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Abstract

This master’s thesis investigates the feasibility of implementing field-oriented
control for a BLDC motor without relying on a position sensor from a stand-
still up to 400 rad/s. To achieve this objective, various approaches were used
at standstill and high speeds. The high-frequency injection method was used at
standstill and lower speeds, while a method based on estimated magnetic flux
was utilized at higher speeds to estimate the position of the rotor. To evaluate
these methods, model-based programming in Matlab and Simulink was done.
The crucial aspects of these methods are elaborated in detail in this thesis work.
For real-time execution, the implementation was converted into C code using
TargetLink and subsequently flashed onto the FCU. This master’s thesis was
performed in collaboration with Borg Warner Sweden AB in Landskrona, Swe-
den.
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Acronyms

BEMF Back Electro-Motive Force
BLDC Brushless Direct Current
BPF Bandpass filter

ECU Electronic control unit
FOC Field-oriented control

HF High-frequency

LPF Low-pass filter

PLL Phase locked loop

PFD Phase frequency detector
RPM Revolutions per minute



1 Introduction

This thesis aims to investigate the possibility to estimate the rotor position
of a brushless direct current (BLDC) motor at standstill and higher speeds.
Subsequently, the identified methods will be implemented in a field-oriented
control model provided by BorgWarner Sweden AB. The performance of the
sensorless methods will be compared to a sensored implementation based on
measured torque.

1.1 Background

BorgWarner is an automotive supplier that specializes in developing various
technology solutions for combustion, hybrid, and electric vehicles. Several of
these solutions use actuators with BLDC motors for applications such as me-
chanical actuation, namely, moving a shaft to a certain position or a hydraulic
application where a BLDC motor actuates an oil pump.

The hydraulic application is currently implemented using block commuta-
tion control strategy which does not require knowledge of the rotor position.
However, in a new implementation, BorgWarner intends to transition to a field
oriented control (FOC) strategy, even for hydraulic applications, where a posi-
tion sensor is not present. The transition is motivated by the need to reduce
the reliance on rare earth metals used in the angle sensor setup. Additionally,
the sensor elimination will save space in hardware and reduce costs.

Figure 1: A hydraulic application where a BLDC motor actuates an oil pump.
Picture from BorgWarner Sweden AB.



1.2 Literature review

In order to estimate the rotor position, various methods are utilized. However,
as evidenced by the studied papers, two main methods are primarily employed
(Wenjun, Shaocheng, Jinghong, Hongrui, and Xiaona 2021), (Xiaocheng, Liang,
Zijian, Yuchen, and Pengjie 2022) and (Song, Han, Zheng and Chen, 2018). At
medium and high speeds, the back electromotive force (BEMF) is utilized (Abo-
Khalil 2020) and (Gieras, Wang and Kamper 2008). However, at standstill and
lower speeds, where the electromotive force is negligible or absent, the saliency
characteristics of the motor along with high-frequency induced voltage signals
are used to determine the rotor position (Surroop, Combes, Martin and Rou-
chon 2020), (Shujin, Baozhu, Zhengyun, Fei, and Huade 2006). Therefore, this
thesis aims to investigate the feasibility of implementing the two methods for
rotor position estimation: the high-frequency induced voltage signals method
and the BEMF-based method.

1.3 Master thesis goals

The primary objective of this master’s thesis is to explore the possibilities of
estimating the rotor position of the BLDC motor at standstill and speeds up
to 400 rad/s. Subsequently, the current model will be updated with the newly
developed position estimation methods. The performance of these methods in
terms of torque output will be compared to the existing FOC implementation
with a position sensor.

1.3.1 Rationale for topic selection

The selection of this thesis subject is driven by a keen interest in electric mo-
tors and their control, as well as the desire to expand knowledge in this area.
Conducting the thesis at BorgWarner Sweden AB is a valuable opportunity to
deepen understanding in the electric motor control and apply previously ac-
quired knowledge from power electronics, control engineering and digital signal
processing.

1.3.2 Limitations

This thesis mainly focuses on implementing sensorless angle estimation methods
within the field-oriented control for rotor positions ranging from standstill up
to 400 rad/s. The scope of this work does not include the optimization of the
provided FOC model, nor does it involve any modifications to the hardware of
the BLDC motor.



2 Theory

This section provides an overview of the theory used to develop the magnetic
flux based method and the high-frequency injection method for obtaining the
rotor position without a position sensor.

2.1 Field oriented control - FOC

Field-oriented control, also known as vector control, is a technique used in AC
and BLDC motor control. FOC enables precise control of the motor’s torque
and speed by dividing the stator current 75 into two components: the direct
current iq and the quadrature current i,. Figure 2|illustrates the direct torque
control of the BLDC motor.
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Figure 2: Direct torque control with FOC.

To utilize the FOC control technique, a rotating reference frame is required. In
power electronics, this reference frame is called Park transform. It introduces
a dg-plane, where the d-axis aligns with the rotor’s flux vector, and the g-axis
is perpendicular to the rotor flux. The rotor angle position (6) is required for
operating within this system.

2.1.1 The Clarke transform

The Clarke transform, also known as the ABC to af-transform, is used to
simplify the calculation of the three-phase system. The Clarke transform is
also necessary for calculating the Park transform. In this work, the amplitude-
invariant Clarke transformation is utilized (Alakiila, Béngtsson and Karlsson



2019). Equation 1| describes the general amplitude-invariant Clarke transforma-
tion (O’Rourke, Qasim, Overlin, Hongrui, and Kirtley 2019).
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2.1.2 The Park transform

From the af-plane, the rotating dg-reference plane can be defined by assum-

ing that the rotor angle 6 is known (Alakiila, Béngtsson and Karlsson 2019).

Equation [2| describes the relationship between af3- and dg-plane.
Sq = Sq - c0s(0) + s - sin(0) 2)
Sq = s - cos(0) — sq - sin(6)

2.2 BLDC motor

A brushless DC-motor (BLDC) can be modelled using three single-phase load
models, where each phase consists of a resistance, an inductance and an induced
electromotive force connected in series, as shown in figure
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Figure 3: Three-phase load model.

Mathematically, each single phase can be represented as:

= -. - —_—

di

where R is the phase resistance, L is the phase inductance, 7 is the current, 2

is the rate of change of the current 7 and e is the induced voltage.

In theory, the load model of a BLDC motor should generate a sinusoidal BEMF
waveform. However, BLDC motors have a trapezoidal BEMF waveform. This



characteristic is a result of the BLDC motor’s design, which consists of mag-
nets with parallel magnetization, thereby achieving a constant amplitude of the
magnetic flux density along the air gap. Theoretically, if the back electromotive
force waveform of a BLDC motor is a perfect trapezoid, it would result in a
15% higher power density compared to a permanent magnet synchronous mo-
tor with a sinusoidal BEMF waveform (Sang-Hoon, 2017). Figure [4]illustrates
the BEMF waveform of the studied BLDC motor at 500 rpm under no-load
conditions.

BEMF of the BLDC in phase U, V and W at 500 rpm
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Figure 4: BEMF waveform of the studied BLDC motor at 500 rpm and no-load
conditions.

2.3 BEMF based methods

The back electromotive force can be used to obtain the rotor position at medium
and high speeds (Gieras, Wang and Kamper 2008). The theory behind this
method is explained by expressing the single-phase load equation [3]in a3-plane:

di —
Tap =L~ + Riag+ Tap (4)
where ¢ is expressed as:
o —
€ =7 w- ¥y, (5)

The quantities such as the inductance L, the resistance R and the magnetic flux
from the permanent magnet ¥, are known, and the current i, and voltage vqg
can be measured or estimated. Therefore, by solving equation [4 for the BEMF,
which also holds the information about the angular electrical rotor speed w;.,
the rotor position can be determined. Equation [f] represents the calculation of
the BEMF based on the single-phase load model.

—
di —
T =0ah—L- d“tﬁ—R-zaﬂ (6)



2.3.1 Magnetic flux based rotor position estimation

An alternative approach to estimating the rotor position is by utilizing the
magnetic flux instead of BEMF. Figure [f] illustrates the relationship between
the magnetic flux vector and the rotor position:

Figure 5: Three phase armature winding (Alakiila, Bingtsson and Karlsson
2019).

Mathematically, the relationship between the BEMF and the magnetic flux can
be described as:

{ Voo = [eq-dt = [(vqg—R-iy)-dt )

qfsgifeg'dt:f(vlg*R~i5)-dt

where U,, and ¥,z represent the stator flux-linkages in a/3-plane, vy, vg, iq
and ig denote voltages and currents in aS-plane (Peilin Xu 2017).

Since the control system provided by BorgWarner sets the direct armature cur-
rent to zero and only uses the quadrature current:

{ =0 (®)

the power factor between the BEMF and stator current becomes free variables,
potentially resulting in a large angle . This is undesirable, as the power factor




should ideally be as close to 1 as possible (Alakiila, Béngtsson and Karlsson
2019). The behaviour described can be observed in figure [6]

[0}

€ = JO Yy

Figure 6: The Igwer factor cos(p) can be obtained from the angle ¢ between the
stator current i, and the BEMF &, (Alakiila, Bangtsson and Karlsson 2019).

%
It is worth noting that the stator flux vector W is not ideally aligned to d-axis.
To compensate for this, the following equation is used [0}

U, =V, 7.-L 9)

Iience, the rotor position can now directly be extracted from the magnetic flux
U,

2.4 High-frequency injection method

The high-frequency signal injection method is applied to estimate the rotor posi-
tion at standstill and low speeds (Surroop, Combes, Martin, & Rouchon, 2020).
This is possible due to the physical phenomenon of the BLDC motor, namely,
that the reluctance along the d-axis is usually greater than the reluctance along
the g-axis. The d-axis is aligned with the magnetic poles of the rotor while
the g-axis is perpendicular to the d-axis. Since the magnetic flux in the BLDC
motor is generated by the permanent magnets, the reluctance will be bigger
once the stator windings align with the magnets, creating a stronger magnetic
linkage in the d-axis than in the g-axis (Sang-Hoon 2017). Figure m illustrates
the variation in inductance depending on the rotor position during one electrical
period.



Inductance

Figure 7: Inductance variation with rotor position (Peilin Xu 2017).

To benefit from the differences in Ly and L,, high-frequency voltage signals

are injected into the af-plane and can be described as:
Ua = Upf - cOS(why - ) (10)
ug = Upf - sin(whf -t)

where uy, ¢ is the amplitude of the injected voltage signal and wy, s is the angular
frequency of the injected signal.

The HF-injected voltage signals result in the following current response in the
« and 8 components:

uhf

o+ Jig = 2onsLaly ((Ld + Ly)e?nit=3) 4 (—Ly+ Lq)ej(*“’hft“'eﬁ%))
(11)

where i, and ig are the current responses in a3-plane, Ly and L, are d and q

axis inductances and wys is the angular frequency of the injection (Peilin Xu

2017).

When combined, u, and ug form a small circle on top of the control vector,
as depicted in figure [ These injected signals compose a rotating voltage that
induces a rotating magnetic flux in the rotor, as illustrated in figure[8] Since the
amplitude of the voltage is constant, the magnetic flux is constant as well. At
standstill, the smaller circle is centered around the origin and gradually moves
away from origin as the speed increases.
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Figure 8: This figure shows the circle that is created by the HF-injected voltage
signals at standstill.

Br

Figure 9: This figure illustrates the a8-plane with HF voltage signals creating
a circle on top of the voltage control vector. Here, the rotor is rotating at some
speed wy..

The characteristic shown in figure [7] results in an ellipsoidal high-frequency
current response when observed in the af-plane. Assuming that the rotor is
displaced at some angle 8,. during standstill, the high-frequency current response
due to HF-injection is illustrated in figure



Figure 10: The current response at standstill in a3-plane due to the HF voltage
signal injection.

The amplitude of the high-frequency current 75y in ﬁgure can now be utilized
to determine the direction of the d-axis and, consequently, the position of the
rotor. To achieve this, the angle of the high-frequency flux vector @3 in ﬁgure
is required, as the amplitude of the high-frequency current response depends on
the HF flux vector. The simplest approach to determine the rotor position using
this analogy is to observe the high-frequency current response 5y and identify
the high-frequency current peaks. These peaks correspond to the points where
the high-frequency current vector in figure [L0| has the greatest distance from the
origin. However, as shown in figure[7] this method yields two points during one
HF injection period where the high-frequency current response has its highest
values, namely, at +d-axis and at -d-axis (Teske 2001).

2.5 Single phase-locked loop

A single phase-locked loop (PLL) enables the system to approximate the phase
angle of an unknown sinusoidal function. The main components of a PLL include
the Phase Frequency Detector (PFD), controller, angle integrator and signal-to-
square wave converter. Figure [11]| provides an overview of the PLL.

.

Input Signal-» Square Wave Signal Square Wave—» PED w

> Coove ey Angle Square Wave—» State Machine Qutput—»

> Angle Integrator

Figure 11: Overview of the PLL.
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The input to the PLL is the signal, and the output is the estimated phase angle.
The PLL operates in several steps. In the first step, both the signal and the
angle are converted into square waves. The signal square wave is 1 when the
signal is > 0 and the angle square wave is 1 when the angle is > 7. The PLL
will try to align the signal square wave perfectly with the angle square wave.
To achieve this, it uses a PFD, and the state machine of this PFD is shown in
figure The PFD also estimates the frequency of the signal.

/_,_,_ SRF—r.,_\
/ \
:‘" “'\
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SRF S
- N
/ = // \\
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\ / /,..r-"""{// \ /
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EARF / d ~_
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Signal Rising Flank = SRF — 1 S
Estimated Angle Rising flank = EARF /7 - v\
|" '\
\ /"
\ y
AN S

Figure 12: State machine in the PFD. The output (-1, 0 or 1) is sent to the
controller. An output of -1 causes the angle estimation to slow down, allowing
the signal to catch up with the estimation. An output of 0 maintains the same
frequency for the angle estimation as the signal. An output of 1 causes the angle
estimation to accelerate in order to catch up with the signal.

The outputs from the state machine and the estimated frequency from the PFD
are sent as inputs to the controller. The output of the controller along with w
is integrated to obtain the estimated angle.
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2.6 Polar to Cartesian coordinate conversion

To process an angle « in the range between 0 and 27, polar to Cartesian coordi-
nate conversion is necessary. This conversion splits the angle into the in-phase
(real) and quadrature (imaginary) components. This is shown in equation
The need for this conversion arises due to the discontinuity exhibited by the

polar angle.
I =cosa (12)
Q =sina

In Cartesian form, the angle no longer exhibits discontinuity and can be pro-
cessed accurately. The conversion from Cartesian to Polar angle can be seen in
equation [I3]

o = arctan 2(%) (13)

For the Cartesian-to-polar coordinate conversion method to calculate the correct
angle, it is assumed that the arctan2 function detects the quadrant in which
the angle is located (Torrence B.F and Torrence E. 1999).

2.7 Discrete filters

In control engineering, discrete filters are used to reduce unwanted noise from
sampled signals and/or enhance or reduce a specific frequency before further
processing within the control loop.

2.7.1 Low-pass filter

For the purpose of reducing unwanted noise from the measured phase current
signals, 1st order low-pass filters are applied in this work. The discrete transfer
function of a 1st order low-pass filter with zero-order hold can be described by
the following equation

Y(z) 1—e T 10

- X(z) z—ewT

H{(z)

where w,. represents the cutoff angular frequency and 7T is the sample time
(Rusek 2021). Inserting w. = 10 [rad/s] and 7" = 0.0001 [s] into equation
yields the frequency response illustrated in figure[I3]and the corresponding Bode
plot of this filter is illustrated in figure

12



Frequency Response of H(z)
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Figure 13: The frequency response of the 1st order discrete low-pass filter.

Bode Plot of the discrete low-pass filter
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Figure 14: The bode plot of the 1st order discrete low-pass filter.

2.7.2 Bandpass filter

Another type of discrete filter used in the methods of this work is a bandpass
filter, which allows only a specific frequency range to pass through. This filter
is used in the high-frequency method to observe the phase current response at a
specific frequency due to signal injection. The general z-domain discrete transfer

13



function for a bandpass filter is given by:

Hz) = bo+ b1zt + ..+ by M1
T l4az 4 Hay_1z=(N-D

where by, b1, bas_1, a1 and an_1 are the polynomial coefficients, with N > M.
The coefficients of a 2nd order bandpass filter are determined using Iterative
Filter Design, changing the coefficients until the desired filter properties where
achieved. This is resulting in the following z-domain transfer function (Rice M):

0015+ 0.01522
T 1-1.9032"1 4 0.970222

Hppr(2) (15)
The corresponding frequency response is shown in figure[I5} which demonstrates
that the peak of the curve corresponds to the center frequency of 416.67 [Hz]
with a gain of 1.

. Frequency Response of H(z)

X 416.542
Y 1.00661
o

I | n
500 1000 1500
Frequency (Hz)

Figure 15: The frequency response of the derived discrete bandpass filter.

Additionally, the pole-zero plot of the bandpass filter derived from equation [Tf]
is illustrated in figure

14



Pole-zero plot of 2nd order BPF
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Figure 16: The pole-zero plot of the bandpass filter with the transfer function
presented in equation

15



3 Experimental equipment

The experimental equipment is divided into two parts, namely, the hardware
part and the software part. The main parts of each are presented in this chapter.

3.1 Hardware

This section provides an overview of the hardware used in this thesis work.

3.1.1 Rig

The experimental setup includes a motor fixture, servo drive, and a measure-
ment computer. The motor fixture and servo drive are placed on top of a
cabinet, while the measurement computer is connected to the rig via USB and
Ethernet. Figure [I7) shows the motor fixture and servo drive setup and figure
shows the power supply in more detail.

Figure 17: Motor fixture and servo drive setup. The measurement computer is
placed on top of the cabinet and connected to the rig via USB and Ethernet.
The inside of the cabinet consists of the power supply, power electronics to drive
the servo motor and fuses.

16



Figure 18: The power supply used to power the BLDC motor is a Delta
Elektronika SM 52-AR-60 power supply.

3.1.2 BLDC motor

The experimental setup includes a BLDC motor. The motor is modified with ca-
bles connected to the motor phases to measure phase currents. Figure [I9)shows
the modified BLDC motor, and figure 20| shows the complete fixture, including
the BLDC motor, torque sensor, servo motor, and phase current sensor.

Figure 19: The modified BLDC motor with cables going to and from phases
to measure phase currents.

17



33

Figure 20: The complete fixture including the BLDC motor (1), the torque
sensor (2), the servo motor (3) and the phase current sensor (4).

Some properties of the BLDC motor are stated below:

Rphase = 0.0760402
Ly~ 0.074mH
Ly~ 0.119mH

3 pole pairs

A figure of the d and q inductances generated from Ansys Motor-CAD of this
specific motor and handed over from Lider Xavier Garcia Parrales, MSc in
Electrical Engineering, can be seen in figure

18



Ld and Lq
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Figure 21: The relation between Ly and L, in the motor can be seen as a
function of i4 and iy currents.

3.1.3 ECU
In figure 22] the ECU is shown when disassembled from the motor.

'

—

Figure 22: The ECU used for the motor control.

3.2 Software

The proposed methods are implemented in Matlab/Simulink and the C code is
generated using TargetLink/dSpace software. To flash the code onto the ECU,
an in-house software build tool provided by BorgWarner is used.

19



3.2.1 CANalyzer

To analyze the implementation and the behaviour of the motor both in real-time
and post-testing, a software called CANalyzer from Vector Informatik GmbH
is used. The license for this is provided by BorgWarner and is hardware based
license as shown in figure

Figure 23: The CANalyzer hardware base license with d-sub9 connectors for
CAN and Flexray communication protocols. For this work only CAN protocol
is used.

20



4 Method

This section provides an in-depth analysis of the implemented algorithm, ex-
plaining the rationale behind each step and measure taken to accomplish the
desired goal. Additionally, it includes the presentation of analyzed data accom-
panied by insightful comments.

4.1 Implemented software

Two rotor position estimation methods have been implemented. From 0 rad/s
up to 50 rad/s, the high-frequency injection method is used and from 50 rad/s
up to the motor’s top speed, the magnetic flux method is employed. To avoid
unnecessary switching between the two methods, a hysteresis band has been
implemented. Once the speed set point surpasses 50 rad/s, the flux-based
method takes over. When decelerating, once the speed set point is set below 40
rad/s, the high-frequency method takes control.

The implemented software is divided in two main parts, namely, the high-
frequency part and the part based on magnetic flux method. Further, the func-
tionality of each of the blocks shown in the flowchart [24] are explained.

Vdc—» —u_AlfaBeta» —e_AlphaBeta-» ~Flux_alpha>

Phase Magnetic Angle
voltage 7uab°*trac|:1|:;gnn esﬁﬁ'\gzon flux —Flux_beta» estimation —Estimated_electrical_angle—>
calculation calculation with PLL
—Duty cycles»
i_AlphaBeta i_AlphaBeta SpeedSP
High-frequency_enable l

i_meas_Alf

High-frequency

Estimated_electrical_angle HF————»
system

Figure 24: An overall flowchart of the implemented software. Note that there
are different currents used in the BEMF estimation compared to the HF sys-
tem. The HF system receives unprocessed measured currents, while the BEMF
estimation receives the same currents as the current controller, which has the
estimated high-frequency current responses removed.
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4.2 Implementation of the magnetic lux based method
This section provides a detailed description of the measures taken in developing
the rotor position estimation algorithm based on the estimated magnetic flux.
4.2.1 Phase voltage estimation

The implementation of the phase voltage estimation can be seen in figure
This is a simple estimation that omits the forward voltage drop in the transistors
as well as the rise and fall time of the transistors.

SupplyVoltage

=
<DCA> - PhaseA|VoltagesP
PhaseB_VoltageSP

PhaseC |VoltageSP

2
DutyCyclesToReuseln

Phase\VoltageABC

Mux
Bus Product2
Selector2

Figure 25: The calculation of phase voltages using the supply voltage and duty
cycles.

In Equation [I6] the mathematical description is provided. Here, V.. represents
the supply voltage, while DC A, DCB, and DCC' denote the duty cycles for the
three phases.

Va=V. - (DCA—- DCB)

Vg =V - (DCB - DCC) (16)

Vg = Vee - (DCC — DCA)

4.2.2 The Clarke transform

Figure [26] shows the implementation of the Clarke transform of the estimated
voltage.
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sqrt(3)/2Uc

Figure 26: The calculation of u, and ug.

Equation [T7] represents the calculation of u, and ug shown in figure 26]

Ug = (ua — %ub - %uc)

( )

wln

(17)
up —

o
o

win

Up =

4.2.3 BEMF estimation
The implementation of the BEMF estimation is shown in figure
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Motor.PhaseResistancg Sum
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Molor.PhaseResistance— Sum1

i_beta
R_beta

Figure 27: The calculation of the BEMF.

Since i, and ig are measured signals, they may contain significant noise, as well
as the nature of discrete time steps, the calculation of the current derivative is
omitted. Equation [18|is used in the implementation of BEMF estimation shown

in figure 27} .
@ X Uap— R-iag (18)
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4.2.4 Magnetic flux calculation

Following the BEMF estimation, the next step is the implementation of the
magnetic flux calculation, as shown in figure 2§
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flux_a

%
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D | 000
z-0.999

BEMFb
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Figure 28: The calculation of the magnetic flux.

To integrate and extract the BEMF, an integrator along with a high-pass filter
could be used. However, an alternative to that is to use a low-pass filter, as
shown in equation [I9}

t
\Ifsaﬂ = Hyp <A €ap - dt) ~ H.p (eag)

TS 1 1

Hpp (/(eaﬁ'dt)) = 1+Ts-;-eaﬁ%m-ew:f[m(eaﬁ)

(19)

where Hpyp is the transfer function of a high-pass filter, Hyp is the transfer
function of a low-pass filter, W, is the stator flux and e is the BEMF. Figure
shows the calculation of the magnetic flux as described in equation [7] but with
an alternative approach to integration as shown equation

é
The final step in calculating the magnetic flux ¥,,, as illustrated in figure
[] a calculation according to equation 20]is performed.

U, =V, —i, L (20)
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4.2.5 Angle estimation with PLL

An overview of the angle estimation based on the calculated magnetic flux can
be seen in figure 29

Flux_Beta ~ Flux_Beta_out > 0.001 ¥{Flux_Beta
= T z—0.999 -
flux_b
Discrete Derivativet TPF1
(> {Flux Apha  Flux Alpha_dt > 0.001 > Flix_Alpha " Estangle [—————{(1_)
=S L - z—-0.999 =
flux_a EstAnglePLL
Discrete Derivative2 LPF2
@ SpeedsP
SpeedSP

PLL

Figure 29: The overview of the rotor angle estimation implementation based on
calculated magnetic flux.

The discrete derivative blocks are used to reduce the offset between i, and ig.
This issue originates from the measured phase currents U,V and W. As figure
[0l illustrates, there is an offset in the measured phase currents.

—U phase current [A]
—V phase current [A]
W phase current [A]

| 1 il
29.95 30 30.05 30.1 30.15
t/s

Figure 30: A plot of the measured phase currents U,V and W. The x-axis
represents time [s].
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The offset issue demonstrated in figure|30|is apparent in the calculated magnetic
flux, as can be seen in the left plot in figure To resolve this issue, discrete
derivative blocks are introduced. After applying the discrete derivative blocks,
the signals in the right plot in figure 0] no longer exhibit the offset. It is
important to note that the derivative operation phase shifts both signals by
5, however, the LPF1 and LPF2 that follow after the derivative blocks, phase
shifts those signals back by -3.

—fluxBeta R —
——fluxAlpha 15 —fluxBetadt

01-

—— fluxAlphadt
10+
0.05
5
0
3
a :. 0
-0.05 5
0.1+ 10
1
0.15 5
1.54 1.56 1.58 1.6 1.62 1.64 1.66 1.62 1.64 1.66 1.68 1.7 1.72 1.74
tis t's

Figure 31: The observed offset between ¥, and ¥z (left). However, after
applying the discrete derivative, ¥, and ¥ no longer exhibit the offset (right).

Without the discrete derivative blocks, the calculated angle would be unreliable,
as shown in figure

26



PAIC i 1

rad

13 131 132 13'.3/13.'4 13.5 13.6 13.7
t/s

Figure 32: The observed offset between ¥, and Vg results in a fluctuating
estimated rotor angle (red) observed in real-time using CANalyzer.

During testing, an unwanted common phase signal became apparent, as can
be seen in the current and voltage waveforms in figure This phenomenon
is also reflected in the calculated magnetic flux in figure [34] To eliminate the
low-frequency noise signal originating from measured currents and calculated
phase voltages, as illustrated in figure the PLL block is employed. Instead,
it tracks a single-phase noise-free signal and estimates the rotor angle.

T
25- ‘ 1/8=5Hz

2 | !

Current/A
e =
e T
T T
Voltage/V

=

Figure 33: The measured current i, (left) exhibits a 5Hz noise signal while the
phase voltage u, (right) shows a 2.5Hz noise signal. The low frequency noise
eventually propagates to BEMF and magnetic flux calculations resulting in an

increase in magnitude.
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Figure 34: The calculated magnetic flux ¥4 exhibits a 2.5Hz noise signal, which
can result in unreliable angle estimation. To address this issue, a phase-locked
loop algorithm is used to track a single signal and estimate the rotor position
based on that.
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Figure 35: Detailed overview of the PLL system shown in figure[TI] This system
implements the PFD state machine described in figure

The inputs to the PLL block in ﬁgureare U, (Flux_Alpha), Ug (Flux_Beta)
and the SpeedSP. Initially, the Flux_Beta is subtracted from Flux_Alpha to
eliminate the low-frequency noise signal shown in figure [34] This is possible
because the low-frequency noise signal present in both signals is a common
phase signal, and subtracting them effectively cancels out the noise component.

The result from the subtraction is then passed into the PFD block as a
square wave. The PFD detects the rising and falling edges of the square wave
and based on the edge detections, calculates an input value (1, 0 or -1), as
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described in figure for the P-controller. The PFD also calculates w. based
on the frequency of the square wave. The SpeedSP in PFD is used to switch
between medium speed and high speed logic, depending on the speed set point.
Both outputs from the PFD block serve as inputs to the P-controller.

Lastly, the outputs from the P-controller and w, are summed and integrated

to obtain the estimated angle, which ranges from 0 and 27 radians. Appendiz
A provides a more detailed overview of the PFD implementation.

4.3 Implementation of high-frequency based rotor posi-
tion estimation

The implementation of high-frequency based rotor position estimation involves
generating a 416.67 Hz signal by creating 24 voltage vector set points during
one electric period. These vectors are spaced at angles of 15° from each other.

To inject the high-frequency voltage into the motor, the resulting currents
need to be subtracted from the measured current before being sent to the FOC
current controller. This subtraction process aims to hide the high-frequency
injection from the current controller. If the high-frequency current response
is not hidden from the current controller, both the high-frequency current’s

amplitude and phase will be changed when passing through the controller, as
shown in Figure
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Figure 36: The left plot illustrates the high-frequency current response from a
1V, HF voltage injection when the FOC current controller is disconnected. On
the right plot, the high-frequent current response is displayed with the current
controller connected. The top part of the figure represents the angle of the HF
injection, while the bottom part of the figure presents the a8 high-frequency
current responses. Note that the signals shown in these plots experience aliasing
due to sampling frequency of 100 Hz and signal frequency of 416.67 Hz.

If the subtraction of the resulting injection current is not hidden from the current
controller, several problems can occur. Firstly, the FOC current controller will
significantly alter and dampen the injection, rendering it unusable. Secondly,
BorgWarner-specific safety features may be activated when the current does
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not behave as expected, causing interruptions in the FOC current controller.
Therefore, an additional current calculation, involving InjectionCurrAlpha and
InjectionCurrBeta, is necessary to account for these issues, as depicted in Figure
[37 is needed.
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Sum5 Trigonometric Gain7 jectionCurrBeta
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Figure 37: This figure shows the generation of HF voltage signals as well as the
estimated high-frequency current response from the voltage injection.

The Angle Generator generates an angle slope that corresponds to a 416.67
Hz signal after passing through sinusoidal functions. The measurements of the
current response to the given 2 V high-frequency injection showed an ampli-
tude of 6 A and a phase lag of (3 — 0.2) radians when measured at standstill
without the current controller connected. Equation [21] shows the mathematical
representation of the implementation in figure

1
Viurp,(n)=2-cos(2- 7 - 7 -n)

1
Virp,(n) =2-sin(2-7- —-n)

21 (21)
Igp, (n)=6-sin(2-7- o1 -n+0.2)

. 1 T

Igrp,(n) :6-s1n(2-7r-ﬂ~n+0.2—§)

The calculated high-frequency currents (I, and Iy p, in equation are sub-
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tracted from the measured currents before passed to the FOC current controller.
It is important to note that the constants used in the high-frequency current
estimation are determined empirically. While these constants may appear suit-
able for BLDC motors with identical design characteristics, their applicability
might lead to a sub-optimal result. Therefore, it is recommended to test and
verify these constants for a specific motor.

The high-frequency voltage set points are then passed to the FOC current con-
troller and added in the Inverse Park calculation block, where the final o and
B voltage set points are determined. This can be seen in figure
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@ VoltBetasP
VollBetaSP
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Figure 38: The final step in the FOC current controller where the alpha and
beta voltage set points are calculated. Here, the high-frequency voltage vectors
are added.

Equation shows the mathematical representation of the implementation in

figure 38
{ Vi =Vbg,, - cos(br) — Vgs., - sin(6;) + Var, (22)

Vi =Vosu - cos(0r) + Vpg,, - sin(0r) + Vur,

where V7 and Vj are the aS-voltage set points, Vpg,, and Vg, are the voltage
set points in the dg-plane, 6, is the rotor angle, Vi r, and Vg g, are the injected
high-frequency voltage vectors.

It should be noted that the high-frequency voltage injection reduces the avail-
able voltage that can be used to generate useful driving torque in the motor.
Additionally, it reduces the available current that contributes to the creation of
useful driving torque, due to the current limit implemented in the system.
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The overall implementation of the high-frequency injection rotor position es-
timation method is shown in figure [39]
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SpeedSP
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Figure 39: This figure shows the overall implementation of the high-frequency
injection method for the rotor position estimation.

The « and 8 high-frequency currents undergo several processing steps before the
PLL can track the phase of the signal. First, they are passed through a band-
pass filter that allows the high-frequency injection to pass through. Then, the
square of the a and 8 high-frequency currents is calculated and added together.
Finally, the mean value from the last period is subtracted from the result, as
shown in equation

The PLL tracks the phase of the high-frequency current deviations caused
by the difference in reluctance between the d and q axis, as illustrated in figure
At a certain angle ( 37“ radians), where the peak of the signal is expected,
the logic triggers the last block, the Rotor Angle Calculator, to calculate the

rotor angle.
iapp = HBpPF(ia)
igrp = Hppr(ip)

.2 .2
tsq = lapp + "8pp
Ysqac = Ysq T Usqac
Lo (23)
Vsqae = 2 § isq(%)
i=n—23

However, observing the processed current is,, entering the PLL one distinct
problem was found, namely, the difference between d- and g-current response
from the voltage injection is not consistent. It appears to depend on several
factors, primarily on the rotor position and omega, but also on the applied load
on the motor. Figure [A0] demonstrates this phenomenon.
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Furthermore, the high-frequency current response does not remain trustworthy
when the amplitude from ¢, is low, in figure {1| this can be observed.

expected high-frequency current response this figure shows that the amplitude

and the electrical angle of the rig (not in phase with rotor angle), unlike the
is not constant.

Figure 40: This figure shows the processed high-frequency current response 44,
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Figure 41: This figure shows the processed high-frequency current response i,

and the electrical angle of the rig.



As seen in figure in the theory, every other peak should correspond to the
rotor +/- d-axis, and the angle should change by approximately 7 radians be-
tween each peak. However, in this figure, it can be observed that the peaks of
the high-frequency current response slip by approximately = radians over sev-
eral injection cycles when the amplitude of the signal decreases to a minimum.

This caused a major problem when trying to estimate the angle reliably, an
attempt to resolve this problem was made in the HF PLL. However, the prob-
lem still remained at higher load cases.

The next step in calculating the rotor position addresses this issue by using
a PLL. A detailed figure of the HF PLL is shown in the figure

fgeinjoction

LowThreshold

Figure 42: This figure shows the implementation of the HF PLL.

The HF PLL differs from the PLL employed in the flux observer in figure
Firstly, the HF PLL is not used to estimate the angle of the rotor but rather the
angle of the high-frequency current response. It sends out a trigger to the next
block when the v and § high-frequency currents align with the rotor position.

Secondly, it keeps track of the phase of the signal from 0 to 47 radians,
this is because the signal input into the PLL consists of two periods during one
injection period, as explained in section [2.4]

Finally, the HF PLL must handle the phase shift in the high-frequency cur-
rent peaks that occurs when the amplitude of the i, signal becomes too low.
To address this issue, an additional filter is introduced to modify the input seen
by the phase frequency detector (PFD). This filter eliminates unreliable data
points and generates extra edges in the input signal for the PFD, estimating
their positions. The estimation of these edges follows a specific procedure: a
counter continuously counts discrete time steps and triggers an edge when it
reaches 12 (this is half of the 24 discrete time steps of one HF period), provided
that the input signal’s amplitude is low. However, this counter is reset each
time a reliable edge or an injected edge is detected. Additionally, if a reliable
edge appears relatively close to the last injected edge, it is removed to prevent
disturbances in the PLL’s stability.
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The final step in the high-frequency rotor position estimation is the calcula-
tion of the rotor position, which is triggered by the HF PLL. The implementation
of this step can be seen in figure (3]
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Figure 43: This figure shows the implementation of the final step when calculat-
ing the rotor position. A more detailed implementation of ”HighToLowSpeed”,
” CartesianConvertionLP” and ”PolarityComp” can be seen in appendix A.

The rotor position is determined by using an arctan2 function to calculate the
angle of the high-frequency current response in a-3 coordinates. This angle can
then be converted to the rotor position by subtracting an empirically determined
constant 1.798 rad/s, namely, 7 to align the angle with the q axis, which is used
as a reference in the FOC current controller, and finally C' = 0.227 is subtracted
to approximately match the sensor angle during no load conditions.

In addition to calculating the angle to the d axis, this block also detects
if the PLL has locked onto the wrong phase, by doing this it can estimate the
rotor position. The detection of the wrong phase lock is handled in two separate
ways. The first way is by observing the speed response of the motor compared
to the speed set point. If the estimated angle deviates by 7 from the true angle,
the torque response will be negative, causing the rotor to spin in the opposite
direction when a speed set point is activated. By applying a low-pass filter to
the angle estimation it is possible to extract the speed, without the low-passed
angle estimation the speed would be far to noisy.

The angle can not be filtered directly due to the fact that it exhibits dis-
continuity. To solve this, Polar to Cartesian coordinate conversion is necessary.
The differences between applying a low-pass filter to the angle directly versus
to the in-phase and quadrature components can be seen in figure [#4]
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Figure 44: This figure shows the estimated raw polar angle (orange), low-passed
Polar angle (blue) and the low-passed Cartesian angle (red).

The second way to detect if the PLL has locked onto the wrong phase is by
comparing the angle estimation to the flux observer’s angle estimation. During
deceleration, while transitioning from using the flux observer’s angle estimation
to using the high-frequency injection, there is a chance that the HF PLL locks
onto the wrong phase. To determine this, the angles between the flux observer’s
angle estimation and the HF angle estimation are compared. If the difference
between the two angles is approximately 7, a correction is made by adding 7 to
the HF angle estimation. This comparison can only be made when both angle
estimation methods are active and reliable, which is true when the speed set
point is above 40 rad/s and below 50 rad/s. Above 50 rad/s, the high-frequency
injection is not active.
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5 Results

In this section, we present the results of the rotor angle estimation using high-
frequency and flux observer methods, and compare them to the sensored imple-
mentation.

Firstly, we provide real-time plots that illustrate the relationship between
the sensor angle and the estimated angle obtained through both methods. These
plots offer a visual comparison of the accuracy and effectiveness of the rotor an-
gle estimation techniques, additionally, transitions between the two estimation
methods are shown.

Secondly, we conduct a performance comparison between the implemented
sensorless FOC and sensored FOC by analyzing the maximum measured torque
the motor can hold at different speeds.

To gain a deeper understanding of the angle at which the BLDC motor
applies its current, we present plots of the d-q currents for both the sensorless
FOC and sensored FOC. Additionally, we estimate the angle error based on
the d-q current plots, providing a quantitative measure of the accuracy and
precision of the rotor angle estimation methods applied.

Lastly, we present plots that illustrate the af-current responses resulting
from the high-frequency injection.

Note that in the plots 5] to A9 the signals are sampled at 100 Hz, which
leads to aliasing and is especially noticeable at high speeds.

5.1 Rotor angle estimation using the high-frequency in-
jection method

Figures [45] to [49] illustrate the performance of the HF injection angle estimation
method.
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Figure 45: Real-time plot comparing the HF estimated angle with the electrical
sensor angle from standstill up to w,, = 30 rad/s under no-load conditions.
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Figure 46: Real-time plot comparing the HF estimated angle with the electrical
sensor angle from w,,, = 30 rad/s up to w,, = 50 rad/s under no-load conditions.
At wy, = 50 rad/s the HF injection is disabled. Note that the visible low
frequency noise in the angle signals are due to aliasing.

5.2 Rotor angle estimation using the magnetic lux method
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Figure 47: Real-time plot comparing the estimated angle using the magnetic

flux method with the electrical sensor angle at w,, = 160 rad/s under no-load
conditions. Note that the rotor still spins in a positive direction even though it
appears to be spinning in the opposite direction. This is due to aliasing.
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5.3 Tramnsition between the two estimation methods
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Figure 48: Real-time plot illustrating the transition from using the HF estimated
angle control to using the estimated angle from the magnetic flux method. The
transition occurs at w,, = 50 rad/s. The plot also includes the speed set point
and the measured speed, demonstrating the smooth transition and the motor’s
ability to maintain the speed set point. Note that the visible low frequency
noise in the angle signals are due to aliasing.
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Figure 49: Real-time plot demonstrating the transition from using the estimated
angle control from the magnetic flux method to using the HF estimated angle
method. A step change in speed set point is made from w,, = 80 rad/s to wy,
= 40 rad/s, with the transition occurring at w,, = 50 rad/s. The plot includes
the speed set point and the measured speed, illustrating the smooth transition
and the motor’s ability to maintain the speed set point.

5.4 Torque and speed performance

The performance limit in terms of torque (Nem), comparing the original sen-
sored FOC control with the sensorless FOC is illustrated in figure
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Speed and torque performance of sensorless and sensored FOC
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Figure 50: Performance comparison of sensored FOC and sensorless FOC from
500 rpm up to 4000 rpm with load torque applied until the breaking point. The
breaking point in terms of torque is plotted on the Y-axis of the graph.

5.5 Direct and quadrature currents

To gain a better understanding of the behaviour of the BLDC motor with the
sensorless FOC control implementation, it is crucial to examine the direct and
quadrature currents. These currents provide insights into the angle at which the
FOC controller operates since it only sets the g-current and keeps the d-current
set to zero in the dg-frame. The plots of d-q currents for sensored FOC and
sensorless FOC at different speeds and loads are presented, allowing a compre-
hensive analysis.

5.5.1 Plots of the direct and quadrature currents

Figures [61] to [59] illustrate the d-q current plots.
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Figure 51: The behaviour of the dg-currents at constant speed of 500 mechanical
rpm with different loads, the highest load case achieved by sensored FOC was
30 Ncem while the sensorless FOC achieved 14 Nem.
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Figure 52: The behaviour of the dg-currents at constant speed of 650 mechanical

rpm with different loads, the highest load case achieved by the sensorless FOC
was 29 Ncm.
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Figure 53: The behaviour of the dg-currents at constant speed of 1000 mechan-
ical rpm with different loads, the highest load case achieved by sensored FOC
was 28 Nem while the sensorless FOC achieved 33 Nem.
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Figure 54: The behaviour of the dg-currents at constant speed of 1500 mechan-
ical rpm with different loads, the highest load case achieved by sensored FOC
was 25 Ncem while the sensorless FOC achieved 33 Nem.
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Figure 55: The behaviour of the dg-currents at constant speed of 2000 mechan-
ical rpm with different loads, the highest load case achieved by sensored FOC
was 20 Nem while the sensorless FOC achieved 30 Ncm.
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Sensored FOC Current in d-q plane at 2500 rpm

Sensorless FOC Current in d-g plane at 2500 rpm
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Figure 56: The behaviour of the dg-currents at constant speed of 2500 mechan-
ical rpm with different loads, the highest load case achieved by sensored FOC
was 17 Nem while the sensorless FOC achieved 30 Nem.
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Figure 57: The behaviour of the dg-currents at constant speed of 3000 mechan-
ical rpm with different loads, the highest load case achieved by sensored FOC
was 10 Nem while the sensorless FOC achieved 30 Ncm.

Sensored FOC Current in d-q plane at 3500 rpm
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Figure 58: The behaviour of the dg-currents at constant speed of 3500 mechan-
ical rpm with different loads, the highest load case achieved by sensored FOC

was 9 Nem while the sensorless FOC achieved 24 Nem.
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Sensored FOC Current in d-q plane at 4000 rpm Sensorless FOC Current in d-g plane at 4000 rpm
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Figure 59: The behaviour of the dg-currents at constant speed of 4000 mechan-
ical rpm with different loads, the highest load case achieved by sensored FOC
was 0 Nem while the sensorless FOC achieved 10 Nem.

5.5.2 Estimated angle based on d-q plots

By analyzing the d-q current plots, the angle estimation error can be extracted.
The average values from the d-q current reveal that the angle estimation error
varies from -15.18° at low speed and low torque to +27.38° during high speed
and high load conditions. Due to this error the torque performance was increased
as seen in figure 50} Figure [60]illustrates the error of the angle estimation based
on the dg-currents.
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Figure 60: The angle estimation error based on the d-q currents.
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5.6 High-frequency current response

The HF current response is shown in figure The left graph illustrates the
current response in af-plane. As explained in theory (figure , an ellipse is
observed. However, the graph on the right shows that the current response
appears to be circular. This phenomenon is discussed in figure 0]
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Figure 61: The current response in af8-plane while high-frequency injection is
active. The black circle in both figures serves as a visual reference. There is
no difference in motor operation between the left and right plots shown in this
figure. The left plot illustrates the high-frequency current response when the
amplitude is at its highest, while the right plot illustrates the high-frequency
current response with a very low amplitude. Referring to Figure the left
plot corresponds to ¢t = 0.28 s and the right plot corresponds to ¢t = 0.32 s.
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6 Discussion

This section provides a discussion of the results obtained from the implemented
rotor angle estimation methods. We examine the strengths, weaknesses, advan-
tages, and limitations of each method, shedding light on their performance and
applicability in practice. Additionally, we highlight the challenges that arose
during the implementation process and discuss the solutions that were devel-
oped to overcome them. Lastly, a few comments on the implementation process
itself are given.

6.1 BEMF-based methods

In this section, we discuss two different angle estimation methods based on back
electromotive force at medium and high speeds.

6.1.1 The two-argument arctangent method

The first implemented method was the two-argument arctangent method, which
aimed to calculate the rotor angle based on the o and 8 components of BEMF.
Initially, the proof of concept for this method was demonstrated successfully
under no-load conditions. However, as the speed increased and the motor op-
erated under load, several issues were encountered that rendered this method
ineffective.

One significant challenge was the presence of low-frequency noise signals, as
depicted in figure[33] These noise signals introduced disturbances in the BEMF
measurements, leading to inaccuracies in the estimated rotor angle. Addition-
ally, another problem arose from the offset in phase currents, as shown in figure
This offset affected the accuracy of the estimated angle obtained from the
two-argument arctangent method.

Consequently, the estimated rotor angle derived from the atan?2 method be-
came unreliable and unsuitable for the FOC implementation. Nevertheless, this
method demonstrated the potential of using BEMF for rotor angle estimation.
Further development is necessary to address the challenges associated with noise
signals and offset issues to make this method viable for practical applications.

6.1.2 QPLL method

As an alternative to the atan2 method, a Quadratic Phase-Locked Loop (QPLL)
method was tested. Similar to the previous method, the QPLL method showed
promise in estimating the rotor position accurately under no-load conditions.
However, it faced similar challenges when a load was applied.

The QPLL method, like the atan2 method, was affected by low-frequency
noise signals and offset in phase currents, leading to inaccuracies in the estimated
angle as the motor operated under load.

Further improvements are required to overcome the challenges associated
with noise and offset issues for the QPLL method to be reliably used in practical
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sensorless control applications. Addressing these limitations would enhance the
accuracy and robustness of the rotor angle estimation, enabling its successful
implementation in a wider range of operating conditions.

6.1.3 PLL method

The PLL method demonstrated excellent performance from 650 rpm up to 4000
rpm, exhibiting a robust ability to withstand high loads, as illustrated in figure
To achieve this level of performance, several signal processing techniques
were employed.

Firstly, a low-pass filter with a very low cut-off frequency was applied to
the BEMF signals, the aim was to reduce noise originating from the measured
phase currents. Consequently, a signal in phase with the flux was acquired. This
filtering step played a crucial role in improving the accuracy of the estimated
rotor angle.

Secondly, the offset issue in the phase currents, as shown in figure 32 was
successfully resolved by introducing discrete derivatives, as shown in figure
This adjustment played a crucial role in eliminating the offset while retaining a
known phase, thereby significantly enhancing the accuracy of rotor angle esti-
mation.

Furthermore, the common-mode low-frequency noise signal present in both
« and [ signals, as observed in figure was effectively eliminated using sig-
nal processing techniques, seen in figure These noise reduction measures
significantly contributed to the overall performance of the PLL method.

The successful performance of the PLL method highlights the critical impor-
tance of robust signal processing techniques in achieving accurate rotor angle
estimation. The implemented signal processing steps, including low-pass filter-
ing, offset elimination, and noise reduction, collectively contributed to the high
performance and reliability of the PLL method.

One limitation of the current implementation of the PLL method is its in-
ability to detect negative rotational direction. This is because the method relies
on a single signal for tracking the rotor angle, unlike the QPLL method, which
is capable of estimating the rotor angle in both positive and negative rotational
directions. However, considering that the intended application for this imple-
mentation is a pump, which requires a positive rotational direction, the inability
to detect negative rotation was not considered a problem. If bi-directional op-
eration were to be required, slight modifications to the PLL algorithm could
easily address this limitation.

In addition to the improved performance at high speeds, the sensorless FOC
implementation also proved to enhance efficiency, as evident in the d-q plots.
The leading rotor estimation played a crucial role in achieving both the efficiency
and performance enhancement. It is worth noting that the leading estimation
can be attributed to the omission of the stator current derivative calculation in
equation This simplification had a positive impact on the performance of
the sensorless FOC system.
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6.2 High-frequency method

The implementation of the high-frequency method exhibited poor performance
under load conditions, as indicated by the phenomenon described in figure 0]
However, during light loads and moderate speeds up to 600 rpm, the method
performed well when the logic to handle the reduced high-frequency current
response igq,, Was active.

The underlying cause of this phenomenon has not been fully resolved, but
several hypotheses can be ruled out, leading to a more likely explanation. One
initial hypothesis suggested that the reluctance in the d and q axes became the
same, resulting in identical high-frequency current responses. However, based
on figure where the inductances were plotted for various current positions,
it is clear that the inductances never approached each other, even at currents
up to 25 amperes. Therefore, this hypothesis is unlikely.

Another hypothesis considered the possibility that the waveform of the
BEMF introduced a 6th-order overtone compared to the estimated sinusoidal
BEMEF used by the FOC current controller. This overtone could potentially sig-
nificantly affect the length of the HF voltage vector during its cycle. However,
when comparing the frequency of the HF injection to the 6th-order overtone of
the BEMF at 100 mechanical rpm, where this phenomena was clearly visible,
it was found that the overtone was approximately 14 times slower than the HF
injection. Consequently, it can be considered as a DC voltage during one injec-
tion cycle, which should not significantly alter the shape of the a8-ellipse, but
rather introduce a DC offset to the center of the ellipse.

Through thorough analysis, the hypothesis with the highest likelihood of
explaining the phenomenon is related to the simplification made in the calcu-
lated high-frequency current response, as shown in figure This simplified
high-frequency current response does not consider the change in high-frequency
current amplitude based on the location of the voltage vector in correlation to
the rotor position in the d-q plane. As a result, a portion of the high-frequency
current response is passed on to the FOC current controller. Given that the
current controller has previously demonstrated significant damping and alter-
ation of the HF injection, it will also affect the portion of the high-frequency
injection that passes through after the attempted subtraction from the FOC
current controller partially failed. Essentially, this means that deviations in the
current seen by the controller will occur, except for the exact rotor position for
which the high-frequency current response divides equally across «a and 8. The
controller will attempt to maintain a specific current set point, leading to the
deviation being damped and reshaping the af-current ellipse into a circle, as
shown in figure

The observed deviation in the high-frequency current response caused by the
interaction between the high-frequency injection and the FOC current controller,
highlights the limitations of the high-frequency current subtraction approach in
maintaining accurate control in the high-frequency method. Attempts were
made to address this issue by introducing a Notch filter or subtracting the high-
frequency band-passed current component. However, these attempts did not
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show success. A potential solution could be subtracting the exact ellipsoidal
af-current response generated by the high-frequency voltage injection from the
current controller. Unfortunately, due to the time constraints, addressing this
issue thoroughly was not possible. To achieve more precise control, further
refinements are necessary to account for the effects of the FOC current controller
on the HF injection and ensure a reliable estimation of the rotor position.

6.3 Hardware and previously implemented software

The implementation of the project was carried out using Simulink in conjunction
with TargetLink code generation, which imposed restrictions on the available
blocks to those compatible with TargetLink. This significantly increased the
implementation time as several complex Simulink blocks such as FFT, discrete
filters, and specialized controller blocks were inaccessible. Consequently, alter-
native approaches or the construction of these blocks had to be implemented.

Considerable time was dedicated to comprehending the behavior of the ex-
isting Speed and Current controllers. Both controllers showed highly aggressive
characteristics, with the Current controller even canceling out the HF injection.
To address this issue, the high-frequency current response estimation shown in
figure needed to be subtracted from the measured current before entering
the Current controller.

Another challenge originated from the Speed controller, which introduced
oscillations similar to those described in figure[34] For testing purposes, the ag-
gressiveness of the Speed controller was reduced, resulting in improved behavior.
However, it was preferred by BorgWarner to maintain the original design aggres-
siveness of the Speed controller, requiring alternative solutions to be explored.

There were several performance-related issues with the ECU. Firstly, the
CPU load of the ECU consistently approached its limit when testing new unop-
timized implementations, causing the ECU to reset when the algorithm involved
too many calculations. One proposed solution was to decrease the sampling
frequency of the FOC block from 10 kHz to 5 kHz, but implementing this ad-
justment proved to be challenging. Lastly, the bandwidth of the bandpass filter
in the HF algorithm (figure had to be widened beyond the theoretically
optimal range. This compromise was necessitated by the occurrence of round-
ing errors in the ECU, which interfered with the proper functioning of the HF
algorithm.

Despite these challenges, the implementation process provided valuable in-
sights into the limitations and complexities associated with hardware constraints
and pre-existing software. Overcoming these obstacles required resourcefulness
and creative problem-solving, ultimately contributing to a more robust under-
standing of the system and its performance characteristics.
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7 Conclusion and future work

This chapter concludes the findings of the implemented sensorless rotor position
estimation methods and suggests future directions for improvement.

7.1 Conclusion

The best method for medium and high speed was the magnetic flux method with
PLL implementation. The PLL method based on the magnetic flux estimation
proved to be the most reliable and effective. The PLL method demonstrated a
monotonic behavior and outperformed the sensored FOC above 650 rpm. The
sensorless FOC could withstand more load than the sensored FOC at medium
and high speeds. The sensorless FOC demonstrated higher load capacity. For
instance, at 2000 rpm, the breaking point for the sensorless FOC occurring at
30 Ncem while for the sensored FOC at 20 Nem.

The high-frequency injection method, based on the saliency characteristics,
proved the ability to estimate the rotor position at standstill and low speeds
up to 60 (mechanical) rad/s. However, it encountered limitations when a load
was applied, leading to poor performance.

7.2 Future work

Future work should focus on optimizing the calculated high-frequency current
response from the high-frequency voltage injection in the HF-based rotor es-
timation method. By fine-tuning the current response calculation, significant
improvements in stability and performance can be achieved for high-frequency
rotor position estimation.
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9 Appendix

9.1 Appendix A - Simulink implementation

estAngleHF

estangertL —> @D
EstAngiePLL.

PLLMethod

—
flux_b ——p]fux b

BEMF:

BEMF estimation

ph:
beta

i_alpha
beta

&

[«
CurrentAlphaToBEMF
@—

c

HF_anglePLL |

HFon
et
HFsystem

u_betal

£
g
14
kil
o
& P
= H o
s 5 &
8§ H §
2 2 2
8 £ @
3 3
3

(@BD=——P{DutyCyclesToReuseln
DutyCycles

@D——»|supriyvotage
SupplyVoltage

Figure 62: The overview of the implemented rotor position estimation algorithm.
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Figure 64: This figure shows the subsystem RisingEdgeDetector that detects if
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-,
Signal Sum1

Unit Delay Delay Relational Logical

Operator Operator5
Unit Delay21
Constant
—
[&D) >
SpeedSP N outt
Switch

Relational Logical
Operatort Operators

Constant1
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Figure 69: This figure shows the subsystem Pi-correction that is a part of the
logic in figure[68] it detects if the HF PLL have locked on the wrong phase when

activating at 50 rad/s.
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