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ABSTRACT

As motor drive inverters continue to employ Silicon Carbide (SiC) and Gallium
Nitride (GaN) devices for power density improvements, sensorless motor control
strategies can be developed with field-programmable gate arrays (FPGA) to take
advantage of high inverter switching frequencies. Through the FPGA’s parallel
processing capabilities, a high control bandwidth sensorless control algorithm
can be employed. Sensorless motor control offers cost reductions through the
elimination of mechanical position sensors or more reliable electric drive systems
by providing additional position and speed information of the electric motor. Back
electromotive force (EMF) estimation or model-based methods used for motor
control provide precise sensorless control at high speeds; however, they are
unreliable at low speeds. High frequency injection (HFI) sensorless control
demonstrates an improvement at low speeds through magnetic saliency tracking.
In this work, a sinusoidal and square-wave high frequency injection sensorless
control method is utilized to examine the impact an interior permanent magnet
synchronous machine’s (IPMSM) fundamental frequency, injection frequency,
and switching frequency have on the audible noise spectrum and electrical angle
estimation. The audible noise and electrical angle estimation are evaluated at
different injection voltages, injection frequencies, switching frequencies, and rotor
speeds. Furthermore, a proposed strategy for selecting the proper injection
frequency, injection voltage, and switching frequency is given to minimize the

electrical angle estimation error.
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CHAPTER ONE

INTRODUCTION

Electric Vehicle Traction Inverters

As the demand for electric vehicles (EV) and hybrid electric vehicles (HEV)
continues to increase, the need for high power density motor drive inverters is
paramount. According to the Department of Energy (DOE) Office of Energy
Efficiency and Renewable Energy (EERE), the power density of electric drives
should be increased tenfold by 2025 compared to 2015 specifications while the
cost should be reduced by half; furthermore, the lifetime of the drive system
should be doubled [1]. When looking at more recent targets, the net change from
2020 to 2025 includes an 18% cost reduction and an improvement of 86% in
power density. Technical targets for the main traction inverter’'s power electronics
are presented in Table 1.1. HEV and EV traction inverters are composed of
several components: power semiconductor devices; semiconductor gate drivers;
DC link capacitors; current, voltage, and temperature sensors; control unit; and
heat sinks. Also, a DC-DC boost converter may be included to meet the voltage
demand of the attached electric motor if the battery voltage is too low. Figure 1.1
displays a high-voltage EV traction inverter from Eaton Corporation [2]. To
complete the full traction drive system, a single traction drive electric motor is
included. Table 1.2 compares the DOE technical targets between 2020 and

2025.



Table 1.1. Technical Targets for EV High Voltage Power Electronics [3]

Parameter 2015 Target 2020 Target 2025 Target
Cost <$5/kW <$3.3/kW <$2.7/kW
Power Density 210 kW/liter 213.4 kW/liter =100 kW/liter

Table 1.2. Electric Drive System Technical Targets [3]

Parameter 2020 Target 2025 Target
Cost <$8/kW <$6/kW
Power Density >4 kW/liter 233 kW/liter

Figure 1.1. Eaton Corporation High-Voltage Traction Inverter [2]




There is a 25% cost reduction from 2020 to 2025 and there is an 88% volume
reduction. A block diagram is presented on the next page in Figure 1.2 to show
the fully integrated electric motor drive system [4]. The inverter is controlled with
gate drive circuitry to command the operation of each power semiconductor
device; this is labeled as the driving stage in Figure 1.2, allowing each of the
power devices to create a conducting current channel or block an external
voltage. A high-voltage battery pack provides a voltage source for the three
phase DC/AC inverter, which is then connected to the electric motor from the
three phase terminals, as shown in Figure 1.3. To complete the control loop,
current and position signals are obtained from the electric motor through
mechanical position sensors and are then processed by the onboard
microcontroller (MCU). Current sensing and signal conditioning circuits may be
used to create a readable signal for the MCU, which is the main part of the
control unit.  Figure 1.3 references a three-phase inverter with insulated-gate
bipolar transistors (IGBT). Typical traction inverters that will operate at a
switching frequency near or below 10 kHz employ IGBT power modules to meet
high-voltage and high-current demands. However, the IGBT turn-off transition
exhibits a phenomenon known as current tailing [5]. Current tailing leads to a
longer turn-off time, increasing associated switching losses. This characteristic
makes IGBT power modules at high switching frequencies undesirable. An
example of IGBT switching losses can be seen in Figure 1.4. The shaded region

in Figure 1.4 demonstrates the switching losses due to current tailing.
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Figure 1.4. IGBT Turn-Off Transition [5]



Figure 1.5 displays a 1200V/380A motor drive inverter with IGBT power modules,
which are located directly above the heat sink and below the green printed circuit
boards (PCB), from Infineon Technologies; this design has an optimal switching
frequency of 8 kHz [6]. The heat sink contains a direct cooled base plate to
improve heat dissipation for the power module. The side view of the utilized IGBT
power module is shown in Figure 1.6 [6]. This module contains two individual
IGBTs in a half-bridge configuration. Connections are made available for control
signals and protection circuits. When operating at a low switching frequency,
passive components such as inductors and capacitors that are used for reducing
current and voltage ripple will need to be large to meet the anticipated electrical
requirements. Based on these technical targets and the present limitations of
IGBT power devices - with an emphasis on the power density - wide bandgap
(WBG) semiconductor devices can be utilized. WBG power semiconductors can
provide advantages when observing material drift velocity, doping density,
thermal conductivity, and electric breakdown field. The next section will feature
characteristics of Silicon Carbide (SiC) and Gallium Nitride (GaN) devices and

display WBG power modules.



Figure 1.5. Hybrid Kit Drive 1200V Automotive Inverter (Infineon Technologies) [6]

Figure 1.6. HybridPack Power Module (Infineon Technologies) [6]



Wide Bandgap Devices

As silicon (Si) power devices near technology maturation, the need for lower
conduction and switching losses for power semiconductor devices as society
continues electrifying the transportation industry has led to the development of
SiC and GaN power modules for EV traction inverters. Specific material
properties have led to this transition from Silicon based traction inverters to WBG
traction inverters; these properties can be seen in Table 1.3 [7]. The main driving
force of power device innovations is the desire to achieve more current for a
given chip area and breakdown voltage [8].

Several physical characteristics of semiconductors can detail the operation of a
power device. When observing the high electric breakdown field for SiC and GaN
compared to Si, these WBG devices will have a higher breakdown voltage. A
power device with a high breakdown voltage can then be used for high power
applications. Likewise, a larger critical electric field can allow for a shorter drift
width that reduces the on-state resistance. For a higher electron mobility, the on-
state resistance can also be lowered, creating lower conduction losses for the
power device; Figure 1.7 displays an on-state resistance comparison for a one
square millimeter device versus blocking voltage for Si, SIC and GaN [9].
Pertaining to thermal conductivity, SiC is well suited for high operation
temperatures compared to Si, meaning the size of heat sinks can be reduced or

the devices can operate reliably in high temperature applications.



Table 1.3. Physical Characteristics of Semiconductors [7]

Property Si 4H-SiC GaN Diamond
Bandgap (eV) 1.12 3.26 3.45 5.45
Dielectric Constant (g,) 11.9 10.1 9 5.5
Breakdown Field (kV/cm) 300 2200 2000 10000
Electron Mobility (cm?/ V-s) 1500 1000 1250 2200
Hole Mobility (cm?/ V-s) 600 115 850 850
Thermal Conductivity (W/ cm-K) 1.5 4.9 1.3 22
Saturated Electron Drift Velocity (cm/s) 1-107 | 2-107 2.2-107 2.7 107
10' . /
Si Limit
10°
T SiC Limit
£
10~
c 0
H GaN Limit
@ 1072
oc
107
107
10 10? 10°
Breakdown Voltage (V)

Figure 1.7. Theoretical On-Resistance of a One Square Millimeter Device [9]




Furthermore, both SiC and GaN provide opportunities to increase the switching
frequency of a Si-based traction inverter. The smaller dielectric constant with a
low junction capacitance creates a faster switching device. As previously
mentioned, traction inverter power density targets for 2025 are greater than 100
kilowatts per liter; therefore, operating at a high switching frequency is essential.

The following section will provide further details on SiC and GaN technologies.

Silicon Carbide

The application space for SiC power devices covers consumer electronics,
automotive, and industrial areas [10]. However, the core focus for SiC is within
the automotive and industrial applications. Automotive applications, ranging from
10 kW to 350 kW, include the onboard DC/DC charger and DC/AC motor drive
inverter. Industrial applications, ranging from 100 kW to 1 MW, include industrial
motor drive systems and wind turbines. For two-level traction inverter
applications, the SiC MOSFET selection is dependent on the DC bus voltage.
For 400 V systems, 650 V SiC MOSFETs can be employed; for 800 V systems,
1200 V SiC MOSFETS can be used. Several companies provide SiC power
modules, including Cree and Infineon. Provided below are example packages for
high voltage and high current applications. Figure 1.8 displays multiple 1200 V
Half-Bridge power modules with a current rating of 325 A and 400 A [11]. Lower
current rated power devices can be found in discrete packaging, which can be

seen in Figure 1.9.
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Figure 1.8. 1200V Half-Bridge Power Modules (Cree) [11]

Figure 1.9. 1200 V Discrete SiC MOSFETs (Cree) [12]
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Figure 1.9 displays 1200 V discrete SiC MOSFETs with a current rating of 66 A
in a TO-247-3 package, 66 A in a TO-247-4 package, and 68 A in a TO-063-7
package [12]. For the inverter design presented in this thesis, discrete SiC
MOSFETs are used in a TO-247-3 package. Both TO-247-4 and TO-063-7
packages offer a kelvin source connection to lower the parasitic inductance
within the gate driving loop. Lowering the parasitic inductance within the gate
driving loop will reduce voltage spikes and oscillations as the gate driver turns on
and off the power devices. As SiC is able to meet both high voltage and high
current demands for traction inverters with a more efficient operation than the Si

IGBT, there is rising adoption for SiC in the automotive market.

Gallium Nitride

The application space for GaN power devices covers consumer electronics and
automotive sector [10]. For consumer electronics, GaN is competing with Si
MOSFETs and is displaying tremendous strides in improving the power density
of uninterruptible power supplies (UPS) and other power processing units (PPU)
below 5 kW. Within the automotive industry, GaN is now competing with Si and
SiC power devices. Considering 48 V motor drive inverters for mild HEVs, there
are GaN power devices widely available to accommodate the several kilowatts of
power needed. Efficient Power Conversion (EPC) provides a line of devices
suitable for motor drive applications with an 80 V rating [13]. Additionally, GaN
Systems provides 100 V products with current capabilities up to 90 A [14]. Higher

voltage GaN devices are available from companies such as Infineon, GaN
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Systems, Nexperia, and Transphorm. Infineon provides 600 V devices while GaN
Systems, Nexperia, and Transphorm deliver 650 V devices. Figure 1.10 shows a
three phase power module rated for 650 V and 300 A from GaN Systems [15].
This module includes paralleled 150 A dies to achieve a specified power rating of
75 kW. Evident by a voltage rating of 650 V, these GaN power devices are
limited to 400 V battery systems for a two-level inverter for the motor drive
system. Multi-level inverters make GaN devices suitable for 800 V systems;
however, the design is now more complex and may reduce the power density
while increasing the cost with additional semiconductor devices and control
circuits. To summarize the opportunities for WBG power modules, Figure 1.11
displays the applications of SiIC and GaN for a performance criteria based on
switching frequency, efficiency, and power density with respect to the breakdown
voltage [16]. GaN is desirable at lower voltages where there is a demand for high
frequency, efficiency, and power density operations. SiC is desirable at higher
voltages where there is a demand for high frequency, efficiency, and power
density operations. The darker regions in Figure 1.11 show the application
overlap between semiconductor materials. Having reviewed the importance and
capabilities of WBG devices in motor drive inverters to improve its power density
by operating at a higher switching frequency than Si-based inverters, the next
section will discuss why WBG devices are beneficial for low-speed sensorless

motor control strategies.
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Figure 1.10. Three Phase 650 V 300 A Power Module (GaN Systems) [15]
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Figure 1.11. Material Performance Criteria versus Breakdown Voltage [16]
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Sensorless Control

Once the EV traction inverter is developed, motor control algorithms are
formulated to complete the electric drive system. The motor drive system will
include a position sensor that is necessary for effective motor control. This
mechanical position sensor can be comprised of an optical encoder,
electromagnetic resolver, magnetic encoder, or linear hall-effect sensor [17].
Figure 1.12 displays an example layout for an electromagnetic resolver used to
extract the position information of an electric motor [18]. An electromagnetic
resolver will have a sinusoidal excitation signal as its input, and it will have two
sinusoidal signals returning. The output signals originate from two different
windings that are offset mechanically by 90 degrees. Position sensors in motor
control are critical for the safe and reliable operation of an EV or HEV. Therefore,
they must be properly installed and verified for signal accuracy, leading to high
costs for position sensors within a motor drive system. Additional electrical
circuits are also needed for further filtering and transferring the resolver outputs
to the resolver-to-digital converter (RDC). Figure 1.13 shows an example circuit
to convert the resolver signals to a digital value comprehensible for the
microcontroller, which includes a third order low-pass filter between the resolver

output and the RDC [18].
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For sensorless control of AC motor drives, a position estimation is made without
the mechanical position sensor. For large EV drive motors, sensorless control
methods do not remove the installed position sensor but add an additional
measure of reliability for the motor drive system. However, for small motors
performing ancillary services, sensorless position estimation can be used to
remove the position sensor. By eliminating the position sensor and processing
units, the cost of a motor drive system can be reduced, and the structure of the
electric motor can be simplified. Therefore, the sensorless control algorithm must
be accurate for position estimates at varying speed ranges while providing the
desired torque command once the position sensor is eliminated. Reviewed in
chapter three, there are different methods available to track the motor position for
specific speed ranges. Some methods work well at high speeds, while
performing poorly at low speeds. Other methods are more suitable for low speed
ranges. In this thesis, the operation of a motor drive system at a low speed range
is investigated using a high frequency injection method to estimate the motor
position and angular velocity.

The sensorless position estimate is made possible through sampling the three
phase current and then developing computationally intensive observers to
provide the final position estimation. This high frequency injection method
introduces a sinusoidal or square-wave voltage injection onto the motor windings.
Present research shows this injected signal is typically 500 Hz but can be

increased. In order to achieve such injected frequencies, the switching frequency
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of the inverter should be much greater than the injected frequency. For a 2 kHz
injected signal, a switching frequency of 10 kHz may be too low to provide a high
resolution sinusoidal injection signal onto the motor — determining the proper
injection and switching frequency will be discussed further in this thesis.
Additionally, frequencies below 20 kHz significantly contribute to the audible
noise within the motor drive. To reduce this acoustic noise, it is clear that a motor
drive inverter should be increasing its switching frequency beyond 20 kHz. With
the combination of providing a high frequency injected signal and increasing the
switching frequency beyond 20 kHz, SiC or GaN power devices can be

implemented in the motor drive inverter without sacrificing inverter efficiency.

FPGA Control

Implementing sensorless Field Oriented Control (FOC) to command the speed
and torque of a permanent magnet synchronous machine (PMSM) requires a
microcontroller (MCU) interacting with the motor drive inverter. Often, FOC is
programmed in a Digital Signal Processor (DSP). A single-core DSP operates
with a series instruction set to perform complex control algorithms of sensorless
FOC. As the computational requirements are increased, the control bandwidth
becomes constrained. If the desired switching frequency is set to 5 kHz, the DSP
must complete a full control loop cycle within 5 kHz before updating the duty
cycles of the inverter power modules. For high frequency sinusoidal injection
sensorless control, it is necessary to impose a high resolution sinusoidal

waveform onto the direct axis of the motor. Therefore, a limited control bandwidth
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due to a serial instruction set and low switching frequency do not provide optimal
sensorless control. Field Programmable Gate Arrays (FPGA) allow for ultra-fast
inverter motor control loops to achieve high switching frequencies due to their
inherent parallel processing capabilities, extending the control bandwidth beyond

200 kHz.

Thesis Summary

Future motor drive inverters will be operating at switching frequencies greater
than 10 kHz, which will allow the high frequency injection sensorless control
method to implement a wider range of injection frequencies. This thesis aims to
explore the impact of different injection and switching frequencies on the position
estimation alongside the introduced audible noise from these signals. The
amplitude of the voltage injected, and the type of injection method will also be
analyzed, ultimately relating each parameter of interest to the final position
estimation. Furthermore, this sensorless control investigation utilizes a SiC
inverter controlled by an FPGA. The FPGA processing capabilities will be
demonstrated to facilitate the sensorless control algorithm. Chapter two will
discuss FOC, which is the framework for motor control, while chapter three
introduces a review of present sensorless control methods. After reviewing
information in those two chapters, chapter four provides sensorless control

simulation results and chapter five generates experimental results.
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CHAPTER TWO

FIELD ORIENTED CONTROL

Permanent Magnet Synchronous Machine

The permanent magnet synchronous machine (PMSM) is widely used for
variable speed applications. PMSMs offer high efficiency, high torque at low
speeds, and compact size [19]. A PMSM contains a rotor and stator; the rotor
houses the permanent magnets while the stator populates the phase current
windings connected to the motor drive inverter. Modeling of the PMSM will be

presented, and then this chapter will conclude with the execution of FOC.

PMSM Mathematical Modeling

Electrical calculations of a three-phase PMSM can be seen in the following
equations [20]. Vs, represents the three-phase stator voltage, which is
dependent on the stator resistance, R, three-phase stator currents, I, and the
stator fluxes, Ygupe- Ysane IS reliant on the machine inductance, Ly, , and the flux
contribution from the permanent magnets, ¥,,,.. The rotor flux impact is
determined by the amplitude of the flux generated by the permanent magnets,

Yy, the rotor position angle, 8,,, and the number of pole pairs, p,.

[Vsabel = Rsllsapc] + % (2.1)
[lpsabc] = [Lss] [Isabc] + [lprabc] (2.2)
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by cos(ppﬁm)
[lprb] = COS(ppﬁm - 27T/3) (2.3)
Yre lcos(ppgm + 27T/3)J

L¢s is an inductance matrix that depends on the mutual inductances between
each phase, as shown in Equation (2.4).

Laa Mab Mac
(2.4)

[Lss] = [Mba Lyp My
Mca Mcb Lcc

Furthermore, Ly, can be expressed into parameters dependent on the saliency of

the machine.
[Lss] = [Lso] + [st] (2.5)
LSO MSO MSO
[Lso] = [Mso Lso Mso (2.6)
MSO MSO LSO
cos(2p,0m) cos(2p,Om — 2”/3) cos(2py O + 2”/3)
[Lsy] = Lgy |cos(2p,6m — 2”/3) cos(2p,Om + 2”/3) cos(2pp6m) (2.7)

cos(2p,0m + 2”/3) cos(2pp6m) cos(2pyOm — 2”/3)
Now, the three-phase stator voltage in Equation (2.1) can be rewritten as a

function of the inductance matrix and rotor flux.

i{[Lss] [Isabc] + [lprabc]} (2'8)

[Vsabc] = Rs[’sabc] + dt

An equivalent two-phase representation can be made by utilizing Clarke and
Park transformations. The Clarke transformation can be seen in Equation (2.9)
and can be carried through to yield a PMSM electromagnetic model in the two-

phase fixed frame [21].
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Figure 2.1 shows the transition from a three-phase fixed frame to a two-phase
fixed frame [22]. Figure 2.2 then demonstrates the Park transformation. I, is

aligned with stator current I;, while I,z is comprised of stator currents Iy, and Ig..

The inductance matrix, Lg;, must also be converted into the two-phase domain.
This transformation takes place in Equation (2.11), and an equivalent inductance
matrix is created in Equation (2.12). Additionally, .., is translated into the two-
phase frame to account for the adjusted rotor flux according to Equation (2.14).
w,, represents the angular velocity of the rotor, which is the time derivative of the

angular position.

-1 1y
ol I | (29)
Isﬁ - 3 \/g \/§ Isb .
lO 7 —7 SC
d[Ass] d[lsa[s’] d[lpr(xﬁ]
[Vsaﬁ] = Rs[lsaﬁ] + T [Isaﬁ] + T [Ass] + dt (2'10)
1 0
2 |1 _% _% 2|1 E
[Ass] I [Lss] 5 2 2 (211)
1o ? —g 11 V3
22
L, Lg
[Ass] = [Laﬁ L; (2.12)
d[Ags] —sin(2p,0m) cos(2p,6,,)
dt stppwvl cos(ZpPHm) sin(pré?m) (2.13)
" 5 1 _% _% cos(ppem)
[I/J:Z] =3 73 73 W, [cos(pybm — 2”/3) (2.14)
0 > T cos(ppbm + 2”/3)
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dl/)Ta

dt _ppwvl/)rﬁ
= 2.15
lprﬁ ppa)vlpra ( )
dt

Furthermore, Equation (2.16) displays the final stationary frame PMSM model.
This PMSM model accounts for the two-phase inductance matrix, A,. However,
Equation (2.16) can be simplified when there are no saliency effects introduced

by the rotor, evident in Equation (2.17).

d[l.,, » d[A,
[% _ [A] {_ [Rs + %] [Isaﬂ] + pp(‘)v [_01 é] [lprap’] + [Vsaﬂ]} (2_16)
AYrq
| e | 0o [ % Y el
d Isa
[, ol R e+ [ ) U] + o)
" t 1= 0 1 (2.17)
l dtaﬁ ~Ppo |y o] [¥ra]

Once a model is generated in the two-phase stationary frame, a Park
Transformation can made to create a two-phase rotating frame [21]. Equation
(2.18) shows the transformation from a two-phase fixed frame to a two-phase
rotating frame and was shown in Figure 2.2, while Equation (2.19) demonstrates
the park transformation from a three-phase fixed frame to a two-phase rotating
frame. The d-axis components, known as the direct axis, are intended to be
aligned with the rotor flux. The g-axis components, known as the quadrature axis,
will interact with the magnetic flux in the direct axis to produce torque [23]. I, iS

the direct axis current and I, is the quadrature current.
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Iq] _ [cosB, sinb,][lsa
[Isq]_ [—sinHe Cosee] [lsﬁ] (2.18)

[Isd] _2 [ cos(6,)  cos(6, — 2”/3) cos(8, + 271/3) ] [Isa]
3

—sin(8,) —sin(@e — 2”/3) —sin(GE + 2”/3) ’

S
ISC

(2.19)

0, represents the rotor electrical angle, which is dependent on the number of

pole pairs and mechanical angle of the rotor, exhibited in Equation (2.20).
0e = PpOm (2.20)

Now, the complete model of a PMSM with no saliency can be described in

Equation (2.21). Specifically, the electromagnetic torque can be seen in Equation

(2.22).
disg] | _ R, . Usq
o L lsqg T DpWylsq + L
disq _ RS , . vsq lpT
pral isq + PpWylsq + L Pp Wy, L (2.21)
dw 1
z _f_;)(l)v‘i'pp_lprisq__Tl
dt 4L J J J
3 .
T, = Epplprlsq (2.22)
Saliency

The physical attributes of the rotor lead to changes in the saliency of the PMSM.
A surface mounted PMSM (SPMSM) includes magnets placed on the surface of
the rotor that present a homogeneous gap [24]. This allows the PMSM
inductance to be independent of the rotor position; thus, the d-axis and g-axis
inductances are equivalent. For an interior PMSM (IPMSM), the magnets are

integrated into the rotor’s body, creating a salient-pole motor. This leads to a
25



slightly different inductance on the d-axis and g-axis while the rotor spins.

Reluctance torque is created from this, making IPMSM’s advantageous in the EV

domain. Figure 2.3 displays the structure for each of these rotors. Based on this

saliency affect, modeling of the PMSM will be adjusted according to an IPMSM in

the next section.

IPMSM Mathematical Modeling

Inductances from Equations (2.5) to (2.7) can now be written with new

parameters, L; and L,. For an IPMSM, L, is not equal to L, and the following

equations will introduce a new inductance matrix.

[Ass] = %[

L —Lg] [sin(ZHe) cos(26,)

W] =

Lgo =

[Ld + Lq]

cos(26,) sin(26,)

1 1 0
+E[Ld+Lq] [0 .

(2.23)

(2.24)

(2.25)

The electromagnetic model of an IPMSM in the two-phase rotating frame can

now be seen in Equation (2.26). The electromagnetic torque can then be seen in

Equation (2.27).

_diSd_
dt
disq
dt
dw,

L dt

3 . 3 .
Tem = Epp (Ld - Lq)lsq lsqg T Epplprlsq

26

R Lq . Vsa
_led - ppwvzlsq +E
Rsi pa)Ldi +Usq pwlpr
5 lsq 7 PpWvy tsd 7 T PpWPv
Lq Lq Lq Lq
fi p o 1
_7vwv + TP(Ld - Lq)lsqlsd + ppl/)rlsq - jTl

(2.26)

(2.27)
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Figure 2.3. (a) Surface Mounted PMSM and (b) Interior PMSM [24]
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Motor Control

By understanding the governing equations for an IPMSM, one can develop an
FOC program to provide the desired speed and torque. Depending on the
application, a speed reference may never be applied. Electric vehicle traction
motors are normally provided a torque command based on the accelerator pedal.
It is only when cruise control is specified that the motor drive system will regulate
the speed of the electric motor. The speed, n, of an IPMSM is dependent on the
electrical frequency, f,, at which the stator currents operate. Equation (2.28)

displays the speed calculation in revolutions per minute. p, is the motor's pole

pair number.

_ 60f,
Pp

n (2.28)

The torque can then be set by (1) measuring the three-phase stator currents, (2)
comparing them to the direct axis and quadrature axis reference currents to
generate an error signal, and then (3) modulating the motor terminal voltages
based on the error signal in the measured and commanded currents to improve
the control of the motor. A block diagram shown in Figure 2.4 shows the structure
of Field Oriented Control for an IPMSM [25]. Within FOC, there is a Proportional-
Integral (PI) controller for the speed and current references, Park and Clarke
Transformations, Space Vector Modulation, and protection algorithms to ensure
the safe operation of the electric drive system. The PI controller for the current

references regulate I, and Is,. This creates an inner loop within FOC and can be
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labeled as the torque loop, as shown in the Figure 2.5. The three-phase current
is sampled by external current sensors and then converted to the direct and
guadrature axis rotating frame to regulate the torque of the motor. The difference
in the measured and commanded currents generates an error signal that
becomes the input of the current Pl controller; there are separate PI controllers
for Iy4 and Iy,. In the presence of a speed controller, the output of the speed PI
controller will become the input of the I, Pl controller. The speed loop is
considered the outer loop and regulates the desired speed of the motor, creating
a fundamental frequency at which the stator phase currents operate. Iy, is
regulated to accelerate or decelerate the motor as the speed command changes.
Equation 2.28 describes the speed definition of the motor; therefore, a
fundamental frequency must be set. This frequency originates from the sine and
cosine position signals that are used for Park Transformations. Finally, PWM

signals to the power devices must be developed to regulate the motor.
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Figure 2.4. Field Oriented Control Block Diagram (Mathworks) [25]
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Figure 2.5. Torque Loop (Mathworks) [25]
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CHAPTER THREE

LITERATURE REVIEW

Sensorless control algorithms can be categorized based on their position
estimation technique. Physical models, dependent on the governing
mathematical equations for electric motors and estimated machine parameters,
perform well in the high-speed range but become unreliable at low speeds. The
Back-Electromotive-Force (Back EMF), Kalman Filter, and Sliding Mode
Observer are physical model based methods. At standstill and low speeds, the
dominating position estimation technique requires signal injection. High
frequency injection may introduce audible noise into the system and can suffer
from dynamic bandwidths due to the filtering process. Intelligent control using
artificial intelligence, genetic algorithms, or fuzzy logic may also be used to
perform sensorless FOC; however, these methods require large sets of data for
training the implemented algorithms for precise position estimation. Some
researchers have introduced hybrid methods for sensorless control that combine
both physical models and high frequency injection. Often there is a transition
region between low speed high frequency injection and high-speed model based
approaches. Now, a review of different sensorless control techniques will be

covered.
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Back-Electromotive-Force (EMF) Observer

The Back EMF method provides a position estimation through the integration of
the total flux linkage within the stator phase currents [26] [27] [28] [29]. With an
IPMSM, the stator circuit definition in the synchronous rotating reference frame is

shown in Equation (3.1) [29].
Vg 7s + plg —wreLq] [id] [ 0
= . 3.1
[Uq] [ a)reLd rs+qu lq + (‘)re/lpm ( )
Vg, Vq, g @and i, are the d —q components of the stator voltage and current
vectors. w,, represents the electrical rotor speed; L; and L, are the d-axis and g-

axis inductances; p is the differential operator; r; is the stator resistance; A,,, is

the rotor permanent-magnet flux. Equation (3.1) can then be transformed into the
stationary reference frame, which leads to the derivation of Equation (3.2) and

Equation (3.3) [30].

di

Vg = Tylg + d—de + wre(La — Lg)ip + eq (3.2)
di

vp = 1yig + d—de — wye(La — Lq)iq + €5 (3.3)

e, and eg represent the back-EMF of the IPMSM in stationary reference frame

and can be described by Equation (3.4) and Equation (3.5) [31].

€a —sin@
[eﬁ] - e[ cos Hr:e (3:4)
€ = Wredpm + (Ld — Lq)(a)reid — piq) (3.5)
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Figure 3.1. § — y and d — q reference frames

33



A state filter based on current observers in the stationary reference frame can be
used to estimate e [31]. Ideally, the estimated back-EMF is equal to the actual

back-EMF of the IPMSM [29].

lim

éq(t) _[—sin Ore(t)
tim [ ) —e| (3.6)

cos 0, (t)
The rotor position, 6,., can be obtained using the estimated back-EMF shown in
Equation (3.6). Figure 3.2 shows the diagram to estimate the rotor flux angle and
speed. To simplify the implementation, the sign of the estimated rotor speed is
multiplied with the estimated back-EMF. A new back-EMF estimation can be

seen in Equation (3.7) [29].

—sin6,,
cos O,

el _ . [é]_ |,
[égl = sign(@.) 57| = le1| (3.7)
The angle estimation error,e, can be obtained by using Equation (3.8) or
Equation (3.9) [31].
€ = —&% cos(b,.) — &j sin(6,.) (3.8)
€ =|é| sin(@re — @re) (3.9)
Next, a PID controller is used to estimate the electrical speed with the angle
estimation error as the input. The final estimated angle is then calculated through
the integration of the electrical speed. Based on the rotor angle and speed
estimation equations, this approach may suffer from the measurement error or
noise in the voltages and currents; moreover, the motor resistance and

inductance can vary depending on the external environment [27] [32].
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Table 2.1 shows the influence specific parameters have on the estimated
position error. Based on the analysis, the estimated rotor position error increases
with the error of the stator resistance, stator inductance, and stator current, and
the angle error decreases from an increase in the stator voltage [33]. The PWM
signal delay caused from the microcontrollers and the inductance variation
significantly impact the estimated position error compared to other parameter
variations. To solve the parameter variation issues, an online parameter
identification method can be applied for the sensorless control algorithm to
improve the estimated position error. An online parameter identification method

with the back-EMF observer can be seen in Figure 3.3 [34].

Sliding Mode Observer

The sliding mode observer offers a simple approach to estimate the angular
position of the rotor. It provides a more robust method in the presence of
parameter variations and has features for a fast dynamic response [35] [36].
However, this method suffers from a chattering problem, which can be solved
with the implementation of low-pass filters [36] [37] [38]. The conventional sliding
mode observer block diagram is shown in Figure 3.4. The sliding hyperplane, S,
can be defined based on the stator current error, displayed in Equation (3.10)

[38].
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Table 3.1. Parameter Variations and Measurement Error [33]

Parameter Cause Position Error Influence
Resistance Thermal Effect Negligible
Inductance Flux Saturation DC Offset at Steady-State
Current Sensor Uncertainty DC, 1,2"* Order Harmonics Injected
Voltage Dead-Time Effect Harmonics Injected
PWM Signal Delay from DSP DC Offset
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Figure 3.3. Online Parameter Identification with Back-EMF Observer [34]
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S(x) = [ ] [lﬁ - lﬁ] (3.10)
The sliding mode observer can then be constructed with Equation (3.11) [35]. é,,

ég are the estimated back EMF; z,, zz are the switching signals related to the

stator current errors, which contain the information of the estimated back EMF.

Equation (3.12) displays the switching signals definition.

_[A ] _ 1 lA s ~Ore(La - L")l _f“] L [”“ B Z“] (3.11)
dtligl Ly |@,0(Lg—Ly) —7 LglVp—€g— 2

Za Sgn(ia - ia)_

[Zﬁ] - Sgn(iﬁ - lﬁ)_ (312)

The gain of the sliding mode observer is a constant value that can be defined by
Equation (3.13) in order to maintain the stability of the sliding mode observer

control system.
1
k> Emax(|éa|, s ) (3.13)

The back-EMF can be estimated with a low-pass filter for the switching signals,

as shown in Equation (3.14); w, is the cut-off frequency of the low-pass filter.

[ ] s+wc Zg] (314)

Finally, the estimated rotor position can be obtained from Equation (3.15).

- é
6 = —tan™! (—“) (3.15)
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Extended Kalman Filter

The Extended Kalman Filter (EKF) is a nonlinear version of the Kalman Filter
used for the estimation of state parameters in the presence of unknown
disturbances in noisy environments [39] [40] [41] [42] [43]. This method is stable,
effective, and widely used in many engineering fields [44]. However, this method
requires online matrix computations and can be challenging to implement. The
EKF process equations include a prediction and measurement calculation. The
prediction process can be described by Equation (3.16) where T is the sampling
time; x;, is the state variables matrix; u; contains the actuating variables; A is the

system matrix and B is the input matrix. Additionally, x,,_, is the a priori
estimate.

Xij—1 = X1 + TgAX_1 + TgBuy_4 (3.16)
A transition function can be created to simplify the prediction process. Equation
(3.17) now provides the a priori estimate with the transition function,
f o1, ug—1).

Xisk—1 = Xi—1 + Tsf (Xp_q1, Up—1) (3.17)

The Jacobian matrix can be obtained through the partial derivative of the a priori
estimate, shown in Equation (3.18), and the error covariance matrix is obtained in
Equation (3.19).

_ 0(xp-1 + Tof (Xpm1, Ug—1))

3.18
s (3.18)

k
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Pyj-1 =JPr_J" +Q (3.19)
The measurement Jacobian matrix is also needed and displayed in Equation

(3.20), where h is the measurement matrix.

B dh(x)

3.20
k ox ( )

Next, the Kalman gain (K}), covariance update process (Pj), and correction

process (x;) for the state variables are described in the following equations.

-1
Ky = Py 1Hi(HPyji—1Hi + R) (3.21)
Py = Pyjp—1 — KiHy Py i1 (3.22)

X = Xg/k-1 T Kk(yk - Hkxk/k—l) (3.23)

For sensorless control in the rotating reference frame of a PMSM model, the
state matrix, input matrix, and output matrix can be selected with Equation (3.24).
xk = [ld iq w H]T
u, = [Ua Uq]T (3.24)
Vi =[la iq]"
Thus, the transition function and Jacobian matrix can now be obtained.

Ty N Ly 4 1
——l4 w—1 — Vg4
Lqg T Lg

T L 1 A
Faw =B i, gty P (3.25)
Lq Lq Lq Lq
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q
1—T5Ld Tsaw To T iq 0
Lq Ts Lq Apm

=| T,— 1-Ty— -Tyl—ig+—] O 3.26
] Squ SLq S<Lq ld+ Lq ( )

0 0 1 0

0 0 T, 1

1 000

H= [0 - 0] (3.27)

Once the matrices have been defined, the Kalman gain, covariance process, and
correction process can then be used to provide a position estimation. Figure 3.5

displays the block diagram for an EKF based sensorless control [45].

High Frequency Injection

Although physical models are straightforward to implement, they have limitations
at low speeds as the back-EMF decreases, since the magnitude of the back-EMF
is proportional to the rotor speed. Inaccuracies in the sampled variables and
imprecise knowledge of machine parameters will yield large position estimation
errors as the sensor noise and parameter inaccuracies begin to dictate
calculations. High frequency injection (HFI) methods inject voltage signals,
measure the induced current, and then generate a rotor position estimation. The
main HFIl based methods are composed of a rotating signal injection method,

pulsating signal injection method, and a square wave injection method [46].
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Figure 3.5. EKF Sensorless Control Block Diagram [45]
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Rotating Sinusoidal Injection
In this method, a rotating signal is injected onto the a — 8 reference frame. This
voltage signal contains an amplitude, V;,;, and an angular frequency in radians

per second, w;,; [47] [48] [49].

Ugn] —sin wjpjt
[uﬁh] - Vi"f[ COS Wip it ] (3.28)

The current response in the a — f reference frame can be expressed in Equation
(3.29) by applying a band-pass filter centered at the HFI frequency [50] [51] [52].

6,. represents the actual rotor position embedded in the HFI currents.

Lan] _ cos winjt] [cos 20,0 — winjt]
I:lﬁh:I - Iinj.O [Sin winjt + Iinj.l Sinzere _ winjt (329)

Iinjo and Iy;; can be formulated by Equation (3.30). The rotor position

information can then be extracted from I, ;.

Vinj(La + Lg)

linjo =
' 2w LL
tnj=d™q (3.30)
[ = Vinj(Lq — Ld)
tnj.1 2win;LgLy

Figure 3.6 demonstrates the rotating signal injection sensorless control block
diagram, and Figure 3.7 shows the general way to extract the position
information from the sampled current. To acquire the angle information contained

within the negative sequence current, I;,,; 1, a Park transformation is made with a

rotating frequency equal to the injected frequency, resulting in Equation (3.31). A
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high pass filter then removes the I;,;, component. Transitioning back to the

fundamental reference frame results in Equation (3.32).

i cos 20,., — 2w;, it
[.dh] = Iin,-,0+1mj,1[ e m ] (3.31)

igh Sin 26, — 2wip;t
lan] _ cos 20,
[lﬁ’h] - Iinj,l [sin 29re (332)

The final electrical angle estimation can then be calculated through the
arctangent function, shown in Equation (3.33). ,, provides the final position

estimation.

(3.33)

N — <Il-nj,1 cos 29%)
re — T - on

Iinj,l sin 29re

Pulsating Sinusoidal Injection
In this method, a pulsating signal is injected to the direct-axis of the d —q
reference frame [54] [32] [55] [56].

udh cos Winjt
Ln]

0 (3.34)

The position error can be defined as the difference between the measured rotor

position, 6,., and the estimated rotor position, 8,..

A~

Ocrr = Ore — Ore (3'35)

To acquire this final position estimation and error, the current response from the
injected signal is investigated in a similar manner as the rotating sinusoidal

injection method.
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A band-pass filter centered at the injection frequency is applied to the three-
phase current and then converted to the d — g reference frame. The saliency of
the IPMSM can be reflected by extracting i,, and passing this term through a
low-pass filter, which generates the input of the speed observer. Equation (3.36)
provides the current response in the d — q reference frame and is multiplied by

sin winjt to obtain Isal-

[idh] [ inj,0 + Il’I‘L] 1 COS Zeerr
lgn m},l sin Zeerr

] Sin wjpjt (3.36)
Isal = LPF{iqh sin winjt} (337)
Before the LPF is applied, i4,, and i,, can be described by Equation 3.38 and

Equation 3.40 [56].

) Vinj 1 1 1 1 ) R
lgp = zwinj E + Z + E - Z CoSs 2067‘7‘ Sin winjt + thz (338)
V2 d?i
tan, = mJ dlzd Apm €0S* Ogpy SIN? Wi jt (3.39)
ln] pm
. Vinj [(1 11 . . .
tgn = P Z — — | Sin 20,y | sin Wi it + Eqn., (3.40)
inj q
V2 d?i
iqh2 = m] d/lzd Apm cos? @,,, sin B,,, sin? Wit (3.41)
Ln] pm

The saliency term can then be defined with Equation 3.42, showing its

relationship with V;,,;, w;,j, and the saliency of the motor.

Vinj(Lq — La)

sal = 5 -7 L —————=sin 260, (3.42)
inj
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I,4; is used for the final position detection as it is the input of the speed observer;
it performs as an error term that passes through a Pl controller and is then fed
back to form a closed loop. Figure 3.8 displays the block diagram of a pulsating
signal injection method. Figure 3.9 displays the closed loop system for the
saliency term [56]. The estimated position is compared to the previous calculated
position to create an error signal that is sent through the low-pass filter and PI

controller.

Square Wave Injection

Square wave injection provides an alternative to the pulsating and rotating
sinusoidal injection methods. This approach is used when the sinusoidal method
suffers from a limiting bandwidth as the switching frequency of the inverter is
constrained [55]. For sinusoidal injection, an injection signal at 1 kHz is
problematic if the switching frequency is limited to 5 kHz. However, with square
wave injection, either pulsating or rotating, can overcome this issue as the

injected signal only changes from positive V;,,; and negative Vi, ;.

o =[5 (343)
uqh 0 .

The current response containing the position information can be described by

Equation 3.44 and Equation 3.45.

d [iah] __Uan_ [ZLcos 0,0 — AL cos(By¢ + Oorr) (3.44)

dtllgn]  wiyjlglg | ZLsin 0y, — AL Sin(B,¢ + Bery) '
[iah] _ Ugn (2L — AL) [cos ére (3.45)
lﬁh windeLq Sin ére
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1
IL=3 (Lg+Lg) (3.46)

1
AL =5 (La = Lg) (3.47)

In this thesis, simulation and experimental results are derived from the rotating
signal injection method for sinusoidal and square wave injection. As stated
earlier, square wave injection is an alternative to sinusoidal injection when the
bandwidth is too narrow. A block diagram for the square wave injection method is
shown in Figure 3.10. Figure 3.11 shows the bandwidth constraints of sinusoidal
injection and the improvement made by square-wave injection [55]. The PWM
carrier waveform generates the switching frequency and updates the duty cycle
for the inverter power devices. When the injected sinusoidal waveform is too
close to the switching frequency, only a few points are used to control the duty
cycle. Figure 3.11 shows just five different points from the sinusoidal signal that
are implemented in one period; this discrete-time waveform is no longer a clean
sinusoidal signal. The discrete-time waveform can be seen in the blue, dashed-
line waveforms. For five discrete values, this implies the updating frequency of
the duty cycle is only five times that of the injected sinusoidal signal — 500 Hz
injection with 2.5 kHz switching frequency. Square wave injection shows that the
injected voltage signal is still able to be implemented when the bandwidth is
limited. Furthermore, this implies that the sinusoidal injection signal is limited by
the upper bandwidth of the sensorless speed controller [57]. However,
implementing these control methods in an FPGA can prevent bandwidth

constraints. Therefore, within this thesis, an FPGA is utilized to develop a
50



relationship between the rotor fundamental frequency, inverter switching
frequency, injection frequency, and the selected frequencies for the low-pass and
bandpass filters. Simulation and experimental results are provided in the next

chapters.
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CHAPTER FOUR

SIMULINK DEVELOPMENT

MATLAB and Simulink offer an environment to effectively simulate motor control
algorithms. More specifically, the Simulink environment offers a motor control
and specialized power systems blockset. A PMSM model with saliency is defined
in the Simulink workspace to develop the sensorless control simulation, as seen
in Figure 4.1. The output of the PMSM block provides information for the speed,
position, three-phase current, and torque. This replicates the physical sensors for
experimental testing. Figure 4.2 displays the block parameters for the utilized
PMSM. The parameters reflect the actual IPMSM used for experimental testing —
this includes the stator resistance and rotating reference frame inductance. The
PMSM is driven by a three-phase inverter, which is also set with a Simulink
power electronics block. The inverter is driven by six different gate signals,
generated from the SVPWM calculations, and has a voltage source connection.
The SVPWM duty cycle calculations within the Simulink model can be seen in
Figure 4.4. The PI controllers convert current references into voltage references
understandable for SVPWM calculations. Pl parameters can be defined in terms

related to the inductance, stator resistance, and controller bandwidth.
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Figure 4.1. PMSM Simulink Block

[ Block Parameters: Permanent Magnet Synchronous Machine
Permanent Magnet Synchronous Machine (mask) (link)
Implements a three-phase or a five-phase permanent magnet synchronous

X m Block Parameters: Permanent Magnet Synchronous Machine

machine. The stator windings are connected in wye to an internal neutral point &

machine. The stator windings are connected in wye to an internal neutral point: The three-phase machine can have sinusoidal or trapezoidal back EMF

The three-phase machine can have sinusoidal or trapezoidal back EMF

waveform. The rotor can be round or salient-pole for the sinusoidal machine, it
is round when the machine is trapezoidal. Preset models are available for the

waveform. The rotor can be round or salient-pole for the sinusoidal machine, it Sinusoidal back EMF machine.

is round when the machine is trapezoidal. Preset models are available for the
Sinusoidal back EMF machine.

The five-phase machine has a sinusoidal back EMF waveform and round rotor. ~ Configuration

Configuration ~ Parameters  Advanced
Number of phases:

3
Back EMF waveform:
Sinusoidal
Rotor type:
Salient-pole
Mechanical input:
Speed w
Preset model:

No

Measurement output

[TJ Use signal names to identify bus labels
<

The five-phase machine has a sinusoidal back EMF waveform and round rotor.

Parameters  Advanced
Machine parameters

Compute from standard manufacturer specifications.
" Stator phase resistance Rs (Ohm): Rs ]
. Inductances [ Ld(H) La(H) J: |[Ld,Lq] |
Machine constant
. Specify: Voltage Constant (V_peak L-L / krpm) Y
Voltage constant: [sqrt(Z)‘Kb \ i

- Pole pairs p (): |2 \
Initial conditions [ wm(rad/s) thetam(deg) ia,ib(A) J: [[0,0,00] |
" Rotor flux position when theta = 0:
Aligned with phase A axis (original Park)

Figure 4.2. PMSM Block Parameters
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Figure 4.3. Three-Phase Inverter Simulink Block
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Figure 4.4. Duty Cycle Calculations
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Sensorless Control Model

Within the Simulink environment, the pulsating sinusoidal signal injection method
is utilized for sensorless control. A sinusoidal voltage, V;,;, is superimposed onto
the direct axis; the three-phase current is then sampled and sent to the HFI
observer as an input. The estimated position is also sent as an input to the HFI
observer. Within the HFI observer, the three-phase current is passed through a
bandpass filter centered at the injection frequency to extract the position

dependent current. The simulation parameter, F;,;, defines the injected

frequency. The bandpass filter can be represented as a second order transfer
function as shown in Equation (4.1) [58]. The damping factor, &, is set to 0.2 to
modify the quality factor of the bandpass filter.

S(ZﬂFinj)é
82+ 8(2nFy;)s + A2 F?

inj

G(s) = (4.1)

A bode plot is displayed in Figure 4.5 in which the injected frequency is set to
500 Hz. Figure 4.6 displays a bode plot for a bandpass filter centered at 1 kHz,
Figure 4.7 displays a bode plot for a bandpass filter centered at 2 kHz, and
Figure 4.8 displays a bode plot for a bandpass filter centered at 4 kHz. Figure 4.9
displays the implemented bandpass filter in Simulink, as the three-phase current
is passed into their respective filters. A Park transformation is then made to
convert I, to I,. The electrical angle used for this calculation is the estimated
electrical angle. Simulink calculations are then shown in Figure 4.10 for the Park

transformation.
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Figure 4.5. 500 Hz Bandpass Filter Bode Plot
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Figure 4.6. 1 kHz Bandpass Filter Bode Plot
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Figure 4.7. 2 kHz Bandpass Filter Bode Plot

4 kHz Injection

-50 1 1

90 T

-90 L I

102 103 10%
Frequency (Hz)

Figure 4.8. 4 kHz Bandpass Filter Bode Plot
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To retrieve the position information, I, is multiplied by sin2nF;,;t and then
passed through a low-pass filter; the low-pass filter has a cutoff frequency of 150
Hz. While the bandpass filter is mindful of the injected frequency, the low-pass
filter must also account for the injection frequency. The low-pass filter is designed
as a second order transfer function described by Equation (4.2) [58]. Additionally,
the bode plot for the low-pass filter is shown in Figure 4.11. A damping factor is

set to 0.707 for the low-pass filter.

22
A= Fiue

G(8) =
4.2
824 = (2nF )28 + AM2FZ, (4:2)

V2

The output of the low-pass filter is then set as the input to a Pl controller for
speed tracking. The speed estimation is then integrated to provide an electrical
rotor position. Figure 4.12 shows the Simulink block for a Pl controller and
integrator connected to complete the HFI observer. Once the simulation
environment is setup, variables can be adjusted and an analysis can be made to
evaluate the final position estimation. The next section will document simulations
results. Additionally, the current response with the bandpass filter and low-pass

filter are displayed.
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Sensorless Control Simulation Results

Simulations were conducted to verify the HFI sensorless control algorithm.
Additionally, variables of interest — summarized in Table 4.1 - were modified to
evaluate the resulting angle error. The injection frequency ranges from 500 Hz to
4 kHz. The voltage injection amplitude ranges from 10 Volts to 40 Volts, and the
switching frequency ranges from 5 kHz to 60 kHz. High switching frequencies,
thus, enable SiC power devices. The first set of simulations operate at 150 RPM
and 25 Volts injected. The switching frequency is modified between simulations.
Figure 4.13 displays the measured and estimated electrical angle of the rotor for
a 500 Hz sinusoidal injection, ranging from 0 to 21 radians. A significant overlap
in the signals imply an acceptable position estimation. The resulting speed
estimation, measured speed, and calculated angle error between the real
position and the estimated position are shown in Figure 4.14 at a 5 kHz switching
frequency. A 5 kHz switching frequency in these simulations also indicates that
all signals are sampled and calculations are made at the same rate. Figure 4.15
and Figure 4.16 demonstrate the angle error results as the switching frequency
is changed to 20 kHz. Figure 4.17 and Figure 4.18 communicate the angle error
results for a 1 kHz sinusoidal injection signal with the switching frequency at 10
kHz while Figure 4.19 and Figure 4.20 change the switching frequency to 20 kHz.
The injection frequency is then increased to 2 kHz, with data shown for a 5 kHz
switching frequency in Figure 4.21 and Figure 4.22 and a 20 kHz switching

frequency in Figure 4.23 and Figure 4.24.
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Table 4.1. Simulation Parameter Variations

Parameter Values Unit
Finj 500, 1000, 2000, 4000 Hz
Vinj 10, 25, 40 \

Fsw 5,10, 20, 40, 60 kHz

Speed Reference 150, 300 RPM
La Inductance 12 mH
Lq Inductance 34 mH
Stator Resistance 6.98 Q
DC Bus Voltage 150 Vv
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Figure 4.13. 500 Hz, 25 V Sine Injection at 5 kHz Switching: Position Data
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Figure 4.14. 500 Hz, 25 V Sine Injection at 5 kHz Switching: Speed and Angle Error
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; 0.5 kHz Injection : 25 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure 4.15. 500 Hz, 25 V Sine Injection at 20 kHz Switching: Position Data
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Figure 4.16. 500 Hz, 25 V Sine Injection at 20 kHz Switching: Speed and Angle Error
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1 kHz Injection : 25 V Injection : 10 kHz Switching Frequency

Measured Position
Estimated Position
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Figure 4.17. 1 kHz, 25 V Sine Injection at 10 kHz Switching: Position Data
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Figure 4.18. 1 kHz, 25 V Sine Injection at 10 kHz Switching: Speed and Angle Error
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1 kHz Injection : 25 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure 4.19. 1 kHz, 25 V Sine Injection at 20 kHz Switching: Position Data
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Figure 4.20. 1 kHz, 25 V Sine Injection at 20 kHz Switching: Speed and Angle Error
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Figure 4.21. 2 kHz, 25 V Sine Injection at 5 kHz Switching:

Position Data
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Figure 4.22. 2 kHz, 25 V Sine Injection at 5 kHz Switching: Speed and Angle Error
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2 kHz Injection : 25 V Injection : 20 kHz Switching Frequency
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Figure 4.23. 2 kHz, 25 V Sine Injection at 20 kHz Switching: Position Data
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Figure 4.24. 2 kHz, 25 V Sine Injection at 20 kHz Switching: Speed and Angle Error
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Evident in Figure 4.22, the injection frequency and switching frequency are too
close and the resulting angle error does not converge to an appropriate angle
error. Figure 4.25 and Figure 4.26 demonstrate a 500 Hz injection and 5 kHz
switching frequency with the speed reference increased from 150 RPM to 300
RPM. Figure 4.27 and Figure 4.28 demonstrate the angle error for a 500 Hz
sinusoidal injection with a 20 kHz switching frequency while the rotor operates at
300 RPM. The injection frequency is increased to 2 kHz, and Figure 4.29 and
Figure 4.30 show the resulting angle error for a 20 kHz switching frequency. The
switching frequency is then increased to 40 kHz for a 2 kHz injection signal with
Figure 4.31 and Figure 4.32 documenting the angle error. At the steady-state
reference speed for both 150 RPM and 300 RPM data, the peak to peak angle
error oscillation is similar for each injection frequency and switching frequency.
However, the angle error presents a DC offset at steady-state that increases with
an increase in speed. Figure 4.33 shows the resulting bias for 150 RPM and 300
RPM simulations for a 500 Hz, 1 kHz, and 2 kHz injection at a 20 kHz switching
frequency. At 150 RPM, each injection frequency shows a small DC offset;
however, that offset becomes considerably more negative for the 500 Hz
injection signal at 300 RPM while a 1 kHz and 2 kHz injection signal only
becomes more negative by a couple of degrees. Figure 4.34 depicts the peak
angle error as the rotor accelerates from standstill to 300 RPM, introducing a

relationship that the injection voltage now has with the estimated electrical angle.
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; 0.5 kHz Injection : 25 V Injection : 5 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure 4.25. 500 Hz, 25 V Sine Injection at 5 kHz Switching: Position Data
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Figure 4.26. 500 Hz, 300 RPM at 5 kHz Switching: Speed and Angle Error
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; 0.5 kHz Injection : 25 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure 4.27. 500 Hz Injection, 300 RPM at 20 kHz Switching: Position Data

0.5 kHz Injection : 25 V Injection : 20 kHz Switching Frequency 0

0
Estimated Speed
Measured Speed
-50 - Angle Error
1-5
= -100 -
= -
L3 10 g
@ -150 | 2
= =
E £
a L
w -200 - <@
kel 1-15 =
3 <
o
9 250 |-
—1-20
-300
-350 1 L L L 1 L 25
0 0.5 1 1.5 2 25 3 3.5

Figure 4.28. 500 Hz Injection, 300 RPM at 20 kHz Switching: Speed and Angle Error
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2 kHz Injection : 25 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure 4.29. 2 kHz Injection, 300 RPM at 20 kHz Switching: Position Data
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Figure 4.30. 2 kHz Injection, 300 RPM at 20 kHz Switching: Speed and Angle Error
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2 kHz Injection : 25 V Injection : 40 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure 4.31. 2 kHz Injection, 300 RPM at 40 kHz Switching: Position Data
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Figure 4.32. 2 kHz Injection, 300 RPM at 40 kHz Switching: Speed and Angle Error
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Sinusoidal Injection Angle Error Offset Data
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Figure 4.33. DC Angle Error Offset at 150 RPM and 300 RPM
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Figure 4.34. Acceleration from 0 to 300 RPM: Peak Angle Error
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Recall Equation (3.42) where the saliency current is introduced as the input to
the PI speed tracking controller. This equation can be rearranged and shown in
Equation (4.3). win;, Isq, @and V,; are coupled together in HFI sensorless control.
wj Will show up in the impedance, while I, will be induced from V;,; and its
amplitude will depend on the impedance associated with w;y;.

2winjlsal LqLd
Vinj Lg—Lg

= sin 20, (4.3)

In the transient response of the PI speed tracking controller, there is a time delay
related to the control system independent of the HFI parameters. To compensate
for the control system response delay, increasing the injection voltage can
improve the dynamic response angle error, which was shown in Figure 4.34.
Increasing the injection voltage amplitude improves the electrical angle
estimation as the signal to noise ratio (SNR) is improved in the transient process.
As the phase current sampling is critical in achieving the estimated electrical
angle, figures are presented to illustrate these waveforms. Figure 4.35 shows a
single-phase current in blue and the output of that same single-phase current
from the bandpass filter in red. The bandpass filter current is created from the
induced injection current while also demonstrating a frequency corresponding to
the fundamental frequency of the rotor. The filtered current waveform
demonstrates the saliency of the IPMSM. Figure 4.36 and Figure 4.37
demonstrate the converted bandpass filter current to the d — q reference frame

oscillating at 500 Hz, which corresponds to the injection frequency. The saliency
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current is shown in Figure 4.38 and Figure 4.39 to display the signal used by the

speed estimation controller.

Summary

Simulations provide excellent insight into the performance of the constructed HFI
sensorless control algorithm. Relationships between the fundamental frequency,
injection frequency, and switching frequency with the electrical angle error are
investigated. Additionally, the influence of the injection voltage and speed
reference on the electrical angle error are studied. 1) It can be seen that the
switching frequency must be larger than the injection frequency. The bandpass
filter design must account for the switching frequency and maximum rotor
fundamental frequency, ensuring the quality factor is narrow enough to secure
only the injection frequency response in the filtered phase currents. Additionally,
with the duty cycle updated at the same rate of the switching frequency, the
resolution of the sinusoidal voltage injected depends on the switching frequency.
As the switching frequency is reduced closer to the injection frequency, additional
harmonic content is introduced into the motor that is not used for the angle error
estimation. 2) Increasing the injection frequency can improve the steady-state
angle error as the steady-state speed reference is increased. This is beneficial in
reducing the angle error as the sensorless control method nears the transition to
a model-based method instead of signal injection. 3) Increasing the injection
voltage during periods of acceleration can improve the speed tracking, resulting

in an improved angle error.
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HFI Current Response
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CHAPTER FIVE

FPGA DEVELOPMENT AND EXPERIMENTAL RESULTS

FPGA Development

Upon completing simulations for the developed sensorless control algorithm,
FPGA development is needed to interface with the motor drive system. MATLAB
and Simulink provide an opportunity for model based programming that can be
generated for the FPGA. Within the MathWorks environment, System Generator
for DSP enables a model-based Simulink design environment for FPGA Design
[59]. By utilizing the HDL Coder Support Package for Xilinx Zynq Platform and
Embedded Coder Support Package for Xilinx Zyng Platform in Simulink, VHDL
code can be created for the FPGA platform. The Zynq platform is a System-On-
Chip (SoC) framework that integrates both FPGA and ARM processing
capabilities, which is utilized in the ZedBoard provided in Figure 5.1 [60]. While a
DSP provides adequate sensorless control, the series instruction set calculations
make it difficult to update the duty cycle once per switching period. Additionally, a
computation delay is included within each instruction. The FPGA can minimize

this total computational time delay accrued for the sensorless control algorithm.

System Generator for DSP

The System Generator for DSP Simulink programming environment allows the
user to specify the intended Xilinx board, hardware description language, and

clock settings. The FPGA clock period is set to 10 ns. The Simulink system
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Figure 5.1. ZedBoard Hardware [60]
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period is also defined for 10 ns. Figure 5.2 displays the System Generator block
and its defined parameters. Once programming is complete, the System
Generator block allows one to generate code for the FPGA. Once the current is
sampled, the phase currents can be converted into the rotating reference frame.
Figure 5.3 and Figure 5.4 show the System Generator code for current sampling
and the hardware interface to the ZedBoard’s PMOD connections. The Xilinx
Gateway In blocks are an interface to FPGA signals and System Generator code.
Clarke and Park transformations are performed with the sampled phase currents
and the estimated electrical angle of the IPMSM. Figure 5.5 and Figure 5.6 show
the transformations within the System Generator environment. I; and I, are then
passed into a Pl controller to obtain a voltage reference used for SVPWM FOC.
Inputs into the PI controller include a reset function, the current error term, Pl
gains, a system trigger that defines the rate at which data between blocks are
updated, and a time value used for integration. The variable SysTrigger enables
registers to pass new data at a specified rate. Data is still processed at the 100
MHz FPGA clock rate, but now registers can be enabled at a different rate
compared to the FPGA clock rate. This is needed for the proper implementation
of the integration term in the PI controller. Figure 5.7 shows the PI controller
subsystem, and Figure 5.8 displays the System Generator code to generate a

sinusoidal signal injected onto the d — axis.
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As the rotating reference frame currents are converted into voltage values, HFI
can now be implemented with a sinusoidal voltage superimposed onto the d —
axis. Figure 5.8 demonstrates this voltage injection. For square-wave injection,
the cosine Xilinx block is removed, and the injection voltage only changes

between the positive and negative voltage injection amplitude.

HFI Observer

Parallel processing resources for an FPGA allow the sensorless position
estimation to be made possible once the current is sampled, independent of
other calculations that must be completed. Figure 5.9 displays the first stage of
the HFI observer, showing the bandpass filter, Clarke and Park transformations,
and the sinusoidal signal (sin2mF;,;t) that is multiplied by I,,. The Park
transformation utilizes the estimated position. Figure 5.10 displays the low-pass
filter and the saliency term, I,,. The bandpass filter can be converted from a
second-order transfer function to a difference equation that is dependent on the
sampling rate and center frequency. Equation (5.1) demonstrates the difference
equation used to create a bandpass filter in the mCode Xilinx System Generator
block. Coefficients are determined based on the injection frequency and

sampling rate of the filter.

Y[n] =a,Y[n—-1] —a,Y[n — 2] + by X[n — 1] — b,X[n — 2] (5.1)
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With an injection frequency of 500 Hz and a sampling rate set to 20 kHz, the
coefficients can be calculated; however, with different injection frequencies and
sampling rates, the filter coefficients will vary. The low-pass filter difference
equation can be represented by Equation (5.2) and implemented in the mCode
Xilinx System Generator block. The low-pass filter coefficients are dependent on
the cutoff frequency and the sampling rate. With a cutoff frequency of 150 Hz, a
set damping factor of 0.707, and a sampling rate of 20 kHz, the coefficients can

then be calculated.

Y[n] =a,Y[n—1] — a,Y[n — 2] + by X[n — 1] + b, X[n — 2] (5.2)

The estimated speed and electrical position are sent to Xilinx Gateway Out
blocks to allow for real-time monitoring and data visualization during
experimental testing, which will be discussed in the Vivado Build section. Once
speed and position estimations are made, comparisons can be made with
measured speed and position information, both calculated from the mechanical
resolver attached to the IPMSM. Figure 5.11 demonstrates the speed tracking PI
controller and an integration term to obtain the rotor position from the speed
estimation. The speed estimation is in units of radians per second, but then
converted to revolutions per minute as the speed reference is in units of

revolutions per minute.
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Angle Error Calculation

To validate the sensorless control algorithm, a resolver is also utilized to
generate a position and speed measurement. Figure 5.12 shows the resolver
and phase current connections to the IPMSM. The phase current connections go
directly to the three-phase SiC inverter. The main connections from the resolver
include the Sine, Sine Low, Cosine, Cosine Low, Excitation, and Excitation Low
signals to obtain the rotor position information. These signals are operating at 10
kHz, with a constant amplitude for the Excitation and Excitation Low signals while
the Sine and Cosine signals vary in amplitude as the rotor spins. The resolver
connections from the motor are then sent to the EVAL-AD2S1210SDZ RDC
board, shown in Figure 5.13, to convert the resolver signals into a digital value for
the ZedBoard. The RDC board then sends a 12-bit digital signal to the ZedBoard
PMOD connectors. Within System Generator, this digital position signal is
mapped to an electrical angle for the IPMSM. Figure 5.14 demonstrates the
System Generator calculation to measure the electrical position of the IPMSM
rotor. The measured electrical position is then compared to the estimated

electrical position produced from the HFI observer, depicted in Figure 5.15.

Vivado Build

System Generator for DSP offers a model-based programming environment for
Xilinx Zynq platforms. Upon model-based coding completion, VHDL code can be
generated from the System Generator block, which was previously shown in

Figure 5.2. A Vivado project is created from the IP Integrator.
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Figure 5.12. IPMSM Resolver Connection

Figure 5.13. Resolver Connections to RDC Board
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The first step in creating code for the ZedBoard involves opening the IP Block
Design, as shown in Figure 5.16, which is generated from the System Generator
for DSP model. This IP block design has several components, with the IP ZYNQ7
Processing System used to provide logic connections between the processing
system and programmable logic units. Additionally, the ZYNQ7 Processing
System integrates custom IP developed in the System Generator for DSP
environment. A bitstream is then generated from the IP Block Design to
program the FPGA. The resulting bitstream provides information on the FPGA
resource utilization. An example build for the rotating sinusoidal injection
sensorless control method can be seen in Figure 5.17. Included in the Zynq 7000
SoC Zedboard are DSP slices as well as Look-Up Tables (LUT), Flip Flops (FF),
and Input/Output (I0) ports. For the Zedboard, 220 DSP slices are available and
207 DSP slices are utilized in the project. Additionally, 24,054 LUT blocks are
utilized out of the available 53,200 while 17 10 blocks out of the available 200 are
utilized. 106,400 FF blocks are available, and 26,759 are used. After
programming the ZedBoard, experimental testing can be conducted. Within the
System Generator model, there are Xilinx Gateway Out blocks that can utilize the
AXl4-Lite interface. Xilinx Gateway Out blocks are mapped to registers within the
AXl4-Lite interface that allow data to be visualized in Simulink; this is made

possible through the ethernet connection between the ZedBoard and host PC.
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Gateway Out blocks are shown in Figure 5.18 from the System Generator model,
showing the phase current, speed estimation, and SVPWM reference waveform
sent to registers for the AXI4-Lite interface. An interface model in Simulink can
be seen in Figure 5.19, with the corresponding signals from Figure 5.18 to
visualize during experimental testing. These signals are connected to a Simulink
scope for real-time monitoring. Additionally, Xilinx Gateway In blocks can be
used with the AXI4-Lite Interface to control inputs into the System Generator
model. Gateway In blocks connected to the AXI4-Lite interface can be seen in
Figure 5.20, commanding the speed and current references for the IPMSM. For
example, speed and current commands can be inputs the user defines while
testing. In Figure 5.21, a Simulink model utilizing the AXI4-Lite interface shows
the speed; current; and switching frequency commands that are sent to the
FPGA. During experimental testing, these values can be modified, and the FPGA
will respond accordingly. To summarize the FPGA development process, model-
based coding begins in the Simulink System Generator for DSP environment. An
IP Block Design is generated from System Generator and opened in Vivado. A
bitstream is then generated from the IP Block Design to program the ZedBoard.
Once the ZedBoard is programmed in Vivado, a Simulink interface model is
opened to begin experimental testing. Data is transferred between the
ZedBoard’s ethernet port to the host PC — with the Simulink interface model

commanding FPGA outputs and visualizing FPGA inputs.
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Experimental Results

A SiC three-phase inverter has been designed to facilitate the HFI sensorless
control method. Figure 5.22 demonstrates the PCB design for the inverter —
containing connectors for the DC voltage supply and three-phase current, DC link
capacitors, current sensors, gate driver circuits, and connectors to interface with
the ZedBoard. Figure 5.23 displays the bottom side of the PCB where the SiC
MOSFETs are placed, having a direct placement to the inverter heatsink to
improve thermal dissipation. Figure 5.24 displays the full experimental setup.
Present in the experimental setup is the host PC for visualizing FPGA
calculations and measurements and providing motor commands. An oscilloscope
is used to measure the SIC MOSFETSs gate drive signals and the motor winding
current. The SiC inverter, ZedBoard, and RDC board are displayed with their
connections to one another. Last, the IPMSM under testing is shown. The
parameters for the IPMSM are defined in Table 5.1, showing the rated voltage,
current, and speed. Additionally, the saliency is shown with the rotating reference

frame inductances.
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Table 5.1. IPMSM Parameters

Parameter Value Unit
Rated Voltage 230 Vv
Continuous Current 3.0 A
Peak Current 9.6 A
Rated Power 6.9 kW
Max Speed 3800 RPM
Rated Torque 244 Nm
Peak Torque 7.38 Nm
La Inductance 12 mH
Lq Inductance 34 mH
Stator Resistance 6.98 Q
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Audible Noise Analysis

The following test results demonstrate the audible noise presence from the
sensorless control algorithm as the injection frequency and switching frequency
are manipulated. The rotational speed of the motor is 150 RPM, and the DC bus
voltage is set to 150 Volts. Figure 5.25 and Figure 5.26 display the audible noise
present in the motor drive system for the sinusoidal injection sensorless control
method at 500 Hz; Figure 5.27 and Figure 5.28 demonstrate the audible noise
from square-wave injection. The injection frequency is then increased, with
results shown in the following figures for both sinusoidal and square-wave
injection. Figure 5.29 and Figure 5.30 show the audible noise results for a 1 kHz
sinusoidal injection signal while Figure 5.31 and Figure 5.32 demonstrate a 1 kHz
square-wave injection signal. Audible noise results for a 2 kHz sinusoidal
injection method can be viewed in Figure 5.33 and Figure 5.34, and square-wave
injection results are shown in Figure 5.35 and Figure 5.36. A 4 kHz sinusoidal
injection signal was also tested, with audible noise results in Figure 5.37 and
Figure 5.38. The audible noise for the sinusoidal injection can be summarized in
Figure 5.39, plotting the peak noise for each injection frequency. To better
understand the resulting noise from the square-wave injection, the Fourier series

can be shown in Equation (5.3).

o)

4 1
f == Z — cos(nwinyt) (5.3)

n=1,3,5,...
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Figure 5.25. 500 Hz Sine Injection and 5 kHz Switching Frequency
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Figure 5.26. 500 Hz Sine Injection and 20 kHz Switching Frequency
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Figure 5.27. 500 Hz Square Injection and 5 kHz Switching Frequency
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Figure 5.28. 500 Hz Square Injection and 20 kHz Switching Frequency
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Figure 5.29. 1 kHz Sine Injection and 10 kHz Switching Frequency
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Figure 5.30. 1 kHz Sine Injection and 20 kHz Switching Frequency
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Figure 5.31. 1 kHz Square Injection and 10 kHz Switching Frequency
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Figure 5.32. 1 kHz Square Injection and 20 kHz Switching Frequency
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Figure 5.33. 2 kHz Sine Injection and 20 kHz Switching Frequency
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Figure 5.34. 2 kHz Sine Injection and 40 kHz Switching Frequency
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Figure 5.35. 2 kHz Square Injection and 20 kHz Switching Frequency
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Figure 5.36. 2 kHz Square Injection and 40 kHz Switching Frequency
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Figure 5.37. 4 kHz Sine Injection and 40 kHz Switching Frequency
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Figure 5.38. 4 kHz Sine Injection and 60 kHz Switching Frequency
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Figure 5.39. Sinusoidal Injection Noise Spectrum Summary
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For the square-wave injection method, it is evident that additional harmonic
content is introduced. When testing square-wave injection sensorless control,
this additional noise is very palpable to the ears. Furthermore, the impact on
having the inverter switching frequency below 20 kHz significantly increases the
noise spectrum. Evident by increasing the switching frequency beyond 20 kHz,
the benefit of utilizing SiC devices is shown. The next section will provide an
analysis for the electrical angle error with respect to the inject frequency and
switching frequency; an analysis was previously presented based on simulation

results, so data can now be compared.

Angle Error Injection Frequency and Dynamic Response Analysis

The measured electrical angle extracted from the IPMSM resolver is compared
with the electrical angle estimation to generate an angle error, with units in
degrees. For Figure 5.40, the measured electrical angle is displayed in blue while
the estimated electrical angle is shown in green. Figure 5.41 displays the output
of the bandpass filter for a single-phase current in the HFI observer. The
bandpass filter output demonstrates the induced current onto the motor windings
from the injected voltage. Ideally, this induced current only appears on the d-axis
when the angle error is driven to zero. Figure 5.42 provides data for the speed
reference (orange), speed measurement (green), and speed estimation (yellow).
The reference speed for this set of experiments is 150 RPM and 300 RPM in the

clockwise direction (resulting in a negative speed value).
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Figure 5.40. Electrical Angle Data from Resolver and HFI Observer
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Figure 5.41. 500 Hz Injection Bandpass Filter Current Output
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Figure 5.42. IPMSM Speed Measurement and HFI Observer Estimation
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The following figures display the calculated angle error, with the units in degrees,
and speed information for a sinusoidal and square-wave injection frequency at
500 Hz, 1 kHz, and 2 kHz. The switching frequency for each test is 20 kHz.
Furthermore, the amplitude of the injection voltage is 25 Volts. Figure 5.43
compares the speed estimation with the measured speed and shows the
calculated electrical angle for a 500 Hz sinusoidal injection signal at 150 RPM.
Figure 5.44 shows 1 kHz sinusoidal injection data while Figure 5.45 displays 2
kHz sinusoidal injection data. Figure 5.45, Figure 5.46, and Figure 5.47 display
data for the square-wave injection method at 500 Hz, 1 kHz, and 2 kHz. The
peak to peak angle error ranges from 5 degrees to 8.5 degrees for sinusoidal and
square-wave injection while a steady-state angle error offset is present.
Additionally, the previously stated figures correlate speed data and the calculated
angle error with the same tests shown in the audible noise section. Supplemental
experiments were then conducted at 300 RPM. The sinusoidal injection method
at 500 Hz is shown in Figure 5.49 and the sinusoidal injection method at 1 kHz is
shown in Figure 5.50. Figure 5.51 presents speed data and angle error
calculations for a 2 kHz sinusoidal injection signal. The peak to peak angle error
ranges from 8 degrees to 12 degrees for the sinusoidal injection method at 300

RPM.
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116



Speed Estimate

s w s w s e

‘Speed Measured

8

Anglé Error

o (! I ILEN (i
w- Speed Measured i . $pEEdiEstimgtel -
o Angle Error . . | | | _
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Peak to peak angle error data at 150 RPM can be summarized in Figure 5.52 in
which the only variable changing is the injection frequency, holding the switching
frequency constant at 20 kHz and injection voltage to 25 Volts. The peak to peak
angle error is at a maximum for a 2 kHz sinusoidal injection frequency and a
minimum for 500 Hz. However, this difference is only within a few electrical
degrees. A 4 kHz sinusoidal signal injection is included in Figure 5.53 to compare
the sinusoidal injection method peak to peak angle error for 150 RPM tests. The
4 kHz sinusoidal injection signal at 20 kHz switching frequency provides a poor
estimation for the electrical angle as the controller bandwidth begins to narrow.
An observation can be made in the DC offset of the angle error. This DC offset
appears to become more negative as the speed increases. At a steady-state
speed, oscillations in the angle error are present as the speed controller
demonstrates a fluctuation about the speed reference. Data is presented in
Figure 5.54 and Figure 5.55 to show the effective DC angle error offset at varying
speed references and injection frequencies. For the dynamic response of HFI
sensorless control, data is presented in Figure 5.56 to validate the simulation
results similar to Figure 4.34 to show the impact the voltage injection amplitude
has on improving the angle error during acceleration. The injection frequency is
500 Hz and the switching frequency is 20 kHz. Furthermore, voltages labeled V;,
V,, Vs, V, represent the injection voltage amplitude that subsequentially

increases. As the voltage is increased, the transient angle error is reduced.
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Figure 5.52. 150 RPM Injection Frequency Comparison at 20 kHz Switching Frequency
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Figure 5.53. Peak to Peak Angle Error Sinusoidal Injection Summary
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Sinusoidal Injection Angle Error Offset Data
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Figure 5.54. 25 V DC Offset Angle Error Sinusoidal Injection Summary
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Figure 5.55. 500 Hz and 25 V DC Angle Error Offset vs. Speed Reference
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Control Bandwidth Analysis

Often, motor drive inverters operate at switching frequencies below 10 kHz and
the control bandwidth is limited by the sequential instruction set of the
programmed DSP. In this section, the injection frequencies will range from 500
Hz to 2 kHz. At each injection frequency, tests will be conducted at different
switching frequencies. The control frequency, a defined frequency where signals
are sampled by the FPGA and updated with new data, is set to the same value
as the switching frequency. For a 500 Hz injection frequency, data will be
presented with a 5 kHz switching frequency and 20 kHz switching frequency; for
a 1 kHz injection frequency, data will be presented with a 10 kHz switching
frequency and 20 kHz switching frequency; for a 2 kHz injection frequency, data
will be presented with a 20 kHz switching frequency and 40 kHz switching
frequency. The speed of the IPMSM is set to 150 RPM and the voltage injection
amplitude is set to 25 Volts while the DC bus voltage is 150 Volts. Figure 5.57
displays angle error data for a 500 Hz sinusoidal injection while Figure 5.58
exhibits the angle error data for a 1 kHz sinusoidal injection. Figure 5.59 shows
angle error data for a 2 kHz sinusoidal injection method. The peak to peak angle
error is slightly reduced as the switching frequency is increased. This occurs due
to an increase in sampling rates with the sensorless control algorithm and higher

resolution sinusoidal voltage signal injected onto the d — axis.
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A summary of the resulting angle error after modifying the switching frequency
can be seen in Figure 5.60. While the switching frequency adjustment may show
a small improvement, the key variable for optimizing the angle error is the control
frequency. Directly related to the control bandwidth, the control frequency is the
rate at which one complete control loop cycle is completed. Parallel processing
capabilities of an FPGA allow for a reduced execution time for one complete
control loop cycle. The following test displays the peak to peak angle error results
when the control frequency is modified from its maximum value, equivalent to the
switching frequency, and a minimum value, equivalent to the frequency at which
the control system becomes unstable. By slowing down the rate at which data is
sampled and the rate at which duty cycle calculations are updated, the peak to
peak angle error gets worse. Figure 5.61 displays a 500 Hz sinusoidal injection
signal test with a switching frequency of 20 kHz; however, the rate at which
calculations are updated is modified. When data is sampled below 3 kHz for a
500 Hz sinusoidal injection signal, the control system becomes unstable,
resulting in the inability to properly control the IPMSM at a desired speed. With
the ability to reach switching frequencies beyond 20 kHz, and the control
bandwidth provided by the FPGA, flexible HFI sensorless control algorithms can
be created to modify the injection frequency, injection voltage amplitude, and

switching frequency under various speed references.
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Summary

Experimental results verify many simulation results for HFI sensorless control.
Previous figures demonstrate experimental results, displaying the angle error as
changes occur with the injection frequency, switching frequency, injection
voltage, and speed reference. Furthermore, experimental data is presented for
square-wave injection testing. Conclusions can then be summarized. 1) In regard
to the audible noise introduced through signal injection, square-wave injection
significantly increases undesirable noise in the motor drive system for each
injection frequency. 2) Increasing the injection voltage amplitude during
acceleration phases reduces the angle error. Also, increasing the injection
voltage amplitude provides an SNR improvement when estimating the electrical
angle error. 3) Oscillations in the angle error can be derived from control system
tuning and response times. With a tighter control of the speed and current, the
speed estimation oscillation will reduce. 4) Increasing the control bandwidth of
the HFI sensorless control algorithm will reduce the angle error — demonstrating

opportunities for FPGA driven sensorless control methods.
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CHAPTER SIX

CONCLUSION AND FUTURE WORK

As WBG devices are utilized for power density improvements in motor drive
inverters, HFI sensorless control algorithms can take advantage of high switching
frequencies. However, a large control bandwidth must accompany this increase
in switching frequency. In this thesis, HFI sensorless motor control is driven by
an FPGA controlled SiC inverter to analyze the opportunities presented by
increasing the inverter switching frequency and control bandwidth. A pulsating
high frequency injection method was developed for an FPGA. The resulting
algorithm allowed for the exploration of the impact a high control bandwidth
FPGA has on estimating the IPMSM rotor position. Furthermore, injection
frequency and injection voltage values were manipulated at different speed
references to provide insight into the relationship between the angle error and
HFI signals; the introduced audible noise from HFI sensorless control was also

explored.

HFI Sensorless Control

Within this thesis, a SiC inverter controlled by a Xilinx FPGA was utilized.
Simulation developments were made in MATLAB Simulink in which multiple
speed references were set while the injection frequency, injection voltage, and
switching frequency were changed. System Generator, a model-based

programming environment in Simulink, was then utilized to develop the HFI
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sensorless control method for the Xilinx FPGA. Experimental testing was
conducted, with real-time data visualization and control made possible through
the AXI4-Lite Interface in Simulink. Data presented in this thesis demonstrate
several relationships that HFI sensorless control methods have on the angle
error and noise spectrum. 1) The square-wave injection method significantly
increases undesirable noise in the motor drive system for each injection
frequency compared to the sinusoidal injection method independent of the
switching frequency. 2) The switching frequency must go beyond 20 kHz to
further reduce the presence of undesirable noise in the motor drive system. 3)
The control bandwidth of the FPGA offers an improved angle error as the rate at
which the control system responds can reduce oscillations in the speed
estimation. 4) Increasing the injection voltage amplitude during acceleration
phases will reduce the angle error assuming the injection frequency and
switching frequency are held constant. The transient response of the speed
tracking controller will be amplified with this voltage increase. 5) Increasing the
injection frequency can offer a solution to compensating for the steady-state

angle error offset as speed references are increased.

Future Work

Future research routes have been identified upon the completion of this thesis.
While experimental data focuses on speed controller references, the load torque
is not adjusted. The load torque must now become a variable of interest,

resulting in a wider range of current through the motor windings. At varying load
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torque conditions, the torque ripple introduced from HFI sensorless control must
be investigated. Additionally, the steady state angle error offset must be explored
and compensated for to improve the HFI sensorless control method. Upon the
examination of load torque variations and a steady state angle error offset, the
final HFI algorithm should be compared to the high speed sensorless control
methods to find the limit at which HFI should be utilized instead of the preferred

high speed sensorless control methods, such as the Back EMF method.
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; 0.5 kHz Injection : 25 V Injection : 10 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 2.5 3 3.5

Figure A.1. 500 Hz, 25 V Sine Injection at 10 kHz Switching: Position Data
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Figure A.2. 500 Hz, 25 V Sine Injection at 10 kHz Switching: Speed and Angle Error
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1 kHz Injection : 25 V Injection : 5 kHz Switching Frequency
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Estimated Position
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2.5

Figure A.3. 1 kHz, 25 V Sine Injection at 5 kHz Switching: Position Data
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Figure A.4. 1 kHz, 25 V Sine Injection at 5 kHz Switching: Speed and Angle Error
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2 kHz Injection : 25 V Injection : 10 kHz Switching Frequency

Measured Position
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Figure A.5. 2 kHz, 25 V Sine Injection at 10 kHz Switching: Position Data
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Figure A.6. 2 kHz, 25 V Sine Injection at 10 kHz Switching: Speed and Angle Error
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2 kHz Injection : 25 V Injection : 40 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure A.7. 2 kHz, 25 V Sine Injection at 40 kHz Switching: Position Data
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Figure A.8. 2 kHz, 25 V Sine Injection at 40 kHz Switching: Speed and Angle Error
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4 kHz Injection : 25 V Injection : 20 kHz Switching Frequency
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Estimated Position
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Figure A.9. 4 kHz, 25 V Sine Injection at 20 kHz Switching: Position Data
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Figure A.10. 4 kHz, 25 V Sine Injection at 20 kHz Switching: Speed and Angle Error
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4 kHz Injection : 25 V Injection : 40 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure A.11. 4 kHz, 25 V Sine Injection at 40 kHz Switching: Position Data
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Figure A.12. 4 kHz, 25 V Sine Injection at 40 kHz Switching: Speed and Angle Error
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4 kHz Injection : 25 V Injection : 60 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 25 3 3.5

Figure A.13. 4 kHz, 25 V Sine Injection at 60 kHz Switching: Position Data
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Figure A.14. 4 kHz, 25 V Sine Injection at 60 kHz Switching: Speed and Angle Error
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4 kHz Injection : 25 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

0 0.5 1 1.5 2 2.5 3 3.5

Figure A.15. 4 kHz Injection, 300 RPM at 20 kHz Switching: Position Data
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Figure A.16. 4 kHz Injection, 300 RPM at 20 kHz Switching: Speed and Angle Error
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4 kHz Injection : 25 V Injection : 40 kHz Switching Frequency

Measured Position
Estimated Position

0 0.5 1 1.5 2 2.5 3 3.5

Figure A.17. 4 kHz, 300 RPM at 40 kHz Switching: Position Data
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Figure A.18. 4 kHz, 300 RPM at 40 kHz Switching: Speed and Angle Error
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4 kHz Injection : 25 V Injection : 60 kHz Switching Frequency

Measured Position
Estimated Position
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Figure A.19. 4 kHz, 300 RPM at 60 kHz Switching: Position Data
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Figure A.20. 4 kHz, 300 RPM at 60 kHz Switching: Speed and Angle Error
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; 0.5 kHz Injection : 10 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

0 0.5 1 1.5 2 2.5 3 3.5

Figure A.21. 500 Hz, 10V Injection, 300 RPM at 20 kHz Switching: Position Data
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Figure A.22. 500 Hz, 10V Injection, 300 RPM at 20 kHz Switching: Speed and Angle Error
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; 0.5 kHz Injection : 40 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 2.5 3 3.5

Figure 6. 500 Hz, 40V Injection, 300 RPM at 20 kHz Switching: Position Data
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Figure A.23. 500 Hz, 40V Injection, 300 RPM at 20 kHz Switching: Speed and Angle Error
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2 kHz Injection : 10 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 2.5 3 3.5

Figure A.24. 2 kHz, 10V Injection, 300 RPM at 20 kHz Switching: Position Data
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Figure A.25. 2 kHz, 10V Injection, 300 RPM at 20 kHz Switching: Speed and Angle Error
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2 kHz Injection : 40 V Injection : 20 kHz Switching Frequency

Measured Position
Estimated Position

1 1.5 2 2.5 3 3.5

Figure A.26. 2 kHz, 40V Injection, 300 RPM at 20 kHz Switching: Position Data
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Figure A.27. 2 kHz, 40V Injection, 300 RPM at 20 kHz Switching: Speed and Angle Error
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