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Abstract

High power factor offers significant advantages such as reducing required power capacity, en-
ergy losses, and system manufacturing cost. This dissertation aims to achieve the grid-side
power factor correction while maintaining a satisfying motor regulation for grid-connected
high-speed switched reluctance motor (SRM) drive system. In order to improve the regula-
tion performance of SRM, a 4-level converter topology with double-voltage demagnetization
mode is proposed to reduce the tailing time of demagnetization current, thereby increasing the
utilization of inductance increasing region. Moreover, a centralized drive system that treats the
front-end voltage-sourced rectifier (VSR) and the back-end SRM as a whole is proposed. A
direct power connection between the VSR and SRM is built so that the whole system can be
controlled by manipulating the instantaneous power flow. Without causing additional computa-
tional burden, the asymmetric space vector pulse width modulation is introduced for switching
loss reduction. Although VSR and SRM can be regulated by one control strategy in the above
centralized control system, the outer speed proportional-integral controller is still required to
generate power reference for inner controller to track. To remove this cascade control struc-
ture, a cascade-free model predictive direct power control strategy that directly regulates the
speed and power flows within a newly-defined cost function is proposed. By evaluating the cost
function, the vector, which not only will generate a motor speed closer to the reference at the
next instant but will generate an active power capable of further reducing that speed error for
the future instant, is selected. Besides, the robustness against parameter mismatches has been
considered for this model-based control strategy, so the Kalman filter is added to improve the
overall system performance. Consequently, satisfying SRM regulation performance, grid-side
power factor correction, and current harmonics restraint can be realized simultaneously in the
proposed systems.
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Kurzfassung

Hoher Leistungsfaktor bietet signifikante Vorteile wie die Reduzierung der erforderlichen Leis-
tungskapazitit, Energieverluste und Systemherstellungskosten. Ziel dieser Dissertation ist es,
die netzseitige Leistungsfaktorkorrektur zu erreichen und gleichzeitig eine zufriedenstellende
Motorregelung fiir netzgekoppelte Hochgeschwindigkeits-Antriebssysteme mit Geschaltete
Reluktanzmaschine (SRM) aufrechtzuerhalten. Um die Regelleistung des SRM zu verbessern,
wird eine 4-Stufen-Wandlertopologie mit Doppelspannungs-Entmagnetisierungsmodus vorge-
schlagen. Dadurch reduziert sich die Dauer der Stromabnahme des Entmagnetisierungsstroms
und weiterhin erhoht sich die Ausnutzung des induktivitdtserhohenden Bereichs. Dariiber hin-
aus wird ein zentralisiertes Antriebssystem vorgeschlagen, das das aktive Frontend und das
Backend-SRM als Einheit behandelt. Eine direkte Leistungsverbindung zwischen dem AFE
und dem SRM wird aufgebaut, so dass das gesamte System durch Manipulieren des momen-
tanen Leistungsflusses gesteuert werden kann. Ohne eine Rechenlast zu verursachen, wird
der asymmetrische Raumzeigermodulation zur Reduzierung der Schaltverluste eingefiihrt. Ob-
wohl das AFE und SRM durch eine Steuerstrategie in dem obigen zentralisierten Steuersystem
geregelt werden konnen, ist ein dullerer Proportional-Integral-Regler fiir die Geschwindigkeits-
regelung immer noch erforderlich, um eine Sollleistung zu erzeugen, damit der innere Re-
gler nachgefiihrt werden kann. Um diese Kaskadenregelungsstruktur zu beseitigen, wird
eine kaskadenfreie modellpradiktive Direktleistungsregelungsstrategie vorgeschlagen, die die
Geschwindigkeit und die Leistungsfliisse innerhalb einer neu definierten Kostenfunktion di-
rekt regelt. Durch Auswertung der Kostenfunktion wird ein Vektor ausgewdhlt, der nicht nur
im nichsten Moment eine Motordrehzahl niher an der Referenz erzeugt, sondern auch eine
Wirkleistung erzeugt, die in der Lage ist, den Drehzahlfehler fiir den zukiinftigen Zeitpunkt
weiter zu reduzieren. Auflerdem wurde die Robustheit gegeniiber Nichtiibereinstimmung der
Parameter fiir diese modellbasierte Steuerstrategie beriicksichtigt, sodass ein Kalman-Filter
hinzugefiigt wird, um die Leistung des gesamten Systems zu verbessern. Folglich kénnen
durch das vorgeschlagene System gleichzeitig eine zufriedenstellende Motorregelung, netzseit-
ige Leistungsfaktorkorrektur und Einschrinkung von Stromharmonischen realisiert werden.
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CHAPTER 1

Introduction

1.1 Electric motor types

Induction motor (IM) and permanent magnet synchronous motor (PMSM) dominate in the mo-
tor drive systems used in industrial, residential, commercial, and transportation applications.
Fig. 1.1 shows the typical structure of these two motors and compares them with that of
switched reluctance motor (SRM). All of these three motors have a stator, winding, and ro-
tor, but SRM becomes prominent in terms of its simple structure [2, 3].

PMSM has been widely adopted due to its high power density and high efficiency [4,5]. The
permanent magnets (PMs) on rotor provide an independent source of magnetic flux, and by
applying a careful design for the location and arrangement of the magnets, the output torque
at higher speeds can even be improved by utilizing the reluctance torque, thereby achieving
high torque density and high efficiency. As the speed increases, field weakening control should
be applied to adjust the angle of stator current vector to counteract part of the magnetic field
built by PM, which helps extend the speed range under the limited terminal voltage [6]. To
keep a reliable operation, the PMs must have enough coercivity to make sure it can not be
demagnetized during the field weakening.

When compared to PMSM, IM has lower construction cost because of the lack of PM. Die-
casting of aluminum rotor bars is also a low-cost process. The self-starting capability is one of
the main reasons why IM is widely used in industry. Both PMSM and SRM require a power
converter, control algorithm, and position feedback or estimation, but three-phase IM can start
from alternating current (AC) supply without a power converter, control algorithm, or position
feedback. However, due to the induced currents on the rotor conductors, there are non-negligible
rotor copper losses in the induction machine, especially for high-power applications, which
brings challenges for cooling. For IM with die-casted aluminum rotor bars, the losses can be
more significant, because of the low electrical conductivity of aluminum.

IM have dominated motor drive applications due to their low-cost manufacturing and self-
starting capabilities [7]. However, with the increasing demand for higher efficiency, IM should
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Figure 1.1: Typical structure of electric machine types [1]. (a) Interior PMSM. (b) IM. (c) SRM.

be designed with lower losses and they need to be operated with adjustable speed drives. These
factors reduce its cost advantage. Today, PMSM has been used more and more frequently in
various applications due to their lower losses and increased system efficiency through the use of
adjustable speed drives. However, as demand increases, price fluctuations of rare earth materi-
als, supply chain issues, and environmental concerns have become major issues for permanent
magnet motors.

SRM has a simple, low-cost, and robust construction [8]. The stator is made of a salient pole
laminated core with concentrated windings, while the rotor also has a salient pole structure, but
without windings or permanent magnets, which makes SRM more suitable for running in high-
speed conditions. The high-speed operation performance of PMSM is seriously limited by the
rotor displacement and rotational stress. When the rotor is rotating at high speeds, centrifugal
forces dominate and high stresses occur on the magnet slots and the bridges (the sections be-
tween the magnet slot and the air gap in rotor core). These parts have to be carefully designed
so that they can handle the centrifugal forces and saturate quickly to avoid flux leakage. SRM
will not have such type of problem due to its simple rotor structure, which makes SRM a better
candidate for high-speed operation. SRM is also more suitable for running in high-temperature
conditions. For PMSM, the magnetic properties of PMs are highly dependent on the operating
temperature [9]. The flux density and coercivity of NdFeB magnet reduce as the temperature
increases, thereby affecting the output torque and demagnetization. PMSM using NdFeB mag-
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nets are usually designed to make sure the magnet temperature can stayed around 100°C during
the continuous operation. However, the rotor of SRM is only made of laminated steel, and the
surface insulation on electric steels, which is designed to reduce eddy current losses, can han-
dle temperatures in the range of 200°C—400°C [10]. SRM has been adopted in some industrial
pumps, vacuum cleaners, and agricultural and mining vehicles. The small market share of SRM
originates from its noise, vibration, torque ripple, and challenges in design and optimization
due to their nonlinear characteristics. Nowadays, these challenges have been gradually solved
in terms of motor designs and control strategies to match the requirements for a wide application
range.

1.2 Advantages and disadvantages of SRM

The advantages of SRM are listed as follows:

* No PMs on rotor
There is no magnet on rotor in the conventional SRM, which means it can withstand high
temperature and operate in extreme conditions.

* No windings on rotor
One important aspect of the SRM is the simple rotor with no windings, which indicates
lower rotor losses and less heat dissipation. This is very attractive, because it is hard to
remove heat from the rotor.

* Concentrated windings on stator
SRM has phase windings concentrated around individual stator poles, which is easy to
be manufactured, and the short end-turns of the concentrated winding reduces the end-
winding losses since there is no cross-coupling between windings and the total stack
length will be lower.

* Fault tolerant drive
It is very easy for multi-phase SRM to realize the fault-tolerant operation. Due to the low
cross-coupling effects between phases, SRM is stated as fault tolerant.

* No shoot-through fault
The upper and lower switches on the same phase leg in the converter of PMSM and IM
cannot be activated at the same time, or the direct current (DC) link will be short-circuited.
For SRM, the upper and lower switches are electrically isolated from each other by motor
winding, which naturally avoids the shoot-through fault condition.

The first two aforementioned advantages are conducive to the high-speed and high-temperature
operation of SRM. On the one hand, since there is no PM and windings on rotor, the risk of the
rotor disintegration under high centrifugal force in high-speed operation can be reduced. On
the other hand, this rotor structure makes SRM competitive in high temperature and other harsh
environments, due to the absence of temperature-vulnerable PMs. Compared with PMSM,
SRM does not need PM and initial magnetization. Compared with IM, SRM does not need
die-casting (in squirrel-cage IM) or additional winding process (in wound-rotor IM) for rotor
conductors. Thus, SRM can be easily made at much lower cost.
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The disadvantages of SRM is also apparent, which are listed as follows:

* High windage loss
Although the salient structure of SRM brings advantages, the concave part between rotor
poles leads to high windage losses, especially in high-speed operation.

* High torque ripple
Because of the characteristic torque production principle, SRM has high torque ripple
under the pulsive stator magnetic field, which will correspondingly bring about high noise
and unnecessary vibration. Therefore, high-performance torque control scheme should be
applied to improve the overall SRM drive system performance.

* Synchronized commutation with rotor position
The initial rotor position should be known by an absolute encoder, or the rotor should
be rotated to a pre-known position in order to control the current during the inductance
increasing region of each phase. This means the controller needs rotor position, which
either can be given by position sensors (encoder, hall elements, resolver, etc.) or by a
position sensorless method.

1.3 Power quality improvement methods for grid-connected
SRM drive

SRM converter

Q | T:: ]

Figure 1.2: SRM drive system based on DBR.

SRM converter needs DC power for operation, and to generate DC power from AC power
source, the diode bridge rectifier (DBR) shown in Fig. 1.2 is conventionally adopted. The DBR
generates odd non-triplen harmonics in the AC-side current, namely the 1%, 5%, 7% 11% 13t
etc. harmonics, and the DC output may contain even the third harmonic: 0™, 61, 12t 18% [11],
etc. Due to the forced transfer of current from one diode to the next, DBR is a non-linear load
for the AC source. When a pair of diodes (one from the upper arms, the other from the lower
arms) is on, the output DC voltage is equal to the largest one of the AC-side line voltages. In this
case, the largest AC-side line voltage supplies power to both the capacitor and the DC-link load.
When all the diodes are off, the DC-link load is supplied by the capacitor energy, and the output
DC voltage, i.e., the capacitor voltages, decreases exponentially. Hence, the AC-side current
in DBR will be discontinuous and non-sinusoidal, which indicates high current total harmonic
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distortion (THD). Furthermore, the motor drive is an inductive load for DBR, so when the motor
drive is connected to the end of the DC-link, the voltage is ahead of the current wave, which
leads to the phase shift. As a consequence, the high current THD and phase shift inevitably
bring about the low grid-side power factor.

AC-side power quality is a high priority for electrical equipment. Some investigations have
been conducted to make improvements on AC-side current harmonics and power factors for
SRM drive system. In [12], a new drive topology is formed by adding a power switch and a
fast recovery diode into the DBR-fed single-phase asymmetrical half-bridge (ASHB) converter.
The diode bridge and the DC-link capacitor, which are directly connected in conventional DBR
topology, are separated to be the front end and back end in the new topology. Therefore, the
absolute value of AC voltage is directly applied to winding terminal during its source current
excitation mode, and the back-end DC-link capacitor can be charged either by the demagnetiza-
tion current of SRM or by AC voltage source. The conduction duration of a newly-added power
switch is carefully calculated to make sure the average voltage provided to winding terminal
for excitation is constant. However, the instantaneous voltage provided to winding terminal is
different for the same electrical position of different strokes, thus producing different current
profiles during each excitation. Therefore, though this solution is low-cost and power factor can
be improved, the current harmonics are still high.

SRM converter

+
7 DC-DC ]

Al

Figure 1.3: SRM drive system based on DBR and DC-DC converter.

The power factor correction converter [13] that consists of a DBR and a DC-DC circuit
(shown in 1.3) is largely applied in AC-DC system, such as uninterruptible power supply [14],
LED drive [15], motor drive [16], and battery charger [17], to optimize input current harmonics
limited by IEC standard. In [18], a modified quasi Z-source converter, a type of DC/DC circuit,
is developed to connect between DBR and SRM converter for magnetization voltage regulation
and power factor correction. The demagnitization port in this topology is decoupled from the
magnetization port and boosted further to reduce demagnetization time, and a peak current
control, which coordinates with the voltage controller, is used to correct the AC-side power
factor. However, the effect of power factor correction is not satisfying. In [19], a single-phase
three-level DC-DC boost converter with dual output is adopted to improve the power factor. The
DC-link voltage is controlled through the amplitude of inductor current, and the sinusoidal AC
current is realized while synchronizing the phases of inductor current and AC voltage. Since the
split-DC converter is adopted as the back-end of the DC-DC boost converter for SRM drive, an
additional controller for the balancing of DC-link capacitors must be added to ensure the regular
operation of the back-end SRM converter. [20] adopts a single-phase two-level DC-DC boost
converter to generate an adjustable DC-link voltage for SRM converter while improving the line
drawn power quality for AC side. Its voltage control scheme and current control scheme for the
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inductor are basically the same as that in [19], except that it does not need capacitor balancing
control. For higher power applications, the three-phase AC source is a natural selection [21-
23], and the three-phase single-switch switch-mode rectifier is very attractive [24] in practical
applications. In [25], the single-switch DC-DC boost converter is applied in a SRM drive system
fed by three-phase AC source. However, the magnetization port and demagnetization port are
heavily coupled through shared switches in both [20] and [25], and the experimental AC-side
power factors are not satisfying even the current harmonics have been intentionally reduced in
the current harmonic cancellation scheme. In [26] and [27], the Cuk converter and modified
Cuk converter-fed SRM drive are developed, respectively. The topology in [27] is derived from
the single-phase three-level Vienna, and each of the two Cuk converters operates separately for
two half-cycles of the AC source. In [28], a converter combining the Cuk and SEPIC circuit
together is constructed to provide two balanced output voltages and one neutral point for the
SRM split-DC converter. The converter is designed to operate in the discontinuous conduction
mode for power factor correction, and SRM is regulated by controlling the adjustable DC-link
voltage. But, its DC-link voltage is not fully utilized for excitation, which increases the voltage
rating of power switches of SRM converter unnecessarily.

In [29], a three-phase Vienna converter, which directly converts the AC source to DC source
and generates a three-level output at DC link, is adopted to drive SRM. Even if the current THD
is significantly reduced, just like other power converters with three-level output, the capacitor
balancing control also should be considered in order to realize high-performance drive.

JG JGJ

SRM converter

T
o 4 g

Figure 1.4: SRM drive system based on VSR.

/1

The SRM drivers in the aforementioned topologies cannot directly return energy from the
machine to the source due to the current limitation of the diode bridge, so only a limited amount
of returned energy is stored in the DC-link capacitor and reused. To overcome this limitation,
an additional circuit, such as a dump resistor, is used to dissipate the excess energy generated by
the motor during regenerative braking. This helps to prevent the voltage rise on DC link, thus
protecting other power electronics components. However, this also results in some energy being
lost as heat in the dump resistor, leading to lower efficiency. The SRM drive system fed by the
active front end (VSR) shown in Fig. 1.4 can directly transfer the power from the machine side
to the AC power supply [30,31]. This drive system consists of two power conversion stages.
The bidirectional power converter in the first stage is composed of six switching blocks, each
of which is realized by paralleling one power switch with a diode for one switching block. The
power switch bears the positive voltage, and the diodes block the negative voltage excursion.
The peak currents are determined primarily by the phase current of SRM, and its voltage ratings
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are dependent on the designed DC-link voltage. The second power stage is the commutation
stage, through which each phase winding of SRM is energized by the DC-link voltage. The
topology for the second power stage can be in various forms according to different system
requirements, and the peak currents through the devices are determined primarily by the load
of motor.

1.4 Contributions

This dissertation focuses on the centralized control of the VSR-fed high-speed SRM drive sys-
tem, and its main contributions are as follows:

1) Realize bidirectional power flow.

SRM converter needs DC power for operation. Conventionally, the DBR is adopted to drive
the SRM converter, which is shown in Fig. 1.5(a). Although the adoption of the DBR reduces
system cost, a large amount of reactive power and current distortion is induced into the grid,
which is incredibly harmful to the system. The reactive power leads to additional wattage losses
along the lines, increased costs for energy and installation, reduced kVA capacity, and reduced
available active power transmitted. High current distortion not only causes overheating and
failure at operating conditions below their ratings but also results in decreased power factor. The
drive system shown in 1.5(b) inserts a DC-DC converter between the DBR and SRM converter
to realize the power factor correction during SRM operation. Although the power quality can be
significantly improved, the bidirectional power flow is disabled due to the unidirectional current
flow of DBR. If the power from back end cannot flow into the AC side in deceleration process,
the DC-link voltage will suffer from the sudden increase. Though the brake resistor can be used
on DC link to consume those power to keep a stable DC-link voltage, the size of system will
be increased and the energy utilization will be reduced. The above problems can be solved by
adopting a DC power source to drive the SRM converter (shown in Fig. 1.5(c)), but this type of
system is expensive. In the drive system shown in Fig. 1.5(d), the DC power source that realizes
the conversion from AC to DC is replaced by an VSR. This system, which is researched in this
dissertation, not only can achieve satisfying power quality but enables bidirectional power flow,
so that the power can be injected into the AC side when motor decelerates.

2) Realize a centralized power control strategy.

Several drive systems with improved AC-side power quality are proposed in recent years to
drive the SRM. In these systems, the front-end converter and back-end SRM are two separate
modules with their respective control schemes, as shown in Fig. 1.6(a). The control scheme of
the front-end converter regulates the AC-side power quality, and the control scheme of the SRM
drive regulates the motor speed. Nevertheless, as shown in Fig. 1.6(b), this dissertation focuses
on treating the front-end converter and the back-end SRM as a whole in a centralized control
strategy. Specifically, a direct connection of power between the adopted front-end converter
and back-end SRM is built, and the SRM is controlled by manipulating the instantaneous active
power flow in the system, and enhanced AC-side power quality is achieved by manipulating the
reactive power. Therefore, one control scheme is enough to realize SRM regulation, AC-side
power factor correction, and current harmonics restraint simultaneously.

3) Propose a new drive topology with double-voltage demagnetization mode.

A drive topology composed of a T-type single-phase three-level voltage-sourced rectifier
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Figure 1.5: SRM drive system. (a) Conventional drive system based on DBR. (b) Conventional
drive system based on DBR and DC-DC converter. (c) Conventional drive system based on DC
power source. (d) Researched drive system.
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Figure 1.6: Control structures of SRM drive systems with power quality improvements. (a)
Existing SRM drive system. (b) Proposed SRM drive system.

(VSR) and a 4-level SRM converter is proposed. Compared with the conventional split-DC
converter, the 4-level SRM converter of the proposed drive topology adopts one more switch
and one more diode for each phase, but two more operation modes are formed. With the double-
voltage demagnetization mode of the 4-level SRM converter, the tailing time of demagnetiza-
tion current is significantly reduced, which increases the utilization of inductance increasing
region. All the operation modes of this converter can be implemented successfully, even in the
multi-phase excitation region.

4) Improve system efficiency by the asymmetric space vector pulse width modulation (A-
SVPWM).

The A-SVPWM reduces the switching frequency by rearranging the execution order of the
selected base vectors of conventional center-aligned SVPWM (C-SVPWM), but the applied
converter voltage vector is the same for A-SVPWM and C-SVPWM. Therefore, without causing
additional burden on the controller, A-SVPWM can reduce the switching loss by reducing the
frequency of switching action, thereby improving the system efficiency.

5) Get rid of the cascade control structure.
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Although the grid-connected high-speed SRM drive can be controlled by the centralized con-
trol strategy, as proposed previously, an outer speed proportional-integral (PI) controller is al-
ways required to generate power reference for inner controller to track, which limits the control
performance. Instead of adopting this cascade control structure, a cascade-free model predic-
tive direct power control (MP-DPC) strategy that directly regulates the speed and power flows
within a newly-defined cost function is proposed. By evaluating the cost function, the strategy
selects the vector which not only will generate a motor speed closer to the setpoint at instant
k+2, but will generate an active power capable of further reducing that speed error for the future
instant. Consequently, well-regulated motor speed, balanced capacitor voltage, and controllable
power flow can be achieved within one cost function simultaneously.

6) Robustness improvement against parameter mismatches.

In the model-based control strategy, the mathematical model for prediction is accurate when
actual values of inductor and resistor are adopted. However, it is actually the nominal values
that are involved in the prediction since the actual values are unknown, and it is also possi-
ble that the actual values change during the operation. As the parameter variation occurs in
the system model, the error of the predicted value is generated and control performance cor-
respondingly deteriorates. To cope with this issue, the observer-based method is added to the
proposed strategy for robustness improvement.

1.5 Outline

The outline of this dissertation is as follows:

In Chapter 2, the operation principle and modelings of SRM are described. The typical
SRM structure, power converter topologies, and current regulation techniques of SRM are firstly
illustrated. Then the researched high-speed two-phase SRM is introduced in detail in terms of
the modified rotor structure, torque profile, and windage loss. The experimental waveforms of
the conventional grid-connected SRM drive system based on DBR is presented to show its high
pollution of current harmonics and reactive power.

In Chapter 3, a single-phase three-level VSR-fed 4-level converter is proposed to drive high-
speed SRM, which significantly reduces the tailing time of demagnetization current by in-
creasing the utilization of inductance increasing region. Moreover, a current control scheme
is proposed, which regulates the SRM and power factor by the d-axis and g-axis component of
grid-side current, respectively.

In Chapter 4, a centralized predictive deadbeat power control (P-DBPC), which builds a direct
connection of power between the front-end VSR and back-end SRM, is proposed to simplify the
grid-connected high-speed SRM drive system. Besides, an A-SVPWM method is introduced
for switching loss reduction.

In Chapter 5, a cascade-free control strategy is developed to further remove the conventional
cascade control structure from the system. Without the outer speed controller, this strategy
directly regulates the speed and power flows within a newly-defined cost function.

At last, the whole work is summarized in Chapter 6.
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CHAPTER 2

Principle and operation of SRM system

The key to understanding the principle of SRM is its structure, which is introduced firstly in
this chapter, and the way of machine operation is inferred. Then, several conventional SRM
converters and control techniques that can give full play to the characteristics of SRM are de-
scribed. Besides, a modified high-speed two-phase SRM, namely, the research target of this
dissertation, is described in terms of its structure, torque curve, and windage loss. Finally, the
grid-connected SRM drive system based on DBR is explained in detail in terms of experimental
waveform and data.

2.1 Modelings of SRM

The number of stator poles and the number of rotor poles are two basic SRM parameters, from
which the crucial parameters, such as the number of phases and number of torque pulsations,
can be derived. In a SRM, a complete electrical cycle is defined when a rotor pole moves from
the position where a certain stator pole is in the middle of two consecutive rotor poles to the
next similar position. In other words, for a certain stator pole, the electrical cycle repeats itself
by the number of rotor poles in one revolution of the rotor (namely, 360° in mechanical de-
gree). The stator poles belonging to the same phase are connected together and share the same
electrical cycle. This means that they are energized and de-energized at the same time during
one electrical cycle. As a result, they will produce torque pulses simultaneously in one me-
chanical revolution. However, for stator poles belonging to other phases, their electrical cycles
will be phase-shifted with respect to each other. This means they will produce torque pulses
at different time instants within one mechanical revolution. Consequently, the total number of
torque pulsations or strokes in one mechanical revolution can be calculated by considering the
number of phases and the number of rotor poles in the SRM. If there are m phases, each phase
will produce one torque pulsation per electrical cycle. Therefore, the total number of torque
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pulsations in one mechanical revolution is given by:
Npu = mN, (2.1)

where NN, denotes the number of rotor poles.

SRM has salient poles both on the stator and the rotor. This salient structure is essential for
the torque production mechanism of SRM. In this salient structure, the air-gap length changes
along with the relative position between the rotor and stator poles. Fig. 2.1 [32] presents the
static profile of phase flux linkage under a constant current excitation. It can be seen that the
relative distance between the rotor and stator poles is at the largest value when the stator pole
is located between two rotor poles, and this position is defined as unaligned position. On the
contrary, the relative distance between the rotor and stator poles is at the smallest value when
the rotor pole is aligned with the stator poles, and this position is defined as aligned position.
Since the reluctance of a magnetic path is proportional to the air-gap length, the flux linkage
is at its maximum at aligned position and at its minimum at the unaligned position. Besides
the position, winding current also affects the flux linkage. The flux linkage profiles at different
rotor positions are presented in Fig. 2.2(a). As the applied current goes higher, the incremental
increase in the flux linkage will decrease due to the saturation. Fig. 2.2(b) shows the flux linkage
characteristics in Fig. 2.2(a) in a different way. In this case, the flux linkage waveforms are
plotted as a function of current at different rotor positions. Notably, at the aligned position, the
flux linkage does not increase linearly with current because of magnetic saturation. In contrast,
at the unaligned position, the magnetic saturation is not noticeable even at high currents, due to

the large air-gap length.
LJ _J \l\
0

Unaligned ~ Mid-aligned Aligned Mid-aligned Unaligned
Rotor position [ °]

Flux linkage [Wb]

Figure 2.1: Phase flux linkage under a constant current excitation.

Continuous rotation of SRM can be realized by exciting the phase winding on stator poles
sequentially, and the phase should be demagnetized before the rotor passes the aligned position
to avoid the long tailing current. The structure of a 12/8 SRM presented in Fig. 2.3 is taken as
an example to explain the phase excitation sequence. Fig. 2.3(a) shows the rotor position when
phase A is at the unaligned position, and this position is designated as 0° (electrical angle) by
convention. Hence the aligned position shown in Fig. 2.3(c) corresponds to 180° (electrical
angle). From the position in Fig. 2.3(d), if the rotor keeps rotating by 11.25° in mechanical
degree, it completes another 90° (electrical angle), and phase A will be again at the unaligned
position, but the stator poles of phase A will be between different rotor poles as compared to the
unaligned position in Fig. 2.3(a). It can be observed from above that the excitation sequence
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Aligned

Mid-aligned

Flux linkage [Wb]
Flux linkage [Wb]
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0
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Figure 2.2: Phase flux linkage profile. (a) At different positions. (b) At different currents.

relies on the rotation direction. For this 12/8 SRM, the phase should be excited in the sequence
of phase A-C-B to realize the clockwise rotation, and the excitation sequence of A-B-C should
be adopted to realize the counterclockwise rotation.

2.1.1 Rotor position in SRM

The rotor position can be calculated through the speed as follows:

6,(k) = mod(nr(%)Tsk) 0,01, 360°) 2.2)

where n, the rotation speed in revolutions-per-minute, 7% is the discrete time step, k is the step
number, and #,,; is the initial rotor position. Since one rotation is 360°, % converts n, in

revolutions-per-minute to degrees-per-second.

2.1.2 Voltage in SRM

SRM is solely excited by the winding on stator. Due to the salient structure of SRM, the air-gap
between rotor and stator poles changes based on the relative position of the rotor and the stator,
which means the phase inductance in SRM is dependent on rotor position. Therefore, the flux
linkage expression of SRM can be given as follows

where 1),,, denotes the phase flux linkage, 7,, denotes the phase current, L,, denotes the phase
inductance, and 6, denotes the rotor position. The voltage equation is written as

Aty
dt
where v,, denotes the terminal voltage of phase winding, and r,,, denotes the winding resistance.

Inserting (2.3) into (2.4) gives

dime . dLn(6,) . din, . dLn(6,) d6,
_m N L .
a g im¥m 4 L (0r) =77 & im a6, dt

U = tmTm + 2.4)

U = GmTm + L (60;) (2.5)
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Phase A

Phase A Phase A

(© (d)

Figure 2.3: Electrical angles at different rotor positions with respect to phase A: (a) At 0°. (b)
At 90°. (c) At 180°. (d) At 270°.

db,
dt

Since the angular velocity can be calculated by dividing the rotor position by time, i.e., w, =
(2.5) can be simplified as
, dipy, . dLy(0,)
m = tmTm + L 07‘ -
v imTm + L (0) 7 +1 a0, w
The speed-dependent term in above expression is called back-electromotive force (back-EMF),
and it represents the air-gap power that will be converted into mechanical power.

(2.6)

2.1.3 Power and torque in SRM

The power expression in SRM can be derived by multiplying both sides of (2.6) by phase current
dip, o ALy (0,)
a T mTae,

Under the assumption that the machine is working in the magnetic linear region, the second
term on the right-hand side of above expression can be expanded further by using the product

b Um = 12" + G L (6, (2.7)
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rule for differentiation

, dip, d (1 , 1, dL(6,)d6,

This third term in above expression can be simplified again by including the rotational speed:

. di, d (1 , 1 ., dL, (6.

Substituting (2.9) into (2.7) gives another form of power equation

1

1, dLu(6))
2

2
i Wy
mode, "

b Uy = 12T + 4 (le(é’r)ifn) + (2.10)
dt \ 2

It can be seen that the input electrical power is converted to electrical, magnetic, and mechanical
power on the right-hand side. The electrical power is dissipated as heat in terms of copper losses.
The magnetic power is stored as magnetic field energy in the magnetic core. The remaining
power is air-gap power, which is converted into mechanical power and transferred into torque
production. Since torque is the quotient of power and angular velocity, i.e., Te,, = et the
electromagnetic torque can be extracted from (2.10) as follows '

1., dL,(6,)

Tem = 5lm T (2.11)
It can be seen that the direction of torque is independent of the polarity of the current since
torque is related to the square of the current. The rate of change of inductance caused by the
saliency in the geometry is the primary torque production mechanism in SRM. As stated above,
(2.11) is the torque expression when SRM operates in the linear region of the magnetization
curve. The general torque equation for SRM is derived using magnetic co-energy W/, which is
applicable for both magnetically linear and saturated regions:

_ OW/(im, 0r)

2.12
Tem 20, (2.12)

i1=const

2.2 SRM converter topologies

2.2.1 ASHB converter

The winding current of each phase needs to be conducted in turn as the rotor position changes
so that the stator magnetic flux path can rotate along the air gap for continuous torque produc-
tion. Therefore, a power converter is requisite for SRM to switch on and off the phase current
accurately. For SRMs, the ASHB converter is widely adopted because of its control flexibility.
Fig. 2.4 presents the circuit diagram of an ASHB converter for one phase, which consists of
two power switches and two diodes.

For magnetization mode, the ASHB converter applies the full DC-link voltage to winding by
switching on the power switches S; and S5, as shown in Fig. 2.4(a), and the winding current



16 CHAPTER 2. PRINCIPLE AND OPERATION OF SRM SYSTEM

increases dramatically, especially at the position around the unaligned angle. For demagneti-
zation mode, S; and S, are switched off at the same time stamp, as shown in Fig. 2.4(c). In
this mode, due to the stored energy in the phase, diode D; and D, become forward biased, and
negative DC-link voltage is applied to phase winding. The winding current continues to flow
through the diodes, which is supplied back onto DC link until it reaches zero. For freewheeling
mode, only one pair of switch and diode is on, as shown in Fig. 2.4(b). The phase winding is
not connected to the DC link, so no energy flows back to the DC link. Since the voltage across
the phase terminals is zero and the phase is shorted, the current only consumes by winding re-
sistance, which indicates a relatively slower decreasing rate compared to the demagnetization
mode in Fig. 2.4(c). It can be seen from above that the unidirectional current flow is applied

Figure 2.4: Conduction modes of ASHB converter. (a) Magnetization. (b) Freewheeling. (c)
Demagnetization.

to motor winding in ASHB converter, and the winding current of each phase can be electrically
isolated from each other in this type of converter. Hence, the way to obtain the topology for
multi-phase SRM is to duplicate the single-phase ASHB topology in Fig. 2.4 on the DC link.

2.2.2 (N+1)-switch converter

The phase winding of SRM does not need to be conducted during the whole electrical cycle.
Therefore, some of the power switches and diodes can be shared between different phase wind-
ings to reduce the number of power devices. Considering the total number of switches in the
topology is one plus the number of phases, the converter that will be described here is called (N
+ 1)-switch converter.

Fig. 2.5 presents the (N + 1)-switch converter for a three-phase SRM. Four switches and four
diodes are adopted to control the three phases, and the reduction of the number of switches is
realized by sharing a switch between two phases. An obvious drawback of this converter is that
it cannot independently control each phase. For instance, when phase B needs to be excited
before phase A current falls to zero, S, is in on-state if this switching pattern is implemented,
which will delay the current decreasing time of phase A and generates negative torque. Alter-
natively, the turn-off position of phase A or the turn-on position of phase B can be delayed to
avoid the overlap, both of which reduce the output power. Furthermore, compared to the ASHB
converter, the current ratings of the shared devices increase because of the conduction overlap.

The converter in Fig. 2.5 is developed into the four-phase converter shown in Fig. 2.6 to
further improve the current control performance. Compared to the (N + 1)-switch converter, the
converter shown in Fig. 2.6 uses more switches and diodes, but the conduction overlap can be
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eliminated since only one phase current flows through each device at any time. In this converter,
phase A and C share D, and S5, and winding B and D share D5 and S5. Phase A and B that
have the chance of simultaneous conduction share no common switch and diode. Therefore,
each phase current can be independently controlled.

Another example of a (N + 1)-switch converter is shown in Fig. 2.7. Since switch S; and
diode D; are shared by all three phases, the current ratings of switch S and diode D, are also
higher. Besides, similar to the converter shown in Fig. 2.5, the phase currents also cannot be
controlled independently.

S Dy Sy D,
Phase A Phase B Phase C
m_‘

D,x S5 Syl
Phase A Phase C

D S|

Phase B Phase D

1 Phase A /N ])2 Phase B N\ l)3 Phase C 2\ D4
DR

S, | S| Sy

Figure 2.7: An alternative (N + 1)-switch converter.

2.2.3 N-switch converter

The split-DC converter, which uses the same number of switches as the number of phases, is
shown in Fig.2.8. Each phase of it has one switch and one diode, and there are two capacitors
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on DC link. If phase A needs to be magnetized, S; is turned on, and the voltage of upper
capacitor is applied to phase A. If phase A needs to be demagnetized, S; is turned off, and the
decreasing current flow through D, into the midpoint of the two capacitors. Hence, a negative
capacitor voltage is applied to phase A. If phase B needs to be magnetized, .S is turned on, and
the voltage of lower capacitor is applied to phase B to build up the winding current. If phase B
needs to be demagnetized, S5 is turned off, and the winding current is decreased through D,
during which process the voltage of upper capacitor is applied reversely to phase B. Generally,
the upper and lower capacitor voltage will be balanced to be the same, and both of them equal
the rated operating voltage of the winding terminal voltage of SRM. While fewer power devices
are adopted, the voltage rating of diode has to be doubled in order to operate the same SRM as
the aforementioned converters.

Phase C

D%

Figure 2.8: Split-DC converter.

2.2.4 Other converter topologies

The converter with higher demagnetization voltage, which is shown in Fig. 2.9, is proposed
in [33] to achieve faster commutation as well as higher output power. This converter is derived
by adding a buck-boost converter to the ASHB converter. The switch .S,,, the inductor L,,, and
the diode D,,, compose the buck-boost converter. The voltage of the upper auxiliary capacitor
can be controlled by adjusting the duty cycle of the switch S,,. When switches S, and S; are
on, the voltage on the lower main capacitor is applied to the winding of phase A. When switches
S1 and S are off, diodes D; and D, are forward-biased, and the voltages on the two capacitors
are applied to the winding for demagnetization. Therefore, the current falls faster compared to
the conventional ASHB converter, which ensures faster commutation.

The power converter capable of generating more than two voltage levels for SRM is called a
multi-level converter. The asymmetric three-level neutral point diode clamped (NPC) converter
[34] is shown in Fig. 2.10. The various voltage levels obtained in this converter facilitate the
fine current tuning, thereby enhancing the control accuracy.

It can be observed that two capacitors are connected to the neutral point of DC link, and
each of them has half of the DC-link voltage. The diode D3 and D, are clamped to the neutral
point, which helps apply different voltage levels across winding terminal. Totally, there are nine
operation modes for each phase leg, which will be explained as follows (phase A is taken as an
example):
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Figure 2.9: A converter with higher demagnetization voltage.

Mode 1: All switches are in the on-state. The DC-link voltage is applied to the phase winding
and current flows through S, S5, S5, and Sy. Dy, Do, D3, and D, are blocked. Since no current
flows into the neutral point, neutral point voltage u,, is unchanged in this mode, and the phase
voltage equals ve.
Mode 2: 57, S5, and S5 are in the on-state; .S, is in the off-state. Dy, D5, and D5 are blocked.
The phase current flows through S, Ss, S3, and D,. Therefore, the capacitor voltage difference,
which is defined as the voltage difference between the upper and lower capacitors on DC link,
decreases since the winding current flows into neutral point. The phase voltage equals 0.5vg.
Mode 3: S and S, are in the on-state; S3 and S, are in the off-state. Current flows through
S1, 55, and the freewheeling diode D,. Diodes D, D3, and D, are blocked. No current is
injected into the neutral point, which indicates an unchanged neutral point potential, and phase
voltage equals O.
Mode 4: 5] is in the off-state; S5, S3, and Sy are in the on-state. Dy, D5, and D3 are blocked.
Current flows through Dy, S, S3, and S4. The capacitor voltage difference increases since the
winding current flows out of neutral point. The phase voltage equals 0.5v4..
Mode 5: S; and S, are in the off-state; S, and S3 are turned on. Current flows through
Sy, 583, D3, and Dy, and D; and D, are blocked. The neutral point potential is unchanged,
and phase voltage equals 0.
Mode 6: S1, S5, and Sy are off; S, is in the on-state. Current flows through Dy, So, and Dy. D,
and Dj are blocked. Current flows out from the neutral point, thereby increasing the capacitor
voltage difference. The phase voltage equals —v . /2.
Mode 7: S; and S, are off; S3 and S, are on. Current flows through S5, Sy, and the freewheeling
diode D;. Diodes D5, D3, and D, are blocked. Since no current flows into the neutral point, u,,
is unchanged in this mode. The phase voltage equals 0.
Mode 8: 51, .55, and S are off; S5 is on. Current flows through Dy, S3, and D3. D, and D, are
blocked. Current is injected into the neutral point, thereby decreases w,,. The phase voltage is
around —v,./2.
Mode 9: All the switches are off. Current flows through the freewheeling diodes D, and Ds.
D3 and D, are blocked. In this case, u,, is unchanged , and the phase voltage is 0.

Power, voltage and current rating, application requirements, cost, etc. are the aspects that
need to be considered in selecting a converter topology, in order to ensure the overall perfor-
mance of SRM system.
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Figure 2.10: Asymmetric NPC three-level converter.

2.3 Current regulation techniques

The ASHB converter shown in Fig. 2.4 is taken as an example to describe the current regulation
techniques of SRM.

2.3.1 Single pulse control

The flux in SRM is not constant but must be established from zero every stroke. Specifically, the
build-up of flux needs to be initiated at a proper time stamp when the rotor poles are approaching
the stator poles of the phase that is due to be excited, which ensures the full utilization of the
inductance increasing region for torque generation. The demagnetization of the flux should
also start at a proper time stamp to ensure the winding current will not go into the inductance
decreasing region to avoid the negative torque. Therefore, the turn-on angle and turn-off angle
of each phase winding are two crucial parameters for SRM regulation.

For single pulse control, both power switches are switched on at 6,, .,,, as shown in Fig.
2.4(a), and both are switched off at 0,,, s, as shown in Fig. 2.4(c). Since full DC-link voltage
is applied to winding terminal, this control method is suitable for high-speed operation with
high back-EMF.

Neglecting 7,,, in (2.4) gives

V= Umjini + / o g, (2.13)
w’l”

where 1, ;i 1s the pre-existed flux linkage and v, ;,; = 0 for excitation process. Thus, the

built-up of flux-linkage can be expressed as follows when 6,.€ [6,, on, Om.of 7]

v
wm == (97’ - Qm,on) (214)
w’/‘
It can be found that the flux linkage rises at a constant rate of 7 during the excitation. When the
phase winding is switched off, the flux linkage starts to decrease at a constant rate of —2= since
a reversed terminal voltage is applied to the winding, and the flux linkage can be expressed as
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_/Um

do, (2.15)

Vm = Ymyins + /

r

where Y, ini = o (Om.off — Om.on) for demagnetization process. Hence, the flux-linkage can
be expressed as follows when 6, € [0,,.0f, Om.zero] ( Om zero denotes the position when the
winding current drops to zero)

wm = Z}_m (29m,off - em,on - 9r> (216)

r

If 0, € [Om.zeros Om.on) s Um = 0 since there is no voltage at the winding terminal.

The profiles of voltage, flux linkage, current, and inductance in single pulse control are shown
in Fig. 2.11. Generally, a pair of turn-on angle and turn-off angle suitable at one speed will not
be the optimal one to run the SRM at other speeds, since the torque profile changes due to the
saturation in high-speed operation. In order to improve the torque quality, the torque ripple
has to be minimized. The minimum torque ripple is not always achievable because there are
constraints on phase current and conduction angles. Furthermore, the objective of minimizing
torque ripple has to be balanced with the objective of maximizing output torque. In [35], a
conduction angle optimization method based on simulation is introduced. A model that calcu-
lates the dynamic torque profile of the machine for the given conduction angles is requisite and
the firing angles are taken as variables. The root mean square (RMS) value of torque ripple,
average torque, etc. are taken as the objectives to select the optimum conduction angles. The
reference speed and commanding current, which represent the operating conditions, are inputs

for the SRM drive model.
Inductancf

0

Voltage

Flux 1inM\
Phase CUJ\

0 0

myon myoff “m,zero

Figure 2.11: Single pulse control.



22 CHAPTER 2. PRINCIPLE AND OPERATION OF SRM SYSTEM

2.3.2 Current chopping control

Current chopping control, which chops the phase current by PWM signals, is suitable for SRM
to operate at low speed. The peak current at low speeds must be controlled at the command value
Um,ref 1N order to maintain the smooth operation of SRM. This is accomplished by switching
the DC-link voltage according to the PWM signals, and there are mainly three ways to generate
the PWM signals.

- Hysteresis current control. In order to track the current command ¢,, ,..f, the hysteresis current
controller generates the switching signals to switch the DC-link voltage and regulate the phase
current. To maintain the phase current roughly at some constant value %,, ., a hysteresis band is
defined by I, ypper and I, jower- These values are calculated in light of current command, %y, ¢
and the tolerance /3, which is set to be a percentage of the current command. Two conduction
modes can be used to respond to the switching signals. One is the soft chopping, in which the
terminal voltage of SRM alternates between the DC-link voltage and zero during the conduction
period (as shown in Fig. 2.12(a)). The conduction pattern of soft chopping is a combination
of the magnetization mode shown in Fig. 2.4(a) and the freewheeling mode shown in Fig.
2.4(b). When feedback current is lower than I, jo,er, both the two power switches on the path
from winding to DC power source are switched on, and only one is switched off when the
feedback current is higher than I,,, ,;,,c, and both are switched off when the rotor angle position
reaches the turn-off angle. The conduction pattern of hard chopping is a combination of the
magnetization mode shown in Fig. 2.4(a) and the demagnetization mode shown in Fig. 2.4(c).
When the feedback current is lower than 1,,, jou¢r, both the two power switches on the path from
winding to DC power source are switched on, and both are switched off when feedback current
is higher than I,,, ,,p,cr, and both are switched off when the rotor angle position reaches the
turn-off angle.

Inductanci/ Tndnctano f

0 0

Flux “nlM/_/—/_\ Flux ““M
Phase C“@/\/\K Phase cuM
0, 0, 0 0 % 0,

myon m,off m,zero m,on myoff m,zero
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Figure 2.12: Chopping methods. (a) Soft chopping. (b) Hard chopping.
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- Current controller. The current controller generates the duty cycle for PWM signals so that
the current command set by the speed controller can be tracked. The generated duty cycle
must be limited inside the range of [0, 100%] to ensure a reasonable PWM signal. Same as
the hysteresis control, current controller can adopt either soft chopping or hard chopping to
respond to the PWM signals. One PWM signal is sufficient to control the two power switches
simultaneously for hard chopping. But, compared with hard chopping, soft chopping has less
switching loss and current ripple.

- Speed controller. The speed controller directly generates the duty cycle for PWM signals
to track the speed command. Same as before, both soft chopping and hard chopping can be
adopted to respond to the PWM signals. Since there is no current limitation in this type of
single control loop system, the hardware current limitation based on comparator chip must be
adopted.

2.4 The researched high-speed two-phase SRM

eon , Torque dead zone
F‘AT i Oen ‘ O el _ i
For current building (Position/Time)

Figure 2.14: Characteristic profiles of conventional 4/2 SRM.

Considering self-start, bi-directional rotation, and smooth torque profile, three or four-phase
SRMs are most frequently used. However, high-frequency switching loss and relatively expen-
sive converter make them lose the competitive edge in high-speed operation. As for single-
phase SRM, although it is a low-cost drive system with low switching frequency, it can not get
a satisfying torque profile due to the intrinsic structural problem [36,37]. Two-phase SRM can
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realize self-start and eliminate torque dead zone by optimizing the rotor shape. Hence, it is
an appropriate research target for high-speed operation compared with other topologies. The
cross-section and characteristic profiles of the conventional 4/2 SRM are shown in Fig. 2.13 and
Fig. 2.14, respectively. Because the electromagnetic torque is proportional to the inductance
slope, the flatness of torque profile is tightly tied to the width of the minimum and maximum
inductance region, which means the torque dead zone can be easily formed around the aligned
and unaligned position. As can be seen from Fig. 2.14, although there is conduction overlap
between phase A and B, the torque dead zone is still formed since the current supplied in the
region around the unaligned position is just used for fast current building, not for torque gener-
ation. This situation can be more serious with the increase of the current due to the saturation
since the larger the current is, the broader the torque dead zone and the higher the torque ripple
will be.

Torque ripple is the inborn problem caused by the structural and working principle of SRM.
There are many researches regarding how to improve the torque profiles of three and four-
phase SRM. Several segmental rotors corresponding to different magnetic flux paths [38—40]
have been proposed to increase output torque ability by shorting the flux path. To reduce the
complexity of the rotation part in above geometries, SRM with the segmental stator [41,42] are
proposed while maintaining comparative torque density. Nevertheless, most of them rely on the
balance cooperation between multiple poles, which cannot be applied to two-phase SRM. The
idea in [43] modifies the stack length of the rotor of a two-phase SRM according to the rotor
position while keeping the air-gap length at a constant value. In [44], the asymmetrical rotor
with one step is designed to eliminate the torque dead zone for the two-phase SRM, but the step
design is fulfilled by blind multi-parameter optimization. To save labor and get an ideal torque
profile, an iteration process based on finite element method (FEM) and MATLAB is proposed
in [45]. The torque ripple in that paper has been reduced dramatically with curvilinear rotor
pole shape, yet the difficulty in manufacture is a fatal defect. In the following content, a two-
phase high-speed SRM with modified rotor for torque ripple reduction and torque dead zone
elimination will presented in detail.

2.4.1 Toque dead zone elimination

The torque dead zone are the inborn problems existing in high-speed 4/2 SRM, and the structural
optimization is a ideal way to solve them radically. Though the optimized structures vary greatly
in design, a unified torque optimization criterion can be derived as follows.

As has been given in (2.12), the instantaneous electromagnetic torque (7 ,,) of SRM can
be calculated from the partial derivative of the co-energy with respect to rotor position while
holding the current constant. Therefore, the average electromagnetic torque can be expressed
as:
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where 0,, 0, are the fully aligned and unaligned position, respectively, and ,, (i,,) is the func-
tion of 7,,. It can be found that the average torque just hinges on the co-energy difference
between aligned and unaligned position at a constant current. Because the reluctance of air-gap
is much bigger than that of the ferromagnetic material, almost all the energy is stored in air-gap.
The inductance can be an intuitive value for the description of torque. In the assumption of a
linear magnetic system, the above average torque can be rewritten as below:

%Z?n (Lm,a - Lm,u) ’im:const + Spm(im”im:const

Tavg = (0(1 — eu)

where L,, , and L,, , represent the inductance at aligned and unaligned position respectively. It
can be found that although the outline shape of the rotor might be modified with infinite changes
during the optimization process, the output average torque can be guaranteed easily by setting
the inductance at aligned and unaligned position to appropriate values. Combining (2.17) and
(2.18) gives

(2.18)

a
Tavg (0o~ 02) = 572 (L — L) 4 onlinl i = [ Temd. (219)
i =const (229
It can be found from (2.19) that for different rotor shapes, despite the average torque changes
due to the enlarged motoring region [,,d,] in the deformed inductance profile, as long as
the inductance value L,, , and L,,, are fixed, the integral of instantaneous torque during the
motoring region is a constant. Furthermore, if L,, , and L,, ,, are fixed, rotor shape optimization
cannot increase the output energy, but it indeed assists with torque ripple reduction by making
the torque distribute uniformly among the whole motoring region.

For SRM, the most common method used to eliminate the torque dead zone is to narrow
the blank torque region between two sequent conducting phases by designing an asymmetrical
shape of rotor, during which process a desired electromagnetic torque can be obtained. The
geometries of the conventional and modified rotor structure are presented in Fig. 2.15, and their
corresponding torque and inductance profiles are presented in Fig. 2.16. Two steps are added
to expand the inductance increasing region, resulting in a more uniform torque distribution. In
contrast with conventional rotor, the torque profile of the asymmetric rotor with steps has been
apparently flattened. Despite the average torque of optimized rotor decreases compared with
that of the conventional rotor, the motoring region of the optimized rotor has been extended
dramatically to eliminate the torque dead zone.
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(a) (b)

Figure 2.15: Rotor structure. (a) Conventional rotor structure. (b) Stepped rotor structure.
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Figure 2.16: Torque and inductance profiles.

2.4.2 Windage loss

One challenge uniquely faced by a high-speed motor is the aerodynamic losses generated by
the uneven surface of stator and rotor. Nevertheless, the rotor and stator of SRM must have
sufficient saliency due to its torque generation principle. Thus, the proportion of windage loss
to total loss is quite large for high-speed SRM compared with other types of motors. The
key of windage loss reduction lies in smoothing the structure outline without generating too
much extra negative effect. Some methods are proposed to reduce windage loss by optimizing
the rotor. For example, in [46—48], a very thin circular bridge made from magnetic material
are designed to form a round smooth outside surface for rotor. Despite it does take effect in
decreasing windage loss, the reduction in torque generation brought by the magnetic rib is non-
ignorable. Moreover, to avoid the increase of minimum inductance, the ribs on the rotor have to
be as thin as possible, which makes the unavoidable consideration for their mechanical strength
and manufacturing complexity. In [49], the torque reduction can be avoided by making use of
the induced flux brought by the eddy current on the aluminum screen, but it is a fairly complex

structure.
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For the 4/2 high-speed SRM researched in this dissertation, a cylindrical rotor is formed by
padding the concave sections between rotor poles, which greatly contributes to the reduction of
turbulent flow pattern without introducing effect on electromagnetic aspect. Fig. 2.17(a) shows
the three-dimensional (3D) structure of the SRM with stepped rotor before padding. It can be
seen that a crucial challenge faced by this high-speed SRM is the high windage loss caused by
the salient geometry and high rotational speed. Fig. 2.17(b) presents the modified cylindrical
rotor. In this structure, the concaves between adjacent salient rotor poles are padded with high-
thermal conductivity resin. These two resin blocks are fixed tightly into the concaves and for
the sake of security, the ends of resin block are secured once again by the resin end ring to meet
the mechanical strength requirement.

Endring Resinblock  Rotor

(a) (b)

Figure 2.17: Rotor structure. (a) Stepped rotor. (b) Modified cylindrical rotor with high-thermal
conductivity resin.

The windage loss is susceptible to the velocity distribution in the air-gap, the geometry of the
fluid channel, the flow rate of cooling air, and the property of cooling air. The velocity distribu-
tion in the air-gap depends on three factors: the tangential flow caused by the electromagnetic
torque, the axial flow of cooling air caused by axial ventilation, and the Taylor vortex caused
by high-speed centrifugal force. When the air velocity in motor is low, the air flow pattern can
be considered laminar flow. Whereas, in high-speed SRM, with the high linear velocity and
the salient structure of rotor, the turbulent model should be introduced. In turbulent flow, the
fluid in the air-gap can be divided into three layers as presented in Fig. 2.18: the viscous bottom
layer near the stator and rotor surface and the complete turbulent layer. Note should be paid
that it is in the viscous sublayer that the energy exchange process happens and the windage
loss is generated. To predict the windage loss in the fluid channel of SRM, the analytical tech-
niques in [50], [51] employ the mathematical equation which relies on a series of empirically
determined constants and the assumption of a cylindrical stator bore. Two-dimensional compu-
tational fluid dynamics (CFD) method in [52] can obtain a more accurate result, yet the model
is still built based on a cylindrical stator bore. There always exists a big air pocket in the stator
slot since the stator slot fill factor is less than 0.4 considering the installation of the concen-
trated winding and the saturation of the motor. Although cylindrical stator bore can be achieved
by incorporating specially-designed non-magnetic slot closures, or by encapsulating the entire
stator, the side effect such as the complex stator construction and bad cooling environment are
severe problems, so the cylindrical stator bore is rarely used in practical system.
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Figure 2.18: Turbulent flows in air-gap. (a) Tangential velocity. (b) Axial velocity.
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Figure 2.19: The velocity vector distribution of the fluid inside the solution domain. (a) Motor
with stepped rotor. (b) Motor with proposed cylindrical rotor.

Instead of the analytical calculation based on the simplified model and empirical formula, the
CFD is used here to calculate aerodynamic loss in the fluid channel of the motor. To illustrate
the improvement of the cylindrical rotor, fluid solution domain model of the motor with stepped
rotor is also built in Fluent/ANSYS. In 3D model, the end effect caused by short stack length
can be taken into account in analysis as well. To guarantee the element quality and obtain con-
vergence results, most of elements are controlled to be the hexahedron by proper grid partition
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Figure 2.20: The velocity magnitude contour of one surface in the air-gap. (a) Motor with
stepped rotor. (b) Motor with cylindrical rotor.

method. The simulation is analyzed when the rotor locates at the unaligned position of phase A.
Fig. 2.19 presents the velocity vector distribution of the fluid inside the solution domain when
motors operate at 30000 r/min. It can be found from Fig. 2.19(a) that the velocity magnitude
in the motor with conventional stepped rotor is much higher than that in the motor with cylin-
drical rotor (Fig. 2.19(b)). In Fig. 2.19(a), because of the high-speed mechanical rotation, the
air inside the concaves not only be pushed to rotate synchronously with the rotor, but also has
a relative motion with the rotor surface, but this phenomenon is not obvious in Fig. 2.19(b).
Since the windage loss is tightly tied to velocity distribution on rotary surface, more windage
loss will be generated in the motor with stepped rotor. In Fig. 2.19(a), the stator slot is providing
a passageway for air flow and the air velocity in it is quite obvious, which also indicates that the
stator part cannot be simply regarded as a cylindrical stator bore.

Fig. 2.20 gives out the velocity magnitude contours on a cylindrical surface extracted from
mid of the air-gap. By padding the concaves between rotor poles the air velocity magnitude can
be decreased prominently. Fig. 2.21 and Fig. 2.22 present the radial cross-section velocity vec-
tor graph extracted from the mid of the stack length of motor with stepped rotor and cylindrical
rotor, respectively. Compared with Fig. 2.22(b), a bigger whirlpool has been formed inside the
stator pockets in Fig. 2.21(b). Due to the expansion of the turbulent flow region and the shrink
of the viscous sublayer, the windage loss on the stator surface of the motor with stepped rotor
will be lower than that of the motor with cylindrical rotor. Whereas, since the overall velocity in
the structure of Fig. 2.21 is much bigger than Fig. 2.22, the conventional rotor with no padding
generates more loss.

To analyze the motors with different rotors, the windage loss obtained by CFD simulation at
different operation speeds is plotted in Fig. 2.23. There is a relation between windage loss and
operation speed and the following equation is assumed:

P = kon® (2.20)

where P, ,, represents the windage loss in watt and n represents the operation speed in r/min.
After the power function is applied to fit the discrete data points, smooth fitting curves shown
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Figure 2.21: The velocity vector graphs of the motor with stepped rotor. (a) The velocity vector
at a radial cross-section in the mid of the stack length. (b) Enlarged figure of the square frame
part in (a).

in Fig. 2.23 can be got. For the motor with stepped rotor, ky = 7.403 x 107! and oy = 2.973.
For the motor with cylindrical rotor, ky = 4.721 x 107! and oy = 2.81. The windage loss
increases sharply with the increase of speed. The differences between the two fitting curves of
windage loss are brought by the concave between rotor poles. It can be seen that the windage
loss has slumped by adopting the cylindrical rotor and the higher the speed, the more effective
this design will be. In brief, for high-speed SRMs, forming a smooth outline by padding the
concaves between rotor poles is an effective method for power loss reduction.

2.5 Grid-connected SRM drive system based on DBR

SRM converter needs DC voltage for operation. The DBR circuit shown in Fig. 2.24 is a
common power conversion method that converts AC voltage from the grid to DC voltage for
SRM drive. The DBR consists of several diodes arranged in a bridge configuration, and the
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Figure 2.22: The velocity vector graphs of the motor with cylindrical rotor. (a) The velocity
vector at a radial cross-section in the mid of the stack length. (b) Enlarged figure of the square
frame part in (a).

120

A Calculated value of the stepped rotor
© Calculated value of the cylindrical rotor
100 — Fitting curve of the stepped rotor
— Fitting curve of the cylindrical rotor

oo
(=}

Windage loss (W)
=N
S

20
0 M
0 10 20 30 40 50 60x10°
Speed (rpm)
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output voltage is determined by the state of the diodes. Due to the forced transfer of current from
one diode to the next, DBR is a non-linear load for the AC source [53]. When a pair of diodes
(one from the upper arms and one from the lower arms) is on, the output DC voltage is equal to
the highest voltage from the grid-side line voltages. In this case, the largest grid-side line voltage
supplies power to both the capacitor and the DC-link load. However, when all the diodes are off,
the DC-link load is supplied by the capacitor energy, causing the output voltage, or the capacitor
voltages, to decrease exponentially. Hence, the grid-side current to become discontinuous and
non-sinusoidal, leading to high current THD. Additionally, the motor drive acts as an inductive
load for the DBR, which causes a phase shift between the voltage and current waveforms. As
a consequence, the high current THD and phase shift inevitably bring about the low grid-side
power factor [54]. Therefore, although the adoption of DBR reduces system cost, a large amount
of reactive power and current harmonics, which have severe damage to power quality, will flow
inside grid. The reactive power leads to additional wattage losses along the lines, increased
costs for energy and installation, and reduced available real power transmitted. High current
distortion not only causes overheating and failure at operating conditions below their ratings
but also results in decreased power factor. Besides, the uncontrollable DC bus voltage of DBR
is susceptible to the operation condition of the SRM.

DBR SRM converter

<7
J

-
I
Figure 2.24: Grid-connected SRM drive system based on DBR.
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2.5.1 Single-phase DBR-fed SRM drive system

The experiments of single-phase DBR-fed SRM drive system are implemented and relevant
experimental parameters are itemized in Table 2.1. In experiments, the 4/2 SRM presented in
last section, which achieves self-starting by designing steps on rotor, is employed to carry a
fan-type load for tests.

The steady-state test waveforms of the conventional drive system at the rated speed of 25000
r/min are presented in Fig. 2.25. Besides the phase shift relative to grid-side voltage, the grid-
side current presents obvious distortions, which results in not only poor current THD but also
high reactive power. It means with the same capacity, the available real power that can be trans-
mitted is reduced. In other words, more apparent power will flow in the grid in this system when
providing the same output power for SRM. Fig. 2.26 shows the screen captures of the Yoko-
gawa power analyzer in the single-phase DBR-fed SRM drive system. In the power analyzer,
Py, Q, 51, Ithdy, and \; denote the real power, reactive power, apparent power, current THD,
and power factor of grid, respectively. 7; represents the efficiency of entire drive topology, and
7)o represents the efficiency of front-end converter, namely the DBR. For the conventional drive
system, the uncontrollable front-end DBR has conduction loss but no switching loss, so it con-
sumes less real power P; than the other VSRs with power switches when providing the same
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output power for SRM, thereby resulting in the higher 7, and higher 7;. As summarized in
Fig. 2.27, the power factors of this drive system are just around 0.74, and the grid-side current
THDs are around 70%.

Table 2.1: Experimental parameters of single-phase DBR-fed High-speed SRM drive system

Description Parameter  Value
Frequency of grid-side voltage wy(rad/s) 100 7
Grid-side filter resistance R,(£2) 0.2
Grid-side filter inductance L,(mH) 4
DC-link capacitor C(uF) 2720
Control period Ts(ps) 50

Rated torque of the high-speed SRM  7,,,(N-m) 0.12
Rated speed of the high-speed SRM  n,.(r/min) 25000
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Figure 2.25: Steady-state experiment: at the rated speed of 25000 r/min.

2.5.2 Three-phase DBR-fed SRM drive system

The experiments of three-phase DBR-fed SRM drive system are also implemented on the test-
bench with the parameters given in Table 2.2. Fig. 2.28 gives out the power factors and effi-
ciencies of the three-phase DBR-fed SRM drive system. In the figures, grid-side active power
p, reactive power ¢, and power factor are denoted by PXA, QX A, and AXA, respectively. 7,
denotes efficiency of the front end, namely the efficiency of the three-phase DBR, and 7, de-
notes the efficiency of the whole drive topology. There is no switch in the diode rectifier for this
drive system, and the power loss caused by the natural commutation is very small. Hence, the
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Figure 2.26: Screen captures of Yokogawa power analyzer in single-phase DBR-fed SRM drive
system. (a)-(h) 18000 r/min-25000 r/min with the interval of 1000 r/min.
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Figure 2.27: Grid-side power factors and current THDs in single-phase DBR-fed SRM drive
system.

efficiency of the diode rectifier 7; is high in Fig. 2.28, which results in high 7,. Nevertheless,
a great deal of harmful reactive power QXA is brought into the grid because of the distorted
grid-side current with phase shift. As summarized in Fig. 2.29, the grid-side current THDs in
this three-phase DBR-fed SRM drive system are above 30%, and the power factors are around
0.91 due to the high reactive power.

2.6 Summary

In this chapter, the basics of SRM drive system is first explained in terms of the motor structures,
converter topologies, and control algorithms. Then the modified 4/2 SRM with no torque dead
zone and with reduced windage loss is described. To drive SRM, DBR is generally adopted
as the front end for SRM converter. While the DBR-fed SRM drive system may be simple
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Table 2.2: Experimental system parameters of three-phase DBR-fed High-speed SRM drive
system

Description Parameter Value

Grid-side voltage frequency wy(rad/s) 100w

Grid-side filter resistance R, (Q) 0.3

Grid-side filter inductance Ly(mH) 2

DC-link capacitor C(uF) 1360

Control period Ts(ps) 50

Rated torque of the high-speed SRM Ten(N-m) 0.12

Rated speed of the high-speed SRM n.(r/min) 25000

T PsA 13764 w U PiA 15824 w P 18519 w T PsA | 21096 w
QzA 106.34  var QzA 123.719  var QzA 138.68 var QzA 156.75  var
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Figure 2.28: Screenshots of power analyzer in three-phase DBR-fed SRM drive system. (a)-(h)
18000 r/min-25000 r/min with the interval of 1000 r/min.
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Figure 2.29: Grid-side power factors and current THDs in three-phase DBR-fed SRM drive
system.
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and cost-effective, it has several disadvantages that limit its applications. The power factor of
the system is low due to the presence of reactive power in the input current, which can lead
to higher energy consumption and increased operating costs. Besides, the DBR produces high
levels of harmonic distortion in the grid, which may disturb other equipments connected to the
same power supply. Additionally, the uncontrollable DC-link voltage of DBR can lead to poor
motor performance and reduce the system reliability.
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CHAPTER 3

Grid-connected high-speed SRM system with fast
demagnetization voltage

3.1 Introduction

Power converters play essential roles in the control of SRM. Many topologies are developed to
improve the drive performance of SRM. In [55], a converter with a single controllable switch
is developed for a specially designed two-phase SRM to cut down the cost. In this converter,
the recovered energy stored in the recovery capacitor is circulated back to the DC-link capaci-
tor. In the converter developed in [56], the recovered energy from the main winding is retained
and utilized within the motor side instead of being returned to the source, which reduces the
capacitor’s capacity and the rating of powering devices. However, the converters in [55], [56]
have limited application scope because they only can be applied to the two-phase SRM with
auxiliary windings for self-starting. Moreover, the freewheeling mode is not available in these
converters, which weakens the quality of output torque. In [57], the performance of a novel
six-phase SRM converter with minimal number of switches is evaluated. In this converter, the
phase winding is connected in series with a diode to avoid the reverse current, and every switch
is shared by two adjacent phases. This switch sharing mode brings severe coupling, which re-
sults in degraded system performance. In [58], a converter with fast demagnetization ability is
researched to extend the speed range of SRM. However, the conventional winding configura-
tion needs to be modified radically to be like an auto-transformer. Some other converters are
developed to enhance drive performance with more voltage rails. In [59], a multilevel topology
based on a T-type converter is designed, whereas several pairs of conduction mode cannot be
realized simultaneously in adjacent excitation phases, for example, double-voltage magnetiza-
tion mode and double-voltage demagnetization mode; magnetization mode and freewheeling
mode. In [34], an asymmetric three-level neutral point diode clamped converter is developed
to construct five voltage rails for SRM, yet it is expensive due to the quantity of insulated gate
bipolar transistor (IGBT) and diode. The capacitive energy recovery converters creating new
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voltage rail by extra boost capacitor are also developed to realize fast demagnetization for SRM
in [33,60-62]. The energy freewheels into the boost capacitor in the demagnetization process,
and in later energization process, the boost capacitor is discharged. The voltage on the boost
capacitor is allowed to rise quickly, which increases the turn-off voltage and consequently de-
creases the turn-off time. Hence, the advance angle can be reduced, which generates the same
output power more efficiently. Alternatively, the higher output power can be achieved for the
same advance angle. However, the energy flow path must be adequately designed to prevent the
boost capacitor from being overcharged. In [60], a 4-level converter is developed. The energy
stored in the boost capacitor can accelerate the magnetizing and demagnetizing process, but two
situations must be avoided, namely, the energy in boost capacitor is emptied by the magnetizing
process, and no current flows back to recovery capacitor due to the overlap of conduction region
of adjacent phases. Moreover, inter-phase coupling does exist in this topology. The above two
problems are solved in the converter developed in [61] by adopting two boost capacitors, but
the demagnetizing voltage is still not stable and varies in different operating conditions. In [62],
the voltage of the boost capacitor can be clamped to the DC-link voltage by a diode, yet there
still is a mutual coupling between the conduction mode of adjacent phases.

SRM converters are generally fed by a DC power supply or by a DBR that takes AC source
as input. Given the manufacture cost, the DBR is frequently adopted. Nevertheless, the per-
formance decays due to the uncontrolled DC-link voltage and degraded power quality, as has
been presented in Chapter 2. Some topologies are proposed to improve the power quality of the
SRM drive system. In [12], an additional switch and diode are added before the asymmetric
half-bridge converter to form a new topology. The power factors are improved, but the grid-
side current THDs are not ideal. In [63], a Vienna-based power factor correction converter is
adopted to drive the SRM. To keep the capacitor voltage balanced, the speed and loads must
always be the same for the upper and lower motor. Besides the above, the DC-DC circuits are
also developed as the front end for the SRM converter. Modified based on the Vienna converter,
the circuit in [27] is presented, which comprises two Cuk converters with a common switch.
In [20], a single-phase boost-type switch-mode rectifier is proposed to drive the SRM. Satisfy-
ing power quality is obtained, but the magnetization and demagnetization mode of the proposed
topology are not decoupled, which limits the control flexibility. Although the front ends above
have been developed to drive the SRM with corrected power factor, the energy in them cannot
be fed back to gird during speed regulation.

In this chapter, a SRM drive topology, which is composed of a T-type single-phase VSR and
a 4-level SRM converter, is proposed. With the 4-level SRM converter, fast demagnetization is
achieved, which significantly reduces the current tailing time of the high-speed SRM. Moreover,
a control strategy that regulates the VSR and SRM simultaneously by controlling the grid-side
d and g-axis current is proposed. Additionally, bidirectional energy flow can be realized.

3.2 Proposed drive topology and mathematical model

The proposed drive topology composed of a T-type single-phase three-level VSR and a 4-level
SRM converter is shown in Fig. 3.1.
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Single-phase 3-level VSR 4-level SRM converter
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Figure 3.1: Proposed drive topology for high-speed SRM.

3.2.1 Front-end single-phase three-level VSR

The T-type single-phase VSR is adopted as the front end for the 4-level SRM converter in
the proposed topology. The resistance, filter inductance, DC-link current, DC-link voltage,
the voltage of capacitor C'; and C5 are denoted by R, Ly, t4c, Vae, Vo1 and veo, respectively.
The grid-side voltage, grid-side current, and rectifier voltage are represented by ey, 75, and u,
respectively. There are two single-pole triple-throw switching unites in this topology, namely
S, and S,. The switching state of S,,, w € {a, b} can be controlled by setting V;;, Vjo, Vi3, and
V4 to the proper state

+1 Vi, On, Vi3 On, Vis Off, V, Off
Sw=1{ 0 VsOn,VsO0n,V; Off, Viy Off w € {a,b} 3.1)
—1 Vi3 On, V4 On, V;; Off, Vj5 Off.

Suppose v, and v,y are well balanced, both point a and point b can be arbitrarily connected to
—l—%, 0, and —% by setting S, to the state of 1, 0, and -1, respectively. Therefore, the rectifier
voltage u4 can be described by

Su(Sa+1) = Sy (Sy+ 1)

Us = Ugm — Upm = Vel

2
3.2
S D-SS-1), (5-2)

2

The power in VSR follows the equation below
Ugls = Ve1l] — Vel (33)
where 7; and i, represent the DC-link current shown in Fig. 1. Based on Kirchhoff’s voltage
law, the voltage equation of single-phase VSR can be given by
dig 1

% = L_ (63 — Rsis — Us) . (34)
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Figure 3.2: The charging and discharging modes of the two capacitors under the effect of the
nine switching states.

There are nine switching states (S,, Sp) in the single-phase VSR, and different rectifier volt-
ages us can be obtained by applying these switching states on the VSR. For a better description,
the nine base switching-state vectors, representing the rectifier voltage in two-dimensional o3
stationary frame, are defined and shown in Fig. 3.3, and their corresponding regulation effect
on capacitor voltages are presented in Fig. 3.2. The specific definitions of these vectors are
described as follows:

- Base vector u;(1, —1) is defined as the large positive vector, whose amplitude and space
angle are vy, and 0°, respectively.

- Base vector uy(1,0) and u3(0, —1) are redundant small positive vectors for each other,
whose amplitude and space angle are both “¢ and 0°, respectively.

- Base vector uy(1, 1), u5(0,0), and ug(—1, —1) are redundant zero vectors for one another,
whose amplitude and space angle are all O and 0°, respectively.

- Base vector u7(0,1) and ug(—1,0) are redundant small negative vectors for each other,
whose amplitude and space angle are both —“5¢ and 180°, respectively.

- Base vector ug(—1, 1) is defined as the large negative vector, whose amplitude and space
angle are —v,4. and 180°, respectively.
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Table 3.1: u; and u; in each section

Sector | Sector 11 Sector 111 Sector IV

(7% Uiy us(1,0) us(1,0) ug(—1,0) ug(—1,0)
w; u3(0,—1) u3(0,—1) u7(0, 1) u7(0,1)

u; uy(1,-1) u5(0,0) u;(0,0) ug(—1,1)

ug(-1,0)
Ug(-1,1) u.(0,1) 1,-1)
< < —
Ve Ve a

2
N it
Figure 3.3: Base vectors and sector division.
Suppose u; = [ua,O]T is the desired rectifier voltage that needs to be synthesized by

SVPWM. Based on the theory of volt-second balance, the effect of «} during a control period
T, is equivalent to

T,=T +T, w;,u; € {u,us. .. ug} (3.5)

{ w1, = wT; + u;T;
where T; and T; denote the dwell time of base vector u; and w;, respectively. u; and u; can be
decided by identifying the sector where u} locates, which is shown in Table 3.1. Then, 7; and
T} can be calculated by bringing u;, u;, and u} into (3.5). Both the redundant base vector u,
and wu,;_ are used in modulation for capacitor balancing control. For a better explanation, the
voltage difference between v, (voltage of the upper capacitor C) and v, (voltage of the lower
capacitor () is defined as Av,, i.e., Av. = v, — v, and the effect of every switching state on
Aw, is listed in Table 3.2. It can be found that Av, not only depends on the switching states but
depends on the polarity of grid-side current i,, namely, sign (¢,). For the same i, the redundant
vectors u»(1,0) and u3(0, —1) have the opposite impact on Av.. Besides, for uy(1,0) (or
u3(0, —1)), its impacts on Awv, is opposite when i; > 0 and i < 0. The redundant vectors
ug(—1,0) and u,(0, 1) have the same impact on Awv, as uy(1,0) and u3(0, —1), respectively.
Therefore, capacitor balancing can be maintained by adjusting the dwell time of the above two
pairs of redundant vectors. Generally, a PI controller taking Awv, as input is used for capacitor
balancing control, and its output is the impact factor f, which adjusts the dwell time of u,, and
u;_ by
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/-Tz'-‘,- _ lfsigg(is)-fﬂ
_ 1+4sign(is)-f
,IZL‘_ — g2 CZ'; (36)
i, +T:i =T,
where —1 < f < 1. In capacitor balancing control, the polarity of i, should be evaluated firstly.
Then 7}, and 7T;_ should be adjusted according to f. It can be found from (3.6) and Table 3.2
that Av, will decrease if f > 0, yet Av,. will increase if f < 0. The dynamic regulation of f

can effectively keep the capacitors balanced without causing any effect on the modulation of w;
during the operation of VSR.

Table 3.2: The effect of base voltage vectors on Av,

ul(l,—l) ’UQ(LU) U3(0,—1) U4(11) U5(00) ’U,(;(—l./—l) 'll,7(071) ug(—l,O) 'ltg(—l,l)

Av, (is > 0) X 0 X X X 1} 0 X

1
Av, (is < 0) X 1 0 X X X 0 1 X

3.2.2 Back-end 4-level SRM converter

In the drive topology, a 4-level SRM converter is constructed based on the conventional split-
DC converter to connect to the end of the VSR with dual output voltage. It has four conduction
modes, namely, magnetization mode (denoted as 1), freewheeling mode (denoted as 0), demag-
netization mode (denoted as -1), and double-voltage demagnetization mode (denoted as -2).
The conduction mode combinations of the two phases of the 4-level SRM converter are illus-
trated in Fig. 3.4. There are two switches and two diodes in each phase, and the two phases are
connected in parallel on DC-link. No common switch is adopted in this converter. Given the
high back-EMF in phase winding, single pulse control (SPC) is adopted for high-speed SRM
control in this system. The magnetization mode and double-voltage demagnetization mode are
analyzed as examples.

1) Magnetization mode:

When S, and S, pe{ A, B} are switched on, the capacitor voltage v, is applied to the
winding of phase p. Supposing the capacitor voltages on DC-link are well balanced

(namely, v, = v = v. ), the voltage and current equations of this mode are given
by

_ > - 8 aLm,(imyer) N
U = Ve = Tl + Lo (im, 0,) 2 + S W,

im(t) = Ip1_ini e—t/mf (1 —et/m) a7
Req_m =Ty + aLm(Zma Qr)wr/aer

Ta = Lm (Zm7 0r>/Req_m
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where vy, U, Ty Lim, Ip1_ini» and w, denote phase voltage, current, resistance, induc-
tance, initial current, and angular velocity of SRM, respectively. Regularly, the energy
stored in phase winding is fully released at the end of every stroke, thus /,; ;,; = 0.

2) Double-voltage demagnetization mode:

When S, and S); are switched off, a reversed DC-link voltage equaling to —2v, is applied
to the winding of phase p and the mathematical model of this mode are given by

Un = =2, = Ty i+ L, 81) 5 + 22, G
’ém (t) - p2_ing e—t/Ta - Rz:_cm (1 - e_t/Ta) |

where 1,3 ;,; is the initial current in winding at the start of this mode. For high-speed
SRM, fast demagnetization is extremely important for the reduction of current tailing
time, which contributes to negative torque elimination.

The double-voltage demagnetization mode in this converter can be performed entirely. The
energy flow of any phase in this converter will not be affected by the conduction mode of the
other phases, which means fully inter-phase control independence has been realized. If some
advanced control schemes are going to be applied to this converter, all its conduction modes
can be performed flexibly to realize accurate current regulation.

The conduction mode combinations of conventional type of SRM converter featured with
split DC-link, i.e., the split-DC converter, are presented in Fig. 3.5. Just two conduction modes
can be applied to the SRM for this converter, namely, the magnetization mode (denoted as 1)
and demagnetization mode (denoted as -1). Compared with the conventional split-DC converter,
the 4-level SRM converter has two more conduction modes, and the newly constructed double-
voltage demagnetization mode is of great importance for high-speed SRM drive. For high-speed
SRM, the current drops very slowly due to the high rotational speed after being switched off.
In order to reduce the tailing time of the demagnetization current of the high-speed SRM, it is
vital to accelerate the current decreasing process by the fast demagnetization with —2v,,.

3.3 Integrated current control strategy based on virtual or-
thogonal system

3.3.1 Overall system descriptions

The proposed control system for high-speed SRM is presented in Fig. 3.6. The encoder signals
are sent to position/velocity estimator for position and velocity estimation. If rotor locates in the
conduction region of a phase, two switches of the corresponding phase are turned on together
for energizing; if not, the switches are turned off together so that the double-voltage demagne-
tization mode (—2v,.) can be applied to winding for fast demagnetization. The demagnetization
mode (—v,) is implemented in the 4-level SRM converter to achieve strict over-current protec-
tion.

From the conventional point of view, if the SPC were adopted, the motor speed can be ad-
justed by regulating the DC-link voltage of VSR. As is known to all that the DC-link voltage
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@

Figure 3.4: Conduction modes combinations in 4-level SRM converter. (a) (1,1). (b) (1,0). (c)
(1,-1). (d) (1,-2). (e) (0,0). () (0,-1). () (0.-2). (h) (-1,-1). (@) (-1,-2). () (-2,-2).

can be governed by manipulating ;. That means the speed can be regulated by controlling
DC-link voltage, during which process the DC-link voltage is regulated by controlling the 74 of
VSR. It is a rather complicated system because there are three control loops, i.e., speed control
loop, DC-link voltage control loop, and ¢, control loop. The implementation of this hypothetical
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(b)

Figure 3.5: Conduction modes combinations in conventional split-DC converter. (a) (1,1). (b)

-1,-1). (c) (1,-1).
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Figure 3.6: Proposed control system for high-speed SRM drive system based on 4-level SRM
converter.

method brings a very complicated parameter tuning process. In the proposed control strategy,
the motor speed is directly governed by manipulating 74, so the output of the speed PI controller
is the reference of the d-axis component of grid-side current () . can be either positive or
negative due to the bidirectional energy flow ability of the drive topology, which means the
energy not only can flow from the grid to the SRM but can flow back to the grid. The reference
of g-axis component of grid-side current (I ;‘) is set to zero for power factor correction. The
current decoupled strategy based on feedforward control is adopted to track /; and /; in the
proposed system. As a result, motor speed, grid-side power factor, and grid-side current THDs
in the system can be regulated simultaneously through the decoupling control of grid-side cur-
rent. That is to say, an integrated control strategy that controls the front-end VSR and the SRM
together by one algorithm has been realized.

3.3.2 Current control strategy

In the three-phase VSR system, the AC quantities is converted into DC quantities by transform-
ing the variables from abc stationary reference frame to orthogonal o reference frame then
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to dq synchronous reference frame. Afterward, based on the controller designed in dq frame,
satisfying control performance can be obtained. However, this method is not readily applicable
to the single-phase VSR because only the one-phase variables are available in the single-phase
VSR, yet the dq transformation needs two orthogonal variables.

In order to control the single-phase VSR in the same way as the three-phase VSR, a virtual
phase whose variables are orthogonal to those of the single-phase system is created. Then the
overall system can be easily represented in o reference frame, within which the original grid-
side variables ¢, are considered as the c-axis component of the vector .5 = [£a, fg]T and the
[-axis component £z is obtained by a 7/2 lag of its corresponding original grid-side variables
&s. Then, the voltage equation of the virtual two-phase system can be expressed as

dis

€uag = Rs’l:ag + LSW + Ungs- (39)
With the Park transformation
£ = cosfy sinéb, ¢ (3.10)
a1 _sin 0, cosf, b '

(3.9) can be transformed into

—R, wsL,
_wsLs _Rs

di :
Lsd—f — eq + big — Udg (3.11)

where &4, = (&4, fq]T ,0s = wst 1s the angle between the «-axis and d-axis in the virtual two-
phase orthogonal system, and wj is the fundamental frequency. A coefficient S; [64], which
represents the ratio between 14 and DC-link voltage, is defined as

Sy= L. (3.12)
Vde
It can be seen from (3.11) that there is a coupling between ¢4 and 7,, which increases the design
complexity of the controller. For the sake of decoupling, current feedforward control is adopted
and two intermediate variables, i.e. uy,; and u, should be defined

dig

ul, = LSE + R,igy (3.13)
di
uzq = Lsd—; + Rty (3.14)

where ug,; and uy, can be obtained by the PI controllers of i, and i,, respectively. After bringing
(3.13) and (3.14) into (3.11), the rectifier voltage w4, in dq reference frame can be given by
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Ug = eq +wsLgiqg — uly (3.15)

Uy = eq — wWsLglg — u:q.
With [ and I}, the rectifier voltage ug, can be obtained by the decoupled current feedback
control. Then, ug, is transformed back to o3 reference frame to obtain u,, which belongs to
the original single-phase phase. Finally, u,, is fed into the SVPWM block for drive signal pro-
duction, and ug that belongs to the virtual 3 phase is discarded. With the constructed virtual /3
phase, the AC quantities of the original single-phase system are transformed into DC quantities
in dq reference frame to obtain the control signal of the original single-phase system.

3.3.3 Enhancement of current THDs and power factors

The THD is defined as the ratio of the equivalent RMS current of all the harmonic frequencies
(from the 2 nd harmonic on) over the RMS current of the fundamental frequency:

\/ 220:2 172177’7715
THD = (3.16)

Ifund, rms

where I, ;s and Ifynq rms are the RMS current of the nth harmonic and the fundamental
frequency, respectively. In the proposed system, the grid-side current THDs are reduced by
controlling the d-axis and g-axis components of grid-side current to be constant in the decou-
pled current control strategy. The variables in a3 reference frame can be derived by applying
the inverse Park transformation matrix to the corresponding variables in the synchronous dg
reference frame

£ = cosf, —sinf, ¢ (3.17)
7| sin@, cosé, da- '

Thus, the original grid-side current i, (is = i,) can be written as

is = cos (wst) 1g — sin (wgt) 7. (3.18)

If 74 and i, of the virtual orthogonal two-phase system are constant, ¢, can be rewritten as

is = 1/i5+ 12 | cos (wst) ~ M (wst) S
= /i3 + 12 (cos (wst) cos p — sin (wt) sin @)

= K cos (wyt + )

(3.19)

where K = /i%+ zg and ¢ = arctan <Z—Z> It can be seen from (3.19) that ¢, is a standard
sinusoidal curve, whose frequency is the fundamental frequency w,. In this case, THDs are
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around zero because [,, s = 0 in (3.16). Therefore, by controlling ¢; and 7, to be constant in
the system, 7, can be a standard sinusoidal curve with low THDs.

This system realizes the integrated control of VSR and SRM, within which the motor speed
is regulated by ¢,. In steady-state condition, the output of speed PI controller, i.e., reference
of d-axis component of grid-side current [, is a constant, and reference of g-axis component
of grid-side current /; = 0 is set in the system for power factor correction. That means the
THDs can be well controlled if 74 and 7, can successfully trace their references in the current
feed-forward algorithm. Because 74 control loop is a stable first-order inertial element, and fast
response can always be ensured by setting a proper cross-over frequency. The block diagram of
14 control loop has the same form as that of the i4 control loop, and they use the same control
parameters. Therefore, low current THDs can be obtained in this system.

Power factor is related to the displacement factor cos ¢ and the quotient of the RMS value of
fundamental current divided by the total RMS value [65]

Ifundrms

Power factor = oS . (3.20)
ZZO:I ]g,rms

As can be seen, the regulated low reactive power and low THDs contribute to favorable power
factors. In the instantaneous power theory, the real power p(t) and reactive power ¢(t) can be

expressed as
p(t) \ 3| ealt) es(t) in(t)
( Q(t) ) -2 [ 65(t> —ea(t) ] < iﬁ(lf) > : (3.21)

Applying Park transformation to 3.21 gives

1q(t 2 t
a(t) ) _ P a2
lq(t) 3ea(t) \ q(t)

It can be seen from above that the reactive power depends on 7,, and low reactive power can

be are obtained by further regulating the g-axis current to the value near zero. Consequently,
near-unity power factors can also be obtained in the proposed system.

3.3.4 System transfer function

The control block diagram of the d-axis component of grid-side current can be drawn as the
highlighted part of Fig. 3.7, which is the control block diagram of the proposed high-speed
SRM drive system.

The open-loop transfer function of 7, control loop is given by

Sch + Kci 1
s sL,+ R,
where K., and K, are the proportional and integral gains for the current PI controller. By

designing % = IZCP , the closed-loop transfer function of i, control loop can be simplified as

Gee(s) =

(3.23)

Doo(s) = iq(s) sKep + K 1

= = = 3.24
I;*(s)  Lss®>+sRs+sKep + Ko Tees+1 (3.24)
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Figure 3.7: Block diagram of the high-speed SRM drive system based on 4-level SRM con-
verter.

where T,. = Ig— = wl is the time constant of this first-order inertial element and w,, is the
cp cc

cross-over frequency. Applying Kirchhoff’s current law to the drive topology in Fig. 3.1 gives

d’UdC
- C
L + It

= Sqiq (3.25)

where C' = C = (3, Sqe(0, 1) is the equivalent coefficient and can be regarded as a constant in
steady state [64], and i,,, is the winding current. The expression of voltage and electromagnetic
torque of SRM [66] can be given by

di

Ve = i 4 Lm—;t + Kyw, (3.26)
1.

Tom = 5 Kyim (3.27)

where K, = CZZ’T:”, and ¥, "oy L, Tem, and w, denote flux linkage, resistance, inductance,

electromagnetic torque, and angular velocity of SRM, respectively. Moreover, the relationship
between electromagnetic torque and angular velocity is given by

dw,
dt
where 1}, J, and B represent load torque, moment of inertia, and viscous friction coefficient,

respectively. Then, given the value of the system parameters, the open-loop transfer function of
the proposed control strategy can be written as

Temzf-rl—i_Bwr—i_J

(3.28)

TsiS + 1 1 1
Gsc = Ks 3.29
() Prys Taes+1Ty,s ( )

where K, and 7, are the proportional gain and integral time constant of the speed controller,
respectively, and T,, = (2CK,? + 2.J) /S4K,.K, and 7; can be chosen in accordance with
the "symmetrical optimum" [67], which is a standard design procedure for transfer functions
containing a double integration. Its main idea is to choose the cross-over frequency at the
geometric mean of the two corner frequencies, to obtain maximum phase margin, which in turn
will result in optimum damping of the speed loop. By normalizing with

T = 0T, 0>1 (3.30)

the cross-over frequency w,; of G.(s) can be written as
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1 1
wCS = \/77 = 6T (3.31)

From the cross-over condition |G, (jw.s)| = 1, the gain of the speed controller can be given by

Lo

The closed-loop transfer function can be written as

Kgy1sis + K
Dy(s) = KA i . 3.33
(8) chTwTsi53 + 7111)7—51'52 + KsstiS + Ksp ( )
Then, the characteristic equation of the proposed system is
D(s) = ToTyrsis® + TuTsis” + KopTas + K (3.34)

and its first column in Routh array is [T0..T,,Tsi, Ty Teis KepTee (62 — 1), K sp]T. It can be found
all elements in this column is positive, which, according to Routh’s stability criterion, proves
the stability of the proposed system.

3.4 Simulation evaluation

The simulation model of the proposed high-speed SRM drive system constructed in Mat-
lab/Simulink is shown in Fig. 3.8. The power converter and SRM are constructed based on the
library blocks, and the control strategy is realized by Matlab Function. Fig. 3.9 presents the
steady-state simulation results at the rated speed. For the grid side, a sinusoidal shape grid-side
current, which is in the same phase as the grid-side voltage, is obtained during the operation of
SRM. The capacitor balancing control has been successfully implemented, so the curves of vy
and v.o overlaps. Independent regulation for the d-axis and g-axis component of the grid-side
current has been realized based on the current feed-forward control. The g-axis component of
grid-side current is kept at around O A to control the grid-side power quality while regulating
the d-axis component i, to around 7.8 A for motor operation. For the motor side, even if the
motor operates at 25000 r/min, the tailing current declines rapidly under the double-voltage
demagnetization mode of the 4-level SRM converter.

The dynamic test results when speed changes from 20000 r/min to 25000 r/min to 18000
r/min are shown in Fig. 3.10. The sinusoidal gird-side current and balanced capacitor voltages
can be obtained during the whole dynamic process. In the proposed system, the high-speed
SRM is controlled by 74, so once the speed command is changed from 20000 r/min to 25000
r/min, ¢4 is immediately increased to provide more power for SRM, and the capacitor voltage is
boosted from 85 V to 135 V accordingly. When speed command is changed from 25000 r/min
to 18000 r/min, the direction of 7,4 is immediately reversed, and the phase difference between
grid-side voltage and grid-side current has been changed from 0O to 7 (the power factor has been
changed from 1 to -1 ). In this process the energy starts to flow from the DC side to the grid to
reduce the motor speed as soon as possible. As a result, the speed is rapidly reduced by directly
transferring the excess energy back to the grid.
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Figure 3.8: Simulation model of the proposed high-speed SRM control system.
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Figure 3.9: Steady-state simulation results at rated speed of 25000 r/min.

Table 3.3: Experimental parameters of the system with 4-level SRM converter

VSR PMSM
Parameter Description Value  Parameter Description Value
es(V) Grid-side voltage (peak) 100  T.,(N-m) Rated torque 0.12
R(Q) Filter resistance 0.004 n,(r/min) Rated speed 25000
Ls(mH) Filter inductance 4 N, /N, Number of stator pole 4
C1, Cy(uF)  DC-link capacitor 2720 Iy, (mm) Number of rotor pole 2

3.5 Experimental evaluation



CHAPTER 3. GRID-CONNECTED HIGH-SPEED SRM SYSTEM WITH FAST
52 DEMAGNETIZATION VOLTAGE

200

A

" iii—

20 | | Grid‘currentiS[A] ‘ " Speed n [r/min]

S oo ® —

10

[y
o 9

-10
-20
-30
200

150 '
(101 QY S—

50 ¢ R

Phase voltage of SRM V, [V

| Capécitor voitage Vg and Ve, [V]

28 | D-axis component of grid current 1 and 1y [A]

0 | e~
o |~
10 -

| | | 1.5 | | | |
0 0.5 1.0 15 2.0 25 3.0 35 0 0.5 1.0 25 3.0 35

0 15 20
Time () Time (s)

Figure 3.10: Dynamic simulation results when speed changes from 20000 r/min to 25000 r/min
to 18000 r/min.

3.5.1 Experimental parameters and flowchart

A testbench is constructed to verify the feasibility of the proposed SRM drive system. A 4/2
high-speed SRM with fan-type load is coupled to proposed drive topology and subjected to ex-
tensive tests. The rotor position is measured using a high-speed 1024-line incremental encoder
(HEIDENHAIN ERO1420). A digital signal processor (DSP)-based (TMS320F28335) con-
troller manages the control of the whole system. The control period 7 is set to 20 kHz in the
algorithm. Fig. 3.11 shows the photograph of the testbench used to verify the proposed idea.
The specifications of the proposed drive topology and SRM are shown in Table 3.3. An off-
the-shelf T-type single-phase three-level VSR (F3L75R12W1H3_B27) from Infineon is used as
the front end. Four switches (IXGH72N60B3) and four diodes (DSEI60-06A) are used to con-
struct the 4-level SRM converter. The flow chart of the proposed control strategy is presented
in Fig. 3.12.

3.5.2 Experimental results
3.5.2.1 Steady-state performances

Fig. 3.13 presents the experimental waveforms of the ten operating combinations of the 4-level
SRM converter. It can be found that each of the four conduction modes can be applied to the
converter successfully. Since the conduction mode of one phase will not be affected by that of
the other phase at all, full inter-phase control independence has been realized.

For high-speed SRM, the current drops very slowly due to the high rotational speed after
being switched off, so it can easily persist into the inductance decreasing region. To ensure the
performance of the high-speed SRM drive system, it is crucial to accelerate the current decreas-
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Figure 3.11: Idea-proofed testbench of the system with 4-level SRM converter.
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Figure 3.12: Flow chart of an interrupt service routine.

ing process by fast demagnetization mode. The conventional demagnetization mode (—v.) cor-
responds to a slow demagnetization process, yet double-voltage demagnetization mode (—2v,)
can realize a fast demagnetization. It can be found from Fig. 3.14 that the double-voltage de-
magnetization mode can significantly reduce the tailing time of the demagnetization current,
compared with the conventional demagnetization mode.

The steady-state experimental results obtained at 20000 r/min and 25000 r/min are shown in
Fig. 3.15 and Fig. 3.16, respectively. It can be found that the voltage of C'; and C' coincide
with each other all the time, which means the capacitor balancing control has been successfully
implemented. Stable DC-link voltage whose value is around 160 V is obtained, and the voltage
ripple is observed to be + 2 V in the experiment. Independent regulation for the d-axis and
g-axis component of the grid-side current has been realized based on the current feedforward
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Figure 3.13: Experimental waveforms of the ten operation combinations. (a) (1,1), (-1,-2), and
(1,0) are presented. (b) (0,0) and (0,-2) are presented. (c) (0,-1), (-1,-1) and (1,-1) are presented.
(d) (1,-2) and (-2,-2) are presented.

control. A dual, 12-bit serial input digital-to-analog converter (DAC) 7612 is used to present
the curves of ¢4 and 7,. Moreover, an offset has been added to DAC output to display both
the positive and negative value of ¢4 and %, so the blue and purple short lines locating on the
left-most side of the curves indicate O A for 74 and ¢,, respectively. This setup is also applied to
all the curves of ¢4 and 7, presented in this chapter. The g-axis component of grid-side current
has been kept within 4= 0.15 A to control the grid-side power quality. The d-axis component is
regulated to 4.2 A to provide enough active power for motor operation. A sinusoidal grid-side
current which is in the same phase as the grid-side voltage is obtained during the operation of
SRM. For the motor side, as has been shown in Area 1 of Zoom 2 window, the current tailing
time in the demagnetization process has dramatically decreased because of the adoption of the 4-
level SRM converter. Although the motor is running at 20000 r/min, the tailing current declines
rapidly under the double-voltage demagnetization mode. Fig. 3.16 displays the waveforms
when the motor runs at 25000 r/min. v.; and vy are still well balanced. The DC-link voltage
is increased to 260 V, and the ripple at 25000 r/min is within £ 2.5 V. ¢, has been regulated
within + 0.2 A to reduce the reactive power flow in grid, and ¢, is around 7.6 A to provide
enough energy for the SRM. A standard sinusoidal grid-side current is obtained, even if the
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Figure 3.14: Experiment results at 25000 r/min. (a) Demagnetized by -2v.. (b) Demagnetized

by —v..

pulsatile current is flowing on DC-link. The harmonic spectrum of grid-side current at 20000
r/min and 25000 r/min are illustrated in Fig. 3.17. With the proposed drive topology, the THDs
have dropped down to the value within 5 %.
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Figure 3.16: Steady-state experimental results at 25000 r/min.

3.5.2.2 Transient-state performances

Fig. 3.18 shows the dynamic test result when the motor starts from standstill to 25000 r/min.
As can be seen from the Zoom 1 window that the grid-side current can respond to the increased
load torque and rotational speed in time once a new speed command is issued. Although there
are some burrs on the curve of 7,4, they are just the noises on the output port of DAC because
grid-side current does not present any corresponding change that matches those burrs. Double-
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Figure 3.17: Harmonic spectrum of grid-side current at different speeds. (a) At 20000 r/min.
(b) At 25000 r/min.

voltage demagnetization is realized once phase switches are turned off. Strict over-current
protection has been performed in the starting process. It can be seen in Area 1 that the current is
chopped in the conduction region every time the current reaches the predefined maximal thresh-
old (9.5 A). Despite there is a voltage difference between the two capacitors in the first serval
periods, the two capacitors can be pulled back to a balanced state by the capacitor balancing
control.

The dynamic test result when speed changes from 20000 r/min to 25000 r/min to 20000
r/min is shown in Fig. 3.19. In Zoom 1 window, when the speed command changes from 20000
r/min to 25000 r/min, ¢4 is increased to 12 A to provide more active power at the motor shaft.
The sinusoidal gird-side current that is in phase with grid-side voltage can be obtained during
the whole dynamic process. SRM is directly controlled by 4. Most importantly, once the re-
duced command speed is issued, the direction of ¢4 is immediately reversed to reduce the motor
speed as soon as possible, which means the energy starts to flow from DC side to grid. During
this process, the phase difference between grid-side voltage and grid-side current changes from
0 to 7, and accordingly, the power factor changes from 1 to —1. Thanks to the ability of bidirec-
tional energy flow of VSR, the speed is rapidly reduced by transferring the excess energy back
to the grid.

The speed error waveform during speed regulation is shown in Fig. 3.20. An offset has been
added to the DAC output of speed error, so the short pink line on the left side of the curve
indicates O r/min. Besides, an upper-lower limit is set to avoid unnecessary overflow when
command speed changes abruptly. Based on the proposed drive topology, the speed error can
be governed within 15 r/min at steady state.
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Figure 3.19: Dynamic test results when speed changes from 20000 r/min to 25000 r/min to
20000 r/min.

3.5.2.3 THDs and power factors

Fig. 3.21 shows the power analyzer screenshots of the proposed drive system composed of
VSR and 4-level SRM converter. U,p,s1, [rmst1, P1, @1, 51, and A\; denote the voltage, current,
active power, reactive power, apparent power, and power factor of grid-side, respectively. 7,
is calculated based on the active power at SRM winding terminal and grid-side, which is the
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efficiency of the whole drive topology. 7, is the efficiency of the front end connected before
the SRM converter. Compared with the conventional DBR, all the front ends with power factor
correction will unavoidably cause drop in efficiency, which is brought by the frequent switching
action of power switches, whereas high grid-side power quality can be obtained. The THDs
and power factors of the proposed system has been summarized in Fig. 3.23. It can be seen
that the power factor in the proposed drive system has been increased to around 0.99, and grid-
side current THDs have been reduced to below 5%. Fig. 3.22 presents the power analyzer
screenshots when tests are carried out on the topology composed of the VSR and the split-DC
converter. In the experiments, the mechanical output power has been controlled to be the same
at the same speed. The split-DC converter adopts conventional demagnetization mode (—v.),
which corresponds to a relatively long current tailing time. It can be found from Fig. 3.21 and
Fig. 3.22 that the topology based on split-DC converter consumes more grid-side active power
than the topology based on 4-level SRM converter when providing the same output power,
which indicates the lower efficiency of the split-DC converter. However, no matter which SRM
converter is adopted, the front-end VSR always has a satisfying regulation effect on grid-side
power quality since the power factor has been controlled around 0.99.

3.6 Summary

A novel drive topology has been proposed for a high-speed SRM drive system, and a series
tests are carried out on a testbench to show the validity of the proposed control strategy. The
contributions of this chapter are as follows:

1) Realize the fast demagnetization. A new four-voltage-rail SRM converter without the
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Figure 3.21: Screenshots from power analyzer when —2v,. is used for demagnetization. (a)
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Figure 3.22: Fig. 12. Screenshots from the power analyzer when —v.. is used for demagnetiza-
tion. (a) 18000 r/min. (b) 19000 r/min. (c) 20000 r/min. (d) 21000 r/min. (e) 22000 r/min. (f)
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common switch is proposed, within which the full control independence of every phase can be
realized. Its double-voltage demagnetization mode can significantly reduce the current tailing
time, which improves the drive performance of the high-speed SRM.

2) Regulates the front-end converter and SRM together. The control of front-end VSR and
SRM are integrated into one current control strategy based on virtual orthogonal system, within
which the d-axis and g-axis component of grid-side current control the SRM speed and grid-side
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Figure 3.23: THDs and power factors at different speeds.

power factor, respectively.

e Control the SRM speed. Stable speed is realized, and the speed error can be governed
within 4 15 r/min at 25000 r/min in the experiment.

e Control the grid-side power quality. The grid-side power factors in the topology based on
conventional diode rectifier are just around 0.7, yet they have been increased to around
0.99 through the control of ¢,. The grid-side current THDs in the topology based on the
diode rectifier are up to 92 %, yet the THDs of the proposed drive topology have been
reduced to below 5 %.

3) Realize the bidirectional energy flow. In the proposed system, the energy not only can
flow from grid to motor but can be fed back to gird under the regulation of grid-side current.



62

CHAPTER 3. GRID-CONNECTED HIGH-SPEED SRM SYSTEM WITH FAST
DEMAGNETIZATION VOLTAGE
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CHAPTER 4

P-DBPC strategy for grid-connected high-speed
SRM system

4.1 Introduction

The control simplicity of SRMs has made them attractive research objects in these decades
[68,69]. Additionally, the singly-excited doubly salient structure without permanent magnet,
excellent fault-tolerance ability, and fast acceleration capability enable SRMs’ reliable opera-
tion at high speeds and high temperatures. Conventionally, the DC source required by the SRM
power converter is supplied through the DBR, but a large amount of reactive power and current
harmonics are induced into the grid, which is incredibly harmful to the system [70]. To get a
satisfactory gird-side power quality, several DBR-connected DC-DC topologies are developed
for SRM drive to improve the power factor. In [71], a front-end converter is employed to reg-
ulate the DC-link voltage in motor driving mode, and in idle mode, the front-end converter is
arranged as a buck converter to charge the battery from AC input. Four diodes of the motor
converter are utilized to form the buck converter, and the inductors of two motor windings are
used as the input filter components during each half AC cycle. However, the additional circuit
increases the costs and reduces the power density. In [72], a compact battery-powered SRM
drive for electric vehicle with voltage-boosting and on-board power-factor-corrected-charging
capabilities is presented. The three-phase windings of the SRM is reused and one additional
diode and one relay need to be employed, which not only increases the semiconductor device
but also may generate torque. In [73], intelligent power modules (IPMs) are adopted to re-
alize an integrated driving/charging drive for SRMs. Five legs of two IPMs are employed to
construct the modified four-phase ASHB converter, and a front-end DC-DC boost converter is
formed by the remaining one leg to boost the DC-link voltage from a battery. During charg-
ing mode, some IPM power devices and motor windings are arranged to form a buck-boost or
buck converter to convert the AC input to charge the battery with good power quality. In [74],
a highly compact topology that realizes high power factor for the charging mode is proposed
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for electric vehicle applications. The new drive topology reuses the stator winding and power
devices of SRM converter. The diodes in two phases of ASHB converter are used to form the
DBR to convert the AC voltage into DC voltage firstly. The winding and three power devices
of the third phase are used to form a single-phase DC-DC boost converter to improve the power
factor of AC input. Motor driving mode and charging mode with unity power factor can be
switched by adding just one relay to the main drive circuit. Due to the application field, the
aforementioned topologies do not need to realize power factor correction during the operation
of SRM, but its concept based on AC-DC and DC-DC boost converters is generally adopted in
grid-connected SRM drive system for power factor correction. In [75], the front end supplying
two equal output voltages for the back-end split-DC converter is adopted for power quality im-
provement. However, since each capacitor on the DC link manages the energizing for one phase
of SRM, the symmetry of capacitor voltages must be emphasized. Moreover, the computation
burden caused by the enumeration algorithm is heavy for the controller. In [20], by adding
the high-frequency capacitor and adequately designing the bulky capacitor in the switch-mode
rectifier, the voltage spikes on the DC link are damped to facilitate the improvement of the line
drawn power quality. Nevertheless, the inter-phase control independence is weakened due to
the coupling between excitation mode and demagnetizing mode in the back-end SRM converter.
In [25], the developed SRM drive system performs harmonic cancellation by treating the line
current and ripples as disturbances, yet several control strategies are simultaneously employed.
In [76], a circuit modified on the single-ended primary inductor converter is researched, but
the speed is not directly governed in the control strategy. The DBR-connected topologies also
can be replaced with AC-DC topologies to enhance the power quality. In [29], the three-level
converter is developed to drive the SRMs, but many power devices are employed in the system,
which is low cost-effective. The drive circuit in [77], which is made up of two Cuk circuits, is
developed to generate dual equal output voltages for SRM split-DC converter, and the circuit
actually acts as an individual Cuk converter during individual half cycles of the input voltage.
However, an additional controller is requisite to keep the upper and lower capacitor on DC link
balanced.

Enhanced grid-side power factor can be achieved in the above SRM drive systems, but the
energy cannot be transferred back to the grid. In [78], a SRM drive topology with bidirectional
energy flow and fast demagnetization voltage is proposed, and a current-regulated strategy is
developed in a virtual orthogonal system in which a fictitious phase is specially constructed to
ease the modeling and control in dq coordinate plane. The phase-locked loop and rotatory trans-
formation are requisite in the system, both of which complicate the system control. Moreover,
the balancing control for the DC-link capacitors should always be considered by an additional
control loop which inevitably increases the system control complexity. In this chapter, the mod-
eling and control for the SRM drive system are completed in the stationary coordinate plane in
the proposed P-DBPC strategy, so the phase locking and rotatory transformation for variables
are unnecessary. More importantly, since the SRM drive can be regarded as a load of the VSR,
a direct connection of power between the front-end VSR and back-end SRM is built, and the
SRM is controlled by manipulating the instantaneous active power flowing to the motor side.
An online observer is employed to make sure the instantaneous active power and instantaneous
reactive power can tightly track their respective references. The errors between the predicted
and actual power are considered as disturbances. The feed-forward action of the errors ensures
that the estimated disturbance term is added to the calculated voltage reference, thereby provid-
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ing a robust control. Hence, the errors caused by the mismatches between nominal values and
the practical value of the parameters can both be compensated by adding a term to the expres-
sion of the desired voltage vector. Additionally, without causing computational burden on the
controller, an A-SVPWM approach is developed to improve system efficiency by reducing the
switching action of power switches.

4.2 Drive topology and mathematical model
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Figure 4.1: The drive topology of high-speed SRM drive based on P-DBPC.
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As can be seen from Fig. 4.1, each leg of the VSR has two switches, and they must be
controlled in complementary pairs. The terminal voltage of VSR, i.e., u,, z € {a,b, c} can be
set either to vpc or 0 by configuring the switching state s, of each leg

Uy = {UDC S0 = 10 Ony 522 OFS) - {a,b,c} . 4.1)
0 Sz = 0(8z1 Of f, 8p2 On)
Totally, there are eight switching states in this VSR
8, € {[0,0,01",[0,0,1]%, -+ ,[1,1,0]",[1,1,1]"} (4.2)
where 8, = [s,, 83, 8¢/, v € {0,1,---,7}. To ease the modeling and controller design, vari-

ables &5, = [€as &b, é’c]T in abc coordinate plane are transformed to élm = [£a; SB]T in stationary

af} coordinate plane by fa[g = Mabc_aggabc, with M,.—op being the Clark-transformation
matrix

- 211 —-05 —-05 | =
gaﬁzglo V3 3 ] €abc~ (43)
o 2 2
Ma;crfa[j

Thus, the model of the VSR in stationary o3 coordinate system is given by

— s dzoc —
Enp(t) = Rytas(t) + Lgd—tﬂ + Tas(t) (4.4)
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where e, ¢, u, Ly, and IR, are grid-side voltage, current, converter voltage, filter inductor, and
filter resistor, respectively. Each of the eight switching states S, has a corresponding converter
voltage vector [79]

ﬁaﬂ (t) = Mabc—aﬁ (ﬁabcn<t) + Upn (t)) = Mabc—oa/ﬁgv (t)UDC (45)

where Uapen = [Uan, Ubn, Uen| T and u,y is expressed as

1
upn(t) = _§UDC S (4.6)
r=a,b,c
For the convenience of description, eight base vectors denoted as u,, v € {0,1,--- 7} are

defined to represent the converter voltage vectors corresponding to S, in a5 coordinate plane.

4.3 Instantaneous power theory

For power systems with sinusoidal voltages and currents, quantities such as active power, reac-
tive power, etc., are based on the average concept [80]. Many contributors have attempted to
redefine these quantities to deal with three-phase systems with distorted currents and voltages.
Among them, Akagi et al. [81] have introduced an interesting concept of instantaneous power
theory. This concept gives an effective method to control the instantaneous real and reactive
power for three-phase systems, and the detailed definitions are presented as follows.

Consider the network whose terminal voltages and currents are €,,. = [eq, €5, eC]T and 'Zabc =
[ia, i, iC]T, respectively. The instantaneous real power in the time domain is expressed as [82]

p(t) = €a<t>ia<t> + eb(t)ib(t) + ec(t)ic(t) (47)

where i, + i, + i, = 0. €4, and fabc in (4.7) can be expressed in terms of their corresponding
space phasors e(t) and ()

p(t) = R {e(t)e”} R {i(t)e’} + R {e(t)e—ﬂé“} R {i(t)e—zé”}
+ % {e(t)e i m{a()ein}

v . 4 . A ,
where e(t) = 2 [eﬂoea(t) + eTimey(t) + eﬁﬂec(t)} and i(t) = 2 [ejoia(t) + 737y (1) + e]%”ic(t)]

(4.8)

3
are space phasors, and R{ } is the real-part operator. Based on the identity &t {&1} R {&2} =

(R{& &+ R{€ES}) /2, (4.8) is expressed as

_ R{e(®i(h)e’} + R{e®ir®)} | R {e<t>i(t)e‘j§”} + R{e(t)i*(1)}
- 2 2 4.9)

% {e(t)i(t)e 7 |+ R {e()i(1)}
k .

p(t)

+
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where * indicates the conjugate complex. Since ¢/0 + ¢ =737 4 ¢ 37 = (, (4.9) is simplified to

p(t) = SR {e(t)i* (1) (4.10)

To achieve the analogy with conventional phasor analysis, the definitions of the instantaneous
reactive power and the instantaneous complex power are given by [82]

g(t) = gg{e(t)i*(t)} @.11)
s(t) = p(t) + jq(t) = ge(t)i*(t) @.12)

where J{ } is the imaginary-part operator. e(t) and ¢*(¢) in the above expressions also can be
expressed in two-phase a3 reference frame as below

éag(t) = €4 +je/3 (413)
ir5(t) = i — jip. (4.14)

To obtain equivalent expressions in terms of a3-frame variables, the following expressions can
be got by substituting (4.13) and (4.14) into (4.10) and (4.11)

DO W

ealt)ialt) + es(0)ia(t)] = SR (€uslt)ia(t)) (4.15)

[—ea(t)ig(t) + es(t)ia(t)] = gg (5aﬁ(t)7?;ﬂ(t)> . (4.16)

p(t) =

q(t) =

Nl Wl w

4.4 Proposed P-DBPC strategy

In this section, a deadbeat power control strategy is proposed to govern the front-end converter
and back-end SRM shown in Fig. 4.1 simultaneously. Stable SRM control is achieved by con-
trolling the instantaneous active power in the drive system. Enhanced grid-side power quality
is achieved through directly reducing the instantaneous reactive power. P-DBPC with distur-
bance observer can make sure the active and reactive power can track their references without
steady-state error even the inaccurate parameter is adopted in the calculation. Besides, without
causing burden on the controller, A-SVPWM is developed to increase the system efficiency by
lowering the frequency of switching action in the C-SVPWM.

4.4.1 Overall system description

As can be seen from Fig. 4.2, the position 6, and angular velocity w, of the SRM are computed
in position estimator through the feedback encoder signals from the motor shaft. Then the two
phases of the high-speed SRM are energized in turn according to ¢, under SPC. The turn-on and
turn-off angles of phase winding are determined by the experiments of proposed drive system
in advance to form a predefined lookup table, and different turn-on and turn-off angles are used
at different speeds. The output of speed PI controller of the back-end SRM is torque reference
T, and the active power reference P* is obtained by multiplying 7™ by the angular velocity
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Figure 4.2: The proposed control system of the high-speed SRM drive based on P-DBPC.

w,. P* 1is the desired instantaneous active power required by the motor side, and it is directly
provided by the front-end VSR through the instantaneous active power control of P-DBPC. In
this way, a direct connection of power between the front-end VSR and back-end SRM is built,
and the whole system can be controlled by manipulating the instantaneous power flow. The
overall system control block diagram and the design of the speed controller are presented in the
latter part.

4.4.2 Control strategy description

In the proposed system, P-DBPC with disturbance observer is employed to make the input
active and reactive power follow P* and Q* (Q* = 0 for unity power factor), respectively.
It takes advantage of the power model in the stationary a3 coordinate plane to calculate the
desired converter voltage vector, with no demand for dq rotation transformation. In light of
the instantaneous power theory, the instantaneous active power p(t) and instantaneous reactive
power ¢(t) can be described by

b)) 3 [l o) ]
( )‘5[%(1%) —ea<t>] oot Y

The relationship between e,, and eg can be described by

d (eq(t - t
afre (t) _ wgeg(t) (4.18)
dt \es(t) wgeq(t)

where w, = 27 f denotes the angular frequency of the grid-side voltage. Equation (4.4) can be

rewritten as:

d - 1

gitest) = _g(éaﬁ(t) — Ryias(t) — tap(1)) (4.19)
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Substituting (4.18) and (4.19) into (4.17) gives
a0 _3 [eal) est) ][ ealt) = ualt)
dt \ q(t) )] 2Lg | es(t) —ealt) | \ es(t) —up(t)
—7p(t) — wya(t)
+ R .
—724(1) + wep(?)
(4.20) can be transformed into the followmg form after being applied with the backward Euler
calk]  eslk]

discretization.

plk+1] \ 3T,

alk+1] ) 2Ly | eslk] —ealk
+ plk] = Seplk] sng[k]

qlk] - T“R“ q[k] + TwgplF]

where £[k], {[k + 1], and T denote variable Value at instant £ and k& + 1, and control period,
respectively. (4.21) holds when the actual values of the inductor and resistor, i.e., L, and R,
are brought into the expression. However, it is actually the nominal values, i.e., L, », and R p,,

are involved in the calculation of the prediction since L, and R, are unknown. Considering
those uncertainties as a dynamic disturbance, (4.21) can be rewritten as

(4.20)

(4.21)

(pvm]) _ 3Ty [ealk] sl (ea[k]—ua[k])
qlk +1]) " 2Lgno |eslk] —ealk]| \eslk] — uslk] )
L—Sheme T, | (K] T, (g,lk] '
+ ngs 1_% <Q[k]> Lg,no (gq{k]>

where the subscript "no” represents the nominal value, and g, and g, are the disturbances.
Assuming that the values of g, and g, are constant during each sampling interval [83], [84], so
Luenberger disturbance observer can be constructed as below

ﬁ[k + 1] €a [k] €a [k]
gk +1] | 37, |eslk] —ealk] (ea[k] — Ugy [k})
Glk+11 | 2L, | O 0 eslk] — uglk]
Jqlk + 1] 0 0
R (4.23)
plk] 0 0| /plk] - plk]
[k 0 0 k] — gk
| alk - [t
plK] ly O | p[k] — p[K]
9qlk] 0 2| \qlk] — q[k]
I I N
_ ’Tng,no _ T
where E = wols 1 Lg,no 0 Lgno | and the gains (I1, l3) of the observer
0 0 1 0
0 0 0 1

can be selected by the pole placement method [85], and é , ¢ € {p,q, 9p, g4} represents the
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estimated variable. Deadbeat control is to calculate the desired variables by presuming that the
system attains the intended behavior at the very end of every control period. Hence the desired
voltage vector can be calculated by bringing p[k + 1] = P* and ¢[k + 1] = Q* = 0 into (4.22)

oL calk]  eslk]
Uoglk] =€ap[k] — —2"—
A =l = S TP [eoli) —ecl
* TSR no T. ~ (4.24)
(P = plk] + EReeplk] + Twgqlk] + 72 g,[K
Q" — qlk] + Tz glk] — Twgp[k] + 72=g,[k] |

The error caused by the mismatched parameters is considered as the disturbance to correct
the expression of the desired converter voltage, thereby providing a robust control. The im-
plementation of P-DBPC with disturbance observer within instant % is described as follows.
Firstly, p[k] and ¢[k] are computed according to the measured €, (k] and i,4[k]. §,[k] and §,[k]
in (4.24) are estimated disturbances that are already obtained in the interval of [k — 1, k|. Then
with the above values, the desired converter voltage u,s[k] can be calculated by bringing up-
dated P* and Q* into (4.24). Besides, in order to prepare the calculation for the next instant
(i.e., instant k+ 1), p[k+1], ¢[k+1], §,|k+1], and g, [k + 1] should be predicted based on (4.23)
where p[k] and ¢[k] are already obtained in the interval of [k — 1, k]. Since §,[k] and g,[k] are
obtained from the last interval, both g,[0] and §,[0] equal O in the calculation of 4,z3[0] within
the initial instant £ = 0. Finally, through synthesizing and applying the calculated w,z[k], the
active and reactive power can reach their references without steady-state error.

4.4.3 Description of A-SVPWM

/ 1 Al fo u(//;’I

~/ ﬁl(low

ul,

Figure 4.3: Base vectors and sector division.

U,p|k] should be applied to the VSR through SVPWM. The base vectors and sector division
of SVPWM are shown in Fig. 4.3. The switching patterns of conventional C-SVPWM when
U,p(k| locates inside sector I are presented in Fig. 4.4(a), and there are eight switching patterns
within a control period (T}). to, t1, and ¢, represent the dwell time for zero voltage vectors (ug
and ), U, and U, respectively. Beginning and ending with the zero-voltage vector 4 (000),
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Figure 4.4: Switching patterns if ,s[k| locates in sector I. (a) Conventional C-SVPWM. (b)
Improved A-SVPWM.

the C-SVPWM implements the other zero-voltage vector 47 (111) in the middle of 7. Thus,
the switching frequency of the C-SVPWM equals the control frequency, namely, 1/7%.

To lower the switching frequency of the conventional C-SVPWM, an A-SVPWM is devel-
oped. Until the implementation of the selected base vectors, each application step of the im-
proved A-SVPWM is identical to that of the conventional C-SVPWM. Fig. 4.4(b) illustrates
the switching patterns of the improved A-SVPWM when u,s[k] locates within sector I. If the
switching pattern of u,s|k] starts with (000) and ends with (111), then the switching pattern of
Uap(k + 1] should start with (111), and end with (000). It can be found that the selected base
vectors are only implemented once in a control period of A-SVPWM. Though the firing pulse
is asymmetric in one control period, it is nearly symmetric in two consecutive control periods
as the duty cycles will not alter much within two consecutive control periods in steady-state
operation. It can be concluded that the switching frequency of A-SVPWM is 1/27}, which is
half of that of the conventional C-SVPWM. This modulation method can be widely applied to
the algorithms with SVPWM for switching loss reduction.

4.4.4 Design of the speed controller

Figure 4.5: Block diagram of high-speed SRM drive based on P-DBPC.

The system block diagram is presented in Fig. 4.5. A PI controller is adopted for speed
regulation

k
T" = kye + Tp /edt, e=w, — W (4.25)
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with transfer function F'(s) = kp(1 + 1/(7}s)) is used. The relationship between active power
p and d-axis component of grid-side current in the proposed system can be expressed as below
through applying the magnitude-invariant version of Clarke transformation and Park transfor-
mation to (4.17)
2p

" 3E,
where F,, represents the amplitude of the grid-side voltage. With the control frequency of 20
kHz, the actual active power in P-DBPC can track the active power reference with fast response
by directly calculating the desired converter voltages, so the transfer function of the deadbeat
control can be modeled as unity gain [86]— [87], namely, G,,(s) = 1. For point p on DC-link
shown in Fig. 4.1, the following current expression holds [88]

(4.26)

14

dvpc  3futa  im
- _lm 42
dt 2C C (4.27)

where f,, € [0,1] is a constant in steady condition [64], C' represents the capacitance of the
DC-link capacitor. The electromagnetic torque of SRM can be expressed by [66]

1
Tem = §Ckim (4.28)

where C}, = ?TT' Then, given the system parameters, the open-loop transfer function can be

derived as
k’p(TiS -+ 1) ka

Fu(s) = 4.29
((s) T;s kgs? + kcs (4.29)
where k4 = % kg = CrpdmEnm, ko = % + JnEp,. To ease the analysis, (4.29) is
rewritten into the form expressed by the multiplication of three terms:

Fol(s) = Gol(S)Hol(S)Iol(S) (430)

where G (s) = z—g%zzﬂ), Hy(s) =+, In(s) = k51+1. In light of [67] and [89], a maximum
%S
phase margin ¢,, can show at the crossover frequency wy . of F,;(s) in the phase frequency

characteristic by making sure the following expressions hold

1 1

Wge = —Wfe = T 4.31)
k

Wie = YWie = é 4.32)

where w, ., w; . represent the crossover frequency of G,;(s) and 1,(s), respectively, and 7 is
generally within the interval of [2, 4]. Thus, combining (4.31) and (4.32) gives the integral time
constant of the speed PI controller

k
2VB

Ti=v %

(4.33)
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Since |Fy(jwye)| = |Go(jwy.e)Ho(jwye)lo(jwyse)| = 1 atwy,, the following expression holds

keka ko

= — (4.34)
ke ~ks
(4.34) gives the proportional gain of the speed PI controller
/{32
kp=—5—. 4.35
P ik (4.35)

4.4.5 Analysis of power flow in the proposed system

In the proposed drive system, SRM drive can be regarded as the load of the VSR, so the output
active power of VSR (denoted as Py gr) is the sum of the active power consumed by DC-link
capacitors (denoted as Fr) and the active power consumed by SRM drive (denoted as Py,), i.e.,
Pysgr = Py + Po. Suppose Pysr > Py, the DC-link voltage will increase since Po > 0.
Then, P,; will increase since the DC-link voltage is applied to the winding terminal in every
conduction region, and the increased P,; will reduce Ps. The P, will continue to rise until
Pysgp = Py, ie., Po = 0. Similarly, suppose Pysgr < Py, the DC-link voltage will decrease
since P < 0. Then, Py, will decrease, which makes P gradually approach zero, and P,; will
stop decreasing when Py gr = P),. It can be found that Py, g always can regulate Py, and
constant Py g indicates constant ;. Based on the above, the SRM is proposed to be regulated
by directly controlling the active power flowing to the motor side. Specifically, the torque
reference 7™ obtained from the speed controller is multiplied by the motor angular velocity w,
to compute the active power reference P*, and P~ is supplied by VSR through the active power
control in P-DBPC. In this way, a direct connection of power between the front-end VSR and
back-end SRM is built. The P-DBPC can make sure the active power flowing to the motor side
follows the reference P*. The energy feedback can be fulfilled so that the excess active power
can be transferred back to the grid. The improvements in grid-side power factor and current
harmonics can be realized by further setting Q* = 0 in P-DBPC.

4.5 Simulation evaluation

Fig. 4.6 illustrates the simulation results of the loading and unloading processes. During the
loading process, it is essential to maintain a stable speed. Therefore, the input active power is
increased, and the DC-link voltage is subsequently increased to maintain a stable speed. The
increase in input power is required to compensate for the additional load placed on the system.
Similarly, during the unloading process, the system should maintain a stable speed. To achieve
this, the input active power is decreased, and the DC-link voltage is decreased accordingly. It
is worth noting that the control of the loading and unloading process is critical for the proper
functioning of the system. A stable speed ensures that the system remains within its operating
limits and avoids any overloading or underloading conditions that may cause damage to the
system. Therefore, precise control of the input active power is necessary to ensure the reliability
of the system. The simulation results demonstrate the effectiveness of the control strategy
employed in maintaining stable speed during the loading and unloading processes.
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Figure 4.6: Simulation waveforms at 25000 r/min when torque changes from 0.12 N -m to 0.06
N-mto0.12 N -m.

4.6 Experimental evaluation

4.6.1 Testbench parameters and pseudocode

Figure 4.7: Experimental testbench of the high-speed SRM drive based on P-DBPC. (A)
TMS320F28335-based controller. (B) Filter inductor. (C) VSR. (D) AHBC. (E) 4/2 SRM.
(F) Oscilloscope DL850. (G) Power analyzer WT1800.

A practical laboratory setup is constructed to validate the effectiveness of the proposed con-
trol system. Fig. 4.7 and Table 4.1 present the photograph and hardware configuration of the
constructed testbench, respectively. A fan is employed as the load in this high-speed SRM drive
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Table 4.1: Hardware configuration high-speed SRM drive system based on P-DBPC

Function Producer Type
DSP TEXAS INSTRUMENTS TMS320F28335
VSR INFINEON FS100R06
IGBT IXYS IXGH60N60
Fast recovery diodes IXYS DSEI60-06A
High-speed incremental encoder HEIDENHAIN ERO1420

Table 4.2: Testbench parameters of high-speed SRM drive system based on P-DBPC

Description Parameter Value
Grid-side voltage frequency wr(rad/s) 100w
Grid-side filter resistance Ry no(€2) 0.3
Grid-side phase voltage eg(V) 50
Grid-side filter inductor Lyno(mH) 2
DC-link capacitor C(uF) 1360
Control period Ts(ps) 50
Rated torque of the high-speed SRM Tem(N-m) 0.12
Rated speed of the high-speed SRM n,.(r/min) 25000

system. The load torque is proportional to the square of the speed for the fan-loaded system,
and the torque values at different operating speeds are presented in Fig. 4.8. The experimental
parameters concerning the drive system are given in Table 4.2, and the control frequency equals
the sampling frequency in the experiments. The necessary implementation steps of the pro-
posed high-speed SRM drive based on P-DBPC during kth interrupt are listed as the following
quasi-code:

A-SVWPM should be implemented to make sure 4,g5[k| can be applied, and its steps are
listed as the following quasi-code:

4.6.2 Experimental results

4.6.2.1 Steady-state performances

The steady-state waveforms of the proposed system when the high-speed SRM operates at
20000 r/min are shown in Fig. 4.9. The general deadbeat control cannot ensure that the ac-
tual power follows its reference since the steady-state error caused by the parameter mismatch
often exists in the system [90], [91]. However, in the proposed system, the reactive power fluc-
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Figure 4.8: Torques of the proposed drive system.

. function Proposed P-DBPC (€,3k], Guslk], 0,]K], k)

1

2 if Hm,on < 9,,[16] < Om,off, m € A, B then
3 Set S,y = 1; S = 11

4 else then

5: Set Sml = O; Smg = 02

6: end if
7

8

9

1

1

Estimate w,[k]

Refresh 7 [k
: Calculate P* = w,[k]|T™[k]
0:  Calculate p[k| and ¢[k] according to (4.17)
1:  Calculate u,z[k| according to (4.24)

12:  Estimate p[k + 1], [k + 1], g,[k + 1], and g,[k + 1] according to (4.23)
13:  Implement A-SVPWM
14: end function

! Turn on the switch of phase m of SRM. 2 Turn off the switch of phase m of SRM.

tuates around O Var, and its ripple is controlled within =10 Var during the operation of SRM.
The phase of grid-side current is almost the same as that of the grid-side voltage. To afford the
high-speed operation of 20000 r/min, the active power is controlled to around 190 W, and stable
DC-link voltage, whose ripple is within £0.9 V according to the waveform, is realized. The
SRM is well regulated, and its phase current is around 4.7 A in this operating condition.

Fig. 4.10 gives the steady-state waveforms of the proposed system in the rated operating
condition, namely, 25000 r/min. The ripple of DC-link voltage is regulated to around £1 V.
An enlarged image of the DC-link voltage ripple marked by dashed rectangular is shown on the
right side of Fig. 4.10. It can be found that the fluctuation frequency of the DC-link voltage
is twice the electrical frequency (defined as the reciprocal of electrical period) of SRM. A
fluctuation period can be divided into three sections in view of the variation trend. In section
“ab”, the energy stored in the magnet field of the motor flows back to the capacitor due to
the demagnetization of phase winding, which leads to the rise of DC-link voltage. The winding
current descends quickly within a short time after being switched off, so the energy flowing back
is relatively big. In section “bc”, the rotor position goes into the maximum inductor region, so
the drop of winding current becomes slow, which reduces the rising rate of the DC-link voltage.
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function A-SVPWM! (t,4(k], k?)

1

2 Judge the sector where u,s[k] locates
3 Calculate the duty ratio d, [k] for s,1,2 € {a,b,c}
3:  if (k%2) == 1 then

4:  CMPA® = d,, [k] TBPRD?
5.

6

7

8

else then
CMPA = (1 — d,1[k]) TBPRD
end if
: AQCTLA?® [CAU] = 0x3
9: k=k+1

10: end function

L TBCTL[CTRMODE], CMPCTL[SHDWBMODE], and CMPCTL [LOADAMODE] bit
should be particularly configured to O in program header file of TMS320F28335.

2 [, whose default value is 0, counts the number of interrupts.

3 The registers in the enhanced pulse width modulator module of TMS320F28335.
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Figure 4.9: Steady-state experiment results of proposed system at 20000 r/min.

In section “cd”, the DC-link voltage declines due to the current establishment of the incoming
phase. At the rated operating condition, the active power is about 390 W, and the reactive power
has been controlled within +30 Var for power quality enhancement.

The improved A-SVPWM described before is applied to the proposed system, and its related
waveforms at the rated operating condition are presented in Fig. 4.11. The pulse named “control
signal” is generated in every interrupt of the controller to intuitively reflect the control frequency
of the proposed system, namely, 20 kHz, and its High logic state represents the execution time of
the interrupt function. As has been analyzed before, the switching frequency of power switches
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Figure 4.11: Experimental waveforms related to the improved A-SVPWM at 25000 r/min.

would equal control frequency if the conventional C-SVPWM were employed. However, it can
be seen from the switching signal in the figure that the switching frequency of the power switch
in A-SVPWM has been reduced to 10 kHz by changing the execution order of the selected
base vectors. In the experiments, the measured interrupt execution time of the proposed control
strategy with C-SVPWM and A-SVPWM are almost the same, both of which are around 16
us. Therefore, without causing extra computational burden to the controller, A-SVPWM can
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effectively reduce its switching frequency to half of that of the C-SVPWM.
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Figure 4.12: Dynamic test results when the SRM starts from standstill to 25000 r/min.

4.6.2.2 Transient-state performances

Fig. 4.12 shows the dynamic test waveforms of the proposed system when SRM starts from
standstill to the rated operating condition. As can be clearly observed from the enlarged window
at the lower part of the figure, the grid-side current presents sine quality from the beginning. The
speed steadily rises, and it goes into steady state after approximately 1 s. At the very beginning
of the starting, the winding current of the motor has reached the protection threshold, namely,
7.5 A, so it is chopped by hardware overcurrent protection.

The dynamic test results of the proposed system when the motor is commanded to accelerate
and decelerate are shown in Fig. 4.13 and Fig. 4.14, respectively. In the figures, the short
line on the left-hand side of the active power curve implies 0 W. When the speed command
is adjusted from 20000 r/min to 25000 r/min, the active power is increased to supply more
energy for the SRM, and the DC-link voltage is risen from 100 V to 160 V, accordingly. During
this process, the sinusoidal gird-side voltage and current are in phase, and the phase current of
SRM has been increased to around 7 A. At the instant of deceleration in Fig. 4.14, a negative
active power reference is generated. In order to follow the negative active power reference, the
direction of the grid-side current flow is changed from the positive direction (namely, being in
phase with the grid-side voltage) to the negative direction (namely, having a phase shift of 180°
with the grid-side voltage) to produce the negative instantaneous active power. In this way, the
speed is quickly decreased by feeding the excess energy back toward the grid side.

The curves of speed and the error between the actual and reference speed during speed regu-
lation are shown in Fig. 4.15. The red line on the left side of the curve of speed error indicates
0 r/min. The maximal speed error that can be displayed is 100 r/min due to the output limita-
tion of the digital-to-analog chip. The speed can be well regulated in the proposed SRM drive
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Figure 4.14: Dynamic test results when SRM speed changes from 25000 to 20000 r/min.

system, and the speed tracking error is within 15 r/min in the steady state.

4.6.2.3 Parameter sensitivity

The parameter sensitivity experiments are performed, and the experimental waveforms, screen-
shots of power analyzer, and current harmonic analysis are presented in Fig. 4.16, Fig. 4.17,
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and Fig. 4.18, respectively. In the experiments, three pairs of mismatched parameters are con-
figured when the SRM runs in its rated operating condition to test the system performance. With
the disturbance observer, the prediction error caused by the mismatched parameters can be es-
timated online to compensate for deadbeat control. Therefore, as can be seen from Fig. 4.16,
there is still no steady-state error in reactive power even if L, ., and R, ,,, are decreased to 50 %
and increased to 150 % simultaneously in experiments. According to Fig. 4.17 and Fig. 4.18,
satisfying power factor AX A and current THD can be got when the mismatched parameters are
used in the system, which proves the validity of the disturbance observer.

4.6.2.4 Performances with C-SVPWM and A-SVPWM

Experimental comparisons have been made to verify the effectiveness of the proposed drive
system with conventional C-SVPWM and with the improved A-SVPWM. In the proposed high-
speed SRM drive system, control frequency fcon €quals sampling frequency fgmp . For conven-
tional C-SVPWM, the switching frequency of the power switch equals the control frequency,
i.e., fowitch = feonwe - However, the improved A-SVPWM rearranges the execution order of the
selected base vectors so that its switching frequency can be reduced to half of its control fre-
quency, i.e., fowich = 0.5 fconw - Although A-SVPWM reduces its switching frequency to half
of that of the C-SVPWM, the applied converter voltage vector is the same for the A-SVPWM
and C-SVPWM. Therefore, their control performances on power factor and reactive power are
similar at the same control frequency of 20 kHz, which can be seen from Fig. 4.19 and Fig.
4.20. Fig. 4.21 and Fig. 4.22 give the power analyzer screenshots of the proposed drive system
with conventional C-SVPWM and improved A-SVPWM at 20 kHz, respectively. In the figures,
grid-side active power p, reactive power ¢, and power factor are denoted by PXA QX A, and
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Figure 4.16: Waveforms of parameter sensitivity experiments in the rated operating condition
(25000 r/min). (a) Lg ., decreases to 50% and R, ., decreases to 50% (L, = 1mH, Ry ., =
0.15Q). (b) Ly, and R, ., are adopted (L, o = 2mH, R, ., = 0.3€2). (¢) Ly, increases to
150% and R, ,,, increases to 150% (L, = 3mH, R, ,,, = 0.45¢).
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Figure 4.17: Screenshots of power analyzer in parameter sensitivity experiments in the rated op-
erating condition. (a) L, ,, decreases to 50% and R, ,,, decreases to 50% (Lg o, = 1mH, R, ., =
0.1582). (b) Ly, and Ry, are adopted (Lg o = 2mH, R, = 0.382). (¢) L, increases to
150% and R, ,,, increases to 150% (L ,,, = 3mH,R, ,,, = 0.45(2).

AXA, respectively. 7, denoted the efficiency of the front-end VSR. 1y denotes the efficiency
of whole drive topology. Fig. 4.21 and Fig. 4.22 confirm that C-SVPWM and A-SVPWM
can realize similar control performance on reactive power and power factor for the proposed
system at the same control frequency of 20 kHz. Nevertheless, compared with C-SVPWM, A-
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Figure 4.18: Grid-side current harmonic analysis in parameter sensitivity experiments in the
rated operating condition. (a) L, ,, decreases to 50% and R, ,,, decreases to 50% (Lgn, =
ImH, R .o = 0.1582). (b) Ly, and Ry ,,, are adopted (L, o = 2mH, R, 0 = 0.3€2). (¢) Lg o
increases to 150% and R, ,,, increases to 150% (L, = 3mH, R, ,,, = 0.452).

SVPWM succeeds in improving in the efficiency of VSR (7)) by reducing switching frequency
to 10 kHz, and finally succeeds in reaching a higher 75, which confirms the practicability of the
improved A-SVPWM. At the rated operating condition, there are an increase of 2.419 % on 7,
and an increase of 2.143 % on 1), for the system with A-SVPWM (Fig. 4.22(h)) compared with
the system with C-SVPWM (Fig. 4.21(h)).

In order to test the performances of C-SVPWM and A-SVPWM at the same switching
frequency, the control frequency of C-SVPWM should be set to 10 kHz. Fig. 4.23 gives
the system experimental waveforms of C-SVPWM at the switching frequency of 10 kHz.
Therefore, feone = fsamp = fowieh = 10kHz holds for the system with C-SVPWM, and
Jeonr = feamp = 20kHz, foien = 10kHz hold for the system with A-SVPWM. Higher sam-
pling frequency contributes to higher control accuracy, so more distortion appears on the grid-
side current of C-SVPWM shown in Fig. 4.23 , which can be proved by the current THDs
analysis shown in Fig. 4.24. Moreover, compared with the efficiency experimental results of
A-SVPWM ¢given in Fig. 4.22, the experimental efficiency results of C-SVPWM given in Fig.
4.25 shows higher reactive power and lower power factor.

For the same switching frequency, the control frequency/sampling frequency of A-SVPWM
is twice that of the C-SVPWM, so A-SVPWM shows higher control accuracy and better sys-
tem performance than C-SVPWM. For the same control frequency/sampling frequency, while
achieving the almost same control performance as the C-SVPWM, A-SVPWM can reduce its
switching frequency to half of that of the C-SVPWM, which indicates less switching loss and
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Figure 4.19: Experimental waveforms of C-SVPWM ( f.one=fswiten=20 kHz) in the rated oper-
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higher efficiency than the C-SVPWM.
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Figure 4.21: Screenshots of power analyzer in the proposed drive system with conventional C-
SVPWM (feonr = [fewiteh=20 kHz). (a)-(h) 18000 r/min-25000 r/min with the interval of 1000
r/min.
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Figure 4.22: Screenshots of power analyzer in the proposed drive system with A-SVPWM
(feonr=20 kHz, fowieh=10 kHz). (a)-(h) 18000 r/min-25000 r/min with the interval of 1000
r/min.

4.7 Summary

Several drive systems with improved grid-side power quality function are proposed in recent
years to drive the SRM. In these systems, the front-end converter and back-end SRM drive are
separate modules with their respective control strategies. In these systems, the control strategy
of the front-end converter regulates the grid-side power quality, and the control strategy of the
SRM drive regulates the SRM speed. Nevertheless, the proposed drive system treats the front-
end VSR and the back-end SRM as a whole. Specifically, the output of speed controller of
the back-end SRM is torque reference 7, and the active power reference P* is obtained by
multiplying 7™ by the angular velocity w,. P* is the desired active power required by the motor
side, and it is directly provided by the front-end VSR through the instantaneous active power
control of P-DBPC. In this way, a direct connection of power between the front-end VSR and
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Figure 4.23: Experimental waveforms of C-SVPWM ( feonu=fswiten=10 kHz) at the rated operat-
ing condition (25000 r/min).
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Figure 4.24: Grid-side current THDs.

back-end SRM is built, and the whole system can be controlled by manipulating the power flow.
Besides, a real-time correction is implemented for the power expression to eliminate the steady-
state bias in power control. Additionally, without causing additional computational burden on
the controller, an A-SVPWM is proposed to reduce the switching loss by reducing the frequency
of switching action, thereby improving the system efficiency.

Satisfying control performances have been obtained in the experiments. Stable SRM speed
is fulfilled by controlling the active power in the system, and the speed tracking error is kept
within £15 r/min at the rated operating condition of 25000 r/min. Enhanced grid-side power
quality is achieved by directly reducing the reactive power. The grid-side power factor has
been increased to near 1, and the current distortion has been reduced to below 5 %. At the rated
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Figure 4.25: Screenshots of power analyzer in the proposed drive system with C-SVPWM
(feontr = fswiten =10 kHz). (a)-(h) 18000 r/min-25000 r/min with the interval of 1000 r/min.

operating condition, there is an increase of 2.143 % in efficiency in the system using A-SVPWM
compared with the system using C-SVPWM.
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CHAPTER 5

Cascade-free MP-DPC strategy for grid-connected
high-speed SRM system

5.1 Introduction

The double closed-loop control method based on PI controller is the most classical method to
regulate the VSR and motor. In this scheme, an outer voltage PI controller is applied to generate
power/current reference, and the inner feedforward decoupling controller is applied to achieve
reference tracking [92]. However, this linear controller has a limited bandwidth, which tends
to present a slow dynamic response. To improve the dynamics, direct power/torque control,
which directly selects the optimal vector from a predefined switching table in an intuitive way,
is developed in [93], [94] to replace the inner feedforward decoupling controller for reference
tracking, but high power/torque ripple can be introduced into system.

Because of the fast dynamic response and flexible integration of various constraints, model
predictive control (MPC) has been widely researched [95]. By making use of the inherent dis-
crete nature of power converters, MPC evaluates the effect of each possible switching state on
the concerned variables in a predefined criterion and selects the optimal one that can minimize
the differences between the concerned variables and their references. In [96], a long-horizon
MPC is developed to control the back-to-back PMSG wind turbine system. Since the associated
computational burden increases exponentially with the length of the prediction horizon, sphere
decoding is used to reduce the computational effort after linearizing the nonlinear equation.
Although the increased prediction horizon helps enhance the steady-state control performance,
solving the optimization problem is challenging and time-consuming. Thus, the prediction
horizon of 1 is the most widely applied [97]. Instead of selecting a certain switching state,
the scheme in [98] adopts the switching time in addition to the switching state to minimize
the deviations from reference. Though an additional degree of freedom is enabled by choosing
a variable switching point, the method complexity is also increased. In [99], a model pre-
dictive flux/power control is developed to reduce the computation burden by only evaluating
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the switching states selected from the newly-designed switching tables. However, most MPCs
in literature, including the references above, are developed as an inner loop of the outer PI
controller, thereby forming the conventional PI controller-based model predictive control (PI-
MPC). A DC-link voltage PI controller is always necessary to generate reference for MPC to
control the back-to-back converter with PI-MPC [100]. It is a cascaded control structure since
the inner MPC is nested within the outer voltage PI control loop [101], [102]. To further improve
the dynamic response, a cascade-free method without the outer DC-link voltage control loop is
developed in [103]. In this method, the power reference inside the cost function is directly ob-
tained based on a power loss-less conversion assumption. Without considering the conduction
loss, switching loss, etc., the grid-side active power reference is calculated by adding the es-
timated load power and capacitor power together, which makes the regulated DC-link voltage
lower than its reference. In addition, the voltage control performance is limited by the prede-
fined number of intervals to reach the reference. If a faster tracking response on DC-link voltage
is desired, a small value should be chosen for that number, but it will lead to large steady-state
voltage ripple and large capacitor current. The study in [104] extends the above concept into a
back-to-back converter by developing a quasi-centralized model predictive control (QC-MPC)
scheme in which the active power reference inside the cost function is estimated by assuming
that the newly-updated voltage reference is reached at the next instant. However, voltage track-
ing error still exists due to the adoption of the power loss-less model. To solve this problem, the
study in [105] compensates for the voltage offset by adding the accumulated error into the active
power reference in a revised QC-MPC. The DC-link voltage is regulated by strictly following
the specified trajectory of voltage reference and power reference of each instant. However, the
response time of this scheme is subject to the reference prediction horizon. A small reference
prediction horizon increases the DC-link currents and voltage fluctuation, but a large one pro-
longs the dynamic response time. In this chapter, a cascade-free MP-DPC is proposed to govern
the multi-level converter-fed high-speed SRM drive system. The contributions are as follows:
1) Define a new cost function, thereby removing the conventional cascade control structure.

MPC in literature is generally developed as an inner controller of the outer PI control
loop, which forms the conventional PI-MPC. To control the grid-connected SRM drive
system with MPC, an outer speed PI controller is necessary to generate power setpoint
for inner MPC in conventional control method. However, instead of adopting the cascade
control structure, the proposed cascade-free MP-DPC strategy in this chapter directly
regulates the speed and power flows within a newly-defined cost function. By evaluating
the cost function, the strategy selects the vector which not only will generate a motor
speed closer to the setpoint at instant k+2, but will generate an active power capable of
further reducing that speed error for the future instant. In addition, the term for capacitor
voltage balancing control, which is critical to the three-level VSR, is also added into the
cost function. Consequently, well-regulated motor speed, balanced capacitor voltage, and
controllable power flow can be achieved within one cost function simultaneously.

2) Compensate for errors caused by mismatched parameter.

The mathematical model for prediction is accurate when actual values of inductor and
resistor are adopted. However, it is actually the nominal value that are involved in the
prediction since the actual values are unknown, and it is also possible that the actual
values change during the operation, which causes the steady-state error in the system.
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To address this problem, the Kalman filter is added to the proposed strategy. The dis-
turbances caused by mismatched parameters are estimated via Kalman filter and used to
correct the power expressions, thus compensating for the steady-state power error.

5.2 Three-level VSR-based drive topology

The drive topology for high-speed SRM drive is depicted in Fig. 5.1, in which a three-level VSR
is connected with the split-DC converter to drive the SRM. In the topology, the voltage, current,
and converter voltage of the grid side are represented by e, 7 and u, respectively. The grid-side
resistance, inductance, DC-link voltage, capacitor voltage of C'; and C5 are represented by R,
Ly, vpc,ve and ve, respectively.

5.2.1 Dynamic models

The operation mode of the VSR depends on the states of power switches. Supposing all power
devices are ideal devices, the converter voltage u;, ¢ € a, b, c of each phase can be flexibly set to
V1, 0 and —v. (marked as {+, 0, -} for ease of description) by configuring the switching state
s; of each leg as follows

+1 sip=1,80 =0, 8, = 0(vi1 = 1,00 = 1,v;3 = 0,034 = 0)
S; = 0 Sip = O,Sio = 1,51'” = O(Uﬂ = O,U/LQ = 1,1)1'3 = 1,1}i4 = 0) 7€ {a,b,c} (51)
—1 5ip=0,80=0,8n, = L(vis = 0,00 = 0,v;3 = 1,04 = 1)

where s; = s;, — s;,, and s;, + s, + si, = 1. Hence, there are totally 27 switching states in this
VSR, and they can be uniformly expressed as

8y = [Sa, 5,5 n € {1,2,--- 27} (5.2)
As can be seen in Fig. 5.1, the expression below holds

Ugo = SapUcl — SanUc2
Upo = SbpVcl — StnVe2 - (53)

Uco = ScpUel — SenUe2
Based on Kirchhoft’s voltage law, the voltage expression can be written as

Lg% + Rgia T Ugo + UoN = €4
Lg% -+ Rgib + Upo + Uy = €p . (54)

di -
Ly + Ryic + Ueo + Uon = €

u,nN can be obtained by bringing (5.3) into (5.4)

(_Sap - pr - Sc) Vel + (San + Stn + Scn) Ve2

3

(5.5)

UoN =
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Figure 5.2: Definition of 27 switching states and corresponding voltage vectors.

Since the vector gabc = [, &, &]T in abe-reference frame can be transformed to é’aﬁ =

€, §3]T in two-phase stationary «f-reference frame by £a5 = Mabc_aﬂé;bc. The voltage
expression in (5.4) can be transformed into (for great details, see [106])

— < dz@c —

Eas(t) = Rytas(t) + Ly— " + tap(t) (5.6)
where €,3, fag, and i,z represent the voltage, current, and rectifier voltage of the grid side in
the two-phase stationary «a3-reference frame. The rectifier voltage can be given by

. Sn| + 8 Syl — 8
Uap = Mabc—aﬁ X (UCIMTR - Uc2|n|Tn) (57)
where |8,| = [|sa], 58], |5c]]T. Suppose two capacitors are balanced, the voltage vectors that

corresponds to those 27 switching states are shown in Fig. 5.2.
The angular velocity of the SRM is governed by the following first-order differential equation

L) — - ren(t) = (1) 58)
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where J,,,, T m, and 7; represent motor inertia, electromagnetic torque, and load torque, respec-
tively. (5.8) can also be transformed into the following form by multiplying w,. on both sides of
it

1 dw?(t)
§Jm dt - pm,em (t) - pm,l(t) (59)

where p,, ., and p,,,; represent the electromagnetic power and load power of SRM, respectively.

5.2.2 Voltage balance of capacitors

The current equation on DC link can be written as

Ip = Sapla + Spply + Seplc
In = Sanla + Sonip + Sentc - (5.10)

Lo = Saola 1 Spolb + Scolc

Applying Kirchhoff’s current law to midpoint on DC link gets

. dvcl dvc2
o — =0 5.11
R Y .10
where C} = Cy = C'. Bringing (5.10) into (5.11) gets
. . . dvcl dch
aola 0 cole C - O - 0 512
Saota + Sbots + Scole + o o (5.12)

Since s;, = 1 — s;, — 3;n, the expression above can be transformed to

dvcl dch
-C
dt dt

(—Sap — San) ta + (—Stp — Sen) @b + (—Sep — Sen) tc + C =0. (5.13)

Then, the variation ratio of the deviation of neutral point voltage Awv, namely, the difference

between v,.; and v.o, can be obtained as
dAv(t) 1

dt C

13, ()]F - Tape(t) (5.14)

where |8,|" = [|sal, 0], |s¢]].

5.2.3 Discrete models

As has been deduced in Chapter. 4, the differentiations of real and reactive power can be

calculated by
i p(t) _ i ea(t) es(t) ea(t) — ua(t)
dt \ q(t) 2Ly | es(t) —ea(t) | \ es(t) —us(t)

" (5.15)
N —72p(t) — wyq(t)
—72q(t) + wp(t) )
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Applied with the Forward Euler discretization, (5.15) can be transformed into

<pm+1]>_;n; ealk] %M]](eJM—uak>
gk +1] | 2L,
(5.16)

eglk] —ealK]
where £[k], £[k + 1], and T, denote variable value at instant & and k + 1, and control period,
respectively.
Similarly, the discrete form of the variation of upper and lower DC-link capacitor voltages
can be written as follows

T, -
Av [k +1] :5|sn (K] |" - dape [K] + Av [K]. (5.17)
Since 4, of every switching states §,, can be obtained according to (5.7), the corresponding
pn [k + 1], gn [k + 1] and Aw, [k + 1] of every switching state can be predicted based on (5.16)
and (5.17).

Based on (5.9), the discrete expression of SRM angular velocity can be written as

27

2 +1] = =2
Wk +1] =

(Pm,eml[k] — Pmalk]) + w2[k]. (5.18)

5.3 MP-DPC principle and time delay compensation

The generalized form of the cost function of MPC is

J=|[Y*[k+1] — y[k + 1|° + Gk + 1] (5.19)
5Pk = arg min_ J (8,,[k]) (5.20)
sorticg,

where §,,[k] represents the possible converter switching state of instant k, $°P**[k] represents the
optimal switching state of instant &, and Y* represents the references of the concerned variables.
y(k 4+ 1) = f(8,[k]) is predicted based on the possible converter switching state §,,[k] and the
measured variables of instant k. The suppression factor (, is introduced into the cost function
to limit the concerned system variables within a safe range for constraint, and it is generally
given by
3 o max
et {o, if 1 (8 KD < [l 51
00, if [[ha (SalK])[| > A5

where I, denotes the mathematical expression of the concerned variables and 2'** denotes the
maximum of the concerned system variables. Based on the above, the active and reactive power
inside the system can be limited by the (,, below

(5.22)

0, if [|p[k + 1]|| < [lp™=|| 0, if [lglk+ 1] < |lg™>
Cpq[k + 1] = {

oo, if |[plk + 1]l > [[p™=| = |00, if llglk + 1[Il > [l¢™*|
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Ideally, the optimal switching state s%”'/[k] should be computed within an infinitesimally
short time in the interval of [k, k& + 1], and it should be applied during the entire time interval of
[k, k + 1]. However, in a practical system, there is a time delay in digital implementation [107]
caused by measurement delay, computation delay, actuation delay, etc., which makes $°P"[k]
cannot be applied to power switches at instant k& in time. To address this problem, time delay
compensation is considered into MPC so that the optimal switching state s°P"[k] for [k, k + 1]
can be calculated during [k — 1, k] and applied at instant k. The core of time delay compensation
is to predict one more step in every control period, and correspondingly, the cost function with
time delay compensation is modified into

J =Yk +2] — ylk+ 2[5 + Clk +2] (5.23)
8Pk +1] = arg min J(8,[k +1]) (5.24)
Soptlegn

where y[k + 2] = f (8u[k + 1]) is predicted based on the possible switching state s, [k + 1]
of instant k£ + 1. The algorithm implementation process during [k, k£ + 1] for MPC with time
delay compensation is as follows. At instant &, the optimal switching state %" [k] selected
during [k — 1, k] should be implemented. Then the effect of s [k] on the concerned variables
atinstant k£ + 1 (i.e., y[k + 1] ) should be estimated based on the discrete model of instant & + 1.
Afterward, the effect of every §,,[k+ 1] on the concerned variables at instant k+2 (i.e., y[k+2])
can be predicted according to the discrete model of instant £ + 2. Finally, the optimal switching
state 8% [k + 1] for instant k + 1 can be determined by evaluating the cost function in (5.23),
and it will be stored to be applied to power converters at the next sampling instant, i.e., instant
k + 1. It can be found that with the time delay compensation, the optimal switching state of
each instant is calculated in the previous time interval and can be applied to converters at the
exactly right instant, which improves the control accuracy.

5.4 Proposed cascade-free MP-DPC strategy

5.4.1 New cost function

Considering its unique advantages of controlling several control targets and constraints simulta-
neously via a single cost function, MPC is adopted to control the high-speed SRM drive system.
Furthermore, a cascade-free MP-DPC control strategy that directly regulates the motor speed,
power flows, and capacitor voltage balance within a newly-defined cost function is proposed.
Instead of using the cascade control structure of conventional PI-MPC strategy, the proposed
control strategy directly selects the optimal voltage vector by evaluating the cost function below

Jo = [(wy —welk +2]) — K (plk + 2] - pm,z)Herﬁwff — w, [k + Q]Hi
Jo Tirve

+ 20 1Q" = alk + 20° +-Ac (Av [k + 2)) +Cpq [k + 2]

Jq Jav

(5.25)

where w; is the speed setpoint, x € R is the coefficient for speed regulation, ), is the weighting
factor for reactive power regulation, ). is the weighting factor for capacitor balancing control.
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The angular velocity w, of instant k£ + 2 in the above expression is predicted according to

wlk 4 2] = \/ ZJTS (plk + 1] = prmg) + w2[k + 1] (5.26)
where the electromagnetic power p,, ., in (5.18) is replaced by the grid-side input power p
by assuming a loss-less power transfer from grid side to motor side. The estimated SRM out-
put power p,,; in (5.25) and (5.26) equals 7jw,, and 7; is generally obtained by a load torque
observer (See Appendix D). However, a fan is employed as the load in this high-speed SRM
drive system. The load torque is proportional to the square of the speed for the fan-loaded sys-
tem [108], and the coefficient can be easily obtained from experiment. Thus the load power can
be simply calculated by

Py = 0w, (5.27)

where the coefficient ¢ depends on the structure of the fan.

MPC can regulate the terms in its cost function to approach zero to realize the tracking of
setpoints, so suppose J,, and Jj;;, equal zero in the following explanation. In (5.25), Jy, 1S
conducive to choosing the vector that will generate an angular velocity closer to its setpoint at
instant k& + 2. If wX > w,[k + 2] in Jj;,, the vector that will produce an active power larger
than load power of SRM at instant k& + 2 (i.e., p[k + 2] > p,,;) will be selected in .J,,. It means
the grid not only will supply the power to afford the load, but will supply additional power for
motor acceleration, thereby increasing the angular velocity. If w? < w,[k+ 2] in Jj;,,, the vector
that will produce a p[k + 2] smaller than p,,, tend to be selected in .J,.. In this case, insufficient
power is provided from grid to SRM load, thus reducing the angular velocity. When w;, [k + 2]
reaches w; in steady state, the power provided by grid exactly matches the power consumed by
load, i.e., p[k + 2] = py,,, and the angular velocity will stay at the setpoint.

In SRM drive system, the power expression below holds

P = Pm,em + Pm,cu + Pa,co + Pa,sw + Pm.co + Pm,sw +... (528)

~~
Epcon,loss

where copper loss p,, ., denotes the power consumed on resistor, and Xp.on 1055 represents the
conduction loss and switching loss of VSR and SRM converter. Therefore, when w, [k + 2]
reaches w; in J,, in steady state, it is the electromagnetic power py, ¢, not the grid-side input
power p, that should be equal to p,,; to keep w, stay at its setpoint according to (5.9). Because
of the power difference between p and p,, ¢, 1n (5.28), less power can be actually obtained as
Pm.em When the grid-side input power p is assigned a value that should be assigned to p, .
which makes the regulated angular velocity lower than its setpoint. To eliminate the steady-state
velocity error in the aforementioned two cases, the sum term » .- (w — w, [k + 2]) is added
into p,,; for compensation. Consequently, the velocity of SRM can be strictly controlled while
achieving additional control requirements such as capacitor voltage balance and reactive power
regulation.

The proposed control system based on cascade-free MP-DPC control strategy is presented in
Fig. 5.3. The one-step delay in digital implementation [109] means the optimal switching state
8Pt [k] selected in the interval of [k, k + 1] can not be applied to the VSR until instant & + 1.
Therefore, time delay compensation is added to the proposed cost function to enhance the con-
trol accuracy so that the optimal switching state $°7* [k] that should be applied at instant & can
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be calculated in the interval of [k — 1, k|. The implementation process of proposed control strat-
egy with time delay compensation is shown in Fig. 5.4. At instant &, s [k], which is selected
in the interval of [k — 1, k|, should be applied to the VSR, and its corresponding rectifier voltage
ﬁg’gl [k] can be obtained based on (5.7). Then p?" [k + 1], ¢ [k + 1], and AvP" [k + 1] can
be estimated according to (5.16) and (5.17). w,.[k + 1] can be predicted through shifting back-
ward by one control period (7) on (5.26). Afterward, p,, [k + 2|, ¢, [k + 2], and Av,, [k + 2] of
every switching state can be predicted through shifting forward by one control period on (5.16)
and (5.17), and w, [k + 2| is predicted according to (5.26). Finally, the optimal switching state
8Pt [k + 1] can be selected by evaluating (5.25), and it should be stored to be implemented at
instant k£ + 1.

VSR Split-DC converter
~ +
Oy ] 52
—o— - K é@,
+
v, _1\ ng
éabc[k] iabc[k] ) A A
' SO [k +1] S5,
Instantaneous power Minimize J <—a): Overcurrent
estimator °  |le— Q" =0| protection
A A Ik
6 [K] "
Turn on/off |”r Position
A&Etig qa)n[[lT(J:rZZ]] signal [~ |estimator
plkl. alk] ™™ ' Vo, [K]
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Control Strategy

Figure 5.3: Proposed control system based on cascade-free MP-DPC strategy.
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Figure 5.4: Model prediction with time delay compensation.
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5.4.2 Power compensation

(5.16) holds only when the actual values of the inductor and resistor, i.e., L, and Iz, are brought
into it for prediction. However, it is actually the nominal values, i.e., L, ., and R, ,,, that
are involved in the prediction since L, and IR, are unknown, and it is also possible that the
actual values L, and %, change during the operation, which causes the steady-state power
error in system [90]. To address this problem, Kalman filter is added to the proposed strategy
to compensate for the steady-state error by estimating the disturbances in power expression,
and the aforementioned uncertainties can be regarded as the active power disturbances f, and
reactive power disturbances f, for (5.16). Then the state space model of Kalman filter can be
written as

plk] plk — 1]
gif] | _| Ca Da || alk—1] T, | Ak —1]
fp{k‘] B [ 02><2 I2 ] fp{k’ — 1] + Lg,no 02><2 ] Bc[/f — 1] + Wd[k}]
A T \alk-1 ) e
N— —_—
Xalk] Xy[k—1] (5 "
o = [ L 042 | Xalk] + VK] (5.30)
— Hy
Zq[k]

_ 3y ealk —1]  eplk —1] L ealk — 1] — un[k — 1]
where A:[k = 1] =3 - Belk—1] <e5[k—1]—u5[k—1]>’

Ty Rg,no T
L= Ty T - e wi
Cy = g:me T.R , Dy = one |, Wylk] is the process noise with
T 1 — 1sfgmo 0 =T
Wg S g,no Lg,no

the covariance matrix Q;: Wy[k] ~ N(0, Q,), and V,[k| is measurement noise with the covari-
ance matrix R;:Vy[k] ~ N(0, R4). Then the predicted (a priori) estimate of state vector can be
obtained as below based on the mathematical model

X [k] = FyXy[k — 1] + Gy[k — 1]B.[k — 1] (5.31)

where X [k] represents the priori estimate of state vector X4, and X4[k — 1] represents the
posteriori estimate of state vector calculated within interval [k — 1, k). The accuracy covariance

A~

of the priori estimate of state vector is defined, i.e., P, [k] = E[(Xq4[k] — X [k])(Xalk] —
X [k])T] and it can be calculated by

P; k] = FyPylk —1]Ff + Qq (5.32)

where P,[k — 1] is the accuracy covariance of the posteriori estimate of state vector obtained in
[k — 1, k). Then in the correction stage, Kalman gain K,[k| and the posteriori estimate of state
vector X 4[k| can be calculated by

Py [KH;

K,k =
alk] H,P; [k|HT + R,

(5.33)
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~

Xa[k) = X [K] + Kok (Za[k) — Ha X [K]) (5.34)
P,k = (I — K [k|H,)P; [k] (5.35)

where P,[k] is updated to be used in the next sampling period. Through this process, f,[k] and
f,[k] are estimated and used to correct the expressions for power prediction.

5.5 Experimental evaluation

5.5.1 Experimental parameters and pseudocode

In order to verify the feasibility of the proposed high-speed SRM drive system, an idea-proofed
testbench is constructed. The hardware configuration and experimental paramters of the test-
bench are shown in Table 5.1 and Table 5.2, respectively.

To clarify and to ease the implementation of the proposed control strategy, the necessary steps
for the computation/estimation are listed as quasi-code as follows:

1: function Proposed control strategy (€. [k], tape [K], ver [K], vez [K], O, [K],82P1[K], k)

2. Apply 877" [K]

3 if 000 < 0, [k] < Op0pp,m € {A, B} then
4: Set S, =1

5: else

6: Set S, =0

7 end if

8 Compute w, [k]

9:  Compute p,, (k]

10:  Compute p [k], ¢ [k], and Av [k]

11:  Estimate f,[k] and f,[k]

12:  Estimate p?'[k + 1], ¢ [k + 1], Av°P"[k + 1] and w?"'[k + 1] with §%"[k]
13:  for n=1to27

14:  Predict p, [k + 2], g, [k + 2], Av, [k + 2], and w, [k + 2] with s,

15:  Evaluate the cost function in (5.25)

16:  end for

17:  Store 82" [k + 1]
18:  end function

5.5.2 Experimental results

5.5.2.1 Steady-state performances

Fig. 5.5, Fig. 5.6, and Fig. 5.7 present the obtained test results when the SRM operates at 15000
r/min, 20000 r/min, and 25000 r/min, respectively. In Fig. 5.5, the grid-side current shows
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Table 5.1: Hardware configuration of the high-speed SRM drive system based on cascade-free
MP-DPC

Function Producer Type
DSP TEXAS INSTRUMENTS TMS320F28335
Muti-level converter INFINEON F3L75R12W1H3
IGBT IXYS IXGH60N60
Fast recovery diodes IXYS DSEI60-06A
High-speed incremental encoder HEIDENHAIN ERO1420

Table 5.2: Experimental parameters of the high-speed SRM drive system based on cascade-free
MP-DPC

Description Parameter  Value
Frequency of AC-side voltage Wy 1007
AC-side line voltage eq( V) 58
AC-side filter resistance R, (Q) 0.03
AC-side filter inductance L,(mH) 12
DC-link capacitors Ch, Co(uF) 1360
Control period Ts(ps) 50

Rated torque of the high-speed SRM  T.,(N-m) 0.12
Rated speed of the high-speed SRM  n,.(r/min) 25000

an undistorted sinusoidal waveform, and its phase varies together with the phase of grid-side
voltage. The voltage curves of the upper and lower capacitors on DC link coincide with each
other. A digital-to-analog converter with two channels is used to illustrate real and reactive
power. The short lines on the left of the curve of active power and curve of reactive power
indicate 0 W and O Var, respectively. In Fig. 5.6, the active power is regulated to 180 W to run
the motor at 20000 r/min while the reactive power of the system can be maintained within £
10 Var for grid-side power quality improvement. In Fig. 5.7, v.; and v, are still well balanced
when the motor operates at 25000 r/min. Considering the increased mechanical output, the
active power has been adjusted to approximately 360 W to supply the motor with sufficient
energy, and accordingly, the DC-link voltage is increased to roughly 270 V. The reactive power
has been regulated within + 20 Var, and the sine-shaped grid-side current is obtained, although
the pulsating current flows on DC-bus.

5.5.2.2 Transient-state performances

Fig. 5.8 shows system test results when the SRM starts from standstill to rated speed. The motor
has been successfully started up to 25000 r/min under the proposed cascade-free control strat-
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Figure 5.6: Dynamic test results when SRM runs at 20000 r/min.

egy. Due to the increased rotational speed, the voltages of the upper and lower capacitors are not
balanced at first. However, through the regulation of capacitor voltage in the cost function of
MP-DPC, the voltage difference between the two capacitors has been continuously narrowed.
By choosing an optimal switching state for the VSR, the capacitor voltages restore to the state
of equilibrium after about four electrical periods. The phase of grid-side current is identical
with that of the grid-side voltage from the beginning. The phase current of SRM reaches the
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Figure 5.8: Dynamic test results when the SRM starts from standstill to 25000 r/min.

preset maximum current in the first several electrical periods of starting, so hardware current
chopping [110] is implemented to prevent the current from being over the limit. The sudden
increases appearing on the speed curve of DAC output are just noises since none of other curves
shows corresponding alterations.

Fig. 5.9 and Fig. 5.10 present the acceleration and deacceleration curves of the proposed
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drive system, respectively. In Fig. 5.9, when the speed rises from 15000 r/min to 25000 r/min,
active power increases to supply enough power for the SRM, and as a result, the DC-link volt-
age is increased due to the continuous injection of active power. Balanced capacitor voltages
and sinusoidal grid-side current being in phase with voltage can be obtained throughout these
dynamic regulations. When the speed command is reduced from 25000 r/min to 15000 r/min
in Fig. 5.10, the direction of grid-side current is instantly reversed under power control to make
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the active power flow back to grid. In consequence, the motor speed is rapidly reduced by trans-
ferring the excess energy back to the grid. Still, the reactive power can be well controlled to
around zero.

<Main>

5s/div

10000 rpm/div. / Speed (n )

H peed error

Figure 5.11: Speed and speed error.

The speed and speed error curves in the dynamic regulation (speed changes from O r/min to
20000 r/min to 25000 r/min to 15000 r/min) are shown in Fig. 5.11. Because of the upper-lower
limit of DAC output and the conversion ratio in the program, the maximal and minimal speed
that can be displayed are £ 100 r/min. The speed can be well regulated since the steady-state
speed errors are governed within &£ 15 r/min in the proposed system.

5.5.2.3 THDs and power factors

The grid-side current THDs and power factors are collected in Fig. 5.12. As can be seen from
the curves, the proposed system can control the grid-side current THDs to around 2.8% and the
power factor to around 0.995 at the rated operating condition.

5.6 Summary

In this chapter, a cascade-free MP-DPC strategy is proposed for the three-level VSR-fed high-
speed SRM system. In the proposed strategy, the angular velocity regulation term, power regula-
tion terms, and capacitor voltage balancing term are merged into a newly-defined cost function,
thereby eliminating the conventional cascade control structure. The strategy selects the voltage
vector that not only will generate an angular velocity closer to the setpoint at instant & + 2,
but will generate an active power that can further reduce that velocity error for the future in-
stant. Considering the inaccurate nominal values and the changed real values of inductors and
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Power factor

resistors, Kalman filter is adopted to estimate the power disturbances caused by the mismatched
parameters, thus eliminating the steady-state error by correcting the power expressions. In the
experimental validation, stable speed is obtained, and the speed error can be maintained within
4 15 r/min at 25000 r/min. At the same time, the upper and lower capacitors on DC link
have been well balanced. Besides, grid-side power quality is controlled by regulating the ac-
tive power to be constant and reducing the reactive power to near zero. Near-unity grid-side
power factor and sine-shaped grid-side current with the THDs less than 5% are obtained in the

experiments.
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CHAPTER 6

Conclusion

This dissertation focuses on the control of grid-connected high-speed SRM drive system, and
satisfying current THDs, controllable reactive power, and well-regulated SRM are the main con-
trol goals. Conventionally, DBR is adopted to drive the SRM converter. As has been presented
in Chapter 2, although the adoption of DBR reduces system cost, a large amount of reactive
power and current harmonics, which have severe damage to power quality, will be induced into
the grid, and the reactive power can be even comparable to active power. Additionally, in the
existing SRM drive systems with improved grid-side power quality, the front-end converter and
back-end SRM drive are separate control units with their respective control schemes.

In chapter 3, a drive topology composed of a T-type single-phase three-level VSR and a
4-level SRM converter is proposed to drive the high-speed SRM while improving the power
quality. Compared with the conventional split-DC converter, the 4-level SRM converter of the
proposed drive topology adopts one more switch and one more diode for each phase, but two
more conduction modes are formed. With the double-voltage demagnetization mode of the 4-
level SRM converter, the tailing time of demagnetization current is significantly reduced, which
increases the utilization of inductance increasing region. All the conduction modes of this
converter can be implemented successfully, even in the multi-phase excitation region. Besides,
a current control scheme based on virtual orthogonal system is proposed, which regulates the
SRM and power factor by the d-axis and g-axis component of grid-side current, respectively.

In chapter 4, a centralized P-DBPC which controls the whole system by manipulating the
power flow is proposed. It treats the front-end converter and the SRM converter as a whole,
and the speed of SRM is controlled by manipulating the active power flowing inside the sys-
tem. Specifically, the output of the speed controller of the back-end SRM is torque reference
T™, and the active power reference P* is obtained by multiplying 7™ by the angular velocity
w,. P* is the desired active power required by the motor side, and it is directly provided by the
front-end VSR through the instantaneous active power control of P-DBPC. In this way, a direct
connection of power between the front-end VSR and back-end SRM is built and one control
scheme is enough to realize SRM regulation, grid-side power factor correction, and current har-
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monics restraint simultaneously. Therefore, the proposed drive system is more simplified than
the aforementioned SRM systems with separate control units. Besides, the energy feedback,
which is beneficial to the motor drive system, can be realized in the proposed drive system so
that the excess active power can be transferred back to the grid. Additionally, without causing
burden on the controller, the A-SVPWM reduces the switching loss by reducing the frequency
of switching action, thereby improving the system efficiency.

In chapter 5, a cascade-free MP-DPC strategy is proposed to further remove the conventional
cascade control structure from the SRM drive system. Considering the fast dynamic response
and flexible integration of various constraints, MPC is adopted to remove the outer speed con-
troller. However, since the conventional MPC is generally adopted as an inner controller of the
outer PI control loop, a new cost function is designed in the proposed strategy to eliminate the
outer PI control loop. By evaluating the new cost function, the proposed strategy selects the
vector which not only will generate a motor speed closer to the setpoint at instant k+2, but will
generate an active power capable of further reducing that speed error for the future instant. Con-
sequently, well-regulated motor speed, balanced capacitor voltage, and controllable power flow
can be achieved within one cost function simultaneously. Besides, to increase the robustness
of the proposed strategy, the disturbances caused by mismatched parameters are estimated via
Kalman filter and used to correct the power expressions, thus compensating for the steady-state
power error.

The effectiveness of the proposed control strategies have been verified on the testbench, and
satisfying control performances have been obtained. In experiments, stable SRM speed can be
obtained, the grid-side power factor has been increased to near 1, and the current distortion has
been reduced.

For future work, more research regarding the four-quadrant control of SRM can be done
further to improve the system’s performance with advanced control algorithms. Besides, to
enhance the reliability and availability level of the whole system, more research can be done
toward making fault diagnosis and realizing the post-fault operation once the short- or open-
circuited switch fault is detected in the grid-side rectifier and SRM converter.
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List of symbols and abbreviations

B.1 List of symbols

Motor-side symbols:

I Phase current
Tm Phase resistor
Um Phase voltage
U Phase flux linkage
Ym,ini Pre-existed flux linkage
Tem Electromagnetic torque
Dim.em Electromagnetic power
w! Magnetic co-energy
Wy Mechanical angular velocity
0, Rotor position
O on Turn-on position
Omof f Turn-off position
O, zero Position when winding current drops to zero
Tavg Average torque
L, Phase inductance
0 Aligned position
0., Unaligned position
w Windage loss

=5

Number of stator poles
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N, Number of rotor poles
T Load torque

Im Rotor inertia

B, Friction coefficient
Drm,em Electromagnetic power
D, Load power

Grid-side symbols:

Ve DC-link voltage

Wy Frequency of AC side voltage

R, Actual value of grid-side filter resistance
€q Grid-side voltage

L, Actual value of grid-side filter inductance
Ly no Nominal value of grid-side filter inductance
Ry o Nominal value of grid-side filter resistance
C Upper DC-link capacitor

Cy Lower DC link capacitor

Vel Voltage on upper DC-link capacitor

Vg2 Voltage on lower DC-link capacitor

Av Deviation of neutral voltage

Ty Control period

p Instantaneous active power

q Instantaneous reactive power

14 d-axis component of grid-side current

iq q-axis component of grid-side current

la «-axis component of grid-side current

8 [-axis component of grid-side current

€a «-axis component of grid-side voltage

eg [-axis component of grid-side voltage

Ug, a-axis component of converter voltage
ug [-axis component of converter voltage
gopti Optimal switching state

Sn nth switching state

P Active power reference

Q* Reactive power reference
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B.2 List of abbreviations

AC

AFE
ASHB
Back-EMF
CFD
DAC
DBR

DC

DSP
FEM
IGBT
IPM
MPC
MP-DPC
P-DBPC
PI
PMSM
RMS
THD

3D

SPC
SRM
SVPWM
VSR

Alternating Current

Active Front End

Asymmetrical Half-Bridge
Back-Electromotive Force
Computational Fluid Dynamics
Digital-to-Analog Converter

Diode Bridge Rectifier

Direct Current

Digital Signal Processor

Finite Element Method

Insulated Gate Bipolar Transistor
Intelligent Power Module

Model Predictive Control

Model Predictive Direct Power Control
Predictive Deadbeat Power Control
Proportional Integral

Permanent Magnet Sychronous Machine
Root Mean Square

Total Harmonic Distortion
Three-dimension

Single Pulse Control

Switched Reluctance Motor

Space Vector Pulse Width Modulation
Voltage-Sourced Rectifier
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Specifications of the high-speed SRM

The specifications of the target high-speed SRM are presented in Table C.1.

Table C.1: Specifications of the high-speed SRM

Parameters Value
Rated torque (N - m) 0.12
Rated speed (r/min) 25000
Number of Poles 472
Stator outer diameter (mm) 70
Stator yoke thickness 6.5
Stator inner diameter (mm) 32
Bore diameter (mm) 31.46
Air-gap (mm) 0.27/0.42/0.53
Shaft diameter (mm) 8
Stack length (mm) 30
Stator pole arc (°) 48
Rotor pole arc (°) 100
Number of turns per pole 102
Copper wire diameter (mm) 0.6
Number of parallel branches 2

Phase resistance (£2) 0.4
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APPENDIX D

Load torque observer

The load torque observer based on Kalman filter is described as follows. It can also compensate
for other disturbances, such as friction, so that the zero steady-state error of the rotor speed can
be guaranteed [111]. The discrete form of motor angular velocity can be written as

rlb] = 7 (el = 1] = mlk 1)) + ke — 1] (D.1)

Therefore, the state space model of Kalman filter can be written as

welk] \ |1 —f—; wrlk — 1] N Tem[k — 1] LW
nk] )]0 1 nilk — 1] 0 Tm, T (D.2)

~~ ~~ ~\"~ ~"~ Bﬂ[k_l]
X[k Fy Xgk—1] Gylk—1]
welk] =[1 0]Xqlk] + Valk] (D.3)
N——
Zg[k] Hy

where W, (k]| is the process noise with the covariance matrix Qg: Wy[k] ~ N(0, Qq), and VK]
is measurement noise with the covariance matrix R;:V;[k] ~ N(0, R;). Then the predicted (a
priori) estimate of state vector can be obtained as below based on the mathematical model

A

X7 [k] = FyX 4k — 1]+ Gylk — 1]B.[k — 1] (D.4)

where X [k] represents the priori estimate of state vector X4, and X4[k — 1] represents the
posteriori estimate of state vector calculated within interval [k — 1, k). The accuracy covariance

A~

of the priori estimate of state vector is defined, i.e., P, [k] = E[(Xq4[k] — X [k])(Xalk] —
X7 [k])"] and it can be calculated by

P, [k] = FuPylk — 1]F] + Qq (D.5)
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where P,k — 1] is the accuracy covariance of the posteriori estimate of state vector obtained in
[k — 1, k). Then in the correction stage, Kalman gain K;[k| and the posteriori estimate of state
vector X 4[k] can be calculated by

__ PyKH]
Kalk] = H,P; [k|HT + R, ©.6)
X[k = X5 [ + Kalk|(Zalk] — HiX; [F]) (D.7)
Pylk] = (I — K [k|H,)P; [K] (D.8)

where P, k] is updated to be used in the next sampling period. Through this process, 7; can be
estimated.
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