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ABSTRACT

The Permanent Magnet Synchronous Motor (PMSM) has garnered extensive
research and application in fields such as the defense industry and transportation due to
its advantages, including high efficiency, high power density, high torque-to-current
ratio, and a wide speed regulation range. Concurrently, with the advancement of
powerful and fast microprocessors, Model Predictive Control (MPC) has emerged as a
promising control strategy for AC motors. MPC features a straightforward control
structure, excellent dynamic response, and the ability to easily account for system
nonlinearities and constraints, making it particularly suitable for achieving high-
performance control of PMSMs. However, the application of existing MPC algorithms
to PMSM control presents a series of challenges, such as significant output ripples and
elevated common-mode voltages, which can lead to decreased prediction accuracy and
control performance. To address these issues, this thesis focuses on PMSMs as the
research subject, employing finite set predictive control system theory and
comprehensively applying modern control concepts such as hysteresis to conduct in-
depth research on high-performance current control strategies for electric drives. The
main contributions of this work are summarized as follows:

Firstly, the mathematical models of PMSM and traditional two-level inverter are
introduced, and the basic principle and solution process of finite-set MPC (FS-MPC)
are described in detail. FS-MPC is combined with PMSM current control, and the entire

controller replaces the current loop of traditional field-oriented control, and the cost



function is designed according to the current tracking reference value. Building on this
classical strategy's simulation validation, the primary challenges and limitations are
discussed through theoretical derivation, encompassing dynamic and steady-state
effects, output ripples, and online computation requirements.

Secondly, to address the non-fixed and elevated switching frequency issues
associated with FS-MPC under various operational conditions, a multi-vector switching
sequence optimization is introduced into the classical control strategy. Additionally,
two voltage generation methods that avoid utilizing zero vectors have been designed to
suppress common-mode voltage and mitigate adverse effects such as shaft currents and
electromagnetic interference. Experimental results demonstrate that this strategy can
effectively accommodate the motor’s varied operational states, combining the favorable
steady-state performance of the multi-vector strategy with the rapid transient response
of the single-vector strategy; specific pulse generation methods can effectively
eliminate common-mode voltage.

Furthermore, in light of the prolonged computation times and high implementation
complexities associated with the three-level FS-MPC control strategy in practical
hardware execution, a simplified sub-sector division has been established. A rapid
optimization search method has been devised by designing a novel cost function and
narrowing the traditional enumeration optimization search range. Comparative
simulations with typical schemes from the literature indicate that the proposed approach
is both simple to implement and capable of quickly tracking given values under

dynamic conditions.



Additionally, employing a pre-refined candidate vector set as the core framework, an
enhanced multi-vector control strategy is proposed, which achieves neutral point
potential balancing and common-mode voltage suppression. This strategy also
considers optimal dwell times and the composite effects of reconstructed vectors across
different sectors. Experimental results validate that this scheme can achieve satisfactory
dynamic and static performance within a short execution time, while lowering the
switching frequency of the three-level inverter and enhancing the operational efficiency
of the drive system.

Finally, a set of coherent voltage vectors (CVVs) with movable starting points is
introduced to replace the basic candidates. The pulse train of the optimal CVV is
generated by single-carrier modulation, and capacitor charge balancing in different
sectors can be included in the zero-sequence component injection. The proposed CVV-
MPC is characterized by simple implementation and satisfactory performance under
low switching frequency. Comparative experiments are conducted to verify the

effectiveness and superiority of the proposed method.
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CHAPTER 1. INTRODUCTION

1.1. Research Background

Over the past decades, high-performance servo drives have been increasingly used in
a variety of fields, thanks to greatly improved servo control performance, which has
effectively increased productivity [1]. Among them, Permanent Magnet Synchronous
Motor (PMSM) is characterized by high power density, wide speed range, and the
ability to provide large torque and occupy a small size, which is suitable for various
industrial drives [2]-[6]. As a result, PMSMs can be used in a wide variety of
applications, including general purpose industrial drives [7], precision machine tools,
pumps and fans, as well as in environments with stringent dimensional and
environmental requirements, such as automotive and aerospace [8],[9]. High
performance servo control requires precise control of motor speed, current and torque
[10].

While the PMSM structure is constantly being optimized and innovated with specific
application scenarios [11]-[14], PMSM high-performance control technology is also
developing rapidly [15]. Currently, the two control schemes that are relatively mature
and have been widely used in industry are field-oriented vector control strategy (FOC)
and direct torque control strategy (DTC) [16]-[19]. FOC mainly realizes the
independent control of the stator current excitation component and the torque

component through coordinate transformation [20], thereby achieving the decoupling



of magnetic field and torque control [21]. Its specific implementation generally adopts
a multi-loop cascade structure based on PI controller, which has good steady-state
tracking performance [22], but has defects such as integral saturation, difficulty in
handling system constraints, and difficulty in adjusting controller parameters during
multi-objective collaborative control, making it difficult to guarantee dynamic
performance in the full speed range [23]. Compared with FOC, DTC directly controls
the torque and flux [24], uses the torque and flux errors as the input of the preset
switching table, and directly outputs the appropriate switching state [25]. It has a faster
dynamic response speed, but there are problems such as large torque and flux
fluctuations and non-fixed switching frequency [26]-[29].

In traditional control scenarios, the control performance indicators of PMSM mainly
focus on its dynamic response speed and steady-state error [30]-[33]. At present, the
requirements of emerging industries for PMSM control performance are more
diversified, including system speed regulation range, operating efficiency, noise and
vibration, fault diagnosis, etc [34]-[39]. It is difficult to meet so many requirements
only through hardware [40]. Therefore, more and more advanced control technologies
with relatively complex algorithms and large computational complexity have been
introduced into the field of motor control by domestic and foreign scholars for research,
such as adaptive control [41], fuzzy control [42], neural network control [43], model
predictive control, etc [44].

Among them, Model Predictive Control (MPC) has garnered significant attention in

recent years [45]-[49]. Compared to other control methods, MPC is capable of
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integrating the characteristics of power converters and drive systems within hybrid
nonlinear systems [50], as well as managing a finite number of switching states and
constraint conditions, thereby simplifying the control algorithms [51]-[53]. Currently,
MPC has been applied in the field of motor control and has achieved notable results
[54]. However, in general, the application of MPC algorithms in practical systems is
still in its nascent stages. Specifically, in the context of Permanent Magnet Synchronous
Motors (PMSMs), further research is needed to enhance control performance, improve
system stability [55], and adapt to varying parameters [56]-[58]. Therefore, the
continued exploration of MPC applications in motor control is very promising [59]-
[64].

The control technology for two-level inverters has become relatively mature, with
widespread product applications in the low-voltage, low-power variable frequency
domain [65], demonstrating certain technical advantages and market share [66]-[70].
As the demand for installed capacity continues to grow, enterprises are increasingly
adopting the method of stacking multiple two-level inverters at the input of high-power
variable frequency speed control systems [71]. This approach not only reduces the
overall efficiency of the system but also compromises reliability and necessitates the
use of expensive, energy-consuming transformers [72]-[74]. It is evident that the
development of two-level inverters has become insufficient to meet these requirements;
therefore, multi-level inverters have emerged as a key solution to address these
challenges [75]-[78]. Compared with the traditional two-level inverter, the total

harmonic distortion (THD) of the output waveform of the three-level neutral-point-
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clamped (3L-NPC) inverter is reduced under the same switching frequency [79]. This
IS because the output voltage waveform of the three-level inverter is ladder-shaped and
closer to a sine wave [80]. At the same time, multi-level inverters also have the
advantages of small voltage change rate dv/dt and minor voltage stress of power devices
[81]-[83]. Therefore, 3L-NPC is widely used in the field of high-voltage, high-capacity,

and high-accurate motor drive [84].

1.2. State of The Art in MPC Strategies

There are various forms of MPC strategies in drive systems, among which the one
regarded as the base initiator is the single-vector based MPC. In this category of
strategies, only one basic voltage vector is selected from a finite number of candidates
sets in each control cycle [85]. The restricted utilization of voltage vectors leads to the
switching frequency of the converter output being unfixed. In the two-stage
optimization-based MPC scheme of [86], the interleaved carriers are applied to
conveniently achieve the fixed switching frequency. While in [59] and [87], the suitable
switching sequences are designed and utilized as candidates for optimal pools.
Furthermore, a single vector-based approach causes inaccurate tracking with the
desired value which is far from satisfying performance requirements [60]. To address
this issue, a considerable amount of research work has been carried out, which can be
summarized into two paths: one is to expand the candidate sets with virtual vectors, and

the other is discrete space vector modulation [88]-[90]. Essentially, two or three



different vectors are applied in one entire control period to synthesize the vector circle
more accurately.

In [91], a method of PMSM drive that adopted one nonzero vector and one
unrestricted vector is presented. The latter vector is confirmed in a border range and the
novel cost function is a kind of direct voltage selection mode. In order to achieve better
steady-state performance, three vectors are allocated symmetrically, and the optimal
vector duration ratio is calculated [62]. In [92], 12 new virtual vectors were constructed
by basic voltage vectors to improve the accuracy of converter output. The duty cycle
scheme is formed by introducing a zero vector to adjust the magnitude of the virtual
vector.

The above-mentioned approaches can reduce the tracking error and current THD, but
whether based on multiple vectors or virtual vectors, the use of zero vectors is
inevitable. The similarity between these different variants of MPC is that they are
required to determine not only the optimal combination of output variables but also

every variable’s action time, which is computationally intensive.

1.3. State of The Art in Three-level Inverter Motor Drive System

The situation will be more complex when MPC is extended to the three-level inverter
topology, and a number of strategies have been proposed for this scenario. In the
conventional FS-MPC introduced by Rodriguez et al. [93], all 27 switching actions
generated by the 3L-NPC inverter are predicted by the discrete-time model in each

control cycle. In the next period, the optimal voltage vector that minimizes the cost



function will be applied to the control system. Therefore, FS-MPC often consumes
excessive computational time and thus deteriorate system dynamic performance.
Several solutions have been adopted to overcome the drawbacks. Zhang et al. [72]
proposed the deadbeat-based method, which avoids predictions for 27 stator voltage or
current in each control cycle. However, the computational time is still considerable
when carrying out cost function calculations.

All the aforementioned methods adopt only one voltage vector in one entire control
cycle, which leads to unfixed switching frequency and large current ripple. Accordingly,
a dual-vector control mode is applied in [94]. It enhanced the overall inverter
performance based on the current error area minimization. Xiong et al. constructed
virtual vectors and employed a discrete time disturbance observer, which achieved good
steady-state and dynamic performance [95]. Alhosaini et al. presented the modulation
of discrete space vectors and effectively reduced the output current ripples [96].

To optimize the duty cycle for each of the 24 redivided sectors, Donoso et al. made
use of the numerical values of cost functions [97]. However, these MPC strategies that
go beyond taking a single vector have a complex vector evaluation process that also
requires calculating the duration of each vector combination. To improve the
computational efficiency, a preselection scheme is proposed to select the optimal
vectors, and the evaluation structure is rebuilt in [73]. Two-stage optimization based on
virtual VVs is employed in [98] to reduce the computation burden. In [57], the deadbeat
current control principle is introduced to eliminate the iterative computations for a nine-

phase open-end winding PMSM.



For a 3L-NPC inverter, operating with the unbalanced neutral point potential (NPP)
will affect the reliability and lifetime of the PMSM drive system. To handle this key
issue, a hexagon candidate region FS-MPC is proposed in [72], and the NPP balancing
is incorporated into cost function calculation. However, the weighting factors are
required to be fine tuned by trial and error, which consumes a lot of time and sacrifices
the fast dynamic response. Yang et al. balanced the NPP by selecting proper redundant
small voltage vectors [99]. The candidate voltage vectors to be evaluated are effectively
reduced, and the weighting factors are eliminated as well. Yang et al. applied one virtual
and three real vectors in one control cycle [100]. NPP balance is achieved by duration
time adjustment of virtual and redundant vectors. Zhou et al. decoupled the control
process into two stages in each control period and considered the nonlinearity of the
voltage vectors caused by the unbalanced NPP [101].

Another critical issue with different types of inverters driving electric machines
is that they inherently produce a common-mode voltage (CMV). If large CMV is
presented in the PMSM drive system, overvoltage stress to the winding insulation is
raised, and electromagnetic interference (EMI) is generated with neighboring devices.
EMI causes high-frequency overload bearing current, which needs to be suppressed to
promote 3L-NPC inverter performance. The hardware increment, such as separate
rectifiers and filters, will reduce overall system efficiency and increase
maintenance costs [102], [103].

In the software-based technique, scholars have conducted rich research on

suppressing CMV through control algorithms. In [61], the CMV suppression item is



added to the cost function of MPC, but this soft screening mechanism of the voltage
vector cannot wholly suppress the CMV spike. Nevertheless, the designed cost function
causes a compromise of the main control target and reduces the current and torque
performance. In the MPC scheme of [104], only 6 nonzero basic vectors are used, and
the zero vectors are abandoned; thereby, the CMV is suppressed. However, its current
and torque fluctuations are increased compared with the conventional MPC. In [105],
two nonzero voltage vectors are selected from the control set and utilized in one control
cycle. However, due to the reduced number of usable switching states, it is only
possible to synthesize virtual vectors with larger amplitudes (larger than Ugc/3).

In [106], two active vectors in opposite directions as equivalent zero vectors,
replacing the zero vectors in the conventional three-vector synthesis method [62],
which can better suppress current and torque ripples. However, four nonzero vectors
are used to synthesize the target voltage vector, which leads to a high switching
frequency of the converter [107], significant loss, and difficulty in heat dissipation.
Therefore, this algorithm is subject to these restrictions on various occasions. Qin et al.
[108] divided space vectors into large, medium, and zero vectors and selected vectors
corresponding to one sixth CMV of the DC-link voltage. In [109], only the non zero
vectors are applied, and the dead-time effects of the inverter are considered.

However, in the above-mentioned CMV elimination schemes, the NPP balancing of
NPC-type inverter is not taken into consideration. The most common solution of this
issue is redundant vector duration time adjustment combined with space vector
modulation theory [74]. Liu et al. [110] proposed a double signal PWM technique that
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can control the NPP and reduce CMV simultaneously. However, the switching losses
inside the inverter are increased. In [104], a series of virtual vectors are synthesized,
and appropriate redundant vectors are selected based on the neutral point potential
deviation. However, the number of candidate vectors is large, and the output is not
stable enough. Yang et al. [111]- [113] added NPP error to the cost function as a
constraint and solved the task of selecting the corresponding weighting factors for the
multi-objective cost function. However, as mentioned above, weighting factor design
in the cost function is complicated, especially when the number of control objectives
increases.

Although these recently emerged studies have been able to enhance steady-state
performance while balance neutral point voltage, the computational cost will further
increase. For example, if double vectors are applied in the entire control cycle, there are
totally 729 (272) possible combinations to be enumerated and evaluated. When the
consideration of neutral voltage balance is included, the complexity of this assumed
double-vector strategy will increase exponentially. Complex formulation to solve the
optimization problem will deteriorate the system’s dynamic performance and hinder its

practical application.

1.4. Research Motivation and Main Work
So far, to reduce the CMV without using hardware devices or weighting factors, the
existing MPC studies adopt multiple voltage vectors to synthesize the reference vector

[114]. However, the cost of the current methods is to sacrifice the fast response



capability, and the switching frequency and switching loss are higher. How to realize
the tradeoff between CMV suppression and the full range of dynamic and static control
effects has become a challenge to be solved. This thesis is motivated toward the
development of a high-efficient multivector MPC method for suppressing CMV. It
combines the advantages of the one optimal vector FS-MPC method and the
multivector synthesis method based on the equivalent zero vector without causing
much rise in converter switching frequency. The main contributions of this thesis can

be listed as follows.

1) The proposed method’s high efficiency is first reflected in quickly judging the
dynamic status and maximum output of the inverter. The existing indicators for
judging the motor working conditions are the g-axis current slopes [90], which
calculation is complex and time-consuming. This thesis creatively obtains the
reference voltage amplitude for dynamic analysis and the single-vector method
ensures maximum output range of the inverter. The experimental results demonstrate
that the proposed method can achieve fast tracking when the speed and load change

suddenly.

2) A novel multivector modulation scheme is designed to ensure that the drive
system maintains highly efficient operation during the steady state. Previous studies
fail to integrate switching sequences optimized and voltage vector selection [92], the
phase angle variation mechanism is also not fully utilized in the design. The proposed

method not only limits multiphase jump, but also requires no action between cycles,
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and the number of actions within the cycle is fixed. Experiments prove that the

proposed method achieves smooth and accurate output at a lower switching frequency.

3) Under various operating conditions, this thesis adopts a highly efficient CMV
suppression strategy without zero vectors. In steady-state, two adjacent vectors and
two nonadjacent vectors are selected from the candidate set and arranged into a
specific order. Superior to the approach in [97], zero vectors are not simply abandoned
but managed to be synthesized efficiently. It is experimentally verified that the
dynamic and steady-state outputs are not sacrificed while completely restricting the

CMV within £Uqc/6.

Existing three-level FS-MPC methods usually design the cost function and traverse
the candidate vectors to find the optimization. However, compared to the two-level
inverter system, which has only 8 voltage vectors, there are 27 basic voltage vectors,
even without considering the CMV and NPP imbalance features. Furthermore, in the
af-plane, voltage vectors at the same position may correspond to different CMV
amplitudes and multiple neutral point currents [115], [116]. To fill the
abovementioned gap, this thesis simplifies the process of voltage vectors selection and
takes advantage of their CMV and NPP attributes. The main contributions of this work

are as follows:

1) Since the three-level inverters provide abundant voltage vectors, regarding the
computational burden of the system [102], an efficient mapping rule is introduced to

narrow the candidate area into sub-hexagons. Numerical prediction and optimization
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stages are omitted, and a substantial amount of calculation time is saved. The vector

operation time is determined by the cost function so as to minimize the tracking error.

2) The proposed scheme does not directly exclude the basic vectors with large CMV
amplitudes [117], but rather reconstructs them into a set of vectors with equivalent
outputs based on the current situation and regulation requirements. Then, in
conjunction with the other vectors in the sub-hexagon at which they are located, the

CMV suppression does not affect the other control effects in the vast majority of cases.

3) Without the need to model DC-bus capacitor charging and discharging, nor
utilizing the opposite characteristics of the redundant vectors [105], a hysteresis
controller is comprehensively designed based on the multiple characteristics of the
space voltage vectors. It fully mobilizes various voltage vector resources and expands
the bidirectional range to non-redundant vectors to collaboratively suppress NPP

fluctuations and CMV.

1.5. Thesis Outline

This thesis primarily focuses on the design of a current inner loop controller for
PMSM based on the FS-MPC theory, aimed at improving the shortcomings of
traditional P1 controllers, such as slow dynamic response and difficulties in parameter
tuning. Furthermore, it conducts an in-depth analysis of the issues associated with the
sensitivity of traditional FS-MPC to model parameters and the significant output
current ripple observed in conventional two-level drive systems. Relevant improvement
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strategies are proposed to address these shortcomings, and the effectiveness of these
strategies is verified through simulations and experiments. The structure of this thesis
is organized as follows:

Chapter 1 introduces the research background and significance of the topic,
summarizing several commonly used control strategies for PMSMs. It reviews the
development of predictive control and the current state of FS-MPC research, as well as
its application directions, and concludes with a brief overview of the main research
contributions of this thesis.

Chapter 2 presents the characteristics of PMSMs, focusing on the surface-mounted
PMSM as the subject of study. It includes a mathematical modeling analysis conducted
in the synchronous rotating coordinate system. The basic principles and control
procedures of FS-MPC are introduced, with its application to the current loop discussed
to enhance the dynamic performance of the system. The chapter concludes with the
simulation setup and analysis of a single-vector control system.

Chapter 3 briefly introduces the deadbeat principle of reference voltage vector
calculation and provides a detailed introduction to the causes of CMV. To address the
issue of adjusting control strategies under different operating conditions in traditional
FS-MPC, the relationship between the motor's rotational sectors and the switching of
phase current is derived. Based on this, a multi-vector MPC utilizing specific vector
switching rules is proposed, which improves the control performance of the system in
steady and dynamic conditions. The chapter also details the construction of the

experimental platform and comparative analysis.
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Chapter 4 introduces the basic topology of the 3L-NPC inverter and its space vector
distribution in the PMSM drive system. To alleviate the computational burden, a novel
position determination method is proposed, which maps the reference voltage vector
onto sub-hexagons, referred to as RFS-MPC. Simulations demonstrate that this method
simplifies the optimization process while maintaining superior control performance

Chapter 5 discusses the principles, calculation methods, and hazards of neutral-point
potential (NPP) and CMV generation. It then presents a combined suppression method
for CMV and NPP based on voltage vector reconstruction. This method is not only
flexible in control but also reduces parameter dependence through the proposed
hysteresis strategy. An experimental hardware platform is established, and the proposed
control method is verified experimentally, demonstrating its correctness and
effectiveness.

Chapter 6 presents the proposed CVV-MPC method, including delay compensation,
calculation of coherent voltage vectors, neutral point capacitor voltage balance, and
generation of switching signals. The experimental studies and comparative analysis of
different MPC methods are given, and the conclusions are drawn.

Chapter 7 summarizes the work completed in this thesis, highlights the limitations

encountered during the research, and offers perspectives for future research endeavors.
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CHAPTER 2. MODELING AND OPERATION
MECHANISM ANALYSIS OF PERMANENT
MAGNET SYNCHRONOUS MOTOR MODEL
PREDICTIVE CONTROL

2.1. Introduction

The focus of this thesis is on permanent magnet synchronous motor (PMSM) systems
driven by two-level and three-level voltage source inverters. The motors are controlled
with various constraints on the operation process, such as switching frequency, current
error, etc., in addition to the requirements on steady state performance and dynamic
response. It is difficult to realize so many constraints by hardware alone, and the finite
control set model predictive control technique is not only effective for nonlinear and
strongly coupled control systems, but also easy to integrate various nonlinear
constraints into the control algorithms, so that various constraints in the control of
motors can be handled at the algorithmic level. Therefore, this chapter first introduces
the mathematical model of the PMSM and the topology of the two-level inverter and
outlines the basic principles and implementation points of the MPC. Then, the finite set
model predictive control is applied to the current loop of a permanent magnet
synchronous motor, and its dynamic and steady state performances are simulated and

analyzed. Subsequently, MPC-related issues, including online calculation of load and
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parameter robustness, are discussed, providing a theoretical basis for the subsequent

research in this thesis.

2.2. Mathematical Model of Permanent Magnet Synchronous Motor

The Permanent Magnet Synchronous Motor (PMSM) primarily consists of several
key components, including the stator, rotor, shaft, and housing. It can be categorized
into three main types: Surface-Mounted PMSM (SPMSM), Embedded PMSM
(EPMSM), and Interior PMSM (IPMSM).

The SPMSM features a simple structure with its permanent magnets located on the
outer surface of the rotor core. Due to its low manufacturing costs, small rotational
inertia, and reduced harmonic content in the magnetic flux, it is widely utilized in
industrial applications. In contrast, the EPMSM has its permanent magnets positioned
within the surface of the rotor, resulting in a high air gap magnetic flux density capable
of generating substantial electromagnetic torque. However, this design is associated
with increased structural complexity, higher manufacturing costs, and greater magnetic
leakage. The IPMSM incorporates its permanent magnets within the rotor core, offering
advantages such as robustness, excellent dynamic performance, and high power
density. Nonetheless, it also suffers from increased structural complexity, elevated
magnetic leakage coefficients, and significantly higher manufacturing costs compared
to the SPMSM. Considering the advantages and disadvantages of these three PMSM
types, the PMSM drive system designed in this study adopts the Surface-Mounted

PMSM as the target for control.
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2.2.1. Commonly Used Coordinate Systems and Coordinate
Transformations

Taking the A-axis as the reference axis, the commonly used motor coordinate
systems are as follows: 1) Three-phase stationary coordinate system (ABC coordinate
system): The three-phase symmetric stator windings of the PMSM are aligned with the
A, B, and C axes, which are spaced 120° apart in space; 2) Two-phase stationary
coordinate system (a-f coordinate system): The a-axis coincides with the A-axis, and
the p-axis leads the a-axis by 90°; 3) Two-phase rotating coordinate system (d-g
coordinate system): The magnetic field direction of the rotor permanent magnet is along
the d-axis, and the g-axis leads the d-axis by 90°.

Next, the transformation between different coordinate systems, namely the Clarke
transform and Park transform, will be introduced. The Clarke transformation converts
variables from the ABC coordinate system to the a-f coordinate system, and the Park
transformation is the transformation of variables in the a-f coordinate system to the d-
g coordinate system.

The matrix form of the Clark transform is:

H L5 5[

= Ug (2.1)
N

2 2

Us

If based on the principle of constant amplitude, the right matrix of (2.1) needs to be
preceded by the factor 2/3, and if based on the principle of constant power, the right

matrix of (2.1) needs to be preceded by the factor ~/2/3. Its inverse transformation is:
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He 2.2
LJ ¢

Similarly, if based on the principle of constant amplitude, the right matrix of (2.2)

needs to be preceded by the factor 2/3, and if based on the principle of constant power,

the right matrix of (2.2) needs to be preceded by the factor +/2/3.

The matrix form of the Park transform is:

u cosd sind || u
= T “ (2.3)
U, —sing cosd || U,
Its inverse transformation is:
u cosfd —sin@ || u
a — - d (24)
Uy, sing cos@ || U,

2.2.2. Mathematical Model of PMSM in Stationary Coordinate System

Due to the complexity of the PMSM mathematical model, simplifications are often
necessary for control purposes, where certain secondary influencing factors are
typically neglected. The main assumptions are as follows [37]: 1) The motor's magnetic
circuit characteristics are assumed to follow a linear relationship, ignoring core
saturation effects; 2) Eddy current and hysteresis losses are neglected; 3) The damping
windings in the rotor are disregarded; 4) The effects of external factors such as
temperature, humidity, and mechanical wear on the motor's performance and

characteristics are ignored.
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The motor voltage equation in the three-phase stationary coordinate system can be

expressed as:

dy,

u] [R. 0 o7, ddt
u; |[=| 0 R0 | +% (2.5)

w) Lo o Rllic] |,

C

| dt |

where a, ug, Uc are the phase voltages of the three-phase stator; ia, big, ic are the phase
currents of the three-phase stator; wa, wg, wc are the three-phase stator flux linkages; Rs
is the stator resistance.

The flux linkage equation is:

W Lan Las Lac || ia Via
Len Les  Lac g [+ Ve (2.6)
Ve Lea Les Lec lic Vic

where Laa, Lss, and Lcc represent the self-inductances of the stator three-phase
windings, while Lag, Lga, Lac, Lcs, Lac, and Lca are the mutual inductances between
the stator three-phase windings. w, ws, and wric represent the flux linkage of the
permanent magnet field in the three-phase stator windings.

The flux linkages generated by the permanent magnet in the A, B, and C phase stator

windings can also be expressed as:

W coséd
W | =, | cos(6-120") (2.7)
Vic cos(0 +120°)

where s represents the rotor flux linkage amplitude, and & denotes the angle between

the stator and rotor flux linkages.
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The electromagnetic torque Te of the PMSM is the partial derivative of the magnetic

field stored energy Wm with respect to the mechanical angle 6, :

T, :% P %(WA +igys +icyc) (2.8)
where pn represents the number of pole pairs of the motor, 6. denotes the mechanical
angle, and T represents the electromagnetic torque.

Substituting (2.5) and (2.6) into (2.1) yields the voltage equation and the flux linkage

equation for the PMSM in the a-f coordinate system. The stator voltage is

dy,

u, | |R 01 dt
LﬂHO Rj{iﬁ} dy, &9

dt

where u,, ug denote the stator voltage of PMSM in a-axis and f-axis respectively, iq, iz
denote the stator current in a-axis and g-axis respectively, and ., ws denote the stator
magnetic flux linkage in a-axis and f-axis respectively, and its flux linkage expression
can be obtained by the inverse Park transform of the flux linkage equation of the PMSM

under the d-q axis system with the following expression:

cosd —sind || Lyi, +
Va -~ d ' -l//f (2.10)

Ws| |sin@ cosé Ll

The electromagnetic torque can be expressed as
3 : :

Te :E Pn (l//alﬂ_l//ﬂla) (211)
where Te represents the electromagnetic torque; pn represents the number of pole pairs;

and w, and s denote the stator flux linkage in the a-axis and S-axis, respectively.
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2.2.3. Mathematical Model of PMSM in Synchronous Rotating
Coordinate System
Substituting equations (2.9) and (2.10) into (2.3) yields the stator voltage and flux
linkage equations of PMSM in the dg coordinate system. The stator voltage equation
can be expressed as:
_ dvy
u [ —
{ d}:Rs[.d}+a){ ‘”f*} at 2.12)
A LN R N
dt

where ug and ug represent the stator voltages in the d-axis and g-axis, respectively; iq
and iq represent the stator currents in the d-axis and g-axis, respectively; Rs represents
the stator resistance; y, and y, represent the stator flux linkages in the d-axis and g-
axis, respectively.
The stator flux linkage equations are expressed as:
s e
Yq 0 Lq ly 0

where Lq and Lq represent the inductances in the d-axis and g-axis, respectively; v,

represents the permanent magnet flux linkage. Substituting (2.13) into (2.12), the stator

voltage equation is obtained as:

di,

Uyg Iy L, Ol gt 0 L, || 0
U, =R, ] * o L || di, +a){|_d 0 } ] + o, v, (2.14)

dt
The electromagnetic torque equation is:

Tezgpniq [(L—L)is+wi | (2.15)
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Mechanical equations of motion for a motor:

T.-T.-Bo, =J do, (2.16)
dt
de
m — 2.17
G n (2.17)

where Te denotes the electromagnetic torque; T denotes the load torque; p» denotes the
number of motor pole pairs; B denotes the damping coefficient; J denotes the rotational
inertia; and wm denotes the mechanical angular velocity. SPMSM exists stator
inductance Lq=Lq, S0 the electromagnetic torque can be expressed as:
T = 3 [ 2.18
e E W ¢ Iq ( : )
When i, =0, from (2.18), it can be seen that the electromagnetic torque of the

SPMSM at this point depends solely on iq. Therefore, torque control can be achieved

simply by controlling ig.

2.3. Mathematical Modeling of Two-level Inverters and CMV

Motors are often driven using a three-phase two-level inverter circuit as shown in
Fig. 2. 1, where Uqc is the dc bus voltage, N is the neutral point of the motor stator

winding, and O is the middle point of the dc side.
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Fig. 2. 1. Topology and voltage vectors. (a) Equivalent circuit. (b) Voltage vectors.

The switching state of each bridge arm power converter can be defined as Sx (x=

-, 6), and the conversion from dc to ac is often performed in compensation mode to
avoid dc supply short circuit. The state of one-phase bridge arm can be indicated by the
switching signals Sa, Sb, Sc. If “1” is used to indicate that the upper bridge arm is open
and “0” is used to indicate that the lower bridge arm is open, then the upper bridge arm
conduction of phase A is indicated as Sa = 1. The three bridge arm switching tubes are
flexible, and there are a total of 2% = 8 switching combinations, which are shown in
Table 2.1. They can form 8 discrete switching states, corresponding to the voltage

vectors Vo to V7 in Error! Reference source not found.(b).

Inthe af coordinate system, the three-phase output voltage can be expressed as

0] 2|* _% _% "
"= Uy, 2.19
N o
2 2 cn



TABLE 2.1

INVERTER SWITCHING STATE

Uu Y U, U U, U U U
Sa O 1 1 0 0 0 1 1
S O 0 1 1 1 0 0 1
S O 0 0 0 1 1 1 1

When expressed in terms of the upper bridge arm switching state, the output voltage

can be expressed as:

1 _1 _l ua _un
U, | 2 2 2
u :§ \/é \/é Uy |—| Uy
/ 0 = o |llul Ly,
(2.20)
2 |t _% _% %
=—U S
3 dc \/§ \/§ b
0 — —|| S,
2 2 -

The CMV is defined as the potential between the load neutral point and the center of

the dc-bus, Veyy =(Upo +Ugo +Uco )/ 3, and it can be calculated as follows:

Upo =Uq (S, -1/2)
Ugo =U, (S, —1/2) (2.21)
Ugo =Ug (S, -1/2)

where Uao, Uro, and Uco are the three-phase terminal voltages.
Table 2.2 shows the amplitudes of corresponding CMV generated by six active

vectors and two zero vectors. It can be seen that the use of zero vector results in higher
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CMV. To suppress the CMV, two zero vectors Vo and V7 should be avoided whenever
possible.
TABLE 2.2

CMV AMPLITUDE CORRESPONDING TO EACH VOLTAGE VECTOR

Voltage Vectors Vemy
Vo(000) -Uac/2

V7(111) Ugc/2
V1(100), V3(010), V5(001) -Uqc/6
V2(110), V4(011), Ve(101) Uac/6

2.4. Basic Principles of Finite Set Model Predictive Control Strategy

Model Predictive Control (MPC), as an advanced control algorithm, does not refer
to a specific control algorithm with a defined structure, but rather to a class of model-
based closed-loop optimization control strategies. The core idea of the algorithm is: at
the current control instant, the system's behavior over a finite future time horizon is
predicted using a dynamic mathematical model, called the prediction model. Then,
different control sequences within this time horizon are evaluated, and the optimal
control sequence is determined by a predefined cost function.

The principle is illustrated in Fig. 2. 2. At kth instant, the system's mathematical
model is used to predict the state variables x(k+1), x(k+2), -, x(k+N) at the future
time steps (k+1, k+2, -, k+N ). Control inputs u(k), u(k+1), -, u(k+N-1) are selected

at these time steps to ensure that the system state variables x continually move closer to
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the reference trajectory x”. In each sampling period, new feedback variables are
measured, the system's new state is predicted, and the value function is minimized. The
entire prediction process yields a series of optimal control inputs, but only the first

control input, u(k) = uept (K), is applied.

Historical Future state/
condition forecast
< >
Reference
value

Fig. 2. 2. Operating principle of MPC.

The MPC control block diagram, as shown in Fig. 2. 3, mainly consists of three major
components: the prediction model, cost function optimization, and measurement
feedback loop. A general state equation for a discrete system can be represented as
follows, which serves as the prediction model to forecast the future state variables of

the controlled system:

{x(k +1) = Ax(k) + Bu(k) (2.22)

y(k) = Cx(k) + Du(k)
The optimization of the cost function requires the definition of an appropriate cost

function to select the optimal control input. The cost function should fully consider the
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reference values of the discrete system, the state variables, and future operations, as
follows:

J = f(x(k),u(k),...,u(k + N)) (2.23)
where x(k) is the state variable, and u(k),..., u(k+N) represents the N control inputs
chosen over a predetermined time period N. However, the controller only outputs the
first element of the optimized sequence as the optimal input. The sequence is as follows:

u(k),, =[10...0]arg min,J (2.24)

opt
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e

X0 1 o s
| Prediction %ﬂ ) | function "1
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\_’-v\/

Value x(K)
detection

Fig. 2. 3. General structure block diagram of MPC.

By continuously updating measurements to obtain the latest data and determining the
corresponding optimal control input for each case, an optimization process is required
in each control cycle. This is known as the rolling optimization strategy.

There are various types of MPC algorithms, with multiple forms of implementation.
One of the most researched and applied MPC methods at present is Finite Set MPC
(FS-MPC). In this thesis, the FS-MPC algorithm is applied to motor drive systems,

where the control input set is restricted to a finite number of switch combinations of the
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inverter. The complex optimization problem of solving the cost function is transformed
into an integer programming problem, and the optimal solution to the value function is
determined through an exhaustive search method.

In the control process of a motor, in addition to the requirements for steady-state
performance and dynamic response, the operation is also subject to various constraints,
such as voltage, current, etc. It is difficult to achieve so many constraints solely through
hardware. However, FS-MPC not only performs well for nonlinear, strongly coupled
control systems but also easily integrates various nonlinear constraints into the control
algorithm. This allows for handling various constraints in motor control at the
algorithmic level. Despite the simplicity of the control principle and the ease of setting
constraints, FS-MPC also has some inherent drawbacks. For instance, compared to
classical controllers (such as Pl controllers), it requires more computational resources,
places higher demands on controller performance, and the accuracy of the mathematical

model of the controlled system directly affects the control performance.

2.5. Conventional Current Control of PMSM Based on FS-MPC

In this thesis, we study the model predictive current control with SPMSM (Lg=Lq=Ls)
as the object to be controlled, and at the same time, in order to facilitate the controller
design and optimization at a later stage, the mathematical model of the SPMSM under
the synchronous rotating coordinate system d-q axis as in Chapter 2.2.3 is used, and it
is obvious that (2.14) expresses the continuous state equations of a system; however, in

the actual digital control system, a continuous state equation should be discretized so
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that it can be processed by the microprocessor. Assuming that the control period of the

system is Ts, a first-order discretization of (2.14) with the leading Eulerian term yields

(kD =1y 00+ 20, () - Ry 00+ E, ()

T (2.25)
(ke 2) =g () + 22U, () = Rijg (€) + By (K)
E, (k) = o, (K)Li, (k)
{Eq (k) = —a, (k)Li, (k) — o, (K, (2.26)

Conventional current FS-MPC for SPMSM replaces the dg-axis current inner loop
in the vector control system with the model predictive controller and retains the speed
loop PI controller. Since the two-level three-phase inverter can output 2 zero vectors
and 6 active voltage vectors, a total of 8 basic voltage vectors. Substituting the 8 basic
voltage vectors of the inverter into (2.14) can generate 8 consequent future load current
behaviors. Among these available voltage vectors, the voltage vector corresponding to
the current prediction value that minimizes the cost function is selected as the optimal
value. The classical cost function to measure errors between the predicted load currents
and the reference value is as follows:

g =iy —iy (+D| +[i; ~i k+D[ (2.27)
where i; and i; are the expected values of motor dg-axis current, which is given by the
speed outer loop after PI control.

Thus, the optimization process utilized by the conventional method is
computationally burdensome. The only selected voltage vector is applied during one
entire sampling period which also leads to a higher current ripple at steady-state.

Deadbeat control is a discrete control technology that makes the controlled quantity
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reach the desired value within one control cycle [62]. According to the deadbeat control
principle, the d-g axis currents track the given value without error at the next instant.

The reference voltage can be deduced according to (2.25)

i, (k+1) =i 2 28
iy (k+1) =i (2.28)
g (K +1) = Riy (k) + L[ iy =i, (k) |/ T, - @, Li, (k) 26
Uy (K +1) = Ri, (k) + L] iy =i, (k) |/ T, + @, Liy () + v, | (229

d-q axis reference voltages can be transformed into «-f plane through the inverse

Park transformation

u,(k+1) | coso —sin@ || uy(k+1) (2.30)

uy(k+1) | |sing cos@ ||u,(k+1) | '
The cost function is modified to

g= ‘u; —u, (k +1)‘2 +‘uiﬂ —u,(k +1)‘2 (2.31)

As shown in Fig. 2. 4, under this method, it only needs to predict one voltage vector
during one sampling period. The simplified cost function (2.31) can be regarded as the
distance between predictive vector and basic vectors. Finally, the phase angle of
reference voltage can be calculated as

0. =arctan (u, (k+1)/u,(k+1)). (2.32)
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Fig. 2. 4. Control diagram of the conventional FS-MPC by predicting one voltage

vector.

2.6. Simulation Results and Limitation Analysis

Simulation analysis was conducted for the FS-MPC system of the PMSM discussed
in this chapter. The control object is a surface-mounted PMSM with four pole pairs,
and its parameters are detailed in Table 2.3. Simulation waveforms for no-load
operation, load operation, and sudden load changes are presented and compared with
those obtained using traditional vector control strategies. The outer loop maintains a
speed controller with a Proportional-Integral (Pl) component, consistent with FOC,

while the current inner loop relies on the FS-MPC algorithm for its implementation.

31



TABLE 2.3

PARAMETERS OF PMSM

Parameter Value
Stator resistance Rs 0.74 O
Stator inductance Ls 2.96 mH

Rated torque Te 5Nm
Rated power Py 200 W
Rotor flux linkage 0.055 Wb
Rotational inertia J 0.004 kg -m?

Under the predictive current control, the relevant performance of the motor is
illustrated in Fig. 2. 5. The simulation time step is set to 100 ps, and the PI parameters
for the speed loop are kp = 2 and k; = 50. The effects of delays are not considered in the
simulation. Firstly, the motor is started from standstill with no load at t=0 s to a speed
of 1000rpm. At t=0.2s, the motor's given speed is increased to 1200rpm, and the given
speed is suddenly reduced to 1000r/min at 0.4s. At t=0.6 s, a load torque of 5 Nm is

applied to the motor, the overall simulation time is 1s.
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Fig. 2. 5. Simulation waveforms of FS-MPC.

Fig. 2. 5(a) presents the speed curve during the motor startup, accelerate/decelerate,
and loading process. It can be observed that the speed quickly tracks the setpoint with
nearly no overshoot, and the rise time is approximately 58.637 ms. Both accelerate and
decelerate speed responses exhibit a good slope. After applying the load, the speed
decreases by about 0.7 rpm.

Fig. 2. 5 (b) and (c) shows the dg-axis current ripple throughout the operation. In
steady state, the d-axis ripple is approximately 0.375 A, and the g-axis ripple is about
0.188 A, with a rise time of approximately 1.59 ms. Fig. 2. 5(d) illustrates the three-
phase current in different states. Combining this with Fig. 2. 5(b), it can be seen that
whether during startup or in accelerate/decelerate operation, the phase currents all

return to sinusoidal form very quickly.
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Fig. 2. 6. Steady-state phase current analysis.

Fig. 2. 6 (a) and 2.6(b) present the A-phase stator current and its harmonic spectrum
analysis in steady state, where the harmonic content of the current is approximately
7.84%. Fig. 2. 7 illustrates the switching waveforms of the three-phase bridge
throughout the operation. It can be observed that in the FS-MPC algorithm, there is no
direct correlation between the switching states at consecutive time instances; rather, the
switching state is determined by selecting the one that minimizes the cost function. The

selection of switching vectors at two consecutive moments may be adjacent, non-
or—"= e m _JJ|_, —— m__ ml L]
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Fig. 2. 7. FS-MPC Three-phase output state.

adjacent, or may remain unchanged.
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Compared to traditional Field Oriented Control (FOC) algorithms, the finite control
set model predictive control eliminates the modulation module, directly applying the
switching signals to the inverter. This undoubtedly increases the harmonic content of
the current while also accelerating system response. From a holistic perspective, the
optimization process of the FS-MPC control algorithm utilizes an exhaustive method
to obtain the optimal control voltage, which can be inefficient and computationally
intensive.

In contrast to conventional vector control algorithms, model predictive control does
not require tuning of current loop parameters as is necessary in vector control; rather,
it directly controls the dg-axis currents via the cost function, seamlessly integrating
various nonlinear constraints into the cost function. Additionally, by omitting the Space
Vector Pulse Width Modulation (SVPWM) module found in FOC control, the FS-MPC
simplifies the control; however, when using a single control voltage over an entire cycle

and with longer sampling intervals, the steady-state performance may decline.

2.7. Conclusion

This chapter begins by introducing the fundamental structure and classification of
Permanent Magnet Synchronous Motors (PMSMs). It then presents mathematical
modeling and analysis of PMSMs under different coordinate systems. A detailed
explanation of the mathematical principles and execution steps of the Finite Set Model

Predictive Control (FS-MPC) algorithm is provided. Subsequently, based on the
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mathematical models of the three-phase PMSM and the two-level inverter, a cost
function is designed in accordance with the control characteristics and system
constraints of permanent magnet machines. This approach effectively achieves current
control of the PMSM using the FS-MPC algorithm. Validation confirms that the
algorithm is capable of current tracking, and the designed nonlinear function effectively
limits the current amplitude, allowing the control algorithm to function without
complex parameter designs. However, there are also limitations that need further
resolution, such as significant steady-state fluctuations and excessive dependence on

motor parameters.
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CHAPTER 3. PROPOSED HIGH-EFFICIENT
MULTIVECTOR MPC WITH CMV SUPPRESSION

3.1. Introduction

Multivector model predictive control (MPC) has gained many attractions in motor
drive applications due to its accurate and stable control performance. However, two key
challenges have limited the control development. First of all, the switching frequency
is not fixed and remains at a high level under the full range of operating conditions.
More seriously, the zero vectors applied to adjust the output amplitude will generate
high common-mode voltage (CMV), resulting in axis current, electromagnetic
interference, and a host of other adverse effects. To address the two main concerns, this
chapter proposes a control strategy that can efficiently respond to different operating
conditions for permanent magnet synchronous motors (PMSMs). First, the reference
voltage is constructed by the deadbeat principle, and the motor operating condition is
distinguished according to the amplitude of the reference voltage. Second, to inherit
satisfactory performance in steady-state while exhibiting fast current tracking response
simultaneously, two voltage generation approaches that avoid the use of zero vectors
are designed. Finally, comparative experimental results are presented, and the

effectiveness of the proposed strategy is verified.

3.2. Motor Running Status Judgment

In actual operation, the running status of the motor drive system is not static. The

nonadjustable reference voltage vector generation method may cause the problem of
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output range mismatch. The block diagram is shown in Fig. 3. 1, by alternating between
two voltage vector generation methods, it can respond to the output demand of different
operating conditions. The inherent negative impact of CMV can be minimized and, at
the same time, achieve better steady and dynamic control performance with low

switching frequency.

Basis for

. Novel
judgment Sector

multi-

vector |

method :
|
)

location
(10)

us(k+1) * Motor

Steady state
running T T T ’
status e
judgment. | Dynamic state |
u,(k+1) st ! ) _ |
, I\/IPC_I in Cogt Optlmal Switching
| section function basic ! signal
Sector | Il (9) vector | !
variation ) R J
law it ’

Fig. 3. 1. Block diagram of the proposed control strategy.

A sudden change of the speed or load may occur during the motor operation. This
requires the fastest current change rate to dynamically respond to the value given. When
the motor is in a steady state, the main control purpose is to obtain the smoothest
possible output. Switching to the most appropriate control strategies requires first
determining what condition the motor is working in. In this chapter, a switching
threshold Usn is introduced to apply the most reasonable voltage generation method
within a control cycle according to the magnitude of different reference voltage vectors.

Due to (3.1), the reference voltage vector changes abruptly to reach a new equilibrium
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regardless of the abrupt speed or torque change. Combined with the above analysis, it

can be used as an indicator to judge the current operating state.

g (K +1) = Riy (k) + L[5 =i, (k) |/ T, - @,Li, (k) -~
Uy (K +1) = Ri, (k) + L] i; =i, (k) ]/ T, + @, Lig () + v | '

In the case of different amplitudes of the reference voltage vector, the applicability

of different methods is analyzed as shown in Fig. 3. 2. The vertices of the voltage

vectors in the finite control set are on the edges of the positive hexagon, and the

reference voltage vectors corresponding to the single-vector and multivector synthesis

methods are ul and ul7, respectively.
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Fig. 3. 2. Range of output voltage vector of different methods. (a) Single-vector

method. (b) Multivector synthesis methods.

Therefore, when the amplitude of the reference voltage vector is large, it is closer to
the finite control set, and the control performance will remain good. When the
amplitude is small, especially close to 0, its output fluctuation is relatively large. This

is due to the fact that the use of zero vector is abandoned to suppress the CMV, which
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is quite different from the candidate set. While the multivector synthesis method
accurately synthesizes the reference vector online, but correspondingly its switching
frequency will also be very large. It is necessary to analyze the relationship between
active vectors and output fluctuation. Fig. 3. 3 illustrates the a-axis current control

performances of different voltage generation methods. Ai, is the current ripple. At the

beginning and end of the control cycle, a-axis currents can be expressed as

k"" ......... I—
Al*! B4 : EZ\’EJI?Z%
za*]_._: ...... ‘@Z(er)
L Ip | { L b | | Ly
kth Ts (k+1)th Ty kth Ts (k+1)th T
(@) (b)

Fig. 3. 3. a-axis current behaviors with different voltage vectors. (a) Multivector
synthesis. (b) Single vector FS-MPC.
ia (k +1) = ia (k) + é‘ontO + 5a1t1 + 5a2t2

AR =i; ~i, (K) (3.2)
A2 =i =i, (k+1)

where t; are the durations of the candidate vectors. o, represent the current slopes

under the different applied vectors and can be calculated as follows:

(3.3)

{50“ =5, +u /L
Sy =0p U /L
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— dia

i —E . :5a0 +—=. (34)

u, =u,

The effect of each voltage vector on the a-axis current is integrated over one control

period, and the areas are defined as Ei. They can be expressed as

t2 =Ts _tO _t'l
E = I:;I:é‘aoto +0,L +0,, (Ts —b _tl):lz at

(3.5)

Obviously, the fluctuation of the single vector method is more severe, and the area of
Eiis larger. Fig. 3. 4 is the comparison of two voltage vector generation methods. It can
be seen that the average switching frequency of the single-vector method is low, which
output performance is also suitable for the situation where the reference voltage vector
amplitude is large; the multivector synthesis method has a low ripple, but the switching
frequency is high. A logic instruction M mentioned as follows is designed as the

judgment criteria of the running status. The specific corresponding relationships and

respective advantages are shown in Table 3.1.

M =1, if\/ReaI(uref )2+ Imag (U, )2 ~U, >0

(3.6)

M =0, if\/ReaI(uref )2 + Imag Uy )2 ~U, <0
To sum up, the proposed method flexibly selects one of the single-vector MPC in
Chapter Il or the novel multivector synthesis method according to the magnitude of the
reference voltage. From the above space vector distribution, it can be seen that the
maximum amplitude of the synthesized reference voltage vector is U, /3, so the

switching threshold Us» range is from 0 to U,,_/+/3.
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TABLE 3.1

CORRESPONDING CONTROL STRATEGIES AND REASONS

FOR DIFFERENT OPERATING STATES

Judgment criteria M

Voltage vector Advantages and effects

generation method

Single-vector MPC Fast response, low

1
in Chapter 2 switching frequency
0 Novel multi-vector Accurately track, low
synthesis method fluctuation
Single-vector ~ [] Multi-vector synthesis
Sector division of|reference voltage.
Large

ﬂ magnitude

Output fluctuation Switching frequency

Fig. 3. 4. Comparison of different voltage vector generation methods.

3.3. Sector Variation Law of Reference Voltage Vector

The reason why the traditional MPC strategy has a large amount of calculation, and
the switching frequency is not fixed is that there are too many voltage vectors that need
to be calculated cyclically, and there is no specific relationship between these voltage

vectors. Therefore, the amount of calculation can be reduced, and the switching

frequency can be fixed from the perspective of sector variation law.
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According to (2.14), when the SPMSM s running stably, uq is proportional to the
product of iq and speed, and the direction is negative, at which time the voltage vector
must be ahead of the current vector by a fixed angle and can be expressed as

o, =atan2(Ri, + oy, —o,Li,) (3.7)

Thus, the three-phase symmetrical sinusoidal voltage is the ideal supply method and

the trajectory of the reference voltage vector vertex is a circle and rotates

counterclockwise at the SPMSM electrical angle o,

u,=U,e”’
u, =U,e?" (3.8)
uC :Udcek”
j| ot-Z
uref :uA+uB +uC :gudcej( 2) (39)

According to the above analysis, the relationship between the angle of the reference
voltage vector and the sector number is shown in Fig. 3. 5. Fig. 3. 6 shows the variation
of the sector where the reference voltage vector is located in each control cycle. It can
be seen from Fig. 3. 6(a) that the sector always changes in a fixed pattern. The reference
voltage vector is rotated counterclockwise from Sector | to sector VI in the voltage
vector diagram shown in Fig. 2. 1(b), cycling sequentially. Fig. 3. 6(b) shows the
enlarged situation of Fig. 3. 6(a). It can be seen that as the control cycle changes, the
sector either remains unchanged or is transformed only into the adjacent sector. For
example, in Fig. 3. 6(b), the reference voltage vector switches back and forth between

these two adjacent areas before completely switching from sector VI to sector I.
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Fig. 3. 6. Sector change waveform in actual operation. (a) Fixed switching pattern. (b)

Zoomed-in display.

3.4. Optimized CMV Steady-State Strategy Without Zero Vector

3.4.1. Vector Selection and Action Time Calculation

The conventional vector synthesis method uses two nonzero voltage vectors adjacent

ref
s

to the reference voltage vector and the zero vector to synthesize the u;® , with
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adjustable amplitude and direction. In order to solve the problem of large CMV caused
by zero vector, a novel steady-state multivector modulated method is proposed.
Because of its unique pulse modulation technique, it is called the back-and-forth
synthesis method. The optimized steady-state method consists of the following steps.

1) Nonzero Voltage Vector Selection: In the three-vector synthesis method adopted in
[91], two adjacent active vectors of the predicted reference voltage vector and one zero
vector are selected. But as analyzed in Chapter 2, making full use of the six nonzero
voltage vectors can restrict the CMV within +Uqc/6. Therefore, two nonzero voltage
vectors in opposite directions adjacent to the sector where the reference voltage vector
is located are selected to be equivalent to the zero vector. Thus, four nonzero voltage
vectors are selected to synthesize the reference voltage vector. When the reference
voltage vector is located in different sectors, the relationship during the sector position,
the adjacent active vectors, and the candidate vectors for the equivalent zero vector are
listed in Table 3.2.

TABLE 3.2

SECTORS WITH CORRESPONDING CANDIDATE VECTORS

Sector number  Position  Adjacent active vectors Equivalent zero vectors

I [0, n/3] V1,V Vs,V3
I [7/3, 2n/3] V2, V3 V1,Va
i [27/3, n] V3, V4 V2, Vs
v [, 4n/3] V4, Vs V3, Ve
\% [47/3, 57/3] Vs, Ve V4, V1
VI [57/3, 27] Ve,V1 Vs, V2
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2) Vectors Action Time Calculation: As shown in Fig. 3. 7, taking sector | as an
example, the expression of each vector action time is introduced. The action time of
vector V1 is defined as ti, the action time of vector V- is t2, vectors Vs and Vs are used
as equivalent zero vectors, and the action time tz3 and t4 of the two are equal, which is
half of the action time to of the zero vector. It can be obtained from the geometric

relationship.

* ¢ Zero vector
Vy(110) insertion point
\\ — Vj action path
R4 V, action path
\:
'8,

Fig. 3. 7. Schematic of multivector synthesis.
. . T
t,|U|sin6, =t, |U2|S|n(§—6?ref )

; |U2|sin(%j:

U,|=|U,|=2U, /3, substituting into (3.10), we can deduce that

J3lu,
t = —Efsin(%—eref J

dc

(3.10)

ref

u

S

Sing,;.

J3lu

t,=— lsing, (3.11)

2

dc
t,=t, =t, /12
t :Ts -t -t
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3.4.2. Vectors Action Sequence Assignment

In the proposed steady-state strategy, four nonzero voltage vectors are selected in one
control cycle. In order to reduce the switching frequency of the inverter during the
control cycle and to reduce the switching losses, the vector action sequence needs to be
arranged in a reasonable way. The principle to be followed is that only one phase state
is changed for each action. Take sector | as an example, the distribution of two opposite
voltage vectors and two adjacent voltage vectors are shown in Fig. 3. 8 and Fig. 3. 9.

Despite abandoning the use of zero vectors, V3 and Vs can still ensure that only one
phase switch needs to be activated at both sides of each control cycle. As explained in
Chapter 3.2, sectors always change in a fixed pattern, and only two situations may occur.
Fig. 3. 8 shows the switching sequences when the sector of the previous control cycle
is consistent with the sector of the current control cycle. Different from the symmetrical
three vector method in [97], it can be seen that a control period is divided into 4
segments, clockwise and counterclockwise vector sequences are alternating. In the
immediately following control cycle, the four voltage vectors are arranged in reverse
order. Due to the characteristic cyclic sequence form, it is named back-and-forth
strategy in this thesis. This kind of design can ensure the minimum switching action
between different segments. In case 1, there is also no need to switch between different
control cycles. Smooth control performance is guaranteed at a lower switching
frequency.

If in the next control cycle, the sector where the reference voltage is located changes

and goes to the next sector, the selection of two active vectors will change. As shown
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in Fig. 3. 9, the distribution within a single control cycle is still four segments. The
difference with Case 1 is that the switch state needs to be changed once between
different control cycles. For example, if V3 is the last equivalent zero vector of the
present control period, then V4 is distributed at the beginning of the next period. On the
other hand, if the vector at the end of the previous control cycle is Ve, the action order
of four voltage vectors at the next control period is Vi, V2, Vs, and V. Whatever the
case may be, the number of switching actions can be determined, with 3 in Case 1 and

4 in Case 2. The switch sequences for Case 2 in all sectors are shown in Table 3.3.

Switching times
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Fig. 3. 8. Case 1, three-phase switching sequences in Sector I. (a) Symmetrical three

vectors. (b) Proposed method.
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Switching times
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Fig. 3. 9. Case 2, three-phase switching sequences in Sector I. (a) Symmetrical three
vectors. (b) Proposed method.
TABLE 3.3

CURRENT AND NEXT PERIOD VECTORS SEQUENCE FOR CASE 2

Sector switching Current period vectors sequence Next period vectors sequence

Ve—V1i—Vo—V3 Vi—V3— Vo>V,
I—11
V3—Vo—Vi—Vs Vi—Vo—V3—V,
Vi—V3— Vo>V, Vo—V3—V—Vs5
=11
Vi—Vo—V3—V, Vs—V4i—V3—V,
H—Iv Vo—V3—V4— Vs Ve—V5—V3—V3

49



V5—V4—V3—Vs V3—V3—V5— Ve

Ve—V5—Vsi—V3 V4—V5—Ve— V1
vV—V

V3—Vs3—V5—V;s V1—Ve— V55—V,

V41— Vs—Ve—V1 Vo—V1—Ve— V5
V—VI

Vl_’Ve_’Vs_’V4 V5_’V6—>V1—>V2

Vo—V1—Ve— V5 Ve—V1—V2—V3
Vi—I

V5—Ve—V1i—V2 V3—Vo—V1—Vs

3.5. Execution Processes of the Developed Scheme

Based on the concepts and methods proposed in the previous section, the whole flow
diagram of the developed scheme is given in Fig. 3. 10. The corresponding execution
steps are as follows.

Step 1: Calculate the amplitude and angle of the reference voltage. Choose an
appropriate threshold between 0 and U, /3 to determine if the reference voltage

amplitude exceeds.

ref
s

Step 2: If the amplitude of the reference voltage vector u!® > the switching threshold
Ush, the system is in dynamic operation and the single-vector method is adopted. Obtain
output by selecting one of the six nonzero fundamental vectors as the optimal one.
Otherwise, the proposed steady-state strategy with CMV suppression is employed.
Step 3: Judge whether the sector where the reference voltage is located has changed.

If not, follow the treatment of Case 1, the selected voltage vectors are unchanged and

the sequence order is reversed from the previous control cycle. If it switches to the
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adjacent sector, update the voltage vector selection according to the principle of Case
2. Clockwise and counterclockwise also alternate according to the previous control
cycle.

Step 4: Calculate the duration of different voltage vectors by (3.11), output pulse

sequence under the condition of Case 1 or Case 2.

Sector | example

V3| V2,V1 _V6 _VG Vl.v2 .V3. Reference voltage
Vs V3 Vo Vi Vi Vp V3 Vg calculation

o2 7t t T /2 o2t t T tof

No

Amplitude of u’™ ves

exceed U,

Steady-state Pynamic Y state
0. determines the Value function
sector optimization selection
Simple
active vector
Active vector utilized, Active vector utilized,

{Ua, Ub’ UC’ Ud} {Uby UC! Udv Ue}

Fig. 3. 10. Flow diagram of the proposed Mode Switching MPC method.

3.6. Experimental Results

In this part, the proposed highly efficient MPC method with CMV suppression
proposed in this chapter is verified. The comparison results are given based on an
experimental platform, which is shown in Fig. 3. 11. dSpace 1202 is employed as the
main controller for implementing the modified control algorithm. The sampling period

of the control system is defined as 50 ps considering operational conditions. Tektronix
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MDO 3024 mixed domain oscilloscope is used to record the experimental waveforms.

The load motor is a three-phase SPMSM in which relevant parameters are listed in

Table 3.4. Besides, the setup also includes a magnetic powder brake and a 5-kW dc

power source.

PC

Oscilloscope

SPMSM

Inverter

dSpacel202

Load

Fig. 3. 11. Experimental setup of SPMSM.

TABLE 3.4

PARAMETERS OF PMSM

Parameter Value
Stator resistance Rs 0.65 Q
Stator inductance Ls 1.55 mH

Rated speed ny 1000 rpm
Rated torque Te 6 Nm
Rated power Py 600 W
Number of pole pairs p 4
0.225 Wb

Rotor flux linkage v,
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Rotational inertia J 0.00086 kg -m?
Encoder resolution Gn 5000 PPR

3.6.1. Steady-State Performance Evaluation

To verify the correctness of the theoretical analysis, conduct experimental research
when the motor is operating at 1000 r/min. The angle and sector distribution of the
reference voltage vector and the waveform of the phase current are shown in Fig. 3. 12.
It illustrates that the sector number periodically increases from 1 to 6 according to the
angle of reference vector as the motor operating in the positive direction. This
represents that the principle of the novel multivector modulated method is correct and
works well.

/\/////l/

@, _[3rad/div]

ref
Sector No. {2/div
Y
M
i [BA/iV]

Time [5ms/div]

\\}T

o

Fig. 3. 12. Vector reference angle and sector number at 1000 r/min for the proposed

method.

In addition, in order to evaluate the effectiveness of the proposed method,
comparative experiments are carried out. The improved three-vector (ITV-MPC)

approach in [91], the single-vector MPC considering zero vector (CZV-MPC) in [118],
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and the proposed control strategy are applied under the same control frequency. The
steady-state waveforms of the three methods are shown in Fig. 3. 13 under the
conditions of both speeds of 1000 r/min and the same load. It can be seen from the
steady-state results that the current quality of the proposed method is relatively good
and the THD of ITV-MPC is the lowest. Although the experiments were conducted at
the same control frequency, the actual switching frequencies of the three methods are
not the same. After calculation, using the proposed method, the motor efficiency is

95.71% and the power factor is 0.937.
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Fig. 3. 13. Experimental results of three methods at steady speed of 1000 r/min with

the rated load. (a) CZV-MPC. (b) ITV-MPC. (c) Proposed method.

It can be seen from Fig. 3. 13 that in terms of motor speed, the fluctuations of all
schemes are relatively small. In terms of electromagnetic torque, the ITV-MPC strategy

has fewer ripples and better smoothness. In terms of current quality, the performances
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of ITV-MPC and the proposed method are almost identical. Under the above switching
frequency conditions, the current THD results are obtained. Tektronix oscilloscope
saved 10 000 sets of phase A current data (in.csv format) and imported them into
MATLAB for Fast Fourier transform (FFT) analysis. The harmonic spectrum of the
stator currents is also shown in Fig. 3. 13. The THD of the ITV-MPC strategy is the
lowest, only 4.02%. As a comparison, the THD of the proposed strategy is 4.45%.
Although the switching frequency of the proposed method is lower, the harmonic
components of ITV-MPC and the proposed method are similar. As a single-vector MPC
strategy, CZV-MPC has the highest THD of 5.31%. Fig. 3. 14 shows that the three
control strategies calculate the switching frequency of all upper bridge arm switches
every 0.05 s, and the control frequency of both strategies is 20 kHz. Obviously, the
actual switching frequencies of the ITV-MPC and CZV-MPC strategies are not fixed,
as there is no constraint on the set of switching states, resulting in a randomness in the
selection of switching states corresponding to the voltage vector. The proposed strategy
limits the sequence of switch states, allowing only one phase of the switch state to jump.
Within a single control cycle, the switching frequency of all IGBTSs in the upper bridge
arm is fixed three times under Case 1, so it can be calculated that the switching
frequency is always 1500 within 0.05 s. Therefore, the average switching frequency of
the proposed strategy is 10 kHz. The average switching frequencies of the ITV-MPC
and CZV-MPC are 13.98 and 5.65 kHz, respectively.

Furthermore, adjust the control frequency of ITV-MPC so that its switching

frequency is at the same level as the proposed method. It is fair to compare the power
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quality of the two methods under this condition. For example, reduce the control
frequency of ITV-MPC to 14.36 kHz at a speed of 1000 r/min so that its switching
frequency is consistent with the proposed method, both are 10 kHz. Fig. 3. 15
demonstrates that under the same switching frequency, the proposed scheme has better

steady-state performance. As the speed increases, the THD of the proposed method

remains within 7%.

25000 _A" 1Tv-MPC —o- CZV-MPC
—oO—Proposed MPC

2000} A/W‘”
@ 2015 6%
§ 1979
;1500, o o a o a
= 1500 1500 1500 1500 1500
S
=1000} 911 87
B T3 898

669
500 w ‘ | ‘
0.1 0.2 0.3 0.4 05

Time/s

Fig. 3. 14. Switching times of the three methods within 0.05 s.
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Fig. 3. 15. Comparison of current quality at different speeds for the same switching

frequency.
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In order to validate the output smoothness of the proposed method, comparative
experiments were conducted at various motor speeds. The load is set to 0 Nm and the

results are shown in Table 3.5. The dg-axis current ripples drip and grip are calculated by

1d/ 1d Y
d,, = \/W;(ud () 2ol (k)j (3.12)
_ ii(i K)-13] (k)j2 (3.13)
o N TN |

where N is the sampling number of current in a period of 0.1 s under steady-state

condition. And the root mean square (rms) error of torque ripple Trip IS

T :J%i(ﬂk)-%iﬂk)} . (3.14)

k=1

TABLE 3.5

OUTPUT RIPPLES EXPERIMENTAL RESULTS OF DIFFERENT METHODS

Out indicators  Control strategy  500r/min  1000r/min  1500r/min

ITV-MPC 0.588 0.621 0.702
Trip/Nm

Proposed method  0.579 0.635 0.714
ITV-MPC 0.209 0.262 0.316

drip/A
Proposed method  0.217 0.249 0.331
ITV-MPC 0.203 0.258 0.311

qrip/A
Proposed method  0.214 0.252 0.319

Based on Table 3.5, there is a slight rise in the grip when the speed is 500 and 1500
r/min in the steady state. The proposed method reduces the ripple of the d-axis current
by 4.9% at 1000 r/min speed. The torque ripple values for the proposed method are

similar to ITV-MPC in all speed ranges. The above experimental results indicate that
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the strategy proposed in this thesis maintains good steady-state performance while
suppressing CMV and reducing switching frequency.
3.6.2. Dynamic Response Performance Evaluation

Motor start experiments and speed mutation experiments were conducted under the
same speed loop of the control system to verify the dynamic performance. To better
demonstrate the highly efficient properties of the method proposed in this chapter, the
switching threshold Ush needs to choose an appropriate value. Fig. 3. 16 shows the
change rules of torque ripples and switching frequency when Us is taken different
values. According to Chapter 2, the value range is (0, U, /J§). Therefore, 8 points are
selected to obtain the response results. The load torque is maintained at 1 Nm, and the
reference speed increases evenly to the rated value. The experimental results show that
the larger the Ush selected for the proposed method, the lower the torque ripple and the
higher the switching frequency, i.e., the novel multivector method is more often
employed. On balance, Ush is set to Uqc/3 based on the amplitude of the basic voltage
vector of 2 Ugc /3. Fig. 3. 17 (a) shows three strategies’ speed and current waveforms
when the motor is started from a stationary state with a 0.8 Nm load. To highlight the
dynamic performance of the proposed method in more depth, the speed transient test is
carried out, and the experiment results are shown in Fig. 3. 17(b). The speed reference
suddenly changes from 500 to 1000 r/min. The experimental results show that all three
strategies can achieve a fast response, among which CZV-MPC follows the fastest, but

has a large overshoot.
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Fig. 3. 18 zooms in the transient states of the three methods. The transient speed
oscillation in the initial stage is caused by the flexible coupling between the load
machine and the PMSM. It can be observed that the rising times of the startup process
are 29, 47, and 78 ms for CZV-MPC, the proposed method, and ITV-MPC, respectively.
Considering the stable condition of g-axis current, the proposed method shows better
results than ITV-MPC due to fewer basis vectors that need to be calculated. As shown
in Fig. 3. 18(b), the time durations required are almost equal for CZV-MPC and the
proposed method during the commanded change in speed. Hence, the method proposed
in this thesis is superior in high-efficient output while inheriting a high dynamic
response from single-vector MPC. The torque and speed tracking performance has

certain advantages.

— CZV-MPV Transient response
ITV-MPC |
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1000 Start__ L MFieai
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Fig. 3. 18. Comparison on dynamic response by using the three control methods. (a)
Motor starting. (b) Speed change.
3.6.3. CMV Suppression Effect Evaluation
To verify the CMV suppression ability of the proposed high-efficient MPC method,

a comparative experiment was conducted between the proposed method and ITV-MPC.
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As the waveforms of CMV shown in Fig. 3. 19(a), due to the use of zero voltage vectors
in ITV-MPC methods, there existed CMV with an amplitude of £Uq/2. After the
proposed method was put into use, CMV was effectively suppressed, with a maximum
of only £Uq/6. Fig. 3. 19 (b) shows that on the premise of suppression effect of CMV,
this method maintains low output ripples during motor operation. Fig. 3. 20 illustrates
the peak-to-peak value of the CMV. The original CMV is within the range of £Uqc/2

and has been reduced to 50 V with the proposed method.

o T [1000 rpm/div]
CMV [20V/div]

i BA/IV]
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Fig. 3. 19. Waveforms of CMV. (a) Comparison of CMV under different methods. (b)

Steady state performance.
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Fig. 3. 20. CMV amplitude before and after suppression. (a) Before suppression. (b)

After suppression.
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3.6.4. Robustness Performance Evaluation

As an MPC control strategy, the normal operation of the proposed high-efficient
method relies on the accurate model and parameters of the controlled object. The motor
parameter mismatch experiments are conducted in this section to verify the robustness
of the proposed method. Fig. 3. 21 illustrates the steady-state control performance for
a 10% error in the stator resistance, stator inductance, and permanent magnet chain, and
the working conditions are the same as Fig. 3. 13. Comparing the waveforms without
parameter error, the average torque ripple is 0.677 Nm, while in the presence of
parameter mismatch, the average torque ripple increases to 0.802 Nm. Despite the
performance degradation, the system is still able to operate normally, and parameter

robustness is verified.
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Fig. 3. 21. Experimental comparison of steady-state operation of motors with or
without parameter errors. (a) Proposed method has parameter error of 10%. (b) When

parameters are accurate.
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3.7. Conclusion

In this chapter, a highly efficient multivector strategy with CMV suppression is
proposed for motor drive. Two voltage vector generation methods for reference
voltages with different amplitudes when operating state changes are alternately used. A
novel voltage vector synthesis method applied in the steady state is presented, which
minimizes switching times. Zero vectors are not used directly but are synthesized by
two adjacent active vectors and placed at the beginning and end of each control period.
Accurate dynamic adjustment can be achieved through simple conditional judgment.
The proposed highly efficient MPC scheme has been carried out and compared with
existing improved MPC algorithms.

The experimental results verify that the proposed method can restrict the CMV within
+Uqc/6. While retaining the dynamic performance advantages of typical single-state
operation MPC, the proposed method also ensures lower switching frequency and
output ripples. The overall performance of the proposed MPC scheme makes it suitable
for transportation motor drive systems and other highly efficient industrial applications.
Future work will focus on how to reduce system parameter dependence or perform

parameter identification.
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CHAPTER 4. PROPOSED THREE-LEVEL FS-
MPC METHOD OF MAPPING TO SUB-
HEXAGONS

4.1. Introduction

Three-level NPC inverters have the advantages of high number of levels, low
harmonics, low switching frequency and low switching loss, which are suitable for high
voltage and high-power scenarios. However, compared with the traditional two-level
inverter, the three-level inverter has a more complex structure and can issue more
number of vectors. In order to reduce the burden of FS-MPC computation and maintain
the reliable operation of the PMSM drive system, a revised strategy is proposed. In
revised FS-MPC (RFS-MPC), a deadbeat MPC strategy is applied to convert the cost
function for minimizing the stator current tracking error to the cost function for
minimizing the stator voltage tracking error. An efficient location determination
method is introduced to map the reference voltage vector onto the subhexagon. As a
result, the candidate region becomes narrower, and the number of computations is

significantly reduced.

4.2. Topology and Switching States of 3L-NPC Inverter

Fig. 4. 1 shows the topology of the 3L-NPC inverter, Vqc is constant DC bus voltage,

U, and U are DC-link bus top and bottom capacitor voltages respectively. The two
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capacitors (C1 and Cy) are charged to half of the DC bus voltage. Variables Ua, Uy and

U respectively express the outputs of ABC three-phase arms.

Y

S

3L-NPCLeg © 4 |
for each phase | Dxm + B Dx
| N TN |
i I_N_I éixl_ﬂ_l i
| S, Se S S, |

Fig. 4. 1. Topology of three-level NPC inverter.

Taking Phase A as an example, the four IGBTS, (Sa1,Ss3) and (Sa2,Sa4), are
complementary switching pairs, with only half the voltage stress on each IGBT
compared to the two-level inverter. Each phase arm, therefore, has three switching
states, the corresponding output value of Ua (Up or Uc) maybe —Vac/2, 0 or Va/2. For
convenience, —Vdd/2, 0 and Vqc/2 are labeled as N, O and P. It can be calculated that

there are a total of 3° =27 switching states for the three-phase outputs, and their

directions and amplitudes in the af stationary coordinate system are shown in Fig. 4.
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Fig. 4. 2. Three-level vector plot.

4.3. Predictive Model Based on Deadbeat Principle

In terms of the principle of deadbeat control, the predictions of dg-axis stator currents
in (k)-th instant can be assumed to reach their reference values. As a result, current

prediction equations can be modified as

iy =i} +(uf —Rji§ + pLaofif )T, /L
(4.1)
iy =g+ (ul — Rk — paf (Lif +y))T. /L

q g
According to the principle of maximum torque per ampere, i; is set to zero. The dg-
axis stator voltages u’ and ug in (4.1) can be regarded as the desired references u;
and u; , which can be deduced as

H
. i :
* k d krk
U =Ry —L—-—La,l,

.:—ik (4'2)
Uy = Riig + L=+ Layi§ +yal

S
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where u;; and u; are assumed to keep constant within every control cycle. Accordingly,
the cost function can be defined as

g, =

u; —ug|+

u; —uy|,i=012,...,26. (4.3)
From the above analysis, it can be seen that instead of multiple predictions in FS-
MPC, the reference voltage is calculated only once during every control cycle. The
execution time is reduced than that of the FS-MPC. Even so, a total of 27 elementary
voltage vectors (including 8 redundant voltage vectors) needs to be evaluated by (4.3),
which is still causing a heavy calculation time. To further relieve the computational
burden, it is effective to reduce the number of candidate elementary vectors, provided
that the performance of the control system is not degraded. Through inverse Park
transformation, the reference voltage vector is converted to the «f plane for sector
judgment.
{Vrg’f } _ {cos@e —sin QE}PS:I
V. sing, cosd, || u, (4.4)
Vi =V + erﬁ.

4.4. Sub-hexagon Mapping Rules in Three-Level Vector Space

To further simplify the localization and narrow the scope of the optimization search,
the rule of mapping the three-level vectors into sub-hexagons is adopted. Unlike the
traditional triangular subsector dividing approach [119], the one taken in this thesis is
the only one applicable to the subsequent scheme. As shown in Fig. 4. 3, the original

reference voltage vector Vi in the stationary af-axis is mapped as Vup-rer iN SUb-
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hexagon I, which can be expressed as the difference between V(e and the corresponding

sub-hexagon center vector:

V. ub-ref =V —U

S ref

o (4.5)

where uev (cv =1, 2, 3, 4, 5, 6) is the center vector according to the sector where the

reference voltage vector lies.

\ 4

Sub-IVv Sub-VI

Sub-V

Fig. 4. 3. Diagram of the original voltage vector and the mapping process.

Based on the length and angle of Ve, it is possible to determine adjacent vectors
directly. In order to facilitate the digital implementation of the algorithm, the following
specific indicators are designed to determine geometric relationships based on a certain
number of conditions. Here, the intermediate voltage variables Vx, Vv, and Vz are
introduced, and their definitions are shown in (4.6). Define the intermediate indicator
variables X, Y, Z and N according to the positive and negative values of the intermediate

voltage variables, as shown in (4.7).
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V, =V

ref

Vv, =3v/2 —3ve (4.6)

ref ref

V, =-3v. —3ve

ref ref

o« L ifV, >0
o, ifv, <0
v |2 ifV, >0
1o, ifVv, <0 (4.7)
1, ifV,>0
Z= .
0, ifV,<0
N =47 +2Y + X.

Calculating the value of N uniquely determines the sector where Vyet is located.
Taking sub-hexagon | as an example, Vx =0, Vy <0, Vz<0,and thus X=1,Y=0,Z
=0, N = 1. The corresponding relationship between the subhexagon number and the

values of the intermediate indicator variables X, Y, Z, and N is shown in Table 4.1.

TABLE 4.1
CORRESPONDING RELATIONS BETWEEN SUB-HEXAGON AND

INTERMEDIATE INDEXES

Sub-hexagon I I i 1v v Vi
X 1 1 0 0 0 1
Y 0 1 1 1 0 0
z 0 0 0 1 1 1
N 1 3 2 6 4 5

To further pinpoint the positioning, continue sectoring in the sub-hexagons. The

small sector number where Vsuw—rer is located can be determined as follows:

69



_\/ B
Vx—sub _Vsub—ref

VY—sub = 3Vsﬁlb—ref - \/gvsuﬂb—ref (48)
VZ—sub = _3\/s(lfb—ref - '\/é\/ f

sub-ref

sub

1if V., >0
- {o, ifV, , <0
1,if V., >0
{o, ifV, ., <0 (4.9)
1ifV,,, >0
B {o, ifV,,, <0
M =4Z,, +2Y

sub

sub

sub

+ X

Similarly, the correspondence of M is shown in Table 4.2. After the above series of
processes, the reference voltage vector is accurately positioned in a small sector of the
sub-hexagon. At this time, the number of predictions has been greatly reduced, and only
three adjacent vectors in the small sector need to be evaluated, and the optimal
candidate vector among them is determined based on the nearest distance principle.
This approach redefines the cost function and avoids the tedious process of repeated
predictions.

TABLE 4.2
CORRESPONDING RELATIONS BETWEEN SMALL SECTORS AND

INTERMEDIATE INDEXES

Small sector I I im v v Vi
Xsub 1 1 1 0 0 0

Ysub 1 0 0 0 1 1

Zsub 0 0 1 1 1 0

M 3 1 5 4 6 2
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4.5. Simulation Results

The driving system of NPC-type three-level inverter is built in Matlab/Simulink, and
the simulation models of conventional single-vector current predictive control and the
RFS-MPC proposed in this chapter are realized respectively to compare the two
methods. The simulation is done with Fixed-step, Solver using ode3 (Bogacki-

Shampine), and the simulation time is 2s.

(50Hz) = 4.626 , THD= 4.17%
T T T T

current/A

0
(a) 0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
Fu (50H2) =0.4359 , THD= 4.26%
T T T T T T

current/A

o«
T

0 100 200 300 400 500 600 700 800 900 1000

(b) Frequency (Hz)

Fig. 4. 4. Stator current waveforms and FFT analysis of 2 control strategies. (a)

Conventional single-vector method. (b) RFS-MPC.

First let the motor work at a steady state of 1000r/min. Fig. 4. 4 illustrates the stator
current waveforms and their corresponding Fourier analysis results under two control
strategies. It can be observed from the figure that the Total Harmonic Distortion (THD)

content for the single vector model predictive control strategy is 4.17%, which is only
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0.07% lower than the 4.26% THD achieved by the proposed RFS-MPC. This
demonstrates that, despite employing a more simplified vector selection strategy, the
RFS-MPC can achieve steady-state performance comparable to that of the conventional
single vector strategy.

Fig. 4. 5 shows the g-axis current waveforms for both control strategies at the same
load. When the conventional single vector model predictive control strategy is used, the
peak-peak value of g-axis current is about 0.35 A. The peak-peak value of RFS-MPC
is also about 0.35A, which has the same excellent steady state performance, and the

variation frequency is lower, and the random pulsation is less.

l Aig~0.35A Aig~0.34A

_idA
iW/A

095 096 097 098 099 1 09 091 092 093 094 095 096 097
Timels Time/s

Fig. 4. 5. g-axis current waveforms of 2 control strategies. (a) Conventional single-
vector method. (b) RFS-MPC.

Furthermore, to evaluate the dynamic performance of the control strategy, a no-load
start-up simulation experiment of the motor was conducted. The speed reference was
set to 1000 r/min, and the simulation waveforms using the traditional single-vector
model predictive control are illustrated in Fig. 4. 6. As evident from the figure, the
system exhibits a smooth start-up; the motor speed and three-phase current both show

no overshoot. The speed swiftly follows the reference, while the current waveforms
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remain stable. Once stable, the average electromagnetic torque output is measured to

be O N-m.

i

Ty } ay

Fig. 4. 6. Dynamic response waveforms of conventional single-vector FC-MPC.
(a) Speed. (b) ig. (c) three phase current. (d) ig.

Fig. 4. 7 illustrates the waveforms of the motor during no-load start-up using the
proposed RFS-MPC control strategy. As observed from the figure, the step response
time is approximately 0.0035 s, indicating a significant improvement in dynamic
response capability. In comparison to traditional approaches, RFS-MPC eliminates a
considerable amount of predictive calculations for basic voltage vectors, making the

optimization process for the optimal voltage vector more efficient.
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Fig. 4. 7. Dynamic response waveforms of proposed RFS-MPC. (a) Speed. (b) iq. (C)

three phase current. (d) iq.

4.6. Conclusion

This chapter begins by introducing the basic topology of the NPC-type three-level
inverter. It utilizes indicative parameters to map the reference voltage vector into a more
precise range. Based on the control characteristics of PMSMs and system constraints,
a cost function is designed, effectively enabling the rapid iteration of the FS-MPC
algorithm within the three-level space vector framework. Validation shows that this
control algorithm does not require complex parameter design, while also reducing

computational complexity and significantly improving current tracking speed.
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CHAPTER 5. PROPOSED MODEL PREDICTIVE
CONTROL OF THREE-LEVEL NPC INVERTER-
FED PMSM DRIVES BASED ON A NOVEL
VECTOR-SELECTIOB SCHEME

5.1. Introduction

Existing model predictive control (MPC) methods mostly adopt multi-vector mode
to achieve better steady-state control performance. But this increases system
complexity, especially for three-level inverters. In addition, various vector
combinations need to be evaluated in the cost function, and cumbersome tuning of
weighting factors is also involved when the common-mode voltage (CMV) and neutral
point potential (NPP) imbalance issues are considered. This chapter proposes a novel
multi-vector-based MPC scheme to deal with these challenges. The key is to map the
reference voltage vector to sub-hexagons, and the candidate region is narrowed down.
Then, the dwell time of the determined voltage vectors is obtained from the cost
function, which minimizes the error between the predicted reference voltage vector and
the synthesis vector. In addition, the basic vectors with higher CMV amplitudes are
reconstructed, and the NPP imbalance is addressed due to the employment of a

hysteresis controller.
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5.2. Analysis of NPP Imbalance and CMV Generation

5.2.1. Neutral Point Potential Imbalance

Based on the topology of the NPC three-level inverter, the causes of neutral point
potential (NPP) imbalance can be derived. The system controls the NPC three-level
inverter to output different voltage vectors based on the required demand. During this
process, the DC source repeatedly charges or discharges the two capacitors, resulting
in varying charging and discharging currents at the neutral point. As a consequence, the
voltages across the two capacitors cannot remain balanced, leading to neutral point
potential imbalance.

As illustrated in Fig. 5. 1, we can observe that for a 3L-NPC inverter, a total number
of 27 switching states are available. Out of which, 6 are large voltage vectors (LVV) of
the amplitude. When these vectors are applied, the three phases are either connected to
the positive or negative rail and the loads are not connected to the neutral point.
Therefore, LVVs do not cause a change in the neutral point voltage. For the 3 zero
voltage vectors (ZVV), all three phase loads are short circuited to the same rail and thus
do not affect the NPP either. For the 6 medium (MVV) and 12 small vectors (SVV), at
least one of the three phases is connected to the neutral point of the capacitor and forms

a current with the positive and negative rail of the DC supply.
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Fig. 5. 1. Space voltage vectors diagram and 27 output states for the three-level
inverter.
When the MVV or the SVV are applied, the upper capacitor C, and the lower

capacitor C, are charged and discharged by the current 1, thus causing the NPP drift.

np !

Each pair of redundant SVVs has the opposite polarity of the 1 although the output

voltage state is the same, so they can be used to mitigate the NPP drift caused by the
MVVs. All the 27 switching states and different types of voltage vectors can be found
in Table 5.1. Fig. 5. 2 takes the switching states of V3 and V4 as an example to explain
the relationship between the neutral point current and the phase currents.

Fig. 5. 1 shows that the positions of Vs and Vs are the same, but the effect on NPP is
just opposite. Define SVV connected to the positive end of the DC bus like Vi as a
positive small voltage vector (SVV(+)), and SVV connected to the negative end of the

DC bus like V3 as a negative small voltage vector (SVV (-)).
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Fig. 5. 2. SVVs operating states and their corresponding neutral point currents.

(@)V4(ONN),Ia > 0 (b) Va4 (ONN), I < 0 (c) Vs (POO), I > 0

(d) Vs (POO), I, < 0.

TABLE 5.1

SWITCHING STATES AND ITS CORRESPONDING NEUTRAL CURRENT

Vector categories Voltage level

Switching state and neutral current

ZVV 0(Null)  Vo(NNN) Vi(O00) V,(PPP)
0 0 0
V3(POO)  V+(OPO)  Vs(OON)
SV Vc/3 -la -lp -lc
V4(ONN)  Vg(NON)  Vs(PPO)
Ia Ib Ic
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V1o(NOO)
_|a

Vo(OPP)

la

V14(ONO)
'Ib
V13(POP)
b

V11(OOP)
-le

V12(NNO)

Ic

MVV

Vdc/ \/§

V1g(OPN)
la

V24(ONP)

la

V16(PON)
lo
V22(NOP)
lo

V20(NPO)
lc

V26(PNO)

Ic

LVV

2Vdc/3

V15(PNN)
0
V21(NPP)
0

V17(PPN)
0
V23(NNP)
0

V1o(NPN)
0
V25(PNP)
0

5.2.2. Common Mode Voltage Problem
The CMV is essentially the zero-sequence component widely present in inverters and

is defined as the potential difference between the load neutral and the reference ground.

VAO :VAN +VNO
VBO :VBN +VNO (5-1)
Vco :VCN +VNO

where, Van, Ven and Ven are the three phases voltages, and Vao, Veo and Vco are the
pole voltages. Vo is the voltage difference between the neutral point of the PMSM and
the neutral point of the capacitors. As for a balanced three-phase system, the sum of the
three-phase voltages is zero. Thus, the definition of Vcmy is

vV _ VAO +VBO +VCO
Cmv — 3

(5.2)

According to (5.2), the CMVs for the 27 voltage vectors are listed in Table 5.2. It is
shown that MVVs and V1(OOO) produce zero CMV, and if space vectors with larger

CMVs are aborted, CMV can be controlled within +V4./3.
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TABLE 5.2

SPACE VECTORS AND CORRESPONDING CMV

LVV Vemv MVV  Vemv  SVV(+) Vemv SVV(-) Vemv ZVV  Vewv
Vis -Va/6 Vie 0 Va Vo3 Vs Va6 Vo -Vad2
Vir Vuc/6 Vig 0 Vs Vao/3 Ve Val6 Vi 0
Vig -Vuc/6 V2o 0 Vs -Vio/3 \% Va6 Vo Vad2

Va Vuc/6 V2 0 Vo Vad3 Vo -V4d6

0

0

Vas -Vyo/6 Va4 Vi -Vio/3 Vi1 Vic/6
Vas Vic/6 Vo Vis Vie/3 Via -Vu/6

5.3. Multi-Vector Strategy and Dwell Time

In the previous subsection, the synthesis of SVV was accomplished using ZVV and
LVVs. In contrast to the use of SVV(-) in place of SVV/(+), the proposed scheme does
not produce a neutral point current in the synthesized SVVs because the ZVV and
LVVs do not produce a current at the neutral point. However, in order to achieve a
purposeful regulation of the NPP, it is necessary to recombine a set of fundamental
vectors that act opposite the NPP and to design a controller that does not need to take

into account the system parameters. The whole control diagram is illustrated in Fig. 5.
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Fig. 5. 3. Control diagram of the proposed method.
5.3.1. Principle of the Proposed Multi-Vector Strategy
When the 3L-NPC inverter drives the PMSM, the three-phase bridge arm output
voltage is related to the direction of the load current. Fig. 5. 4 shows the position of the
voltage space vector and the direction of the three-phase current at this time. Taking
the angle of V(e as 15°, mapped to the sub-hexagon I. The directions of the ABC three-

phase currents are + — —.

I i i i i i i
—7l6 7nl6 7/2 572/67x16 37/211x/6

Fig. 5. 4. Direction of Three-phase Current in the VVoltage Vector Figure.
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In the previous subsection, we analyzed the effects of various voltage vectors on the
NPP balance. Taking the MVV V1(PON) as an example, during its dwell time T, the
charge g, flowing out of the neutral point O of the voltage dividing capacitors due to
the three-phase load current is:

O =l 1 dt+[G I dt+ 51 dt (5.3)

If I, < 0 and the charge flowing out of neutral point O g, <0, then U_ becomes
smaller and U becomes larger; if I, > 0 and the charge flowing out of neutral point O

g, >0, then U, becomes larger and U, becomes smaller. And since, as mentioned

earlier, the current I, is always negative throughout the sub-hexagon I, the influence
exerted by the original MVV on the NPP balance is also in a fixed direction.
5.3.2. Multi-Vector Dwell Time Calculation

In the conventional multi-vector MPC method, dwell times for two adjacent voltage
vectors and the zero vector are calculated from a geometric relationship. In this thesis,
we refer to the method in [42], optimizing the switching time by the cost function.
Assuming that the mapping reference voltage vector falls in the first small sector of
sub-hexagon I, analyze the vector selection case and the dwell times. At this time, the
original vectors closest to the reference voltage are Vs/Va, Vis and Vie. First, based on
the amplitude-second balance principle of the space vector, the following equation can

be obtained:

T

{VeOTO +Ve1Tl +Ve2T2 :Vref S (5 3)

To+T,+T, =T,
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where Ve is the equivalent vector of the MVVV Ve and Ty is its dwell time. Ve is the
equivalent vector of the LVV Vis and T2 is its dwell time. Ve is the equivalent vector
of the SVV Va/V4 and To is its dwell time.

The reference voltage vector can be regarded as constant over a cycle. Therefore,

transform (5.3) into the af coordinate system:
TV, =V, I +V,,T, +V,00,

TSVﬁ :VmT1 +Vﬂ2T2 +Vﬁ,0T0 (5.4)
T, +T,+T, =T,

where Vg1, Va2 and Vo are the a-axis component of the three selected voltage vectors.
Vg1, Vg2 and Vpo are the B-axis component. The duration ratio of the symmetrical vectors

dy, d2 and do can be obtained by normalizing dwell times T, T2 and To, respectively.

V, =V, +V,,d, +V,qd,

V, =V,d +V,d, +V,.d,

d,=T,/T, (5.5)
d, =T, /T,

d,=T,/T..

In the previous chapter, the predictive voltage is adopted as the desired value u; in
the next sampling time. The cost function can be defined as follows to obtain the
optimal solution of di, d> and do.

. 2 . 2
g :(ua —Va) +(u/,., —Vﬁ) . (5.6)

where u’, and u; are the predictive voltages. Taking partial derivatives of (5.6) yields

2 2
P CRAR TR )=o
ad, ad, 57
* 2 * 2
o9 a((ua V) (U5 -Vy) )—O
ad, ad, '

Calculating (5.5) and (5.7) gives d; and d; as
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d,=(AC-BD)/(B*- A?)

(5.8)
d, =(AD-BC)/(B*-A%)
where
A=Vaz1 +Vﬁ21
B=V,V, jLVmVﬂ2 (5.9)
C=-uV, —u}‘jvﬂ1
D=-uV,,— u;Vﬁz.

The novel method is called optimal dwell time MPC. Its computational complexity
is greatly reduced. On the basis of one-time prediction deadbeat control, the output error
is further reduced, and the control accuracy is improved. After the center vector of the
corresponding sub-hexagon is found out, the three resultant voltage vectors in the

mapping sector are applied and switched in the optimal moments.

5.4. NPP Hysteresis Balance Based on Multipolarity of Space Vectors

5.4.1. NPP Hysteresis Balance Controller Design

Based on the previous analysis in Chapter 5.3, the NPP polarity of the final output
voltage is dependent on the NPP polarities of the SVV and MVV selected in this control
cycle. Therefore, the neutral point current can be effectively controlled by adjusting the
combination of voltage vectors. According to this sampling period’s detected neutral
point current polarity, the SVV and MVV opposite to the current polarity is output. The
principle of hysteresis control is shown in Fig. 5. 5. However, the MVVs have no
redundancy and can only balance the NPP from a fixed polarity, whereas the SVVs,

despite being paired, where SVV/(+) need to be avoided due to higher CMV.
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Fig. 5. 5. Scheme of NPP Balance hysteresis control.

In each sampling period, one equivalent short voltage vector and two voltage vectors
on the boundary of small sectors are employed. This part will use this switch states
recombination feature to achieve NPP hysteresis control. Defining the voltage vectors
at the six sub-hexagons centers as V. According to the multi-vector MPC method
proposed in this thesis, the output synthesized vector can only appear in the following
three cases. Taking the sub-hexagon centered at Va/Vs4 as an example (as shown in Fig.
5. 2), the switch states selection principle is explained as follows.

5.4.2. Case Classification and Corresponding Selection

Case 1: the candidate voltage vectors are two SVVs and one ZVV in terms of
magnitude. Because the SVV/(+) is replaced by a combined vector of LVV and ZVV,
given its larger CMV, NPP hysteresis control can be achieved just by selecting one
proper SVV(-) and one V. If U >U , the SVV(-) with negative g, are selected as
the output. In sub-hexagon I, 1. > 0, Ip < 0, Ic < 0, thus V3(POOQ) is the proper switch
state. If U, <U. , the SVV(-) with positive g, are selected as the output. Thus

Vs(OON)/V14(ONO) is the proper switch state. For the other two vectors, ZVV V1(O0O)
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and the corresponding position of V_ are chosen. None of them will cause NPP
fluctuations, and the CMV is also very small.
Case 2: the candidate voltage vectors are two SVVs and one MVV in terms of

magnitude. In sub-hexagon I, the two MVVs Vis(PON)/V26(PNO) produce neutral

currents Ip and le, which are all negative polarity. If U, >U_ , the SVV(-) with
negative g, are selected as the output. Thus Vie(PON)/V26(PNO) is the proper switch

state. If U, <U_ , the overall output need to be of positive g, . This can be achieved

by rationally utilizing the MVVVs and SVVs. According to Fig. 5. 4, within the second
small sector of the sub-hexagon I, the absolute value of Ic is always less than Ip.

Therefore, the total polarity of Vs and Vie is positive and still applies to the case where

U <Ug, . By the above method, although the neutral point current of MVV is not

o

adjustable, reliable suppression of the NPP unbalance can still be ensured.
Case 3: the candidate voltage vectors are one SVV, one MVV and one LVV in terms

of magnitude. In this case, the candidate space vectors have the same negative polarity

neutral point current. When U, >U_ , hysteresis control can be achieved by outputting
them. But when U, <U_ , even if the equivalent combinations of the SVV is V; with
no neutral point current, the NPP polarity of the output vector is still negative and the
hysteresis control fails. To cope with this situation, take the center vector replacement
method. When U <U_ , replacing the center vector with a positive polarity neutral
point current corrects the NPP of the resultant voltage vector to zero. Although the
CMV amplitude of SVV(+) is larger, it is temporarily used to achieve NPP balance.

When the reference voltage vector is located in other sub-hexagons, the switching state
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of the center vector that needs to be replaced also changes, but in principle, such

measures can always have a negative feedback effect.

5.4.3. Vector Combinations in Different Cases

All voltage vectors and neutral current polarities in subhexagon | are labeled as shown
in Fig. 5. 6, with black indicating O, green indicating positive, and red indicating
negative. The mechanisms of the above three cases are summarized in Table 5.3.
U, <Ug, in Case 3 needs to replace center vector, which has a certain impact on the
current control performance. Apart from this, in other cases, it only changes the switch
state and does not affect the position of the output voltage vector. This hysteresis control
method provides a more robust suppression of NPP imbalance without the need to
model the neutral point current. In addition, the regulation process is simple without
the need to fine-tune the weighting factors or recalculate the action time of the active
vector. By simulating the execution time of each process in the algorithm, it can be
found that the computation time of the proposed strategy is only 19.6 us, of which CMV

suppression and NPP balancing account for only 24.4% of the computation amount.
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Fig. 5. 6. Scheme of vectors combination selection.

TABLE 5.3

SUMMARY OF NPP HYSTERESIS CONTROL

Nearest three-vector NPP Small sector Selected Centre vector
combination type polarity number voltage vectors replace
Ug, >Ug 3 Vs, Vi, Vs No need
Case 1 4 V3, Vl, V,SG NO need
U, <Ug 3 Vs, Vi, Ve No need
4 V’s, V1, Via No need
Ug, >Ug 2 Vs, V', Vi No need
Case 2 5 V3, V,SG, V26 NO need
Ug <Uc 2 Vs, V', Vig No need
5 Vs, V’ss, Voo No need
Ug >U, 1 Vs, Vis, Vi No need
Case 3 6 V3, Vs, Vag No need
UC1 < UC2 1 Vi, Vis, Vis Need
6 Vs, Vs, Vs Need
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5.5. Overall Control Scheme

Fig. 5. 7 illustrates the flowchart for the proposed method, which begins with the
calculation of dg-axis predictive voltages of PMSM. Then they are transformed to of-
axis, and the sub-hexagon can be located. The mapping afp-axis predictive voltages are
used to obtain two adjacent voltage vectors and center voltage vectors. The optimal
dwell times of multi-vector are calculated using the cost function. The computational
burden is greatly reduced, and the reference voltage is generated more accurately.

In order to achieve CMV suppression and NPP balance, a hysteresis controller is
designed. After the selection of the candidate voltage vectors is completed and the dwell
time is determined, according to the detected polarity of the neutral point current in this
sampling cycle, the vectors combination is adjusted. Finally, the 3L-NPC inverter
outputs NPP opposite to the polarity of the neutral point current. Compared to the
existing strategies, the proposed strategy is easily implemented and gets rid of the

dependence on the motor model.
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Fig. 5. 7. Flowchart of the proposed scheme.

5.6. Experimental Results

5.6.1. PMSM Test Rig Setup Based on Three-level Inverter

To validate the feasibility of the proposed low computational burden MPC with NPP
balance and CMV suppression, the hardware experimental results are obtained on a
PMSM platform. The photograph of the experimental test rig is shown in Fig. 5. 8. The
oscilloscope is the high performance Tektronix MDO4024HD. Under different working
conditions of the experiment, the switching frequency is in the range of 4-8khz, which
is suitable for practical application scenarios of high voltage and high power. A high-
power DC supply powers the three-level NPC inverter, and an independent small power
supply powers the encoder of the PMSM. The loading is provided with the help of a
magnetic powder brake and an external tension controller. The MicroLabBox dSPACE

1202 is chosen as the main controller. The parameters are the same as the PMSM taken
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for the experiments in Chapter 3.

Three-level NPC
inverter and Adapter
plates to dSPACE

DC-power
supply

Fig. 5. 8. PMSM test rig setup.

5.6.2. Steady-State Performance and Dynamic Response Comparison

The performance of the proposed schemes is evaluated by conducting comprehensive
comparisons with RFS-MPC and conventional multi-vector MPC (CMV-MPC)
proposed in [102]. First, the steady-state performance of the three approaches is tested
under 500 r/min (50% rated speed) with a load of 3 N-m. The line-line voltage and the
phase currents corresponding to different methods are shown in Fig. 5. 9, respectively.
The comparative experiment was also carried out under the operation mode of rated
speed and load, and the results are shown in Fig. 5. 10. From the current spectrum, it
can be observed that the proposed method has the lowest current distortion among the

three approaches under different operating modes as it further optimizes the dwell times.
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Fig. 5. 9. Steady-state performance comparison at 500 r/min and 3Nm load. (a) RFS-

MPC. (b) CMV-MPC. (c) Proposed method.

The THD of RFS-MPC is significantly greater than that of CMV-MPC and the
proposed method. This is because RFSMPC selects the output voltage vector according
to the region where the calculated reference voltage is located and maintains a single
output throughout the control cycle. As shown in Fig. 5. 11, the average switching
frequency of RFS-MPC will always be lower than that of the other two methods if

operated at the same sampling frequency. This is true over the entire speed range,
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especially when the motor is running at low speeds, where zero vector is selected most

of the time.
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Fig. 5. 11. Average switching frequencies comparison under different speeds.
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The power test verifies that the inverter loss of the proposed scheme is lower than
that of CMV-MPC under different operating conditions. Despite the NPP balance,
CMV suppression, and excellent control effect, it does not actuate the switching device
more frequently. The switching devices of the 3L-NPC inverter system are 1.5 times
that of the two-level system. Thus, the switching loss is more significant. It makes
excellent sense to reduce the switching frequency as much as possible, like the proposed
method.

It is also essential to analyze the transient behavior of the PMSM drive and ascertain
the dynamic response capability of the proposed approach with the rated load. Fig. 5.
12(a) shows the g-axis current and speed response to a sudden change in reference
speed from 400 r/min to 750 r/min. It can be seen that the proposed strategy can make
a quick response to complete the acceleration process. Moreover, Fig. 5. 12(b) shows
the drive response when the motor starts to rate speed. Fig. 5. 13 shows the transient
performance comparison of different methods when the g-axis reference current is set
to 4A. The settling time of CMV-MPC is the longest, while the proposed method took
1.14 ms to track the reference current, slightly slower than RFS-MPC. These results
demonstrate that the proposed method has satisfactory dynamic performance. During
the full speed range, the major contribution of the proposed method is to relieve the
computational burden at a similar switching frequency range, besides certain

improvements in motor performance.
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Fig. 5. 12. Dynamic response of the proposed method. (a) Speed change from 400
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Fig. 5. 13. Comparison of transient performance when the speed loop is removed, and
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the g-axis reference current is given as 4A. (a) RFS-MPC. (b) CMV-MPC. (c)

Proposed method.

5.6.3. NPP Balance and CMV Suppression Test

Two tests were conducted to verify the NPP balancing effect of the proposed method.
First, the capacitors voltages before and after the proposed scheme is put into use are
compared, and the experimental results are shown in Fig. 5. 14(a). It can be observed

that the imbalance is serious at the beginning, and the voltage difference between the
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upper capacitor and the lower capacitor U, —U_ on the DC side is about 15V. After
the proposed method is put into use, two capacitor voltages tend to be same and their
fluctuations are restricted within the range of [-5, 5] most of the time. The proposed
method achieves significant results for the control of NPP. The dynamic response of
the NPP balance effect is shown in Fig. 5. 14(b) when the motor speed is changed from
500 r/min to 1000 r/min, and the capacitors voltage difference remains stable. The
comparison experiment with CMV-MPC is presented in Fig. 5. 15, which indicates that

the proposed method has a better NPP balancing capability in the full speed range.

Put into use

Speed (1000 rpm/div)

3

i Ripple [-5,5]

S P Uci -Ue, (25 V/div)
16 ms v
AU=15V€4¢—F—>» AU=0V
t(20 ?zsldlv) t(200 r?s/dlv)

Fig. 5. 14. Two tests of NPP balance. (a) Comparison before and after application of

the proposed method. (b) NPP suppression effect dynamic response.

Ucs 520V4div) . ) - Uc: (20V/div)
Pt A,-\pl.n.m WP AR ASPTE V0 A PRSI WY PSSR  LpTfo— UCZ (20V/d|v)

Ue: (20V/div) i, (LOA/div) iy, (1L0A/div)
N SN AN A P A O sl IS S SN DA PO
TN Ry M :r"r l"v' W "‘fl. WO - \aj \-:‘j \w"" W ARVIRVARVARVARY
N T A A AT AT AVAN o W S
» Usp (200V/div) ® Uap (200V/div)

t(20 ms/div) t(20 ms/div)
(@) (b)

Fig. 5. 15. Response of speed change from 500 to 1000 r/min with rated load for (a)

CMV-MPC. and (b) proposed method.
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On the other hand, the CMV suppression effect of the proposed method is shown in
Fig. 5. 16. Due to the application of Vo(NNN), V2(PPP), and SVVVs(+), the amplitude of
CMV is up to +Uq/2 before the proposed algorithm is put into use. It should be noted
that the magnitude of CMV is reduced to less than 50 V immediately when the proposed
strategy is applied. The dynamic effectiveness of CMV suppression is proved while, at
the same time, the capacitors voltages can be properly balanced to Uq«/2. Fig. 5. 17
shows the experimental waveforms at high modulation indices. The THD of CMVMPC
is 5.39%, while the proposed scheme has higher current quality, but its CMV

suppression effect is somewhat reduced, because Case 3 requires the use of SVV(+).

Vemv (B50V/iv)
Vewv (50V/div) »

AAAAAAAAAAAAAAARDS
JVYNVVVVEVVVVVVVY

2ATdiV)

Ues (100V/div)

t(2s/div) t(20 ms/div)
@) (b)

Fig. 5. 16. CMV suppression effect. (a) Dynamic waveforms of CMV. (b) Integrated

situation under stable operation.
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Fig. 5. 17. Experimental waveforms of the different methods at a modulation index of

1. (a) CMV-MPC. (b) the proposed method.
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5.6.4. Robustness Against Parameters Mismatch Test

The hysteresis control adopted by the proposed method is independent of the
capacitor model parameters. A comparative experimental study is carried out to verify
the effectiveness of the proposed method in balancing NPP when the capacitor
parameters are inaccurate. Fig. 5. 18 illustrates that the effect of balancing U, and U,
of the proposed method is not influenced by the capacitor parameter mismatch. In terms
of motor parameters, it mainly involves resistance, inductance and flux linkage, and
their maximum range of variation is also determined experimentally. Fig. 5. 19 shows
the comparative results of RFS-MPC, CMV-MPC, and the proposed method for stator

resistance mismatch.
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Fig. 5. 18. NPP unbalance suppression effect of the proposed algorithm. (a) Accurate

capacitance parameters. (b) Capacitor increased to 150% of actual value.

The motor operates at 800 rpm with rated load, and at 0.10 s, the model resistance
suddenly changes to 150% of the actual value. The phase current fluctuation and the g-
axis ripple based on the proposed method are the lowest. The steady state current
performance with mismatched inductance and flux parameters is shown in Fig. 5. 20.

Despite the slight increase in THD, the waveforms are stable and sinusoidal. The
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proposed method has some sensitivity to the motor parameters, especially the

inductance, but still operates stably at 0.5 times mismatch.
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Fig. 5. 19. Robustness against resistance parameter mismatch comparison of three

methods. (a) g-axis currents. (b) A-phase stator current.
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Fig. 5. 20. Steady-state stator current curves and their FFT spectra with parameter
mismatch. (a) Proposed method when inductance decreases by 50%. (b) Proposed

method when flux-linkage increases by 50%.
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5.6.5. Algorithm Execution Time Test

To verify the computational efficiency of the proposed methods, the turnaround time
was read directly in the dSPACE1202 control system. Fig. 5. 21 shows the algorithm
execution time for different scenarios under the same control period of 50us. For a fair
comparison, Scenario 1 employs the optimized dwell time proposed in this chapter, but
the nearest three-vector solution is used as the benchmark, and Scenario 2 uses the
proposed scheme. It can be observed that the computation time for Scenario 1 is longer
at 35.6us. This is due to the fact that the unsimplified multi-vector algorithm needs to
compute the predicted currents for the 27 switching states of the three-level inverter
and traverse to find the optimal output combination. Scenario 2 is 55% faster than
Scenario 1. In addition, the complete operation of the proposed scheme is tested, and
9.3us of code execution time is required to detect the neutral current polarity and the
data retention time for the hysteresis control process. The proposed method is better in
terms of overall performance and is more computationally efficient. Relieving the
computational burden is meaningful for practical applications, incorporate protection
functions and communication. The proposed method can leave more time margin for

other steps required for code implementation.

Execution Execution
time 35 us <—>. time 17 us -
. Control period 50us P Control period 50us
(@) (b)

Fig. 5. 21. Algorithm execution time comparison. (a) Scenario 1. (b) Scenario 2.
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5.7. Conclusion

In this chapter, a novel multi-vector MPC method for 3L-NPC inverter-powered
PMSM is proposed, aiming to improve computational efficiency and synergistically
suppress CMV and balance NPP. In the proposed method, the optimal dwell time of
each adjacent vector is calculated by the cost function without weight factors. To realize
the independence of capacitor parameters and NPP balance, a hysteresis controller is
introduced. The positive and negative NPP polarities of various vectors in different sub-
hexagons are fully utilized to decouple vector selection from CMV suppression/NPP
balance. Comparative experiments are conducted with other three-level MPC
algorithms, which reveal that the proposed method has not only satisfactory steady-
state output performance but also fast transient response. The effectiveness and
robustness of the proposed method is also verified. The CMV is restricted within £Uq./6
most of the time, and the NPP imbalance situation has also been greatly improved.
Future work will focus on the multiple sampling mechanism of the three-level MPC,
MPC optimization considering three-level inverter nonlinearity, and enhanced robust

MPC under parameter mismatch.
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CHAPTER 6. COHERENT VECTOR BASED
MODEL PREDICTIVE CONTROL WITH ZERO-
SEQUENCE COMPONENT INJECTION FOR
THREE-LEVEL NPC INVERTER FED PMSM
DRIVES

6.1. Introduction

Conventional MPC selects one basic voltage vector through the enumeration process,
exhibiting relatively high output ripples. To enhance the control performance, a three-
level neutral-point-clamped (NPC) inverter is applied, although this increases the
complexity of the control algorithm for PMSM. In the proposed MPC scheme, a set of
coherent voltage vectors (CVVs) with movable starting points is introduced to replace
the basic candidates. The pulse train of the optimal CVV is generated by single-carrier
modulation, and capacitor charge balancing in different sectors can be included in the
zero-sequence component injection. The proposed CVV-MPC is characterized by
simple implementation and satisfactory performance under low switching frequency.
Comparative experiments are conducted to verify the effectiveness and superiority of

the proposed method.

6.2. Voltage Vector Coherence

In the FS-MPC presented in the previous chapter, the best voltage vector is selected

among the 27 available vectors and applied during the entire control period. This will
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cause the output voltage to change abruptly and is also computationally inefficient. To
address these issues, we introduce the concept of coherent voltage vector, which relates
the voltage vectors of the current time step to the previous step. The candidate set is
modified as follows:

Ugen (K) = £,Ug, (K =1) + (1~ &, )Uyq, (6.1)
where ug, (k) denotes the candidate vector after coherent, ugqn denote the different
original voltage vectors, ¢, denotes the degree of coherence and takes values in the
interval [0, 1), the larger &, is, the more pronounced the coherence of the voltage is.

In order to avoid repeated calculation of redundant vectors and reduce the number of
calls to the formula, the original voltage vector shown in Fig. 4. 2 is simplified. Such
Udgn intervals of 60- also make full use of the rich vector resources of the three-level
inverter. Fig. 6. 1 shows the candidate vector selection for several control cycles, which
have been coherentized. Therefore, the cost function considering the delay

compensation is constructed as:

*

los

J(k) =

iy i (K +2)|+

—igs (k+2)| (6.2)

From analysis (6.1), we can know that if ¢, is too large, it will reduce the output
capability and affect the tracking of the reference value. When &_ is zero, it is exactly
the same as before the coherentization process. Therefore, it is necessary to set an upper
limit for &, to ensure that the dynamic response can be at the same level as
conventional control methods. Fig. 6. 1 illustrates the scenario when &, =0.5, a value
chosen to ensure that the cut-off frequency is approximately equal to the bandwidth of

the conventional MPC, while also maintaining the coherence of the CVVs.
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Fig. 6. 1. Optimal CVV selection process in several control cycles.

6.3. Optimal CVV Synthesis with Neutral-Point Capacitor Voltage
Balance

Among the ugqn pointing in different directions, the one with the smallest cost
function is selected as the optimal CVV. After that, its corresponding active vectors
group and duration time need to be determined in the conventional methods.

In this chapter, a novel vector space decomposition adapted to the concept of vector
coherence is employed to reduce computational complexity without the need for
multiple optimizations. Therefore, we must first know the precise sector of ugq
according to the geometric relationship. The desired CVV in the stationary a—p
reference frame is obtained through inverse Park transformation:

{u;}z[a_)sa —sin H}{ufj}- 6.3)
uy sing  cosé || ug

Transform it to the per unit format, taking Vac as benchmark and represent it as the

three-phase symmetric form:
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u, =m-siné
u, =m osin(e—%j (6.4)

u; =m~sin(¢9+2—”]
3

where m=+/3-V°® IV,., 8=ax(w is the angular frequency).

In existing studies, the three-level vector space is often divided into six sub-hexagons
[120], [121], which are simplified to two-level algorithms to narrow the range of
optimization search and reduce switching losses. However, adjacent subhexagons have
overlapping areas. As shown in Fig. 6. 2(a), this chapter designs a more reasonable
sector division method by combining the properties of the sub-hexagon rule. The sector
position can be determined directly based on the number of candidate vectors that
minimizes the cost function. As shown in Fig. 6. 2(b), each u_ can also be regarded as
synthesized from the center vector of each quadrilateral sector as the starting point. This
eliminates the need to call the inverse trigonometric function and the cumbersome
sector judgment and sub-sector judgment processes. The relationship between u: and

sector number N is shown in Table 6.1.

TABLE 6.1

CVV SECTOR JUDGMENT

Sector number (N) Corresponding CVV S, Sh S¢

| u; >0 <0 <O
] us >0 >0 <O
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\Y; ug <0 >0 >0
v ug <0 <0 =0
VI ug > <0 2>

In this chapter, an efficient zero-sequence component injection scheme is
implemented, which makes full use of the sign law of Sx in Table 6.1. Unlike the
traditional method, the scheme eliminates the need to iteratively determine the positive
and negative phase voltages after superimposing the zero-sequence components (Uzs),
thereby facilitating the conservation of computational resources. The corrected

modulation wave h; of each phase is:

+u (6.5)

T2 PNO

(b)

Fig. 6. 2. Quadrilateral sectors and CVV synthesis. (a) Division of I-V1 sectors. (b)

CVV synthesis path in sector | and corresponding vectors.

106



Since each sector corresponds to a specific combination of switching function signs,
the required CVV can be achieved only by changing the duty cycle of single carrier.
Fig. 6. 3 shows the adopted single carrier modulation mode, which greatly reduces the
amount of computation and simplifies the modulation process while providing strong
neutral-point voltage balancing. By comparing the green modulated wave with the
purple carrier wave, switching signals that contains two states Sy € {1, 0} or Sx €
{0,—1} are produced.

According to chapter 4, only when the output state of a phase is O, the load current
of that phase flows through the neutral point and has an effect on the neutral-point
potential. The relationship between the average neutral-point current and the load
current as well as the three-phase switching state in one control cycle is as follows:

e = dogly + iy + Aol (6.6)
where dox denotes the O-state duty cycle of phase x, which is calculated with respect

to the positive or negative of Sy:

© g (1—h;)/2, S, >0 .
o =1t = (1+h})/2, S, <0 (6.1

Taking CVV located in sector | as an example, substituting (6.5) and (6.7) into (6.6):
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— 1-h;. 1+h . 1+h .
a |b+ Ic
2 2 2
.. . . Ir/ s L« oL\
[ha(|b+|c)+hb|b+h0|0]:§[(ha+hb)|b+(ha+hc)lc]
(2u] 2u . (2u] 2u; .
2+ 2420 i+ —=+—=+2u, |i 6.8
2u; : 2u, :
——=+2u, |iy +| ——=+2u, |i
_( \/g zsjb ( \/g ZSJ c}
- 1 * *u
= —[uzsla +ﬁ(ub|C +uc|b)}

To achieve active control of the neutral-point potential balance, the DC bus capacitor

NIFR, NP, N~

voltage variation is detected, and feedback correction is formed. The relationship
between the voltage deviation Unpy and the neutral-point current within a control cycle
Is:

o =Ug —Ug, =i T, /C (6.9)
where i is the average increment of the neutral-point current caused by the charging

and discharging of the capacitors, which requires adjusting the zero-sequence voltage

injection amount.

i_NP +lhyp =0 (6.10)
1fCU,, 1. .
. :E{ T —ﬁ(ublC +uclb)} (6.11)

In the same way, the expressions of the zero-sequence components in the six sectors
can be found in Table 6.2.

An exact mathematical relationship between the neutral point average current and
the zero-sequence component is established in each small quadrilateral sector of the

simplified three-level vector space. It can be seen that only the original CVV, the output
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current, and the upper and lower capacitor voltages are needed to generate the zero-
sequence components required to balance the neutral-point potential, and the
expression is simple and does not contain complex trigonometric calculations. Its
computational complexity is significantly reduced as well. After simulation
verification, the computation time for its prediction optimization is only about 15% of

that required by the strategy in [103].

| Phase x (a, b, ¢) | Phase x (a, b, ¢)

szTs Id T
(- > b - p
5120H do, T, HOSIZO do, T, 0
T — T = |
O
S.<0 ESISO' | N
@) (b)

Fig. 6. 3. Single carrier modulation mode. (a) Generation of duty cycle whenh’ is

positive. (b) Generation of duty cycle when h’ is negative.
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TABLE 6.2

NEUTRAL-POINT CURRENTS AND ZERO SEQUENCE VOLTAGES IN SIX

SECTORS
Sector inp Uzs

A CcU .
! _{uzsla_'_ﬁ(ublc-i_uclb)} Il Tnpv _%(Ublc +Uc|b)
. 1 *e *u :CU 1 7

I U, +—= Wiy +upi) L[ S TR
s'c \/g a'b b'a |_ T —ﬁ(ublc+uc|b)
1l [ R P 1{cuU,, 1 . .
—lu i +—=(ui +ui)| = Y (ui_ +Uli)

s \/§ a'c c'a } ia Ts \/5 b'c c'b
. 1 *u *a :CU 1 7

vV Ui, +—= (Ui, +uliy) L[ S s
zs'a \/é b'c c'b |_ T —ﬁ(ublc+uc|b)
TP “cu o]
v _|:uzs|c +ﬁ(ualb +ub|a)j| Il Tnpv _%(ublc +uc|b)
. 1 . xe :CU . . ]
Vi Ul +ﬁ(ualc + ucla) l Tnpv _ﬁ (ubic +ucib)
Ia L S _

6.4. Pulse Train Generation

Once we have found the optimal CVV through the cost function and synthesize it
with single carrier zero-sequence injection method, we next need to generate switching
signals based on it [122]. To prevent duty cycle saturation, resulting in output voltage

distortion, the zero-sequence component must be reasonably limited.

2 * * *
U, zl—ﬁmax(ua,ub,uc)
(6.12)
U, :—1—imin(u;,u;,u:)
V3
When the injected zero-sequence component goes up to u,... or downto u, .., the

duty cycle of one phase will becomes 1, and the switch does not operate during this

110



cycle. Under these conditions, in order to maintain the regulating capability of the
neutral-point balance, a dual-carrier modulation is taken to generate the desired
switching signals. As shown in Fig. 6. 4, the charge is balanced in one control cycle

under the effect of the compensation amount, and it can be derived as:

C(Ug, -Ug, )+ Y. dod,

Uggr = a0 6.13
o > sign(hy)i, (6.13)
x=a,b,c
| Phase x (&, b, ¢) | Phase x (a, b, ¢)
I I
I I
N v/ DNy oy

@) (b)
Fig. 6. 4. Dual-carrier modulation mode under initial and improved modulated waves.

(a) Two carriers are fixed. (b) Lower carrier is adjustable.

6.5. Control Block Diagram and Implementation Steps
Based on the above analysis, the proposed control strategy is implemented in three
progressive stages shown in Fig. 6. 5. In summary, the proposed strategy can be
implemented in the following steps:
Step 1 Measurement: Sample the motor speed and rotor position, as well as the stator

currents is. Record the voltage vector applied at the current moment.
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Step 2 Desired value calculation: Develope the discrete mathematical model of
PMSM. Like the conventional FS-MPC method, use the external speed loop to obtain
the current reference i*q and set i*q to 0.

Step 3 CVV selection: The original voltage is coherently transformed into ugqn using
(6.1) along with the output state from the previous moment. The current states of all
candidate CVVs at the (k+2)th instant are predicted using the discrete models in (2.25)
and (2.26). The cost function in (6.2) is then evaluated, and the ugqn corresponding to
the minimum current error is selected.

Step 4 Zero-sequence component injection: Calculate the average neutral-point
current in, using the voltage deviation Unpv on the DC bus. Based on the quadrilateral
sector number of the optimal CVV, determine the corresponding zero sequence
component uzs from Table 6.2 to balance the neutral point potential. The modified
modulated wave amplitude h’ is then obtained from (6.5).

Step 5 Switching pulses generation: Before the final reference voltage h; is output,
it is judged according to (6.12). Based on the switching function signs in Table 6.2, h;
is converted to a two-channel signals, which is then simply compared with the

triangular carrier to produce four drive signals.
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Fig. 6. 5. Block diagram of proposed MPC algorithm.

6.6. Experimental Results

6.6.1. Steady-State Performance Comparison

First, the steady-state performance tests were carried out under the command of 500
r/min with the rated load. To verify the superiority of the proposed method, the
experimental results of the conventional multi-virtual-vector MPC (M2V-MPC) [106]
with the same sampling and switching frequency were also presented. The waveforms
of speed, three-phase currents for the two methods are shown in Fig. 6. 6, as well as the

phase a current harmonic spectrum and the scaled-up d-axis current.
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Fig. 6. 6. Comparison of steady-state performance at rated load, 500 r/min. From
above to below: speed, three-phase currents, harmonics spectrum, d-axis current. (a)

M2V-MPC. (b) the proposed method.

It can be seen that both methods track the speed reference well at constant torque,
and the proposed method is more stable in comparison. The results of Fast Fourier
Analytical Transform (FFT) show that the Total Harmonic Distortion (THD) of phase
current is 3.25% for the conventional method and 2.71% for the proposed method,
which is the effect of using coherent voltage vector and zero-sequence component
injection. The proposed method is able to track the d-axis current target stably with a
maximum tracking error of about 0.15A, which is much lower than that of M2V-MPC.
The proposed method is better than MV2-MPC in terms of current quality and d-axis
current ripple.

Steady-state behavior of the PMSM for the two methods is also tested at 1.25 times
the rated speed (1250 r/min), and the waveforms are illustrated in Fig. 6. 7. Although
the output currents of both FS-MPC algorithms are sinusoidal, the proposed method

has a lower current distortion of 2.55%. The employment of CVVs with adjustable
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amplitude and moveable start point can still improve the current quality significantly

during high-speed operation. It can also be seen from Fig. 6. 7 that the neutral point

voltage deviation (U, —U_ ) in the proposed method is limited to 1.18 V (peak-to-

peak), while more spikes are present in M2V-MPC.
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Fig. 6. 7. Comparison of steady-state performance at rated load, 1250 r/min. From
above to below: dc-link capacitor voltages, phase-a output currents, lineline voltage.

(a) M2V-MPC. (b) the proposed method.

In order to quantitatively compare the steady-state performance of the motors using

the two methods, the torque ripple is evaluated using the standard deviation equation.

N

o, = \/%Z(E(ﬂ) —e™), &% = %ig(n) (6.14)

n=1

where N is the number of sampled data; o, represents the torque standard deviation;
and £%° is the corresponding mean value.

The steady-state performances across the full motor speed range were experimentally
investigated for both methods under rated load, with results presented in Fig. 6. 8. The

proposed method demonstrates superior performance throughout the entire speed range.
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Numerical comparisons indicate that the average torque ripple of the proposed method
is 39.65% lower, and the average current THD is 66.21% lower than that of the M2V-
MPC. To evaluate the actual computational efficiency of the proposed methods, the
turnaround time was directly measured using the dSPACE1202 control system. Fig. 6.
9 illustrates the algorithm execution times for different methods, all under the same
control period of 50 us. It can be seen that the execution time of the duty cycle
optimization MPC (DCOMPC) approach in [107] is 29 us, while the proposed scheme

is 41% faster.
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Fig. 6. 8. Quantitative comparison of the control performance of the two methods. (a)

Torque ripple. (b) current THD.
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Fig. 6. 9. Algorithm execution time comparison. (a) DCO-MPC. (b) Proposed

method.
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6.6.2. Performance Evaluation of Transient Response

Apart from the steady-state performance comparison, the dynamic performance of
the proposed method is also investigated. Fig. 6. 10 shows the experimental results for
the speed and dg-axis currents transient response. It can be observed that when the
motor starts from standstill to 800 r/min with rated load, the proposed method is able
to realize the response within 62 ms. Moreover, Fig. 6. 10(b) shows the ability of the
drive to respond to a sudden change in reference speed from 500 r/min to 800 r/min at
the rated load. The rotor speed quickly reaches the rated speed in just 20ms and iq tracks
its reference well.

To highlight the tracking performance of the proposed methods during transients,
Fig. 6. 11 shows the zoomed d-axis and g-axis current transient waveforms for the two
methods during the speed reversal (from forward to reverse). It can be observed that
the settling time of the proposed method is only 1.08 ms, which is 1.7 times shorter than
that of M2V-MPC, and the overshoot is significantly lower. Due to the candidate vector
coherent processing, the output voltage does not change abruptly, which results in a

small dg-axis current ripple, but the fast response is still maintained.
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Fig. 6. 10. Dynamic response of motor speed and dg-axis current. (a) Start from

standstill to 800r/min with rated load. (b) Speed changes from 500 to 800 r/min with

the rated load.

2 Time3(ms) 4 2 TimeS(ms) 4
@) (b)

Fig. 6. 11. dg-axis currents transient-state response during speed reversal. (a) M2V-

MPC. (b) the proposed method.

Fig. 6. 12 presents experimental results when ¢, is set to 0.3 and 0.5, respectively.
The current tracking speed of &, = 0.5 is similar to that of ¢, = 0.3 when the g-axis

reference current is increased abruptly from 1A to 3A, but the current ripples are much
smaller than that of ¢, = 0.3. It is evident that the current ripples reduce significantly

with increasing ¢,, but a value of 0.5 also ensures the same level of dynamic

performance.
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6.6.3. Investigation of Average Switching Frequency
The single carrier modulation mode and pulse train generation adopted in the
proposed scheme can avoid two-level jumps and the switching loss is reduced. To
highlight this advantage, the average switching frequency of the six IGBTSs at the top

of the 3L-NPC inverter is defined as follows

far = o 2N, (1.9)
where N is the number of states switching of the kth IGBT during the stator period

T.

For a fair comparison in the previous steady-state experiments, the average switching
frequencies of the two methods were kept at approximately the same level. When the
sampling frequency is controlled to be fixed, the average switching frequencies of the
two control schemes at different speeds are tested, and the results are shown in Fig. 6.
13(a). It is obvious that the proposed strategy exhibits lower fs over the entire speed
range, which verifies the benefit of limiting state switching to the two types of (0<>1)

and (-1<0). At the rated speed, fsw 0f M2V-MPC is 4.514 kHz and fsw of the proposed

119



method is 3.536 kHz. Therefore, the latter reduces the average switching frequency by
21.67% relative to M2V-MPC, although the switching frequency is not included in the
cost function, and there is no need to tune the weighting factor.

Fig. 6. 13 (b) shows the switching status of the proposed method during the transient
process of the previous reversal test, with fs updated every 10 ms. It can be seen that
during the dynamic process, the average switching frequency temporarily fluctuates.
After the transient process ends, fsw can be restored to the level before the speed reversal.
The tests show that the specially designed coherent voltage vector changes rapidly in

response to transient changes and remain relatively stable after tracking the given value.
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Fig. 6. 13. Average switching frequency of the experiment at the fixed sampling
frequency. (a) Comparison of fsw at various speeds. (b) Responses of fsw

during speed reversal.

6.7. Conclusion

In this chapter, a novel coherent voltage vector-based MPC method is proposed and
has been experimentally applied to a PMSM system. Candidate vectors are coherently

processed, and the starting point can be movable according to the optimal vector of the
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previous instant, thus avoiding sudden changes in the output voltage. Zero-sequence
component injection is introduced to balance the neutral point potential, the amplitude
of which is judged according to the sector in which the CVV with the minimum tracking
error is located. Another innovative point of the proposed method is in the generation
of the pulse sequence, which is not only easy to implement, but also does not involve
two-step jumps. The experimental results confirmed that the proposed MPC method
could achieve better output current quality in the steady-state and faster transient
response in comparison with the conventional multi-vector MPC. Under the full speed
range conditions, the proposed method features lower switching frequency, and the

average torque ripple is reduced by 39.65%.
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CHAPTER 7. SUMMARY AND FUTURE WORK

7.1. Summary

FS-MPC, as a high-performance motor control strategy, is characterized by its simple
principles, ease of implementation, and capability to handle system nonlinearities and
multi-constraint problems. As a result, it has become a research hotspot in the field of
motor control. This thesis focuses on the study of Surface Permanent Magnet
Synchronous Motors (SPMSM) driven by conventional two-level and three-level NPC-
type inverters, employing FS-MPC to enhance the control performance of the entire
motor speed regulation system. The following is a brief summary of the work conducted
in this thesis:

1.  The research background is briefly outlined based on a survey of relevant
literature, highlighting both domestic and international research achievements. A
concise overview of several commonly used control strategies in current motor control
systems is presented. Subsequently, a detailed review of the theoretical development
and state-of-the-art research on MPC is conducted, accompanied by an analysis of the
main issues associated with traditional FS-MPC and FS-MPC-based common mode
voltage (CMV) suppression methods.

2. Various common types of Permanent Magnet Synchronous Motors (PMSM)
are introduced from the perspective of motor structure, along with their respective

advantages and disadvantages. For the SPMSM, its mathematical model is derived in
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different coordinate systems. The basic principles of MPC are succinctly outlined, with
a particular focus on the PMSM current control strategy based on FS-MPC. Simulation
results using Simulink validate the constructed PMSM drive system, indicating that the
system exhibits excellent speed regulation performance and stability, capable of
meeting the requirements under sudden load changes.

3. The fundamental principles of deadbeat calculation for reference voltage
vectors are introduced, alongside an analysis of the causes of CMV and the provision
of relevant calculation formulas. A novel modulation method is proposed based on the
sector switching law during motor operation, with a detailed discussion of the design
process and applicable rules. An experimental platform for the SPMSM driven by a
traditional two-level inverter is established, and comparative experiments demonstrate
that the proposed method achieves high control performance under varying operating
conditions while effectively suppressing CMV.

4.  The topological structure of the three-level inverter is introduced, describing
the operating states of the NPC-type three-level inverter. A permanent magnet
synchronous motor drive system based on the NPC three-level inverter is constructed,
encompassing aspects such as circuit topology, control strategy, and parameter design.
A three-level FS-MPC method mapped to sub-hexagons is proposed. Finally, Simulink
simulations verify that the simplified algorithm not only achieves good control
performance but also significantly reduces computational load.

5. A multi-vector FC-MPC method with hysteresis control is proposed,

accompanied by an optimization design for dwell time. This method no longer relies on

123



inductance parameters but incorporates NPP balancing and CMV suppression into the
candidate set updating and output vector reconfiguration process. An experimental
platform for servo control of a permanent magnet motor driven by a three-level NPC
inverter is built, and experimental results demonstrate that the proposed method
effectively eliminates NPP imbalance and suppresses CMV while improving parameter
adaptability.

6.  Coherent voltage vector-based model predictive control (CVV-MPC) for 3L-
NPC inverters is proposed. The 27 basic voltage vectors of the three-level inverter are
coherentized before being applied to predict the operating state at the next instant. Only
the finite set of coherent voltage vectors adjacent to the previous output voltage is
computed, which is computationally efficient. The sudden change in output voltage is
simply and effectively avoided, which in turn achieves a smooth and accurate control
effect. The neutral voltage balance is explicitly considered in the prediction process, so
as to synthesize the optimal coherent voltage vector. A single carrier mode applicable

to the above algorithm is realized.

7.2. Future Work

This thesis addresses some research work on the MPC control strategy for PMSM.
However, due to limitations in time, resources, and capability, certain aspects remain
under-investigated, and some issues need to be resolved. The summary is as follows:

1) Through experimental analysis, the impact of parameter mismatches on motor

control has been identified. The proposed modified model predictive current control
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effectively corrects various parameter mismatch scenarios. The next step is to conduct
both online and offline parameter identification, including inductance, resistance, and
flux linkage, followed by experimental validation.

2) The speed outer loop utilizes a PI controller, resulting in a simple control method.
The next step will involve exploring other control schemes, such as robust control,
adaptive control, active disturbance rejection control, and backstepping control, with
the aim of achieving better control performance.

3) The PMSM used in the experiments is equipped with a 5000-line encoder. In the
future, we hope to achieve control that does not rely on optical encoders or other speed

and position sensors.
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