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Lay Abstract

The thesis develops a sensorless control method with a dc-link current sensor for IPMs
without shifting PWM waveform. The challenge is the immeasurable regions, which is
divided into sector boundary region and low modulation region. An observer-assisted
method is proposed for medium- to high-speed operation, applying an adaptive band-
pass Iter to eliminate the unexpected harmonics. However, it is unfeasible in the
low modulation region. A six-direction injection method is proposed for low-speed
operation. But, the unaligned measurement of the phase current increases the po-
sition estimation error. The modi ed reconstruction scheme takes advantage of the
symmetrical switching state to average the current measured in the di erent intervals,
which improves the position estimation accuracy. The proposed methods are veri ed

by simulation and experiments.



Abstract

Interior Permanent magnet synchronous machines (IPM) have the capability of im-
proving its ux weakening operation and satisfying higher torque requirement due
to the rotor saliency structure. However, to reduce the cost and volume, sensorless
control and single current control are under investigation in decades.

The thesis develops a sensorless control method with a single dc-link current sensor
for IPMs without shifting PWM waveform. The main challenge is the immeasurable
region, which is divided into sector boundary region and low modulation region. An
observer-assisted current reconstruction method is proposed to deal with the sector
boundary region. This assistive model-based observer is a Luenberger type observer
that estimates the back electromotive force (EMF) based on the error between the
reconstructed and estimated currents. An adaptive band-pass Iter is applied to
eliminate the unexpected harmonics due to the lack of current samples in the sector
boundary region. The algorithm is implemented and veri ed by simulation.

However, the observer-assisted method is unfeasible in the low modulation region,
where even one phase current is hardly acquired. A six-direction injection method
with a modi ed reconstruction scheme is proposed when the system operates at low
speed. The injected signal forces the reference voltage vector outside the low mod-

ulation region. But the unaligned measurement of the phase current increases the

v



position estimation error and causes a third-order harmonic. The modi ed recon-
struction scheme takes advantage of the symmetrical switching state to average the
phase current measured in the dierent intervals, which improves the position es-
timation accuracy. The saliency-based sensorless control with the modi ed current
reconstruction method is veri ed by simulation.

At last, the experimental tests are conducted to verify the proposed methods of

medium to high-speed operation and low-speed operation, respectively.
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Chapter 1

Introduction

1.1 Background and Motivation

Electric machines convert energy between electrical and mechanical, which makes
them be widely adopted in industrial applications, such as house appliance, automo-
tive system, pumps and wind energy conversion systems (Emagti al., 2006, 2008;
Zhao et al., 2013a). The convenient drive system makes DC motors dominant the
market for a long time. However, the development of permanent magnet material,
power electronics and digital processors boosts the research on AC motor drives,
which has gradually replaced the dominant status of DC motors. Compared with
induction machines, switched reluctance machines and other AC machines, perma-
nent magnet synchronous machines (PMSM) have increasing applications in decades
due to the features such as high power density, high reliability and sound control
performance (Suret al., 2015).

Generally, the AC motors consist of a stationary part and a rotary part, which are

called stator and rotor respectively. The stator has three-phase winding to generate a
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rotating magnetic eld, which makes AC motors not require any commutator like DC
motors. As a result, AC motors have a more compact and reliable structure compared
to DC motors. The di erence between di erent kinds of AC motors mainly lies on the
way of generating rotor eld. PMSMs have the capacity of producing stable magnet
eld because of the use of permanent magnet on the rotor so that it improves energy

e ciency by cutting the copper loss on the rotor compared to other AC motors.

Figure 1.1: Rotor structure of SPM and IPM.

For PMSMs, the permanent magnet can be mounted on the surface of the rotor
or buried inside the motor (Yanget al., 2017, 2016). The location of the permanent
magnet impacts the characteristics of the motor. The PMSMs can be categorized
as surface mounted permanent magnet motor (SPM) and interior permanent magnet
motor (IPM) based on the placement of the permanent magnet, as shown in Fig-
ure 1.1. SPMs have identical inductance on direct and quadrature axis since it has a
uniform air gap. This non-salience con guration limits the ux weakening operation

to some degree, but it is relatively cheap because of the easy manufacture process.
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Compared with SPMs, IPMs insert the permanent magnet inside the rotor core to

prevent it from exposing to the outside, which reduces the risk of demagnetization and
enhances the reliability to achieve more high-speed requirement. As a result, for high-
performance applications, IPMs are preferred because of their salient rotor structure

that improves its ux weakening operation and torque production capabilities.

Figure 1.2: Typical electric machine drive system.

An electric machine can be utilized desirably only when it equips with a drive
system. A typical drive system consists of a DC power supply, an electric machine,
an inverter, a control system and sensors including one position sensor and several
current sensors, shown as Figure 1.2. In practice, DC power is always convenient
and available. Therefore, for AC motors, a voltage source inverter (VSI) is needed
to converter DC power to AC power. The control system is designed to control
the turn-on and turn-o of the switching devices for the performance demand. The
most common control algorithms include Field Oriented Control (FOC) and Direct

Torque Control (DTC) (Abassi et al., 2016). FOC is usually used in a high dynamic

3
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performance application. This control strategy outputs the desired speed and torque
by using proportionalintegral (PI) regulators. However, DTC directly applies voltage
reference through ux and torque hysteresis controllers to achieve a fast response.
It relieves the computation load of the processor but cannot avoid torque ripples.
All these control systems need to measure current and position information by using
speci ¢ sensors as the control feedback.

The utilization of the sensors indispensably increases the cost and the volume
of the entire system. Encoder and resolver are commonly used as the position sen-
sor to provide position and speed information in the electric machine drive system.
However, the installation of these sensors is limited by the application environment
or the structure of the motor sometimes. For example, the sensors always require
more space on the motor shaft for the installation. They also have a risk of malfunc-
tion even if they are correctly installed. The inspection and maintenance increases
further expenses. Consequently, researches on position sensorless control are paid
attention in these years. Meanwhile, reducing the number of current sensors known
as single current sensor control also appeals e orts for cost and size concern as a new
approach (Xuet al., 2018; Sulet al., 2017).

On the one hand, the existing position sensorless methods can be divided into
electromotive force (EMF) based methods (Songt al., 2016; Tursini et al., 2005;
Gendusoet al., 2010) and saliency-based methods (Alaet al., 2018). EMF can be
used to estimate rotor position at medium to high speed, while it is not applicable
for low speed and standstill due to its insu cient signal-to-noise ratio. However, the

saliency-based methods are aimed at solving the problem at low speed and standstill
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by injecting high-frequency signals. On the other hand, single current control meth-
ods are meant to overcome the immeasurable problem mainly caused by the dead
time of PWM, A/D conversion time, and the settling time of the inverter switching
currents. PWM modi cation methods (Aoyagi et al., 2009; Wang and Lin, 2016)
are most straightforward, but it increases current harmonics and the risk of current
distortion or increases the switching frequency. Model-based methods have the good
performance of sensorless control with a single current sensor, but it is unfeasible at
low speed or standstill (Carpanetcet al., 2012; Kraemeret al., 2017). This thesis
provides an observer-based method for medium to high-speed operation and a high-
frequency injection scheme for the low-speed operation to realize position sensorless
control with a single dc-link current sensor. Both strategies do not require PWM

shifting.

1.2 Contribution

The author has contributed several original ideas about position sensorless control for

IPM with a single DC-link current sensor. The contributions are brie y listed below.

1. An observer-assisted current reconstruction method with a single dc-link current
sensor is proposed for medium to high-speed sensorless control of IPMs, which

achieves an improved performance without changing the modulation.

2. A high-frequency injection method with a single dc-link current sensor is pro-
posed to solve the immeasurable problem, caused by the dead time of PWM,
A/D conversion time and the inverter settling time, for low-speed sensorless

operation without shifting PWM waveform.
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3. A modi ed reconstruction method of reducing the reconstructed current error
is proposed to increase the accuracy of position estimation when injecting high

frequency to the system.

4. The proposed position sensorless control with a single dc-link current sensor
is validated experimentally at both high-speed and low-speed operating condi-

tions.

1.3 Thesis Outline

This thesis presents methods of position sensorless motor control of IPMs with only
a single dc-link current sensor. The outline of the thesis is demonstrated as follows:

Chapter 2 introduces the current reconstruction principle and the immeasurable
problem of single current control. Then, it reviews the exiting single current sen-
sor motor control methods in detail by categories according to how they solve the
problem. The chapter also explains the challenges of these methods.

Chapter 3 presents the mathematical model of IPMs and reviews di erent position
sensorless control methods with the help with the model at high-speed operation.
Also, the chapter reviews the low-speed sensorless control methods by analyzing high-
speed excitation model. In the end, it gives an introduction of sensorless control with
a single current sensor and the challenges these strategies encounter.

Chapter 4 describes the proposed observer-assisted current reconstructed method
for medium to high-speed position estimation with a dc-link current sensor. The
Luenberger-type observer applied an adaptive band-pass lIter to eliminate the unde-

sirable harmonics in the reconstructed current without shifting PWM waveform. The
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discretization scheme is also introduced. The simulation results are given to verify
this method.

Chapter 5 describes the proposed high-frequency injection method for sensorless
control during the low-speed region with a dc-link current sensor. There are two
candidates of the high-frequency signal. The chapter gives the preference by compar-
ison and detail analysis. Meanwhile, a modi ed reconstruction method is proposed
to improve the position estimation. The simulation results are given to verify this
method.

Chapter 6 introduces the experiment setup, including the test bench, motor spec-

i cation and the dSpace implementation. The performance of the current reconstruc-
tion and position sensorless control are veri ed experimentally both at high-speed
and low-speed operations.

The conclusion is drawn in Chapter 7. The suggested future work is shown in this

chapter as well.



Chapter 2

Single Current Sensor Motor

Control Methods

2.1 Introduction

In the conventional full sensors control system, at least two current sensors are re-
quired to acquire two phase currents, and the third phase current can be sampled by

another sensor or calculated by the other two current values as:
|a+ ib+ IC:O (2.1.1)

Single current sensor strategies usually measure dc-link current to reconstruct
three-phase currents based on the relationship between the voltage vector and the
phase current. Dc-link current sensor measurement occurs at the instants when the
switches turn on and turn o according to space vector modi cation (SVM). For

example, when the top switch of Phase A turns on and the top switches of Phase B
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and C turn o (Vector 1), the dc current goes through Phase A and it is equal ta,,

as shown in Figure 2.1. According to SVM scheme. Two voltage vectors are used in
one switching period to apply the reference voltage vector. That makes the current
reconstruction possible by only measuring dc-link current by a single current sensor
at two instants in a switching period. The relationship between three phase currents
and the dc current sample at di erent sectors is given in Table 2.1. The current of the
third phase is found from the two active phases by assuming balanced three-phase
currents. Therefore, the reconstruction technique guarantees the identi cation of all

the three-phase currents in one switching period.

Figure 2.1: Dc-link current sensor measurement for three phase currents.
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Table 2.1: Three-Phase Current Reconstruction Method

Sector Switching First Current Second Current

State Sample Sample
1 Vi, Vs ia ic
2 Vs, Vs ip -ic
3 Vs, Vy ib -ia
4 Vs, V, ic -ia
5 Vs, Ve ic -ip
6 V1, Vs Ia -ip

The main challenge of this strategy is the immeasurable region mainly caused by
the dead time of PWM, A/D conversion time, and the settling time of the inverter
switching currents:

Tmin = Tdead + Ta=p * Tsett (2-1-2)

The immeasurable region can be divided into two areas in the reference voltage
vector plane: sector boundary region and low modulation region. In the boundary
region, the states in a switching period change in a short time, and therefore, there
is only enough time to detect one phase current, whereas no phase current can be
identi ed correctly during the low modulation region. The space vector plane with

the di erent regions is shown in Figure 2.2.

10
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Figure 2.2: Space vector plane and immeasurable regions.

Single dc-link current sensor technigues can be categorized based on how it solves
the immeasurable problem, as modulation modi cation methods and model-based
methods. There are two main PWM modi cation methods to deal with the immea-
surable region, which are switching-state phase shift method (SSPS) (6ual., 2011)
and measurement vector insertion method (MVIM) (Kimet al., 2006; Kim and Jahns,
2006). The model-based methods can be classi ed as observer-based methods (Saritha
and Janakiraman, 2007; Kraemeet al., 2017; Piippoet al., 2007; Hafezt al., 2014),
and current predictive methods (Young-Hee Jangt al., 2016; Matsuuraet al., 2015;

Kim et al., 2014; Ha, 2010). Instead of using a dc-link current sensor to achieve single
current control, some researchers come up with sensor placement method to avoid
immeasurable problem (Cheet al., 2012; Xuet al., 2017). The classi cation of these

methods is summarized in Figure 2.3

11
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Figure 2.3: Classi cation of various single current sensor control methods.

2.2 Modulation Modi cation Methods

2.2.1 Switching-state Phase Shift Method

SSPS satis es the requirement of minimum time by shifting the PWM when the
time of one active vector is too short to detect from the dc current. It divides a
switching interval into a sampling period and a compensation period. The phase
shift pattern is shown in Figure 2.4. To obtain the minimum response time for the
current measurement, the e ective voltage vector in the sampling time is extended by
shifting the switching-state waveform. In the sector boundary region, only one phase
current can be measured correctly during one switching period, so that one switching-
state (S;) waveform needs to be shifted as Figure 2.4(a). When the reference voltage
vector is in the low modulation region, even one current can be hardly detected, and

two switching states S,, Sp) need to be shifted as Figure 2.4(b).

12
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Figure 2.4: Phase shift method patterns (a)sector boundary region (b)low
modulation region.

Based on the SVM scheme, the reference voltage vector in any sector can be
expressed as:

Vit = =V (2.2.1)

|
Where T, is the interval time applied to V;. The sum of the time T, is the
switching period. If considering each switching state as an individual, the reference
| [ !
voltage vector can be expressed by 1(100), V 3(010) and V 5(001) all the time. Other

| | |
voltage vectors can be replaced with these three basic vectors by uswhg ="V 1+ V 3,

! ! I [ !
V4= V3+ Vs, Ve= Vs+ V1. The zero vectors can be ignored.

I ! ! I I I !
Viet =(TwoV 1+ T1o0Va+ TowoVia+ ToaaVa+ ToorVs+ T101Ve)=Ts

| I |
=((T1o0* Taoa+ T110) V1 + (Toro+ Tora + T110) V3 + (Toor + Torr + Tio1) V5)=Ts

| | |
=(Ty Vi+ T1Va+ T 1Vs)=T; (2.2.2)
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From the equation, it can be observed that the reference voltage vec!,tMref is
determined by the duty ratio of each switching state. Hence, shifting the switching
state does not a ect the reference voltage vector.

This method can be used everywhere in the space vector when the phase current
measurement by the dc-link current sensor is invalid. However, this method may
cause current distortion since the PWM signals are not symmetrical in certain regions.

Furthermore, the calculation of the minimum time should be acknowledged precisely.

2.2.2 Measurement Vector Injection Method

Figure 2.5: Di erent methods of changing reference voltage vector in space plane:
(@) SSPS (b) MVIM.

Instead of shifting the PWM to fulll the requirement of current reconstruction,
MVIM inserts e ective voltage vectors to solve the time limitation problem when
needed. The dierent patterns of the two PWM modi cation methods are shown in
Figure 2.5.

This method guarantees the correct measurement by adding additional active

voltage vector following the regular switching period. The processing sequence and
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timing diagram are shown in Figure 2.6. Time duration is generated specially for the
current measurement when MVIM is active, and then the measured current is used

for current loop algorithm and calculation of PWM dwell time for the next cycle.

Figure 2.6: Timing diagram when MVIM is active.

The disadvantages associated with this method is obvious. It increases the switch-

ing losses and causes additional voltage disturbance and audible noise.

2.2.3 Other PWM Modi cation Methods

Besides of the two modulation modi cation methods, other PWM techniques are
come up with to improve or solve some specic problems that exist in the above
methods.

(Wang and Lin, 2016) proposes a method to maintain the symmetrical double-
sided modulation without changing the total duty cycle of the voltage vector. The
main principle of this method is the same as SSPS method. The di erence is that this
method splits the switching state waveform in the middle to prolong the time duration

of the desired active voltage vector. Compared with SSPS, this approach keeps the
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PWM symmetrical, so that it reduces the current distortion and achieves better total
harmonic distortion (THD). However, it indispensably increases switching frequency.
(Chenget al., 2010) proposes a tri-state pulse-width modulation (TSPWM) tech-
nique to realize xed sampling points with minimum hardware and software require-
ment. The immeasurable region shrinks in this PWM scheme. However, the THD of

this scheme is relatively higher than that of SVM.

2.3 Model-Based Methods

Model-based methods estimate the current based on the machine model without
modifying the modulation for the immeasurable region. The model-based methods

can be classi ed as observer-based methods and current predictive methods.

2.3.1 Observer-Based Methods

A curve- tting observer is introduced in (Saritha and Janakiraman, 2007), which
provides lower harmonic distortion and does not require any load information. An
essential part in the observer is an oscillator to generate the sine and cosine waveform,
which can be considered as the current in the frame. So, the structure of the

observer can be depicted as Figure 2.7.
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Figure 2.7: The structure of the curve- tting observer.

The observer equation can be expressed as:

2 3
2 3 2 32 3 2 A
? 0 G dp G B
= 1 1b 1
290 a5 2. § oo e
A
= !e | d2a d2b d2c A
ICrec IC
Another observer-based approach is demonstrated in (Hafet al., 2014). This

method lters out the reconstructed current and estimates the motor position and
speed by using three Luenberger-style observers. The detailed analysis of the con-
troller parameters and loop bandwidth is presented as well.

However, observer-based methods can only overcome the immeasurable problem

at the boundary but not at the lower modulation region because there is no available

input in the low modulation region.
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2.3.2 Current Predictive Methods

Current predictive methods utilize the previous current points and precise motor
parameters to predict the current based on the machine model at the immeasurable
region (Young-Hee Jangt al., 2016; Matsuuraet al., 2015; Kimet al., 2014; Ha, 2010).
These methods are computationally intensive and require information of occurrences

of immeasurable regions so that the current prediction can bypass the reconstruction.

2.4 Sensor Placement Methods

Figure 2.8: Sensor placement methods: (a) Chet al. (2012), (b) Xu et al. (2017).

In order to overcome the limitations in the boundary region, some researchers choose a
unique location for the single current sensor to measure the combination of phase cur-
rent and branch current at zero voltage vector (Chet al., 2012; Xuet al., 2017). The
location of the current sensor in the two methods is depicted in Figure 2.8. Through

arranging the current sensor at a new location, the dead zones can be removed without
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modifying the PWM waveform. However, these methods are not feasible for the ex-
isting inverter or Integrated Power Modules as it requires considerable modi cations

on the board.

2.5 Challenges in the Existing Methods

The existing methods mainly tend to solve the dead zone problem of the current
measurement by either compensating the immeasurable area or avoiding the dead
zone. The observer-based methods and current prediction methods take advantage of
the motor model to compensate the uncertain current point, which relies on the model
parameters. In term of the dependence on the parameters, observer-based methods
have more superiority. The modulation modi cation methods and sensor placement
methods are aimed at avoiding the immeasurable region by prolong the active voltage
vector or measuring the current at zero vector intervals.

The challenges in the existing methods can be summarized as follows:

1. The modulation modi cation methods make the phase current measurement
thoroughly feasible at every operational condition. However, they indispens-
ably increase the current harmonics or switching frequency when changing the

modulation scheme.

2. The observer-based methods and current prediction methods can compensate
the sector boundary region, but they are incompetent during the low modulation

region where no phase current can be obtained at every single moment.

3. The sensor placement methods provide a novel perspective of single current

sensor control by designing the location of the single current sensor. However,

19



M.A.Sc. Thesis { J. Zhao McMaster University { Electrical Engineering

they are not available to be realized on the conventional motor drive hardware

or integrated power modules.

2.6 Summary

This chapter introduces the main challenge of measuring the phase current with only
one current sensor and the principle of the phase current reconstruction. The spatial
vector plane can be divided into the measurable area, the sector boundary area and
the low modulation area according to the number of the available phase current.
This chapter reviews the existing single current sensor control approaches by three
categories: PWM modi cation methods, model-based methods and sensor placement
methods. The chapter presents the typical scheme of each categorized method and

points out the drawbacks and challenges of the existing methods.
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Chapter 3

Position Sensorless Motor Control
Methods for IPM with a Single

Current Sensor

3.1 Introduction

The information of position and speed, which is essential for the high-performance op-
eration of IPMs, are usually acquired by resolvers or encoders. These position sensors
are always installed on the shaft of the motor, which increases the size and the cost of
the entire system. Additionally, the use of the sensors may cause further disturbance
and reduce the reliability of the drive system. As a solution to these problems, position
sensorless control has been paid e orts and evolved in decades. The existing position
sensorless methods can be divided into techniques used in medium-to-high-speed op-
eration (Hasegaweet al., 2009; Kimet al., 2011) and low-speed operation (Jangt al.,

2003; Jeonget al., 2003; Raceet al., 2010; Focet al., 2010). The high-speed sensorless
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control methods are generally model-based methods by estimating back electromo-
tive force (EMF), which contains the information of rotor position. However, it is
not applicable for low speed and standstill due to its insu cient signal-to-noise ra-
tio. Therefore, the saliency-based method is aimed at solving the problem at low
speed and standstill by injecting high-frequency signals. To realize seamless transi-
tion between high speed and low speed, hybrid control strategies are adopted (Foo
and Rahman, 2010; Corley and Lorenz, 1998; Johnsenal., 2015; Lara and Chandra,
2017; Liet al., 2014; Seilmeier and Piepenbreier, 2015; Villet al., 2012).

3.2 Position Estimation at Medium to High Speed

When the motor rotates at medium to high speed, the EMF is high enough to ex-
tract the position information. The estimation of EMF is based on the model of
the IPMs. Generally, an observer is designed to achieve good robustness to the
uncertainty of the motor parameters. The observer can converge the outputs to
actual values by regulating the error between the measured variables and the ob-
served valuables. The common observers include Luenberger observer, disturbance
observer (Chenret al., 2003; Tomitaet al., 1998; Xiaoquanet al., 2016), sliding mode
observer (SMO) (Kim et al., 2011; Zhaoet al., 2012, 2013b, 2015), model reference
adjustable system (MRAS) (Dezzeaet al., 2012; Hasegawat al., 2005; Mishraet al.,
2012) and extended Kalman lter (EKF) (Qiu and Kojori, 2004).
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3.2.1 IPM Mathematic Model

The model of IPMs can be expressed in di erent reference frames according to the

requirement. The relationship among these frames is shown in Figure 3.1.

Figure 3.1: Di erent reference frames of IPM model.

The mathematical model of IPM in thed-q frame is:
2 3 2 32 3 2 3 23 2 3

SV“%:SIRLS :quﬁidm“ T80 8 @ay

whereR;s is the stator resistance.Ly and L4 are the inductances ord- and g- axis
respectively. ,, is the ux linkage generated from the permanent magnet.
To observe the rotor position and facilitate the frame transformation, the math-

ematical model can be rewritten by making the parameter matrix symmetrical, as:
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2 3 2 32 3 2 3 23 23

§% = ﬁle hggE L g O b9 EQXQ:% (32.2)

where E. denotes the magnitude of the Extended EMF (EEMF) components.
The equation is:
. di
Eex =((La  Lg)(!elg d_'?) + 1o m) (3.2.3)
The d-g model can be transformed to - frame through an inverse Park trans-

formation, as:

2 3 2 32 3 2 3 2 3 2 3
QV g _ 9 Rs le(Lg Ld)ggl g_l_ ng Og pgl g+ Eexg sin eg
Y, le(Lg La) Rs i 0 Ly i COS ¢
(3.2.4)

The last term of the equation, which is the EEMF, contains the rotor saliency and
back EMF terms. Shown as the equation, the magnitude of the EEMF is related to
the electrical speed . of the motor. When the speed is low enough, it will become

di cult to be obtained for the position extraction.

3.2.2 Model-based Observers

The model of the IPM can be rewritten into state space as:

2 3 2 32 3 2 3 2 3

g-2=g e b BTgir 19V §°0) ey
L ! e(Lq Ld):Ld Rs=Lgq | d vy e
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where,e = EgSin o, € = Eq C0S .. The EMF can be considered as distur-

bance of the system. The state space equations can be expressed as:

2 3 2 32 3 2 3 2 3
¥ Rs=L le(Lqg Lg)=Lg7 g1 e
3 L-9 R T
= lo(Lq La)=Lg Rs=Lq 0 d v &
3 2 32 3 2 3
852-0,8° 2574608 UL (3.2.6)
-y 1 0 e L

where the state variables of the equations are the estimation&,, is the observer
parameter. The block diagram is illustrated in Figure 3.2. Based on the di erent

design ofG,y,, the observer can be linear or nonlinear.

Figure 3.2: Block diagram of model-based observer.

Gop Can be a gain matrix in linear observer system, which provides the observer
with the error of the measured current and estimated current. The observer outputs
estimated EMF to calculate the rotor position by using the arc-tangent equation or
phase-locked loop (PLL). In a nonlinear observer system, such as SMQ,, can be
the sign function (Liu et al., 2011) or a sigmoid function (Kimet al., 2011) according

to the design of the sliding surface. As the model parameters are signi cant for a
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model-based observer, the performance of the sensorless control will be impacted by
the variation of the parameters. Therefore, some researches are developed to estimate
the parameters online to improve the robustness of the observer (Rafagal., 2017).
Moreover, the observer model can be built in estimated rotational frame (Mori-
moto et al., 2002), which is frame in Figure 3.1. The model can be obtained by

transformation, as:

2 3 2 32 3 2 3 23 2 3
gZ-gf ‘etaglz, gt %7 §8'7.5°2 (3.2.7)
Y lelq Rs i 0 Lyg [ e
where,
2 3 2 3 2 3
8°2-e,8 " Lir. 191 'L (3.2.8)
e COS e i

where % is the error of the estimated position and actual current. The state space

equation is given after decoupling between two axis, as:

2 3 2 32 3 23

e B Ty TTRYRE

2 3 2 32 3 23

Q?E:Li R 1§9i§+§31§(v Lol ) (3.2.9)
e d 0 0 1 a0

By assuming the estimated speed is close to the actual speed, the second term of

the EEMF equation can be ignored. Instead of containing the position information
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in the stationary frame, the EEMF in estimated rotational frame involves the infor-
mation of position error. The EEMF estimation methods are similar to the methods
used in the stationary frame. The position error can be calculated by the arc-tangent
equation:

e
e = arctan( e_) (3.2.10)

The speed can be acquired by adding a PI regulator after the position error, as:
Ki\ -

The T is substituted with Ae and the estimated position can be obtained by
integrating the estimated speed, a$, = #.=s. The close loop transfer function of the

position is expressed as:

AN

s+ Kps+ K;

(3.2.12)

e
e

The parameters of PLL, includingK, and K;, are designed according to the
bandwidth requirement of the control system and then adjusted by balancing the

estimation performance.

3.3 Position Estimation at Low Speed

Since the EMF is nearly proportional to the motor speed, extracting the position
information by using the EMF-based method is unfeasible in low-speed operation. To
deal with this limitation, saliency-based methods with an HF injection are adopted
in general. The selection of the HF excitation and the current processing for the

position are the focus points for the researchers (Lara and Chandra, 2017; Seilmeier
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and Piepenbreier, 2015; Wang and Xu, 2015). The HF injection methods for low-speed
sensorless of IPMs can be employed either in the stationary reference frame (Song
et al., 2015; Wanget al., 2019; Liu and Zhu, 2014b,a; Kinet al., 2016) or the estimated
synchronous reference frame (Gong and Zhu, 2013; Foo and Rahman, 2010; &hiad),
2003; Jang and Ha, 2004). In terms of the type of the injected signal, sinusoidal
waveform and square waveform are both options. Compared to the sinusoidal signal
injection, square wave injection methods (Yooret al., 2011; Zhaoet al., 2013c; Xu
and Zhu, 2016; Yanget al., 2016; Kimet al., 2012) have the advantage of eliminating
the design of the lIters and reducing the acoustic noise by employing high enough

frequency.

3.3.1 High-Frequency Excitation Model

The high-frequency excitation model is based on the fundamental motor equations on
the d qrotational frame. The adopted frequency of the HF voltage signal is much
higher than the fundamental electric frequency, the intention of which is to generate
induced high-frequency current. Generally, the amplitude of the HF voltage signal
is much smaller than that of the dc-link voltage to reduce the acoustic noise and
additional power loss. According to the voltage equations, the derivative terms of the
current dominate the voltage equations under the function of the HF excitation. The
HF excitation model of IPMs is given as:

2 3 2 3 2 3

grang _ gte 07 g§lenz (3.3.1)
Vain 0 Lg igin

where, vgn, Vqn are the injected voltage andigp, iqn are the induced current
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by HF injection. The stationary frame equations can be expressed by using the

transformation matrix, as:

2 3 2 3 2 3
8" L=1(98 " TETiot p§ "L (33.2)
V.h 0 Lq i;h
where,
2 3

QCOS( e) sin( e)g

sin(e) cos(e)

Ti(e)=

The voltage equation can be rewritten after simplifying and rearrangement, as:

2 3 2 3 2 3
gv;hg_ 2L+ L cos(2¢) L sin(2 ¢) g SI hg (33.3)
Vo L sin(2 ¢) L L cos(2) i h
where,
L= — L= ——
2 2
The derivative current can be shown as:
2 3
i ‘h Vh
pg g = L2 hg g (3.3.4)
where, 2 3
L+ Lcos(2 L sin(2
L, = 9 ( e) ( e) g

L sin(2 ¢) L L cos(2¢)
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3.3.2 Injection in Estimated Rotational Reference Frame

When the pulsating voltage signal is injected to the estimated reference frame,
the high-frequency voltage signal is usually injected onaxis. Then the uctuation
only exists on the -axis, which can reduce the e ect on the electrical torque. The
equation of the injected voltage is given as:

2 3 2 3

gvng - g¥ °°§¢ g (3.3.5)
V.h

where, V,, and ! , denote the amplitude and the frequency of the injected signal.

According to the relationship between di erent reference frame shown as Figure 3.1,

HF excitation model can be transferred to the estimated reference frame, as:
2 3 2 3 2 3
8" =18 %It 8L
= Tf( e) Tf( e) p (3'3'6)
V.h 0 Lq i ‘n

where, 5= o .. After rearrangement and simpli cation, the induced current

in frame is represented as:
2 3 2 3
gi nZ_ z Vi cos( nt) 2'— + L COS(Te)g at
i, Lz L2 L sin(27)
2 3
_ Vi sin(! pt) 2'— + L COS(TE)g (3.3.7)
La(L2 L% L sin(27)
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The position error can be obtained by processing the current, . The demod-
ulation process of position estimation consists of a band-pass Iter (BPF), a multi-
plication and an LPF (Jang et al., 2003; Jang and Ha, 2004), shown as Figure 3.3.
The BPF is utilized to extract the induced currenti., from i . After multiplying
the high-frequency signal sif(,t) and going through the LPF, the current signal is
proportional to the position estimation error as:

Vi, Lsin(27%)
21, (L2 L?)

Vh L -
W e (338)

f(7e) =LPF[i . sin(! pt)] =

The estimated position and speed can be obtained by applying PLL, similarly with
the EMF-based method in high-speed operation. Square wave injection can eliminate

the dependence on the lters, but the digital delay should be considered carefully.

Figure 3.3: Demodulation process for position and speed estimation in  frame.
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3.3.3 Injection in Stationary Reference Frame

If the injection is applied in the stationary reference frame, it is known as rotating
voltage signal. The injected voltage signal is applied in both- and -axis, as:

2 3 2 3
§Vn T - v, §0°0 0z (3.3.9)
V.

h sin(! pt)

Instead of extracting the position error from only one axis current in the
frame, the injection in the frame needs to process the induced current signal on
both axes at the same time to demodulate the estimated position error (Soeg al.,
2015; Wanget al., 2019; Liu and Zhu, 2014b,a; Kimet al., 2016). The estimated

position and speed can be acquired by using a PLL or other observers.

3.4 Single Current Sensor Control Methods for
Position Estimation

Sensorless control by using a single current sensor is a combination of single current
sensor strategy and sensorless control techniques (Carpanetal., 2012; Hafezt al.,
2014; Piippoet al., 2007; Yang, 2015; Lwet al., 2018). When the phase current is
reconstructed completely, it is usually applicable for the existing position sensorless
methods to extract the position information based on the reconstructed phase current.
However, there exists some limitation and poor performance compared to full current

sensor methods.
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3.4.1 Position Sensorless control Based on PWM Modi ca-
tion

Since PWM modi cation can work on the entire spatial vector plane, employing
position sensorless control with this method is straightforward and easy to imple-
ment based on existing sensorless strategies. However, when using the saliency-based
method with a high-frequency signal injection for low-speed operation, the perfor-
mance of the current reconstruction based on the PWM modi cation method cannot
satisfy the requirement for the position estimation.

(Yang, 2015) presents a saliency-based sensorless method with single dc-link cur-
rent sensor by injecting square wave voltage td-axis, but the performance shown in
the experiment is way worse than sensorless control with full current sensors. (Im
and Kim, 2017) introduces an improved saliency-based method to reduce the recon-
structed error in the high-frequency region by using current prediction on each current
sampling instant. This method tends to obtain the aligned current information from
the unaligned current measurement by using model-based current prediction. There-
fore, it divides a switching cycle into four sampling periods. It uses the Forward Euler
Discretization to approximate the derivatives for the voltage equations. The model

used for the prediction is derived as:

2 3 2 32 3 2 3
AN A
Ta(k) 1 RgTs=Lg Lol eTs=Lg lg(k 1) Tsva(k)=Lg4

Ghiog gt RTels L oToboggh g g T, :
lq(k) L%! els=Lq 1 RsTs=Lq 2 gk 1) Ts(vq(k) e m)=Lq

Kgfd,mw 1) fulk o
fam(k 1) Tyk 1)

(3.4.1)
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The current is predicted based on the previous current and the present voltage.
The last term is used for correction and minimizing the prediction errors caused
by the parameter uncertainty or the initial prediction value. K is the correction
gain. T4qm is obtained by the transformation equationlgqm = Tt( I m. T
is calculated according to the reconstructed and predicted phase current, shown as
Table 3.1. When the'i\dqu is not available, the correction term is ignored.vy,(K) is

derived by averaging the voltage vector between sampling periods.

Table 3.1: Partially Updated Measurement Currents

Measured T ok 1) T mk 1)
Current
i a_rec [ a.rec pl_§ (?b(k 1) ?c(k 1))

ib,rec 1\a(k 1) %(' b_rec 1\b(k 1)) p%(%' b_rec %?b(k l) ?c(k 1))
ic,rec 1\a(k 1) %(' crec ?c(k 1)) pl_g(li\b(k 1) + %?c(k 1) %i c,rec)

This scheme improves the sensorless control performance when applying very high-
frequency signal to extract the position information from the reconstructed current.
However, this method calculates the current four times based on the model equation
to output a feedback value for the control algorithm, which tremendously increases

computational complexity.
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3.4.2 Observer-based Sensorless Control with DC-link Cur-

rent Sensor

Observer-based methods are to use the observed output current for phase current
reconstruction when the current measurement is not available. Meanwhile, the EMF
is also the output of the observer, which is the essential component for the position
estimation. The Luenberger-style observers are applied in (Hafez al., 2014) to
reconstruct phase current and estimate the rotor position and speed. The design of
the observer parameter is of signi cance in order to realize the lIter function.

The use of the cascaded observer structure enables sensorless control with only one
dc-link current sensor without modi cations to the PWM waveform. The sensorless
performance and the current reconstruction performance are both favorable, but the

low modulation region is still a problem.

3.5 Challenges in the Existing Methods

Among the existing methods for the sensorless control, EMF-based methods are usu-
ally used for the medium- and high-speed operation and saliency-based methods are
used for the low-speed operation with the help of high-frequency signal excitation.
An approach which can unify high-speed and low-speed methods is a challenge for
the position sensorless control.

Concerning sensorless control with a single current sensor, the challenges are sum-

marized as follows,

1. The observer-based methods give attention to both current estimation and posi-

tion estimation at the same time, but the insu cient EMF and low modulation
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region both cause the failure at low-speed operation.

2. Modi cation on the PWM when injecting high-frequency voltage signal for the
sensorless purpose will cause poor performance or even damage the control
system because of the unaligned measurement of three phase currents. The
reason of the unaligned measurement problem is that the phase currents are
measured at di erent instants instead of at the same time in the full current

sensors control system.

3. The current prediction based method for reducing the reconstruction error when

injecting high frequency signals is computationally intensive.

4. When the motor rotates at low speed, the reference voltage vector can be outside
the low modulation region easily by using conventional high-frequency injection
methods. However, these methods still have to face the problem of the sector

boundary if not shifting the PWM waveform.

3.6 Summary

This chapter reviews the existing methods of position sensorless control, categorized
by medium- to high-speed operation and low-speed to standstill operation. The math-
ematical IPM model is presented in detail to demonstrate the model-based techniques,
including those in the stationary frame and those in the rotational frame. To intro-
duce the low-speed sensorless methods, the high-frequency excitation model is derived
from the fundamental IPM model. The low-speed sensorless control can also be im-
plemented in the stationary frame or the rotational frame. In this chapter, single

current sensor control methods for position estimation are discussed by combining
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the single current sensor strategies and the sensorless control techniques. At last, the

chapter gives the challenges in the existing methods.
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Chapter 4

Proposed Observer-Assisted
Current Reconstruction Based
Method for Medium to High Speed
Position Estimation with a Single

DC-Link Current Sensor

4.1 Introduction

Conventional current reconstruction techniques have an inevitable drawback associ-
ated with immeasurable regions located near the sector boundaries, as discussed in
Chapter 2. The acquisition of the current sample takes time when it is initiated. This

time delay creates dead zones. As a result, only one phase current instead of two can
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be detected during this period, and that leads to instability in the current control
operation. Furthermore, when the reference voltage vector is close to the origin at
lower modulation, even detecting one phase current is challenging.

One of the most common methods is modulation modi cation method, such as
switching-state phase shift method. The method satis es the minimum measurement
time by prolonging the active voltage vector. This method is straightforward to un-
derstand and implement but it increases additional current harmonics. The observer-
based method achieves a better performance but cannot solve the problem in the low
modulation region. Therefore, to avoid the distortion caused by PWM shifting, an
observer-assisted reconstruction method is proposed at medium to high-speed oper-
ation. The proposed observer is a Luenberger type observer applying an adaptive
band-pass controller for the error between the estimated and reconstructed current
to estimate the EEMF. Meanwhile, based on the estimated EEMF, the position and

speed information will also be obtained through PLL.

4.2 Proposed Observer-Assisted Current Recon-
struction Scheme

The proposed sensorless control scheme consists of current reconstruction, observer-
assisted current estimator, position and speed estimator, current controller, space
vector modulation (SVM) and voltage source inverter (VSI), depicted in Figure 4.1.
The proposed scheme performs sensorless control with a single dc-link current sensor
without PWM modi cation. SVM is applied to control VSI in this scheme. The

estimated current is used as the feedback to the current controllers which are standard
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Pl regulators. The estimated position is used for transformations. The estimated
speed is utilized for determining the resonant frequency of the adaptive band-pass
controller. In the entire system, the dc-link current sensor is the only sensor, which

shrinks the system as compact as possible.

Figure 4.1: Proposed system diagram.

4.2.1 Observer-Assisted Current Reconstruction

A detailed structure of the proposed observer-assisted current reconstruction method
is shown in Figure 4.2. This scheme employs a Luenberger-based observer to estimate
the back EMF and the currents in - frame. The reconstructed current has high
order harmonics due to immeasurable regions shown as Figure 4.3 that may lead the
system unstable or even diverge. The THD of the reconstructed current varies with
the motor speed and the torque which both a ect the modulation. In this observer,
the error between the estimated and reconstructed current is fed to a PI controller
which makes sure that the current error goes to zero. The output of the PI controller

is compensated to the back EEMF model.
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Figure 4.2: The observer-assisted current estimation control scheme.

Figure 4.3: Harmonics of reconstructed phase current.

The observer of the current and EEMF in the frame can be expressed by
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state space equations as:

2 3 2 32 3 2 3 2 3
i Rs=L lo(Lg Lg)=Lg7 gt 8
8 -9 d (Lo La)=lazel 7, Li(ﬁv £ 9L @421
[ le(Lq La)=Lg Rs=Lg T d vy e
2 32 3 2 3
Qeg = u?o 1% §° £+ Gp, 3: el (4.2.2)
e 1 O é t L orec

The di erence of the reference voltage and the estimated EEMF is the input of
the current observer, and the error of the estimated and reconstructed current is the
input of the EEMF observer. Consequently, the accuracy of the EMF, including the
magnitude and the phase, is the guarantee of the estimated current. The EEMF

observer is rearranged after taking Laplace transformation as:

2 = Sj_ne (K, + %) 1 e (4.2.3)
Through this transformation, the function can be considered as an adaptive band-
pass Iter which has varying cut-o frequency same as synchronous frequency. Since
the di erence of reference voltage and estimated back EEMF is the input of the
current observer, qualied EMF makes the observer states ful ll the requirement
of harmonics. Consequently, this observer eliminates undesirable harmonics in the
reconstructed current to obtain no phase lag EEMF, and the accurate EEMF acts

the key to estimated the phase current.
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Figure 4.4: Frequency response of the proposed observer.

The frequency response of the observer is given in Figure 4.4. The observer
possesses band-pass characteristics with varying corner frequency same as the syn-
chronous frequency. Hence, the estimated back EMF contains only the fundamental

frequency component.

4.2.2 Discrete-Time Observer

In digital control, the algorithm performs in discrete time instead of continuous time.
The discretization process may cause an error of the results. The phase shift of the
estimated EEMF is the primary concern for position estimation of sensorless control.
However, the current estimation requires not only the correct phase shift of the EEMF
but also the magnitude as precise as possible. Figure 4.5 demonstrates three di erent

discretization methods for integrator.
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Figure 4.5: lllustration of y(t) = u(t), (a) Forward Euler Discretization, (b)
Backward Euler Discretization, (c) Tustin Discretization.

The rst one is called Forward Euler Discretization, which keepsi(t) between
two consecutive instantskTg and (k + 1) Ts as the previous instant valueu(kTs).
The green area can be considered as the increment of the outwt) between two

sampling instants. So, the output at instant k + 1) Ts can be written as:

y(k +1) = y(k) + Tsu(k) (4.2.4)

Another approximation is Backward Euler Discretization shown as 4.5(b). The
present value ofu(t) is regarded as the constant between two sampling points. Then

the output is given by:

y(k+1)= y(k) + Tsu(k +1) (4.2.5)

A better way to implement the discretization is Tustin Discretization, which con-

nects linearly two samples. The output can be written as:

Ts(u(k) + u(k + 1))
2

y(k+1) = y(k) + (4.2.6)
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At the same time, considering the mapping of the poles, Tustin Discretization
can completely preserve stability in the discretization process. Thus, according to
the requirement of the accuracy of the estimated EEMF. Tustin Discretization is
adopted for the EEMF state space equation. The discrete-time block diagram is
shown in Figure 4.6. This approximation method assures no phase lag in estimated

current e ectively.

Figure 4.6: Discrete-time block diagram of the proposed observer.

4.3 Position Estimation Technique for Medium to
High Speed

The motor speed is used to synchronize the corner frequency of the observer. A
phase-locked loop (PLL) is applied to estimate the rotor speed as Figure 4.7. The

error of the position can be calculated by:

e cose e sine= Eesin(e o) Eex o (4.3.1)
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Figure 4.7. Diagram of PLL.

The rotor speed can be estimated by adding a Pl regulator after the position error:

re= (ot ) (4.3.2)

The estimated position information is used for the Park transformation to cal-
culate the feedbackd-q current. The estimated position is found by integrating the
estimated speed. Rearranging (4.3.2) with the equation .= . “cand”s=1%.=s

the close loop transfer function of the position is expressed as:

AN

(4.3.3)

e
e

An LPF is always used after the estimated speed to reduce the noise in uence and

provide stable feedback.

4.4 Simulation Results

The simulation model is built in Matlab/Simulink. The motor parameters used in

the simulation is from the objective motor in the experiment. The rated speed is 600
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r/min. The minimum time of the current measurement is setto 6 s in the simulation.

The control and observer model is discretized at 10 kHz to match the practical test.

4.4.1 Current Reconstruction

According to the principle of the seven segment SVM, there are two intervals for one
same voltage vector, shown as Figure 4.8. The current can be measured during
the rst interval of V; or during the second one. Similarly, the measurement of the
current i, also has two options. Since in the real world the measurement bandwidth
of a current sensor will have a negative in uence on the sudden change of the dc
current, which can also increase the dead time, the measurement on T2 and T4 is

preferred.

Figure 4.8: lllustration of dc-link current sampling.

To accord with the practice as much as possible, the time sequence in the sim-
ulation is arranged through triggered blocks. The control and estimation algorithm
makes the use of the measured current from the previous period and updates the duty
cycle of the PWM in the following period, shown as Figure 4.9. Consequently, the

time delay between the utilized current and the output reference voltage is a little
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longer than the full current sensors control.

Figure 4.9: lllustration of the time sequence.

Figure 4.10: (a) DC-link current, (b) First and second current samples.

The dc-link current is measured twice in each switching period. The dc-link
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current and the current sample waveform is given in Figure 4.10. The sector boundary
region is obviously found on the waveform because of the minimum time of the current
measurement.

The reconstructed phase current is shown in Figure 4.11, when the motor speed
is 600 r/min and 300 r/min, respectively. The current measurement goes through six
immeasurable regions during one electrical cycle. With speed decreasing, the immea-
surable moment becomes longer related to the electrical period, and the challenge of

the current estimation is becoming bigger.

(@)

(b)

Figure 4.11: Simulation results of reconstructed phase current (a) 600 r/min, (b)
300 r/min.
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4.4.2 Dynamic Performance of Control System

The simulation is executed by applying step referencg and keeping thei4 to constant
zero. The motor speed is kept at 600 r/min. The system is switched to single current
control automatically at 1 second. Theiyq and iq feedback is from the estimated
value transferred by estimated andi . The position used in the transformation is
from the estimated position calculated by the estimated EMF. The comparison of the
estimated and actuald qcurrent is given in Figure 4.12. From this simulation result,
the uctuation of the estimated current shifts to the actual current when switching
to the single current control. The estimated current can track the reference value

without causing divergence.

Figure 4.12: Simulation results of comparison of estimated and actual q current.

Figure 4.13 presents the comparison of the reconstructed, estimate and actual
current. The reference current changes from 3 A to 4 A at 3 second. The
estimated current tracks the actual current without any phase lag. The result shows

a good dynamic performance of the current changing.
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Figure 4.13: Simulation results of comparison of reconstructed, estimated and
actual current.

If using Fast Fourier Transform (FFT) to analyze the harmonics of the estimated
and actual -axis current, the results are shown as Figure 4.14. The signals used
for the FFT are selected when the referendg is 2 A at 600 r/min and the current
feedback is the estimated current. The THD of the estimated current is only 0.68%,
which should be over 40% for the reconstructed current. The THD of the actual
current is 0.88%, which means the motor spins stably with only one dc-link current

Sensor.
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(@)

(b)

Figure 4.14: Simulation results of current harmonics (a) harmonics of estimated
current, (b) harmonics of actual current.
4.4.3 Position Estimation Performance

The position comparison is shown in Figure 4.15. The position estimated by the
observer is very close to the actual value. The position error is within one electrical

degree during the current changing process.
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(@)

(b)

Figure 4.15: Simulation results of position sensorless (a) comparison of estimated
and actual electrical position, (b) electrical position error between the estimated
and actual value.

4.5 Summary

This chapter introduces the proposed observer-assisted sensorless control method by
using only a single dc-link current sensor. The diagram of the system and the theoreti-
cal analysis is presented in detail. This method does not require to shift PWM vectors
and does not create voltage or current distortion. Meanwhile, the chapter presents the
discrete-time observer model by comparing di erent discretization approximations.

The simulation by Matlab/Simulink provides the current reconstruction waveform
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and the current sampling results. The adaptive band-pass lIter successfully elimi-
nates the undesirable harmonics in the reconstructed current. Through changing the
reference current in the simulation, the dynamic performance of the sensorless control
system is demonstrated by comparing the estimated values and the actual ones. As
a result, the observer-assisted sensorless method with one dc-link current sensor is

validated by the simulation.
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Chapter 5

Proposed High-Frequency Vector
Injection Based Method for Low
Speed Position Estimation with a

Single DC-Link Current Sensor

5.1 Introduction

The observer-assisted method presented in the previous chapter desirably solves the
sector boundary problem and achieves position sensorless control as well. However, if
the reference voltage vector is close to the origin at lower modulation, even detecting
one phase current is challenging. When the reference voltage is in the low modulation
region, the duration of the active switching state is very low. In this short duration,

the measurement of current samples cannot be performed on time. Therefore, the

55



M.A.Sc. Thesis { J. Zhao McMaster University { Electrical Engineering

three-phase current reconstruction is not feasible without shifting the PWM signals
or inserting additional excitation.

When using PWM modi cation to reconstruct the phase current in the low mod-
ulation region, HF injection is still needed for the position estimation due to the lack
of the EMF signal sensing. However, another problem will occur for sensorless con-
trol, which is the unaligned measurement of the phase current. This problem is more
severe when the injected frequency is high enough, shown as @tral., 2016; Im and
Kim, 2017). In the literature, a current prediction method is adopted to correct the
phase current based on the IPM model. This method achieves a better performance
of sensorless control, but it dramatically increases the computational complexity and
makes the performance rely on the motor parameters.

As a solution, this chapter proposes an HF-based current reconstruction method
without PWM modi cation to satisfy the sensorless control with only one dc-link

current sensor during low-speed operation.

5.2 Proposed High-Frequency Injection Method

When the reference voltage vectz)r\/ref is in the sector boundary region, there is
only one active voltage vector which has su cient interval for the dc-link current
sensor to detect the phase current. During medium- to high-speed operatilo‘m,ref
goes through the sector boundary region six times every one electrical cycle. The
ratio of the immeasurable area to the measurable area increases with the reduction
of the motor speed. When the speed is low enouéh/,ref will enter to the low
modulation region, where no phase current can be acquired from the dc-link current

|
sensor. Therefore, high-frequency injection is needed to force thges outside the
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low modulation region. Meanwhile, HF is also necessary for the position sensorless
control at the standstill and low-speed operation. As a result, the selection of the HF
is essential not only for the current reconstruction but also for the position sensorless
control.

To control the modi ed! V ef in the measurable region all the time, the HF signal
is applied in the stationary frame. According to the high frequency excitation

model introduced in Chapter 3, the injected HF voltage equation is:

2 3 2 3 2 3
Vg: Ly O Ig:
9%z -9 %% p§'n3 52,1
Va:h 0 Lg lg;h
After the coordinate transformation and simpli cation, the derivative current can
be shown as:
2 3 2 32 3

pil h % _ - 1 QL + L cos(2e) L sin(2 ¢) ggv;h g (5.2.2)
I :h

L2 Lsin2e L Lcos(e) Vi

521 -axis Square Wave Injection

One of the HF options is -axis square wave injection. The frequency of the injected
square wave is set to half of the switching frequency, shown as Figure 5.1. With the
help of -axis square wave injectio}\,v ref has an extension on the magnitude, and
the angle is also changed to the area close teaxis. The new reference voltage vector
is:

! ! !
V?ef = Vit + Vi (5.2.3)
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Figure 5.1: (a) lllustration of -axis injection, (b) Injection waveform in
frame.

Seen as Figure 5.1, as long as the magnitude of the injected voltage is large enough,
the reference voltage vector can be limited in the measurable region of Sector 2 and
Sector 5 in the whole operating process. As a result, the current measurement is
always targeted on Phase B and C, while the current of Phase A is always calculated
by the other two phase current. Unaligned measurement of Phase B and C makes
the reconstructed Phase A current have an o set compared to the current of Phase
B and C, shown as Figure 5.2. Besides, the o set of Phase A current will be worse
if there exists measurement o set on the dc-link current sensor. This phase current

o set will cause additional uctuation on d q current.
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Figure 5.2: (a) Actual phase current, (b) Reconstructed phase current.

The highest frequency of the injected square wave is half the switching frequency,
so the injected voltage can be expressed as:

2 3 2 3

gnz-g ° € (5.2.4)

Vo ( )"V,

where, V,, is the magnitude of the injection voltage.

The derivative current can be expressed by the current di erence between adjacent
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samples and the di erence current can be written as:
2 3 2 3
2'“% (1WWT9 L sin(2 ¢) Z

ERENE (5.2.5)
L L cos(2)

So the position information exists in the envelope of the current di erence between

two switching periods:

2 3 2 3
i0 [ ,sin (2
g ng-g =G 7 (5.2.6)
i° l1 l,c08(2e)
where,
WL . WITs L
l1= L2 L2227 |2 L2
According to the current equation, the waveform of i, ; i, and % ; i%

is demonstrated in Figure 5.2. Obviously, this injection method for sensorless control

is sensitive to the accuracy of the inductance parameters.
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Figure 5.3: Intermediate variables of the current demodulation: (a)-axis current
di erence and the envelope, (b) -axis current di erence and the envelope.

5.2.2 Six-Direction Square Wave Injection

Another injection method is to inject high frequency to both and axis. In order to
make sure every voltage reference in each switching period is measurable, six-direction
injection is adopted as Figure 5.4. Instead of limiting the reference voltage vector in
Sector 2 and 5 in the -axis injection, this method can rotate thEeV ref tO traverse
each sector successively. Therefore, the current measurement involves all three-phase
current, so that it can weaken the e ect of the sensor o set. Same asaxis injection,

the amplitude of the injected voltage should be large enough related to the original

reference voltage to make the new vector enter the measurable region.
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Figure 5.4: (a) Illustration of six-direction injection, (b) Injection waveform in
frame.

This six-direction injection method can be regarded as a high-frequency sinusoidal
injection. The injection voltage can be expressed as:

2 3 2 3
§VnZ =y, §°0%0 Uz (5.2.7)
V.

h sin(! nt)

where,! , =2 f 4,=6. The fy, is the switching frequency.

The induced current is shown as:
2 3 2 32 3
. 7 )
i h Y/ L+ Lcos(2e) L sin(2 ¢) cos( nt)
'h

L2 Lsin2o L Lcos2o)  sin( nt)
2 3

Vi 6 esin(tnt)  g-sine !at) z

"'h

= (5.2.8)
2 2
L L - 00s( ht) + - Cos(2e !nt)

The induced current consists of a high-frequency component and a component
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containing the position information. By processing the current with appropriate
Iters and PLL, the position information can be extracted from the induced current

without the knowledge of the motor parameters.

5.3 Proposed Modi ed Reconstruction Scheme for
Position Estimation

This position sensorless control system for low-speed operation of IPM takes advan-
tage of the favorable high-frequency signal to reconstruct the three-phase current and
estimate the position and speed by processing the current waveform. The entire sys-
tem diagram is depicted in Figure 5.5. To not bring the high- frequency signal to
the controller and reference voltage, a low-pass Iter is needed after tlhle q current

which is transferred from the reconstructed phase current.

Figure 5.5: System diagram with high frequency injection.
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5.3.1 Modied Current Reconstruction

In conventional low-speed position sensorless control system, the three phase cur-
rents are sampled at the same time as the control algorithm. However, using the
reconstructed phase current to extract the position information hardly guarantees
the accuracy of the position estimation because of the di erent sampling instants for
di erent phase current.

Taking -axis square wave injection method as an example, the actual waveform
of Phase B and Phase C is illustrated in Figure 5.6. The current goes up and down
periodically based on the injected voltage on-axis. Traditionally, the current is
sampled at the beginning of the PWM. The position information is contained in the
current di erence, which is shown as iy and icact In Figure 5.6. Nevertheless,
the current is sampled at the interval of an e ective voltage vector when using a
dc-link current sensor, shown asy; and ige;. The reconstructed current di erence

inrec @nd i¢rec have a reduction compared to the actual ones, which results in the

non-negligible estimation error.
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Figure 5.6: Switching state and phase current waveform when applyingaxis
injection.

According to seven segment SVM, one identical e ective voltage vector appears
twice in one switching period. Thus, there are two timing intervals for the dc-link
current sensor to capture one phase current. To deal with this estimation error caused
by the unaligned sample timing, the dc-link current can be captured four times in
one switching period, shown as Figure 5.7. Without shifting the switching state to
achieve the requirement of current reconstruction, the PWM waveform is keeping
symmetrical all the time. The three-phase current measurement can be aligned at
the middle point of the switching period by averaging the measured current at the
same e ective voltage vector. The new current reconstruction method is presented in

Table 5.1.
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Figure 5.7: Current sampling of dc-link current sensor.

Table 5.1: Proposed Three-phase Current Reconstruction Method

Sector Phase A Phase B Phase C
Current i, Current iy Current i,
1 (ide1 + Taca)=2 (iatic) (Igc2 + 1de3)=2
2 (ip+ ic) (fger + 1aea)=2  (ldcz + Tde3)=2
3 (a2 + 1de3)=2  (ider + Tdea)=2 (ia+ ip)
4 (Igc2 + 1de3)=2 (iatic) (fder + Tgea)=2
S (ip+ ic) (a2 + Tac3)=2  (iger * 1dca)=2
6 (ide1 + Taea)=2 (de2 * Tdc3)=2 (ia+ ip)

This method aligns the reconstructed phase current at the middle of the cycle
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instead of at the beginning, which is unfeasible to solve the problem when applying
-axis square wave injection because the current at the beginning of the switching

period is the key to the position extraction in the -axis injection method. However,

it is a good way for six-direction injection to represent the induced phase current,

shown as Figure 5.8.

Figure 5.8: Switching state and phase current waveform when applying six direction
injection.

5.3.2 Current Process for Position and Speed Estimation

The current process for the position and speed estimation is also di erent according

to the injection waveform, demonstrated as Figure 5.9.
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(@)

(b)

Figure 5.9: (a) Current processor of -axis injection, (b) current processor of
six-direction injection.

In six-direction injection method, a high-pass Iter (HPF) is required to extract
the induced current, whereas the induced current can be obtained by calculating the
di erent value in -axis injection method. In addition, the induced current contains

the injection frequency. The equation of the phase-locked loop (PLL) is given as:

incos(@e pt) insin@% !at)=

Arsin(@e 20 pt) + Apsin@s 2 0) (5.3.1)
where,
ViL Vi L
A= ——— A=
T )T @ (L2 LY
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Based on the equation above, a low pass lIter (LPF) is need to eliminate the rst

component, then the function can be written as:

f( o=AsinRs 2 2A;, o (5.3.2)

Sincef ( ¢) is proportional to the position error ¢, the speed can be acquired
by utilizing a PI regulator, and the position can be estimated by integrating the
speed.

Although it is more convenient to process the current without designing any lters
for the -axis injection method, the control performance is dependent on the motor
parameters and the accuracy of the current sensor. As a conclusion of the analysis
above, the six-direction injection method with the modi ed current reconstruction

method is more feasible and reliable in the real world.

5.4 Simulation Results

The IPM model used in this chapter is the same as that used in the previous chapter.
The dierence is that the dc-link current is measured four times in one switching

frequency instead of twice.

5.4.1 Current Reconstruction

The dc-link current and the current samples at di erent time instants are shown in
Figure 5.10. The comparison between the dc-link current and the samples validates

the theoretical analysis described in Sector 5.3.
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Figure 5.10: Dc-link current measurement.

Thanks to the modi ed current reconstruction method, the reconstructed phase

current matches the actual phase current correctly shown in Figure 5.11.
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