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ABSTRACT

This thesis focuses on sensorless control methods for single and dual three-phase (DTP)
permanent magnet synchronous machine (PMSM) drives covering both low and high-speed ranges.
The sensorless control strategies for the high speed region are established based on flux-linkage
observer (FO) estimator and simplified extended Kalman filter (EKF), while high-frequency
carrier voltage injection based sensorless control strategies are utilised for low speed regions

including standstill operation.

In the high-speed range, the influence of back-EMF and current harmonics on sensorless control
performance of single and dual three-phase PMSMs is investigated by utilising FO and simplified
EKF-based sensorless control strategies. The single three-phase PMSM is employed to investigate
the influence of back-EMF harmonics on position estimation accuracy, while the influence of
current harmonics on the accuracy of rotor position and speed estimation is studied in the case of
the DTP-PMSM, which inherently exhibits harmonic currents in ST-DTC methods. By employing
the simplified EKF, the sensorless control performance is significantly enhanced, since it is less

sensitive to such harmonics and distortions.

When the rotor speed is low, machine saliency-based sensorless control strategies should be
applied. The most commonly used conventional pulsating and rotating carrier voltage injection
methods are presented for single and dual three-phase PMSMs, including measurement of the
machine saliency level and analysis of cross-saturation effects. For the DTP-PMSM, both methods
are applied to different machine models, i.e. the double dq model and the vector space
decomposition (VSD) model. Both methods show decent sensorless control performances when

the VSD model is employed since the mutual coupling between the two winding sets is eliminated.

The pulsating and rotating carrier voltage injections utilising zero-sequence carrier voltage for
rotor position estimation are investigated for single and dual three-phase PMSMs, which differ
from conventional high-frequency pulsating and rotating carrier voltage injection methods that use
carrier current response to estimate the rotor position. However, for the single three-phase PMSM
with both techniques, undesirable 6™ harmonic estimation error occurs due to multiple saliency
components in the zero-sequence carrier voltage. The existing compensation schemes require

time-consuming offline measurements and complex structures to solve this problem. In the case



of DTP-PMSM drives, two independent high frequency signals are proposed to be injected for the
two separated winding sets thanks to the existence of additional degree of freedom. By applying
the proposed optimum phase shift angle between the two injected signals, improved pulsating and
rotating carrier signal injection employing zero-sequence voltage based sensorless control
techniques are proposed to suppress these 6! harmonic on rotor position errors. In addition, a new
simple technique to measure the zero-sequence carrier voltage is proposed, in which one voltage

sensor is put between the two isolated neutral points of the two stator winding sets.

In order to achieve high accuracy in terms of estimating the rotor position for a wide speed range,
a combination of sensorless control strategies to achieve smooth transition between low and high
speeds is introduced. The combined sensorless control methods include the flux-linkage observer
method and four different high-frequency carrier signal injection techniques. Such methods are
applied to the DTP-PMSM to investigate the sensorless control performance within different speed
ranges. The estimation of the rotor position is obtained by using the high-frequency carrier voltage
signal injection methods in the low-speed range, while the flux-linkage observer method is utilised
to estimate the rotor position within the high-speed range. Furthermore, a function similar to
hysteresis is applied for certain speed ranges, with optimum weighted gains for both estimated
positions to achieve a smooth transition between the combined methods.
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CHAPTER 1

GENERAL INTRODUCTION

1.1. Introduction

Three-phase permanent magnet synchronous machines (PMSMs) have been widely used in
many industries over the last decade due to their merits of improved power density, high torque
density, high efficiency, easy maintenance, and excellent control performance. Furthermore, multi-
phase AC machine drives nowadays are in demand for many industrial applications especially for
high-power and/or high-current applications such as aerospace applications, ship propulsion,
electric/hybrid vehicles, and renewable energy generation [BOJO3]. This is due to their excellent
features including reduced DC-link current harmonics, reduced torque ripples, improved
efficiency, and increased reliability of the system compared to their three-phase machine drive
counterparts. Recently, the dual three-phase (DTP) machine has been most widely discussed and
regarded as the most common type among several types of multi-phase machines. The DTP
machine involves two stator winding sets typically spatially shifted by 30 electrical degrees with
two isolated neutral points and it is supplied by a six-phase inverter. Multi-phase machines are
also built for fault-tolerant applications. In cases of post-fault conditions, such as a situation where
one of three-phase stator winding sets is completely disconnected from the corresponding source,
the redundant three-phase stator winding set can thus be put into operation to preserve the
continuity of the machine drive operation, including sensorless control.

In order to achieve high performance control of PMSMs, an accurate rotor position
information is required. Generally, high-resolution sensors, such as resolvers and encoders, are
often utilised to obtain the rotor position information. By using such sensors, however, not only
the system cost and size are increased, but also the reliability and robustness of the system are
reduced. Numerous strategies have therefore been developed to obtain high sensorless control
performance in industry, which will be the subject of the research in this thesis.

This chapter gives an introduction about various machine topologies of PMSMs, as well as
the existing control strategies and sensorless control techniques, particularly for single and dual
three-phase PMSMs. Furthermore, the research outline and contributions of this thesis are detailed

at the end of this chapter.



1.2. Permanent Magnet Synchronous Machines
1.2.1. Single Three-Phase PMSM

Permanent magnet synchronous machines (PMSMs) can be categorised into several

topologies, as addressed in [CHE99]. They are summarised in Fig. 1.2.

Axial-field

Airgap field [ . ~
Radial-field

Surface-mounted magnet

Magnet on rotor Interior magnet

Inset magnet

PMSMs
Salient rotor
Saliency —
Non-salient rotor
Sinusoidal waveform
Back-EMF —

Trapezoidal waveform

Fig. 1.1. Summary of PMSMs topologies [CHE99].

In PMSMs, the field is usually resulted from the permanent magnet (PM) on the rotor and
the armature winding on the stator. With respect to the rotor structures of PMSMs, the structures
of conventional inner rotor radial field PMSMs can be categorised as surface-mounted PM, inset

PM, interior radial PM, and interior circumferential PM, as illustrated in Fig. 1.2:



QO

(@) Surface-mounted PM (b) Inset PM

(c) Interior radial PM (d) Interior circumferential PM

- Permanent magnet; I:l Iron lamination; I:l Air or non-magnetic materials.

Fig. 1.2. Typical rotor structures of brushless PMSM [CHE99].



For surface-mounted PM rotor structures, the effective air-gap is large, equal to the physical
air-gap between the stator and the rotor plus the PM radial thickness. Consequently, they have
small winding inductances and low armature field. In addition, the variation in winding inductance
and hence geometric saliency are negligible [CHE99]. On the other hand, the other three structures
show significant saliency, which results from geometric anisotropy.

Brushless PM synchronous machines can be classified into two categories, as brushless DC
(BLDC) machines and brushless AC (BLAC) machines depending on the type of the fundamental
excitation. BLDC machines with trapezoidal back-EMF are driven by square wave current
excitation, while sinusoidal current drive BLAC machines have sinusoidal back-EMF [ACAO06]
[L109]. Fig.1.3 shows the waveforms of phase back-EMF and current for BLDC and BLAC

machines.

A / Phase EMF
[ i '\
" [ ]
N ]
0 0
2 - »t
H '
el '
Phase Current”’
(a) BLDC
A
Phase EMF
'0' .~\‘
I‘ \

>

Phase Current

(b) BLAC
Fig. 1.3. Phase back-EMFs and currents for BLDC and BLAC machines.



1.2.1.1. Control of Single Three-Phase PMSM

The single three-phase permanent magnet synchronous machine (PMSM) has been widely
considered in many industrial applications for several decades. High efficiency, low rotor inertia,
high power density, efficient heat dissipation structure, small volume, accurate speed control, and
robustness are the main advantageous of such machines. The control of PMSMs has therefore been
of interest in recent years, with many control strategies have been developed in order to achieve
high control performance. The PMSM drive includes a motor, a voltage source inverter (VSI), and
a controller, as illustrated in Fig.1.4. Usually, BLDC machines only require discrete information
of the rotor position with low resolution, and are often used for low cost applications. BLAC
machines, on the other hand, require continuous rotor position information with high resolution,
since such machines are excited by sinusoidal phase current synchronising with the PM-excited
flux-linkage. In this thesis, all of the research is based on BLAC PMSM drives due to their

excellent control performance.

Inverter

= J(= Jf,

A B C
Vdc ® L d [ Brushless

\ AC PMSM
J(} JG: [

Controller <

> +@

Position
Sensor

Fig. 1.4. Single three-phase PMSM drive.

The classical schematic diagrams of vector control, which is also known as field orientation
control (FOC), and direct torque control (DTC) for the PMSM are depicted in Fig. 1.5 and Fig.
1.6, respectively.



The main idea of FOC is the stator flux and torque are controlled independently and
indirectly by using a current control loop and PI controllers. Additionally, a proper pulse width
modulation (PWM) technique, such as space vector pulse width modulation (SVPWM) or carrier-
based PWM, is utilised in order to implement voltage vector references. FOC is formulated in such
a way that the stator current can be decoupled into two components. This method is performed by
transforming the stator currents into two-axis synchronously-rotating reference frame components.
The rotor flux is controlled by the direct axis (d-axis) component while the quadrature axis (g-axis)

controls the output torque [TIA11].

Vdc

i

« [SVPWM > -IG
Vg
VSI
b
e
v Yy
I Speed | Sensored or

Sensorless

l Calculator I

Fig. 1.5. FOC of PMSM drive.

DTC was firstly introduced by Takhashi [TAK86] and [DEP88] to be applied to induction
machine drives. It is a robust control strategy due to its good robustness against machine
parameters, simple structure, and outstanding transient response. DTC has also been developed
and extended for PMSMs [ZHO97] [PAC05] [FOO09a] [ZHAL1]. Usually, in the conventional
switching table-based DTC technique, the hysteresis regulators are implemented to regulate the
stator flux and electromagnetic torque. Compared to classical FOC, DTC is much simpler, as
coordinate transformation, PI regulators, and position encoders are not required, which results in
a significant improvement in the transient torque control performance. There are some
disadvantages to DTC, however, such as fast sampling time and variable switching frequency

being required due to hysteresis-based control loops.
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Fig. 1.6. DTC of PMSM drive.

Encoder

1.2.2. Dual Three-Phase PMSM (DTP-PMSM)

Although three-phase machine drives were widely used in many industrial applications over
last decades, the interest in multi-phase AC machine drives was extremely increased, particularly
for high-power and/or high-current applications including renewable energy generation, aerospace
applications, ship propulsion, and electric/hybrid vehicles [BOJO03]. This is because their excellent
features over traditional three-phase machine drives, such as improved efficiency, reduced DC-
link current harmonics, reduced torque ripples, and increased reliability of the system [BAN16]
[KAR16] [LEV08] [YUA15] [ZHA95].

The basic dual three-phase structure is similar to that of single three-phase machine as
presented earlier, where the windings can be categorized into overlapping windings and non-
overlapping windings. The rotor can be classified as surface-mounted permanent magnet and
interior permanent magnet. Due to multiphase winding structure, the displacement of three-phase
winding sets can have different phase shift. In [NEL74], a multiphase machine has been analysed
in which it permits an arbitrary displacement between any numbers of three-phase winding sets.
The most frequently considered dual three-phase (DTP) machine drive for high power applications
is the asymmetric dual three-phase machine. The choice of asymmetric dual three-phase machine

with 30° displacement between the two three-phase winding sets rather than symmetrical dual



three-phase machines with 0° or 60° displacement has been dictated by the need to
eliminate/suppress the 6™ harmonic of the torque ripple, caused by the 5 and 7™ stator current
harmonics [LEV07]. In the case of 30° displacement, the g- and d-axis rotor currents are seen to
be more sinusoidal that that for other two cases, in which the associated 6" harmonic torque
pulsating torque is minimised.

Among different types of multi-phase machines including five-phase [GAO11], six-phase
[BAN16] [BOJO5] [CHE14] [DUR11] [KAR16] [REN15a] [REN15b] [ZHA95], and nine-phase
[KELO3], the most interesting and well-discussed type is the dual three-phase machine, which
typically has two independent three-phase stator winding sets displaced by 30 electrical degrees

as depicted in Fig. 1.7.
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Fig. 1.7. Six-phase voltage source inverter (VSI) fed DTP-PMSM.



However, in the voltage-source-inverter fed dual three-phase machine, significant stator
currents harmonics are observed [KLI83] [ZHA95]. Extra losses will be occurred due to theses
currents harmonics [DUR11]. Thus, a higher semiconductor device ratings is required. By owning
extra phases to control, additional degree of freedom is available, giving further improvement in
the system drive. Usually, the dual three-phase machine is excited by a full-bridge voltage source
inverter (VSI), Fig. 1.7 (b). By employing the multi-phase inverter instead of a group of devices
connected in parallel, the inverter phase current is reduced, and hence the reliability of the whole
system is improved [BOGO6].
1.2.2.1.Modelling of Dual Three-phase PMSM

The modelling of the dual three-phase PMSM can be represented in two different approaches,
i.e. the double dg synchronous reference frame model [HE10] [KAR12] [LIP80], and vector space
decomposition [ZHA95]. In both approaches, the two zero-sequence components can be neglected
since the neutral points N1 and N of the two three-phase windings are isolated as shown in Fig.
1.7 (b). Both models are described below.

A. Double dg Synchronous Reference Frame Approach

For this approach, the machine can be represented with two pairs of dq windings for the two
three-phase winding sets, which could be regarded as two single three-phase machines with
coupling voltage [NEL74] [LIP80].

In this modelling approach, the two stator windings are assumed to be identical. Thus,

Ly, =L, =L, ququZZLq’ My, =Myu =My, MquZMq21:Mq (1.1)

where Lq1, and Lqz are referred to as d- and g-axes inductances for the first winding set, respectively,
and L4, and Lq2 denote d- and g-axis inductances for the second winding set, respectively. The d-
and g-axes mutual-inductances between the two winding sets are represented by Mg, and Mg,

respectively.



Then, the voltages of both stator winding sets in dq reference frame can be derived as

R Ly By Yo oM,
dig, di,
Vg = Riigg + L, —— it 4+ M F—Fa)l‘dldl—'_a)Mdle-’_a)v/PM
(1.2)
di di :
Vy, = Ry, + L d‘f[z M, dil oL i, — oM iy,
dig, diql _ :
Vg = R, + L d +M T gt +olly, + oM 1, + oy,

where iy4, iy, v4 and v, are d- and g-axes currents and voltages, respectively, ¥py is the flux-

linkage resulted from permanent magnets. 1 and 2 represent the two stator winding sets.

The total electromagnetic torque is hence expressed as [KAR12]

3 ) ..
Ty= E P (l//PMllql + (Ld - Lq)ldllql)

3 . ..
Te :EP (‘//szlqz"‘(l-d _Lq)|d2|q2) (1.3)
Te,total :Tel +Te2

where P is pole pairs number.

B. Vector Space Decomposition (VSD) Approach

The dual three-phase machine is very complex six-dimensional electromechanical system,
which makes it not suitable for the high performance control strategies. Therefore, the approach
of vector space decomposition (VSD) has been introduced in [ZHA95], in which the original six-
dimensional machine system can be transformed to a new six-dimensional system. The new six-
dimensional system is decomposed into three orthogonal subspaces which are mutually decoupled,
i.e. af3, 212> and 0102, with different harmonics mapped into different subspaces. According to the
VSD scheme, the harmonics with order 12k + 1(k=1, 2, 3,...) and the fundamental components of
the machine variables are mapped into the af-subspace. On the other hand, the harmonics with

order 6k + 1(k=1, 3, 5,...) are located in the z1z>-subspace, whilst the zero-sequence component

10



with 3k (k=0, 1, 2,...) is mapped into the 0102-subspace. By this decomposition, the parameters
which produce rotating MMF and the parameters of zero-sequence are totally decoupled within
one set. Thus, the analysis and control of the machine are simplified, and the dual three-phase
PMSM can be excited by applying the conventional space vector pulse width modulation
(SVPWM) generator. The surface spanned by the fundamental component vector with key
importance to the electromechanical energy conversion function, i.e. af-subspace, can be
controlled by applying FOC as single three-phase PMSM. The z1z>-subspace is orthogonal to af-
subspace, and is expected that the variables on this subspace will not generate any rotating MMF
in the airgap. However, stator currents of fundamental frequency will appear in z1zo-subspace if
there is any asymmetry between the two stator winding sets or inside each winding set. Thus, they
should be eliminated to avoid the inherent asymmetry effect of the dual three-phase systems
[BOJO3] [HE10] [GRE10]. This decomposition can be obtained by applying the transformation
matrix in (1.4) [ZHA95] to the machine variables, where x could represent the machine variables,
i.e. voltage, current, and flux.

dr 8 T S5z 9r |
1 COS— COS— COS— COS— COS—
L 6 6 6 6 L
Xa A4z 87 .z . 57 _ 9z | %
« 0 sin— sin— sin— sin—"— sin——/| ,
Y/ 6 6 6 6 b
X
Xa|_14 coss—” cos4—7Z 0055—7Z cosZ cosg—” c (1.4)
x,| 3 6 6 6 6 | x
Xo1 0 sin8—7r sin4—” sins—” sin = sing—ﬁ Xy
6 6 6
X02 XZ
- 1 1 1 0 0 0 - -
_0 0 0 1 1 1 |

The transformation has the ability to separate the harmonics into different combinations, and
to map them into each subspace. The harmonics with low order such as the 5 and 7" harmonics
will be mapped in ziz2-subspace which leads to large stator circulating 5" and 7™ currents
harmonics [GOP93], when dual six-step VSI is utilized in particular [NEL74] due to the small
impedance for these harmonics. Therefore, a proper current control of z1z»-subspace is required to
avoid these kind of currents harmonics.

11



With considering sinusoidal distributed windings, and neglecting the magnetic saturation,

core losses, and the mutual leakage inductance, the model of DTP-PMSM is expressed as [ZHA95]

Vs = Rileup + W (1.5)
tpsaﬁ’ = le_saﬁ +‘/7mﬂ (1.6)
Vg = Vo™ (1.7)
\752122 = Rsl_szlzz + Wz (1.8)
Vo = Llsl_szlzz (1.9)
T, =3P (Weulp —Veplen ) (1.10)
where \Zaﬂ, Ty I_mﬁ Vot Weonaso T, are stator voltage, flux, and current vectors in af- and

212o-subspaces, respectively, Lisis leakage self-inductance, Te is electromagnetic torque.

From the machine model above, it can be clearly seen that the expressions of machine
variables are similar to that of the single three-phase model. Since the impedance in the z1zo-
subspace is relatively small, which only consists of the leakage-inductance and stator resistance,

the voltage harmonic in the z:1z2-subspace is the source for high current harmonics.

1.2.2.2.Control of Dual Three-phase PMSM

For dual three-phase PMSM control, the same control strategies used for the single three-
phase PMSM, i.e. FOC and DTC, can be applied. However, the extension of the current control
techniques from the single three-phase machine to the asymmetric dual three-phase machine is
less straightforward since some machine specific aspects should be considered. Specifically, small
inherent asymmetries between the two three-phase power sections could results in current
imbalance between the stator three-phase winding sets, as demonstrated in [LYR02] [BOJO03]
[BOJO3a]. This issue occurs when the dual three-phase machine is supplied by two independent
three-phase voltage inverters. Since the dual three-phase machine system is actually regarded as a

fourth order system when the two neutral points are isolated, the control scheme with only two

12



current controllers cannot ensure a satisfactory performance. To ensure high current control
performance, four current controllers are therefore required. The existing FOC methods that utilise
four current controllers can be divided into two groups based on the two modelling approaches;
these are double synchronous reference frame current control techniques based on the double dq

synchronous reference frame model, and VVSD current control based on the VSD model.

With two isolated neutral points, the DTP-PMSM could be regarded as two independent sets
of single three-phase PMSMs. A current control scheme utilising the double dg synchronous
reference frame scheme is thus introduced. The reference currents in d- and g-axis are shared by
two individual current controllers which correspond to the two stator winding three-phase sets.
Four simple PI current regulators are employed in the double dg current control technique, as
shown in Fig. 1.8 [BOJO3]. In this way, the scheme is able to compensate for the drive asymmetries
since the currents of the two stator windings sets are independently controlled, but cannot
compensate for current imbalance between the phases in each winding set.

Vdc
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i,]] D —
. dq; /abc [
1‘11 D ——
1
Hr

Fig. 1.8. Double dg current control for dual three-phase PMSM.
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Alternatively, the VSD approach can provide a method to describe the machine model which
is much straightforward, since different harmonic components are mapped into different subspaces.
Unlike double dq current control technique that can be only applied in the case of dual three-phase
machines, this method is applicable for multi-phase machines with any number of phases,
including the dual three-phase machine. For the control techniques based on VSD model, a proper
PWM method is required to ensure that the voltage components on different subspaces are properly
implemented [BOJO6].

For the VSD approach, the conventional FOC for DTP-PMSM is simple, however, large
current harmonics can be found, since the ziz,-subspace variables are not controlled. Thus,
controlling of the af-subspace only is not sufficient for high performance control of dual three-
phase machines. In [BOJ06], the current control strategy in the stationary reference frame was
introduced, in which improved PI regulators are utilised to control the af-subspace and resonant
regulators are employed for the zi1z»>-subspace. Both current controllers involve the electrical
angular speed, which makes it a very complicated technique. The af- and z1z>-subspaces can also
be controlled by conventional PI regulators, as is the case in [JONQ9]. By applying a rotational
transformation, mixed values of DC and AC components will be found in the transformed z1z,
currents. The PI regulators can completely eliminate the DC components, but the AC component
can be only be suppressed to some extent because the bandwidth of the PI controllers is limited.
Fig. 1.9 shows the current control method based on VSD for dual three-phase machine drive. In
the z1z»>-subspace, the currents can be regarded as circulating currents between the two stator
winding sets, as demonstrated in [CHE14] where the detailed characteristics of the currents in z1z,-
subspace due to the machine/inverter asymmetries are analysed. Then, in order to eliminate
harmonic currents in the zizo-subspace caused by machine/inverter asymmetries, the dual Pl
controllers, i.e. synchronous and anti-synchronous Pl controllers, are utilised to control the

currents in the z1zo-subspace as illustrated in Fig. 1.10 (b).
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When fast dynamic performance is required, DTC control is normally implemented in single
three-phase PMSM drives. This control strategy can also be extended for multi-phase machines.
By minimising the current components in the ziz,-subspace, sinusoidal phase currents could be
obtained when employing DTC with a properly designed switching table (ST) [HAT05] [HOA12].
In case of asymmetric dual three-phase machines, large distortion would occur in the phase
currents. Such issues can be overcome by keeping a constant switching frequency, imposing the
direct mean torque control approach, and implementing the PWM-DTC technique [BOJ05]
[FARO6]. In [HOA15], an optimised ST-DTC strategy has been introduced, in which a two-step
strategy is involved to define the most convenient inverter voltage vector to diminish the stator
current harmonics. Also, an improved switching-table including twelve new synthetic voltage
vectors for the ST-DTC technique was proposed in [REN15a] to suppress the stator harmonic
current and thus enhance the performance. The improved switching-table can successfully
eliminate the variables contributing to the current harmonics in addition to controlling the variables
related to torque production. In [REN15b], two types of synthetic vector have been introduced to
reduce the current harmonics and an improved five-level torque regulator was presented to enhance
the torque performance.

The dual three-phase machine has a higher reliability at the system level, since it can operate
in cases where one or more inverter legs or machine phases have broken down and is thus fault-
tolerant. In cases of post-fault conditions, such as a complete disconnection of one three-phase
stator winding set from its corresponding source, the redundant three-phase stator winding set can
be operated to preserve the continuity of the machine drive operation, including sensorless control
[BAR12] and [LI11]. In [BAR10a], the control capability of the DTP-PMSM has been investigated
during faulty operating conditions. The torque behaviour, thermal limits, and overload capability
of a fractional-slot interior DTP-PMSM according to different winding configurations have been
evaluated in [BAR10b].
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1.3. Sensorless Control of PMSM

As mentioned earlier, accurate rotor position information is essential in order to achieve
good performance of both BLDC and BLAC machines. Rotor position information is generally
obtained from high-resolution rotor position sensors such as encoders and resolvers mounted on
the machine shaft. However, such sensors result in increasing the size, cost and complexity of the
entire system, and also impair the system’s reliability. Numerous sensorless control methods have
therefore been widely developed for both BLDC and BLAC machines to overcome such
drawbacks. In this thesis, only sensorless control methods for BLAC PMSM are considered. The
sensorless control strategies for BLAC machines can be categorised into two main methods;
methods based on back electromotive force (EMF), and strategies based on machine saliency, as
illustrated in Fig. 1.11. The former approaches provide adequate performance at medium and high
speeds, but deteriorate the performance at zero speed and in low-speed range where the back-EMF
is insufficient, i.e. small or even zero. On the other hand, the machine-saliency-based methods
achieve decent performance in terms of estimating the rotor position at a standstill and at low speed.
These methods rely on the machine saliency, which results from either geometrical rotor saliency

or magnetic saturation saliency.
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Fig. 1.11. Categories of sensorless control techniques for PMSM.

Machine-saliency-based methods include transient voltage vector injection [ROB04], PWM
signal injection [RACO08], and persistent carrier signal injection methods. The most common
approaches of continuous carrier signal injection strategies include rotating sinusoidal signal
injection in the stationary reference frame [ANDO08] [DEG98] [GAROQ7] [BR104] [BRI05] [CONO6]
[RAC10] [GAB13], and pulsating sinusoidal signal injection in the dg estimated reference frame
[MED15] [XU15] [XU16] [RACO08] [CARO06] [ZHA13] [SIL06] [ACC12] [REIO8] [LIN14].
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1.3.1. Fundamental Model-Based Sensorless Control Strategies

In general, the fundamental model-based sensorless control strategies can be defined as the
estimation of back electromotive force (EMF) or flux-linkage calculated from the machine
fundamental model, where the rotor position could be estimated using open-loop calculation or
close-loop observation. Furthermore, the rotor position can also be estimated directly from the
machine’s fundamental model without taking into account of the back-EMF or flux-linkage by
utilising the adaptive observers, such as the extended Kalman filter (EKF), the sliding mode
observer (SMO), and the model reference adaptive system (MRAS). Fundamental model-based

sensorless control strategies work very well within medium and high speeds.

A. Fundamental Back-EMF Based Sensorless Control Technique

Back-EMF is produced in electrical machines when a movement between the machine
armature and the air-gap magnetic field produced by the permanent magnets exists. It has direct
proportion relationship with the rotor speed. Back-EMF contains the rotor position information,
since the back-EMF is directly proportional to the rotor speed and varies with respect to the rotor
position for brushless PM machines. The rotor position can be easily estimated when back-EMF
is available, whether from measurements or indirect calculations.

Back-EMF-based sensorless control techniques were developed primarily to estimate the rotor
position of non-salient PM BLAC motors, i.e. surface-mounted PMSMs, with equal d- and g-axis
inductances (i.e. Lg=Lq). Then, these techniques were extended to estimate the rotor position of
salient PM BLAC machines, i.e. interior PMSMs, with unequal d- and g-axes inductances (i.e.
La#Lg), where the difference between inductances is merged with the back-EMF in order to obtain
a symmetrical impedance matrix of d- and g-axis voltage expressions [CHE03] [MORO02] [KIMO03]
[L109].
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In the synchronous reference frame, the basic mathematical model of permanent magnet

BLAC machines is given by

R. 0] —
b { © } W pl { aw/q} (1.11)
Vg 0 Rl Yq DYy

where p represents the differential operator, Rs is referred to as phase resistance, wr is the electrical
angular speed, and yq and yq denote the d- and g-axes flux-linkages.
With assumption of sinusoidal distributed flux without considering the effects of magnetic-

saturation and cross-saturation, (1.11) becomes

vV, _ Ro+pLy -—aol, || . 0 012
v, o, L, R, +pL, || i DY oy .

where Lg and Lq denote the d- and g-axes inductances, wewm indicate the flux-linkage excited by
PM. For the non-salient BLAC PMSM, the impedance matrix in (1.12) becomes symmetric since
Lg=Lq=L.
Then, with the help of transformation matrix T(A68), (1.13), the fundamental model of non-
salient BLAC PMSM in the estimated synchronous reference frame is given as (1.14) [CHEQO].
| cos(Ad) sin(AG)
)= {—sin(AH) cos(Ae)}

Va | _ Vo |+ |R+pL —o L || g sin(A6)
{VZ}_T(AG){V }T (Ae){ o RS+pJH+wrWPM LOS(AHJ

q r

T(A6 (1.13)

(1.14)

where A6 denotes the estimation error of rotor position, i.e. AG=6- 6’,6 , and or wpm represents the

back-EMF. For the non-salient BLAC PMSM, it can be clearly seen that only the back-EMF

involves the need for rotor position information.
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However, for salient BLAC PMSM such as interior PMSM, due to asymmetric impedance
matrix in (1.12), the information of rotor position can be found in the conventional back-EMF and
the armature effect.

Referring to the mathematical model in (1.12) with Lg # L, it can be used as a mathematical
model of salient BLAC PMSM. Similarly, it can be transformed into the estimated reference frame
applying transformation matrix T(A#), i.e. (1.13). Since the impedance matrix in (1.15) is not
symmetrical, i.e. La # Lg, the terms of A@ cannot be cancelled when it transformed into the
estimated reference frame. Consequently, it cannot be directly utilised to calculate the rotor
position error (A6) in the back-EMF based sensorless control. Therefore, an extended back-EMF
strategies are introduced in [MORO02] [CHEOQ3] to solve such problem.

{R5+pg oL, }

ol, R+pL, (1.15)

To retrieve symmetry in the impedance matrix, the mathematical model in (1.12) is re-

= |+ (1.16)
v, o, L, R, +pL, || I E..

where Eey is regarded as extended back-EMF, and it is expressed as

written as

Eoc = OWey + @iy (Ly — L) + pig (L, — L) (1.17)

Then, the modified mathematical model, i.e. (1.16), can be transformed into the estimated
reference frame, and the terms of A@ in the impedance matrix would be cancelled. In this way, the
extended back-EMF includes full information as to the rotor position regardless of whether a
salient or non-salient PMSM is used. For the surface-mounted PMSM, the extended back-EMF
will be reduced to classical back-EMF [L109a]. Additionally, the extended back-EMF has been
improved in [LI07] by taking into account the cross-saturation effect, whilst [WANZ12] develops a
new start-up method based on current regulation in order to overcome the starting and low speed
issues. Also, it can work under different load conditions and shows smooth transition from the

start-up to the back-EMF based sensorless control mode.
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Moreover, the back-EMF of PMSMs could also be estimated by employing a sensorless
control scheme based on a disturbance voltage observer, as presented in [SEN95]. Also, this same
method can be applied to the estimation of extended back-EMF of the interior PMSM [CHEOQ3].
In order to improve the robustness against the load variation, the disturbance observer-based
sensorless control has been introduced in [LEE11] to estimate the load torque and yield a

compensating signal to diminish the errors in the estimated rotor position.

B. Third Harmonic Back-EMF Based Sensorless Control Strategy

Usually, the third harmonic back-EMF can be found in the phase back-EMF rather than line
back-EMF when the machine windings are star-connected [MOR92] [PRO94] [MOR96]. The
neutral point of the star-connected windings is therefore essential to detect the third harmonic
back-EMF where the measurement of phase back-EMF is required.

The star-connected resistor network, Fig. 1.12, is required to detect the third harmonic back-
EMF. From Fig. 1.12, the voltage vsn between the neutral point “n” of the machine winding and
the central point “s” of the star-connected resistor network represents the third harmonic back-
EMF irrespective of the operational mode of the PMSM [SHE04].
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Fig. 1.12: Detection of third harmonic back-EMF.
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According to [KRE94], the zero-crossings in the third harmonic back-EMF are associated
with some particular positions since three cycles in terms of frequency against the fundamental
back-EMF are exhibited in the third harmonic back-EMF. These specific positions are 0, /3, 27/3,
n, 4n/3, 5n/3, 2.

The rotor position can be simply estimated by integrating the rotor speed as [SHEO06a]
[LIU14]

t t
0 =0, + | wfdt = «90+J'7Tt—/3dt (1.18)
0 0o

The instantaneous current in the windings can be controlled to simplify the operation of
either BLDC or BLAC once the rotor position is estimated [KRE94] [DWAO08]. Some practical
issues of third harmonic back-EMF based sensorless control in terms of detection and restrictions
of sensorless control have been presented in [SHEO06a]. Additionally, to reduce the commutation
retarding and to improve the machine performance, a specific integrated circuit, ML4425, was
implemented in [SHEO6b], where the third harmonic back-EMF is integrated rather than the
terminal voltage. Furthermore, in order to accomplish a precise switching strategy, a new software
scheme of phase-looked loop (PLL) of third harmonic back-EMF detection has been introduced in
[FAE09].
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C. Flux-Linkage Observer Based Sensorless Control Technique

The estimation of the stator flux-linkage is essential when employed for DTC. It is also
applicable to sensorless control to estimate the rotor position. Usually, the rotor position is
estimated from the observed vector of the flux-linkage excited by the PM, since the position
information is included in its phase angle, as shown in Fig. 1.13. Due to the complexity of directly

measuring stator flux, a stator flux estimation method should be developed.
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Fig. 1.13. Phasor diagram of PMSM.

The basic idea of flux-linkage observation is very simple. The stator flux-linkage vector in
the stationary reference frame can be derived from the integration of the difference between the
stator voltage and the voltage drop on the stator resistance, and it is expressed as

7o ZJ(VW ~RT,,) dt (1.19)
where I_aﬁ and \70[5 are the stator current and voltage vectors in the stationary reference frame,

respectively.

For rotor flux-linkage observation, the rotor position is obtained from the observed vector of
the flux-linkage produced by PM of the machine. In the stationary reference frame, the rotor flux-
linkage is calculated by subtracting the voltage drop of the inductance from the stator flux-linkage
vector as [WU91] [SHEO02]

(/7raﬂ = Wsaﬂ - le_saﬁ (1 20)

where Ls represents the stator self-inductance.
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For the surfaced-mounted permanent magnet synchronous machines (SPMSMs), which are

utilised in this investigation, L, = L, = L, . The rotor flux-linkages for SPMSM in the . — and

3 — axes of the stationary reference frame are thus given by [CHI09] and [XU14]

Ve = [ (v, —Ri,) dt-Li, (1.21)
v =[(vs—Ri,) dt-L, (1.22)

The rotor position can hence be estimated as
0° = arctan (ﬁj (1.23)

Yo

The voltage and current vectors are obtained from the terminal voltage and phase current,
respectively, but some issues can be found when measuring the voltage such as extra cost for the
voltage transducer and isolation issues. The phase current is usually employed, therefore, in order
to calculate the required voltage as the input reference voltage to the flux-linkage observer.
However, a position estimation error may occur due to the dead-time effects between switching
the devices on and off again in same inverter phase leg. Such errors have been compensated for in
[HARO0O].

From (1.19), the stator flux-linkage calculation is an open-loop calculation without
considering some potential issues such as stator resistance variation and integration drift. In
[WU91], the integration of the terminal voltage of the machine for the stator flux-linkage
observation was employed in order to obtain the estimated rotor position. However, flux vector
offset and drift issues can be found due to errors occurring in the winding resistance. In order to
overcome such problems, a low-pass filter (LPF) can therefore be utilised instead of using a pure
integrator in order to enhance the estimation of the rotor position [WU91]. On the other hand, a
phase shift in the fundamental flux will occur in variable speed operation when using LPF due to

its slow dynamic response.
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To solve the above-mentioned problems, closed-loop methods for stator flux-linkage
estimation can be utilised [HU98] [YOO09] [BOL09] [XU14]. The combination of voltage model
and current model, i.e. a hybrid flux-linkage observer as shown in Fig. 1.14, could be employed

over a wide speed range; the current model is predominant at low speed, whilst the voltage model
is predominant within in high-speed region.
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Fig. 1.14. Combined flux-linkage observer [YOO09].
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D. Adaptive Observers Based Sensorless Control Technique

Depending on the fundamental model of the PMSM, some adaptive observers, including the
model reference adaptive system (MRAS), sliding mode observer (SMO), and an extended
Kalman filter (EKF) can also provide decent sensorless control performance. These observers have
the merits of robustness, immunity to machine parameter variations, quick convergence and
response, and elimination of the need to estimate back-EMF.

(a) Model Reference Adaptive System (MRAS)

The MRAS method is also a choice for providing sensorless rotor position estimation [P1108]
[HEO9] [GAD10]. The scheme of MRAS is illustrated in Fig. 1.15, where the real machine is
represented by the reference model, whilst the adjustable model represents a fictional machine
based on the mathematical model. The difference between the two responses from the reference
and adjustable models with the same excitation provides an estimation error (g), which is only
small. Then, the behaviour of the adaptive model could be similar to that of the actual motor. The
states of the machine involving the information of rotor position can hence be estimated from the
adaptive mathematical model. By using a non-linear controller, including a ‘fuzzy logic’ controller
[GAD10] or conventional PI regulator [MAT96] [BAEO3], the correction controller can be

achieved.
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Fig. 1.15. Block diagram of MRAS [PII08].
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(b) Sliding Mode Observer (SMO)

The SMO is an observer with discontinuous functions of the error between the estimated and
measured machine variables, as seen in Fig. 1.16. The surfaces chosen in the state space can decide
the dynamic behaviour of the control system. Such dynamic behaviour is not affected by the
matched uncertainty. It therefore has the merits of disturbance rejection, strong robustness, and
order reduction.

The SMO was first introduced in [FUR92] and has been utilised for sensorless control. A
sensorless control based on SMO has been presented in [CHI09] for use within a wide speed range,
including the flux-weakening region. Furthermore, a new SMO was introduced in [KIM11] for
robust sensorless control of PMSMs, where a sigmoid as a switching function has been employed
instead of the conventional sign function to overcome the problems in conventional SMO [ZHAO06].
Furthermore, to improve the dynamic state performance and robustness to load disturbances, a
non-linear speed controller based on SMO and high-frequency injection strategy has been
proposed in [FOO10] [WAN10].
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Fig. 1.16. Schematic diagram of SMO [CHIO09].
(c) Extended Kalman Filter (EKF)

Generally, EKF is a recursive optimum-state estimator, which can be employed in a non-
linear dynamic system by utilising noisy signals that are distributed by random noise. By using
measured states in addition to the statistics of the noise, the EKF can obtain estimation of
immeasurable states, including rotor position and speed [VAS03] [HAR96] [LIUO6]. Unlike
conventional fundamental estimation methods, EKF is less affected by parameter inaccuracy and
measured noise. It does, however, require relatively complex matrix computations. A simplified
EKF algorithm, which was firstly introduced in [HAR96] to estimate the rotor speed from noisy

output signals of a resolver, has thus also been developed in [LIUO6] to be combined with a back-
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EMF estimator for accurate speed estimation. Furthermore, in [FUE11], with assuming that some
of the system states will be free of noise, a reduced order EKF has been introduced in order to

improve the speed of control.
1.3.2. Machine-Saliency Based Sensorless Control Techniques

Fundamental model-based sensorless control strategies can provide an adequate sensorless
control performance at the medium and high speeds since the back-EMF is directly proportional
to the rotor speed, but deteriorate the performance at zero speed and in low-speed range where the
back-EMF is very low or even zero. To handle such limitations, machine saliency-based sensorless
control techniques have therefore been developed to achieve decent performance in the low-speed
range, including at standstill, since machine saliency behaviour does not depend on the rotor speed.
These techniques rely on machine saliency, which results from either geometrical rotor saliency
or magnetic saturation saliency, in which the winding inductance variation is an important feature
to estimate the rotor position.

The measured variation of inductance according to the electrical rotor position for the PMSM
is shown in Fig.1.17 [KAN10]. It shows that the position-dependant spatial saliency modulates the
inductance of the machine. The information of rotor position can hence be deduced from the
inductance variation.

In order to extract the information of rotor position, the saliency of the machine is essential
for high-frequency carrier signal injections to derive position-dependant responses, i.e. voltage or
current. Based on the types of injected signal, machine saliency based sensorless control methods
could be divided into different techniques, including continuous carrier signal injection strategies,

injection of transient voltage vector strategy, and fundamental PWM excitation technique.
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Fig. 1.17. Phase inductance variation dependant on electrical rotor position [KAN10].

(a) Persistent Carrier Signal Injection Methods

The principle idea of the persistent carrier signal injection strategies is that a high-frequency
carrier signal voltage or current (usually voltage) is continuously superimposed on the fundamental
excitation. A rotor position-dependent carrier signal response such as carrier current response or
zero-sequence carrier voltage response, is produced from the interaction of the injected high-
frequency signal with the spatial saliency of the machine. Then, the rotor position can be extracted
from the position-dependent carrier signal response by using a tracking observer.

The persistent carrier signal injection can be classified as a rotating sinusoidal signal
injection [JAN95] [DEG98] [BRI04] [BRI05] [CARO06] [SIL06] [GAR07] [RAC10] [GON 11b]
[GABL13], a pulsating sinusoidal signal injection [COR98] [HA00] [JANO3] [LI09b] [GON11b]
[ACC12] [LIU14] [LIN15b], a square-wave high-frequency signal injection method [YOO11] or
arbitrary injection technique [PAU11].

For the rotating high-frequency voltage signal injection technique, a three-phase balanced
voltage carrier signal is injected in af-reference frame to compose a rotating excitation
superimposed into the fundamental excitation. The rotor position information could then be
obtained from the phase modulated carrier current response [JAN95] [JOEO5] or zero-sequence
carrier voltage [BR104] [BIR05] [GAROQ7] [XU16].
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In the case of rotating signal injection utilising the carrier current response for position
estimation, the carrier current response includes two components: a positive-sequence component
in which its rotating speed is the same as that of injected carrier voltage, and a negative-sequence
component where the information of rotor position is included in its phase angle. Besides, the
synchronous reference frame filter (SRFF) is usually employed to deduce the position-dependent
negative-sequence carrier current [DEG98] [GARO7] [RAC10]. Furthermore, the inverter non-
linearity effects [GUEOS5] [GON11a], multiple saliencies effects [DEG98] [RACO08], and the effect
of cross-saturation [GUGO06] [ZHUOQ7] [BIAO7] [LI09] [GON11b] are considered, since they can
cause errors in the rotor position estimation.

On the other hand, for the rotating signal injection using zero-sequence carrier voltage, it has
been demonstrated that the zero-sequence carrier voltage signal can be utilised for rotor position
estimation [BIR04] [BIR05] [GARQ7]. The zero-sequence carrier voltage shows low total
harmonic distortion (THD) and exhibits less sensitivity to the distortion of the injected carrier
voltage signal compared to the carrier current response [GARO07]. Moreover, significant
enhancement of the system bandwidth and rotor position estimation accuracy can be found when
utilising zero-sequence carrier voltage [CONOO] [BIR04] [BIR05] [GARO7] [XU16]. The
measurement of the zero-sequence carrier voltage is necessary to extract the rotor position
information. Usually, the measurement of zero-sequence carrier voltage is achieved based on one
of the two popular measurement methods. One scheme utilises phase-to-neutral voltages [BR104],
as shown in Fig. 1.18. Another method employs the auxiliary resistor network [BRI05], as shown
in Fig. 1.19. For the first method, by measuring the three phase-to-neutral voltages of the machine
utilising voltage sensors, the resultant zero-sequence carrier voltage is obtained, whilst the second
method measures the zero-sequence voltage by connecting a resistor network in parallel with the

motor terminals.
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Fig. 1.19. Measurement of zero-sequence utilizing auxiliary resistor network.

For the high-frequency pulsating signal injection technique, a high-frequency pulsating
voltage is injected, whether into the d-axis [CAR06] [HOLO6] [LIN15b] [LUO16] or g-axis
[LINO3] [JANO4] [YAN11] in the estimated synchronous reference frame as two superposed
rotating carrier voltages with opposite directions. The rotor position can then be estimated through
minimisation of the amplitude signal along the orthogonal axis to the injection axis. Normally, the
pulsating carrier injection into d-axis is utilised, with the g-axis carrier current being employed to
estimate the rotor position due to limited ripples in the g-axis current. Alternatively, it is also
possible to use the pulsating injection into the g-axis, and the employ the d-axis carrier current

response for rotor position estimation. However, more current and torque ripples will occur in this
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method.

On the other hand, for the conventional pulsating signal injection employing zero-sequence
carrier voltage, it has been investigated in [XU16] for the single three-phase PMSM. It has been
found, however, that the conventional pulsating injection method employing zero-sequence
voltage degrades the position estimation performance due to large DC and sixth harmonic in the
estimation errors. This is because of large amplitudes of undesirable harmonic components in the
zero-sequence carrier voltage. A new pulsating carrier signal injection strategy using zero-
sequence voltage was thus proposed in [XU16]. In a departure from the conventional rotating
signal injection in the stationary reference frame utilising zero-sequence carrier voltage strategy,
the proposed pulsating injection is based on the estimated reference frame, which rotates anti-
clockwise at twice the estimated rotor electrical angular speed. Then, the rotor position is estimated
through setting the zero-sequence carrier voltage to zero. The new method is simpler for signal
demodulation and more robust to signal processing delays, since the amplitude is modulated by
the machine saliency. Furthermore, the phase shifts in the saliency position resulting from signal
processing delays are intrinsically cancelled.

Although both conventional rotating and pulsating carrier injection techniques have been
well developed, the dynamic characteristics and dynamic bandwidth of the control system are
restricted in relation to the high-frequency of the injected signal. To overcome the dynamic
limitation, the square waveform signal injection method is the best solution. In [YOO11], the
sensorless dynamic performance has been remarkably improved by employing high-frequency
square signal injection into the estimated d-axis, where the LPFs for signal demodulation process
are not required.

All of the above-mentioned high-frequency carrier signal injection methods depend on the
spatial rotor saliency, which is found in salient permanent magnet synchronous machines such as
interior PMSMs. In the case of non-salient permanent magnet synchronous machines, i.e. surface-
mounted PMSMs, the difficulty of obtaining the rotor position information is the main challenge,
since the ratio of spatial rotor saliency is very low. However, some physical features such as eddy
current loss [YAN12a] [YAN12b], and magnetic-saturation induced saliency [KOC09] [BIAO8]
have been exploited successfully to deduce the rotor position. In [BIA08], the magnetic saturation
induced saliency was employed to obtain an appropriate saliency ratio in order to obtain the rotor

position, but was not applicable for all SPMSMs. Furthermore, the stator magnetic-saturation
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saliency could also be utilised to estimate the rotor position, as demonstrated in [JANO03] [FRE05]
[HAOQ8]. Based on resistance-based induced saliency due to high-frequency eddy current loss, a
new sensorless control method for rotor position estimation was introduced in [YAN12a] for
SPMSMs. The comparison between resistive saliency and inductive saliency has also been
addressed in [YAN12b]. Additionally, the sensorless control capability of SPMSMs based on

rotating and pulsating injection techniques has been investigated in [LIN15b].

(b) Transient Voltage Vector Injection Method

For the transient voltage vector injection, information concerning the rotor position could be
deduced from the response of current transient against an impulse voltage vector. The typical
technique is the Indirect Flux Detection by On-line Reactance Measurement scheme (INFORM)
[SCH96] [ROB02] [OVRO03] [ROB04], and it is designed to superimpose extra impulse voltage
vectors during zero vectors for the standard PWM. However, such method might be impervious to
parameter variations and measurement noise, since it detects the inductance of the machine
utilising voltage signals in a short time. A compensation scheme such as a Kalman filter is required
due to the injected signal being a periodic signal.

The main challenge in the classical INFORM technique is the introduced current disturbance
because of the additional vectors of transient voltage. Furthermore, this method is suitable only for
low speeds rather than high speeds with assumption of constant rotor position during the
successive three PWM cycles. A compensation scheme employing a double transient injection is
therefore introduced in [ROBO04] in order to enhance the sensorless control performance at high
speeds. Besides, with applying the additional vectors of transient voltage, the saliency rotor
position information would be found in the zero-sequence current derivatives for the delta-
connection [STAO06] and the zero-sequence voltage resultant for the star-connection [HOL98].
These current derivatives and zero-sequence voltages can then also be utilised for rotor position

estimation.
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(c) PWM Excitation Without Injection

The voltage vectors employed in the abovementioned technique also present in the
fundamental Pulse Width Modulation (PWM) from the inverter output in normal operation.
Measurement of the transient current response produced by the ingrained PWM to deduce the
information of rotor position should therefore be possible. Compared to transient voltage vector
injection techniques, the merit of the PWM excitation is the elimination of the requirement for
additional transient voltage vector injection, which results in some issues such as higher switching
loss, additional current ripple, and restricted dwelling time of zero voltage vectors.

Various measured current derivative response combinations in relation to particular voltage
vectors could be employed to formulate the position vector for extracting the rotor position
information [HOLO05] [GAOOQ7] [BOL11] [HUA11]. An extended modulation (EM) technique has
been introduced in [HOLO5], where the saliency information is obtained utilising the transient
current response produced by the modified PWM. The standard PWM could also be employed to
estimate saliency-based rotor position, as demonstrated in [GAO07] [BOL11l] [HUAL1].
Additionally, the second harmonic PWM is regarded as a pulsating voltage vector because of its
large amplitude. Hence, by using the second harmonic PWM voltage and current, the position-
dependant impedance can be calculated to be exploited for rotor position estimation [RUA10].
Furthermore, in [LEI11], it has be proven that the zero-sequence excitation produced by
fundamental PWM can be also applied to estimate the saliency-based rotor position.

The PWM excitation technique has the advantages of fast dynamic response due to wide
speed range operation and high-frequency PWM. However, the measurement of the current

derivative is difficult in its practical implementation.
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1.3.3. Sensorless Control for Dual Three-Phase PMSM

Apparently, most of the sensorless control strategies mentioned earlier for single three-phase
PMSMs could be easily be extended to be applied to dual three-phase (DTP) PMSM drives.
Recently, different sensorless control methods for DTP-PMSMs have been introduced. In [HEQ9],
the model of the DTP-PMSM was represented according to vector space decomposition (VSD)
theory first, then a sensorless control strategy based on the Model Reference Adaptive System
(MRAS) scheme was developed. The stability of the system has been validated by Popov’s super
stability theory. Furthermore, a new and very simple method for initial rotor position estimation
by means of DC excitation without any sensors was also presented in [HE09].

In [BAR12], the torque components and sensorless position detection capability of dual
three-phase interior PMSM have been investigated under healthy as well as faulty conditions with
different configurations. To test operation under faulty conditions, an open circuit was considered
and only one winding set was supplied. Sensorless control based on high-frequency carrier voltage
injection was implemented to investigate the capability for rotor position detection under both
conditions. In order to achieve such capability, the presence of rotor saliency has been evaluated
for healthy and faulty conditions, since the position estimation for the high-frequency signal
injection depends on the interaction between the signal injection and the rotor saliency. The
experimental results demonstrate the presence of the rotor saliency even with a faulty configuration,
as well as rotor position estimation capability. In [GRE12], sensorless speed control of asymmetric
dual three-phase induction machine was investigated by utilising an inner loop of Model Based
Predictive Control (MBPC), which is obtained from the mathematical model of the machine.

Furthermore, an improved third harmonic back-EMF based sensorless control method with
the aid of a simplified EKF based estimator has been introduced in [LIU15], where the rotor
position could be estimated without any filter and consequently can improve the frequency

response and dynamic performance.

36



1.4. Scope of Research and Contributions of the Thesis

1.4.1. Scope of Research

This thesis focuses on the sensorless control of single and dual three-phase PMSM drives to
enhance the rotor position estimation using different sensorless control methods covering both
low- and high-speed ranges. The fundamental model-based sensorless control methods, i.e. flux-
linkage observer (FO) scheme, and extended Kalman filter (EKF) scheme, are employed for the
high speed region, and machine-saliency based sensorless control techniques, i.e. high-frequency
rotating and pulsating carrier voltage injection techniques, are utilised for zero and low speed

regions. Fig. 1.20 shows the scope of research of this thesis.
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Other chapters are summarised as follows:

Chapter 2: This chapter investigates the influence of back-EMF and current harmonics on the
accuracy of rotor position and speed estimation for single and dual three-phase (DTP) permanent
magnet synchronous machines (PMSMs), which are widely utilised for AC machines, with two
fundamental-model-based sensorless control strategies, i.e. the flux-linkage observer (FO) method
and the simplified extended Kalman filter (EKF) method. The single three-phase PMSM is
employed to investigate the influence of back-EMF harmonics on the accuracy of rotor position
estimation, while the influence of current harmonics on the rotor position and speed estimation
accuracy is studied for the DTP-PMSM, which inherently involves harmonic currents in ST-DTC
methods. The experimental results confirm that the simplified EKF shows better rotor position and
speed estimation accuracy compared to the FO method, even with the existence of back-EMF and

current harmonics, due to its higher noise rejection ability.

Chapter 3: In this chapter, the commonly used conventional rotating and pulsating high-frequency
voltage signals injections based sensorless control strategies for single and dual three-phase
PMSMs are described in detail and a comparative study between both methods is outlined. The
machine saliency level, which is essential for high-frequency carrier signal injection techniques,
is investigated for the test machine. Furthermore, a detailed discussion about certain practical
issues concerning sensorless control implementation, including the cross-coupling saturation

effect compensation and the tracking observer for rotor position, is also provided.

Chapter 4: The sensorless control performance of pulsating carrier signal injection utilising zero-
sequence voltage for DTP-PMSM drives is studied in this chapter. A new simple measurement
technique for zero-sequence carrier voltage is then proposed, in which only one voltage sensor is
put between the two isolated neutral points of the two stator winding sets. Subsequently, an
improved pulsating injection based sensorless control strategy employing zero-sequence carrier
voltage is proposed, in which the undesirable 6™ harmonic components can be suppressed by
considering an optimum phase shift, i.e. 90 degrees, between the two independent injected high-
frequency signals. Consequently, the accuracy of rotor position estimation is enhanced and the
experimental results validate the effectiveness performance of the proposed method under both

steady-state and dynamic conditions.
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Chapter 5: In this chapter, the rotor position estimation accuracy of the rotating carrier signal
injection utilising zero sequence carrier voltage method for PMSM drives is investigated. For the
single three-phase PMSM, undesirable 6™ harmonic estimation errors occur due to the additional
saliency components in the zero-sequence carrier voltage. In the case of the DTP-PMSM, an
improved rotating carrier signal injection using a zero-sequence voltage-based sensorless control
technique is proposed, where the oscillating position estimation error can be suppressed by
employing the optimum phase shift between the two injected high-frequency signals, i.e. 120
degrees, thanks to the existence of additional degrees of freedom in DTP-PMSM drives. This
results in improvements in rotor position estimation accuracy. An outstanding overall performance

of the proposed method for DTP-PMSM is validated by the experimental results.

Chapter 6: A combination of sensorless control strategies to derive the estimated rotor position at
full speed range with smooth transition between the low and high speed ranges is presented in this
chapter. The combined sensorless control technique includes the flux-linkage observer method and
four different high-frequency carrier signal injection strategies, namely pulsating injection
utilising carrier current response, rotating injection employing carrier current response, pulsating
injection using zero-sequence carrier voltage response, and rotating injection utilising zero-
sequence carrier voltage response. Such strategies are applied to the DTP-PMSM to investigate
the sensorless control performance under different speed ranges. To achieve smooth transition
between the combined methods, a function similar to hysteresis is applied for certain speed ranges
with optimum weighted gains for both estimated positions without requiring a complex structure
and time-consuming computations. A smooth transition from the high-frequency carrier signal
injections techniques at low speeds to the flux-linkage observer strategy at higher speeds are

achieved, with the experimental results confirming that the system stability can be ensured.

Chapter 7: This chapter summarises the research work carried out in this thesis, and discusses

potential related future work.

It is worth noting that Chapters 4 and 5 represent the most significant contributions of this

thesis.
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1.4.2. Main Contributions
The major contributions of this thesis are:

e The new rotor position estimation methods based on pulsating and rotating carrier signal
injections and zero-sequence carrier voltage sensing for DTP-PMSM are developed to
significantly improve the accuracy and system robustness of rotor position estimation by
injecting two high-frequency signals into both stator winding sets and employing an
optimum phase shift between the two signals.

e A new simple method to measure the zero-sequence carrier voltage is proposed for the
DTP-PMSM.

Other contributions include:

e To enhance the rotor position estimation for PMSMs with distorted back-EMF and
currents, a simplified EKF based rotor position estimator is applied with conventional

flux-linkage observer based sensorless control.

e Based on the injection of high-frequency carrier voltage based sensorless control
strategies, the sensorless control performances for single and dual three-phase PMSMs

are systematically investigated.

e To achieve high sensorless control performance for a wide speed range, a combination
of flux-linkage observer method with four high-frequency carrier signal injection
techniques is introduced. Furthermore, in order to obtain a smooth transition between the
combined methods, a function similar to hysteresis is presented for certain speed ranges
with optimum weighted gains for both estimated positions without needing a complex

structure or time-consuming computations.

The list of publications resulting from this PhD research work is listed as follows, and also shown

in Appendix IlI.
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CHAPTER 2

INFLUENCE OF BACK-EMF AND CURRENT HARMONICS ON
SENSORLESS CONTROL PERFORMANCE OF SINGLE AND DUAL
THREE-PHASE PMSMS

2.1. Introduction

Three-phase permanent magnet synchronous machines (PMSMs) have been extensively
applied to various industrial drives for decades due to their excellent features of high efficiency
and torque density, etc. In order to achieve high performance control of PMSMs, accurate rotor
position information is required, which can be obtained from high-resolution sensors, e.g. encoders
and resolvers. However, such sensors may not only increase the system size and cost but also
impair robustness and reliability of the system [ACAO06]. Therefore, various sensorless control
techniques have been proposed and developed in literature which can be classified into two
categories: methods based on machine saliency [RAC10], [LIU14] and [CHE14], and methods
based on fundamental model [MORO02], [SHEO06], [WAN12], [WU91], [SHE02], [ANDO08],
[CHI09], [FOO10], [LJU79], [HAR96], [TERO1], [LIUO6], [P1108] and [ALM14].

The former approaches have been shown to be capable of providing high performance
sensorless control at low-speed and standstill operating regions. In contrast, the latter approaches
provide superior performance in medium- and high-speed ranges where the machine model can be
accurately established.

The main idea of sensorless control strategies based on fundamental model is to estimate
back electromotive force (back-EMF) or flux-linkage, which involve the information of rotor
position, according to the machine model [MORO02], [SHEO06], [WAN12], [WU91], [SHE02],
[ANDO8] and [ALM14]. Hence, the position estimation could be accomplished via open-loop
calculation, closed-loop observer such as flux-linkage observer (FO) [WU91], [SHEO02] and
[ANDO8], or directly obtained from the machine model utilizing adaptive observers including
sliding mode observer (SMOQO) [CHI09] and [FOO10], extended Kalman filter (EKF) scheme
[HAR96], [TERO1] and [LIUO06], and model reference adaptive system (MRAS) [P1108]. Among
them, the most common method is the integration of back-EMF which is stator flux-linkage

observer.
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In [WU91], it has been demonstrated that the pure integration of back-EMF has some issues
such as flux-linkage vector drift due to the offset error resulting from the inaccurate winding
resistance, measured currents and voltages. Hence, to improve the position estimation accuracy, a
replacement of the pure integrator with a low-pass filter (LPF) has been presented in [SHEOQZ2].
However, in variable speed operation, a phase shift to the fundamental flux vector will occur when
LPF is utilized due to its slow dynamic response.

Alternatively, EKF algorithm, which is introduced in [LJU79], can directly estimate the rotor
position from the machine model. The EKF is a full-order stochastic observer for the recursive
optimum state estimation of a nonlinear dynamic system in real time, which shows good position
and speed estimation performance [TERO01]. However, it requires relatively complex matrix
computations, which makes it challenging to be implemented in practice. On the other hand, a
simplified EKF algorithm, which was firstly introduced in [HAR96] to estimate the rotor speed
from noisy output signals of a resolver, has been developed in [LIUO6] to be combined with a
back-EMF estimator for accurate speed estimation.

Ideally, both the FO and EKF approaches exhibit decent speed and position estimation
performance. However, in most of the industrial applications, some issues such as distorted back-
EMF and current harmonics could more or less affect the sensorless control performance for both
strategies, which, based on author’s knowledge, have not been investigated in literature.

Generally, the main reasons for machine variables harmonics (k=6n+1, where n=1,3,5,...) are
as follows [KAR12]:

e The construction of the machine: permanent magnets, pole shape, slotting, rotor saliency and
possible magnetic saturation can produce air-gap flux harmonics, which can be calculated
with finite element method (FEM) or measured from the back-EMF.

e Supplying voltage source inverter (VSI): if the supplied voltage contains harmonics of the
order (k=6ntl, where n=1,3,5,...), e.g. PWM-based VSIs, additional stator current

harmonics (the 5th and 7th harmonic components in particular) might occur.

Thus, as the extended work of [ALM14], this chapter aims to provide a detailed investigation
of the influence of harmonics in back-EMF and currents on the accuracy of position and speed
estimation for both FO and EKF. In [ALM14], it has been demonstrated that the performance of
conventional FO based sensorless control would be deteriorated when the single three-phase
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PMSM suffers from distorted back-EMF. In order to overcome such issue, a simplified EKF with
high-noise rejection ability has been adopted which renders a higher rotor position estimation
accuracy. Furthermore, it should be noted that, in the previous work [ALM14], the harmonic
components of currents are deliberately injected to the system, which is not so appropriate. Hence,
in this chapter, the conventional switching-table-based direct torque control (ST-DTC) strategy for
DTP-PMSM introduced in [HOA15], which inherently suffers from non-sinusoidal stator currents
in addition to the distorted back-EMF, is taken as a case to investigate the effect of current
harmonics on sensorless control performance. Additionally, the modified switching-table-based
direct torque control (ST-DTC) method for DTP-PMSM presented in [REN15b], which exhibits
more sinusoidal stator currents compared to that of conventional ST-DTC strategy is also
implemented for the same investigation. The experimental results indicate that the simplified EKF
exhibits better position and speed estimation accuracy in both the conventional and modified ST-
DTC strategies.

2.2. Sensorless Control Based on Flux-Linkage Observer and Simplified Extended

Kalman Filter

2.2.1. Conventional Flux-Linkage Observer (FO)

For rotor flux-linkage observer, the rotor position is obtained from the observed flux-linkage
vector produced by the permanent magnet (PM) which could be derived by subtracting the voltage
drop on the inductance from the stator flux-linkage vector in the stationary reference frame based
on the phasor diagram shown in Fig. 2.1 [WU91] and [SHEO02].

The stator voltage vector is expressed in o/ reference frame as
Vip = W+ Ril gy 1)
and the stator flux-linkage vector in the stationary reference can be derived by the integration of

the respective back-EMF as

Vowp = [(Veuy — R, ) (2.2)

Then, the rotor flux-linkage vector produced by PM (7, , ) can be calculated as

Wraﬂ = lpsaﬂ - le_saﬁ (23)

where Vs, wsap, lsap are the stator voltage, flux and current vectors in af reference frame,
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respectively, p is the differential operator, Rs denotes the stator resistance while Ls represents the

stator self-inductance.
In the case of surface-mounted permanent magnet synchronous machine (SPMSM), which

is utilized in this investigation, L, =L, = L, . Thus, the rotor fluxes for SPMSMin . — and g—

axes are given by [SONO09] and [XU14]

Vie = J.(Va - Rsia) dt- Lsia (24)
v =[(v,~Ri,) dt-Li, (2.5)
Hence, the rotor position can be estimated
¢ = arctan [ﬂJ (2.6)
Vi
and then, the rotor speed can be calculated as
0. — 0
(k) —Vr(k-1)

o, = po, = (T—j 2.7)

where 6 is electrical rotor position, wris mechanical angular speed, and Ts is the sampling period.
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Fig. 2.1. Phasor diagram of PMSM.
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As discussed in the introduction, the pure integration of back-EMF would cause the drift
issue in the estimated flux-linkage vector because of the offset error in the measured currents and
voltages. Usually, such offset error is a small DC value and it varies slowly. However, it can still
give rise of saturation in the output value of the integrator which results in an inaccurate value.
Thus, in this chapter, the pure integrator is replaced by LPF to overcome this issue [SHEO02].
Additionally, the rotor position and speed estimation accuracy would also be affected by distorted
back-EMF and stator currents. Hence, the simplified EKF with higher noise-rejection ability is
employed to enhance the sensorless control performance, which is presented in the next subsection.

2.2.2. Simplified Extended Kalman Filter (EKF)

Generally, EKF is a recursive optimum-state estimator, and it can be employed in a non-
linear dynamic system by utilizing noisy monitored signals, which are contaminated by random
noise. By using measured states in addition to statistics of the noise and measurement, the EKF
can obtain the immeasurable states such as rotor position and speed. Generally, it is possible to
consider the modelling errors, the errors in the measurements, and computational inaccuracies due
to have nosy inputs.

A discrete time, non-linear dynamic system in the state-space form can be expressed as
[HAR96], [TERO1] and [LIU06]

X(k +1) = f (x(k), k)+g(u(k), k)+w(k) (2.8)
y(k) =h(x(k), k)+v(k) (2.9)

where u(k) and y(k) are the input and output signals, respectively, and the process noise and
measurement noise are represented by w(k) and v(k) , respectively. x(k) is referred as the state

vector which can be estimated by EKF, and is given by
f(k +1) = f (x(k),k)+g(u(k), k) + K, [y(k) -h(x(k),k)] 2.10)

where K, is the Kalman gain, and it can be obtained through the Riccati difference equation.
However, it requires relatively complex matrix calculations, and therefore, it takes a significant
computing time [LJU79]. In [HAR96], a simplified EKF was proposed to estimate the rotor speed
from noisy signals of the resolver with less computational burden. Then, in [LIUO6], the same

simplified EKF has been developed to be combined with back-EMF estimator for better sensorless
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control performance. It is worth mentioning that the simplified EKF is regarded as two-phase PLL
observer. For the same principle, in this thesis, the simplified EKF is adopted to be combined with

the rotor FO for rotor position and speed estimation.

In the sensorless control with the rotor FO for SPMSM, the rotor flux-linkage in af reference

frame may be selected as the output variables of the EKF, i.e.

Kk
|:y1( ):|:|:l//r,8:| (211>
Y.(K) | | ¥
while the state variables can be selected as the rotor position, o, speed, @, and double integration

of the noise, w'.
To simplify the model in terms of the computation of the Kalman gain and the output

variables, (2.11) is described in normalized form as
{mk)}_{cos 6, (k)qu -
Y.(K) | [sing. (k)] |Vv,(k)
Hence, the state-space model, with a state vector of x =[9,, o, w’]T and inputu(k) =0, can

be written as

X(k +1) = Fx(k) +w(k) (2.13)
y(k) =h(x(k)) +v(k) (2.14)
where
1 T 0
F=|0 1 1 (2.15)
0 0 1
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and

(2.16)

cos 6, (k)}

h(x(k)) = [sin 0. (k)

Then, the Kalman filter gain K can be significantly simplified as

K cos@® sing°
K=/0k, || . ' ' (2.17)

—sin@°® cos 6°

0 k3 r r

where k, k, and k, indicate the tuning parameters. The Kalman filter gain K, i.e. (2.17) can be
obtained by using the MATLAB's DLQE (A, G, C, R, Q) command (Discrete Linear-Quadratic
Estimator) for the Kalman estimator design of discrete-time systems, for instant, the input variables

according to [HAR96], are as follows

1 T, O
A=F=/0 1 1
0 0 1
0 0 O]
G=/0 0 O
0 0 1]
co 0 0O (2.18)
1 0 0]
0 0O
R=|0 0 O
0 01
1 0
o 1
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By choosing an appropriate tuning parameter O to optimize the noise rejection ability of the
Kalman filter, The Kalman filter gain K can be determined by utilizing the above Matlab command.
The tuning parameter O can be chosen by trial and errors in the experimental system.
Consequently, thek, k, and k, can be obtained.

Finally, according to aforementioned equations, the rotor position and speed can be

estimated from

(k) =y, (k)cos 6° (k) — y, (k)sin 6° (k) (2.19)
0 (k+1) =[ 6 (K) + T, (K) + k& (K) | (2.20)

of (k+1) =[ @ () + W (K) + k& (K) | (2.21)
w(k+1) = [w'(k) +k,e(K)] (2.22)

where Qf and o, denote the estimated rotor position and speed, respectively. Fig. 2.2 shows

the block diagram of the simplified EKF, which can be combined with rotor FO.

This chapter targets to provide a detailed investigation of the influence of back-EMF and
currents harmonics on sensorless control performance for both FO and simplified EKF. The
sensorless vector control system for single three-phase PMSM, which is employed for
investigation of back-EMF harmonics influence on position estimation accuracy, is illustrated in
Fig. 2.2. The switching-table-based direct torque control (ST-DTC) for DTP-PMSM, which
inherently exhibits non-sinusoidal stator currents, is taken as an example to investigate the effect
of current harmonics on sensorless control performance. The conventional and modified ST-DTC
methods for DTP-PMSM have been presented in [HAT05] and [HOA15], and hence, only a brief

description is provided here.
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Fig. 2.2. Block diagram of simplified EKF.
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Fig. 2.3. Schematic diagram of sensorless vector control for three-phase PMSM.
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2.3. Basic Principle of Conventional and Modified Switching-Table-Based Direct
Torque Control (ST-DTC) for Dual Three-Phase PMSM

2.3.1. Machine Model and Voltage Vectors

By using vector space decomposition approach (VSD) [ZHA95], the final model of DTP-
PMSM with isolated neutral points can be expressed in stationary reference frame as

Vip =Rl + PV (2.23)
Ve = Liliup + Voo (2.24)
Vvup = Vo€ (2.25)

\752122 =R, I_szlzz + W (2.26)
72 I (2.27)

T, =3P (We,iep —Wepler ) (2.28)

where Vs:122, ws2122, Isz122 are stator voltage, flux, and current vectors in z1z> subspace, respectively,
Lisis leakage self-inductance, Te is electromagnetic torque, and P is number of pole pairs.

It can be seen from the above equations that the machine model could be decreased to two
sets of decoupled equations identical to the machine of- and z1z>-subspaces [HATO05]. However,
only o/ components contribute to torque and flux production, while z1z> components are the main
sources for the large circulating current harmonics due to the small impedance in the z1z>-subspace.

Dual three-phase drives have many more inverter voltage vectors than a single three-phase
system due to its six inverter legs. By neglecting 4 zero vectors, the of- and z1z>-subspaces voltage
vectors are illustrated in Fig. 2.4 (a) and (b), respectively, where the voltage vector number is

named with binary value of Vi=SzSySxScSgSa.
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(b) z;z>-subspace

Fig. 2.4. Inverter voltage vectors in two subspaces.
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2.3.2. Conventional ST-DTC Scheme

Conventional ST-DTC of three-phase drives can be extended to DTP-PMSM drives
[HOA15]. Such method which exhibits non-sinusoidal stator currents, is utilised here to investigate
the influence of stator current harmonics on the rotor position estimation accuracy. The af-
subspace could be split into twelve sectors based on the estimated stator flux position, Fig. 2.5 (a).
The torque response can be maximized when employing the voltage vectors from the outermost
layer in the af-subspace together with the zero vectors. Generally, when the stator flux vector yyqs
lies in sector k, appropriate voltage vectors can be determined according to Table 2.1 [TAKS86].
Taking voltage vector Vi+2 for example, the torque production component is positive since it
rotates at the same rotation direction, and the flux production component is positive as well. As a
result, the electromagnetic torque, and stator flux will be increased.

TABLE 2.1
SWITCHING TABLE FOR CONVENTIONAL ST-DTC OF DTP-PMSM DRIVE
T. Ws Vector required
Increased Increased Vi+2
Increased Decreased Vi+3
Decreased Increased Vi-3
Decreased Decreased Vi-4
Unchanged Unchanged Vero
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Fig. 2.5. Principle of conventional ST-DTC scheme.
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The conventional ST-DTC is easy in implementation. However, since only the components
of af-subspace are involved, large harmonic currents inevitably occur. Thus, a modified strategy

which controls both af components and zi1z, components is required.
2.3.3. Modified ST-DTC Scheme

The modified ST-DTC of DTP-PMSM drives, which shows more sinusoidal stator currents
than that of conventional ST-DTC method, is presented in [REN15b]. It is also used in this
investigation to investigate the influence of stator current harmonics on the rotor position
estimation accuracy. According to (2.27), minimizing the stator flux in zizo-subspace wsz172 IS an
effective method to supress the current harmonics in z1z2, due to their proportional relationship. It
can be seen from Fig. 2.4 that for each vector utilized in conventional ST-DTC, e.g. V11 in Fig. 2.4,
there is another vector with the second-largest amplitude, e.g. V2s, pointing to the same direction
in af-subspace, which means similar effect on torque and flux control, and simultaneously,
exhibiting the opposite directions in ziz>-subspace which indicates opposite influence on the
variation of flux ys12.

Therefore, in order to minimize the magnitude of z1z» stator flux, the z1z»>-subspace can be
divided into two half circle subspaces, where the diameter is orthogonal to Vi1 and Vzs, Fig. 2.4
(b), and if the z1z> flux vector ys:1.2 lies in one half circle subspace, the voltage vector in the other
half circle subspace have to be employed. For instance, when ws;1,2 locates in sector 7, as shown
in Fig. 2.4 (b), the amplitude of ws.1.2 Will be increased by applying Vi1, and it will be reduced
when Vs is utilized. Hence, V25 should be adopted instead of V11. Similar principle can be extended
to other sectors.

Consequently, based on the aforementioned concept, the two-steps approach is given:

e Accordingto Table 2.1, one vector with largest amplitude and another vector with the second
largest amplitude having similar direction in af-subspace are specified as one group;
e Depending on the position of the stator flux in ziz>-subspace ws:122, the vector that can
minimize its amplitude will be picked from the chosen group.
Since the first step is the same to the selection of vectors in the conventional ST-DTC, the
vector groups can be chosen from Table 2.1. Consequently, a switching table for the second step
is given in Table 2.2.For instance, if the vector group 11 is selected from Table 2.1, V11 will be

employed only when ws122 lies in sectors 1-5, and 12, otherwise, V25 will be adopted to decrease
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the amplitude of ys1,2. Similar results can be easily obtained for other vector groups [HOA15].

The overall sensorless ST-DTC scheme is shown in Fig. 2.6.

TABLE 2.2
SWITCHING TABLE FOR STEP-TWO IN THE MODIFIED ST-DTC OF DTP-PMSM

Group Gi | Sector of ws1,2 | Selected | Group Gi | Sector of ws1,2 | Selected
vector vector
9 7,8,9,10,11,12 Vo 54 1,2,3,4,5,6 Vs4
1,2,3,4,5,6 Va3 7,8,9,10,11,12 V20
11 12,1,2,3,4,5 Vi 52 6,7,8,9, 10,11 Vs2
6,7,8,9, 10,11 Vas 12,1,2,3,4,5 V3s
27 5,6,7,8,9,10 Va7 36 11,12,1,2,3,4 V36
11,12,1,2,3,4 V1o 5,6,7,8,9,10 Vs3
26 10,11,12,1,2,3 Va6 37 4,5,6,7,8,9 &Y
4,5,6,7,8,9 V1o 10,11,12,1,2,3 Vs
18 3,4,5,6,7,8 Vis 45 9,10,11,12,1,2 Vs
9,10,11,1211,2 V3o 3,4,5,6,7,8 V33
22 8,9,10,11,12,1 V22 41 2,3,4,5,6,7 Va1
2,3,4,5,6,7 Vso 8,9,10,11,12,1 Vi3
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Fig. 2.6. Sensorless control ST-DTC diagram of dual three-phase PMSM drives.

2.4. Influence of Back-EMF Harmonics on Sensorless Control Performance for
Vector Control of Single Three-Phase PMSM

The experiments for the influences of back-EMF and current harmonics on sensorless control
performances are implemented on experimental platform which is constructed depending on a
dSPACE (DS1006) control system and interfaced with Matlab/Simulink model. The hardware of
the experimental rig is provided, and only the control system is applied by the author of this thesis.
The detailed information about the experimental rig utilised in the thesis are presented in Appendix
I. The experimental rig consists of a prototype of DTP-PMSM, and coupled with a DC machine
for loading. Also, two sets of three-phase inverter, which is supplied by a DC power, is utilised for
both machine drives where only one set is enabled when implementing the control of single three-

phase system.
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It should be noted that the DTP-PMSM can also be used as single three-phase PMSM when
only one three-phase winding set is employed, which it has been employed in this thesis. The
overall control system schemes shown in Fig. 2.3 and Fig. 2.6 with the scheme of simplified
extended Kalman filter shown in Fig. 2.2 are implemented in the dSPACE. The investigation of
the back-EMF harmonics effect on the sensorless control performance for vector control of single
three-phase PMSM is fully described in the following subsections, while the investigation of
current harmonics effect on the sensorless control performance for conventional and modified ST-
DTC strategies of DTP-PMSM will be described in section 2.5. The the DC link voltage is set to
40V, and the sampling frequency is set to 10 kHz for both investigations.

2.4.1. Back-EMF Analysis

The vector control of single three-phase PMSM is utilized to investigate the influence of
back-EMF harmonics on position estimation accuracy. The speed reference is set to 300rpm, and
the load is about 1.8 Nm. The phase back-EMF has been measured as shown in Fig. 2.7 (a), and
its harmonic spectrum is given in Fig. 2.7 (b). It should be noted that significant 3", 5" and 7™
harmonics are observed. However, the dominant harmonics are the 5™ and 7" harmonic
components since the 3" harmonic will disappear due to the star-connection of the machine
windings. The conventional FO and simplified EKF are implemented to show the influence of

back-EMF harmonics on the accuracy of rotor position estimation.
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2.4.2. Steady-state Sensorless Control Performance Using FO

By firstly applying FO based sensorless control, the observation of PM excitation flux-
linkage vector in af reference frame is illustrated in Fig. 2.8. It can be seen that the locus of
observed flux-linkage vector is non-circle due to the back-EMF harmonic components. Then, the
comparison of actual and estimated rotor positions is shown in Fig. 2.9, as well as the position
estimation error. It is obvious that significant fluctuations in the position estimation error occur
because of the distorted back-EMF.
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Fig. 2.8. Locus of PM excitation flux-linkage vector.
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Fig. 2.9. Comparison of actual and estimated rotor position using FO.

2.4.3. Steady-State Sensorless Control Performance Utilizing Simplified EKF

After employing the conventional flux-linkage observer, the simplified EKF is applied to
investigate the rotor position estimation performance when the back-EMF is distorted. The
estimated rotor position of simplified EKF is compared with the actual rotor position in Fig. 2.10,
in addition to the position estimation error. It is worth noting that the position estimation error of
simplified EKF exhibits less fluctuations, and it is relatively small compared to that of FO. The
comparison of rotor position estimation errors for both sensorless control methods is depicted in

Fig. 2.11. It can be concluded that the rotor position estimation accuracy is less affected by the

60



back-EMF harmonics when the simplified EKF method is utilized since it is less sensitive to such
harmonics.
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Fig. 2.10. Comparison of actual and estimated rotor position using simplified EKF.
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Fig. 2.12. Comparison of position estimation errors.

2.5. Influence of Current Harmonics on Sensorless Control Performance for
Conventional and Modified ST-DTC Strategies of DTP-PMSM

2.5.1. Steady-State Sensorless ST-DTC Strategies Performance Applying FO

The conventional and modified ST-DTC strategies of DTP-PMSM are implemented to
investigate the influence of non-sinusoidal stator currents on the position and speed estimation
accuracy for conventional FO and simplified EKF. It is worth mentioning that although the testing
machine exhibits distorted back-EMF, the influence of stator current harmonics is dominant in the

performance deterioration in sensorless control of ST-DTC for DTP-PMSM. The machine speed
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is set to 300rpm, and the stator flux reference is 0.075Whb, respectively. The load is set to about
1.8 Nm.

Figs. 2.13 shows the steady-state performances of the sensorless control for conventional
ST-DTC strategy based on FO, while the steady-state performance of the modified ST-DTC based
on FO is illustrated in Fig. 2.14. From Fig. 2.13 and Fig.2.14, it can be seen that both the torque
and stator flux are well controlled in both the conventional and modified DTC techniques with FO.
The torque ripples are slightly decreased and the steady-state error of torque is also significantly
reduced when modified ST-DTC is implemented compared to its conventional counterpart, Figs.
2.13 (a) and 2.14 (a). In terms of current performance, it can be observed that the phase currents
of the conventional ST-DTC strategy are severely distorted, i.e. non-sinusoidal waveforms, Fig.
2.13 (c). On the other hand, the current harmonics are significantly reduced by using the modified
ST-DTC strategy, Fig. 2.14 (c).

Furthermore, the rotor position and speed estimations performances for conventional and
modified ST-DTC strategies based on FO are shown in Fig. 2.15 and Fig. 2.16, respectively. It can
be seen from Fig. 2.15 that significant fluctuations in the position estimation error and estimated
speed can be observed due to seriously non-sinusoidal stator currents in the conventional ST-DTC.
By utilizing the modified ST-DTC strategy, the fluctuations can be reduced to some extent, which,

however, remain obvious since the current harmonics are still large, Fig.2.16.
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Fig. 2.16. Sensorless control performance of modified ST-DTC, EKF.

2.5.2. Steady-State Sensorless ST-DTC Strategies Performance Employing
Simplified EKF

After employing FO, the simplified EKF based sensorless control is implemented for the
conventional and modified ST-DTC strategies to investigate the effect of distorted stator currents
on the sensorless control performance. The steady-state performance of conventional ST-DTC
strategy with simplified EKF is given in Fig. 2.17, whilst Fig. 2.18 shows the steady-state
performance of modified ST-DTC strategy. For simplified EKF based sensorless control method,
it can clearly be seen from Fig. 2.19 (a) and Fig. 2.20 (a) that the position estimation errors are

relatively small with less fluctuations due to the higher noise-rejection capability of EKF.
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Furthermore, the estimated speeds for both ST-DTC strategies exhibit less fluctuations compared
to that of FO, Fig. 2.19 (b) and Fig. 2.20 (b).

Detailed quantitative results of different sensorless control ST-DTC strategies are given in
Table 2.3, in which the ripples of the torque and stator flux are calculated as [HOA15]

Ws_ripple = \/1/n z(l//s_i _l//s_av)2 (229)
i=1

T, riopte = \/1/ n> (T -T ) (2.30)
i=1

According to Table 2.3, both of sensorless control methods can achieve significant
improvement of steady-state performance when the modified ST-DTC strategies are employed,
compared to their conventional counterparts in terms of flux and torque ripples, and THD of phase
currents. Between them, the modified ST-DTC technique with simplified EKF exhibits better

performances compared to that with FO.
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Fig. 2.17. Steady-state performance of conventional ST-DTC, EKF.
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STEADY-STATE PERFORMANCE OF I;;AI\ZIBZIIEEI?I\?T SENSORLESS ST-DTC STRATEGIES
300rpm,1.8Nm Conv;rglonal- Comg;n(tll?onal- Modified-FO M(])Edlﬁ?ed-
Ws_ripple (Wh) 7.5213e-4 7.4914e-4 5.0394¢-4 4.8393e-4
Te ripple (Nm) 0.2958 0.2912 0.2230 0.2119
THD 1.(%) 31.47 31.03 12.47 11.81
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2.5.3. Dynamic-State Sensorless ST-DTC Strategies Performance for FO and
Simplified EKF

By applying FO and simplified EKF based sensorless control techniques, the dynamic
performances for both the conventional and modified ST-DTC strategies with FO based sensorless
control are shown in Fig. 2.21 and Fig. 2.22, respectively. When the simplified EKF is employed,
the dynamic performances for both ST-DTC strategies are illustrated in Fig. 2.23 and Fig. 2.24,
respectively. It can be found that the estimated speed exhibits significant phase lag in FO for both
ST-DTC strategies due to the low-pass filter used in the rotor flux-linkage observer. In contrast,
the estimated speed tracks the actual speed with less phase lag when simplified EKF is employed
thanks to its ability to suppress such noisy signals which leads to fast speed response. Furthermore,
both the sensorless control techniques based on FO and simplified EKF show good dynamic torque

performance for the conventional and modified ST-DTC strategies.
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Fig. 2.21. Dynamic performance of sensorless conventional ST-DTC, FO.
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Fig. 2.22. Dynamic performance of sensorless modified ST-DTC, FO.
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Fig. 2.23. Dynamic performance of sensorless conventional ST-DTC, EKF.
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2.6. Summary

This chapter investigates the influence of back-EMF and currents harmonics on sensorless
control performance of single and dual three-phase PMSMs by utilizing the most common
fundamental-model-based sensorless control techniques, i.e. FO and simplified EKF. The single
three-phase PMSM is employed to investigate the influence of back-EMF harmonics on position
estimation accuracy, while the influence of current harmonics on the rotor position and speed
estimation accuracy is studied for DTP-PMSM which inherently involves harmonic currents in
ST-DTC methods.

By employing the FO and simplified EKF based sensorless vector control of single three-
phase PMSM, it can be concluded that the rotor position estimation accuracy is less affected by
the back-EMF harmonics when the simplified EKF method is utilized since it is less sensitive to
such harmonics.

Then, the influence of non-sinusoidal stator currents together with back-EMF harmonics has
been investigated for the conventional and modified ST-DTC of DTP-PMSM with FO and
simplified EKF based sensorless control methods.

The experimental results indicate that the simplified EKF exhibits better position and speed
estimation accuracy in both the conventional and modified ST-DTC strategies. In addition, its
steady-state performance shows a slight superiority over that based on FO, in terms of flux and
torque ripples, and THD of phase currents. For the dynamic performance, the estimated speed of

simplified EKF shows less phase lag and fluctuations compared to that of FO.
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CHAPTER 3

CONVENTIONAL HIGH-FREQUENCY CARRIER SIGNAL
INJECTION BASED SENSORLESS CONTROL METHODS FOR
SINGLE AND DUAL THREE-PHASE PMSMS

3.1. Introduction

Carrier signal injection based sensorless control methods are developed to achieve a high
rotor estimation accuracy, both when at a standstill and when at low speed. These sensorless
control methods rely on machine saliency. A high-frequency (pulsating or rotating) carrier voltage
is normally superimposed in a continuous manner onto the fundamental excitation.

A rotor carrier current, which is position dependent, is produced thereafter from the
interaction of the machine spatial saliency with the injected carrier voltage. The rotor position
could then be extracted from the position-dependent carrier current response through the use of a
tracking observer [GON11]. The two major methods of the continuous carrier signal injection are
pulsating sinusoidal signal injection [COR98] [AIH99] [JANO3] [L109b] [GON11b], and rotating
sinusoidal signal injection [JAN95] [GON11b].

A high-frequency carrier current signal may also be injected and the information regarding
the rotor position extracted from the carrier voltage response. The current regulator, however, is
necessary to allow the carrier current injection to have high bandwidth sufficient to ensure that the
high-frequency carrier current follows the reference command. The high-frequency carrier voltage
signal injection is preferred because of simpler injection algorithm and simpler hardware design.

In this chapter, the two most commonly used conventional pulsating and rotating carrier
voltage signal injections based on sensorless control strategies will be discussed in details. The
pulsation signal is injected into d-axis estimated synchronous reference frame, whilst the rotating
signal is injected into the stationary reference frame. Their sensorless control performances are
investigated experimentally for both the single and dual three-phase PMSMs. The saliency of the
testing machine is experimentally investigated under different load conditions with the aid of a
position encoder for the actual rotor position. Meanwhile, in this chapter, the influence of cross
saturation coupling over the accuracy of position estimation is also considered. The corresponding

performances of rotor position estimation are presented with full analysis, along with
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compensation of cross-saturation coupling effects. It should be mentioned that the machine used
for single and dual three-phase is exactly the same. The specifications of the test machine are listed

in Appendix II.
3.2. High-Frequency Models of PMSM
3.2.1. Model in Synchronous Reference Frame
The voltage of PMSM in the synchronous reference frame is expressed as
V, R, 0 |fi -
d :|: S :| -d +p l//d +|: wquj| (31)
Va 0 Rl Yq DYy
where p is referred as to differential operator, while w4 and yq respectively denote the d- and g-
axis flux linkages.
The back-EMF and resistive voltage drop can be neglected normally at zero and in low speed
regions. The PMSM can be viewed as a pure inductive load when the injected carrier frequency is

sufficiently higher than the fundamental excitation frequency [RACO08a]. In the synchronous frame,

the high-frequency voltage of PMSM, when accounting for the cross saturation effect [L109a], can

{th:| ={ L quh:||:p?dh:| (3.2)
Vin Loan  Lan || Plgn

where Lqnh and Lqn represent the high-frequency incremental self-inductances of the d- and g-axes,

be expressed as

and they are different from each other due to the machine saliency. Lagh and Lqgn denote the high-
frequency incremental mutual-inductances, and they are related with cross-saturation effect.
Normally, Ldgh # Lqan [L107], however, for simplifying the analysis, Ldgh = Lqan iS considered in

most practical applications, and it is also considered in this thesis.

3.2.2. Model of Carrier Current in Estimated Synchronous Reference Frame

The estimated rotor position is normally used in the control algorithm for the sensorless

control operation. This happens because the accurate rotor position is unknown.
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With the help from this transformation matrix T(A#)

cos(Af) —sin(Ad

Fag) | 540 —sin(a0) .
sin(A@) cos(A6)

where A@ is the rotor position estimation error, A@ =6, -0, as illustrated in Fig. 3.1, the PM

BLAC machine’s high-frequency voltage model can be expressed as follows in the estimated

synchronous reference frame,

Ve _T(AO Ln L TAD pig,

Vce|h =T(49) Ln L (49) Pifjh
_|cos(AG) —sin(A0) || Ly Ly || COS(AG)  sin(AO)
_L,in(Aé?) cos(A@)} Lgn L [—sin(AH) cos(AH)}

x{ pﬁjh} (3.4)
Pign

L, — Ly COS(2A0) — Ly, SIN(2A0)  —L,Sin(2A0) + L, c0s(2A6)
| -L,sin(2A0) - L COS(2A0) L, + L, COS(2A0) + Ly, SIN(2AG)

Pig,
X .
plqh

here, Lsqd and Lsa are the difference and average incremental inductances of both the d- and g-axes,
and expressed as follows

Lsd = (th - th) /2 (3.5)
Lsa = (th + th)/2
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Fig. 3.1 Accurate and estimated synchronous reference frames.

The differential of the high-frequency carrier current response in the estimated reference

frame can be calculated as (3.6) by solving (3.4),

Ly, + L + L COS(2A0+6,)

JL + L, sin(2A0+6,)

th th - ijqh

L + Ly sin(2A0+ 6,)

th th - ijqh

L, — /L% + L, COS(2A0 +6,)

th th - ijqh

e
Van

X e
Veh

iJricos(2A6?+9m)
L. L

p n n

Lisin(ZA0+9m)

n p n

Lisin(erwm)

i—icos,(2A9+49m)
L L

th th - ijqh

e
th

e
th

where 0 represents the cross-saturation angle, and

L

Sa

—L L. L. —
1 dgh dh Lgh
0. =tan [ g ], Lp — _dhah  7dah

sd
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3.2.3. Carrier Current Model in Stationary Reference Frame

The high-frequency voltage model of the BLAC PM machine in the af-reference frame is
given as (3.9) with the help from the transformation matrix T(6), i.e. (3.8).

@)= {COS(Q) —Sin(é’r)} (3.8)

sin(@.) cos(6.)

{Vah}z_r(er){ th quh:|-|-1(0r) p?th
Vign quh th Ply,

L, — Ly €0s(26,) — Ly, sin(26,)  —Lg,sin(26,) + Ly, cos(26,) (3.9)
| —L,sin(20.) - Lin COS(26,) L, + L €os(26,) + Ly, Sin(26,)

piah
x|
Pl

The differential of the high frequency carrier current response in the stationary reference
frame can be obtained as follows, in a similar way as the estimated reference frame is obtained, by

solving (3.9).
i+icos(29r +6.) isin(29r +6.)
L L L

p[f h}: po o n {h} (3.10)
o Lsineo +0) L -Locoso+o) |V
L L L

n p n
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3.3. High-Frequency Carrier Signal Injection Techniques

The most common conventional high-frequency carrier signal injection techniques are
pulsating sinusoidal signal injection technique [COR98] [HA00] [CAR06] [RACO8] [LI109b]
[ZHA13], and rotating sinusoidal signal injection technique [JAN95] [DEG98] [BR104] [GARO07]
[GAB13].

3.3.1. Pulsating Carrier Signal Injection Technique

A high-frequency pulsating voltage is injected in the estimated synchronous reference frame
into the d-axis or the g-axis in the high-frequency pulsating carrier voltage injection method. This
injection is known as the superimposition of rotating carrier vectors with opposite directions and
is depicted in Fig. 3.2. The rotor position can then be estimated through minimizing the modulated
carrier current response amplitude orthogonal to the injection axis. If the pulsating carrier voltage
injection is in d-axis, for instance, the g-axis carrier current response will be chosen to find the

rotor position estimation.

B
A

P -
o\ AT
A\ “,%A/% o
N2 Ne
s 9

Fig. 3.2 Pulsating carrier signal injection.

The high-frequency carrier voltage is injected into the estimated d-axis for the d-axis

pulsating carrier voltage injection and given by

Ve cos
{ dh}:V { Oa}, where a=aot+ ¢ (.11

e c
th

81



where ¢, w¢, and V. are respectively referred to as the initial phase angle, the angular speed, and
the amplitude of the injected high-frequency pulsating carrier voltage.

Then, in the estimated synchronous reference frame, the differential of carrier current
response is given by

i+icos(2A49+9m) isin(2A6?+49m)
L L L

p?c?h V. n Cosa (3.12)
I ¢ 1 1 0

Lsineao+e)  L-Llcosao+o)
L L L

n p n
In the estimated synchronous reference frame, the expression of the resultant carrier current
response can thus be given as
) Ve +V—°COS(2A9+0m)
F‘h:l oL, ol, .
o sina

! VCL Sin(2A6+6,) (3.12)

gh
cn

I,sin(2A6+86,,)

1, + Incos(2A¢9+6’m)} ,
= o

where
| = Ve o= Ve (3.13)
"l o,L,

where Ip and I are respectively referred to as the amplitudes of positive- and negative-sequence
currents, while L, and L, denote respectively the equivalent positive- and negative-sequence
inductances.

It can be shown from (3.12) that the carrier current response is amplitude modulated by the
information of rotor position. It also must be noted that the cross-saturation angle ém is constant

for a given load condition. When the error of position estimation Aé is small enough, the high-
frequency carrier currentig, becomes very small, which means that iy, is commonly used in order

to estimate the rotor position because of less current and torque ripples.
The carrier current response is amplitude modulated by the rotor position information, which
has already been mentioned. In order to demodulate the position-dependant amplitude from the

high-frequency carrier current response, the synchronous detection method is thus normally
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employed [MAD95] [RAC10]. The carrier current signals in (3.12) are both multiplied by 2sina
and the signal is then applied to a LPF. The high-frequency carrier currents’ amplitudes (d- and g-
axes) can be obtained with noise suppression as in (3.14). The entire carrier current demodulation
for pulsating carrier signal injection procedure is illustrated in 3.3.

H

_ lan _LPF| 2sina ijh _ Ip+lr1cos(2A0+6’m) (3.14)
o ¢ ,sin(2A0+6,)

ah Yan

igqf
b LPF ~
iabc —> anc iﬁeiqr igqh i, .
> 2sina —— LPF 2—|i§|
dq

07 —»

e
dgh

Fig. 3.3. Carrier current demodulation for pulsating injection [GON11].

The g-axis carrier current is utilized to be the input signal to the position observer as follows

for the high-frequency pulsating carrier voltage injection in the estimated d-axis

f(A0) =it |=1 sin(2a0+8,) (3.15)

igh

Due to the position observer, f(A6) is forced to be zero in the steady-state condition. The
rotor position can hence be obtained with the load-dependant position estimation error (-6m/2),
which occurs due to the cross saturation effect.

Proper machine design or a compensation control method can be applied to compensate for
such position estimation error. Many efforts have been made regarding the compensation control
aspect. The demodulated amplitudes of the carrier current response in (3.14) can be further derived
as (3.16) when the estimation error A is small enough [ZHU11] [LI09].

H

‘ijh‘ _{|p+lncos(2A0+9m)} { |, +1,c08(2A6+6,) (3.16)
i

|,sin(2A0+6,) 21 cos(6,)(AB)+ 1 sin(6,)

gh
When defining a coupling factor as A=Lqdn /Lqn, the input signal to the rotor position observer
can be redefined as (3.17).

f(A0) =|ig, |+ A|ig, | = 21, cos(8, )(A6) (3.17)

L e
Ion L

The position observer then forces the new input signal f(A#) to be zero. Clearly, the position

estimation error due to a cross saturation effect would not be generated. The overall control system
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for sensorless control method based on high-frequency pulsating carrier voltage injection is
illustrated in Fig. 3.4.
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Fig. 3.4 Block diagram of pulsating carrier signal injection in d-axis based sensorless control
[GONI1].

It should be mentioned that the abovementioned analyses and expressions are related to
single three-phase PMSM. For the dual three-phase PMSM, the high-frequency pulsating carrier
voltage signals are injected into the two stator winding sets independently, and the same analysis

for single three-phase PMSM is applied.

3.3.2. Rotating Carrier Signal Injection Technique

A balanced three-phase carrier voltage is injected into the af-reference frame for a high-
frequency rotating carrier voltage injection approach. This is done to form a rotating excitation
which is superimposed on the fundamental excitation [ZHU11] [JANO03] [OVR04] [JANO4] as
illustrated in Fig. 3.5. The information of the rotor position can then be extracted from the position-

dependent modulated current response.
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The balanced rotating carrier voltage vector is injected into the af-reference frame as

v, cosa
"=V | , where a=at +¢ (3.18)
Vo sina

where ¢, w¢, and V. denote the initial phase angle, the angular speed, and the amplitude of the

injected high-frequency rotating carrier voltage, respectively.
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Fig. 3.5. Rotating signal injection.

The differential high-frequency current response in the af-reference frame is given by

_ i+icos(26?r +6,) isin(20r +6,)
In L, L, L, cosa
P =V (3.19)

Lsineo+0) L -Lcosg +0) |
L L L

n p n

The resultant position-dependant carrier current response in the of-reference frame can
then be expressed as
i+iCOS(29r +0,) i5in(2<9r +0,)
L L L

|:Iah:|_vc p n n Sina :|
i | @ . -
mlo @ Lism(zer +6.) Li—l_icos(zer +9,) L%

n p n

(3.20)

I, cos(a —x12) |,cos(—a+260.+6,+x12)
. +
I, sin(a—n/2) I, sin(—a+26,+6,+r12)
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where 6m, Lp and L, are defined in (3.7) , while I, and I, are defined in (3.13).
The carrier current response in the af-reference frame can be given as (3.21) by using a
complex vector form.

j(a-r12) j(~a+20,+6, +712) 3.21
e +1 e (3.21)

I =
In summary, the high-frequency rotating carrier injection can be viewed as follows:

e There are two components in the carrier current, i.e. positive- and negative-sequence
components. The negative component includes the information of rotor position in its phase
angle and the positive-sequence component has the same rotated speed as the injected carrier
voltage vector. The rotor position information can be extracted from the negative-sequence
component.

e The spectra of the positive- and negative-sequence carrier currents are asymmetric, unlike
the symmetrical spectrum of the carrier current response for a pulsating carrier signal
injection. The magnitudes of the positive- and negative-sequence carrier currents are both

proportional to the ratio of (Vc/wc), and machine parameter-dependent.

The negative-sequence carrier current can be extracted from the total carrier current response
by employing a synchronous reference frame filter (SRFF) [DEG98] [RAC10] [GARO7], which
includes the information of rotor position. SRFF utilizes the frame transformation to transform the
fundamental current to DC. With the aid of a low pass filter, this DC component can then be
obtained without phase lag. The fundamental current can be obtained by applying the reverse
transformation. The positive-negative current can be derived by employing the same procedure
with the phase angle of the injected carrier voltage. By subtracting the positive-sequence current
from the total carrier current response, it is possible to obtain the negative-sequence current. By
employing the signal demodulation together with SRFF, Fig. 3.6, the negative-sequence current
can be obtained as

i :| ej(—oc+29r-¢—€m+7r/2) (322)
n n
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Fig. 3.6. Demodulation process for carrier current for rotating injection [GON11].

Then, in the synchronous reference frame, ineg With the estimated negative-sequence carrier
frequency can be derived as
J(—a+26,+6,+712) Aj(a-26,—712) _ j(2A6+6,,) _
I, e e =1, e =1

NICRY (3.23)

neg n

where Oneg is the angular offset of the negative-sequence carrier current. Expression (3.23) can be

re-written as

[ |, sin(2A6, +6,)

Fnegd } _ { | cos(2A6, + em)} (3.24)
neg—q

The g-axis carrier current is commonly utilized as the input signal f(A8) to the rotor position
observer [JAN95] [DEG98], and it can be expressed as

f(A0) =i, ,=1,5IN(2A6+6,) (3.25)

neg—q
It is similar to that of conventional pulsating injection, and it is expected that a position
estimation error would have occurred due to cross-saturation effect (-6m/2) and also for the rotating

injection. The phase angle is modified as (3.26) in [GON11] to compensate for such error.
o =a+6, (3.26)

And the carrier current response is then expressed as
—a+26,+7/2)

- j(a+6,-712) i(
=1 +1 e +1. e (3.27)

In this way, it can be found that the cross-saturation angle (6m) has been shifted from the

negative-sequence current to the positive-sequence current.
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It is therefore expected that the rotor position can be estimated accurately from the negative-
sequence carrier current, and (3.24) can be updated as

. | cos(2A6,
g | _| 1 COS(2AG) (3.28)
neg—q I, sin(2A6,)

and the updated input signal f(A6) to the rotor position observer is expressed as

f(Ad) =i, . =1 sIN(2A6) (3.29)

neg—q
The complete schematic diagram for the sensorless control method based on rotating carrier

voltage injection including the cross-saturation effect compensation is depicted in Fig. 3.7.
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Fig. 3.7 Block diagram of rotating carrier signal injection in stationary reference frame based
sensorless control [GON11].

It should be mentioned that the abovementioned analyses and expressions are related to
single three-phase PMSM. For the dual three-phase PMSM, the high-frequency rotating carrier

voltage signals are injected into the two stator winding set independently, and the same analysis
for single three-phase PMSM is applied.
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3.3.3. Rotor Position Observer

The position tracking observer is much more popular than the arc-tangent function (tan™)
calculation [TESO03] for rotor position estimation, because it gives good immunity to disturbance
harmonics while still keeping the dynamic performance of position tracking. Some non-linear
controllers, such as bang-bang controllers, can be employed by the position observer [JANO4] in
order to enhance the dynamic characteristics.

The signal f(A0) is considered as input signal to the rotor position observer for sensorless
control methods based on pulsating and rotating injections. The schematic diagram of the rotor

position observer, including PI regular, is shown in Fig. 3.8.
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Fig. 3.8. Schematic diagram of rotor position observer.

The expression of the closed-loop transfer function between the estimated and actual
information of rotor position, according to Fig 3.8, can be given as
o 2Inkps+2lnki
L =—
0, s +21k;s+21 Kk

r

(3.30)

From (3.7) and (3.13), it can be found that In is load-dependant. Thus, the PI gains, i.e. kp
and ki, should be varied on-line with I, to preserve a constant bandwidth. In practical
implementation, for simplicity, such gains can be chosen based on the typical value of I, at no-load

condition.
3.3.4. Evaluation of Test Machine Saliency Level

Prior to applying the sensorless control methods based on high-frequency carrier signal
injection based, the investigation of the machine saliency level is essentially required. The machine
saliency relates to the variation of the inductance and the machine load condition. Usually,

anisotropy ratio scheme [GUGO06], saliency ration method [YANZ11], and feasible region strategy
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[BIAQ7] are utilized to evaluate the level of machine saliency. However, such methods require the
machine parameters, i.e. incremental inductances, and they are suitable for in theoretical analysis
rather than practical application. On the other hand, a high-frequency impedance measurements
which does not require the machine parameters are introduced in [JANO3]. Although it avoids the
requirement of machine parameter, it leads to more computational load on the processor due to
complicated calculations of the impedance. Therefore, with considering the limitations of the
mentioned methods, a simplified experimental method has been introduced in [GON11] to
construct a saliency circle, in which the full machine saliency information can be detected. In this
thesis, the simplified experimental method is employed in order to investigate the machine saliency
level of the test machine. With the help of an encoder (position sensor) to provide the actual rotor
position, the rotor is locked at zero position (6:=0). After that, a high-frequency pulsating voltage
signal as expressed in (3.31) is then injected in the estimated dqg synchronous reference frame. As
illustrated in Fig. 3.9, the estimated synchronous reference frame has A phase angle difference
from the actual synchronous reference frame. The injected signal rotates at fixed speed (2Hz) in
clockwise direction. The injected carrier voltage has an amplitude of 8V and a frequency of 550Hz
for the prototype machine. These machine’s specifications are listed in Appendix II. The carrier

current response in the estimated dq synchronous reference frame can be obtained as (3.32).
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Fig. 3.9. Actual and estimated synchronous reference frames.
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I I, sin(2A6+6,)

loh

{iﬂ{lﬁ Incos(2A9+6Im)}Sin(a) (3.32)

where AQ =6 —6°

The carrier current response in the estimated dq synchronous reference frame without
fundamental excitation, i.e. Is=0 A and lq= 0A, is measured, as illustrated in Fig. 3.10. It should
be noted that the high-frequency d- and g-axis carrier current responses have the same phase angle
with different amplitudes. These amplitudes are modulated by position difference between
estimated and real dg reference frames, i.e. Af. By employing the synchronous detection
techniques [MAD95] [RAC10] to demodulate the position-dependant amplitude from the carrier
current response, as such, the amplitude can be derived as

|?th | _ LPF( ?czh 2sina) = I, + |rj cos(2A0+6,) (3.33)
gy | g I,sin(2A60+6,)

With the aid of synchronous detection techniques, the measured carrier currents amplitudes
are shown in Fig. 3.11. When the position difference between the actual and estimated position is
0 degree or 180 degrees, the estimated d-axis for carrier signal injection is aligned with the real d-
axis. Consequently, the d-axis current amplitude reaches the maximum value, whilst the amplitude
of g-axis current is close to zero. In this case, the cross-saturation angle 6 is almost negligible

without fundamental excitation according to (3.33).
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Fig. 3.10. Measurement of carrier currents in estimated dg-axis frame, (Il;=0A, 1,=0A).
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Fig. 3.11. Carrier currents amplitudes in estimated dg-axis reference frame, (I;=0A, I,=0A).

When the variations of the measured carrier current amplitudes without and with full load
are combined together in Fig. 3.12, the formed circle is specified as the machine saliency circle.
The circle clearly shows the machine saliency information. The centre location of the machine
saliency circle is defined by Iy, and its radius depends on In which denotes the level of the machine
saliency. Furthermore, at different load conditions, the radius I» has a significant change due to the
inductances variations versus the fundamental excitation, and I, i.e. the offset, is also affected by
the variation of inductances. If the radius of the machine saliency circle, i.e. Iy, is long enough, the
machine is appropriate for sensorless control methods based on high-frequency carrier signal

injection.
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3.3.5. Influence of Cross-Saturation

With different load conditions, an error of rotor position estimation would occur because of
the magnetic saturation caused by variation of load. The cross saturation angle is close to zero, and
as mentioned in the previous subsection, it can be neglected when I4=0. The amplitudes of the
carrier current responses are measured as depicted in Fig. 3.13 and Fig. 3.14 by applying different
fundamental g-axis currents. It can be seen clearly that the cross-saturation angle ém is occurred
and significantly affected by the load current g, In order to investigate the influence of cross-
saturation, the cross-saturation angle 6m is measured in sensored operation, i.e. using an encoder,
with different g-axis currents, Fig. 3.15. As it has been found, the cross-saturation angle 6m is
approximately proportional to the g-axis current, m =K*1g, and can easily be compensated by

utilizing the compensation scheme introduced in [ZHUQ7].
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3.4. Sensorless Control Performance for Pulsating Carrier Signal Injection

In order to validate the effectiveness of sensorless control performance, the pulsating carrier
signal injection method is applied to the single and dual three-phase prototype PMSMs. The
machine saliency components for positive and negative carrier signals responses in the estimated
rotor frame can be utilized to detect the rotor position information. A high-frequency voltage with
amplitude of 8 V and carrier frequency of 550Hz is injected in the estimated dq reference frame
(d-axis), and the performance of the rotor position estimation using the g-axis carrier current

response is investigated under steady-state and dynamic conditions.
3.4.1. Estimation of Rotor Position in Steady and Dynamic States

A. Sensorless Control Performance for Single Three-Phase PMSM

For the single three-phase PMSM, the steady-state test for the pulsating carrier signal
injection method is carried out at the condition of 30rpm rotor speed with g-axis current of about
2 A. The comparison of estimated rotor position and actual position, without and with
compensation of cross-saturation effect, is illustrated in Fig.3.16 and Fig.3.17, respectively,
together with the estimation error. It can clearly be seen that the estimated rotor position exhibits

good position tracking performance with considering the cross-saturation compensation.
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Fig. 3.17. Steady-state performance with cross-saturation compensation, Iq=2A, 30rpm.

The experiments for the dynamic performance are carried out when the rotor initial speed is
zero and step changed to 30rpm and then to 60rpm. Fig. 3.18 (a) shows the speed response, and
Fig. 3.18 (b) shows the g-axis current. The estimated and actual rotor positions as well as the
estimation error, are illustrated in and Fig. 3.18 (c). The results show a decent dynamic
performance. Furthermore, in order to validate the robustness and accuracy of the pulsating carrier
signal injection method in terms of the sensitivity to the injection frequency, the peak-to-peak
position estimation error with different carrier frequency injections at 30 rpm and g-axis current
of 2 A is depicted in Fig. 3.19. It can clearly be observed that the estimation error becomes a bit
higher in case of high injection frequency due to the digital sampling delay [KOC09] [MOG13].
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Fig. 3.18. Dynamic performance under step change in rotor speed, 15=2A, 0-30-60rpm.
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Fig. 3.19 Peak-to-peak position estimation error with different frequency injections, 15=2A,
30 rpm.

B. Sensorless Control Performance for Dual Three-Phase PMSM

Generally, the models of the dual three-phase PMSMs can be classified into two different
models as; double dg model which the two stator winding sets are controlled separately [BOJO03],
and vector space decomposition model (VSD) where the two stator winding sets are mutually
decoupled [ZHA95]. The two models are well explained in Chapter 1. In this section, the pulsating
carrier signal injection method is extended to be applied to dual three-phase machine, and the
sensorless control performances under steady-state and dynamic conditions are examined for both
models (i.e. double dg model, and VSD model).

1. Double dq Model

For this model, the d-axis pulsating carrier voltage signal with amplitude of 8 V and carrier
frequency of 550Hz is injected on both stator winding sets independently. By applying the d-axis
pulsating carrier injection technique on both winding sets independently, the comparison of
estimated and actual rotor position under steady-state condition, without/with compensation of
cross-saturation effect are illustrated in Fig.3.20 and Fig.3.21, respectively. Furthermore, the
dynamic-state performance when the rotor mechanical initial speed is zero and step change to
30rpm and then to 60rpm, is illustrated in Fig. 3.22. It can be found that the rotor position
estimation performances for both the steady-state and dynamic conditions show good position

tracking with considering the cross-saturation effect compensation.
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Fig. 3.20. Steady-state performance without cross-saturation compensation, I;=2A, 30rpm.
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Fig. 3.21. Steady-state performance with cross-saturation compensation, I;=2A, 30rpm.
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2. Vector Space Decomposition (VSD) Model

The model based on VSD is decomposed into three orthogonal subspaces; a-subspace, z1z,-
subspace, and 0102-subspace. Since only the af-subspace is related to electromechanical energy
conversion [ZHA95] as explained in Chapter 1, the d-axis pulsating carrier voltage signal with
amplitude of 8 V and carrier frequency of 550Hz is injected on this subspace after it is transformed
to dq rotating reference frame. Then, the actual and estimated rotor position together with position
estimation error with compensation of cross-saturation effect is obtained as illustrated in Fig. 3.23.
Additionally, the dynamic sensorless control performance including the rotor speed response is
depicted in Fig. 3.24. It should be noted that the position estimation error as well as the estimation
error oscillation are decreased when injecting high-frequency signal with the aid of vector space
decomposition modelling approach that is because the mutual coupling between the two winding
sets is eliminated since the decoupling between two winding sets is considered in the
transformation of this approach, while it is not considered in the double dg modelling approach
[ZHA95]. Also, it shows outstanding dynamic performance with fast transient response.
Furthermore, the peak-to-peak estimation error among different frequency injections with g-axis
current of 2A and speed at 30rpmis shown in Fig. 3.25 to confirm the rotor estimation accuracy
against different carrier frequency injections. From Fig. 3.25, less estimation error sensitivity can

be observed with different frequency injections.
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Fig. 3.23. Steady-state performance with cross-saturation compensation, I;=2A, 30rpm.

101



120

—Speed_Ref
100 — Speed
a 80
=
= 60
3
& 40
20
0
0 1 2 3 4 5 6
Time (s)
(a) Reference speed and actual rotor speed
5
~4
<
S 3
S
| =
3] s [
o 2 i o
<
?
o1
0
0 1 2 3 4 5 6
Time (s)
(b) g-axis current
8 Il /1]
/
~ 6 =)
g4 g
X 2
=] ()
g 0 08 _
e 0.4 =
S oz
(%)
04 W
-0.8

/ / /
g ) 3 4 5 6
J

(c) Rotor position estimation performance
Fig. 3.24. Dynamic performance under step change in rotor speed, 14=2A, 0-30-60rpm.
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Fig. 3.25. Peak-to-peak position estimation error with different frequency injections, 15=2A,
30 rpm.

3.5. Sensorless Control Performance for Rotating Carrier Signal Injection

The high-frequency rotating signal injection approach is applied to the single and dual three-
phase prototype PMSMs. The position-dependant negative carrier current response is employed to
detect the information of rotor position. A high-frequency voltage with amplitude of 8 V and
carrier frequency of 550Hz is injected in the of stationary reference frame, and the sensorless
control performance employing the negative carrier current response is investigated under steady-
state and dynamic conditions.

3.5.1. Estimation of Rotor Position in Steady and Dynamic States

A. Sensorless Control Performance for Single Three-Phase PMSM

With a constant speed at 30 rpm and g-axis current of about 2 A, the steady-state
performances of rotor position estimation without and with compensation of cross-saturation effect
are illustrated in Fig.3.26 and Fig.3.27, respectively, together with the estimation error. A good
position tracking performance of the estimated rotor position is observed when considering the
compensation of cross-saturation effect. Moreover, the dynamic performance is shown in Fig. 3.28,
where the rotor speed response is shown in Fig. 3.28 (a), the g-axis current is shown in Fig. 3.28
(b), and the rotor position estimation performance under speed step change (0-30-60rpm) is
depicted in Fig. 3.28 (c). Large oscillation in the estimation error exists due to the machine multiple
saliencies effect as reported in [XU15].
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Fig. 3.26. Steady-state performance without cross-saturation compensation, I[;=2A, 30 rpm.
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Fig. 3.27. Steady-state performance with cross-saturation compensation, I;=2A, 30 rpm.
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Additionally, the peak-to-peak estimation error at 30 rpm and g-axis current of 2 A for the
rotating carrier signal injection method to demonstrate the sensitivity of the rotor position
estimation accuracy to different frequency injections is illustrated in Fig. 3.29. It can be seen that
the estimation error for the rotating carrier signal injection method is more sensitive to the carrier
frequency since the signal processing introduces phase shifts to the saliency position [ XU15].
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Fig. 3.29. Peak-to-peak position estimation error with different frequency injections, 15=2A,
30 rpm.

B. Sensorless Control Performance for Dual Three-Phase PMSM

The rotating carrier signal injection method is extended to dual three-phase machine, and the
sensorless control performances under steady-state and dynamic conditions are carried out for
double dq model, and VSD model.

1. Double dq Model

With the aid of the double dg model, injection of two independent high-frequency rotating
voltage signals with amplitude of 8 V and carrier frequency of 550Hz are implemented into both
stator winding sets. Then, the performances of rotor position estimation without/with cross-
saturation effect compensation under steady-state condition are demonstrated in Fig.3.30 and
Fig.3.31, respectively. Furthermore, when the rotor mechanical initial speed is zero and step
change to 30rpm and then to 60rpm, the dynamic-state performance is shown in Fig. 3.32. For
both the steady-state and dynamic conditions, a good position tracking can be obtained with

considering the cross-saturation effect compensation.
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Fig. 3.31. Steady-state performance with cross-saturation compensation, I;=2A, 30 rpm.
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Fig. 3.32. Dynamic performance under step change in rotor speed, 14=2A, 0-30-60rpm.
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2. Vector Space Decomposition (VSD)

For VSD model, the rotating carrier voltage signal with amplitude of 8 V and carrier
frequency of 550Hz is injected into af-subspace. At the steady-state condition, the comparison of
the actual and estimated rotor position with compensation of cross-saturation is illustrated in Fig.
3.33 together with position estimation error. Then, the dynamic sensorless control performance is
shown in Fig. 3.34, where the rotor speed reference is given as 0-30-60 rpm. It is worth noting that
the estimation error oscillation is decreased when the vector space decomposition modelling
approach is employed due to the mutual decoupling in this approach. From Fig. 3.34, an
outstanding dynamic performance with fast transient can be observed. However, the peak-to-peak
estimation error with different frequency injections is still sensitive to carrier frequency injections
compared with the pulsating carrier signal injection method employing VSD approach, Fig. 35.
This is due to the phase shifts to the saliency position introduced in the signal processing.
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Fig. 3.33. Steady-state performance with cross-saturation compensation, I;=2A, 30 rpm.
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Fig. 3.35. Peak-to-peak position estimation error with different frequency injections, 15=2A,
30 rpm.

3.6. Comparison of Sensorless Control Techniques Based on Carrier Signal Injection

The classical sensorless control strategies based on high-frequency carrier signals injections,
i.e. pulsating injection, and rotating injection are applied to single and dual three-phase PMSMs to
investigate the sensorless control performance under steady-state and dynamic conditions, and the

performances of both techniques for single and dual three-phase PMSMs are summarized in Table
3.1
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Comparison of Sensorless Control Methods Based on Carrier Signals Injections for Single and Dual Three-Phase PMSMs

TABLE 3.1

Pulsatin Rotatin Pulsating Pulsating Rotating Rotating
(3-phase PN%SM) (3-phase PN%SM) (DTP-PMSM, dq | (DTP-PMSM, | (DTP-PMSM, dq | (DTP-PMSM,
P p Model) VSD) Model) VSD)
Rl Estimated . Two estimated Estimated . .
Stationary Two stationary Stationary
frame synchronous synchronous synchronous
S Pulsating carrier Rotating carrier Two mdepend;nt Pulsating carrier Two 1@dependent Rotating carrier
.. pulsating carrier rotating carrier
voltage injec. voltage voltage voltage voltage
voltages voltages
Carrier ) . ]

Amplitude- Amplitude- Amplitude- Phase-
current modulated Phase-modulated modulated modulated Phase-modulated modulated
Cross-

saturation -0 12 012 -0 12 -0 /2 -0 12 -0 12
angle
Oscillation
Medium Medium Medium Low Medium Low
error
Load effect Sensitive Sensitive Sensitive Sensitive Sensitive Sensitive
Steady-state
Good Medium Good Very Good Medium Very Good
performance
Dynamic
Good Medium Good Very Good Medium Very Good
performance
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3.7. Summary

This chapter discusses in details the commonly used conventional sensorless control
strategies based on high-frequency carrier signals injections, i.e. pulsating high-frequency carrier
voltage signal injection into the estimated synchronous rotating reference frame, and rotating high-
frequency carrier voltage signal injection into the stationary reference frame. These techniques are
applied to single and dual three-phase PMSMs to investigate the sensorless control performance
under steady-state and dynamic conditions.

Firstly, the machine saliency level variation with the load for the test machine is measured
experimentally, and it has been found that the saliency level is suitable for sensorless control
techniques based on high-frequency carrier signals injections. Furthermore, the influence of the
cross-saturation on the estimation of rotor position is analysed.

In terms of the accuracy rotor position estimation for both single and dual three-phase
PMSMs, it has been concluded that the oscillation on the rotor position estimation error for dual
three-phase PMSM employing VSD modelling approach is significantly reduced for both pulsation
and rotating injections compared to that of single three-phase PMSM and dual three-phase PMSM
employing double dg modelling approach. This is due to the mutual coupling between the two
winding sets being eliminated in VSD approach.

It is worth mentioning that the peak-to-peak estimation error for the pulsating injection is
less sensitive to the carrier frequency compared to that of rotating injection since the pulsating
injection is not affected by the phase shifts introduced in the signal processing.

The rotor position estimation for the high-frequency carrier signal injection based sensorless
control methods generally depend on the carrier signal response, i.e. carrier current response or
zero-sequence carrier voltage response. In this chapter, the performances of the rotor position
estimation for both injection methods are investigated for single and dual three-phase PMSMs
based on the carrier current response. On the other hand, the performances of the rotor position
estimation based on the zero-sequence carrier voltage will be investigated in the following

chapters, i.e. Chapters 4 and 5.
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CHAPTER 4

IMPROVED ROTOR POSITION ESTIMATION BY PULSATING
CARRIER SIGNAL INJECTION UTILIZING ZERO-SEQUENCE
CARRIER VOLTAGE FOR DTP-PMSM

4.1. Introduction

Generally, the carrier signal injection based sensorless control methods inject either high
frequency voltage or current signals (normally voltage) into the fundamental excitation of the
machine, and utilize the corresponding signals, i.e. carrier current response or zero-sequence
carrier voltage, to extract the rotor position information. The sensorless control methods of high-
frequency carrier signal injections introduced in Chapter 3 utilize the carrier current response to
extract the rotor position information. In this chapter, the zero-sequence carrier voltage is utilized
based on pulsating high-frequency injection strategy to estimate the rotor position. In [GARO07]-
[BRI104], it has been demonstrated that both carrier current signal and zero-sequence carrier
voltage signal can be used to obtain the rotor position for rotating voltage carrier signal injection
based sensorless control strategy. Furthermore, the zero-sequence carrier voltage for pulsating
carrier signal injection can also be used to extract the rotor position information [XU15]-[XU16].
Compared to the carrier current signal, the zero-sequence carrier voltage signal has the advantage
of lower total harmonic distortion (THD), and less sensitivity to the distortion of injected carrier
voltage caused by the current regulator, PWM strategy, and inverter nonlinearity [GARO7].
Therefore, by employing the zero-sequence carrier voltage signal, significant enhancement of the
system bandwidth and the position estimation accuracy can be achieved, which contributes to the
improvement of stability of system [GARO7].

In literature, the zero-sequence carrier voltage sensing methods for single three-phase
machines based on both rotating and pulsating carrier signal injection have been studied in
[GARO7], [BRI0O4], [BRIO5], [CONOOQ], [CONO06], and [XU15]-[XU16]. However, the pulsating
carrier signal injection utilizing zero-sequence voltage method has demonstrated that the position
estimation performance is degraded with large oscillation in the estimation error. These
oscillations occur due to the large undesirable harmonic components in carrier responses, i.e. the

6™ harmonic, which is caused by multiple saliencies including primary saliency [XU15]-[XU16],
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and [REI08]. Such an issue can be solved by employing a look-up table based multiple saliency
decoupling compensation method [BRI05]. However, the implementation of this method takes
memory of the controller and requires time-consuming offline measurements. Additionally, a
nonlinear adaptive model based on the neural network is introduced for multiple saliency
decoupling compensation [REIO8], but it requires intensive measurements and has complex
structure.

The aforementioned problem can also be found on the DTP-PMSM when the pulsating
carrier signal injection utilizing zero-sequence voltage method is employed. Fortunately, DTP-
PMSM with two isolated neutral points has the merit of having additional degrees of freedom with
two independent high frequency injection into the two stator winding sets. The phase angle
between the two injected high frequency signals can be changed, which permits the possibility of
solving such an issue. Thus, the aforementioned harmonic components can be potentially
suppressed in DTP-PMSM drives by a modified pulsating injection with zero-sequence voltage
method in which an optimum phase shift between the two injected high frequency carrier signals
is applied. This is investigated in this chapter.

In this chapter, the pulsating carrier signal injection with zero-sequence voltage method is
firstly utilized for position estimation of a single three-phase PMSM to show the influence of the
undesirable 6™ harmonic component in carrier response which has been demonstrated in [XU15],
[XU16]. To solve the same issue which occurs in DTP-PMSM drives, an improved sensorless
control method of pulsating injection using zero-sequence carrier voltage is proposed. An optimum
phase shift between two injected high frequency carrier signals is applied to suppress the
undesirable harmonic components, and then the position estimation accuracy can be enhanced. A
new measurement method using only one voltage sensor placed between the two isolated neutral
points is also proposed, which simplifies the measurement of zero-sequence voltage. The
effectiveness of proposed method will be confirmed by several experiments implemented on
dSPACE platform using the prototype DTP-PMSM.
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4.2. Pulsating Signal Injection Using Zero-Sequence Voltage for Single Three-Phase
PMSM

Carrier-signal-based sensorless methods inject a high-frequency excitation signal, normally
voltage, which interacts with the machine saliencies to produce specific frequency components in
measurable electrical variables such as carrier current response or zero-sequence carrier voltage
[BRI104]. Then, such measurable variables can be used to estimate the rotor position. For zero-
sequence carrier voltage method, when a balanced and symmetrical high-frequency carrier-signal
voltage is applied to the stator windings, the zero-sequence carrier voltage is produced [BRIO5]. It
can be utilized for rotor position estimation. The use of zero-sequence carrier voltage has several
advantages. Its magnitude does not depend on the frequency of the injected carrier signal which
enables the use of higher carrier-signal frequencies [BRI05] and [XU16], reducing the associated
torque ripple and acoustic noise. Moreover, the harmonics in the carrier-signal voltage due to the
non-ideal behavior of the inverter can be easily decoupled from the zero-sequence carrier voltage
to increase the robustness and the position estimation accuracy [BR104]-[BRIO05].

4.2.1. Modelling of Single Three-Phase PMSM

To illustrate the sensorless control performance of pulsating carrier signal injection
employing zero-sequence voltage for both single and dual three-phase PMSMs, the sensorless
performance of single three-phase PMSM is firstly investigated to highlight the problems of
oscillating position estimation error.

In general, the modeling of the high-frequency injection techniques utilizing zero-sequence
carrier voltage is performed in the natural reference frame [BRI04] and [BRIO5]. However, in
[BR104] and [BRI05], the phase mutual-inductance has not been considered in the model. Thus,
the phase mutual-inductance is considered in this chapter for both single, [XU16], and dual three-
phase PMSMs models.

Under the assumptions that back-EMF and resistive voltage drop are negligible and the PM
machine can be seen as pure inductive load at low speed and high carrier frequency, the voltage
equations for single three-phase PMSM can be expressed as (4.1) [BRIO5] [XU16].
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L, M, M, ][di/dt

anl aa ac
Vou |=| My Ly My || diy /dt (4.1)
Vcnl Mca Mcb Lcc dlc /dt

where vgn1, Vpn1, and v, and i, i, and i, are phase voltages and currents, respectively,
whileL,,, Lpp, Leey Mgy (Mpg), My (M), and M,. (M,,) denote the three phase incremental
self- and mutual-inductances, respectively.

Generally, the three-phase inductances can be expressed as
L., =L,—L, cos(26,)
L, =L, —L, cos (26. +2x/3)
L. =L, —L, cos (26. —2x/3)

(4.2)

M, =M,=M,—-M, cos (260. -2 /3)
1M, =M, =M, —M, cos (26,)
M, =M_,=M,—M, cos (26, +2x/3)

where Ly, My, L,, and M, are referred as the amplitudes of dc and second harmonic of phase self-
and mutual-inductances, respectively, while 6,. is the actual rotor position.

When the pulsating carrier signal is injected into the estimated d-g-axis synchronous
reference frame as two superposition rotating carrier voltage with opposite direction, the injected

voltages of three-phases are given as

v, =V, cos(m,t) cos(6r) (4.3)
v, =V, cos(w,t)cos(d” —2713) (4.4)
v, =V, cos(a,t) cos(6F + 27 13) (4.5)

where 6¢ represents the estimated rotor position, while V. and w, are the carrier voltage and
frequency, respectively. The pulsating injection in the estimated reference frame is depicted in Fig.
4.1.
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Fig. 4.1. High frequency d-axis pulsating voltage signal injection.

Then, the resultant zero-sequence carrier voltage for single three-phase PMSM can be
expressed as [XU16]

VC(LO_MO)(LZ_MZ)
L2

2L +2M" ~2M,F 4L M, 2L, M, -

VOsnl =

x CoS( . t) cos(26, +6;)
(4.6)
Ve (Lz_ZMz)(LZ_M2)

2
2 212 +2M 7 —2M,2 4L M, 2L M, - 2

x coS(aw.t) cos(—46, +6°)
For the prototype PM machine, the incremental self- and mutual-inductances can be obtained

by finite element (FE) simulation as illustrated in Fig. 4.2 together with the spectrum of the self-

inductance.

From Fig. 4.2, since (L, — M,) is much larger than (L, — 2M,)/2, the second term of zero-
sequence carrier voltage in (4.6) can be neglected, and the first term can be employed for rotor
position information as (4.7) [BRI05], [XU16].
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Ve (L =M, ) (L, —M,)

VOsnl = L 2
2'—02 +2M02 —2M22 -4L,M, -2L,M, —%
x c0S(w,t) cos(26. +6°)
_Ve (LO_MO)(LZ_MZ)
2 2 2 2 L’
2L, +2M," -2M,” -4L M, -2L,M, —72
X [cos(a)ct +26, +0°) +cos(w,t - 20, - Hf)]
2
- = -Laa Lab Lac
1.5
T
é 1 Pl T Ts > < e T T RS
% S II \\ /I, \‘
S 05 [~ Yo
e]
£
0 p<—= G
-0.5
0 0.025 0.05 0.075 0.1 0.125 0.15
Time (s)
(a) Incremental self- and mutual-inductances
2
16
T
S
12
3
c
I [
%J 0.8 g
[
T 04 %
4 Y
0 7
0 2 4 6 8 10 12

Harmonic order
(b) Spectrum of self-inductance

(4.7)

Fig. 4.2. Incremental self- and mutual-inductances of phase A by FE simulation, and

spectrum of self-inductance.
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The zero-sequence voltage in (4.7) includes two high frequency components at fc+3fe, one
can be used for rotor position estimation (fc+3fe), and the second component, i.e. (fc-3fe), would
negatively affect the estimation performance due to its large amplitude, as will be shown
experimentally.

The demodulation signal of the zero-sequence carrier voltage is obtained by (4.8), and the

schematic diagram of demodulation process of corresponding signal is illustrated in Fig. 4.3.
VOsnl = LPF (VOSnl (4Sin(wct _36:)))
_\i (LO_MO)(Lz_Mz)

2 4.8
2 2L02+2M02—2M22—4L0M0—2L2M2—L; (*43)

x(sin(2A6) +sin(26, + 467)

VOL» BPF —>|4sin(w.7-36°)—>»| LPF » Pl » 1 /s » 0

1

Fig. 4.3. Block diagram of zero-sequence carrier signal process with pulsating injection.

It can be seen from (4.8) that, under the steady-state condition, i.e. 8, = 8¢, large amplitude
of the undesirable 6™ harmonic component exists, which significantly deteriorates the sensorless

control performance [XU16].

4.2.2. Analysis of Zero-Sequence Carrier voltage Response

A high frequency pulsating voltage signal (Vc=8V, fc=500Hz) is injected into the estimated
reference frame with 50% of the full load, and the rotor position is estimated from the measured
zero-sequence carrier voltage. The phase current is shown in Fig. 4.4. It exhibits large distortions
due to large amplitude of undesirable component in the estimation error. Fig. 4.5 shows the
spectrum of the measured zero-sequence carrier voltage for the single three-phase PMSM,
(fe=2.5Hz). The zero-sequence carrier voltage frequency components are essentially at fc+3fe, i.e.
the 197" and the 203'. The component at f+3fe can be used for position estimation. In contrast,
the high frequency component at fc-3fe can affect the estimation performance because of its large
amplitude. Such oscillation can considerably deteriorate the position estimation and then lead to
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unstable sensorless control performance.
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Fig. 4.4. Phase current, f.=500Hz, V=8V, 30rpm.
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Fig. 4.5. Spectrum of measured zero-sequence carrier voltage, three-phase PMSM, 30rpm.

4.2.3. Performance of Rotor Position Estimation

The measured zero-sequence carrier voltage is then utilized for rotor position estimation.
Comparison of the estimated and the actual rotor positions is shown in Fig. 4.6, together with the
position estimation error. From Fig. 4.6, it is obvious that large oscillation in the position

estimation error occurs due to the large amplitude of undesirable 6™ harmonic component at
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steady-state condition. Such oscillation can considerably deteriorate the position estimation and

then lead to unstable sensorless control performance.
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Fig. 4.6. Rotor position estimation in steady-state of three-phase PMSM, 30rpm.

4.3. Proposed Pulsating Signal Injection Using Zero-Sequence Voltage for Dual

Three-Phase (DTP) PMSM

As mentioned above, the pulsating carrier signal injection with zero-sequence voltage based
sensorless control method for single three-phase exhibits large oscillation in the position
estimation error due to large amplitude of the undesirable 6 harmonic component in zero-
sequence carrier voltage signal. Fortunately, for DTP-PMSM, it is possible to suppress such
harmonic components by employing an optimum phase shift between two injected signals, due to
its additional degree of freedom with high frequency injection into two independent stator winding

sets. Hence, the rotor position estimation can be improved accordingly as will be analyzed, which
is the main target of this chapter.
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4.3.1. New Zero-Sequence Carrier Voltage Measurement Method

Usually, the resultant zero-sequence carrier voltage is measured based on one of the most
two common measurement methods, i.e. measurement using phase-to-neutral-voltages as shown
in Fig. 4.7 [BRI104], or measurement using the auxiliary resistor network [BRI05], Fig. 4.8.

For the first method in the case of DTP-PMSM, the three phase-to-neutral voltages of each
winding set are measured individually. The advantage of this method is that the zero-sequence
components presented in the phase voltages are automatically decoupled [BR104]. Moreover, the
measured zero-sequence voltage includes the components that are produced by the interaction
between the machine saliency and the carrier signal excitation [BR104]. However, it increases the
cost of system since six voltage sensors are required. Alternatively, the second method has
demonstrated an effective measurement of the zero-sequence voltage for single three-phase
machine [BRI105]. The zero-sequence voltage can be measured by connecting a balanced three-
phase resistor network in parallel with the motor terminals [BRI05]. For DTP-PMSM, two three-
phase resistor networks are required, one for each winding set, which makes the measurement very
complicated. Thus, this chapter proposes a new zero-sequence carrier voltage measurement, in
which one voltage sensor is placed between the two isolated neutral points, i.e. vys,1n2, a5 Shown
in Fig. 4.9. This method can measure the zero-sequence carrier voltage response induced from the
interaction between the high frequency signal excitation for both winding sets and the machine
saliency. Compared to the aforementioned measurement methods, this method is simple in
structure, and easy to implement. Hence, the zero-sequence carrier voltage signals presented
hereafter are obtained by new measurement method.

@) :

be—4 VL S0 n

| 2

c.._._l"'l_._ _._rm]_._.z

Winding Set 1 Winding Set 2

Fig. 4.7. Measurement of zero-sequence voltage using phase-to-neutral voltages.
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Fig. 4.8. Measurement of zero-sequence voltage using auxiliary resistor network.
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Fig. 4.9. New measurement method of zero-sequence voltage between two neutral points.
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4.3.2. Modelling of Dual Three-Phase PMSM
For DTP-PMSM having two Y-connected winding sets with two isolated neutral points, the
voltage equations for the first winding set are exactly the same as those of single three-phase
PMSM (4.1), whilst the voltage equations for the second winding set are expressed as
Vo L, M, M, |/di/dt
=M L M di, /dt 4.9)

Vyn2 yx 1% yz

M, M, L, || di/dt

n2 zX zy 7z

The three-phase inductances of the second winding set can be expressed as
L, =L,—L, cos (26, —2r/6)
L, =L, —L, cos (26, —10x / 6)
L, =L, —L, cos (26, +6x/6)
(4.10)
M,, =M, =M, —M, cos (26, +67/6)
M,=M,=M,-M, cos (26, —10z / 6)
M, =M,=M,—-M, cos (26, —2r / 6)

WhEre vyp,, Vyna, and v,,,, and iy, iy, and i,, are referred as phase voltages and currents of the
second winding set, respectively. Lyy, Lyy, Ly, Myy, (Myy), My, (M), and M,,, (M,,) are the
three phase incremental self- and mutual-inductances of the second winding set, respectively.
Assuming that two independent high-frequency carrier signals are injected into the estimated
synchronous reference frames for both winding sets, the injected voltages of the first winding set
are expressed as (4.3)-(4.5), and the expressions of the injected voltages of the second winding set

are given by
v, =V._ cos(w,t)cos(6 - /6) (4.11)
v, =V, cos(w,t) cos(6f ~57/6) 4.12)
v, =V, cos(w,t) cos(6 + 37/ 6) (4.13)

With (4.1)-(4.5) and (4.9)-(4.13), the resultant zero-sequence carrier voltages for both
winding sets of DTP-PMSM, by neglecting the second term of zero-sequence voltage similar to

the case of single three-phase PMSM, i.e. (4.7), can be obtained as
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Vc(Lo_Mo)(Lz_Mz)

Vosn = 2
2L02+2M02—2|\/|22—4|-0Mo—2|-2M2_L; (+19)
x C0S(e,t) cos(26, +6F)
v - Vc(Lo_MO)(LZ_MZ)
0sn2 — |_2

2L02+2M02—2M22—4L0M0—2L2M2—72 (4.15)
x c0S(w,t)cos(26, +6; -3z 16)
Thus, the resultant zero-sequence carrier voltage between the two isolated neutral points of
DTP-PMSM can be given as

Vosninz = Vosu ~ Vosn2

2V (L= M,)(L, - M,)
L (4.16)

2Ly +2M" = 2M, - AL M, - 2L M, -

x C0S(w,t) cos(26, +6; —3x 1 4)

Similar to the case of single three-phase, for simplicity, the corresponding demodulated zero-

sequence carrier voltage, Vosninz, is expressed as (4.17).
VOsn1n2 = LPF (VOSnan (4Sin(wct _3‘9re )))
_ _JEVC(LO_MO)(LZ_M2)

2
2L02+2M02—2M22—4L0M0—2L2M2—L; (4.17)

x(Sin(ZAH—%ﬂ) +5in(20, +46° _37”)}

From (4.17), it can be seen that the 6™ harmonic component with large amplitudes also exists
under the steady-state condition just like the case of single three-phase PMSM, which deteriorates
the position estimation performance significantly. Therefore, a modified method which fully
utilizes the additional degrees of freedom in DTP-PMSM drives to improve the position estimation
performance is required.

The expression of zero-sequence carrier voltage between the two isolated neutral points,
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taking into account a phase shift in the injected signal of the second winding set, is given by

Vosninz_h = Vos1 ~ Vos2

VC(LO_MO)(LZ _Mz)
Lz

Vosninz_n = 2L02+2M02—2M22—4L0M -2L,M, —7

x c0s(w, t) cos(26, +6°)
Vc (LO_MO)(LZ _Mz)

2|_02+2|\/|02—2M22—4L0|V|0—2|—2Mz—L; (4.18)

x c0S(e, t— @) cos(20, + 6 — ?%T)

VC(LO_MO)(LZ_MZ)

2
2L02+2M02—2M22—4L0M0—2L2M2—L;
sin(w,t +20. +6° ———f)sin(erﬂ)

4 2 4 2

X
+sin(a,t—26, - 6; +£——)S|n(——+ ¢)
4 4

where ¢ is the phase shift between the two injected high frequency signals. From (4.18), it can be
clearly seen that the zero-sequence voltage involves two high frequency components at f+3fe, and
the high frequency components at fc-3fe can deteriorate the position estimation performance where
undesirable 6" harmonic in the estimation error occur. In order to eliminate/suppress the
undesirable 6™ harmonic in the estimation error, an optimum phase shift is required. It is worth
noting that when the phase shift between the two high frequency signals injected into the two sets
of three-phase windings is ¢ = =n/2, the second term, which causes large oscillation in the
estimation error, can be eliminated as undesirable components at fc-3fe equal to zero. Meanwhile,
the first term at high frequency of fc+3fe that is used for position estimations maximized. Therefore,

with the optimum phase shift, /2, the zero-sequence carrier voltage becomes (4.19).
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Vc(Lo_Mo)(Lz_Mz)

osnin2_h — 2
L2

215" +2My" —2M,* — 4L, Mg —2L,M, - 2

V,

xsin(a, t+26, +6° —2)
2 (4.19)

Ve (Lo —My)(L, —M,)

- 2
2L, +2M 2 —-2M 7 —4L M, - 2L,M, —";

x CoS(w, t+26. + 67)

From (4.19), it can be clearly seen that the zero-sequence carrier voltage expression is
simplified with one term only when applying the optimum phase shift in the injected carrier signal
of second winding set. Furthermore, the undesirable 6™ harmonic component does not exist for the
position tracking observer. Thus, it is expected that the improved pulsating injection with zero-
sequence carrier voltage for DTP-PMSM can achieve high accuracy of rotor position estimation,
as will be shown in the next subsections.

The demodulation process for the zero-sequence carrier voltage, by considering the optimum
phase angle shift, vosninz_n, is given by (4.20), and the schematic diagram of signal process is similar
to that in Fig. 4.3.

VOsnan_h = LPF (V05n1n2 (L]'Sin(a)ct _39: )))

: Ve (L =M, )(L, - M) sin(246) (4.20)

217 +2M 2 =2M,F ~4L M, -2L,M, —Lé

4.3.3. Experimental Results and Analysis for DTP-PMSM

The experimental test rig consists of a two three-phase voltage source inverter (VSI), a
dSPACE (DS1005) digital controller, a DC power supply, a prototype dual three-phase (DTP)
permanent magnet synchronous machine (PMSM), and coupled with a DC motor for loading. One
voltage sensor as well as the access to the two isolated neutral points of dual three-phase machine
are required to measure the zero-sequence carrier voltage. The overall sensorless control system is
shown in Fig.4.10. Besides, the sampling frequency is set to10 kHz, while the DC-link voltage is
40V.
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A high frequency pulsating voltage signal with an amplitude of V=8V, and carrier frequency
of fc=500Hz is injected into the estimated reference frames for both winding sets of DTP-PMSM
independently with 50% of the full load to investigate the sensorless control performance of
pulsating injection using zero-sequence voltage under steady-state and dynamic conditions. The
phase currents without and with considering the optimum phase shift between the injected signals
are illustrated in Fig. 4.11 and Fig. 4.12, respectively. It can be clearly seen that the phase current
without optimum phase shift exhibits distortion compared to the phase current with the optimum
phase shift. With optimum phase shift, the phase current becomes more sinusoidal with less
distortions. Then, the rotor position is estimated from the measured zero-sequence carrier voltage.
Moreover, the rotor speed during the steady-state condition set as 30 rpm (fe=2.5Hz).
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Fig. 4.10. Overall control system.
A. Steady-State Performance

The spectra of measured zero-sequence carrier voltage between the two isolated neutral
points with employing different phase shifts are illustrated in Fig. 4.13 (a). For precise comparison,
the spectra of measured zero-sequence carrier voltage without/with optimum phase shift (90
degrees) are compared in Fig. 4.13 (b). It can be clearly seen that the undesirable high frequency
components of the 197" order, which cause oscillation in the estimation error, is significantly
suppressed when applying 90 degrees phase angle shift between the two injected signals among

different phase shifts. Figs. 4.14-4.15 show the comparisons of estimated and actual rotor positions
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as well as the estimation error without/with optimum phase shift, respectively. Apparently, without
phase shift, the position estimation performance for DTP-PMSM, can exhibit large oscillation in
the estimation error similar to that of single three-phase PMSM, Fig. 4.14, due to the large
amplitude of the undesirable harmonic component in zero-sequence carrier voltage, i.e. the 197",
as shown in Fig. 4.13 (b).
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Fig. 4.11. Phase current without optimum phase shift, f.-=500Hz, V=8V, 30rpm.
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Fig. 4.12. Phase current with optimum phase shift, f-=500Hz, V=8V, 30rpm.
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Thanks to the existence of additional degrees of freedom in DTP-PMSM drives, by applying
an optimum phase shift between the injected high frequency carrier signals, the 197" frequency
component of zero-sequence voltage is significantly suppressed. Meanwhile, the 203" frequency
component, which is utilized for rotor position estimation in this chapter, is maximized, Fig. 4.13
(b). As a result, when employing the optimum phase shift between the two injected high frequency
signals, the rotor position estimation is notably improved, Fig.4.15.
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Fig. 4.13. Spectra of measured zero-sequence carrier voltages with different phase shifts.
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Fig. 4.14. Rotor position estimation of DTP-PMSM without phase shift, 30rpm.
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Fig. 4.15. Rotor position estimation of DTP-PMSM with optimum phase shift, 30rpm.

Furthermore, in order to verify the modified pulsating carrier signal injection with zero-
sequence carrier voltage method, the rotor position estimation for ultra-low speed operation, 6rpm,
is provided as illustrated in Fig. 4.16. It can be seen that with ultra-low speed operation, the
oscillations in the estimation error are slightly increased. This is due to that with the same position
observer bandwidth, the frequency of the additional harmonic components becomes smaller with

the decrease of rotor speed, which results in the increased oscillations in the estimation error.
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Fig. 4.16. Rotor position estimation with optimum phase shift for ultra-low speed, 6rpm.

To further confirm less oscillating estimation errors among different injection frequencies of
the modified method, the peak-peak estimation errors without/with optimum phase angle are
shown in Fig. 4.17. It can be clearly seen that the oscillating errors without optimum phase angle
is much larger compared to that with optimum phase shift. It should be noted that K, and K of the

PI regulator in the position observer are kept the same for fair comparison.
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Fig. 4.17. Peak-to-peak estimation errors with different injection frequencies.

133



B. Dynamic Performance

In order to further validate the effectiveness of improved zero-sequence voltage method
based on pulsating injection with the optimum phase shift, the dynamic performance test is carried
out when the rotor speed reference is zero and step change to 30rpm and then 60rpm as shown in
Fig. 4.18. It should be mentioned that the injected carrier signals of steady-state and dynamic
conditions are the same. Good tracking for estimated position with fast dynamic response can be
observed at different speed range including standstill.
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Fig. 4.18. Dynamic performance under step change in speed, 0-30-60rpm.
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Also, the step load test is implemented for the modified method as shown in Fig.4.19. It
shows good position estimation tracking performance when g-axis current is rapidly increased
from 0.2 to 2.5 A. It can be concluded that the modified method shows outstanding steady-state
and dynamic performances when applied to the prototype DTP-PMSM.
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Fig. 4.19. Dynamic performance under step load change.

135



4.4, Summary

This chapter investigates the sensorless control method based on the pulsating carrier signal
injection utilizing zero-sequence voltage for DTP-PMSM drives. A new simple method of zero-
sequence voltage measurement is presented first by using one voltage sensor between two isolated
neutral points of both windings sets. Then, an improved pulsating injection based sensorless
control method employing zero-sequence carrier voltage is proposed where undesirable 6™
harmonic components can be suppressed by applying an optimum phase shift, i.e. 90 degrees,
between the two independent high frequency injected signals. Consequently, the position
estimation accuracy is enhanced. The experimental results validate the effectiveness of proposed
method under steady-state and dynamic conditions, and they are in consistent with theoretical
analysis.
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CHAPTER 5

IMPROVED ROTOR POSITION ESTIMATION BY ROTATING
CARRIER SIGNAL INJECTION UTILIZING ZERO-SEQUENCE
CARRIER VOLTAGE FOR DTP-PMSM

5.1. Introduction

Similar to the concept in Chapter 4, this chapter investigates the sensorless control
performance of rotating high-frequency carrier signal injection method utilizing the zero-sequence
carrier voltage response for single and dual three-phase PMSMs.

For rotating carrier signal injection method, it has been proved that the rotor position can be
estimated by using both the negative sequence carrier current signal and the zero-sequence carrier
voltage signal [GARO7] [BRI04]. The zero-sequence carrier voltage exhibits low total harmonic
distortion (THD), and shows less sensitivity to the distortion of the injected carrier signal compared
to carrier current response [GARQ7]. Furthermore, it has been found that the system bandwidth
and rotor position estimation accuracy can be significantly enhanced when utilizing zero-sequence
carrier voltage [GARO07] [BRI04] [BRI0O5] [CONO6] [CONOO], [XU16]. However, for the single
three phase machine with rotating signal injection, undesirable 6" harmonic estimation error
occurs due to the additional saliency components in the zero-sequence carrier voltage [BRI05]. To
compensate the undesirable 6" harmonic estimation error, a look-up table based multiple saliency
decoupling compensation strategy [BRIO5], and a nonlinear adaptive model based on structured
neural network [REIO8] can be employed. However, the existing compensation methods have
complex structures or require intensive off-line measurements.

In contrast, as mentioned in Chapter 4, the DTP-PMSM has advantage of additional degree
of freedom with high frequency injection based sensorless control since it consists of two separated
winding sets with two isolated neutral points, where the phase angle difference between the two
injected high frequency signals can be changed. Therefore, in this chapter, an optimum phase angle
difference between the two winding injection carrier signals will be utilized to suppress the

oscillating position errors.
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In this chapter, firstly, the rotating carrier signal injection using zero-sequence voltage
method is employed for position estimation of a single three-phase PMSM. Then, the oscillating
position error due to the additional saliency components effect is analyzed. Subsequently, the
sensorless control performance of rotating injection utilizing zero-sequence carrier voltage for
DTP-PMSM is investigated. It should be mentioned that the simplified zero-sequence voltage
measurement method which is employed in Chapter 4 is also utilized for this chapter.
Consequently, an improved sensorless control method of rotating injection with zero-sequence
carrier voltage sensing is proposed, where an optimum phase angle shift between the two injected
high-frequency carrier signals is applied for suppressing the undesirable harmonic components,
which leads to an improvement of position estimation accuracy. Finally, the experimental results
confirm the effectiveness of the proposed method implemented on the prototype DTP-PMSM
using a dSPACE platform.

5.2. Rotating Signal Injection Using Zero-Sequence Voltage for Single Three-Phase
PMSM

5.2.1. Modelling of Single Three-Phase PMSM

The sensorless performance of rotating carrier signal injection utilizing zero-sequence carrier
voltage method for single three-phase PMSM is firstly investigated to show the issues of
oscillating position estimation error caused by additional high frequency components in the
demodulation of zero-sequence carrier voltage.

Generally, the high-frequency carrier signal injection models employing the zero-sequence
carrier voltage are applied on the natural reference frame [BR104]-[BRI105], and thus the specific
information about the self- and mutual-inductances of the machine is required. In this chapter, the
self- and mutual-inductances are considered in the models for both single [XU16], and dual three-
phase PMSMs.
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At low speed and high carrier frequency, the back-EMF and resistive voltage drop can be

neglected and the PM machine can be seen as pure inductive load. Then, the expressions of single

three-phase PMSM voltages are given as [BRI05]

Vanl Laa M ab M ac dia / dt
Vo |=| Mp Ly, My || diy /dt (5.1
Vcnl M ca M cb Lcc dlc / dt

where Ly, Lpp, Lecy Mgy (Mypg), Mg (M), and My, (M,;,) denote the three phase incremental
self- and mutual-inductances, respectively, while vg,1, Vpn1, and v.,1, and iy, i, and i., are
referred as phase voltages and currents, respectively.
Generally, the expressions of the three-phase inductances are given as
L. =L, —L, cos (26,)
L, =L, —L, cos (26. +2x/3)
L. =L,—L, cos (26, —2r/3)
(5.2)
M, =M,=M,—-M, cos (26, —27/3)
M,. =M, ,=M,—-M, cos (26.)
M, =M_=M,-M, cos (26. +2r/3)
where 6, is the actual rotor position, and Ly, M,, L,, and M, represent the amplitudes of dc and
second harmonics of phase self- and mutual-inductances, respectively.
For three-phase Star-connected winding,
di, di, di, . (5.3)
dt dt dt
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From (5.1)-(5.4), the zero-sequence voltage can be directly obtained as

(5.4)

anl

1
VOsl = g(v + Vbnl + Vcnl)

When rotating carrier signal is injected into machine, the injected voltages of three-phases

can be expressed as

v, =V, cos(a,t) (5.5)
v, =V, cos(a,t —27/3) (5.6)
v, =V, cos(a,t +27/3) (5.7)

where w. and V, are the carrier frequency and voltage, respectively. The rotating high-frequency

injection in af-reference frame is illustrated in Fig. 5.1.
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Fig. 5.1. High frequency rotating voltage signal injection.
With (5.1)-(5.7), the resultant zero-sequence carrier voltage for single three-phase PMSM is

derived as (5.8).
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Vosu = Vo1 COS(a0,t +20,) =V, cos(m,t —46,)

Ve (L =M)(L, - M,) —cos(awct +26,)

205" +2M," -2M,* 4L M, 2L, M, -2

VOsnl =

(5.8)

L,-2M,)(L,—M
_Ve (L (L =M.) 2 cos(w.t—40.)

2 2L,% +2My* M7 ~ 4L M, - 2L, M, - =2

In (5.8), it can be seen that the zero-sequence carrier voltage includes two high frequency
components at fc+2fe and fc-4fe, respectively, where f; is the carrier frequency, while fe is the
fundamental frequency. Normally, the first term of the zero-sequence carrier voltage in (5.8) is
utilized for rotor position estimation [GARO7] [BRI04] [BRIO5], and the second term is
undesirable harmonic component which leads to oscillation in the estimated position.

Furthermore, it should be noted that the signal amplitude of the first term is not related to
the injected frequency compared to that of negative sequence current which is inversely
proportional to the injected frequency. Thus, for zero-sequence carrier voltage method, high
frequency injection can be employed which contributes to high system bandwidths and improves

the system stability consequently.
5.2.2. Analysis of Zero-Sequence Carrier Voltage Response

A high frequency rotating voltage signal with amplitude of 8V and frequency of 500Hz is
injected into the stationary reference frame with 50% of the full load, and by utilizing the measured
zero-sequence carrier voltage, the rotor position is estimated. The phase current is shown in Fig.
5.2. Large distortions can be found in the phase current due to large amplitude of undesirable

harmonic components in the position estimation error.
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Fig. 5.2. Phase current, f.=500Hz, V=8V, 30rpm.

The spectra of the measured zero-sequence carrier voltage for single three-phase PMSM is
shown in Fig. 5.3. It can be clearly seen that the frequency components of zero-sequence carrier
voltage with rotating signal injection are mainly at fc+2fe and fc-4fe, i.e. the 202" and the 196". The
high frequency components at fc+2fe are used for position estimation, while the other components

at fc-4fe cause oscillation in the estimated position because of its large amplitude.
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Fig. 5.3. Spectra of measured zero-sequence carrier voltage, three-phase PMSM, 30rpm.
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5.2.3. Performance of Rotor Position Estimation

The zero-sequence carrier voltage response is utilized in order to estimate the rotor position.
Fig. 5.4 illustrates the comparison of estimated and actual rotor positions, together with the

position estimation error.
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Fig. 5.4. Rotor position estimation in steady-state of single three-phase PMSM, 30rpm.
From Fig. 5.4, it can be found that the 6™ harmonic position estimation error and offset due to
large undesirable harmonic components, i.e. the 196", caused by additional saliency effects. Such
6™ harmonic estimation error can deteriorate the rotor position estimation which results in unstable
sensorless control performance. Thus, due to the merits of dual three-phase machine in terms of
independent high frequency injection for both winding sets, it is employed to overcome such

oscillations in the estimation error as shown in details in the next subsection.

5.3. Proposed Rotating Signal Injection Using Zero-Sequence Voltage for Dual
Three-Phase PMSM

As mentioned earlier, the rotating carrier signal injection utilizing zero-sequence voltage
based sensorless control for single three-phase PMSM shows the 6™ harmonic estimation error due
to the undesirable harmonic components in the demodulated zero-sequence carrier voltage. To
overcome such an issue, the existing methods require time-consuming offline measurements and
complex structures [BRI105], [REI08].

On the other hand, for DTP-PMSM drives, it is possible to suppress the undesirable harmonic
components since it has advantage of additional degrees of freedom with high frequency injection
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in two separated stator winding sets. This can be achieved by applying an optimum phase shift
between the two injected high-frequency signals. Then, the rotor position estimation will be
improved accordingly.

Thus, in this chapter, the main purpose is to suppress the undesirable harmonic components
of zero-sequence carrier voltage as much as possible. By adopting dual three-phase PMSM
configuration, the oscillations in the position estimation error can be reduced by considering an
optimum phase shift between the injected high-frequency carrier signals, as will be analyzed in the

following section.
5.3.1. Modelling of Dual Three-Phase PMSM

In the case of DTP-PMSM with two separated stator winding sets spatially shifted by 30
electrical degrees with two isolated neutral points, the phase voltage equations for the first winding
set are the same to the expressions of single three-phase PMSM in (5.1), while the phase voltages

for the second winding set are expressed as

L. M, M, ][di/dt

xn2 XX Xy Xz
Vo |=| My Ly, M, || di, 7dt | (5.9)
n2 sz sz Lzz dlz /dt

The expressions of three-phase inductances for the second winding set are given by
(L, =L, -L, cos (26, — 2z 6)

L, =L,—L, cos (26, —107/6)

L, =L,—L, cos (26, +67/6)

N

(5.10)
(M,, =M, =M, —M, cos (26, +67/6)
IM, =M, =M, —M, cos (26, 107 / 6)
M, =M, =M, -M, cos (26, — 27/ 6)

where Lyy, Lyy, Ly;, Myy, (Myy), My, (M), and M,,, (M,) denote the three phase incremental

yy!
self- and mutual-inductances of the second stator winding set, respectively. vy,,, Vynz, and v,p,,
and i, i, and i,, represent the phase voltages and currents of the second stator winding set,

respectively.
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For the second star-connected three-phase winding set,

di, diy, di, o (5.11)
dt dt dt
Then, by using (5.9)-(5.11), the zero-sequence voltage for the second winding can be
calculated as

1
_ 5.12
Vos2 = g(van +Vyn2 +Vzn2) ( )

Assuming that the balanced rotating carrier voltage is injected into two winding sets of DTP-
PMSM independently, the injected carrier voltages of the first set are the same as the single three-

phase, i.e. (5.5)-(5.7), and the injected voltages of the second three-phase winding are expressed

as
v, =V, cos(a.t) (5.13)
v, =V, cos(w.t—27/3) (5.14)
v, =V_cos(a.t +27/3) (5.15)
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Using (5.1)-(5.15), the resultant zero-sequence carrier voltages for both winding sets can be

obtained as

VC(LO_MO)(LZ_MZ)

VOsnl =

2
2L02+2M02—2M22—4L0M0—2L2M2—L;
xcos(w.t +26
Ve (L, —2M,)(L, —M,)
2
2 2L02+2M02—2M22—4L0M0—2L2M2—L;
xcos(w.t—46,)
Vv _ Vc(Lo_Mo)(Lz_Mz)
Osn2 — 2
2L02+2M02—2M22—4L0M0—2L2M2—L;
x CoS(wt+26, +57/3)
(5.17)

Ve (L, —2M,)(L, - M,)

2
2 2L02+2M02—2M22—4L0M0—2L2M2—L;

x CoS(w t—46, +2713)
Generally, the measurement of zero-sequence carrier voltage is obtained based on two
common measurement methods, i.e. one method utilizing phase-to-neutral-voltages [BR104], and

another method employing auxiliary resistor network [BRIO5]. For DTP-PMSM, the new

measurement method introduced in Chapter 4 is also utilized in this chapter.
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The zero-sequence carrier voltage between the two isolated neutral points, i.€. Vosninz =

Vosn1 — Vosn2: is given by

Vv _ VC(LO_MO)(LZ_MZ)

Osnln2 — 2
L

205" +2My' - 2M," AL M, — 2L, M, — -

xSin(m.t +26, +57/6)
V3V, (L, —2M,)(L, —M,)

2

xsin(w.t—46. +27 1 6)

2
27 +2M 2 —2M 7 —4L M, —2L M, — 2.

(5.18)

From (5.18), it can be seen that the zero-sequence carrier voltage includes two high

frequency components at fc+2fe and fc-4fe, respectively, similar to the case of single three-phase

PMSM.
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By considering a phase shift in the injected signal of the second winding set, the zero-
sequence carrier voltage between the two isolated neutral points, can be expressed as

V \Y

osntn2 = Vosm —

0sn2

Ve (Ly—Mg)(L,—M,)

2
2L02+2M02—2M22—4L0M0—2L2M2—L;
x cos(a,t +26,)
V05n1n2:
Ve (LZ—ZMZ)(LZ—MZ)
2 2 2 2 I"22
2L, +2M," -2M," -4L M, -2LM, ——=
i x cos(a,t —46,) |
I Vc(Lo_Mo)(Lz_Mz) |
LZ
2L +2M S —2M,* —4L M, - 2L M, — 2
LO 0 2 LO 0 27772 2 (5.19)
x Cos(a,t+ 26, +57 /3—-¢)
Ve (LZ—ZMZ)(LZ—MZ)
2 2 2 2 I"22
2L, +2M," —-2M, —4L0M0—2L2M2—7
i x CoS(w,t —40. + 27 | 3— @)

2 Ve (L =M, )(L, —M,)

2
217 +2M,2 —2M,2 — 4L M, — 2L, M, —";

xsin(@,t +20, +5716—¢/2)sin(-5716+p/ 2)
Ve 2 (L, —2M,)(L, —M,)

2
2 L2 +2M —2M,? —4L,M, —2LM, —";

+

xsin(at — 46, +27 16—l 2)sin(-2716+ ¢/ 2)

where ¢ is the phase shift in the injected high frequency carrier signal. An optimum phase shift is
required in order to eliminate/suppress the undesirable harmonic components, i.e. high frequency
components at fc-4fe, which leads to an improved rotor position estimation. From (5.19), it is found

that the second term, which causes oscillation in the position estimation error, can be
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suppressed/eliminated when the phase shift between the two injected high frequency signals is ¢
= 2n/3, as the undesirable harmonic components at fc-4fe equals to zero. Meanwhile, the amplitude
of the high frequency components at fc+2fe, which is used for position estimation, is maximized.
Thus, 2n/3 is the optimum phase shift in order to eliminate/suppress such oscillation in the
estimation error, as will be shown experimentally. Then, the zero-sequence carrier voltage with

considering the optimum phase shift becomes

VOsn1n2 =

2VC(LO_MO)(L2 _Mz)
2
2L, +2M 22 —2M 2 —4L M, -2LM, —"5

xsin(a,t+ 26, +37/6)
(5.20)

2V (L —M,)(L, —M,)
2
21,2 +2M,* —2M,2 4L M, —2L,M, —Lé

xcos(aw,t +26,)

From (5.20), when considering the optimum phase shift in the injected carrier signal of the
second winding set, it is obvious that the zero-sequence carrier voltage is simplified with one term
only. Furthermore, large amplitude of the undesirable harmonic component that causes oscillating
estimation error does not exist for the position tracking observer. Consequently, it is expected that
a high rotor position estimation accuracy can be achieved with the modified rotating signal
injection employing zero-sequence carrier voltage for DTP-PMSM, as will be shown
experimentally in the next section.

Fig. 5.5 shows the block diagram of signal demodulation process, and position tracking
observer utilizing zero-sequence voltage. The zero-sequence carrier voltage is demodulated to
form a DC signal to be proportional to the error, and then such error can be fed into the position

observer that updates the estimated rotor position in order to force the error to zero [XU15].
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Furthermore, the expression of the demodulated zero-sequence carrier voltage, with
applying the optimum phase shift, is given by
VOsnan = LPF (V05n1n2 x Cos(a)ct))sin(ZQf)
-LPF (Vogun ¥ SiN(e0,t) ) cOS(26))

== Ve (Lo ~Mo) (L, ~M,) sin(2A6,) e

2L, +2M,? —2M,2 4L, M, -2, M, — 2

LPF

A

[«]
=)
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Fig. 5.5. Block diagram of zero-sequence carrier signal process with rotating injection.

5.3.2. Experimental Results and Analysis for DTP-PMSM

The experiments are implemented on a dSPACE DS1005 digital controller to validate the
improved rotating carrier signal injection using zero-sequence voltage. The overall sensorless
control system is shown in Fig. 5.6. The experimental test rig involves DC power supply, a
prototype DTP-PMSM and coupled with a DC motor for loading, and a six-phase voltage source
inverter (VSI). The DC-link voltage is set to 40V, whereas the pulse width modulation (PWM)
switching frequency is 10 kHz. The specifications of the prototype machine are shown in Appendix
I1. Besides, the parameters of all PI regulators, and the cut-off frequencies of LPFs for whole

control system shown in Fig. 5.6 are listed in Table 5.1.
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Fig. 5.6. Overall control system.

In order to investigate the sensorless control performance of proposed method under steady-
state and dynamic conditions for DTP-PMSM, a balanced high frequency rotating voltage signal
with amplitude of 8V and frequency of 500Hz is injected into the stationary reference frame for
both three-phase winding sets independently.

Then, the measured zero-sequence carrier voltage is used to estimate the rotor position.
During the steady-state condition, the rotor speed is set as 30 rpm (fe=2.5Hz). The phase currents
without and with the optimum phase angle between the injected high-frequency carrier signals are
illustrated in Fig. 5.7 and Fig. 5.8, respectively. It can be seen that the phase current without the
optimum phase angle shows significant distortion due to the large oscillation in the position
estimation error. By considering the optimum phase angle, the phase current becomes more

sinusoidal with less distortions since the oscillation in the position estimation error is significantly
reduced.
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TABLE 5.1
PARAMETERS OF PI REGULATORS AND LOW PASS FILTERS

Parameters Values
Proportional gain of PI in dg frame (setl and set2) 30
Integral gain of Pl in dgq frame (setl and set2) 1000
Proportional gain of PI in position observer 200
Integral gain of PI in position observer 1000
Cut-off frequency of LPFs in dg frame (setl and 100 Hz
set2)
Cut-off frequency of LPFs in position observer 50 Hz
3
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Phase current (A)
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Fig. 5.7. Phase current without optimum phase shift, f.=500Hz, V=8V, 30rpm.
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Fig. 5.8. Phase current with optimum phase shift, f.=500Hz, V=8V, 30rpm.
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The steady-state and dynamic performances of the improved rotating high-frequency carrier
signal injection employing zero-sequence voltage method are provided next with comprehensive
analysis.

A. Steady-State Performance

Fig. 5.9 (a) shows the spectra of measured zero-sequence carrier voltage by applying
different phase shifts, and the spectra of measured zero-sequence voltage without/with optimum
phase shift (2r/3) are compared in Fig. 5.9 (b). Then, the comparisons of estimated and actual rotor
positions without/ with optimum phase shift are shown in Figs. 5.10 and 5.11, respectively. From
Fig. 5.9, it can be seen that high frequency components of measured zero-sequence carrier voltage
are mainly at f+2f. and fe-4fe (202" and 196'), respectively. The high frequency components at
202" is used for position estimation, while the component at the 196" is undesirable harmonic
components and causes large oscillation in the estimated rotor position. However, it can be found
that such undesirable harmonic components can be significantly suppressed to minimum amplitude
when considering 120 degrees phase shift among different phase shifts. For position estimation
performance, it can be clearly observed that the estimated rotor position without applying the
optimum phase shift (120 degrees) exhibits oscillating position estimation due to the undesirable
high frequency components at the 196", Fig. 5.10. On the other hand, the oscillation in the
estimated position has been reduced when implementing the optimum phase shift in the injected
signal of the second three-phase winding set thanks to the existence of additional degrees of
freedom in DTP-PMSM drives. As a result, the rotor position estimation accuracy is enhanced

with good tracking as shown in Fig. 5.11.
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Fig. 5.9. Spectra of measured zero-sequence carrier voltage, 30rpm.

Furthermore, to verify the improved method, the rotor position estimation for ultra-low speed
operation, 6rpm, is examined and its performance is shown in Fig. 5.12. It can be seen that slight
increase in the oscillations in the estimation error can be observed with ultra-low speed operation.
This is due to that with the same position observer bandwidth, the frequency of the additional
harmonic components becomes smaller with the decrease of rotor speed, which results in the

increased oscillations in the estimation error.
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Fig. 5.10. Rotor position estimation of DTP-PMSM without optimum phase shift, 30rpm.
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Fig. 5.11. Rotor position estimation of DTP-PMSM with optimum phase shift, 30rpm.
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Fig. 5.12. Rotor position estimation with optimum phase shift at ultra-low speed, 6rpm.

Besides, the peak-to-peak position estimation errors for different phase shifts in the injected
high frequency signal of the second winding set are illustrated in Fig. 5.13. It can be clearly seen

that the smallest peak-to-peak estimation error can be found when employing 120 degrees shift.
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Fig. 5.13. Peak-to-peak estimation errors vs different phase shifts, 30rpm.
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B. Dynamic Performance

To further verify the effectiveness of the modified rotating carrier signal injection utilizing
zero-sequence voltage method, when applying the optimum phase shift (120 degrees), the dynamic
performance is shown in Fig. 5.14 when the rotor speed reference is zero and step change to 30rpm
and then to 60 rpm.
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(a) Rotor position estimation
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(b) Speed response

Fig. 5.14. Dynamic performance under step change in speed, 0-30-60rpm.
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From Fig. 5.14, the estimated rotor position can track the actual rotor position very well, and
fast dynamic response can be observed at different speed range. By considering the optimum phase
shift, it can be shown that the rotating carrier signal injection employing zero-sequence carrier
voltage method for DTP-PMSM demonstrates exceptionally good steady-state and dynamic

performances. Additionally, the step load test is implemented for the improved method as
illustrated in Fig. 5.15.
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Fig. 5.15. Dynamic performance under step load change.
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It shows good position estimation tracking performance when g-axis current is rapidly
increased from 0.2 to 2 A. It can be concluded that outstanding steady-state and dynamic

performances can be achieved when the improved method is employed.

5.4. Summary

This chapter investigates the rotor position estimation accuracy for PMSM drives based on
rotating carrier signal injection by employing a zero-sequence voltage based sensorless control
strategy. For single three-phase PMSM, undesirable 6" harmonic estimation error occurs due to
the additional saliency components in the zero-sequence carrier voltage.

In the case of DTP-PMSM, an improved rotating carrier signal injection using zero-sequence
voltage based sensorless control method is proposed which can suppress the oscillating position
estimation error by employing the optimum phase shift, i.e. 120 degrees, thanks to the existence
of additional degrees of freedom in DTP-PMSM drives. This results in improvement of rotor
position estimation accuracy. The experimental results verify the outstanding overall performance
of the proposed method for DTP-PMSM.
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CHAPTER 6

SENSORLESS CONTROL OF DUAL THREE-PHASE PMSM OVER
WIDE-SPEED RANGE OF OPERATION INCLUDING STANDSTILL

6.1. Introduction

Due to the drawbacks of high-frequency carrier signal injection strategies in the high-speed
range operation such as extra losses, transient disturbances, torque ripple, additional current
harmonics, and noise produced from the injection carrier voltage, the high-frequency carrier signal
injection techniques usually considered to be suitable at zero speed and low speed operation. On
the other hand, the fundamental model based sensorless control methods would be effectively
failing to estimate the information of rotor position at low speed. Such methods show a decent
performance at high-speed region [SIL02].

Although PWM excitation based sensorless methods could be regarded as an achievable
approach for the wide speed range operation, the sensor, which is required to measure the current
derivative, is considered as an obstruction to their practical implementations. On the other hand,
several combination methods have been addressed in [HA99] [SCH94] [CAPO1] [SILO6].
However, these combination methods have not taken into account the smooth transition between
different methods except the latter one and it is used for single three-phase PMSM. Such a method
has not been applied to dual three-phase PMSM.

Therefore, it is desirable to combine the advantages of high-frequency carrier signal injection
strategies at low speed operation, and the lower losses and simplicity of fundamental model based
sensorless control to achieve high performance of rotor position estimation for dual three-phase
PMSM. This combination should consider the smooth transition between various techniques
without deteriorating the dynamic performance. In this chapter, the flux-linkage observer method
introduced in Chapter 2 is combined with all high-frequency carrier signal injection methods
presented in Chapters 3, 4 and 5 to evaluate the effectiveness of the rotor position estimation at
whole speed region for dual three-phase PMSM. To achieve smooth transition between the
combined methods, a function similar to hysteresis is applied for certain speed range with optimum
weighted gains for both estimated positions without having complex structure and consuming time

for computation.
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6.2. Principle of Sensorless Control Methods for Low- and High-Speed Ranges

In this section, the principles of fundamental based model sensorless control method, and

the high-frequency carrier signal injection techniques are briefly discussed as follows.

A. Flux-Linkage Observer Based Sensorless Control Method

A simple model could be utilised to obtain the rotor position by calculating the vector of the
flux-linkage produced by the permanent magnet (PM). For rotor flux-linkage observer, the
magnetic excitation flux, i.e. the rotor flux-linkage, can be calculated by subtracting the voltage
drop on the inductance from the stator flux-linkage vector in the stationary reference frame as
given below [WU91] [SHEO02].

In af reference frame, the stator voltage vector is given by

Vsaﬂ = pl/7$aﬂ + Rsl_saﬁ (61)

and by integrating the respective back-EMF, the stator flux-linkage vector in the stationary

reference is given by

1/75aﬂ = J-(\Zaﬂ - Rs I_saﬂ) dt (62)
Then, the flux-linkage vector produced by PM (7, , ) is expressed as
l/7raﬂ = l/7sa,8 - LS I_saﬂ (63)

where Vs, wsap, lsop denote the stator voltage, flux-linkage and current vectors in of reference
frame, respectively. Rs represents the stator resistance, and p is referred to as the differential
operator, while the stator self-inductance is denoted by Ls.

Generally, for surface-mounted permanent magnet synchronous machine (SPMSM) which

is utilized in this investigation, L, =L, = L, . Thus, the rotor fluxes for SPMSM in & — and

3 —axes can be expressed as [SON09] [XU14]

Vie = J‘(Va - Rsia) dt — Lsia (64)

v, = [ (v, —Rii,) dt—Lii, (6.5)

161



Hence, the rotor position can be estimated

6° = arctan [EJ (6.6)
Vi
where 0 is electrical rotor position.

Due to the lack of sufficient back-EMF induced in the stator winding at low speed region, it
is well known that this method break down at low speeds. For full details about the principle of
the flux-linkage observer, see Chapter 2, Section 2.2. On the other hand, the machine-saliency-
based methods is preferred to be implemented at low-speed region which demonstrate an
outstanding performance at standstill and low-speed range. These methods rely on the machine
saliency resulted from either geometric rotor saliency or saliency resulting from the magnetic-
saturation. The most commonly used methods of the continuous carrier signal injection are; a
pulsating signal injection [COR98] [AIH99] [JANO3] [LI0O9b] [GON11b], and a rotating
sinusoidal signal injection [JAN95] [GON11b]. Such methods are briefly described below.

B. High-Frequency Pulsating Signal Injection Based Sensorless Control Method

In the case of pulsating carrier voltage injection strategy, a high-frequency pulsating carrier
voltage is injected into d-axis or g-axis in the estimated dg-synchronous reference frame. In this
investigation, the carrier voltage is injected into d-axis of the estimated reference frame, and it is
expressed as (6.7). A super-position of rotating carrier vectors in opposite direction can describe
this injection as illustrated in Fig. 6.1. Then, the rotor position can be estimated by minimizing the
amplitude of the modulated carrier current response which is orthogonal to the injection axis,
Chapter 3, or it can be extracted from zero-sequence carrier voltage, Chapter 4. For more
information regarding to rotor position estimation using carrier current response, refer to Chapter
3, subsection 3.3.1. For rotor position estimation utilizing zero-sequence carrier voltage based on
pulsating injection method, see Chapter 4.

¢ cos
{ d“}v { Oa} where a=ao.t+ ¢ (6.7)

e c
th

where V¢, wc and ¢ are defined as the amplitude, angular speed, and the initial phase angle of the

injected high-frequency pulsating voltage, respectively.
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Fig. 6.1. Pulsating carrier signal injection.

C. High-Frequency Rotating Signal Injection Based Sensorless Control Method

For rotating voltage injection method, a three-phase balanced carrier voltage is injected into
of-reference frame to compose a rotating excitation superimposed on fundamental excitation
[ZHU11] [JANO4] as shown in Fig. 6.2. The injected rotating carrier voltage vector into the
stationary reference frame is given as (6.8). Then, the information of rotor position could be
obtained either from the position-dependant modulated current response, Chapter 3, or from the
zero-sequence carrier voltage, Chapter 5. For more details about the rotor position estimation
employing carrier current response, see Chapter 3, subsection 3.3.2, whilst Chapter 5 discusses the
rotor position estimation using zero-sequence carrier voltage based on rotating injection method.

v Cc0S
{ ““}_V{ a}’ where a=at + ¢ (6.8)

Vg, sina

where ¢, Ve, and wc represent the initial phase angle, the amplitude, and the angular speed of the

injected rotating carrier voltage, respectively.
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Fig. 6.2. Rotating carrier signal injection.

6.3. Sensorless Control Structure Combining High-Frequency Carrier Signal Injection
Methods with Flux-Linkage Observer

To extend the sensorless control performance over wide speed range for dual three-phase
PMSM, a combination of two sensorless control strategies is introduced in this chapter to avoid
the obstacles of high-frequency carrier signal injection techniques at high speed. The combined
sensorless control method includes the flux-linkage observer based sensorless control strategy and
high-frequency carrier signal injection techniques. In this chapter, the investigation carried out
with four different high-frequency carrier signal injection methods which are combined with the
flux-linkage observer, namely pulsating injection using carrier current response, rotating injection
utilizing carrier current response, pulsating injection using zero-sequence carrier voltage response,
and rotating injection employing zero-sequence carrier voltage response. At low-speed range, the
high-frequency carrier signal injection methods are utilized for rotor position estimation, while the
flux-linkage observer is employed to estimate the rotor position at high-speed range. A smooth
transition between the two combined methods is required. Between the low-speed range and high-
speed range, there is an area to change the algorithm of the position estimator. It should be changed
smoothly to ensure the system stability, and also high dynamic performance.

To achieve smooth transition between the combined methods, a function similar to hysteresis
is applied for certain speed range with optimum weighted gains for both estimated positions as

expressed in (6.9), where the high frequency injection method can work for zero- to low-speed
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range, and for high-speed range, the flux-linkage observer method will take over.

O =kx6;  +(1-K)x6’ (6.9)

where 6 is referred to as final estimated rotor position, &° .. denotes the estimated rotor position

of high-frequency carrier signal injection method, while the estimated rotor position of the flux-

linkage observer is represented by &7 ., and k is the weighting gain which can be calculated as

r_

1 If a)prev. < a)low
k = ;(a) — @) ifo,, <o . <o (6.10)
- prev. high low prev. high
Diow ~ Ghigh
O If a)prev. > a)high

where @, is the speed of the previous step, @, referred to as low-speed border of the area, and

the high-speed border of the area is denoted by @y, .

It is worth mentioning that the injection of the high-frequency signal should be gradually
reduced until it reaches zero to reduce the adverse effects of the injected signal to the system when
the speed is higher than the high-speed border.

6.4. Performance of Rotor Position Estimation with Different Combinations

In order to verify the combined sensorless control method, experimental tests are carried out
on prototype dual three-phase PMSM whose specifications are listed in Appendix I1, with the aid
of dSPACE platform. Besides, the sampling frequency is set to 10 kHz, while the DC-link voltage

is 40V. In the experimental tests, the low-speed border @, is chosen as 60 rpm, and the high-

speed border is chosen as 150 rpm. The overall sensorless control system is illustrated in Fig. 6.3.
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Fig. 6.3. Overall sensorless control system.

In low-speed range, a high frequency voltage signal (V.=8V, f.=500Hz) is injected into the
into the system. It will disappear when the machine runs in high-speed range, and the estimator of
the flux-linkage observer starts to work. The performances of rotor position estimation with

different combinations for dual three-phase PMSM are investigated, and shown as follows.

A. Rotor Position Estimation By Utilizing Pulsating Injection Combined with Flux-Linkage

Observer

In this case, the flux-linkage observer is combined with the conventional pulsating injection
using carrier current response. The flux-linkage observer is introduced in Chapter 2, whilst the
conventional pulsating injection using carrier current response is presented in Chapter 3, section
3.3.1. When the rotor initial speed is zero and step changed to 80 rpm and then to 250rpm, the
rotor speed response is shown in Fig. 6.4 (a), and the comparison of the actual and estimated rotor

positions together with the estimation error are illustrated in Fig. 6.4 (b).
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Fig. 6.4. Sensorless control performance from low- to high-speed range, 0-80-250 rpm.

Furthermore, the performance of the combined method is shown in Fig. 6.5 when the speed
changes from -50 rpm to 200 rpm. Both results show good position tracking with a smooth
transition between the two sensorless control methods.
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Fig. 6.5. Sensorless control performance from low- to high-speed range, -50-200 rpm.

B. Rotor Position Estimation By Utilizing Rotating High-Frequency Injection Combined
with Flux-Linkage Observer

Here, the flux-linkage observer is combined with the conventional rotating injection using
carrier current response. The conventional rotating injection using carrier current response is
addressed in Chapter 3, section 3.3.2. The sensorless control performances of this combination
under two different speed step changes are shown in Fig. 6.6 and Fig. 6.7, respectively, where Fig.

6.6 shows the sensorless control performance under speed step change (0-80-250rpm), and the
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sensorless control performance when the speed step change as (-50 to 200 rpm) is illustrated in
Fig. 6.7. It can be found that large oscillation in the estimation error at low-speed, and this is can
be explained by the machine multiple saliencies effects [XU15]. However, a smooth transition
between the low-speed and high-speed operation region can be observed.
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Fig. 6.6 Sensorless control performance from low- to high-speed range, 0-80-250 rpm.
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Fig. 6.7 Sensorless control performance from low- to high-speed range, -50-200 rpm.

C. Rotor Position Estimation By Utilizing Pulsating High-Frequency Injection Employing

Zero-Sequence Voltage Combined with Flux-Linkage Observer

For this combination sensorless control method, the flux-linkage observer is combined with
the pulsating injection employing zero-sequence carrier voltage. The pulsating injection with zero-
sequence carrier voltage is introduced in Chapter 4. Fig. 6.8 shows the sensorless control
performance where the rotor speed reference is given as 0-80-250 rpm. Moreover, when the rotor

speed is step changed from -50 rpm to 200 rpm, the sensorless control performance is illustrated
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in Fig. 6.9. It can be clearly seen that an outstanding rotor position estimation performance can be

observed with smooth transition when the speed is switched from low-speed range to high-speed

range.
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Fig. 6.8. Sensorless control performance from low- to high-speed range, 0-80-250 rpm.

171



350

300 — Speed_Ref ——Speed
250
£ 200
£ 150
e}
ég- 100 |
» 50
0
-50
-100
0 1 2 3 4
Time (s)
(a) Speed response
8
~ 6 | I =
'(_3 4 “f it leHIM ”41‘] g
EZ ”w i b N "l, S
o 1" 1l 8111440 -
L I e o 0.8 GC’
3 = = —Act_pos ——Est_pos_comb —— Est_error| 54 -2
S £
g ° 2
(7]
-0.4 W
-0.8
0 1 2 3 4
Time (s)

(b) Rotor position estimation

Fig. 6.9. Sensorless control performance from low- to high-speed range, -50-200 rpm.

D. Rotor Position Estimation By Utilizing Rotating High-Frequency Injection Employing

Zero-Sequence Voltage Combined with Flux-Linkage Observer

In this combined sensorless control method, the flux-linkage observer is combined with the
rotating injection utilizing zero-sequence carrier voltage. The rotating injection employing zero-
sequence carrier voltage to estimate the rotor position is presented in Chapter 5. The dynamic
sensorless control performance of this method is illustrated in Fig. 6.10, where the rotor speed

reference is zero and step change to 80rpm and then to 250rpm, and then when the rotor speed
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reference is given as (-50-200rpm), the sensorless control performance is illustrated in Fig. 6.11.
It can be found that the performances of rotor position estimation for both conditions exhibit good

position tracking with considering a smooth transition between different speed ranges.
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Fig. 6.10. Sensorless control performance from low- to high-speed range, 0-80-250 rpm.
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6.5. Summary

In this chapter, combination of sensorless control strategies to derive the estimated rotor
position at full speed range with smooth transition between the low-speed and high-speed ranges
have been introduced. The combined sensorless control method includes the flux-linkage observer
technique and four different high-frequency carrier signal injection methods, namely pulsating
injection utilizing carrier current response, rotating injection employing carrier current response,
pulsating injection using zero-sequence carrier voltage response, and rotating injection utilizing
zero-sequence carrier voltage response. These techniques are applied to dual three-phase PMSM
to investigate the sensorless control performance under different speed ranges.

The rotor position is estimated by employing the high-frequency carrier signal injections
methods at low-speed range, while the flux-linkage observer method is utilized to estimate the
rotor position at high-speed range. A function similar to hysteresis is applied for certain speed
range with optimum weighted gains for both estimated positions to achieve a smooth transition
between the combined methods.

From the experimental results, it has been found that a smooth transition from the high-
frequency carrier signal injections methods at low speeds to the flux-linkage observer strategy at

higher speeds are achieved, and the system stability is ensured.
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CHAPTER 7

GENERAL CONCLUSIONS AND DISCUSSION

This thesis focuses on the sensorless control of single and dual three-phase PMSM drives to
improve the rotor position estimation in different sensorless control methods covering the low-
and high-speed ranges, including the sensorless control based on flux-linkage observer (FO)
scheme and extended Kalman filter (EKF) scheme in high speed region, and sensorless control

methods based on high-frequency voltage injection at zero speed and in low speed region.

7.1. Sensorless Control Based on Flux-Linkage Observer and Simplified EKF for
Single and Dual Three-Phase PMSMs

To achieve high performance control of PMSMs, accurate rotor position information is
required, which can be obtained from high-resolution sensors, e.g. encoders and resolvers.
However, such sensors may not only increase the system size and cost but also impair robustness
and reliability of the system. Therefore, various sensorless control techniques have been developed,
and they can be classified into two groups: methods based on machine saliency, and methods based
on fundamental model.

The former approaches have been demonstrated that they are capable of providing high
performance sensorless control at low-speed and standstill operating regions. In contrast, the
methods based on fundamental model can provide superior performance in medium- and high-
speed ranges where the machine model can be accurately established.

The main idea of sensorless control strategies based on the fundamental model is the
estimation of the back electromotive force (back-EMF) or the flux-linkage, which involve the
information of rotor position, according to the machine model. Hence, the rotor position estimation
could be accomplished via open-loop calculation, or closed-loop observer such as flux-linkage
observer (FO), or directly obtained from the machine model utilizing adaptive observers like an
extended Kalman filter (EKF). The most common method is the integration of back-EMF which
is stator flux-linkage observer but such method is very sensitive to machine parameters, and
machine variables. Alternatively, EKF algorithm can directly estimate the rotor position from the
machine model. The EKF is a full-order stochastic observer for the recursive optimum state

estimation of a nonlinear dynamic system in real time, which shows good position and speed
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estimation performance. However, it requires relatively complex matrix computations, which
make it challenging to be implemented in practice. On the other hand, a simplified EKF algorithm
has been developed to be combined with a back-EMF estimator for accurate speed estimation.

Ideally, both of the FO and EKF approaches exhibit decent speed and rotor position
estimation performance. However, in most of the industrial applications, some issues such as
distorted back-EMF and current harmonics could more or less affect the sensorless control
performance for both strategies.

Thus, based on the detailed discussion on both commonly used fundamental-model-based
sensorless control methods, i.e. FO and simplified EKF, the influence of harmonics in back-EMF
and currents on rotor position and speed estimation accuracy for both FO and EKF is investigated
for single and dual three-phase PMSMs. It has been demonstrated that the performance of
conventional FO based sensorless control would be deteriorated when the single three-phase
PMSM suffers from distorted back-EMF. In order to overcome such issue, a simplified EKF with
high-noise rejection ability has been adopted which provides a higher rotor position estimation
accuracy. Furthermore, the switching-table-based direct torque control (ST-DTC) for DTP-PMSM,
which inherently involves non-sinusoidal stator currents in addition to the distorted back-EMF, is
taken as a case to investigate the effect of current harmonics on sensorless control performance.

By employing the FO and simplified EKF based sensorless vector control of single three-
phase PMSM, it can be concluded that the rotor position estimation accuracy is less affected by
the back-EMF harmonics when the simplified EKF method is utilized since it is less sensitive to
such noises.

Then, when the influence of non-sinusoidal stator currents together with back-EMF
harmonics has been investigated for the conventional and modified ST-DTC of DTP-PMSM, it
has been indicated that the simplified EKF shows better accuracy of rotor position and speed
estimation in both the conventional and modified ST-DTC strategies. In addition, its steady-state
performance shows a slight superiority over that based on FO, in terms of flux and torque ripples,
and THD of phase currents. For the dynamic performance, the estimated speed of simplified EKF
shows less phase lag and fluctuations compared to that of FO. The comparison of both sensorless

control strategies, i.e. FO and simplified EKF, is shown in Table 7.1.
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TABLE 7.1

COMPARISON OF CONVENTIONAL FLUX-LINKAGE OBSERVER AND SIMPLIFIED

EKF BASED SENSORLESS CONTROL

Conventional flux-linkage

Simplified EKF
observer
- SPM/IPM (with extended
Applicability . SPM/IPM
active flux)
Sensitivity to parameters High Medium
Sensitivity to back-EMF _
High Low
harmonics
Sensitivity to current _
High Low
harmonics
Signal-to-noise ratio Medium High
Steady-state operation Good Good
Dynamic-state operation Medium Good

7.2. Sensorless Control Based on High-Frequency Carrier Signal Injection for Single
and Dual Three-Phase PMSMs

Since the methods based on fundamental model can only operate at high speed region

because of the lack of sufficient back-EMF at low speed region, the machine-saliency based

sensorless control techniques such as continuous carrier voltage signal injection methods are

usually employed to overcome such an issue at low speed. The continuous carrier voltage signal

injection strategies can be categorized into two major methods: pulsating carrier signal injection

in the estimated reference frame, and rotating carrier signal injection in the stationary reference

frame.
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The saliency of the machine resulted from geometric anisotropy of the machine or magnetic
saturation is a necessary requirement for the sensorless control strategies based on machine-
saliency, which are well improved in numerous industrial applications due to their effectiveness
of sensorless control performance at zero speed and in low-speed range. Normally, a high-
frequency carrier voltage signals (rotating or pulsating) is persistently superimposed into the
fundamental excitation. From the interaction of the injected voltage with the spatial saliency of the
machine, a rotor position-dependent carrier signals responses are produced, i.e. carrier current
response and zero-sequence carrier voltage. Then, the rotor position could be extracted from either
the carrier current response or zero-sequence carrier voltage response by using a tracking position
observer.

Besides, in terms of the selection of high-frequency injected voltage, higher position
estimation error may occur when a low magnitude of injected carrier voltage is selected. Therefore,
the higher magnitude of injected carrier voltage is preferred with considering carrier signal
demodulation and the bandwidth of position observer. The injected carrier voltage amplitude is a
compromise between the signal-to-noise ratio (SNR) of the carrier signals responses and the
employing of DC bus voltage. It is reasonable that 30% of the total available DC bus voltage could
be utilized for carrier signal injection. Furthermore, the carrier frequency of the injected carrier
voltage is normally selected as 1/50 ~1/10 PWM frequency.

According to the detailed discussion on commonly used the sensorless control strategies
based on high-frequency signal injection in Chapter 3, i.e. high-frequency pulsating carrier voltage
injection into the estimated synchronous rotating reference frame, and rotating carrier voltage
injection into the stationary reference frame. These techniques with utilizing the carrier current
response are applied to single and dual three-phase PMSMs to investigate the sensorless control
performances under steady-state and dynamic conditions. In case of DTP-PMSM, the high-
frequency carrier signal injection methods are investigated for two modelling, i.e. double dg model,
and vector space decomposition (VSD) model. Prior to applying the sensorless control strategies
based on high-frequency carrier signal injection, the level of machine saliency variation with the
load for the test machine is measured experimentally, and it has been found that the saliency level
is appropriate to implement the sensorless control strategies based on high-frequency carrier signal
injection. Furthermore, the influence of the cross-saturation on the rotor position estimation is

analysed, and the simple compensation method of such effect is considered in this thesis.
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In terms of rotor position estimation accuracy from the position-dependant carrier current
response for both single and dual three-phase PMSMs, it has been concluded that the oscillation
on the rotor position estimation error for dual three-phase PMSM employing VSD modelling
approach is significantly reduced for both pulsation and rotating injections compared to that of
single three-phase PMSM and dual three-phase PMSM employing double dg modelling approach.
This is due to the mutual coupling between the two winding sets is eliminated in VSD approach.

The comparison of the pulsating and rotating carrier signals injections strategies employing
carrier current response for single and dual three-phase PMSMs is summarized in Table 7.2.
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TABLE 7.2 (TABLE 3.1)
COMPARISON OF CARRIER SIGNAL INJECTION METHODS FOR SINGLE AND DUAL THREE-PHASE PMSMs

Pulsating Rotating Pulsating Pulsating Rotating Rotating
(Three-phase (Three-phase (DTP-PMSM, (DTP-PMSM, (DTP-PMSM, (DTP-PMSM,
PMSM) PMSM) double dq Model) VSD) double dq Model) VSD)
Estimated . Two estimated Estimated _ _
Reference frame Stationary Two stationary Stationary
synchronous synchronous synchronous

Two independent

Two independent

Carrier voltage | Pulsating carrier | Rotating carrier ) ) Pulsating carrier ‘ _ Rotating carrier
. pulsating carrier rotating carrier
injection voltage voltage voltage voltage
voltages voltages
_ Amplitude- Phase- Amplitude- Amplitude- Phase-
Carrier current Phase-modulated
modulated modulated modulated modulated modulated
Cross-saturation
-0 /2 0 2 -0 /2 -0 /2 -0 12 -0 12
angle
Oscillation error Medium Medium Medium Low Medium Low
Load effect Sensitive Sensitive Sensitive Sensitive Sensitive Sensitive
Steady-state Good Medium Good Very Good Medium Very Good
Dynamic-state . _
_ Good Medium Good Very Good Medium Very Good
operation
Sensitivity of
error to injection Low High Low Low High High

frequency
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Furthermore, the zero-sequence carrier voltage can also be utilized to extract the rotor
position information when applying the pulsating and rotating carrier signal injections strategies.
Owing to the fact that the rotor position can be estimated by using zero-sequence carrier voltage,
the sensorless control performances of both pulsating and rotating carrier signal injection methods
employing zero-sequence voltage are investigated for single and dual three-phase PMSMs in
Chapters 4 and 5, respectively. Compared to the carrier current signal, the zero-sequence carrier
voltage signal has the advantage of lower total harmonic distortion (THD), and less sensitivity to
the distortion of injected carrier voltage caused by the current regulator, PWM strategy, and
inverter nonlinearity. Therefore, by utilizing the zero-sequence carrier voltage signal, the system
bandwidth is significantly enhanced, and higher accuracy of position estimation can be achieved,
which contributes to the improvement of stability of system. However, undesirable 6™ harmonic
estimation error occurs for single three-phase PMSM with pulsating and rotating signals injections
due to undesirable harmonic components in the zero-sequence carrier voltage. Such undesirable
harmonic components are caused by multiple saliencies including primary saliency. To solve such
issue, the existing methods require time-consuming offline measurements and complex structures.

As for the case of DTP-PMSM drives, thanks to the existence of additional degrees of
freedom with independent high-frequency injected signals since it consists of two separated
winding sets with two isolated neutral points, where the phase angle difference between the two
injected high-frequency signals can be changed. Therefore, by applying the optimum phase shift
angle between the injected signals, modified pulsating and rotating carrier signal injections
methods employing zero-sequence voltage based sensorless control strategies are proposed to
suppress the 6™ harmonic position errors. Besides, a new simple measurement method of zero-
sequence carrier voltage is proposed where one voltage sensor is placed between the two isolated
neutral points. The proposed methods can achieve the improved rotor position estimation accuracy
with low computational burden. The experimental results verify the outstanding overall
performance of the proposed methods for DTP-PMSM.

The comparison of the conventional pulsating and rotating carrier signals injection
techniques utilizing carrier current response, and the techniques employing zero-sequence carrier
voltage for DTP-PMSM is summarized in Table 7.3.
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TABLE 7.3

COPMARISON OF PULSATING AND ROTATING CARRIER SIGNALS INJECTIONS
TECHNIQUES FOR DTP-PMSM

Pulsating

injection-carrier

Pulsating

injection-zero-

Rotating

injection-carrier

Rotating

injection-zero-

current seq. voltage current seq. voltage
Implementation Easy Medium Easy Medium
Carrier signal Amplitude- Amplitude- Phase- Phase-
response modulated modulated modulated modulated
Bandwidth Medium High Medium High
Sensitivity to . .
High Low High Low
distortion
Requirement of ‘ ‘
High Low High Low
A/D resolution
Stability Reduced Very stable Reduced Very stable
Signal delays Insensitive Insensitive Sensitive Sensitive
Carrier signal ' ‘
: Simple Simple Complex Complex
demodulation
Cross-coupling
' Same Same Same Same
saturation
Accuracy High High Medium High
Dynamic
Good Good Medium Good
performance
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7.3. Sensorless Control for Dual Three-Phase PMSM Over Wide-Speed Range

The high-frequency carrier signal injection techniques have the drawbacks of extra losses,
transient disturbances, torque ripple, additional current harmonics, and noise resulting from the
carrier voltage injection in the high-speed range operation. Consequently, they fail to work in high
speed region. Therefore, it is desirable to combine the advantages of high-frequency carrier signal
injection techniques at low speed operation, and the lower losses and simplicity of fundamental
model based sensorless control to achieve high performance of rotor position estimation. Such
combinations have been addressed in literature for single three-phase machines only. Based on the
detailed discussions on the high-frequency carrier signal injection methods and fundamental-
model-based sensorless control strategies introduced in Chapters 2, 3, 4, and 5, the combined
sensorless control methods are investigated for dual three-phase PMSM to achieve high
performance of rotor position estimation with smooth transition between the low-speed range and
the high-speed range.

The rotor position is estimated by employing the high-frequency carrier signal injections
methods at low-speed range, while the flux-linkage observer method is utilized to estimate the
rotor position in high-speed range. From the experimental results, it has been found that a smooth
transition from the high-frequency carrier signal injections methods at low speeds to the flux-

linkage observer strategy at higher speeds are achieved, and the system stability is ensured.
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7.4. Future Work

This thesis covers different sensorless control techniques for single and dual three-phase

PMSMs drives to improve the rotor position estimation over both the low- and high-speed ranges.

However, some areas of research need to be further investigated. These areas are listed below as

follows:

Investigation on sensorless control performance for dual three-phase PMSM when the two
stator winding are unbalanced. For instance, unbalance back-EMFs due to winding turn error,
which causes unbalanced impedance of the two stator winding sets.

Usually, the performances of the sinusoidal waveform injection techniques introduced in
Chapters 3, 4, and 5 are insufficient for some applications, since the bandwidths of rotor
position estimation are limited. Such limitation are restricted by the LPFs which are applied
in the demodulation of the carrier signals responses. Also, the frequency of injected voltage
cannot be too high to form a proper sinusoidal high-frequency injected voltage due to the
limitation of PWM frequency. In order to enhance the rotor position estimation bandwidth,
square waveform carrier signal injection method is preferred since the requirement of LPFs
for demodulation is eliminated, and the dynamic performance can be remarkably enhanced.
Such method is only applied for single three-phase machines. Therefore, it is worthy to
investigate the sensorless control performance of square waveform carrier signal injection
strategy utilizing both the carrier current response, and zero-sequence carrier voltage for dual

three-phase machine.
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APPENDICES

Appendix I: Experimental Drive System and Permanent Magnet Synchronous

Machines

Al.l. Introduction

This chapter describes the hardware of experimental platform which is constructed
depending on a dSPACE control system and interfaced with Matlab/Simulink model. The
experimental platform is utilized for implementation of the developed sensorless control methods
for single and dual three-phase PM machines. It should be noted that both systems, i.e. single and
dual three-phase systems, utilise the same platform of experimental drive. Two sets of three-phase
inverter, which is supplied by a DC power, is utilized for both machine drives where only one set
is enabled when implementing the control of single three-phase system.

Furthermore, a brief description about dSPACE (DS1006) control system is given in this
chapter. The detailed setup of the entire experiments for the control of the testing system is
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Fig. AL1. Overview of the experimental system setup.
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Al.2. dSPACE Control System and Software Setting

The dSPACE control system employed in this thesis includes many hardware boards with
built in software such as processor board (DS1006), A/D conversion board (DS2004), encoder
board (DS3001), and PWM generation board (DS5101). All these hardware boards are briefly
described in the following subsections [DSP10].

The dSPACE hardware is connected by an optical fibre cable to a host PC in order to transmit
the real time data. The data waveforms provided in the Matlab/Simulink could be monitored and
captured by the control desk of dSPACE which makes it easy to analyse the experimental

performance.
Al.2.1. Processor Board (DS1006)

The main processing unit in the dSPACE modular hardware is the processor board. This
board is designed for complicated and processing-intensive models in real time applications that
require enormous computing power. This board is based on a 2.4GHz multicore Opteron ™
processor. In addition, it can give real-time power calculation of the Opteron TM processor to the
modular system, and can also provide an interface to the host PC and 1/0 boards. The processor
(DS1006) can access to all 1/0 boards of dSPACE through PHS-bus. Furthermore, the data can be
transferred via DS911 Giga-link module by utilizing the multiprocessing cable. The real time
application can be run on one or more multi-core DS1006 boards. The single multi-core board
includes a 512 KB L2 on-chip cache per core, and a 6 MB L3 cache. Also, for interchanging data
with the host PC, each core has a 128 MB global memory, and it has a 1 GB local memory for
executing the real time models. The overview of processor (DS1006) board is shown in Fig. Al.2.
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Fig. AL.2. Overview of processor (DS1006) board [DSP10]

Al.2.2. A/ID Conversion Board (DS2004)

For the control system employed in this PhD research work, a high speed A/D conversion
board DS2004 is utilized in the dSPACE modular system in which the analogue input signals are
digitized at high sampling rates. The DS2004 board includes independent 16-bit A/D conversion
channels, and each channel is equipped with differential inputs to achieve the requirement for
digitizing the analogue input signals. The conversion time per channel is 800 ns. Actually, the
DS2004 board can provide various hardware and software based trigger mechanisms in addition
to data buffers for burst transfer. Due to the extensive trigger functions and measurement modes
plus 4 external trigger inputs, the conversion of both whole sample bursts and single measurement

values can be enabled in this A/D conversion board.
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The burst mode of DS2004 can provide two approaches of converting measurement values:
e Continuous sample mode approach: when one burst of conversions finishes, the next burst
starts automatically.
e Triggered sample mode approach: a burst of conversions could be started by a trigger event
or software.
The DS2004 board can buffer up to 16384 analogue values in each channel, and then they
can be transferred to the processor board as a burst. Thus, the communication overhead can be

reduced as the overall system performance can be significantly improved.
Al.2.3. PWM Generation Board (DS5101)

The flexibility and PWM resolution are highly required in the machine drive control. The
Digital Waveform Output Board (DS5101) is specifically designed in order to generate complex,
high-speed digital signals at high resolution. A multitude of signals at various frequencies,
including pulse-width modulation waveforms and incremental encoder signals can be generated
by the DS5101 board. The main area of deployment of this board is hardware-in-the-loop
simulation in automotive applications such as simulating sensors or controlling actuators.

Any TTL pulse patterns up to 16 channels can be autonomously generated with high
accuracy by the DS5101 board. With fast time resolution of 25 ns, the toughest requirement can
be achieved. The DS5101 board shows outstanding programmability and flexibility due its ability
to change the widths of the pulse in the real time synthesized with different interrupt and trigger
mechanisms.

In general, the output of the board can be classified into different PWM signal generations
as generation single-phase PWM Signal (PWM1), generation three-phase PWM Signal (PWM3),
and generation of three-phase PWM Signal with Inverted and Non-Inverted outputs (PWM6).
Usually, the PWM6 is employed for machine drive control. The two sets of PWM6 could be
applied for controlling a dual three-phase machine or two three-phase machines. One set only is
utilized to control the single three-phase machine, while two sets are used to control the dual three-
phase machine.

222



Al.2.4. Encoder Board (DS3001)

The DS3001 incremental encoder interface board is specifically designed for providing a
precise position measurement with sensors obtaining digital information. In this thesis, this board
is used for proving the rotor position information for the machine drive control after receiving the
digital information from the sensor mounted on the motor shaft. The mounted sensor is utilized to
obtain the actual rotor position for the control system, where the measured information of rotor
position is used for park transformation.

The DS3001 board includes five parallel input channels, each channel can provide
everything required to connect an incremental encoder, and process its output signals: differential
or single-ended inputs for the encoder’s two phase lines, an index input, and a regulated encoder
power supply with sense lines. Such signals could be either single-ended (TTL) or differential
(RS433).

Additionally, the input encoder lines range is from -2 to 22!. Thereafter, the position angle
in radian could be obtained by DS3001 Simulink model from the scaled output signal as given by

6. =27 x 27 = scaled — output (ALL)

encoder —lines

For the incremental encoder used in this study with the resolution of 2048PPR, the rotor

position could be calculated as

r

6 =2%"x 27 scaled — output (AL2)
2048

Then, by differentiating the rotor position angle, the rotor speed can be obtained as

GRS
T

S

(AL.3)
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Al.3. Experimental Rig for Testing Control Strategies Employed in the Research

A permanent magnet synchronous machine is utilized for the experimental investigation to
develop the sensorless control techniques. The testing machine employed in all chapters of the
thesis is a dual three-phase PMSM, and it is also employed as a single three-phase PMSM in the
way of either connecting the two stator winding sets in series or enabling one stator winding set
only.

The test rig is based on a 230W dual three-phase prototype PMSM. The specifications and
parameters of the testing machine are listed in Table Al.1. The cross-section of this 12/10 PMSM
and its winding configuration are shown in Fig. Al.3. It is worth mentioning that the original design
of this motor is a single three-phase PMSM, and alternative winding structure has been applied to
form a dual three-phase PMSM [ISHO6]. Unlike the traditional three-phase PMSM, each phase is
formed by two coils connected in series. Phases Al, B1, and C1 are connected in star connection
to form the first stator winding set, whilst phases A2, B2, and C2 are connected in star connection
to form the second winding set. Furthermore, there is a 30 electrical degrees phase angle spatially
shifted between the two stator winding sets.

The experimental setup involves a dSPACE (DS1005) digital controller, a dual three-phase
inverter, a DC power supply and a prototype of dual three-phase PMSM. Additionally, an
adjustable resistor is connected with a permanent magnet DC motor which is utilized for loading,
and the DC motor is coupled with the prototype DTP-PMSM. The experimental rig of the testing
machine is shown in Fig. Al.4.
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Fig. AL.3. Cross-section and winding configuration in addition to phase vector of the testing
machine.
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Fig. AL.4. Experimental rig of the testing machine.
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TABLE Al.l1
SPECIFICATIONS AND PARAMETERS OF TESTING MACHINE

Parameters Values
Rated torque 5.5 Nm
Rated phase current (RMS) 4 A
Rated power 230 W
Rated speed 400
Permanent flux-linkage 0.0734 Wb
d-axis inductance 1.675 mH
g-axis inductance 2.125 mH
Stator resistance 1.1Q
DC-bus voltage 40V
Number of pole pairs 5

In Fig. Al.4, the DTP-PMSM drive is based on STEVAL-IHMO027V1 with a power of 1
KW for each inverter. For the power module of the power board (STGIPS10K60A), the maximum
voltage and current are 600 V and 10 A, respectively, and such a power module is designed by
STMuicroelectronics Ltd. It has the feature to be convenient with single three-phase AC supply
from a range of 90 to 220 V, or DC supply from a range of 125 to 350 V. Furthermore, the gate
drive signals can be transferred from the DS5101 Digital Waveform Output Board to the power
inverter by utilizing an interface board. Then, the phase current and DC voltage can be measured,
and then feedback such measured signals to (DS2004) High-Speed A/D Board.
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Fig. ALS. Six-phase power inverter.

Al.3.1. Rotor Position Alignment for Encoder

An incremental encoder is used to obtain the actual position of the rotor for the testing
machine in the overall control system. In order to detect the rotor position information, the
incremental encoder board (DS3001) is employed. However, the zero-position alignment of the
rotor position encoder to the magnet axis (d-axis), as illustrated in Fig. Al.6, is required. For initial
position alignment, the three-phase back-EMF is typically a good reference. To achieve such
alignment, the testing motor is spun by load machine connected to a DC power supply for rotation.
Then, the three-phase back-EMF could be measured from the terminals of motor winding, and the
rotor position can be adjusted from the dSPACE control desk. The rotor position information for

the testing motor is well aligned as shown in Fig. AL7.
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Fig. AL6. Alignment for rotor position.
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Fig. AL7. Aligned actual rotor position with phase back-EMF.

Al.4. Conclusions

The experimental setup based on dSPACE control system together with the hardware
platform and software interface for the control of single and dual three-phase PM machines are
briefly introduced in this chapter. The parameters for the testing PM machine employed in this
research study are also introduced. Different sensorless control strategies are applied to this

machine as shown in details in the main chapters.
229



Appendix II: Specification of Prototype Machine

Testing Machine I: Dual three-phase PMSM

Parameters Values
Rated power 240 W
Rated torque 5.5 Nm
Rated speed 400 rpm
DC Supply voltage 40V
Number of slots 12
Number of poles 10
Radius of stator outer 50 mm
Radius of stator inner 28.5 mm
Radius of rotor outer 27.5 mm
Slot opening 2 mm
Axial length 50 mm
Tooth body width 7.1 mm
Yoke height 3.7 mm
Magnet thickness 3 mm
Airgap length 1 mm
Number of series turns per phase 132
Magnet remanence 12T
a-axis and f-axis inductance 2.142 mH
zr-axis and z;-axis inductance 0.875 mH
Stator resistance 1.096 Q
Permanent magnet flux 0.0734Wb
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Appendix I11: Publications during PhD Research Work

e Best Paper Award

The following paper has been selected for best paper award in the 17" Int. Conf. on Electrical
Machines and Systems, ICEMS2014, 22-25 Oct. 2014, Hangzhou, China:

A. H. Almarhoon, and Z. Q. Zhu, “Influence of back-EMF and current harmonics on position
estimation accuracy of permanent magnet synchronous machine,” The 17" Int. Conf. on Electrical

Machines and Systems, ICEMS2014, 22-25 Oct. 2014, Hangzhou, China.

Its modified version has been published in COMPEL: The International Journal for Computation

and Mathematics in Electrical and Electronic Engineering.
e Journal Papers

[1]. A. H. Almarhoon, Y. Ren, and Z. Q. Zhu, “Influence of back-EMF and current harmonics on
sensorless control performance of single and dual three-phase permanent magnet
synchronous machines,” COMPEL: The International Journal for Computation and
Mathematics in Electrical and Electronic Engineering, vol.35, no.2, pp. 744-763, 2016.

[2]. Ali H. Almarhoon, Z. Q. Zhu, and P. L. Xu, “Improved rotor position estimation accuracy by
rotating carrier signal injection utilizing zero-sequence carrier voltage for dual three-phase
PMSM,” IEEE Trans. Ind. Electron., in press.

[3]. Ali H. Almarhoon, Z. Q. Zhu, and P. L. Xu, “Improved pulsating carrier signal injection based
sensorless control strategy using zero-sequence carrier voltage for DTP-PMSM,” IEEE

Trans. on Energy Conversion, in revision process.
e Conference Papers

[1]. A. H. Almarhoon, and Z. Q. Zhu, “Influence of back-EMF and current harmonics on position
estimation accuracy of permanent magnet synchronous machine,” The 17" Int. Conf. on

Electrical Machines and Systems, ICEMS2014, 22-25 Oct. 2014, Hangzhou, China.
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[2]. A. H. Almarhoon, Y. Ren, and Z. Q. Zhu, “Sensorless switching-table-based direct torque
control for dual three-phase PMSM drives,” The 17" Int. Conf. on Electrical Machines and
Systems, ICEMS2014, 22-25 Oct. 2014, Hangzhou, China.
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