanded.

Next, to generate a simple model, a gaussian distribution can be generated from the
average and variance of the noise. In Figure A.16 a histogram is shown with a fit gaussian
distribution overlaid. The average and standard deviation are listed in Table A.5. Gaussian
distributions have been generated for each sensor with the experimentally obtained values and
overlaid. The models match well and can be used in a simulation to observe the effect of the

noise on the self-sensing performance.
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Figure A.16 — Normalized histogram of the noise of the current sensors when zero
voltage is commanded with overlaid gaussian distribution probability density function
generated from data average and standard deviation.

A.2.8 Encoder modeling and characterization

The encoder used in this project is a 5000-line encoder. As there are 4 counts per line,
this encoder has 20,000 counts per revolution giving it a mechanical resolution of 0.018°. The
AIX XCS2000 has an FPGA which handles decoding the signals from the encoder. During
startup the only part which is critical is that both zero pulses have been found so that the
controller can provide an absolute position. There are several ways to do this, in this project a

simple rotating vector in the stationary frame is fed to a stationary frame PI current regulator.
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This is not a precision control method, but it is good enough to spin the machine and allow the

controller to find both zero pulses.

Va*[V]

0 0.05 0.1 0.15 0.2 0.25

Time [ms]
Ooftset: -0.5,-0.25,0

Figure A.17 — Voltage command resulting from the synchronous frame PI current
regulator, when zero current is applied, and the machine is spun at a sinusoidal speed
with varied encoder-to-electrical position offsets.

Once the zero pulses are found, the mechanical position is known. However, there will
still be an offset between the zero-pulse and the electrical reference frame. In this work the g-
axis is denoted as electrical 0°. To get a first estimate of the offset, a beta-axis pulse of current
can be applied. This should align the beta-axis with the d-axis. By checking the absolute

position from the encoder, the offset to one of the machine’s poles is found. This method results



in a good starting estimate of the axes but should not be fully trusted as the mechanical friction
and damping can slightly affect how well the beta and d-axes align.

To fine tune the position offset, spin the machine at a sinusoidal high speed to generate a
back-EMF signal. Using a synchronous frame PI current regulator and setting the current
command for both axes to 0, view the d-axis voltage command required to achieve zero d-axis
current. The position offset can be adjusted until a zero d-axis voltage command is obtained.
This results in the g-axis generating a non-zero voltage to compensate for the back-EMF. In
other words, the back-EMF is purely along the g-axis as is expected.

In Figure A.17 the offset was manipulated to show the effects on the d-axis voltage
command when the offset is set to values 0.25 radians to either side of the best offset. It is clear
from the non-zero voltage command that there is cross-coupling due to the axes not being

aligned with the physical machine.

A.3 Current Regulation

A.3.1 Complex vector current regulator

Section A.2.1 noted the frame dependent cross-coupling of the electric machine when
formulated in the synchronous frame. One approach to controlling the machine is to use a
synchronous frame PI regulator as in [101]. In steady-state and at low speeds this allows for
very good regulation. However, as noted in [102, 103] as speed increases, the effects of the
cross-coupling become significant. This is noted as an asymmetric complex pole, which is not a
common feature to deal with when tuning a controller. The authors [102, 103] propose a way of
handling this by placing the controller’s zero asymmetrically to minimize the effects of the pole.

This structure is shown in Figure A.18.
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Figure A.18 — State block diagram of a complex vector current regulator as outlined in
[103].

To tune this controller, the closed-loop transfer function is found as in (0.30). Next it is
noted that if (0.31) holds, the equation simplifies to (0.32). Then the tuning process continues as

if for a simple L/R system and Kj is found as in (0.33). A Simulink implementation of the

complex vector current regulator used in this work is shown in Figure A.19.

1~ Ls(s + R/L + joe) + Kyp (s + Ki/Kp + joe) (0.30)
R

Ki=1 Kp (0.31)

vV _ K

1= Ls+K, 0.32)

K, = wpL (0.33)

A.3.2 Complex vector current regulator bench validation

To verify the performance of the current regulator, several tests were performed to verify
the expected command tracking and dynamic stiffness responses. Beginning with command

tracking, the response was evaluated using a rotating chirp of the form
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Figure A.19 — Simulink implementation of the complex vector current regulator
presented in this section.

x(t) = sin(q) +2n (fot + k?ﬂD (0.34)

(0.34) applied to the current command Iqq* and the current response Igq was collected. Both
axes are shown in Figure A.20 and Figure A.21 with overlaid lines for 0.7 magnitude and -45°
phase to aid in bandwidth estimation. The test was performed at different speeds to show the
effects of speed on the bandwidth. As expected, the FRFs agree at each speed. The bandwidth
for both axes is estimated to be S00Hz using the magnitude, and 500Hz using the phase. This

agrees with the tuning to 500Hz.
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Figure A.20 — Experimental d-axis command tracking FRF.
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Figure A.21 — Experimental d-axis command tracking FRF.

To further verify the current regulator’s performance, a dynamic stiffness FRF was
obtained using a rotating chirp applied as a voltage disturbance. The resulting FRFs are shown
in Figure A.22 and Figure A.23 for each axis. Asymptotes are shown estimating the Lqq and R
portions of the FRF. The bandwidth here is estimated where the asymptotes cross. Bandwidth
estimates are 1 kHz on the d-axis, and 1 kHz on the g-axis respectively. In Table A.6 parameter

estimates from the asymptotes are shown next to the estimates obtained in A.2.4 .
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Figure A.22 — Experimental d-axis dynamic stiffness FRF.

Table A.6 — Electrical Parameter Estimates

Parameter Obtained in section A.2.4 Obtained from DS Estimate
Apm [Wb] 0.0022 0.0022

Lg [pH] 373 32

Lq [uH] 41.2 36

Rs [©] 0.12 0.12
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Figure A.23 — Experimental g-axis dynamic stiffness FRF.

A.4 Motion Control

A.4.1 Motion state feedback controller design and validation

The physics-based motion controller utilized in this work is designed with a few
assumptions to make the model simpler. First the load is assumed to be a purely inertial load.
Damping can be included but makes the tuning process somewhat harder without much benefit
as the damping is typically relatively small. It is advised to leave T, out of the model at this
stage as its non-linear nature will make the system harder to tune. The second assumption used
is to simplify the command and feedback model as though it is based on speed. In practice it will

be formed on A6 but this assumption greatly simplifies the tuning process.
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The plant is formed using a New System Dynamics (NSD) approach [9], modeling the
input to the plant as a latch and taking the z-transform as shown in (0.35). The physics-based
controller takes the form of a PII but will be formed using physical unit gains to aid in the
understanding of what each portion of the controller is doing. This form is shown in Figure A.24
as it will be implemented using A0 for feedback, and in Figure A.25 in the Simulink
implementation used in this work. The controller model is then expanded and shown in (0.36).
The open loop model is formed by multiplying G and Gy, together, the closed-loop model is then
formed in the classical fashion, and the characteristic equation is extracted as shown in (0.37).
Multiplying three poles together results in (0.38). By expanding (0.37), collecting terms, setting
similar parts similar order parts to (0.38) equal to each other, and solving for the gains, the gain

calculations are solved for as in (0.39), (0.40), and (0.41).

() = NSD(2) = (1217 = | = 03
Z)= Z)= -7 A ="A . 5
P (Jps2j (121 (0.35)

ba(l'z_l)2 + kaTs(l'Z_l) + ksa T
Ge(z) = (1z1)2 (0.36)
CE (2) = Iy (1-271)3 + (ba(1-z1)2 + kg T(1-21) + keaTs) Tez'! (0.37)
(z-a)(z-b)(z-¢) = z3 + z2(-a-b-c) + z(ab+ ab + bc) - abc (0.38)
J/\
ba =" (1-abc) (0.39)
S
_ L
ka= T2 (Jp(3-ab-ac-bc) - 2baTs) (0.40)
P S 2
ka =73 (Jp(3-a-b-c) - baTs - kyTs?) (0.41)

To evaluate the performance of the motion controller, a command tracking FRF was
obtained using a chirp input to the speed command as shown in Figure A.26. In classical
controls two of the common methods of defining bandwidth use the bandwidth that the
frequency response drops 3dB (0.707 magnitude) from its low frequency value, or alternately

when the phase drops 45° from its zero-lag value [9, 17] [104]. Reference lines are overlaid at
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0.7 magnitude and -45° to provide estimates of achieved bandwidth. Using the magnitude
criteria, a bandwidth of 19Hz is achieved, using the angle criteria a bandwidth of 12Hz is
achieved

Next a dynamic stiffness FRF was taken using a chirp input to the torque disturbance.
Overlaid asymptotes for the physical parameters and gains are shown. Eigenvalues of the
controller are where the asymptotes interact. In the tuning process, the eigenvalues are separated
by 5x to achieve 0.6Hz, 3.2Hz, 16.7Hz and the dynamic stiffness plot agrees well with the

overlaid asymptotes.

A®'(z) T
- AO() T

Figure A.24 — State block diagram of the physics-based motion controller.
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Figure A.25 — Simulink implementation of the physics-based motion controller.
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Figure A.26 — Command tracking FRF of a motion controller tuned to 17Hz.
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Figure A.27 — Dynamic stiffness FRF of a motion controller tuned to 17Hz

A.4.2 Motion command state filter design and validation

This project utilizes a motion state filter for two main reasons. First, the speed command
may be infeasible and so by using a state filter, the bandwidth of the speed command can be
controlled to a more reasonable state. Second, as will be shown in section A.4.3 a speed
command, A command, as well as an acceleration command are all needed to properly control
the machine using a motion controller as well as a torque reference to generate a full command
vector.

The state filter utilized in this project is a simple second order filter shown in Figure

A.28. By recognizing that the block before mfjered 15 generated relates acceleration to speed,
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acceleration commands can also be extracted. The Simulink block diagram is shown in Figure
A.29 with several additions to generate an average speed, AB command, and 6 commands.

The tuning process is similar to that of the motion controller. First the open loop model
is found as in (0.42) and then the closed-loop model is calculated, and the characteristic equation
is extracted as in (0.43). Next two poles are multiplied together, and similar order parts are
equated to the characteristic equation. Through algebraic manipulation the gains K; and K7 can
be solved for as in (0.45) and (0.46). The lower of the two frequencies selected will be the

limiting factor for the filter.

OL () = —iKaT (0.42)

(2 =721 (z1+ KoTy) '

CE (2) = 22 + (KyTs-2) z + (1- Ko Ts + K Ky T2) (0.43)

(z-a)(z-b) = 22 + z(-a-b) + ab (0.44)

2-a-b

K2 == (0.45)

K- ab-1- Ko Ty 0.46)
™ K12 '

Y
A 4

Ki

z—1 z—1

Figure A.28 — State block diagram of a motion command state filter.

Figure A.29 — Simulink implementation of a motion command state filter.
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Figure A.30 — Simulated command tracking of a motion state filter tuned to 200Hz.
command tracking.

To verify the tuning, a command tracking FRF was taken in simulation and shown in
Figure A.30. This is representative as the same code is used on the bench and there are no
disturbances, just the filtering code. The filter was tuned to have a bandwidth of 200Hz using

the process outlined in this section. Using the magnitude criteria, the bandwidth is between 198-
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199Hz, using the phase criteria the bandwidth is 154Hz. These are reasonable and well above

the expected motion controller bandwidths of around 50Hz for this project.

A.4.3 Motion command feed-forward design and validation

Rewriting equation (0.26) as in (0.47) shows what the expected torque reference for a
given speed is. In the motion control presented in section A.4.1 the control law would be
handled through a speed error term and subjected to the dynamics of the motion controller. By
recognizing that this torque reference (and in the case of an SPMSM current) state is implicitly
being set to zero with just a motion controller, an appropriate torque reference or alternately
torque command feed-forward term can be generated from the speed command. By utilizing this
method, the torque state feedback will be responsible for handling disturbances, or unmodeled

effects of the mechanical system.

Tem(t) = Jp Q(t) + bp*Q(t) + Tpsign(Q(t)) (0.47)

The state block diagram utilized to generate this current reference is shown in Figure
A.31 with the Simulink implementation used in this project shown in Figure A.32. Note that this
implementation uses both the speed command; and the acceleration command. Depending on
the trajectory, the acceleration may not be known a priori, or it may not be easily accessible.
This is the key reason for the use of the motion state filter presented in A.4.2 . Using the state
filter allows for a speed command to generate filtered speed and acceleration states which can be
used as in the command feed-forward.

In Figure A.33 a simulation of the effects of the command feed-forward are

demonstrated. Note that when the motion controller is responsible for the entire torque

reference, that the Ty, term provides the entire reference. When command feed-forward is

implemented, the Tgp, term is minimized while the Tcgr term provides most of the torque
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reference. This will also result in faster command tracking dynamics beyond the bandwidth of

the controller, as even higher frequency content is captured by the command feed-forward. It

should be noted that the bandwidth of the state filter, and the current limits of the machine, and

the voltage limits of the inverter will be the limiting factor of the command tracking dynamics.
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o
=

Q'(2)
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Ti-ref*(z)

Figure A.31 — State block diagram of motion command feed-forward.
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Figure A.32 — Simulink implementation of a motion command feed-forward.
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Figure A.33 — Simulated torque commands comparing the effects of command feed-
forward on the calculated torque command.

A.5 Motion Observer

As discussed in section A.2.8 the encoder position and average speed signals have
significant amounts of quantization due to the resolution of the sensor. This quantization can
have adverse effects as the motion controller attempts to track quantization effects. Solutions to
this problem include filters and observers. Observers have several advantages over filters,
namely they have zero-lag in estimation accuracy even past the bandwidth of the observer due to
the command feed-forward term, this however means that disturbances will continue to have a
lagging effect related to the bandwidth of the observer as the command feed-forward doesn’t

know about those effects. Additionally, using command feed-forward, observers can estimate



future sample period responses, this will be used where knowing the position or speed a time
step ahead is required.

A motion observer modeling the plant as purely inertial is shown in Figure A.34 and the
Simulink implementation used in this work is shown in Figure A.35. Attention must be paid
when selecting the command feed-forward term to maintain consistency. Here the command
feed-forward term is generated using Tgg, and Tcfr jp, the inertial portion of the command feed-
forward used in the motion controller. If the damping and friction portions are included, they
will generate an error due to the inconsistency between the feed-forward and observer plant.

The motion observer can follow the same tuning process as for the motion observer as the

structures are identical.

1 .
= ki, T
1-2z A 2 A A
F . -Ta(k) | + Q(k) Q(k+1 Q(k+1) A
1] o ()& €1 Tez 1+z] [ 120kt
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AO(K) +/~ { [b, |
¥ T
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Figure A.35 — Simulink implementation of a motion observer.
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To verify the tuning process and estimation properties of the system, the motion observer
was intentionally detuned to 20Hz. In typical operation when used as feedback it should be
tuned to at least as high of a bandwidth as the motion controller. However, as there is a motion
state filter, and motion controller dynamics involved in the command feed-forward of the motion
observer, the observer was detuned to remove these effects. Through the 20Hz bandwidth there
is very little deviation from unity magnitude and zero phase lag. As the frequency increases, the
effects of the motion state filter and the motion controller bandwidths can be seen, this is due to
their filtering properties impacting the command feed-forward which provides the reference

above the bandwidth of the motion observer.

A.6 Current Observer

The current observer is used for similar reasons as the motion observer. Namely,
providing a zero-lag estimate, providing filtering, and being able to estimate the current a time
step ahead. The structure is provided in Figure A.37 in the synchronous frame. Note that back-
EMF and cross-coupling are decoupled. The observer plant model then simplifies to an L-R
model. The observer controller is then modeled as a PI regulator.

To tune this structure, the open loop model is found as in (0.48). Using pole-zero
cancellation, one equation for the gains can be found as in (0.50). The open loop model then
simplifies to (0.51). Finding the closed-loop solution and extracting the characteristic equation
results in (0.52). Setting this equal to a single pole equation and equating similar order terms

results in (0.53) where a is the desired pole. Through algebraic manipulation of equations (0.50)

and (0.53) the gains Ky, and K can be solved for as in (0.54) and (0.55).
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Figure A.36 — Simulated estimation accuracy of a motion observer, tuned to 20Hz.

The Simulink block diagram for the synchronous frame current observer used in this

work is shown in Figure A.38. This diagram includes the cross-coupling decoupling, and the

back-EMF decoupling.
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Figure A.37 — State block diagram of a discrete time synchronous frame current

To verify the tuning processing, estimation accuracy FRFs of both the d- and g-axis were

simulated and shown in Figure A.39 and Figure A.40. The magnitude maintains the correct

amplitude throughout the entire frequency range, even beyond the bandwidth of the observer.
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Figure A.38 — Simulink implementation of a synchronous frame current observer.
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kHz.
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A.7 Flux Observer

kHz.

The flux observer presented in this section is mainly used in this work as a sensor of flux

and torque for use in the DB-DTFC control algorithm presented in section A.8 . The

development of the flux observer is well documented in [105] but contains two critical models

that estimate flux accurately at different frequencies. The current model provides a reasonable

estimate at low frequencies but is known to be parameter sensitive. The voltage model provides



a very good model at high frequencies but tends to degrade at lower frequencies. To mix these
two signals a PI regulator is used as shown in Figure A.41. Below the bandwidth the current
model is used, and above it the voltage model is used. It should be noted that the voltage model
requires estimates of current and position one-time step ahead, and so the current and motion
observers presented previously in this chapter are utilized.

To tune the flux observer the open loop model is found as in (0.56). Then the closed-
loop model can be found, and the characteristic equation can be extracted as in (0.57).
Multiplying out a two pole system as in (0.58), setting similar order terms equal to each other,

and performing algebraic manipulation to solve for K| and K, results in (0.59) and (0.60).
K Tz+KyT2z-K4T

oL - (0.56)
(z-1)
CE=22+2(KoT2+ K T-2)+ (1 - K4T) (0.57)
(z-a)(z-b) = z2 + z(-a-b) + ab (0.58)
Ky =122 (0.59)
2-K|T - (atb)
Ka="— (0.60)

The Simulink block diagram of the flux observer implemented in this project is shown in
Figure A.42. Note that flux estimates are generated as from the state block diagram.
Additionally, torque estimates for the current and next time instances are generated by taking the
cross product of flux with current, with special attention paid to the time indices so that the

results are consistent.
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Figure A.42 — Simulink implementation of a flux observer.

A.8 Deadbeat-Direct Torque and Flux Control

Deadbeat-Direct Torque and Flux Control has been developed over the past decade
initially in [106] and further refined in [45, 105, 107, 108]. This control method provides the
fastest torque response possible in a discrete system by solving for the inverse solution to the

electric machine equations. There have been numerous extensions to handle loss minimization



[109, 110], more precise modeling when the ratio of switching frequency relative to fundamental
frequency is low [111, 112], for use with back-EMF self-sensing [111, 113], and for use with
high frequency injection based self-sensing [49, 50, 61]. This work focuses on an SPMSM
derivation of DB-DTFC, an IPMSM derivation for use as a flux and torque modulator discussed
in this section, and implementation of a high frequency flux injection (HFFI) based self-sensing

which is discussed in section A.12 .

d
Vdq = Mdq g T Rsldg (0.61)
Mdq = Ldgldg T J®cLdqldq + ®chpm (0.62)
d
Vdq = Mdq 4 (0.63)
3p
. 3P( . . . .
Tem=4 \ghd +Ighd —Idrq - Id%q> (0.65)
g — 2da (0.66)
97 Lyq
qu = jbdq (0.67)
Vq=MVg4+B (0.68)
Aglq - AgL
M= Sy (0.69)
. 4 Lalq
B=Tem (3P) (ded “AdLq + xmeqj (0.70)

To derive DB-DTFC for a permanent magnet machine, the machine equation presented in
(0.23) is restated here as (0.61) and (0.62) for convenience. If it is assumed that the resistance,
cross-coupling, and back-EMF are decoupled, the machine equation simplifies to (0.63). Next,
the PM machine torque equation is stated as in (0.64), and its derivative is taken and presented in
(0.65). By using the identities presented in (0.66) and (0.67), V4 can be solved for as in (0.68)
with M and B defined in (0.69) and (0.70) respectively. Note that this is in the form of a

classical equation for a line. This allows for the g-axis voltage command to be derived at any
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time instance using the torque command, however the solution is not specific, and an entire
family of solutions comprises this line.

To further specify the command an additional constraint must be placed on the system.
Using a flux magnitude approach, the commanded flux magnitude is given as in (0.71).
Expanding this out, substituting using (0.68), and collecting terms results in (0.72) with x, a, b, c
defined in (0.73), (0.74), (0.75), and (0.76) respectively. D-axis voltage can then be solved for

using the quadratic equation (0.77) resulting in (0.78).

A*2= [(hg + VdTs 2+ [hq+ Vgl 0.71)
ax2+bx+c=0 (0.72)
x = VyTg (0.73)
a=(1+M2) (0.74)
b =2\q - 2AgM - 2MBTj; (0.75)
c= Mg+ A+ 21qBTs+ B2T - 12 (0.76)
-b T/b2-4ac 0.77)

X =

2a

+

Vg -bT \/b2-4(lJ;M2)c (0.78)

2Ts(1+M<)

To verify the performance of the DB-DTFC algorithm, a simulation was constructed
implementing the equations described in this section. The torque command was plotted against
the torque estimates from the observers, as well as the torque from the simulated plant. In Figure
A.43 the response is shown using the machine parameters from this chapter. Notice that while
the inverse solution should generate the expected torque within a single time period, in this case
it takes two time periods to settle out. This is due to the relatively high resistance in relation to
the inductance of this machine, resulting in a very large electrical break frequency. Similar
phenomena have been observed in [112] and are caused by broken assumptions in the derivation
either in the “fast switching frequency”, the flux observer creation, or the assumption that the

torque derivative is constant over a switching period.
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Figure A.43 — Simulated torque response using machine parameters described previously in
this chapter.

To further validate this control scheme, the machine parameters for the prototype
machine developed in [114] were investigated in Figure A.44. Using these parameters, the break

frequency is several orders of magnitude smaller, and the torque response is now as expected.
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Figure A.44 — Simulated torque response using machine parameters described in [114].

A.9 Current Separation

A.9.1 Fundamental isolation via current observer

As a first step in controlling a machine via self-sensing, the current must be separated
into fundamental and high frequency components. This allows the current regulator to continue
functioning without trying to reject the high frequency component. If the high frequency portion
is not removed, even a low bandwidth current regulator will attempt to reject the high frequency
content. However, since this content is significantly above the current regulator, the response
will be attenuated, and phase shifted, but will act as a secondary injection source and complicate

the demodulation and position estimation process. As a first step, using a current observer as



described in section A.6 with a low bandwidth, will return simply the fundamental portion. The
fundamental portion can be fed back to the current regulator.

To extract the high frequency content, the estimated fundamental current can be
subtracted from the measured current which will leave only the high frequency portion
remaining. This process is shown in Figure A.45 with an additional delay added between the
fundamental estimation and the high frequency estimation to make sure the indices are correctly
aligned. The Simulink implementation used in this work is shown in Figure A.46. It should be
noted that the Simulink implementation shown here has additional feedback selection options
included, this will be discussed in detail in A.9.3 for separation of the high frequency content

from the fundamental content.

@e (Laig +Hopm) + j0eLqiq

V;d(k)

N

iQd_fund(k+ 1 ) /i\q dh f(k)

-T/ty,, -1
(lliez'le?TZ/I gkd

il

+

Figure A.45 — State block diagram of a synchronous frame current observer with high
frequency current estimation.

To illustrate the purpose and effectiveness of this filtering, a high frequency voltage was
injected as will be done for rotating self-sensing in A.12 , and the steps of the fundamental
current separation are shown in Figure A.47. The black results show the current sensor and are
present in all of the content. The blue appears only near the fundamental as is expected from the
10 Hz bandwidth of the current observer. The estimated high frequency current is absent near

the fundamental, but correctly estimates the current near the positive and negative sequences.
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Figure A.46 — Simulink implementation of a synchronous frame current observer with
current separation.
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Figure A.47 — Experimental results showing the current spectra, zoomed in an frequencies

of interest for fundamental feedback and high frequency response.
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A.9.2 Frequency synchronous notch filter formulation

Often times a section of frequency content needs to be filtered or extracted from the rest
of the current spectra. In this work it is used to remove unwanted content near the positive
carrier when applied to rotating vector injection. It can also be used to remove additional content
near the fundamental if that region contains unwanted content. To perform this task a simple
first-order HPF is formed as in Figure A.48. To create this structure, the NSD of a simple first-
order RC circuit are found as in (0.79), (0.80), (0.81). To tune the structure, the characteristic
equation is extracted and set equal to a single pole as in (0.82) and (0.83). Setting similar terms

equal to each other results in a method to tune the filter as in (0.84). A Simulink block diagram

of this process as used in this work is shown in Figure A.49.

NSD = (1-z°1) z(gps(—s))

s
Gp= ats
z-1
z-exp(-aT)
CE = z-exp(-aT)
z-exp(2nfT) = z-exp(-aT)
a=2nf

NSD =

X(2)+

Figure A.48 — State block diagram of a high-pass filter.

1] Y@
—>

-aT _-

T

(0.79)
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(0.81)

(0.82)
(0.83)
(0.84)
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Figure A.49 — Simulink implementation of a high-pass filter
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Figure A.50 — Simulation results showing the frequency response of the high-pass filter when
it is tuned to 200Hz.

To verify the function of the high-pass filter structure, an FRF was taken using a chirp

input and a tuning of 200 Hz. Using either the bandwidth or magnitude criteria the bandwidth is
200 Hz as is expected.
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In this work, this filter is also used to filter specific current frequencies. To accomplish
this task, the current is rotated to a frame synchronous with the content which is to be removed.
The high-pass filter is applied. Finally, the current is rotated back to its original reference frame,

with the desired content removed. This process is shown in block diagram form in Figure A.51.

C
Lga nr i Lga nr
S o e >

C
qu_nc ot qu_nc
HPF A

A

Figure A.51 — State block diagram of a carrier synchronous high-pass filter.
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Figure A.52 — Experimental current spectra at each step of the filtering process, zoomed
along the y-axis.

An illustration of the carrier synchronous filtering process described in Figure A.51 with
experimental data is shown in Figure A.53. Here the rotations between reference frames, and the
removal of spectral content are easily viewed with the final result being that the content near the

carrier is effectively removed.



A.9.3 Removal of high frequency content from current control signal

The authors of [59] noted that even with fundamental current separation as presented in
section A.9.1 that the current regulator still responds slightly to the high frequency voltage
injection. To further reduce the unwanted signals on the feedback signal, an enhanced separation
method was developed and is shown in Figure A.53. This method works by filtering the positive
and negative sequence current responses out of the error signal. This error signal can then be
combined with the fundamental for use as current regulator feedback. Additionally, the error
term can be subtracted from the estimated negative sequence response to remove unwanted
content from the signal which will be demodulated. In this work, the synchronous notch filters

presented in 0 are used to remove the positive and negative sequences and are better shown in

the Simulink implementation in Figure A.54.

*
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P
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+
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qu_err
/\ -
qu_cn
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Sync HPF Sync HPF
Fundamental
Sync HPF

Figure A.53 — State block diagram of an observer based method of reducing high
frequency content reaching the current regulator based on the structures presented in

[59].
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a) General structure of the current observer presented in Figure A.38
b) Internal structure to remove positive and negative sequence current

Figure A.54 — Simulink diagram of the structure presented in Figure A.53.

In Figure A.55 the synchronous frame currents which are described in Figure A.53 are
shown to better illustrate the process. Between each step is a frequency synchronous notch filter
as described in the previous section. This allows for very specific segments of the spectra to be

removed, while extracting the error and negative sequence portions.
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Figure A.55 — Experimental results showing the spectrum of each step of the filtering
process shown in Figure A.53.

A.10 Pulsating Voltage HFI Self-Sensing

In this section, a number of derivations will be shown which calculate the current
response to a high frequency voltage with various forms of an impedance matrix. The general
form of the derivation starts with the machine equation in the stationary frame as in (0.85). Next
a rotation matrix is defined as in (0.86) with the inverse rotation matrix defined in (0.87).
Equation (0.85) can be multiplied by (0.87) to transform it to the estimated synchronous
reference frame as in (0.88). Substituting the definitions in (0.89) and (0.90) into (0.88) results
in (0.91). Noting that this is the standard machine equation in the estimated synchronous
reference frame, the inductance matrix can be redefined as in (0.92) and used to restate the
machine equation as in (0.93). By integrating both sides, and multiplying by the inverse

inductance matrix, the current can be solved for as in (0.94).

d
Vdq =L laq g (0.85)
cos(x) -sin(x)
R®)= { sin(x) cos(x) } (0.86)



cos(x) sin(x)
R1G0) = { -sin(X) cos(x) }
R-1(0) V4gq=R-1(®)L qu%
R-1(8) Vaq = Vdy
laq = R®) 1dg
VE=RI® LR 16 5
L =R-1(®) L R®)
V=16
1§ =181 [V dt

(0.87)

(0.88)

(0.89)
(0.90)

(0.91)
(0.92)
(0.93)

(0.94)

A.10.1 Ideal current response, demodulation, and saliency tracking observer

Using the process developed above, the current response using an ideal inductance matrix
as defined in (0.95) can be obtained. For reference, the inverted inductance matrix is shown in
(0.96) and the injected pulsating voltage along the estimated d-axis is shown in (0.97). By

plugging these into (0.94), the current response can be found as in (0.98).

L =
0 Lg
a1 1 10
e_ —_—_————
L L2 - AL2 ZL_ 0 1
8 { 0 ]
Vig=V
dq ¢ cos(mct) |
A V¢

g =" (sr2-AL2)

1§ = Ve SL
497 o (TL2 - AL2)

}+AL

-cos(20) sin(26)

sin(20) cos(26)

AL sin(20) sin(oct)

0

sin(@ct)

:|+AL

| SL sin(oct) + AL cos(20) sin(wct)

sin(20) sin(wct)

c0s(20) sin(mct)

(0.95)

(0.96)

(0.97)

(0.98)

(0.99)
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(0.100)

c _
oo 212 - AL2) | 2T

¢ Ve { 0 } AL c0s(20 - wct) - cos(20 + wt)
dq =™ T

sin(ct) $in(20 + oct) - sin(20 - oct)

This current response can be rewritten in several ways which are useful in viewing the
response. The first can be separated into the portion which is based on the average inductance,
and the portion based on the differential inductance as in (0.99). This is an interesting
interpretation as it shows the relative importance of the differential inductance. Only the portion
of the response based on the differential inductance contains position information. It also shows
that along the g-axis only the response to the differential inductance is present. However, along
the d-axis, the differential inductance is typically dwarfed by the average inductance response.
Additionally, the current response can be rewritten as in (0.100). This form shows the response

as two counter-rotating vectors based on the differential inductance.
A ALV

€ _ C . ~. .
Iq= oo SL2 - AL2) sin(20) sin(mct) (0.101)
AL V ~
demod ==~ ° AL SinC0) sin2(act) (0.102)
- _
AL V ~
demod =~ = ALy Sn20) (1 - cos2(wt)) (0.103)
] }
AL V, o
demodfijtered = oo IL2 - AL2) sin(20) (0.104)
o ZL2 - AL?
5o ol )demodﬁltered (0.105)

2 ALV,

To extract the position from the current response, first the g-axis current is isolated as in
(0.101). Next, the g-axis current is multiplied by a sinusoid at the carrier to form (0.102) which
is equivalent to (0.103). In (0.103) it is clear to see the frequency components. By applying a
low-pass filter the high frequency content is removed leaving only the DC component as shown
in (0.104). Finally, making a small angular error assumption and rearranging allows for the

position error to be solved for as in (0.105). This error can be used as the error term for a
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tracking observer which will drive the error to 0. This process is shown in the state block

diagram in Figure A.56 and with the Simulink implementation used in this work shown in Figure

A.57.
8r - T,
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Figure A.56 — Demodulation process shown in blue which is suitable for use with a
pulsating voltage injection, in red the cascaded saliency tracking observer is shown for
zero-lag estimates of position.

Figure A.57 — Simulink implementation of a pulsating vector HFI demodulation and
saliency tracking observer.

The full pulsating self-sensing with an ideal inductance matrix is shown in Figure A.58.
Here the voltage injection as in (0.97) is shown along with the g-axis current response from
(0.101) with a small angular error of 5° is introduced. This is purely illustrative so that the g-
axis current and subsequent demodulation steps are non-zero. Next the local oscillator which is

used to demodulate the signal is shown for reference. Then the demodulated signal from (0.102)

is shown and it is easy to see that the frequency content is moved to DC and 2w.. Finally, by
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Figure A.58 — Analytical results showing the steps of the demodulation process in both

the time and frequency domains.

applying a low-pass filter, the higher frequency content can be removed, and theta is estimated as

in (0.105). To validate the process, the demodulated theta error that results is the expected 5°

mechanical.
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The full system including the voltage injection into the estimated d-axis, current
separation, and saliency tracking observer is shown in Figure A.59. Viewing the system
overview and the demodulation process it can be noted that the entire system forms a feedback
loop between the injection into the estimated reference frame, and the tracking observer driving

the error to 0.
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Figure A.59 — System overview of a pulsating voltage HFI self-sensing system with use
of estimated position explicitly shown for feedback and reference frame transforms.

A.10.2 Non-ideal impedance, effects and compensation

This section will describe a number of non-ideal effects on pulsating voltage injection
methods and where available, how to compensate for them. The first effect discussed is a non-
ideal inductance matrix. By modifying the inductance matrix in (0.95) to account for the effects
of cross-saturation, or an inductance coupling of the axes, the same process as before can be
repeated. For reference, the inverted inductance matrix in the estimated synchronous frame is
presented in (0.107). Which along with the same voltage injection presented in (0.97) can be
plugged into (0.94) and evaluated to solve for the current response as presented in (0.108). Here
it is presented in a form which can easily be compared to the ideal response to see the effects of

the cross-saturation. Namely an additional phase and magnitude which rotate at the same
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frequency. In (0.109) it is restated to show the effect on the counter-rotating vectors, again with

a phase and magnitude shift but which rotate at the same frequency.

Ly Lg
. { q Ldg } (0.106)
Lag L4
. 1 1 0 -cos(20) sin(20)
RERYE s I R IV
: i sin(20) cos(26) (0.107)
-sin(20) -cos(20)
Ldq _ -
-cos(20) sin(20)
. V. T0 sin(26) sin(oct)
ldg = SL2 - AL2 Lé 2L (oct) AL :
oc( - - Ldg) L SI{Oc c0s(20) sin(mct)
- i (0.108)
-c0s(20) sin(wt)
Ldq -
sin(20) sin(wct) _|
) v, 0 AL c0s(20 - oct) - cos(20 + wct)
Id?q = & (ZLz _ ALZ) 2L ) ¢ 5 +
. sin(ect) sin(20 + wt) - sin(20 - oct)
(0.109)

Lyg -sin(20 + wet) + sin(20 - oct)
cos(20 - oct) - cos(20 + mct)
The step-by-step process is again shown using analytical results as with the ideal case.
At 5° mechanical error is introduced to force the signals to be non-zero. The voltage injection
and oscillator are the same as for the ideal case. The current response shows a significant
difference in both the phase and magnitude. This plays a role when the demodulation process is
applied and results in significantly different demodulation and theta error terms when compared
with the ideal case. It should also be noted that the estimated error is 10° when it should be 5°.

This is because the g-axis current response is twice as large, and out of phase with the oscillator.
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Figure A.60 — Analytical results showing the steps of the demodulation process in both

saliencies, where the inductance a series of harmonics instead of simply the h=2 harmonic, the
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the time and frequency domains when cross-saturation is included.

Following the same format as for ideal and cross-saturation.

In the case of multiple
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inductance matrix can be given as in (0.110). Converting it to the estimated synchronous frame
and inverting it leads to (0.111). Finally, plugging it and the voltage injection given in (0.97)
into the estimated synchronous frame machine equation yields (0.112). First, there remains the
average inductance-based component purely along the g-axis. Additionally, the previous ideal
and cross-saturation models appear. For the ideal model, h only equals 2, and there is no phase
shift in the matrix. For the cross-saturation model, again h only equals 2, and the cross-
saturation appears in both the phase shift and the magnitude of the differential inductance for
h=2. Finally, it should be noted that a term based on the actual position appears. This is an
interesting piece as previously all information contained in the current was only relative to the
injection axis, and subsequently related to the absolute position. However, here the phase of the

response is partially based upon the position of the machine.
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Figure A.61 — Analytical results showing the steps of the demodulation process in both

Figure A.61. This can be compared to the results for the inductance matrix which is ideal and
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the time and frequency domains when a large multiple saliency is included.

Analytical results of each step of the injection and demodulation process are shown in
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when it contains cross-saturation. The voltage and demodulation signals are again the same.
However, now there appear additional harmonics in the current governed by (0.112). This effect
is highlighted in this test where the electrical speed is 1Hz to demonstrate the effect of the
multiple saliency. If it weren’t at speed, it would again show up as an additional component of
the response at the positive and negative carrier frequency. Notice that after demodulation the
effect is still seen near the DC component. This is evident in both the time and frequency
domain and will generate an oscillating error as the machine spins.

Up to this point it has been assumed that the current response is based solely on the
machine’s inductance. In high frequency injection based self-sensing, this is often valid as the
resistance is small relative to the inductance and has a tolerably small impact on the position
estimate achieved from self-sensing. However, if the resistance is relatively large, this
assumption is not valid, and the effects must be handled. In [64] the resistance effects were
calculated and appear as a phase offset in the current response. If it is assumed that the
resistance is not salient, e.g. that there are no reflection or loss differences between the two axes,
the phase offset is given as (0.113). This can then be added to the phase of the local oscillator in
the demodulation of the current signal as in Figure A.62. On the test bench used in this work, the
phase correction is 23.6° and must be compensated. In the Simulink diagram presented in Figure

A.57 this compensation is applied.

oL oL
One =T - atan(Lqu - atan( ;{ d) (0.113)
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Figure A.62 — State block diagram of a modified demodulation process for pulsating
high frequency voltage based self-sensing, which accounts for the phase offset due to
resistance.

A further assumption which is commonly applied to self-sensing systems and has been
applied thus far is that the cross-coupling of the electrical plant can be neglected. Even in this
work the effects of cross-coupling are minor, however, to make the estimation as accurate as
possible, the effects of cross-coupling on the high frequency injection can be decoupled. This
can be achieved through the use of a high frequency current observer, and estimated voltage
cross-coupling can be subtracted from the voltage command to effectively decouple the high

frequency component. A state block diagram of this is shown in Figure A.63.
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d

Y

Figure A.63 — State block diagram of a method to compensate the high frequency
voltage injection to account for the cross-coupling of the electric machine.
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In Figure A.64 the initial closed-loop results are shown using an ideal inductance model.
Notice that the estimate does not quite track the actual position and that an offset remains in
steady-state. Identified sources of error have been discussed in this section and include the
effects of resistance, high frequency voltage injection cross-coupling, and high frequency current
remaining in the current regulator feedback signal. To address these problems, the discussed
compensation methods were applied sequentially. The results are shown in Figure A.65 and
remove 25% of the error. The remaining error is a result of the effects of the stationary frame

latch and is discussed in Chapter 2.
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Figure A.64 — Simulated closed-loop pulsating feedback.

A similar experiment was performed on the test bench with all compensations applied.
The results are shown in Figure A.66 and the pulsating system tracks well. The error is a little

higher with 3° amplitude error, but minimal steady-state effects. The sources of this beyond
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mechanical disturbances are likely a non-ideal inverter and a non-ideal inductance matrix. The
error tends to oscillate at 8 wy,, which would correspond to a relationship with the poles and

points to a likely non-ideal inductance matrix.
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MC tuned to 5/1/0.2 Hz, STO tuned to 10/2/0.4 Hz, |Vipj| = 0.1V, V¢ = 2 kHz
Figure A.65 — Simulated closed-loop pulsating feedback with applied decoupling strategies.

The experimental qualities were further investigated by taking a dynamic stiffness FRF of
the system using pulsating feedback. The overlaid asymptotes show the agreement between

experimental and expected results. It should be noted though that the achievable bandwidth is

markedly lower here than with the encoder used as feedback.
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Figure A.66 — Experimental closed-loop pulsating feedback.
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Figure A.67 — Dynamic stiffness FRF with pulsating self-sensing feedback.

A.11 High Frequency Flux Injection Self-Sensing

The concept of high frequency flux injection for an SPM machine is quite similar to
pulsating voltage injection presented in section A.9 . The main difference is in the control
method needed to generate the flux injection. This requires the implementation of DB-DTFC as
described in section A.8 . The full system overview including torque and flux control, as well as
self-sensing injection and demodulation is shown in Figure A.68.

The main difference from either DB-DTFC or self-sensing as presented earlier is the flux

injection which is a pulsating flux along the torque line. This injection takes the form of (0.114)
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which is identical to the form of (0.97). This only holds so long as the torque line is actually a

line and is constant along the g-axis at a given operating point. This is true when M in (0.69) is

0, or further when Lq = Lg. This is not strictly true on an SPM but [M| will be small as long as

the saliency ratio is small.

T l xsqfhf 6el
T, |+

Flux Iy * *
Current, Flux, & dq | DB-DTFC |Via_ Vap Vabel
Torque Observers g Comm'and ’ Control Law > da/af > oaf/abc [—> Inverter
Pl Selection
4 T ?
A v
, R A
¢ 1 Saliency I I, I
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0. Tracking [« Demodulation |« iS Secuarrr:tr;gn < of/dq |« : abc/op
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Figure A.68 — System overview of a HFFI with DB-DTFC self-sensing system.

Vq 0 Ae 0
1=V =7 (0.114)
% cos(mct) s | cos(®ct)

A.12 Rotating Voltage HFI Self-Sensing

Using a similar process as for pulsating, the current response to a voltage rotating in the
stationary frame can be found. Using the synchronous frame machine equation defined in (0.85)
and multiplying by the rotation matrix defined in (0.87) equation (0.115) is formed. Using the
definitions in (0.116) and (0.117) to substitute into (0.115), the machine equation in the
stationary frame using the synchronous frame inductance is formed as in (0.118). By combining
the inductance matrix in the synchronous frame with the adjacent matrixes, the inductance in the
stationary frame can be defined as in (0.119) to form the stationary frame machine equation in

(0.120). Finally, to solve for the current response, the stationary frame voltage can be integrated
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and multiplied by the inverse of the stationary frame inductance matrix as in (0.121). This
method will be used heavily in the rest of this chapter to find expected current and analyze the

self-sensing response.

R-1(0) Vgq = R1(0) L qu% (0.115)
R-1(0) Vgq = Vop (0.116)
lag = R(0) Lo 0.117)
Vo = R1(0) L R(0) Iog % (0.118)
Lop = R-1(0) L R(0) (0.119)
d
Vap = Loplop a@ (0.120)
lap =Lap [Vop dt (0.121)

A.12.1 Ideal current response, demodulation, and saliency tracking observer

Using the equations developed in the previous section, the ideal current response to a
rotating voltage in the stationary frame can now be solved for. Starting with the ideal
synchronous frame inductance matrix as shown in (0.122) and proceeding to solve for the
inverted stationary frame inductance matrix as in (0.123). Substituting the inverted stationary
frame equation and the rotating voltage defined in (0.124) into the equation for the current
solution in (0.121), simplifying, and separating the portions of the response dependent on the
average and differential inductances results in (0.125). In this form, it is clear there will be a
component at the carrier frequency dependent on the average inductance, but which does not
contain any position information. More importantly, absolute position information is contained

in the negative sequence with an amplitude dependent on the differential inductance.

Ly 0
L=[ ! } (0.122)
0 Lg
1 1 1 0} |:-COS(26) sin(20)
Lap==5 5 |3L + AL 0.123
@ ZLZ-AU[ {0 1 $in(20) cos(26) (0.123)



Vo=V { (e } (0.124)
op = Ve cos(mct) '
Ve ( { cos(mct) } { -cos(26-(oct)D
= 0.125
lop oc( ZL? - AL?) =k -sin(®ct) Fak sin(20-mt) ( )

To perform the demodulation the negative sequence current which is dependent on the
position must be separated from the positive sequence. A detailed process for extracting this
portion of the current spectra is outlined in section A.9 . Next a local oscillator based on the
estimated position from the saliency tracking observer, and the carrier frequency is constructed
as in (0.127). The current is cross-multiplied with the local oscillator to form the demodulated
signal as in (0.128). In theory the demodulated signal could be used as an error signal, however
in practice there will be additional harmonic content on the input current which will require low-
pass filtering to remove. Assuming the error is small, the small angle assumption can be made,
and the position error can be determined as in (0.130).

The demodulation process with attached saliency tracking observer is shown in state

block diagram form in Figure A.69 with the Simulink implementation used in this project shown

in Figure A.70.
AL V, -c0s(20-mt)
lop ne =70 (312~ AL2) { sin(20-mgt) } (0120
-cos(28-(oct)
oscillator = R (0.127)
sin(20-wct)
AL V. ]
demod = oo SL2 - AL2) sin(20) (0.128)
AL V¢ )
demodfijtered = ool IL2 - AL2) sin(20) (0.129)
oc( L2 - AL2)
= demodfijtered (0.130)

2 ALV,

197



I~ Te
Iah er T A A
LPF = K > 11 P Kiso O 0;
+ + - & é
o +¥ + 1 TZ 14z T T
> Ko I ™ 1'% . 2 > 1-z! g
cos(Zée—wht) 1
Bo j\p é .
¢
sin(20.-wpt) [« - e

Figure A.69 — Demodulation process shown in blue which is suitable for use with a
rotating voltage injection, in red the cascaded saliency tracking observer is shown for
zero-lag estimates of position.

Figure A.70 — Simulink implementation of a rotating vector HFI demodulation and
saliency tracking observer.

To demonstrate the injection, demodulation, and theta error estimation described, plots of
the analytical solution are presented in Figure A.71 showing each step in time and frequency
domains. Both the a- and B-axes are shown for the voltage injection, current response, and
demodulation signal as the injection rotates across the entire stationary frame. Of particular
interest is the full current response and the final theta error result. The current response shows
the large response at the positive carrier which is based on the average inductance, and the
smaller response at the negative sequence which is based on the differential inductance. The

positive carrier is removed from the signal before demodulation leaving only the negative
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Figure A.71 — Analytical results showing the steps of the demodulation process in both the time
and frequency domains.

sequence. In this case the demodulation signal is calculated with an estimated position which is

5° off to provide an interesting example. This in turn makes the cross-product demodulation
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non-zero, and after filtering and scaling results in a correctly estimated 5° theta error.
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In Figure A.72 and overview of the full self-sensing system utilizing a rotating voltage
injection in the stationary frame is shown. Of particular note is that in contrast to pulsating
where the loop involves the entire system to estimate the reference frame and then inject into it,

rotating is more compartmentalized with the injection being independent of the reference frame.
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Figure A.72 — System overview of a rotating voltage HFI self-sensing system with use of
estimated position explicitly shown for feedback and reference frame transforms.

A.12.2 Non-ideal impedance, effects, and compensation

The effects of non-ideal conditions on the current response to a rotating voltage injection
will be explored in this section similar in a manner similar to the non-ideal conditions for
pulsating. The effects of cross-saturation are evaluated first, as for pulsating this is the
interaction between the axes due to cross-coupling inductance as in (0.131). Following the
approach in (0.119) and inverting the matrix yields (0.132). Substituting the voltage injection as
in (0.124) and this inverted inductance matrix into (0.121) yields (0.133). In this form it can be
seen that the effects are a phase and magnitude alteration to the negative sequence portion of the
current response.

To illustrate this process the time and frequency domain of the signals involved in the
voltage injection, current response, and demodulation process are shown in Figure A.73. Of

particular note is that the current response is at the same frequencies as for the ideal case as is
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expected, however the amplitude of the current and the demodulation steps has been altered as is
expected from the phase alteration of the current response. Here the 5° error which was

introduced in the demodulation is estimated as 8° instead.

Ly Lg
L =[ ! q} (0.131)
Lag L4

1 1 ( {1 o} {-005(29) sin(29)}
Lo = S + AL
WPUEL2-AL2- 13 01 sin(20) cos(20)

{ -sin(20) -cos(20) (0.132)
10 _cos(20) sin(20)
Ve cos(mct) -c0s(20-mct)
Iop = — SL| +AL|
®e( ZL2 - AL2 - L3g) _sin(ct) sin(20-wct) 0.133)

-sin(20-mt)
Laq { -c0s(20-mt) D

Following the same process, the effects of a saliency that is characterized better by a
series of harmonics than by single saliency is analyzed. The general form in the synchronous
reference frame is shown in (0.134). Following the approach in (0.119) and inverting the matrix
leads to (0.135). Substituting the voltage injection as in (0.124) and this inverted inductance
matrix into (0.121) yields (0.136). The effects resolve into a series of harmonics in the negative
sequence, each of which is dependent upon the position. It should be noted that the phase and
magnitude are also dependent on any cross-coupling between the axes at that specific inductance
harmonic.

To illustrate this process the time and frequency domain of the signals involved in the
voltage injection, current response, and demodulation process are shown in Figure A.73. Of
particular note is that the current response has additionally frequency content in the negative
sequence which propagates through the demodulation process. Here the 5° error which was

introduced in the demodulation is estimated as 8° instead.
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Figure A.73 — Analytical results showing the steps of the demodulation process in both the time
and frequency domains, showing the effects of cross-saturation. Where applicable, the left plot
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{ 1 0} { cos(hO+¢p) - sin(he+¢h)}
Lok 01 " ZALh - sin(hO+dp) - cos(hO+dy) (0.134)
h
1 1 1 0 -cos(hO+o¢p) sin(hO+¢p)
Lop = > ZL{ } Z ALp| (0.135)
L2 (D ALp) 0 1 sin(hO+¢p) cos(hO+dp)
h h
Ve { cos(mct) } {-cos(he-(;)ct +¢h)}
o [F12C o) | sinoen )" Z A0 Ginh0-oct gy || (©136)
h h

The effects of resistance are the same as for pulsating as described in (0.113) again
assuming that the resistance is constant. The decoupling factor is calculated the same, but due to
the differences in demodulation process the compensation changes are shown in Figure A.74.

Additionally, the synchronous frame electrical plant model has cross-coupling. This
effect is the same as for pulsating and is handled in the same manner. Namely decoupling

utilizing a high bandwidth current observer as shown in Figure A.63.
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Figure A.74 — State block diagram of a modified demodulation process for rotating high
frequency voltage based self-sensing, which accounts for the phase offset due to
resistance.
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Figure A.75 — Analytical results showing the steps of the demodulation process in both the time
and frequency domains, with effects of multiple saliencies. Where applicable, the left plot is
the d-axis, and the right is the g-axis.
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Figure A.76 — Simulated closed-loop pulsating feedback comparing the effects of decoupling
methods on the position estimation error.

To evaluate the performance of the controller utilizing a rotating voltage vector a
simulation was performed using each of the compensation methods discussed. Initial error was
quite substantial at greater than 3° mechanical offset as shown in Figure A.76. This can largely
be reduced by compensating for the resistance effects, which reduces the error to less than 0.3°
mechanical. Smaller improvements can be made by incorporating the filtered current observer

feedback previously discussed, and the high frequency cross-coupling decoupling.
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Figure A.77 — Simulated closed-loop rotating with injection cross-coupling decoupling
and resistance decoupling.

The time-domain estimation accuracy captured on the bench is shown in Figure A.78.
Here there is an offset which denotes likely cross-saturation. Additionally, there is harmonic
content primarily synchronized with the mechanical position. This comes from a mechanical
disturbance and the low bandwidth of the motion controller.

In Figure A.79 the experimental dynamic stiffness is shown. The overlaid asymptotes
align well with the experimental data, particularly the data captured via single sinusoid tests.

However, it should be noted that this controller only achieved a bandwidth of 2Hz.
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Figure A.78 — Experimental closed-loop rotating feedback with resistance decoupling.
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Figure A.79 — Dynamic stiffness FRF with rotating self-sensing feedback.

A.13 Summary

This chapter described the electrical and mechanical models used throughout this work as
well as documents methods used for parameter estimation of the bench. Sections describing the
control methods, their design, and their evaluation were presented. The end of the chapter
discusses self-sensing implementations, non-ideal effects, compensation strategies, and
performance evaluation. Each section describes the estimation and tuning methods used in this
work. The simulation and code used in this work is documented and any specific considerations

and implementation details are documented.
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Appendix B Control Structure Design and
Implementation for Image Tracking

B.1 Introduction

A dynamometer bench to evaluate self-sensing on an SPMSM was developed as part of
this project. The 3.7kW test machine, shown on the left in Figure B.1a, was specially designed
to have a small saliency which is minimally dependent on load and was designed and the

machine characteristics evaluated in [46, 47, 115].

a) b)

Figure B.1 — a) dynamometer with 3.7kW SPMSM test machine on left as designed in
[115], with a 7.5kW SPMSM load machine on the right, b) underneath the shield are the
couplers and a torque transducer.

Previous machine evaluating used other standalone power racks developed for other
projects and based on the AIX controller. As part of this project was the evaluation of image

tracking technologies and evaluation of the required computation in section 3.5 showed the AIX-



based system was incapable of performing the required computations, a new power rack was
developed. This rack is shown in Figure B.2 features the inverters for both systems on the
middle shelf, as well as a regenerative unit and EMI filter on the bottom shelf, finally a dSPACE

MicroLabBox was chosen as the controller platform for its computation ability and ease of use.

Figure B.2 — Power rack based on two Delta C2000 inverters, a dSPACE MicroLabBox
Controller, and accompanying hardware including a regenerative unit.

A number of connection boards were developed and integrated into this project. The
C2000 inverters typically have a commercial control board for use driving a motor. As much of
this project involves custom code a separate controller was required and so boards were designed
to convert the control and sensor signals into usable signals by the external controllers. In Figure
B.3a the C2000 inverter with the commercial controller removed is shown. In Figure B.3b the

interface initially designed for use with the AIX controller is shown. However, as the project
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continued the computational limitations of the AIX were evaluated and a new dSPACE
MicroLabBox was procured. Signal levels and logic were either compatible between the two
systems, or were configurable within the dSPACE MicroLabBox controller. However, a signal
routing board was required to convert the output into dsub-50 package and coax cables suitable
for sampling by the MicroLabBox. The interface board is shown in Figure B.3c, while the top of

the MicroLabBox showing the connections is shown in Figure B.3d.

a) b) c) d)

Figure B.3 —a) C2000 inverter with commercial controller removed, b) interface board
to connect C2000 to AIX controller, ¢) interface board to connect interface board from
b) to the MicroLabBox Controller, d) MicroLabBox controller

B.2 Parameter Estimation

Parameter estimation follows the analytical process developed in section A.2

B.2.1 Dead-time Compensation

The first step toward developing the system is the analysis and compensation of dead-
time effects. These effects are present to prevent the inverter from short circuiting during a
switching event, and add a small amount of time where both switches within an inverter leg are
closed. This section uses the process developed in [36, 37] to measure the dead-time effects by

opening one phase of the motor, and then commanding a sinusoidal current across the other two
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phases. The results of this are shown in Figure B.4a. Here the estimated voltage is calculated
from the sensed current and estimated resistance as shown in (0.137), additionally the voltage
commanded by the PI controller is shown. It is clear to see the two voltage signals do not
overlap. The result of this is that if commanded voltage is used in further analytical steps in
place of the actual voltage the calculations will contain errors. Additionally, in high frequency
signal injection based self-sensing methods, the current response to a voltage command is used
to determine position. If the actual applied voltage significantly differs from the commanded

voltage, the resulting position estimates will contain associated error.

V(1) = 2R Luy(t) (0.137)
_ Viv - 2Rdlw(t)
deomn(®) =337 (1 (0.138)

Using the equation in (0.138) a compensation can be developed which relates the
commanded voltage with the voltage estimated from the current sensors. This results in a current
dependent compensation as is shown in Figure B.5. Here a piecewise function is used where the
high magnitude current regions should be the dead-time to sample time ratio, and the region near
zero current is approximated with a linear relationship as the switches contain numerous
secondary effects in this region.

The results of applying dead-time compensation are shown in Figure B.4b where now the
commanded and measured voltages overlap. Noise on the measured voltage is a result of noise
on the current sensors being amplified here, this effect is mitigated later in B.2.4 with a higher

accuracy current sensor.
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B.2.2 Electrical Parameter Estimation

Electrical parameter estimation follows the process outlined in section A.2.4 . The first
test applied is to evaluate the offsets between the encoder and the synchronous reference frame.
From the model developed in A.2.1 the back-EMF should appear solely along the g-axis. As
such commanding zero d-axis current should result in zero d-axis voltage being applied. If the
reference frames are misaligned a voltage will appear along the d-axis command to negate it.
This can be used to tune the encoder offset as when they’re fully aligned the effect will
disappear. This process is shown in Figure B.6 for varied encoder offsets with the properly

tuned value averaging to 0.

jjx.m.ln,l.Lm,Ln'l.m.a.A.lI.l.\.LLMJAII.LMmm
T
0
.

-20
0 6 8 10

Va*[V]

Time [ms]
eoffset [rad]: O, 0.26, 0.5

Figure B.6 — Voltage command resulting from the synchronous frame PI current
regulator, when zero current is applied, and the machine is spun at a 2w rad/s with varied
encoder-to-electrical position offsets.
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Figure B.7 — Estimation of Appy, is done by relating the speed and voltage through
equation (0.7) with estimated Apm of 0.2697 Wb overlaid for comparison.

Next the back-EMF can be estimated by realizing the back-EMF appears along the g-axis
and is proportional to speed. By commanding zero current and observing the amount of g-axis
voltage which is required to maintain this at different operating speeds the back-EMF can be
calculated as in Figure B.7. A linear fit is applied which agrees well with the data points
collected at several operating points.

Finally, the d- and g-axis impedences must be measured. This is done by holding the
machine at zero speed with the load machine while applying a rotating chirp voltage. Observing
the current and computing a frequency response function along each axis as is shown in Figure
B.8 and Figure B.9 allows for asymptotes to be added which estimate the resistance and
inductance. As each axis acts like a RL circuit, the low frequency portion is the conductance
which can be inverted to find the resistance of the circuit. The two axes share the same
resistance which can be used as a sanity check. The high frequency portion of Figure B.8 and
Figure B.9 is the reluctance of the machine times 1/s resulting in a 1 decade per decade drop with
zero-crossing relative to the reluctance. By fitting an asymptote to the high frequency data and

inverting it, each axes’ inductance can be found.
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The values calculated in this section are summarized in Table B.1 and are shown with

their nominal design parameters.
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Figure B.8 — Estimation of d-axis parameters on test machine.
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Figure B.9 — Estimation of g-axis parameters on test machine.
Table B.1 — Electrical Parameter Estimates
Parameter Nominal From [115] Obtained Experimentally
Apm [Wb] 0.2386 0.2697
L4 [mH] 7.8 10.9
Ly [mH] 9.9 10.8
Rs [Q] 1.258 1.92

217



B.2.3 Mechanical Parameter Estimation

Mechanical estimation is done using the flag plot method described in A.2.6 . The
parameters can be estimated directly from the raw data and can be further tuned by applying
command feed-forward to null the components individually. The effects of adding friction,
damping, and inertia terms respectively are shown in Figure B.10. Resulting parameter estimates
along with their nominal values are shown in Table B.2. Note that datasheet values for the
assembled bench are not available. However, datasheet values for the test and load machine are
given for reference in Table B.2. The inertia measured here is the full system inertia which is

expected to be higher as a result of the torque transducer, shaft, and two couplers on the

dynamometer.
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Figure B.10 — Flag plot used to estimate mechanical parameters.
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Table B.2 — Mechanical Parameter Estimation.

Nominal from [115] Estimated Value
Jp [MNs?/rad] 13 (test), 18 (load) 5.58
Bp [Ns/rad] - 0.0091
T, [N] - 0.5526

B.2.4 Current Sensor Characterization

The current sensors must be characterized to verify the datasheet scaling as well as
remove any DC bias from the circuitry. The DC bias is easily removed at runtime by collecting
a short duration of current sensor data with the system idle, averaging the resulting value on each
sensor, and subsequently subtracting that DC value from all measurements with that sensor. The
scaling value requires an external sensor with known properties to validate the scaling expected
by the data sheet. This was done by commanding a sinusoidal current of 5A, using a set of high
accuracy current probes, overlaying the current sensor output with the current probe output, and
adjusting the scaling until they match. The resulting values are shown in Table B.3 for the
C2000 sensors.

Throughout the initial testing, significant noise from the current sensors or perhaps
system noise coupling with the current sensors was identified. These effects can be seen in
Figure B.12 with d-axis and g-axis spikes with magnitudes as high as 1.2A. In this project, with
a 50V high frequency injection, the current response is expected to be less than 30mA. This
magnitude of noise would prevent the self-sensing algorithms from enjoying a large enough SNR
and so an additional set of sensors were added to the system. A simple board was developed and
shown in Figure B.11 based on the LEM LA 55-p sensors. Initially 2 turns were used, this was
later extended to ten turns to fully fill the window space of the sensor and improve the accuracy
as far as possible. In Figure B.12 the results of the 2-turn LA 55-p board are overlaid and it is

clear to see that the high frequency noise is minimized.
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Figure B.11 — Current sensor board to integrate LEM LA 55-P sensors for higher
accuracy results.

Table B.3 — Current sensor characterization using C2000 sensors.

Machine/Phase u % w
Gain from Spec 6.36 6.36 6.36
Sheet/Turns ’
Tuned Gain 6.80 6.30 6.94

Table B.4 — Current sensor characterization using LEM LA 55-P sensors with 10 turns.

Machine/Phase u v w
Gain from Spec 3.03 3.03 3.03
Sheet/Turns '
Tuned Gain 3.12 3.17 3.13
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B.3 Current Regulation

L SRR “""""ﬁ?@:’\ _
. 1
<| < 081 ]
06 \
g 0.4} y
== 02F .
10° 10" 102 10°
— = \
VY
] Rt -100F
N—
%’D 150+ .
Q | |
o]
10° 10" 102 10°
T T
1r (] ', i ‘-:/
o LR
Q
=
o 05F )
(D]
=
o
@)
0 1 |
10° 10" 102 108

Freq [Hz]

Command Tracking tuned to 500Hz using O.7*ﬁ , I*I/:
Iqq™ chirp applied with fo=1 Hz, f;=1 kHz, T=5s, Magnitude = 1A

Figure B.13 — Experimental d-axis command tracking FRF.

The current regulator was created using the theory presented in section A.3 Frequency
response plots of the current regulator response are shown in Figure B.13 and Figure B.14 for the
d- and g-axis respectively. The d-axis when tuned to 500Hz achieves a bandwidth of 540Hz
based on the angle and magnitude criteria of the FRF in Figure B.13. The g-axis however shows

a higher order response in Figure B.14 as seen by the flattening of the response around 200Hz
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before it resumes the expected decrease at high frequency. A value of 0.7L4 was required to
achieve a bandwidth of 485Hz. This probably indicates a saturation effect in the machine as
numerous saturation and cross-saturation properties were designed into the machine to generate

the relatively stable saliency across the full operating space.
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Figure B.14 — Experimental d-axis command tracking FRF.



224

B.4 Motion Control
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Figure B.15 — Command tracking FRF of a motion controller tuned to 20Hz.



The motion controller was designed using the theory presented in section A.4 In Figure
B.15 the command tracking frequency response is shown for the controller without command
feed-forward so that the eiganvalues can be evaluated. Here a tuning of 20Hz results in an
achieved bandwidth of 18Hz. Next a dynamic stiffness frequency response plot is shown in
Figure B.16 with overlaid asymptotes at the specified tuned values. In Figure B.16 the 50Hz
tuning is confirmed with good agreement between the expected asymptotes and the experimental

data.
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B.5 Current Separation

Current separation follows the same development as in section A.9 as first shown in
Figure A.53 but copied to Figure B.17 for convenience with overlaid experimental current
spectrum. The process uses a low bandwidth current observer to estimate the fundamental
current. This fundamental current is subtracted from the total current, with the remainder being

the high frequency components. Note that the fundamental component is mostly removed from
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the high frequency component, but that portions remain near the fundamental which are similar
amplitude to the negative sequence component. The high frequency current is passed through a
high-pass filter which is synchronous to the positive carrier reference frame. As the positive
carrier is well known with no variation it is effectively removed. The filtered result is passed
through a negative carrier synchronous high-pass filter to remove the rest of the expected high
frequency current response. This signal is used as a feedback to the current observer.
Additionally it is added to the estimated fundamental to form the fundamental plus error signal
which is suitable for use as a feedback signal to the current regulator. This form removes the
high frequency components from the current regulator’s path which allows the current regulator
to be tuned to a higher bandwidth without reacting to and trying to compensate for the high

frequency component.
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Figure B.17 — State block diagram from Figure A.53 with overlaid current frequency spectrum in
hertz at each step showing the amplitude in Amperes.

It should be noted that the filtered high frequency current response has a fundamental
synchronous high-pass filter applied to remove additional content from the high frequency

component. However, even in the processed high frequency current response there is still



content near the fundamental of about one fourth the magnitude of the negative sequence. When
this current is transformed to the negative carrier reference frame it appears as substantial
magnitude high frequency content. To mitigate this, additional frequency synchronous high-pass
filters were applied at harmonics near the fundamental. This effectively mitigates the remaining
fundamental current, however care must be taken to ensure the high-pass filters applied near the
fundamental are sufficiently low bandwidth so as not to interact with the current content near the

negative sequence.

B.6 Pulsating Voltage HFI Self-Sensing

Pulsating voltage injection into the estimated synchronous reference frame with
associated demodulation scheme was developed following the process outlined in section A.10
In Figure B.18 the time domain estimation accuracy is shown when the system is using the
position estimate generated by the pulsating demodulation as feedback. The system is shown to
be stable and track at steady state, however substantial electrical error offset is seen of 9 degrees,
and an additional second harmonic can be observed with a magnitude of 6 degrees. This is
further confirmed in the FFT of the error signal, shown in Figure B.19.

The source of this error is investigated in section B.6.1
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Figure B.18 — Experimental closed-loop pulsating feedback.
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B.6.1 Mechanical Disturbance Analysis and Characterization of Dynamometer
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Figure B.20 — Dynamometer torque ripple analysis. a) measured torque from estimated by

command and torque transducer using encoder feedback, b) simulation with commanded
and measured disturbance torque added using position feedback, c¢) estimation error when
using self-sensing feedback with varied injection size, d) simulated estimation error when
using self-sensing feedback.

It should however be noted that error similar to the steady-state pulsating voltage self-

sensing presented in section B.6 1is seen in rotating voltage self-sensing as documented in B.7

and in the flux injection self-sensing method documented in [115]. In the flux injection method

230



a different power stack, controller, and control code were used. This isolates out the effects of
inverter, controller, and control code bugs leaving machine and dynamoter effects to be
investigated. Several of these effects are explored in Figure B.20 in experimental data in a) and
¢), and in simulation b) and d). In a) the torque from the torque transducer as well as the
estimated disturbance torque from the motion controller are overlaid. These in general agree
except at DC content. The discrepancy is caused by the location of the measurement relative to
the friction where the transducer is in the center of the dyne and so measures less friction than
the machine.

As the interest is in the harmonic content and not the DC component, the static friction is
neglected for simulation. In Figure B.20b the harmonics are characterized in both magnitude and
phase and applied as a disturbance. Figure B.20a and Figure B.20b show agreement in the
harmonic frequency content present, which allows the impact on the self-sensing to be analyzed.
In Figure B.20c and Figure B.20d the errors associated with pulsating estimation accuracy are
shown. It is shown in simulation that the first harmonic has a magnitude of 4° and the second
harmonic has a magnitude of 2°, while in compariable experimental data the first harmonic has a
magnitude of 6° while the second harmonic has a magnitude of 6°. This shows that the torque
disturbance on the dynamometer causes a portion of the estimation error, but does not account
for all of the error. The source of the remaining error is explored with respect to rotating voltage

injection in section B.7

B.7 Rotating Voltage HFI Self-Sensing

Self-sensing using a high frequency rotating voltage in the stationary reference frame
following the methods documented in section A.12 was developed for the dynamometer. Time
domain estimation accuracy when the system is using self-sensing position estimates for

feedback is shown in Figure B.21. Similar to the pulsating results in section B.6 and the flux
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injection results in [115], the resulting error in Figure B.21 has a 10° offset with at 10° second
harmonic component.

Furthermore, a negative sequence decoupling scheme based on the methods presented in
section A.12.2 using the negative sequence harmonics characterized in 5.4 was developed. This
method decouples the harmonic components of the negative sequence current response before
applying a heterodyning demodulation. The results of this process are shown in Figure B.22.
The error resulting from this method reduces the DC offset to 0° while reducing the 2" harmonic

to 5°. This is a clear benefit and shows the achievable state-of-the-art performance on this test

bench.
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Figure B.21 — Experimental closed-loop rotating feedback.
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Figure B.22 — Experimental closed-loop rotating feedback using negative sequence
decoupling to decoupling harmonic saliencies using the method described in [60] with
parameters given in Table 5.2.

B.7.1 Non-ideal Inductance Characterization

To further validate the multiple saliencies present in the machine, the load machine was
used to hold the test machine at a constant position. The rotating voltage injection was then
applied, and position estimates generated. Figure B.23a) shows the results over the full electric
cycle with a -17° offset and 12° second harmonic component. Additionally, dead-time

compensation is varied to evaluate the effects. As can be seen, dead-time compensation methods
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have a large impact on the DC offset of the resulting position error, however the magnitude and
phase of the second harmonic component is unchanged between tests. This further verifies that it
is a spatial phenomena and not a speed or inverter dependent effect. In Figure B.23, selected
positions are shown and plotted over the first 4.5s of each test to verify that the rotor is in fact

stationary over the course of these tests and that no additional motion based effects are present.
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Figure B.23 — Error spatial analysis using a rotating voltage injection with the load machine
holding position. a) shows the error as a function of position with varied dead-time
compensation schemes, b) shows the held position over the first few seconds of the

experiment at selected positions.

Finally, the current response with with appropriate DTC at each held position is plotted in
the negative carrier polar plane. This results in a figure similar to the templates generated in

section 5.4 and verifies the presence of multiple inductance saliencies.
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Figure B.24 — Spatial synchronously averaged current across a single electrical cycle when
the position was held constant using the load machine.

B.7.2 Mechanical Disturbance Analysis and Characterization of Individual Motor

To further evaluate the machine, without the torque disturbance effects evaluated in
section B.6.1 the machine was disconnected from the dynamometer and evaluated as a
standalone machine. This prevents full system control of the torque and speed simultaneously,
but removes any torque disturbances caused by couplers, the torque tranducer, or the load
machine.

In Figure B.25 four tests with the same settings were repeated. In each test the system

was brought down, turned off, and restarted. Data was collected for 30 seconds. In Figure
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B.25a) an FFT of the position error is shown with the ame harmonics and approximately same
magnitudes appearing in each test. In Figure B.25b) the error is plotted against the position it
was collected at. This clearly identifies the spatial nature of the disturbance with both the phase

and magnitude being consistent between tests.
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Figure B.25 — Error spatial analysis using a rotating voltage injection with encoder
feedback over four 1 minute long tests.

Next, a similar test was performed varying the speed at which the rotor was spinning was
varied. In Figure B.26a the same harmonics, primarily at the second harmonic, show up within
each test. It is noted that the magnitude decreases as the speed increases. This is due to the
machine inertia damping the impact of the disturbances at higher speed. As with the previous
test, the position error is plotted against the position in Figure B.26b. Againt the spatial phase
aligns between all tests. The magnitude decreases with higher speed as was noted with the FFT
in Figure B.26a.

Finally, in Figure B.27 the torque disturbance is characterized against position. This test
was performed over a two hour period where the machine ran at 17Hz mechanical for the entire
duration. Every 15 minutes, 30 seconds of data was collected to show the change in torque
disturbance over time. The 30 seconds of data was then processed using the spatial synchronous

averaging method described in section 5.4 and the number of times each position bin were
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plotted, as well as the spatially averaged torque. To further isolate controller, inverter, or delay
issues from mechanical issues, data was collected with the machine spinning in the positive
direction in Figure B.27a, while in Figure B.27b the machine is spinning in the negative
direction. In both Figure B.27a, and Figure B.27b the data is largely self-consistent. It should
also be noted that the direction changes the torque disturbance. In these single-motor tests
without couplers or other mechanical linkages, the few remaining moving pieces are the rotor
and the bearings to keep it centered. Given that the direction of motion affects the torque
disturbance this rules out things such as delays in the controller, inverter effects, and controller

bugs as they are similar regardless of direction. The remaining source is likely the bearings.
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Figure B.26 — Error spatial analysis using a rotating voltage injection with encoder
feedback with mechanical speed varied speed.

There is a single test in the positive direction which varies in both phase and magnitude
of the disturbance. This shows that the disturbance is spatial in nature, but can intermittently
change. This effect was observed when decoupling of the spatial disturbance was attempted.
Some tests would decouple very well, and a later run the decoupling would generate larger
torque variations. The attempt was abandoned as the disturbance was deemed intermittent and

this test confirms that observation. The best explanation for this given the single motor system is
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that the bearings likely change configuration intermittently and change the phase and magnitude

of the disturbances.
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Figure B.27 — Torque disturbance analysis with system running continuous for 2 hours
with periodic samples of spatial synchronously averaged torque disturbance over a 1
minute test. a) system spinning in positive direction, b) system spinning negative

direction.

B.8 Summary

This chapter documents the electrical and mechanical systems through this work.
Sections evaluating the parameter estimation and control methods were presented. The end of

the chapter discussed self-sensing implementations and non-ideal effects of both the inductance

and torque disturbances within the machine.

238



