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Chapter 1

Introduction

1.1 Background

According to global electricity estimation by the International Energy
Agency, motor drive systems account for 53% of the world's electricity con-
sumption [1-1]. Within the motor drive system region, 68% of power con-
sumption is due to medium-sized motors of 0.75-350kW [1-2]. In particular,
the field measurements of operating load on the induction motors (IMs),
which were installed in 1992, prior to their removal from service reported in
[1-3] that 29% of the IMs operating in the facilities were carrying less than
50% load (see Fig. 1.1). Fig. 1.2 shows the efficiency characteristics of squir-
rel-cage induction motors (IE1 and IE3) under partial-load. It has been re-
ported that motors with lower rated output have reduced efficiencies at 50%
and 25% loads compared to 100% load [1-2]. From Fig. 1.2, it can be con-
firmed that the motor efficiency is significantly reduced with a load of less
than 50%. This makes reduction of the motor losses in the partial-load is

effective for an energy-saving.
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Interest in energy-saving has been increasing, and in the motor drive sys-
tem region, variable speed motor drive using semiconductor power convert-
ers have been studied for a long time. Especially in recent years, some tech-
nologies such as, electric vehicles, flywheel energy storages, wind power
generations, etc. [1-4]—[1-6] have been studied due to the situation of activi-
ties toward net zero carbon dioxide (CO») emissions (Net Zero by 2050 [1-
7]). In terms of the semiconductor power converters as the alternating current
(AC) motor driver, pulse width modulated (PWM) inverters are used to
achieve variable speed drive. In particular, in air conditioner applications,
efficiency improvement in the light to middle load range, in which the load

1s 75% or less, is required as follows [1-8]

IPLVc = 0.01 X COP;pgo, + 0.47 X COPys5, 11
+0.37 X COPso% + 0.15 x COst% ...................... (1.1)

where, COPyq, (Coefficient Of Performance at X% load) is calculated by
dividing the cooling or heating capacity by power consumption, and IPLVc¢
(Integrated Part Load Value, Cooling) means an energy-saving performance
index close to the actual usage.

In terms of the AC motor structures, three-phase motors are qualified for
most applications. However, for applications such as aircrafts and electric
vehicles, the traditional three-phase motors and their motor drivers have is-
sues to improve reliability; thus multi-phase motors and their motor drivers
have been investigated for better fault-tolerant capability [1-9], [1-10]. Since
variable speed motors are mainly driven by PWM inverters, it is necessary
to improve both the inverter and the motor in order to improve the perfor-
mance of the entire motor drive system. In terms of improving the perfor-
mance of motors, the characteristics that change depending on the structure
of the windings and cores have been analyzed [1-11]-[1-16]. It is known that
the electric power losses generated by the motor such as copper loss of the
winding, eddy current loss of the core, hysteresis loss, and harmonic loss,
etc.
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In terms of the PWM inverter, various approaches have been investigated
in terms of circuit topologies and modulation strategies. Multi-level inverter
topology is one of the effective solutions for improving the efficiency of mo-
tor drive systems (e.g., see Fig. 1.3). Since the multi-level inverter outputs a
stair-step output voltage, the voltage harmonics decrease compared with us-
ing a traditional two-level inverter [1-17]. Another approach to improving
the voltage waveform is to reduce the peak value of the PWM voltage by a
direct current (DC) to DC converter [1-18] (e.g., see Fig. 1.4). The multi-
level waveforms and lower peak value of the voltage can reduce the output
harmonics and the motor’s harmonic losses. Furthermore, the harmonics
generated from the PWM inverter in the variable speed motor system is prop-
agated to other electrical components via the DC-link of the PWM inverter.

[

T AQNKENKEN

1 RFAKRA
K} ok} K3

Fig. 1.3. Variable speed motor fed by neutral-point clamped three-level in-

verter system.
3
[

KH
Fig. 1.4. Variable speed motor fed by two-level inverter with boost con-
verter system.
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This deteriorates the performance and reliability, and causes other electric
components to malfunction [1-19]. In addition, higher harmonic currents
flow to the battery, increasing the loss and reducing the life.

In recent years, with the development of semiconductor switching de-
vices, the loss and cost of power converters have been reduced [1-20]. In-
stead of reducing the number of switching devices, which has been studied
so far, studies on improving reliability and performance by adding devices
are in progress. A dual inverter topology has been proposed as one of the
method for improving the performance of variable speed motor systems [1-
23]-[1-26]. The stator windings of a motor are generally star-connected (see
Fig. 1.5), but in a dual inverter system, the stator windings are opened and
another inverter is connected there (see Fig. 1.6). A circuit topology using
the dual inverter has some advantages compared with the single inverter to-

pology such as, expanded speed range [1-25]-[1-27], multi-level operation

Current Harmonics

£ Tp

DC Voltage DC to AC Star-Connected
Source Converter  Three-Phase Motor

Voltage Harmonics

Fig. 1.5. Traditional single inverter topology and its issues.

= A Kk =

DC Voltage DC Voltage
Source DC to AC Open-Ended DC to AC Source
Converter  Three-Phase Motor  converter or

Capacitor

Fig. 1.6. Typical dual inverter topology.
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[1-28]-[1-30], and fault tolerant functions [1-31]—[1-33]. In recent years, in-
put current harmonic suppression methods have also been investigated in the
dual inverter with floating capacitor (FC) topology, in order to satisfy har-
monic regulation or suppress the stress of capacitors; it can be achieved by
active and reactive power compensation [1-34], [1-35]. Conventionally,
methods of reducing voltage harmonics by making the FC voltage the same
as or half of the primary side DC voltage has been studied [1-28]. In contrast,
a method of controlling the FC voltage variable, in order to improving the
performance, depending on the load condition has been studied [1-36]. How-
ever, sufficient studies have not been conducted on the reduction of winding
voltage and DC-link current harmonics, in the light-load region.

As an example of commercialization of dual inverters, air conditioners
for buildings for high power density have been developed [1-37]. In addition,
for electric vehicle applications, it has been reported that a dual inverter sys-
tem for driving high-voltage motors using next-generation silicon-carbide
(SiC) will be commercialized [1-38]. However, in the low load region, higher

performance is still required for the traditional single inverter system.

1.2 Research Objectives

The motor structure of multi-phase motors or double winding motors are
more complicated than that of a general three-phase motor [1-9]. However,
the dual inverter topologies are constructed by opening the traditional star-
connected winding. In addition, it is easy to implement hardware by devel-
oping semiconductor devices such as modularization of three-phase voltage
source inverters (VSIs). In addition, the traditional three-phase multi-level
inverter topologies are confronted with severe challenge in terms of fault-
tolerant capability and output voltage boosting [1-39]. Therefore, research
on improving the performance of dual inverters was conducted for the fol-
lowing objectives.

The research objective in this thesis is to reduce the input and output

harmonics in the light-load region of the dual inverter fed open-end winding
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IM system. In this research, the DC-link voltage of the secondary inverter is
changed according to the power factor angle and output voltage of the motor,
and the voltage difference between the two inverters is applied to the motor
to reduce the voltage harmonics applied to the windings. Furthermore, har-
monic analysis of the output voltage in the motor winding and input current
in the DC-link of the primary inverter is carried out.

First of all, a modulation strategy for reducing the output voltage wave-
form at low motor torque, in the case of the dual inverter with variable DC-
link voltage in the secondary side VSI, is studied. The original point of this
method is that, in order to reduce the peak PWM value at low motor torque,
the dual inverter outputs the voltage difference with small phase angle dif-
ference between the two inverters.

Second, a control strategy for improving the output voltage total har-
monic distortion (THD) in the light-load condition with the FC topology is
studied. The waveform improvement leads to increase the motor efficiency;
thus, the total efficiency including inverter efficiency increases, and is ex-
perimentally obtained to clarify the effectiveness of the proposed method.
Furthermore, an operating condition, that allows to reduce the THD of the
phase voltage of motor winding, when the open-end winding IM driven by
the dual inverter with sinusoidal PWM (SPWM)) is theoretically described.
Then, based on the previous analysis, output voltage harmonics when using
various PWM methods such as, third-harmonic-injection PWM (THIPWM),
and discontinuous-PWM (DPWM), space-vector-modulation (SVPWM),
and near-state PWM (NSPWM) [1-40] with a reduced number of commuta-
tions, are theoretically analyzed. Originality of this study is to analyze the
output voltage harmonics that change not only with the fundamental voltage
but also with the power factor angle when typical PWM methods are applied
to the dual inverter. Through analysis, the modulation method that minimizes
the harmonic components depending on the operating conditions of open-

end winding IM is clarified.
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Finally, a control method to reduce the high-order harmonics caused by
PWM in the DC-link current in a dual inverter with a FC topology, which
has the same voltage ratings in two inverters, is studied. The proposed con-
trol method reduces the high-order harmonic current through a six-step op-
eration at the primary inverter. The secondary inverter supplies a sinusoidal
voltage to the motor using a low-rated voltage. The validity of the proposed
control method is confirmed through an experiment using an open-end wind-
ing induction motor. Furthermore, the FC voltage dependencies of the input

current harmonics are analyzed.

1.3 Thesis Organization

Fig. 1.7 shows the outline of this thesis divided into 6 chapters.

Chapter 1 introduces the typical configuration of the variable speed mo-
tor drive systems and the effects of input/output harmonics generated by DC
to AC conversion. In addition, the objectives of reducing input/output har-
monics in the partial load region are discussed.

Chapter 2 introduces the evaluation method of output voltage harmonics
and input current harmonics in the dual inverter topology that realizes high
performance of the motor drive system. In addition, conventional dual in-
verter drive methods that reduce input/output harmonics and their issues are
discussed. Finally, proposed modulation strategies to reduce the input/output
harmonics of the dual inverter topology using the motor power factor angle,
which is the key concept of this thesis, are described and a beneficial position
of the proposed strategies along with conventional methods is presented.

Chapter 3 discusses a control strategy for reducing voltage harmonics
of an induction motor in a low-torque condition. The motor drive system
consists of an open-end winding IM and two VSIs; the dual inverter has a
DC voltage source and an FC. In proposed method, the use of the output
voltage difference between the inverters constituting the dual inverter lowers
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( Chapter 1 : Introduction
*  Background
\_* Research Objectives )
(Chapter 2 : PWM Harmonics Due to Phase Angle Difference in Dual Inverter )
* Basic principle of dual inverter circuit
*  Output voltage harmonic reduction method focusing on the voltage difference
\_* Conventional and proposed approaches to improve input/output harmonics Y,
( )
Chapter 3 : Phase Control Modulation for Output Voltage Harmonics Reduction
* Single DC-link with a floating capacitor topology
*  Output voltage harmonic reduction method depending on the power factor and the output voltage
\ = = - =
Chapter 4 : Harmonic Analysis of Output Chapter 5 : Reducing DC-link Harmonics
Voltage with Typical PWM Strategies with Lower Floating Capacitor Voltage
*  Output times of each voltage vector in * High-order harmonics are reduced by
switching and fundamental period operating six-step operation
*  Voltage THD comparison with typical * Low-order harmonics characteristics are
PWM strategies analyzed /

> =2 ¥

Chapter 6 : Conclusion
*  Comparison of the Output Voltage and Input current Harmonics of the Proposed PWM Strategies
*  Future Works

Fig. 1.7. Outline of this thesis.

the harmonics by keeping the modulation index high owing to the phase an-
gle difference variation between the two inverters. The performance of har-
monics reduction is theoretically analyzed and experimentally verified.
Chapter 4 discusses an analysis strategy for the output voltage harmonics,
which depend on the fundamental voltage, power factor angle, and PWM
strategies. Herein, SPWM, THIPWM, and DPWM are used as the conven-
tional carrier-based modulation techniques, and SVPWM and NSPWM with
reduced number of commutations are used as the proposed modulation meth-
ods. The validity of the theoretical analysis is then confirmed by experiments

using an open-end winding IM.
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Chapter 5 discusses a control method to reduce the high-order harmonics
caused by PWM in the DC-link current in a dual inverter with the FC topol-
ogy, which has the same voltage ratings in two inverters. The proposed con-
trol method reduces the high-order harmonic current through a six-step op-
eration at the primary inverter. The secondary inverter supplies a sinusoidal
voltage to the motor using a low-rated voltage. The validity of the proposed
control method is confirmed through an experiment using an open-end wind-
ing induction motor. Furthermore, the FC voltage dependencies of the input
current harmonics are analyzed.

Chapter 6 provides the conclusion of this thesis. In this chapter, the ad-
vantages and drawbacks of the proposed PWM strategies are classified
clearly and compared alongside each other. Finally, future works necessary
to improve the performance of dual inverters and popularize them in industry

are described.



Chapter 1 Introduction | 11

Bibliography

[1-1] United Nations Environment Programme, “Energy-efficient Electric
Motors and Motor Systems: U4E Policy Guide Series,” 2017, [Online]
Available: https://united4efficiency.org/wp-
content/uploads/2017/09/U4E-MotorGuide-201709-Final.pdf.

[1-2] International  Energy  Agency,  “Energy-Efficiency  Policy
Opportunities for Electric Motor-Driven Systems,” 2011, [Online]
Available:  https://www.oecd-ilibrary.org/energy/energy-efficiency-
policy-opportunities-for-electric-motor-driven-
systems_5kgg52gb9gjd-en.

[1-3] E. B. Agamloh, “The partial-load efficiency of induction motors,”
IEEE Trans. Ind. Appl., vol. 45, no. 1, pp. 332-340, 2009.

[1-4] M. Murayama, S. Kato, H. Tsutsui, S. Tsuji-lio, and R. Shimada,
“Combination of flywheel energy storage system and boosting
modular multilevel cascade converter,” IEEE Trans. Appl. Supercond.,
vol. 28, no. 3, 2018.

[1-5] M. 1. Masouleh and D. J. N. Limebeer, “Fuel Minimization for a
Vehicle Equipped with a Flywheel and Battery on a Three-
Dimensional Track,” IEEE Trans. Intell. Veh., vol. 2, no. 3, pp. 161-
174, 2017.



Bibliography | 12

[1-6] S. Ghosh and S. Kamalasadan, “An integrated dynamic modeling and
adaptive controller approach for flywheel augmented DFIG based
wind system,” IEEE Trans. Power Syst., vol. 32, no. 3, pp. 2161-2171,
2017.

[1-7] International Energy Agency,“Net Zero by 2050 A Roadmap for the
Gloabal Energy Sector,” 2021, [Online] Available:
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-
10b13d840027/NetZeroby2050-
ARoadmapfortheGlobalEnergySector CORR.pdf.

[1-8] Y. Kubota et al., “Current Distortion Analysis of Three-Phase PWM
Rectifier in Over-Modulation Region and Application to Air-Cooled
Heat Pump Chiller,” IEEJ Trans. Ind. Appl., vol. 140, no. 9, pp. 633—
641, 2020.

[1-9] P. Zheng, Y. Sui, J. Zhao, C. Tong, T. A. Lipo, and A. Wang,
“Investigation of a Novel Five-Phase Modular Permanent-Magnet In-
Wheel Motor,” vol. 47, no. 10, pp. 4084—-4087, 2011.

[1-10] S.Zhu, W. Zhao, G. Liu, Y. Mao, and Y. Sun, “Effect of Phase Shift
Angle on Radial Force and Vibration Behavior in Dual Three-Phase
PMSM,” IEEE Trans. Ind. Electron., vol. 68, no. 4, pp. 2988-2998,
2021.

[1-11] K. Yamazaki and A. Abe, “Loss investigation of interior permanent-
magnet motors considering carrier harmonics and magnet eddy

currents,” IEEE Trans. Ind. Appl., vol. 45, no. 2, pp. 659-665, 2009.



Chapter 1 Introduction | 13

[1-12] K. Yamazaki and Y. Seto, “Iron loss analysis of interior permanent
magnet synchronous motors - Variation of main loss factors due to
driving condition,” 2005 IEEE Int. Conf. Electr. Mach. Drives, vol. 42,
no. 4, pp. 1633-1638, 2005.

[1-13] K. Yamazaki and N. Fukushima, “Iron-loss modeling for rotating
machines: Comparison between bertotti’s three-term expression and 3-
d eddy-current analysis,” IEEE Trans. Magn., vol. 46, no. 8, pp. 3121—
3124, 2010.

[1-14] K. Yamazaki and N. Fukushima, “Iron loss model for rotating
machines using direct eddy current analysis in electrical steel sheets,”
IEEE Trans. Energy Convers., vol. 25, no. 3, pp. 633-641, 2010.

[1-15] K. Yamazaki and Y. Kanou, “Rotor loss analysis of interior
permanent magnet motors using combination of 2-D and 3-D finite
element method,” IEEE Trans. Magn., vol. 45, no. 3, pp. 1772-1775,
2009.

[1-16] K. Yamazaki, Y. Fukushima, and M. Sato, “Loss analysis of
permanent-magnet motors with concentrated windings - Variation of
magnet eddy-current loss due to stator and rotor shapes,” IEEE Trans.
Ind. Appl., vol. 45, no. 4, pp. 1334-1342, 2009.

[1-17] A. Nabae, I. Takahashi and H. Akagi, "A New Neutral-Point-
Clamped PWM Inverter," inIEEE Transactions on Industry
Applications, vol. IA-17, no. 5, pp. 518-523, Sept. 1981.

[1-18] M. Morimoto, K. Sumito, S. Sato, K. Oshitani, M. Ishida, and S.

Okuma, “High Efficiency, Unity Power Factor VVVF Drive System of



Bibliography | 14

an Induction Motor,” IEEE Trans. Power Electron., vol. 6, no. 3, pp.
498-503, 1991.

[1-19] M. A. Vogelsberger, T. Wiesinger, and H. Ertl, “Life-cycle
monitoring and voltage-managing unit for DC-link electrolytic
capacitors in PWM converters,” IEEE Trans. Power Electron., vol. 26,
no. 2, pp. 493-503, 2011.

[1-20] U. Grossner, “New power electronic materials and devices and its
impact on the energy efficiency,” 2018, [Online]. Available:
https://www.iea-4e.org/wp-
content/uploads/publications/2021/01/2018-SB-Grossner-PECTA-E-
2018_UGrossner-def.pdf.

[1-21] 1. Takahashi and Y. Ohmori, “High-Performance Direct Torque
Control of an Induction Motor,” IEEE Trans. Ind. Appl., vol. 25, no. 2,
pp- 257-264, 1989.

[1-22] K. A. Corzine, S. D. Sudhoff, and C. A. Whitcomb, “Performance
characteristics of a cascaded two-level converter,” IEEE Trans. Energy
Convers., vol. 14, no. 3, pp. 433-439, 1999.

[1-23] K. A. Corzine, M. W. Wielebski, F. Z. Peng, and J. Wang, “Control
of cascaded multilevel inverters,” IEEE Trans. Power Electron., vol.
19, no. 3, pp. 732-738, 2004.

[1-24] Y. Kawabata, M. Nasu, and T. Kawabata, “High Efficiency and Low
Acoustic Noise Drive System Using Open-Winding A.C. Motor and
Two Space Vector Modulated Inverters,” IEEJ Trans. Ind. Appl., vol.
122, no. 5, pp. 430438, 2002.



Chapter 1 Introduction | 15

[1-25] J. Ewanchuk, J. Salmon, and C. Chapelsky, “A method for supply
voltage boosting in an open-ended induction machine using a dual
inverter system with a floating capacitor bridge,” IEEE Trans. Power
Electron., vol. 28, no. 3, pp. 1348-1357, 2013.

[1-26] M. S. Toulabi, J. Salmon, and A. M. Knight, “Design, Control, and
Experimental Test of an Open-Winding IPM Synchronous Motor,”
IEEE Trans. Ind. Electron., vol. 64, no. 4, pp. 2760-2769, 2017.

[1-27] M. Mengoni, A. Amerise, L. Zarri, A. Tani, G. Serra, and D. Casadei,
“Control Scheme for Open-Ended Induction Motor Drives with a
Floating Capacitor Bridge over a Wide Speed Range,” IEEE Trans. Ind.
Appl., vol. 53, no. 5, pp. 4504-4514, 2017.

[1-28] Z. Huang, T. Yang, P. Giangrande, S. Chowdhury, M. Galea, and P.
Wheeler, “An Active Modulation Scheme to Boost Voltage Utilization
of the Dual Converter with a Floating Bridge,” IEEE Trans. Ind.
Electron., vol. 66, no. 7, pp. 5623-5633, 2019.

[1-29] S. Pramanick, N. A. Azeez, R. Sudharshan Kaarthik, K. Gopakumar,
and C. Cecati, “Low-order harmonic suppression for open-end winding
im with dodecagonal space vector using a single DC-link supply,”
IEEE Trans. Ind. Electron., vol. 62, no. 9, pp. 5340-5347, 2015.

[1-30] Y. Oto, T. Noguchi, T. Sasaya, T. Yamada, and R. Kazaoka, “Space
Vector Modulation of Dual-Inverter System Focusing on Improvement
of Multilevel Voltage Waveforms,” IEEE Trans. Ind. Electron., vol.
66, no. 12, pp. 9139-9148, 2019.



Bibliography | 16

[1-31] Y. Zuo, X. Zhu, X. Si, and C. H. T. Lee, “Fault-Tolerant Control for
Multiple Open-Leg Faults in Open-End Winding Permanent Magnet
Synchronous Motor System Based on Winding Reconnection,” IEEE
Trans. Power Electron., vol. 36, no. 5, pp. 6068—-6078, 2021.

[1-32] Y. Oto and T. Noguchi, “Fault-tolerant function of DC-bus power
source in a dual inverter drive system and its operation characteristics,”
IEEJ J. Ind. Appl., vol. 8, no. 6, pp. 953-959, 2019.

[1-33] S. Yang, X. Sun, M. Ma, X. Zhang and L. Chang, "Fault Detection
and Identification Scheme for Dual-Inverter Fed OEWIM Drive,"
IEEE Trans. Ind. Electron., vol. 67, no. 7, pp. 6112-6123, July 2020.

[1-34] M. Nishio and H. Haga, “Single-Phase to Three-Phase Electrolytic
Capacitor-Less Dual Inverter-Fed IPMSM for Suppress Torque
Pulsation,” IEEE Trans. Ind. Electron., vol. 68, no. 8, pp. 6537-6546,
2021.

[1-35] R. Okumura and H. Haera, “Reduction of Input Current Harmonics
Using Dual Inverter for Motor Drive,” IEEJ J. Ind. Appl., vol. 10, no.
3, pp- 348-356, 2021.

[1-36] A. Amerise, M. Mengoni, L. Zarri, A. Tani, S. Rubino, and R. Bojoi,
“Open-end windings induction motor drive with floating capacitor
bridge at variable DC-Link voltage,” IEEE Trans. Ind. Appl., vol. 55,
no. 3, pp. 2741-2749, 2019.

[1-37] TOSHIBA, “TOSHIBA REVIEW SCIENCE AND TECHNOLOGY
HIGHLIGHTS 2021: Building Solutions,” [Online] Available:

https://www.global.toshiba/content/dam/toshiba/ww/technology/corp



Chapter 1 Introduction | 17

orate/review/2021/toshiba-review-science-and-technology-highlights-
2021/2106.pdf.

[1-38] Apollo Future Mobility Group, “Completion of first prototype of
next-generation SiC dual inverter 800V system co-developed with
ROHM, ” [Online] Available: https://apollofmg.com/completion-of-
first-prototype-of-next-generation-sic-dual-inverter-800v-system-co-
developed-with-rohm/.

[1-39] K. Nishizawa, J. I. Itoh, H. Umida, A. Odaka, and A. Toba, “Input
current harmonic reduction based on space vector PWM for three-level
inverter operating over a wide range power factor,” IEEJ J. Ind. Appl.,
vol. 9, no. 3, pp. 208-218, 2020.

[1-40] E. Un and A. M. Hava, “A near-state PWM method with reduced
switching losses and reduced common-mode voltage for three-phase
voltage source inverters,” IEEE Trans. Ind. Appl., vol. 45, no. 2, pp.
782-793, 20009.



Chapter 2.1 Introduction | 18

Chapter 2

PWM Harmonics Due to Phase An-
gle Difference and Voltage Ratio in
Dual Inverter

2.1 Introduction

In the previous chapter, research trends of motor drive systems and the
need to improve the performance of light-load conditions were described. In
addition, a dual inverter topology was described as a method for improving
the performance of motor drive systems, and the need to reduce harmonics
was shown.

This chapter describes research trends in dual inverter topologies and a
generalized theory of input/output harmonics, which depends on the phase
angle difference between two inverters. In addition, a voltage harmonic re-
duction method applied to the light-load conditions is proposed as opposed
to the conventional dual inverter control and modulation method. Finally, the
beneficial position of the proposed approaches along with other conventional
approaches is presented to show the contribution of this research.
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2.2 Basis of Dual Inverter Topology

2.2.1 Circuit Configuration of the Dual Inverter Topology

A system configuration of the dual inverter fed open-end winding motor
is shown in Fig. 2.1. The system consists of an open-end winding motor and
two voltage source inverters (VSIs), which are connected to the opposite ter-
minals of stator windings. In a dual inverter system using VSI, two inverters
and a motor are connected in cascade, thus the per-phase equivalent circuit
is shown as Fig. 2.2. In contrast to a single inverter system in which the AC
voltage of one inverter is directly applied to the motor, in a dual inverter
system, the combined voltage of the two inverters is applied to the motor,
thus the amplitude and phase of the voltage output by each inverter, which

lact I
e o %2
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(%) Vicz

>

Vdcl
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Fig. 2.1. Circuit configuration of the dual inverter fed open-end winding in-
duction motor (OEWIM).

ol @ e Alv,
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Fig. 2.2. Equivalent circuit of the dual inverter fed open-end winding induc-
tion motor (OEWIM).
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increases the degree of freedom [2-1]-[2-3].
The output voltage difference between INV. 1 and INV. 2 is supplied to
the stator windings in the dual inverter; thus, the winding voltage vector V,,

is expressed as follows:

szvl_VZ .................................................................... (21)
M

V4| _71Vdc1 .................................................................... (2.2)
M

V,| = 72Vd02 .................................................................... (2.3)

Here, V; and V, indicate the output voltage vectors of INV. 1 and INV. 2.
As shown in (2.1), since the voltage of the difference between the two in-
verters is applied to the motor, each inverter outputs an arbitrary voltage un-
der the condition that the combined voltage of the dual inverters follows the
reference value. For example, the inverter combinations shown in Fig. 2.3
have been considered [2-4].

In particular, a dual cascaded inverter structure is adopted to connect the
two considered energy sources to an open-end winding IM. This solution

allows the achievement of a complete separation between the capacitor dc

Voltage fYY\m Current
Source " Source
3-Level NY\W 2-Level
Inverter 2% Inverter
Low Y\ High
Switching N Switching
Frequency N Frequency

Fig. 2.3. Dual inverter configuration examples [2-4].
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voltage and the floating capacitor (FC) voltage, which has following ad-
vantages [2-5].

1) Due to the low operating voltage of capacitors, it is not necessary to
use high-ratio DC/DC converters between the capacitor bank and the rest of
the drive because, in the cascaded configuration, the FC voltages are not
connected in parallel on a common DC-link.

2) Since the capacitor bank is directly connected to the motor by means
of an independent power conversion system, its output voltage can be instan-
taneously added to the FC inverter output voltage by means of proper mod-
ulation. Thus, this configuration allows the achievement of faster compensa-
tion of the FC voltage drop during power transients than a traditional config-
uration (single VSI fed by the two energy sources).

3) The cascaded configuration is equivalent to a multi-level inverter; sev-
eral optimizations on the modulation strategies can be adopted to optimize
the quality of the output waveforms without increasing the power losses. For
instance, two different modulation frequencies could be used on the two
VSIs to improve the overall efficiency of the power converter, without de-
creasing the quality of output waveforms. A separate and variable frequency
modulation for each VSI of the cascaded configuration is proposed; It allows
increasing the efficiency of the power conversion by adopting high switching
frequencies for the low-voltage VSI and lower switching frequencies for the
high-voltage VSI [2-4], [2-6]. Thus, a reduction in power losses is achieved
without increasing the output current total harmonic distortion (THD), or al-
ternatively, THD can be improved without increasing power losses.

4) VSI switches can work with a lower operating voltage.

5) Short acceleration and deceleration of the rotor, such as when driving
in the traffic jam, can be directly managed by the capacitor bank, without
involving the FC stack.

6) It will be possible to apply short overvoltage to the motor during the
transient to increase dynamic performances.

7) VSI redundancy for security purposes: The motor can be fed by just
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one side of the cascaded converter. For instance, if a fault on the FC inverter
occurs, it is possible to keep the motor fed by the capacitor bank for an ad-
ditional time period. These features can be very useful to guarantee auxiliary
propulsion for an emergency parking on the hard shoulder or to activate sta-
bility control during emergency breaking if the FC VSI fault occurs during

vehicle run.

2.2.2 DC-Link Configuration of the Dual Inverter Topology

The difference in the power supply circuit system in the dual inverter
topology will be described. As shown in Fig. 2.4, there are three different
arrangements for DC-link power sources in a dual inverter. They can be ei-
ther two isolated DC-links (2DC), a common DC-link (CDC), or a DC-link
with an FC [2-5]. It can be seen from Fig. 2.4(a) only the dual inverter with
2DC needs a transformer or battery to achieve isolation [2-6]—[2-8]. It will
increase the volume and weight of system significantly, which are not desired
in such as electric aircraft applications.

The dual inverter with 2DC uses two isolated DC-links, thus the voltage
utilization of the dual inverter with 2DC could be less than one [2-3]-[2-5],
which means that the maximum output voltage of 2DC equals to the sum of
the two DC-links voltages. The output levels of dual inverter with 2DC/FC
can be more than three [2-2]-[2-4], [2-9]-[2-12], which is obviously an ap-
pealing feature. A higher number of output levels are conceivable for asym-
metric supplies (Vy.1 # V4c2), and this will be presented in Section 2.3.

The dual inverter with CDC, which has a common DC-link in both in-
verters (see Fig. 2.4(b)), has the highest degree of fault tolerance and the
double voltage utilization; this is because each phase winding has the same
configuration as a full bridge inverter [2-13]-[2-15]. However, the zero-se-
quence current (ZSC) exists in this configuration. The ZSC is determined by
the differential common-mode voltage (CMV) [2-16], [2-17], which is iden-
tical to the voltage difference between the neutral points of the voltage sup-

plies on the two inverters. To suppress differential CMV, the dual inverter
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with CDC may degrade from multilevel to two-level operation [2-15]. In ad-
dition, the DC-link voltage utilization may also be affected; the reason is that
the phase difference between the two inverters cannot be reversed. On the
other hand, since there is no zero-sequence current path in the dual inverter
with 2DC/FC, ZCS is completely eliminated [2-5].

The dual inverter with FC, which has an FC in the secondary inverter,

R
4
Y
- ( MM ) e
\m/
Open-end
] J@JK\} winding motor JK;} JK;}J
Source Inverter Inverter Source

(a) Two isolated DC-links topology (2DC).
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Z

1 [ ) 4
T \m/ T
Open-end
] J@ JK;} winding motor JK;} JK;}J

Source Inverter Inverter Capacitor

(b) DC-link with a floating capacitor topology (FC).

[T
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L ()
\om/
Open-end
1 J@JK‘} winding motor JK;} JK{}J
Source Inverter Inverter

(¢) Common DC-link topology (CDC).

Fig. 2.4. Three configurations of dual inverter topology.
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has the advantages of the other two configurations in terms of multilevel
output voltage and voltage boosting capability due to avoiding ZSC circula-
tion, and no need for isolation circuit because one inverter is floating. In par-
ticular, an attractive feature brought by FC is that its voltage utilization can
be more than one thanks to the existence of the FC [2-18]-[2-21].

2.2.3 Input and Output Waveforms Due to Phase Angle Differ-

ence Between Two Inverters

As mentioned in Section 2.2.1, the equivalent circuit of the dual inverter
supplies voltage to motor windings as voltage-source (see Fig. 2.2). Since
the fundamental components of voltage vectors (V,,,, V1, V) form a triangle,
the relationship between the amplitudes of each vector is expressed as fol-

lows:

|Vm|2 — |V1|2 + |V2|2 — 2|V1||Vz| COS ( *rerrreerrresserassenans (2.4)

Here, a denotes the phase angle difference between voltage vectors of INV.
1 and INV. 2, which is a key element of this study. From (2.4), each inverter
voltage (V1 and V,) required to realize an arbitrary output voltage V,, has
a degree of freedom.

Fig. 2.5 and Fig. 2.6 show examples of the voltage vector diagram and
the  simulated  waveforms of  U-phase voltage references
(Vui-refr Vuz—refr Vum—-ref)> €ach phase currents (iym, lym, Lwm), output U-
phase voltage (v,,,,,), and input DC-link current of INV. 1 (i;.1). When a =
0, the maximum value of the output voltage level is 2(Vy.q4 — V402)/3, and
the ripple of the input current is small (see Fig. 2.6(a)). In contrast, when
a = /12, the number of output voltage levels increases and the negative
side of the input current is relatively large (see Fig. 2.6(b)).

In the case of 2DC topology, a method for reducing output voltage har-
monics by assigning the phase angle difference a to zero and maximizing

the modulation indices of both inverters (M;, M,) has been reported [2-22],
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[2-23]. However, from the features explained in the previous section, this
thesis deals with input/output harmonic reduction in the FC topology.

(a) (b)

a = 15deg.

3 (Vdcl - Vdcz)
V.
um

Te— twm ldc1

(a) (b)
Fig. 2.6. Simulated waveforms of the dual inverter when (a) a = Odeg and
(b) @ = 15deg.
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2.2.4 Vector Relationship Between Dual Inverter and Motor

Voltages and Current with Floating Capacitor Topology

Fig. 2.7 shows the vector diagrams of the dual inverter with FC topology.
Here, § denotes the motor power factor angle. Because INV. 2 has no power
supply, V5 leads or lags from the motor phase current I,, by m/2 radians
at the steady state. One of the method for expanding the output range, the
relation shown in Fig. 2.7(a) is used. In this method, INV. 1 can output the
maximum active power by matching the phase angle of V; and I,,, [2-19],
[2-24]. From the voltage vector relation, a ratio of amplitudes of V4 and V,

at the steady state is expressed using a and § as follows:

V2| cos(a +6)
Vi  cosé

Due to equation (2.2) and (2.3), the ratio of INV. 2 DC voltage to INV. 1 DC
voltage Gg. = Vyco/Vac1 18 given by:

_ Vacz My cos(a +6)
" Vg M, cosé

Gdc

Since the number of switching devices increases in a dual inverter, it is
desirable to reduce the V;., as much as possible from the viewpoint of
switching loss; thus M, has to be high value which is indicated (2.6). Fig.
2.8 shows DC voltage ratio V,.,/V,4.1 characteristic with different power
factor angle 6 and phase angle difference a. Here, modulation indices of
each inverter are assigned M; = M,. The characteristic indicates that the FC
voltage can be controlled by phase angle difference even if power factor an-

gle changes.
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Fig. 2.7. Vector diagram of the dual-inverter with a floating capacitor when
(a) INV. 1 leads INV. 2 and (b) INV. 1 lags INV. 2.
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Fig. 2.8. DC voltage ratio V;.,/V4.1 characteristic with different power fac-

tor angle § and phase angle difference a in the case of M; = M,
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2.3 Generalization Theory of Input Current and Out-
put Voltage Harmonics

2.3.1 Vector Identification and Voltage Levels in Dual Inverter

Three-phase voltage inverters that drive variable speed motors have long
been studied, and various modulation methods have been proposed in tradi-
tional two-level single-inverter topologies. In addition, modulation methods
and analysis methods have been proposed to reduce the output voltage har-
monics on the AC side of the inverter and the input current harmonics on the
DC side [2-24]-[2-30].

There are three levels of a PWM waveform in each phase of motor wind-
ing if the dual inverter uses two-level VSI, and those values are +2/3,
+1/3, and 0 multiplied by DC-link voltage. Therefore, the number of lev-
els of the output voltage in the dual inverter increases compared with the
single inverter system. Space vectors on the individual 2-level VSIs are
shown in Fig. 2.9(a). In this thesis, the switching states of INV.1 and INV.2
are respectively numbered as 0, 1, 2, ..., 7and 0’, 1°, 2°, ..., 7°. Here, a “+”

e 9

means that the upper arm switch is in conduction, while a “-” means that the
lower arm switch is in conduction. Hence, the dual inverter has 8x8=64 ap-
plicable switching states; the combined voltage space vectors in the dual in-
verter is shown in Fig. 2.9(b). The voltage vectors 1 to 6 and 1’ to 6’
are active vectors having the magnitude of 2/3V,;.; and 2/3V,;.,, while

vectors 0, 7, 0’,and 7’ are zero vectors having the magnitude of 0.
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Fig. 2.9. (a) Individual space vectors and (b) combined space vectors.

The voltage vector of each inverter, their voltage value, and the examples of

the combination of the winding voltage are shown in
Table 2.. Since V;.; and V., are related to the magnitude of the volt-

age vectors, in other words, the height of the PWM voltage, the voltage har-
monics generated by the PWM can be reduced by appropriately controlling
the value of V;.,. By outputting the vectors of the same number (e.g. V;/
and V,,/) in both inverters, it is possible to output the voltage level propor-
tional to the DC voltage difference. It has been confirmed that carrier har-

monics can be reduced by selecting these vectors.
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The resulting vectors in the dual inverter V,,, are given by the difference
between each vectors of INV. 1 and INV. 2 as follows:

2 : .
( Ve (eg(x-n — G, ejg@-n),

(if x=1to 6 and y=1 to 6),

2V
ny:< § dc1€

(if x=1to 6 and y =10,7),
Tt
§ Ve Gdcejg(y_l)»

\ (if x=07 and y=1 to 6)

IT
Jz(x=1)

where subscripts x and y denote the vector number. From (2.7), the resulting
space vector diagram, as shown in Fig. 2.10, can be drawn as the hexagon
by INV. 2 around vectors on the hexagon by INV. 1. The magnitudes of the

resulting vector changes depending on the voltage ratio G;. = Vyca: Ve

Table 2.1 Combination of the winding voltage.

Each INV. vec- Each INV. . Winding volt-
Resulting vectors
tors voltages ages
Vo, V7, Vo, Vyr 0 Voo, V77 0
2 2 2
Vi Vy §Vdc1:§Vdc2 Vor - §Vdc2
1 1 2
VaVe Ve Ve | Va3 Vac Vir 3 WVaer = Vacz)
2 2 1
VaVy 3 Vac1, — 3 Vicz Var 3 (Vacr = 2Vacz)
1 1 1
V3, Vs, V3, Vs | — 3Vacr ~3Vac Vo 3 (Vacr = Vacz)
1
Var 3 Vac1
1
V72

- § Vch
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For instance, the resulting vector diagrams for G;. = 2:3 and G4, = 1:3
are shown in Fig. 2.10(a) and (b), respectively. In this thesis, voltage vectors

are categorized into seven types according to their magnitude as follows:

2

VA — §Vdcl(1 Gdc) ....................................................... (2 83)
2

VB §Vdcl Gdc ................................................................ (2 8b)
2

VC — §VdC1\/1 _ GdC + Gczic ............................................. (2 80)
2

VD § Vdcl ....................................................................... (2 8d)
2

VE — §Vdcl\/1 + GdC + Gczic ............................................. (2 86)
2

VF — §Vdcl(1 + Gdc) ....................................................... (2 8f)
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(b)
Fig. 2.10. Combined voltage space vectors with different DC-link voltage
ratios (a) Gz, = 2:3 and (b) G4, = 1:3.
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2.3.2 Output Voltage Harmonics Evaluation

When using carrier-based PWM, the output time Ty, of each vector,

which normalized by a switching period Ty, is determined by the relation
between voltage references of INV. 1, and INV. 2 as:

(Vy1—rer = My cos(6)

2
Vy1—ref = M7 COS (9 — gﬂ')

N

2
\Vwi-ref = M; cos (0 + §7l’>

(Vyz—rer = My cos(0 + a)

2
Vya—ref = M COS (9 — §TL’ + a)

N

2
(Vwz—ref = Mzco0s <9 + 37 + a)

Here, 8 = wt denotes the fundamental angular frequency, and INV. 2 volt-
age leads INV. 1 voltage by phase angle difference «. Fig. 2.11 shows the
resulting vectors in a switching period T, when M; < M,, as an example.
Voltage references are calculated by substituting M; or M, for M, and 6,
or 8, for 6 in equations (2.9), in which the electrical angle of INV. 1 and
INV. 2 (6; and 6,) are given by 8§ — 6 —a + /2, and 6; — a respec-
tively. Note that there are 64 switching states, Ty, (6) are described below

as examples:

T11(6) .
1;1 = min(vyq, Vyz) — Max(Vyq, Vi1, Vpz, Vigz) = (2.10)
S
T12(6) .
1; = min(vy, Vyz, Vy2) — Max(Vyq, Vyq, Vy) oo (2.11)
S

As shown in Fig. 2.11, the output voltage vector is determined by the com-

bination of the voltage vectors of the two inverters in the dual inverter topol-
ogy.
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Fig. 2.11. Resulting vectors in a switching period T

The voltage applied to the load is calculated from those output time, and
the generated harmonics are evaluated using root-mean-squared (RMS)
value. Output voltage RMS in a fundamental period Vyys is calculated by

the sum of all combinations of the product of szy and Ty, (0) as follows:

When the difference between Vgys and the fundamental voltage Vi, is
large, it means that more harmonics are superimposed. In this study, the volt-
age harmonics are evaluated based on the total-harmonic-distortion (THD)
as follows:

\/VRZMS - Vzun
THD = N s (2.13)
Vfun
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2.3.3 Input Current Harmonics Evaluation

In recent years, research has been conducted on extending the life of bat-
teries and electrolytic capacitors by reducing the input current harmonics on
the DC side, which are mainly related to the shortening of the life of motor
drive systems [2-31]-[2-34]. In these studies, the phase difference between
the voltage and current of the motor (motor power factor angle) is focused
on, and by changing the switching pattern according to the power factor an-
gle, the input current harmonics on the DC side over a wide power factor
range. It has been reported that the switching frequency component can be
reduced.

Table 2. lists the instantaneous values of the DC-link current with regard
to the voltage space vector. The DC-link current is the superposition summa-

tion of the switched current pulses from each leg and is calculated as:

[3c1(0) = lymSy1 F lymSp1 F Ly Sypq *rereererereeresessesessenss (2.14)

(2.14) indicates that the DC-link current is dependent on not only the switch-
ing patterns ( Sy1,Sp1,Sw1 ) but also the motor current conditions
(lum> lym> Lwm)- The RMS value of the DC-link current 1;.1_grys and nor-
malized DC-link current harmonics [;.;_; can be calculated in the similar

way as voltage harmonics shown in (2.12) and (2.13) as:

1 27
lici—-rms = %JO i§c1(9)d9 ....................................... (2.15)

13 — I?
dcl1—-RMS dcl_ave

I

lyci—n =

where, the average value of DC-link current in an electrical angle 1;.1_gpe
is given by modulation index M;, amplitude of the phase current I,,,, and
the power factor angle of INV. 1 6, as [2-32]:



Chapter 2.3 Generalization Theory of Input Current and Output Voltage Harmonics | 36

Table 2.2. DC-link current with regard to voltage space vector.

Switching function
Voltage space vector DC-link current iz
Su1 Sv1 Swi
Vo(———) 0 0 0 0
Vi(+—-) 1 0 0 Lum
Vo(++-) 1 1 0 lwm
Vi(—+-) 0 1 0 lym
Vo(—++) 0 1 1 —lwm
Vs(——+) 0 0 1 lwm
Ve(+—+) 1 0 1 lwm
V,(+++) 1 1 1 0

lici—ave = ZMllm cos 6,

In the case of a single inverter, it is known that the output voltage har-

monics depend only on the modulation index of the inverter; the input cur-

rent harmonics depend on the motor power factor in addition to the modula-

tion index. In contrast, in a dual inverter system, since the switching pattern

increases, the harmonics change depending on the modulation indices of the

two inverters, the phase difference between two inverters, and DC-link volt-

age ratio.
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2.4 Conventional Strategies and Their Performances
for Dual Inverter Topology

2.4.1 Coupled Modulation Approaches

For coupled modulation, a dual inverter can be treated as a single multi-
level converter. To reduce the switching actions, modulation schemes can be
used to switch one inverter while clamping the other inverter to one state
during a switching period [2-4]. Especially in the FC method, control and
modulation strategies of outputting a multi-level waveform by fixing the DC
voltage ratio to 2:1 have been investigated [2-9], [2-11], [2-35]. In [2-11],
switching patterns focusing on the current sector of the stator is examined
(see Fig. 2.12), but it has been reported that the voltage ripple increases when
the load is low because the amount of charging/discharging of the FC voltage
is proportional to the output current. In addition, although multi-level can be
achieved by clamping INV. 1, it has been reported that the FC capacitance

increases to compensate for the power generated by the clamping [2-36].
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Fig. 2.12. Coupled modulation for multi-level operation. (a) Relationship
between phase of current vector and directions of motor line currents, (b)
Simultaneous control of capacitor voltage and multilevel voltage waveform

generation with SVM.
(Adapted from [2-11] Y. Oto, T. Noguchi, T. Sasaya, T. Yamada, and R. Kazaoka, “Space
Vector Modulation of Dual-Inverter System Focusing on Improvement of Multilevel Volt-

age Waveforms,” IEEE Trans. Ind. Electron., vol. 66, no. 12, pp. 9139-9148, 2019)



Chapter 2 PWM Harmonics Due to Phase Angle Difference and Voltage Ratio in Dual
Inverter | 39

2.4.2 Decoupled Modulation Approaches

As mentioned before, the output voltage of a dual inverter is the differ-
ence between the voltages generated by two inverters. When the decoupled
modulation is applied, the voltage reference is feeding into two inverters sep-
arately. In the research based on the decoupled modulation strategy, modu-
lation methods that reduce output voltage harmonics in 2DC system with a
voltage ratio of 1:1 [2-16], and the unity power factor control of INV. 1 and
motor current with variable FC voltage [2-24], [2-37], have been investigated.

In [2-16], the output voltage harmonics when near-state PWM
(NSPWM) is applied by giving a phase angle difference to the voltage refer-
ences of the two inverters are analyzed (see Fig. 2.13). In this method, the
output voltage range is expanded by driving with two power supplies, but

the low modulation region (low load region) is not supported.

V(--+) V(+-+4)
5 6

(a) (b)
Fig. 2.13. Decoupled modulation. (a) Sector definition in NSPWM, (b) Volt-
age references of the dual inverter.
(Adapted from [2-16] A. D. Kiadehi, K. E. K. Drissi, and C. Pasquier, “Voltage THD
Reduction for Dual-Inverter Fed Open-End Load with Isolated DC Sources,” IEEE Trans.
Ind. Electron., vol. 64, no. 3, pp. 2102-2111, 2017)
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Fig. 2.14. Vector diagram in the unity power factor control.

(Adapted from [2-24] 1. J. Smith and J. Salmon, “High-Efficiency Operation of an Open-
Ended Winding Induction Motor Using Constant Power Factor Control,” IEEE Trans.
Power Electron., vol. 33, no. 12, pp. 10663—10672, 2018)

In unity power factor control reported in [2-24], INV. 2 compensates for
the reactive power and INV. 1 supplies the maximum active power to expand
the output voltage range (see Fig. 2.14). However, there are few studies have
been conducted on high performance and modulation methods in the light-
load region.
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2.5 Proposed Phase Control Modulation with Floating
Capacitor Topology

2.5.1 For Reducing Output Voltage Harmonics

A control strategy for improving the output voltage total harmonic dis-
tortion (THD) in the light-load condition with the FC topology is studied. As
mentioned in Section 2.3, the harmonics in output voltage and input current
change depending on the several parameters, such as motor power factor an-
gle, output voltage, phase angle difference, and modulation indices of each
inverter. In particular, by outputting the synchronized switching patterns in
each inverter allows to reduce the peak voltage values applied motor winding
(described in Section 2.3). However, in the FC topology, when the phase an-
gle difference is set to zero, the voltage ratio is fixed at 1, which makes motor
control impossible. Therefore, this study provides a phase control modula-
tion method to maximize modulation indices of each inverter (M;, M,) with
minimum phase angle difference «

In order to achieve the above conditions in the light-load region, the

phase difference a and the FC voltage reference V;.,_r.r are controlled

depending on the power factor angle § and fundamental component of the

output voltage Vpy, as follows.

a = Sln_l V un CcoS 5 .............................................. (2.18)
dcl M
2 1
cos(a + 6)
Vdcz—ref = Vdch .............................................. (2.19)

The waveform improvement leads to increase the motor efficiency; thus,
the total efficiency including inverter efficiency increases, and is experimen-
tally obtained to clarify the effectiveness of the proposed method. Further-

more, an operating condition, that allows to reduce the THD of the phase
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voltage of motor winding, when the IM driven by the dual inverter with si-
nusoidal PWM (SPWM) is theoretically described. Then, based on the pre-
vious analysis, output voltage harmonics when using various PWM methods
such as, third harmonic injection PWM (THIPWM), and discontinuous
PWM (DPWM), space vector modulation (SVPWM), and near-state PWM
(NSPWM) with a reduced number of commutations, are theoretically ana-
lyzed. Originality of this study is to analyze the output voltage harmonics
that change not only with the fundamental voltage but also with the power
factor angle when typical PWM methods are applied to the dual inverter.
Through analysis, the modulation method that minimizes the harmonic com-
ponents depending on the operating conditions of open-end winding IM is
clarified.

2.5.2 For Reducing Input Current Harmonics

A control method to reduce the high-order harmonics caused by PWM in
the DC-link current in a dual inverter with an FC topology, which has the
same voltage ratings in two inverters, is studied. The proposed control
method reduces the high-order harmonic current through a six-step operation
at the primary inverter. The secondary inverter supplies a sinusoidal voltage
to the motor using a low-rated voltage.

Conventionally, due to use a small capacitance for FC, the FC voltage
V42 1s needed to more than twice the input voltage V;.; [2-38]. However,
by the proposed phase control modulation, the FC voltage can be reduced
while performing the six-step operation of INV. 1. The validity of the pro-
posed control method is confirmed through theoretical analysis of the FC
voltage and input DC-link current harmonics. Furthermore, the FC voltage

dependencies of the input current harmonics are analyzed.
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2.5.3 Beneficial Position of Proposed Phase Control and Mod-

ulation Strategies

Fig. 2.15 shows the process of generating gate signals from the output
voltage reference. The conventional coupled modulation treats the dual in-
verter as a single multi-level converter, the identification of the switching
states of the two inverters becomes complicated (see Fig. 2.15(a)). In con-
trast, the proposed phase control is based on decoupled modulation, thus
each inverter has a degree of freedom in the modulation method (see Fig.
2.15(b)).

Table 2.Table 2.3 shows a comparison of dual inverter circuit design and

Output voltage referencel Vin-ref

Output voltage referencele_ref Calculation of a for
Power factor

angle 5— max1mlgl II\éI; by Eq.
a: phase angle :
difference *

Coupled
modulation

EC voltage V Control of V., for
¢ —dci maximum M, by Eq.

(2.19)
*Vz—ref

¢ Vl—ref

Decoupled |/ B
modulation|\

Voltage sector identification¢

Current sector

Decision of output
switching patterns
for V4., control

FC voltage V.,

Vdcz—ref = Viae1/2

Gate signals for
INV. 1 and INV. 2

(a)

6% Txy 3% T, 3 Ty

Gate signals for
INV. 1 and INV. 2

(b)

Fig. 2.15. Process of generating gate signals from the output voltage refer-
ence with (a) conventional coupled modulation strategy, and (b) proposed
decoupled modulation strategy based on the phase controlling.
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performance. Since multi-level waveforms can be achieved with coupled
PWM, output voltage harmonics are reduced. In addition, the clamping op-
eration of INV. 1 reduces the harmonics caused by the switching of the DC-
link current. However, coupled PWM requires an isolated power supply or a
large capacitor. In contrast, with decoupled PWM, the output voltage range
can be expanded and the FC capacitance can be designed to be small. How-
ever, switching both inverters increases the DC-link current harmonics.

Fig. 2.16 shows a comparison of conventional method and proposed
method in load area for high performance. In this study, improving the per-
formance in light-load condition of the motor is achieved. Further, by making
the DC-link voltage of INV. 2 variable and changing the phase difference
between the two inverters depending on the load, it is possible to reduce the

harmonics applicable to the light-load region.
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Table 2.3. Comparison of dual inverter circuit design and performance
Inverter design Performance
. Output
Circuit Modulation \;(;Ittiiie Secondary Mszirrll;m harmonics Input
configuration strategy DC-link P (No. of | harmonics
Vici: Ve voltage
levels)
Single inverter PWM N/A N/A 1 High (2) High
Coupled 1:0.5 Large ~1.5 Low (4) Low
. PWM capacitor
Dual inverter Srmall
with a ﬂf)atlng Decoupled 1:1 capacitor ~2 High (~3) High
capacitor PWM Small Medium .
Varied . ~2 High
capacitor 2~4)
4
100 p===mmmmmmmmmm===2 SV S N
i Byusin \ Pl . o
—~ | i]ower 8 i with conv. i E By using 2:1 i
S 1 i strategies 44/ voltage ratio |
g : d}/f? tage : Corpmon DC P ,,'
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= NS \ ) strategies i1 FCvoltage 1
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0 : y
0 Speed [%] 100

Fig. 2.16. Comparison of conventional method and proposed method in load
area for high performance
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2.6 Conclusion

In this chapter, research trends in dual inverter configurations are de-
scribed, and a generalized theory of output voltage harmonics is proposed.
The evaluation method of output voltage harmonics and input current har-
monics in the dual inverter topology that realizes high performance of the
motor drive system. In addition, conventional dual inverter drive methods
that reduce input/output harmonics and their issues are discussed. Finally,
proposed modulation strategies to reduce the input/output harmonics of the
dual inverter topology using the motor power factor, which is the key concept
of this thesis, are described and a beneficial position of the proposed strate-

gies along with conventional methods is presented.
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Chapter 3

Phase Control Modulation for Out-
put Voltage Harmonics Reduction
in Light-Load Condition

3.1 Introduction

This chapter proposes a control strategy for improving the voltage total
harmonic distortion (THD) of the dual inverter driven induction motor (IM)
in the light-load condition. The waveform improvement leads to increase the
motor efficiency; thus, the total efficiency including inverter efficiency in-
creases, and is experimentally obtained to clarify the effectiveness of the pro-
posed method. Furthermore, an operating condition, that allows to reduce the
THD of the phase voltage of motor winding, when the IM driven by the dual
inverter with sinusoidal PWM (SPWM)) is theoretically described. The per-
formance of the proposed method is demonstrated by experiment using an
open-ended general-purpose IM. The proposed method allows to reduce the
carrier harmonics compared with the conventional methods, which operates
as a single-inverter at low-load condition for inverter loss reduction [3-1]-
[3-3], and a method to expand the operating range by setting the power factor
of main inverter and motor current to 1.

This chapter is organized as follows: firstly, the configuration of the dual
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inverter fed open-end winding induction motor induction motor drive system
and basis of the floating capacitor (FC) topology are introduced. Secondly,
principle of voltage harmonics, which are related to fundamental voltage and
power factor angle, in the case of dual inverter and single-inverter with
SPWM, is theoretically analyzed. Thirdly, the proposed control strategy,
which realizes the reduction of the voltage harmonics by phase angle differ-
ence between two inverters is described. Finally, the experimental validation,
which demonstrates the reduction of voltage harmonics by proposed method

1s carried out.
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3.2 Theoretical Analysis of Voltage Harmonics

3.2.1 Voltage Vectors and Outputting Times of Dual Inverter

In this study, theoretical voltage THD is calculated to evaluate the reduc-
tion in the voltage harmonics related to the carrier frequency. The circuit
configuration of the dual inverter with the FC for the open-end winding in-
duction motor is shown in Fig. 3.1. The system consists of an open-end wind-
ing induction motor and two 2-level voltage source inverters (VSIs), which
are connected to the opposite terminals of stator windings, and the dual in-
verter is powered by a single DC voltage source. The primary inverter (INV.
1) has a DC power supply, and the secondary inverter (INV. 2) has a capacitor.

Idcl Il£2

T | 4
) OEwné : Y2 Cacz
4 J@JK‘:} J@JKI}J%%&

INV. 1 INV. 2

Fig. 3.1. Dual inverter circuit with a FC topology.

(a) (b)
Fig. 3.2. Vector diagram of the dual inverter with a FC when (a) INV. 1 lags
INV. 2 and (b) INV. 1 leads INV. 2.
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Fig. 3.2 shows the vector diagram of the dual inverter with an FC when (a)
INV. 1 lags INV. 2 and (b) INV. 1 leads INV. 2.

The voltage harmonics are expressed as the difference between the RMS
values of the modulated waveform and the fundamental component. The
RMS value of the modulated waveform of the dual inverter system, which
includes all harmonic components and the fundamental component, is calcu-

lated by (2.12). As mentioned in Section 2.3.2, the output time Ty, _g,, of

each vector ny,

by the relation between voltage references of INV. 1, and INV. 2 as:

which normalized by a switching period Ty, is determined

(vul—ref = Ml COS(G)
2
! Vy1—rer = M; cOS (9 — gﬂ')
2
\Vwi-ref = M; cos (0 + §7l’>
(Vyz—rer = My cos(0 + a)

2
! Vyz—ref = M3 cOS (9 — §TL’ + a)

2
(Vwz—ref = Mzco0s <9 + 37 + a)

Here, 8 = wt denotes the fundamental angular frequency, and INV. 2 volt-
age leads INV. 1 voltage by phase angle difference «. Fig. 3.3. Resulting
vectors in a switching period T; when (a) M; = M, and (b) M; < M,
shows the resulting vectors in a switching period T; when (a) M; = M,
and (b) M; < M,, as an example. Under condition Fig. 3.3. Resulting vec-
tors in a switching period T when (a) M; = M, and (b) M; < M,(b), the
output times of the same vector number (V;, and V,,r) decreases, and the
output time of different vector numbers increases. When the same vector
number is output, the voltage applied to the winding is proportional to the
DC voltage difference; thus, the voltage peak value can be decreased by re-
ducing the DC voltage difference. Furthermore, under condition Fig. 3.3. Re-

sulting vectors in a switching period T; when (a) M; = M, and (b) M; <
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Fig. 3.3. Resulting vectors in a switching period Ty when (a) M; = M,

and (b) M; < M,
a method to control M; = M, is proposed in this study. The

tions. Note that there are 64 switching states, Ty, _g, are described below

M, (a), the output time of the same vector number increases by reducing «.
modulation indices are defined as M; = M, = M in the following calcula-

Therefore,



Chapter 3 Phase Control Modulation for Output Voltage Harmonics Reduction in Light-
Load Condition | 59

as examples:

(Toopsw = (L= 0T, if (% < wt < %+%)
Torosw = (V1 = vN)T, if (% <wt< %)
Ti1osw = (V2 = 07T, if (% < wt < %)
{Toroow = (vps = v T, if (e < 0t < %) ------ (3.2)
Tyz-sw = (Vi) = Vi )T if (@ < 0t < g+ %)
Tyr-sw = (i — v )Ty if (¢ < 0t < %+ %)
7w = =0 T, if (% < ot < %+ %)

where Ty, _s, Vvaries in relation to the phase angle wt, thus the average
time Ty, can be calculated by integrating with the electrical angle. Note that

64 combinations of the vector are possible, and it is necessary to calculate
each of these vectors.

i =@{1_sm(2+ﬁ)

6 2
Ty, = — {\/_+251n(3+62¥)} ................................. (3.3)
Typ = @{1 — sin (%+%)}
T27—%{—§+sin(g+%)}
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3.2.2 Voltage RMS and THD Calculation

The voltage RMS value (Vgys guai), including carrier harmonics result-
ing from the use a dual inverter with SPWM, is calculated by inserting each
value V,, and Ty, into (2.12) as follows:

ViaToo + V& Tor + -+ + VAT,
VRMS,dual =

T
------- (3.4)
M 5 28
= Va1 E 1+Gg — ?GdCCOSQD
ChT ‘1<2) 3.5
[ an L
v=3 NG (3.5)

where G4, = Vj.2/V4c1. Furthermore, the fundamental voltage of the dual
inverter (Veyn quar) is obtained by substituting (2.5), (2.6) into (2.4) as fol-

lows:

M
Vfun,dual = Vdclm\/l + GC%C — ZGdC COS ( =wrererrereesarss (36)

Here, Viynauar 18 the RMS value of the winding voltage, thus, Veyp guar =

|V,,,| /2. Finally, the voltage THD is calculated by (2.13) as:

_ VRZMS,dual
THDguar = |57 =1
fun,dual

28
g 1+Gg. — /?Gdccosq)

V3rM 1+ G2, — 2G4 cosa

(3.7)

-1

In contrast, the RMS and THD values when the motor is driven by a
single inverter with SPWM are calculated by substituting V;., = 0 into
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(3.4)-(3.7) as follows:

M
VRMS,single = Vdcl —\/En_ .................................................... (3.8)
M
Vfun,single — VdClE ....................................................... (3.9)
8
THD . — — 1 .................................................. 3.10
single ,_37TM ( )

In a dual inverter with an FC topology, Vrynauar and Veysauar de-
pendon Gg4., a,and M asin (3.4) and (3.6). This means that the these var-
iables can be obtained by reducing Vgygauar €ven if Vg, remains con-

stant. However, for single-inverter operation, THDg;,4;. depends only on
M as shown in (3.10).

3.2.3 Characteristics of Voltage THD

In the proposed phase modulation control, the phase angle difference «

are calculated as follows (see Section 2.5.1):

V
a = Sin~1 (l m| coS 5) .................................................. (3.11)
V4]

Here, |V,,| equals \/foun'dual. By (3.6) and (3.7), the characteristic of
THDgyq can be theoretically calculated, where Viyp quqr and & are given
parameter according to the motor load condition.

The theoretical calculation of the voltage THD is carried out to clarify
the condition under which the voltage THD is reduced by a dual inverter

compared with a single inverter drive, as shown in Fig. 3.4 (a) and (b). The

modulation index of the dual inverter M 1is set to 1, while M of the single
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inverter is proportional to the fundamental voltage. Here, 1 p.u. of the fun-
damental voltage indicates that the inverter outputs a voltage of V., /(2V?2),
which equals the maximum voltage of the single inverter. In the dual inverter,
a and V., change depending on &; Hence the voltage THD is improved
as increasing 4. In contrast, the voltage THD characteristic of the single in-
verter is drawn according to (3.10), which indicates that the voltage THD is
only related to M. This means that the voltage THD does not depend on 4.
Therefore, voltage THD can be improved in the region where § is more

—
W
=

(9%}
[w]

Voltage THD [-]

Power factor angle [deg]
2 &

Voltage THD
is improved

~
W

0.2 0.4 0.6 0.8

Fundamental voltage [p.u.]
(a)

—
wn

(98]
[e=)

Independent
of the PFA

Voltage THD [-]

Power factor angle [deg]
3 &

~
wn

0.2 0.4 0.6 0.8
Fundamental voltage [p.u.]

(b)
Fig. 3.4. Theoretical analysis of (a) THD with dual inverter and (b) THD
with single inverter for different fundamental voltage with different power
factor angle.
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than about 30 deg. Fig. 3.5(a) and (b) indicate that a lower THD 1is achieved
by assigning values to a and V.,/V,.; that are close to 0 and 1, respec-
tively. In general, the fundamental component of the stator voltage is propor-
tional to the motor speed, whereas the power factor angle varies depending
on the motor torque; thus, the THD characteristic indicates that the dual in-
verter with the proposed operation can reduce the THD when the motor is

driven at a low-torque condition.

D
(=]

n
(=]

(98] P
[ [
Phase angle difference [deg]

Power factor angle [deg]
8

—_
(=]

0.2 0.4 0.6 0.8
Fundamental voltage [p.u.]

0.8

—
W
T

0.7

(O8]
[

0.6

0.5

0.4

[N
[w]

0.3

Power factor angle [deg]
&
DC voltage ratio [p.u.]

~
W
T
o
o

0.1

0.2 0.4 0.6 0.8
Fundamental voltage [p.u.]

(b)
Fig. 3.5. Theoretical analysis of (a) phase angle difference and (b) DC volt-
age ratio for different fundamental voltage with different power factor an-

gle.
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3.3 Control Strategy for Voltage THD Reduction

3.3.1 Method for Setting Modulation Index at Maximum

According to previous study presented in Chapter 2.3 verified the reduc-
tion in the voltage harmonics by outputting a synchronized PWM waveform
and maintaining the modulation indices in the dual inverter system, which
has two-isolated DC power supply, at their maximum values. The results in-
dicate that voltage harmonics can be reduced by assigning a low value to the
phase angle difference a even in the case of the system in which the FC,
instead of the power supply, is connected to INV. 2.

As mentioned in Section 3.2, the voltage THD can be reduced by assign-

ing a large value to the modulation indices M; and M,. This study proposes

: . T
a method for setting the output voltage of each inverter (V1 = [Vd1 vql]
T : .
and V, = [Udz qu] ) to achieve the required motor voltage (V,, =

[vdm vqm]T). A whole of proposed control system is shown in Fig. 3.6.

Since V,, is given by the PI controller of the motor current I,, =

[idm iqm]T and is represented as the voltage difference between INV. 1 and
INV. 2, either V; or V5 can be decided arbitrarily. To obtain the output
V.. by setting the value of M, to 1, V, is calculated as follows: the unit

vector of V,, is rotated by 6,, and multiplied by the maximum amplitude
of Vy (= M3Vac2/2).

v, =22y T(6 )—V"‘
= — I/, AN ([H- ) ———— ssssssnssnnnnsnnnnnnnnnnnnnnnnanunnnnnnnnnnnnnnnnsn 3.12
2 2 dc2 2 |Vm| ( )
_|cos O = SI O]
T(0,) = [sin 0, cosb, (3.13)
s
6225_5_3 ................................................................. (314)

where 6, is the phase difference between V,, and V, and is given by
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] Generation INV.1
i g OEW
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Fig. 3.6. Proposed control system (OEWIM: Open-End Winding Induction
Motor).

(3.14), because Vo, leadsto I, by m/2 atthe steady state (see Fig. 3.2(a)).
In addition, the power factor angle & is calculated by the angle difference

between V,, and I,, as follows:

v [
6 = Tan_l (ﬂ) — Tan_l (ﬂ) ..................................... (315)
Vam lam

In equation (3.14), (m/2 — B) indicates that the power factor angle between
V, and I,,;thus when S is positive, the capacitor is charged, and when f
is negative, the capacitor is discharged. In this proposed method, £ is given
by the PI controller of the FC voltage V,.,, which is described in the next
section. Finally, V, is calculated by V, + V,,, because the motor voltage
is expressed as the voltage difference between INV.1 and INV. 2.

By the slip-frequency-type field-oriented control [3-4], [3-5], the funda-
mental angular frequency w and phase angle 6 are obtained, as shown in
Fig. 3.7 Here, w;y,, wye,and wg denote the mechanical angular frequency,
electrical angular frequency, and slip angular frequency, respectively.
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61‘ Wrm a)re_l_ ) 1 [a]
—"‘I s [ Poles [ 90— - [
S
AN ey N LS LS”P
f ' LT
.re
Lam s: Laplace operator

Fig. 3.7. @ calculation based on the slip-frequency-type field-oriented con-
trol (FOC) [3-4], [3-5].

3.3.2 Floating Capacitor Voltage Control

According to the relationship between M;, V;.,, and a represented
Section 2.2 .4, it is necessary to control V., to the following value in order

to assign M; to I:

ref _ Ccos(a+6)

Vdcz — Wvdcl ..................................................... (3.16)

Here, @ and 6 are calculated using (3.11) and (3.15), respectively, thus the

FC voltage reference Vdrczf varies depending on the motor operating condi-
tion.

Generally,V;., is represented by the integral of I;., (the FC current)
divided by the capacitance C,.,, but I;., cannot be controlled directly. In
this study, the FC voltage PI controller is applied, which method uses f£.
Control system of the FC voltage is shown in Fig. 3.8. Ignoring the losses
caused by the AC/DC conversion, the active power of the INV. 2, P,, is the
same on the AC and DC sides. Therefore, the relation between 1;.,, and [
is expressed as follows (see Fig. 8(a)) [3-6], [3-7]:

F)2 — VdCZIdCZ — 3|V2||Im| Sinﬂ ..................................... (317)

3
Idc2 :ZM2|Im|Sin,8 ..................................................... (318)
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Fig. 3.8. Floating capacitor voltage control system in the proposed method.

Here, [ is kept low because the active power is not used to drive the motor
in this proposed method; thus, the gain factor G is given by:

G=IdC2E§
B 4

where, G is a coefficient that converts [;.,, which output from the PI con-

troller, to . In this voltage controller, G is proportional to the amplitude
of I,, and M,.
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3.4 Experimental Results

3.4.1 Experimental Setup and Conditions

Experimental conditions and parameters of the open-end winding induc-
tion motor are shown in Table 3.1 and Table 3.2. A general-purpose induc-
tion motor (TFO-FK 0.75KW 4P 200V, made by HITACHI) is used for ex-
periment. In this experiment, a DC power supply regulates the INV. 1 DC
voltage at 300 V. The selection of the capacitance of the FC in various dual
inverter drive methods is reported in [3-8]. It is known that in the operation
method in which the sinusoidal voltage is output from both inverters, the
sixth-order fluctuation of the DC voltage occurs due to the harmonic current
caused by dead-time and spatial harmonics. This experiment focuses on ver-
ifying the reduction of voltage harmonics caused by PWM; thus, the capac-
itance was set to 330 uF to sufficiently reduce the fluctuation of V,.,. Cou-
pling modulation strategies require a capacitance of approximately 1000 to
3000 uF [3-9]-[3-11], but decoupling modulation strategies can be designed
to be about 0.1 times of the capacitance [3-8].

Fig. 3.9 shows an experimental setup. Three-phase stator currents I,,, a

FC voltage V,.,, and a rotor mechanical angle 6,.,, are measured for con-

trolling the motor and the dual inverter. The d-axis current reference i;i{ 1s
set constant value 2.52 A, which achieves the rated flux 0.520 Vs/rad, while

the g-axis current reference igf,{ varies depending on the load torque. In ad-

dition, for the verification of the proposed method, the open-end winding
induction motor is loaded at a constant speed by the load motor, and is driven
constant torque by the current control of the dual inverter.
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Table 3.1. Experimental condition.
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INV.1 DC Voltage: V;.4

300 V

INV.2 DC Voltage: V.-

Varies according to (3.16)

INV.2 Capacitance: C;, 330 uF
Carrier Frequency: f.q 5 kHz
Dead-time: Tpr 500 ns

Table 3.2. Parameters of the open-end winding induction motor.

Rated power 750 W Poles 4
Rated voltage 200 V Rated frequency 50 Hz
Rated current 35A Rated speed 1410 rpm
Nrated
Stator resistance 274 Q Leakage induct- 10.5 mH
R, ance [, L,
Rotor resistance 508 0O Mutual induct- 0.195 H
R, ance L,
INV.1
DC power | v, ,
supply | 300v|
| G ate Load motor
signals
Controller Orm OEW % §
=
PE-Expert 3 Gate iM/ S 3
T I, signals
Vaca * Load
| ] Inverter
C

dc2
330uF INV.2

Fig. 3.9. Experimental setup.
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In this experiment, in order to indicate the effectiveness of the proposed
method, a comparison with two conventional methods is carried out. Fig.
3.10 shows the vector relationships with (a) single inverter, (b) dual inverter
with conventional control, and (c) dual inverter with proposed control. The
first is a method to improve the efficiency of the inverter by setting the FC
voltage to zero, while the INV. 2 output voltage to zero in the low load region
[3-12]. This method is called "single inverter operation" and can be achieved

by setting Vdrcezf = 0 V. The second method is to expand the output voltage
range by setting the power factor between INV. 1 and the motor current to 1
and supplying reactive power from INV. 2 [3-1], [3-2]. This method is called

(c)
Fig. 3.10. Comparison of the vector relationships with (a) single inverter,
(b) dual inverter with conventional control (« is fixed at /2), and (c) dual
inverter with proposed control (a is changed depending on the load condi-
tion).
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"dual inverter with conventional operation" and can be achieved by setting
phase angle difference ¢ = 90 deg (see Fig. 3.10(b)). In contrast, “dual in-
verter with proposed operation” is a control method in which phase angle
difference a is assigned smaller according to (3.11), to make the FC voltage

closer to the power supply voltage (see Fig. 3.10(c)).

3.4.2 Performance of the Proposed Method

First, the basic operation of the proposed control method is confirmed.
Fig. 3.11 shows the performance of the proposed method during a speed
transient from 150 rpm to 750 rpm. From Fig. 3.11 (a), it is confirmed that
the current control is stable even if the speed is changed, and the maximum
value of the phase voltage references v,; and v,, are kept at 1. It means
that modulation index can be controlled to 1. In addition, in order to confirm
that the phase angle difference a changes, the zoomed waveforms of the
voltage references at 150 rpm and 750 rpm are shown in Fig. 3.11 (b) and
(c), respectively. From the results, it is confirmed that v,, leads v,; by
3.6 degrees and 9.0 degrees; it indicate that as increasing them motor speed
(the motor voltage increase), current control is achieved by increasing the

phase angle difference «.
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Fig. 3.11. Dynamic performance of the proposed method during a speed
transient from 150 rpm to 750 rpm. (a) Motor speed, phase current, and
phase voltage references v,,;, V2. Zoomed waveforms of voltage refer-
ences Vyq, Uy, at(b) 150 rpm and (c) 750rpm.
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3.4.3 Waveforms and Harmonics Analysis

Steady state performances of the proposed method and the conventional
methods are experimentally obtained. Fig. 3.12 show U-phase voltage and
current waveforms when the open-end winding induction motor is driven at
a speed of 600 rpm and a torque of 0.5 Nm. From the voltage waveform
shown in Fig. 3.12, it is confirmed that the number of voltage levels is in-
creased in the dual inverter operation compared to the single-inverter opera-
tion. Here, the results of the dual inverter show that the output time of peak
voltage is short when using the proposed method (see Fig. 3.12(b)). Further-
more, current waveforms indicate that the proposed current control is
achieved as well as the single-inverter operation, even if the modulation in-
dex of each inverter is kept at 1. The bottom waveforms of Fig. 3.12 show

the FC voltage reference Vdrcezf and response V,.,; the results indicate that
V,ic2 follows the reference without deviation, and is controlled constantly
having approximately 10 V of the voltage fluctuation AV. In the result of
the single-inverter operation, the FC voltage is regulated to 0 V (see Fig.
3.12(a)), while in the result of the conventional operation, it is confirmed that
the FC voltage is controlled smaller than that of the proposed operation (see

Fig. 3.12(b),(c)). Therefore, the proposed control method is operating stably.
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Fig. 3.12. U-phase voltage, current, and FC voltage waveforms when using
(a) single-inverter operation, (b) dual inverter with proposed operation, and
(c) dual inverter with conventional operation at a speed of 600 rpm a torque
of 0.5 Nm.
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Harmonics analysis of the U-phase voltage is carried out under the same
condition (at a speed of 600 rpm and a torque of 0.5 Nm), as shown in Fig.
3.13, where V., represents a harmonic component x times the carrier
component. Here, the harmonic analysis and the THD calculation shown in
Fig. 3.13 are performed up to 60 kHz. Since the switching frequency of the
inverter is 5 kHz, the harmonic components up to 12 times are taken into
account. Moreover, since the fundamental frequency is 20 Hz, up to the
300th order component are calculated. In the case of single-inverter opera-
tion (Fig. 3.13(a)), harmonic component, especially V., appears approxi-
mately more than two times value compared with other method. In contrast,
using dual inverter with proposed operation (Fig. 3.13(b)), the harmonic
components that are integer multiple of the carrier component are reduced
by other methods. Here, the reason why the carrier frequency component
V-1 1s increasing is that, the two inverters are operated in the dual inverter
system, and the components are strengthening each other. However, the volt-
age THD is reduced from 1.28 to 1.13 (-15 percentage points (pp)) compared
with the conventional operation, and is reduced from 1.64 to 1.13 (-51 pp)
compared with the single inverter operation, due to the overall reduction of

other components.
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Fig. 3.13. Harmonic analysis of the voltage waveforms when using (a) sin-
gle-inverter operation, (b) dual inverter with proposed operation, and (c)
dual inverter with conventional operation at a speed of 600 rpm a torque of
0.5 Nm.
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3.4.4 Voltage THD Characteristics

Experiments are conducted on the proposed method and the conventional
method when the torque and speed are changed. Fig. 3.14 and Fig. 3.15 show
the characteristics of the phase angle difference a and the DC voltage ratio
Vic2/Vac1 in the case of the proposed method. The phase angle difference
characteristics indicate the phase angle difference increases with motor
speed and torque. In contrast, the DC voltage ratio decreases with increasing
motor speed, and torque dependence is low. The reason is that as the torque
increases, the power factor angle decreases, which is offset by the increase

in phase angle difference.
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Fig. 3.14. Characteristics of the phase angle difference for the different
speed and torque.
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Fig. 3.15. Characteristics of the DC voltage ratio for the different speed and
torque
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Fig. 3.16 shows the THD characteristics when the motor is driven at a
speed of (a) 200 rpm, (b) 600 rpm, and (c) 1000 rpm. Here, “Prop.”, “Conv.”,
and “Single” mean the proposed operation, the conventional operation, and
the single operation, respectively. Calculation and experimental results show
that the voltage THD reduction is verified by the proposed method in the
low-torque condition. In the high torque regions, THD of the proposed
method is almost the same as the single-inverter operation. In the results of
the conventional operation, the THD becomes relatively large as the speed
increases (see Fig. 3.16(c)). Generally, the power factor angle increases in
the high-speed region; thus the FC voltage increases in the conventional op-
eration because phase angle difference « is assigned at 90 deg. This is the
cause of the increase in THD in the conventional operation.

Since the theoretical value of voltage THD shown in Fig. 3.16 are calcu-
lated according to (3.7), all harmonic components except the fundamental
component are taken into account. Therefore, it is considered that the effect
of reducing voltage THD when using the proposed method does not change
even if the calculation order of THD is changed. Here, the difference be-
tween the theoretical and experimental results is affected by dead-time and
turn-on and turn-off time of switching devices, because the theoretical cal-
culation assumes an ideal PWM waveform.
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Fig. 3.16. Voltage THD characteristics for different torque when the motor
is driven at a speed of (a) 200 rpm, (b) 600 rpm, and (c) 1000 rpm.
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3.4.5 Motor, Inverter, and total Efficiencies

Motor efficiency is measured to confirm the improvement effect of the
voltage THD reduction. In order to compare the efficiencies under various
load conditions, the experiments are conducted by changing the speed from
150 rpm to 1050 rpm and the torque from 0.5 Nm to 5 Nm. Fig. 3.17(a), (b),
and (c) shows the results of motor efficiency when using the single inverter
operation, the dual inverter with proposed operation, and the dual inverter
with conventional operation, respectively. Here, the color bar in (b) and (c)
indicates the percentage relative to (a) in order to clarify the improvement
effect. From these results, it is confirmed that the motor efficiency is im-
proved under the condition that the voltage THD is reduced. In particular, at
a torque of 0.5 Nm (0.1 p.u.) region, motor efficiency is improved by ap-
proximately 3% compared with single-inverter operation (see Fig. 3.17(b)).
In contrast, the effect of improving motor efficiency is confirmed even when
compared with the conventional operation (see Fig. 3.17(c)). In the conven-
tional operation, the voltage THD increases as the speed increases (see Fig.
16), which causes decreasing the motor efficiency.
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Characteristics of the inverter efficiency and the total efficiency, which
includes the inverter efficiency and the motor efficiency, are experimentally
obtained as shown in Fig. 3.18 and Fig. 3.19. Here, the color bar in (b) and
(c) indicates in % relative to (a) as well as Fig. 3.17. The results of the in-
verter efficiency (Fig. 3.18) show that a high-efficiency is achieved when
using the single-inverter than other operations in all regions, due to the num-
ber of switching devices is doubled in the dual inverter operation. Compared
with the conventional operation, the inverter efficiency is lower in the low-
speed region, because V., increases in the low-speed region as shown in
Fig. 3.15. However, the inverter efficiency exceeds about 90 % even when
using dual inverter; hence, the efficiency of the total system including the
inverter efficiency and the motor efficiency is dominated by the motor effi-
ciency. Finally, the results of the total efficiency (Fig. 3.19) indicate that the
proposed method improved the total efficiency at the low-torque and high-
speed condition. In particular, at a torque of 0.5 Nm and a speed of 1000 rpm,
total efficiency is improved by approximately 2.0% compared with the singl
-inverter (see Fig. 3.19 (b) and (c)).
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in (b) and (c¢) indicates the percentage relative to (a).
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3.5 Conclusion

In this study, a motor and inverter condition, that allows to reduce the
THD of the phase voltage of stator winding, when the induction motor driven
by the dual inverter and the single-inverter with SPWM was theoretically
described. Furthermore, a control strategy for improving the voltage THD in
the low-torque region was proposed. The performance of the proposed oper-
ation was demonstrated by experiment using an open-end winding induction
motor. The experimental results show the effectiveness of the proposed
method due to: the proposed method reduced the voltage THD by 15 pp and
51 pp, thereby the total efficiency was improved by 1.0 pp and 1.5 pp com-
pared with the single-inverter and the conventional dual inverter operation,
respectively.

By the dual inverter topology, it is possible to improve the performance
in the high-load region. In contrast, high efficiency is required in the light-
load region, the proposed method contributes to energy-saving in the low-

torque region without changing the circuit configuration.
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Chapter 4

Harmonic Analysis of Output Volt-
age with Typical PWM Strategies

4.1 Introduction

Through previous study, it has been confirmed that the voltage harmonics
due to PWM switching can be reduced by keeping modulation indices of
both inverters at maximum value and regulating the FC voltage at minimum.
However, in the dual inverter with decoupled modulation strategy, there are
few studies to PWM each of the two inverters. In particular, modulation
methods for reducing the harmonics of the output voltage depending on the
load conditions are not investigated. In this study, a theoretical analysis of
output voltage harmonics when using various PWM methods are introduced.
Here, sinusoidal PWM (SPWM), third harmonic injection PWM (THIPWM),
and discontinuous PWM (DPWM) are used as conventional carrier-based
modulation, and space vector modulation (SVPWM) and near-state PWM
(NSPWM) [4-1] with a reduced number of commutations are used as pro-
posed modulation. Originality of this study is to analyze the output voltage
harmonics that change not only with the fundamental voltage but also with
the power factor angle when typical PWM methods are applied to the dual
inverter. Through analysis, this study clarifies the modulation method that

minimizes the harmonic components depending on the operating conditions
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of open-end winding IM. Since voltage harmonics are one of the cause of
motor losses [4-2], [4-3], the efficiency of the motor drive system can be
improved by selecting a modulation method that can reduce the harmonics
in the light-load condition. Furthermore, there is almost no change in the
low-order components due to these modulation methods shown in this study.
Therefore, this study does not mention low-order harmonics.

This chapter is organized as follows: firstly, the configuration of the dual
inverter fed open-end winding induction motor (IM) drive system and basis
of the FC topology are introduced; secondly, principle of voltage harmonics,
which are related to fundamental voltage and power factor angle is theoreti-
cally analyzed; finally, the experimental validation, which demonstrates the
reduction of voltage harmonics and effectiveness of the voltage THD reduc-

tion by proposed modulation is carried out.
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4.2 Theoretical Analysis of the Voltage Harmonics

4.2.1 Voltage Vectors and Levels Identification

As described in Chapter 2, the resulting vectors in the dual inverter V,,
(represented as (2.7)) are defined and can be drawn as the hexagon by INV.
2 around vectors on the hexagon by INV. 1. The magnitudes of the resulting
vector changes depending on the voltage ratio Gg. = Vj.o: Vye1. For in-
stance, the resulting vector diagrams for G4, = 2:3 and G, = 1:3 are
shown in Fig. 4.1. Combined voltage space vectors with different DC-link
voltage ratios (a) G4z, = 2:3 and (b) G4. = 1:3.(a) and (b), respectively.

Voltage vectors are categorized into seven types according to their amplitude

as follows:
2

VA — §Vd01(1 _ Gdc) ........................................................ (41&)
2

VB — §VdchdC ................................................................... (4 1b)
2

VC §Vdcl\/1 _ Gdc + Gc%c .............................................. (4 1C)
2

VD 5 Vdcl ......................................................................... (4 1d)
2

VE — §Vdcl\/1 + Gdc + Gc%c .............................................. (416)
2

VF — §Vdcl(1 + Gdc) ......................................................... (41f)
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(b)
Fig. 4.1. Combined voltage space vectors with different DC-link voltage ra-
tios (a) G4 = 2:3 and (b) G4 = 1:3.
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By the proposed control strategy introduced in Chapter 3, which
achieves reducing the output voltage harmonics by maximize G,. and min-
imize phase angle difference a, G4, depends on the load conditions (fun-
damental voltage Vs, and power factor angle §), according to following
equations The magnitudes of each vector V, to V, with different funda-
mental voltage Vr,, at power factor angle of 45 deg are shown in Fig. 4.2,
where phase angle difference « is calculated by (2.18) and modulation in-
dices are set at M; = M, = 1.15. Here, the vertical and horizontal axes are
normalized by the maximum fundamental voltage (V;.,/2), which value in-
dicates the fundamental voltage at the maximum modulation index (M; = 1)
that can be linearly modulated with SPWM. From Fig. 4.2, in proportion to
Veun, Va tends to increase and Vg, Vg, and Vg tend to decrease; it indi-
cates that, by increasing the output time of V, compared with other vectors,

it is possible to reduce the harmonics with respect to the voltage reference

vector.
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4.2.2 Voltage References of Various PWM Strategies

Many three-phase VSI modulation methods have been studied in terms
of voltage utilization and input and output harmonics. In reference [4-4], the
output voltage harmonics and input current harmonics in each common-
mode voltage reduction method are evaluated in the single inverter topology.
It has been reported that the larger the modulation index, the smaller the out-
put voltage harmonics. In this study, the output voltage harmonics when the
modulation methods (THIPWM, DPWM, SVPWM, and NSPWM) that can
maximize the voltage utilization is applied to the dual inverter system is eval-
uated.

The three-phase voltage references, in the case of SPWM strategy, are

expressed by modulation index M and electrical angle 6 as follows:
(Au-spwm = M cos(6)
2
4 dy—spwy = M cos (9 - §7T> ........................................... (4.2)

2
LdW—SPWM = Mcos (6 + §7T>

where 0 is taken as the corresponding electrical angle when the rotor rotates.
The methods of injecting zero-sequence component are well known as a
method of expanding the modulation index keeping linearity, such as
THIPWM and DPWM [4-5]. The three-phase voltage references of
THIPWM and DPWM are given by injecting the zero-sequence component

d, into the sinusoidal references as:

Ay—Turpwm = Ayx—spwm — Az—rripwm, (X = U, U, W) =eeeee (4.3a)
1
d,_raipwm = gM COS(B) rreverresrmmmmmrsssnsnsstssinniets e, (4.3b)

dy_ppwm = dx—spwm + dz—ppwm, (x =u,v,w) e (4.4a)
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{dz—DPWM =1—|dnaxl, if ldmax| > ldpminl (4.4b)

dy—ppwm = —1 + |dpmin |, if [dimax| < |dpminl

{dmax = max(dy—spwm do—spwm Aw-spwnm) (4.4¢)
Amin = min(dy_spwm, do—spwm> Aw—spwm)

The U-phase voltage references d,, and zero-sequence component d,
of THIPWM and DPWM when the modulation index M = 1 are shown in
Fig. 4.3(a) and (b), respectively. The switching states are directly obtained
by comparing these voltage references and the carrier waveform (triangle
waveform is used in this study).

In contrast, for the various purposes (e.g. reducing common-mode volt-
age and input current harmonics), a method of achieving a voltage reference
vector by three voltage vectors and their output times has been proposed [4-
1]. In this study, SVPWM and NSPWM are used in which each inverter can

output the maximum voltage (M = 2/+/3). Voltage sector definitions and
output vector patterns of SVPWM and NSPWM are shown in Fig. 4.4. The
normalized duty cycles of SVPWM, per switching period T for vectors of

Vi, Vis1, Vo7 atsector i, are defined as:

o Ips D Y

= =

5 5 05

g g 0

= g

= 2 05

] o

= =

0 120 240 360 0 120 240 360
Electrical angle [deg] Electrical angle [deg]
(a) (b)

Fig. 4.3. Modulation signals of (a) THIPWM and (b) DPWM (M = 1).
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Fig. 4.4. Voltage sector definitions and output vector patterns of (a) SVPWM
and (b) NSPWM.

( 3 , T
di—SVPWM == 7M COoS (9 + g)
v3
di+1_SVPWM - 71\:I/iln(9 ) PR L LR EERELLEELED (453)
3 T
do,7-svpwm =1 — 7M cos (9 - g)
, T
\ where 0 < 8' < 3
i —1)nm
' =6 — %, (i — 1,2,3,4,5,6) ............................... (4.5b)

Similarly, the normalized duty cycles of NSPWM, per switching period T
for vectors of V;_4,V;,V;,1 atsector i, are defined as:
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( \/g -
di—1-nspwm = 1 — 7M Ccos (0’ — g)
3
< dl_NSPWM = EM COS(QI) — 1 RULLILIIOIILRITLILILIITED (4.6a)
3 ,om
Ldi+1—NSPWM =1- 7M cos (6 + g)
i—1)nm
' =60 — %, (i = 1,2,3/4,5,6) sweereereessesssssssssnnnnns (4.6b)

In this study, each vector is output in the switching pattern shown in Fig.
4.5 in order to reduce the number of commutations in a switching period in
the case of SVPWM and NSPWM.
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Fig. 4.5. Per-switching period view of each inverter states and output voltage
by (a) SVPWM and (b) NSPWM.
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4.3 Analytical Evaluations

4.3.1 Output Times of each Vector in Dual Inverter

As described in Chapter 2, the output time of the voltage vector catego-

rized into 7 types V4 to V, can be calculated as follows:

Here, subscript K = A,B,C,D,E,F,0, and the output time d,, of each
vector, which normalized by a switching period Ty, is determined by the re-
lation between voltage references of INV. 1, and INV. 2 defined as (4.2)-
(4.6a). The characteristics of dg, which change depending on the electrical
angle 6 according to (4.7), are shown in Fig. 4.6. Here, the fundamental
voltage Vf,, and the power factor angle § are set to 0.67 and 45 deg, re-
spectively. From the results, the following features are confirmed: In the four
modulation methods, d, is larger than the others, d. is the second largest,
and dp is always zero. dg is zero in SVPWM and NSPWM, which leads
to a reduction in the maximum voltage level compared to THIPWM and
DPWM. In NSPWM, the change in voltage level is reduced because the val-
ues other than d4 and d are zero.

di changes not only with the electric angle 8 but also with the funda-
mental voltage Vf,,, and the power factor angle &. Fig. 4.7 shows the aver-

age value of the output time Dy in a fundamental period T, according to
(4.8).

1
Dy (Vfunr 5) = > A (B) dO wevereresererensserisisinisisies (4.8)
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Fig. 4.6. Angle dependencies of the normalized output times (Vg,, =

0.67 p.u.,8 =45 deg).

Here, the horizontal axis indicates the fundamental component of the output
voltage, and the vertical axis is normalized by a fundamental period. From
Fig. 4.7, it can be seen that D, and D, are dominant because Dy, Dp, D,
and D, are smaller than D, and D¢.InFig.4.7(a), D4 decreasesas Vg,
increases, and D, is the largest in NSPWM at low Vg, In contrast, at high
Veuns Dy 1s large in DPWM and THIPWM. In Fig. 4.7(c), D¢ increases as

the voltage increases, and D, is relatively larger in the case of NSPWM and

SVPWM.
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4.3.2 Harmonic Voltage in Per-Switching Period

In the above section, the output time of each vector in various modulation
methods is described. The harmonic voltage Vj,, applied to the motor wind-

ing are expressed as:

\/VRZMS—SW(H) - Vn%_ref(H)
Vin(8) = g 4.9)

Here, output voltage RMS in per-switching period Vzpys_syy 18 calculated

by the sum of all combinations of the product of szy and d,, (0) as:

Vems-sw(0) = ii

In addition, the output voltage reference Vy,_,.r is defined in (4.11) as a

T

Zydxy(g) ............................... (410)

three-phase voltage having a fundamental amplitude of V.

[ cos(0)
Vum-ref cos (9 — En)
Vm—ref = | Vom—rer | = Vfun E R0 IR 4.11)
vwm—ref (0 + 2 )
cos -1
| 3 /1

Fig. 4.8 shows the harmonic voltage characteristics (according to (4.9))
when the four modulation methods (THIPWM, DPWM, SVPWM,
NSPWM) are used. As described in Section 4.2, the magnitude of each volt-
age vector changes depending on the fundamental voltage Vf,, and power
factor angle &, thus the characteristics are calculated by changing Vf,,,,. The
vertical axis indicates the harmonic voltage V},,,, and the horizontal axis in-
dicates the electric angle 6. From this result, it can be seen that THIPWM
and DPWM have almost the same characteristics even if Vg, is changed.

This is because the output time characteristics shown in Fig. 4.6 and Fig. 4.7
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Fig. 4.8. Normalized harmonic voltage — angle characteristics at power factor

are almost the same. When V¢, 1s 0.33 p.u., the peak of Vj,;, is the largest
In the previous section, the calculation of the harmonic voltage in per-

in SVPWM and the smallest in NSPWM (see Fig. 4.8(a)). In contrast, when
Veun 18 1.0 p.u., the average value is the smallest in SVPWM and the largest

in NSPWM (see Fig. 4.8(c)).
switching period is compared. In this section, the voltage harmonics that

angle of 45 deg with (a) Vpy, = 0.33 p.u., (b) V¢, = 0.67 p.u., and (c)

Veun = 1.0 p.u.
4.3.3 Characteristics of Voltage THD
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change depending on the fundamental voltage Vr,, and the power factor
angle & are evaluated using total-harmonic-distortion (THD). Since THD is
given by calculating the difference between the RMS value including all har-
monics and the fundamental component, thus THD is obtained by calculating
the RMS of the harmonic voltage Vj, (expressed in (4.9)) as follows:

1 2T
THD(Vfuni 5) — \/%L fon(e)dg ............................... (412)

In this study, in order to evaluate the voltage THD reduction for each
modulation method, comparisons are carried out with the THD calculation
result when SPWM is used. Fig. 4.9 shows the numerical calculation results
of the output voltage THD in a fundamental period, according to (4.12),
when the fundamental voltage Vf,,, and power factor angle § are changed.
Here, the color bars in Fig. 4.9(b)-(e) show the reduction rate (in %) based
on the calculation results in SPWM. By SPWM, the voltage THD reduction
compared with the single inverter operation has been confirmed, in the re-
gion where § islarge and Vyyy, is small, which resultis reported in Chapter
3. The following features is confirmed from the THD calculation results:
THD is reduced compared to SPWM in all areas. In THIPWM, DPWM, and
SVPWM, THD is reduced by about 20% in the region of high voltage
(Vrun = 1 p.u.) and high power factor angle (6 = 75 deg) (see Fig. 4.9 (b),
(c) and (d)). In SVPWM and NSPWM, the THD is most reduced at high
voltage (V¢ = 1 p.u.) and low power factor angle (§ = 75 deg), and the

reduction rates are -22% and -18%, respectively (see Fig. 4.9 (d) and (e)). In
NSPWM, the reduction rate is large in the region where Vf,, and & are
low (see Fig. 4.9 (d) and (e)).

From the numerical calculation results in this chapter, it is confirmed that
the load conditions that can reduce the output voltage harmonics differ de-
pending on the modulation method. The validity of the above theoretical cal-

culation is demonstrated by experiments.
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Fig. 4.9. Voltage THD characteristics for different fundamental voltage and
power factor angle with (a) SPWM, (b) THIPWM, (c) DPWM, (d) SVPWM,
and (e) NSPWM. Note that the color bars in (b)-(e) show the reduction rate
(in %) based on the calculation results in (a).
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4.4 Experimental Results

4.4.1 Experimental Setup and Conditions

Experiments using a general-purpose induction motor as open-end wind-
ing IM are carried out in order to compare the voltage harmonics in each
modulation methods. The dual inverter conditions and parameters of the
open-end winding IM are shown in Table 4.1 and Table 4.2. In this experi-
ment, a DC power supply regulates the INV. 1 DC voltage at 300 V. The
selection of the capacitance of the FC in various dual inverter drive methods
is reported in [4-6].

In order to control the torque and speed of the open-end winding IM,
which are related to the power factor angle and output voltage, the motor
current control and FC voltage control are performed using the control block

Table 4.1. Experimental condition.

INV.1 DC voltage: V .4 300 V
INV.2 DC voltage: V., According to (2.18)
INV.2 DC capacitance: Cg ., 330 uF
Carrier Frequency: Fq 5 kHz
Dead-time: Tpr 500 ns

Table 4.2. Parameters of the open-end winding IM.

Rated power 750 W Poles 4
Rated voltage 200 V Rated frequency 50 Hz
Rated current 35A Rated speed 1410 rpm
in- Rated torque 5.0 Nm
Leakage in 10.5 mH q
ductance Stator resistance 2.74 Q
Mutu:rllégduct— 0.195H Rotor resistance 2.08 Q
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as shown in Fig. 4.10. Through previous chapters, the output voltage har-
monics reduction has been verified by outputting the voltage of the differ-
ence between the two inverters with M; and M, as the maximum. In this
control method, the maximum voltage of INV. 2 is output (M, is the maxi-
mum), and the INV. 1 voltage reference Vq_,f is obtained by adding the

INV. 2 voltage reference V;_,f to the motor voltage V,_;.f, Which is ob-
tained by the current PI controller. In this study, the modulation part, which
converts the voltage references Vq_,.of and Vy_,.f into gate signals of
each inverter is changed. In this experiment, SVPWM and NSPWM generate
gate signals according to the switching table using FPGA, and SPWM,
THIPWM, and DPWM generate gate signals by comparing the triangular
carrier and the three-phase voltage reference (see Fig. 4.10).

Im ! SPWMor DPWM |
| p— — | CurrentPI | Vin—res F Vire E Dut * :
¢ P H Yy 1
+ Controller ¥ = i duv | i
INV. 2 2 P Gate | Gate
i Reference calculation % j Triangular Signal : Signals
14 ) i ignals |
Tan~!(-1% i ; = WaveM —
idm :T(B ) = [cos 6, —smGz] 0 : |
| 2 sinf, cosf, z i i
— o Ve i MyVey Vi . Varer| B i SVPWM or NSPWM |
5|+ n Vam i 2 |Vm| 2 i Dmy i
P | ldyy Gate |
PFA calculation s - 1% | =M switchingPignaly
® 0—_} 4+— 5 ESector Table » i
[Vinl H !
FPGA
3 - Y ref
1€ |74 %
Va1 —{ Sin~1 Wil cos § | |—Eiy cos(a +9) et 50 m B
— V4l cos§ —
My = 2/\/3 PAD calculation Vaca
Floating capacitor voltage control

DSP

Fig. 4.10. Proposed control system.
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Fig. 4.11. Experimental setup.

Fig. 4.11 shows an experimental setup. The three-phase stator current I,,,,
the FC voltage V,;., (DC voltage of INV2), and the mechanical angle 6,.,,
of the rotor are measured for control. Here, the slip-frequency-type field-
oriented control is used. In order to change the torque in proportion to the q-
axis current, the d-axis current is controlled to be constant at 2.0 A. The
torque is set from approximately 0.5 Nm to 3.5 Nm (10 % to 70 % of the
rated torque) to verify the improvement effect in the light-load condition.

4.4.2 Experimental Waveforms and Harmonic Analysis of the

Output Voltage

In this experiment, the steady state performances, in the case of using
five modulation methods, are demonstrated, when the motor is driven with a
torque of 0.5 Nm and a fundamental frequency Fr,, of 50 Hz; Under this
condition, power factor angle § of 75 deg and a fundamental voltage Vg,
of 97.0 V (0.9 p.u.) are obtained.

Fig. 4.12 shows the experimental waveforms of the motor phase voltage
Vum, phase current i,,,, FC voltage V,.,, and each inverter voltage refer-
ences d,; and d,,. Here, the bottom waveform of SVPWM and NSPWM
(shown in Fig. 4.12 (d) and (e)) indicates the equivalent output voltage of
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each inverter. Since the maximum value of each voltage reference are 1.0 in
all modulation methods, it can be confirmed that the proposed control
method has been realized (see the bottom of Fig. 4.12). The reason why the
FC voltage V;., (third waveform from the top) is approximately 40 V in (a)
SPWM and about 70 V in other cases is because the modulation index is set
to 1.00 and 1.15, respectively, and Vj.,_rer is determined by (2.19). During
the period when the voltage references are constant at 1.0 (which can be seen
by (c) DPWM, (d) SVPWM, (e) NSPWM), the change in the phase voltage
level is small, hence the switching ripple in the current waveform is reduced.
In particular, the voltage waveform in NSPWM has less change in voltage
level than other methods (which can be seen in Fig. 4.7 in Section 3.2).
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Fig. 4.12. Experimental waveforms for each modulation methods at a torque
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The harmonic analysis results of the phase voltage waveform (top wave-
forms in Fig. 4.12) are shown in Fig. 4.13, in which the vertical axis is nor-
malized by the fundamental voltage Vy,,, = 97.0 V. Here, V¢, represents
the peak of the harmonic component at a x times of the carrier frequency.
Ve, 1n each methods indicate that: V., is the largest in the case of (e)
NSPWM, and it is small in the case of (b) THIPWM, (¢) DPWM, and (d)
SVPWM. In contrast, V.,, V3, and V., are the largest in the case of (a)
SPWM and decrease in other methods. Furthermore, the sideband of the car-
rier frequency is shown on the right side of Fig. 4.13, where txFr,, de-

notes a sideband component x times of the fundamental frequency (Fr, =

50 Hz) centered on the carrier frequency (F; = 5 kHz). In (a) SPWM, (b)
THIPWM, and (c) DPWM, F¢; and even-numbered components of Fp,p
exist, and in THIPWM and DPWM, the zero-phase component is added to

the voltage reference, thus the 4th and 6th-order components increase com-
pared with SPWM (see Fig. 4.3). In contrast, in (d) SVPWM and (e)
NSPWM, odd-numbered multiple components exist, and it can be confirmed
that the 7th-order component in SVPWM is larger than NSPWM. Note that
the low-order harmonics (harmonic components below the carrier fre-
quency) appear less than approximately 1/10 of the high-order components
and do not change depending on the modulation method, thus the low-order

harmonics are not mentioned in this study.
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4.4.3 Characteristics of the Voltage THD

Experiments are carried out when the load torque and the fundamental
frequency are changed as shown in Fig. 4.14, which shows the characteristics

of the fundamental voltage Vg, and power factor angle &. Here, the fun-
damental voltage Vry, (vertical axis on the left side) is normalized by the

maximum phase voltage (V;.,/2) when SPWM is used. This result indicates
that power factor angle decreases as the load torque increases, and the fun-
damental voltage increases as the frequency (rotor speed) increases.

In order to verify the effect of reducing voltage harmonics in each mod-
ulation methods described in Section 4.3, the voltage THD characteristics
are experimentally obtained under the conditions shown in Fig. 4.14. Fig.
4.15 (a) shows the experimental results of voltage THD characteristics, in
which the dotted and dashed lines denote the theoretical calculation results
in the case of Fry;, 1s 10 Hz and 50 Hz, respectively. In addition, the reduc-
tion rate of the voltage THD based on the SPWM result are shown in Fig.
4.15 (a) and (b). Note that THD calculation are performed up to 30 kHz;
since the carrier frequency is 5 kHz, up to 6 times of the carrier harmonic
components are taken into account in this experiment. The voltage THD is
small in the low torque and high speed region, and is large in the opposite
condition; this result is similar to Fig. 4.9 (a), and it can be confirmed that
the other methods also agrees with the theoretical calculation (see Fig. 4.15
(a)). The THD reduction rate when compared with SPWM is smaller than
0 % under all conditions in four methods, thus the voltage THD can be re-
duced by increasing the modulation index. In particular, it is verified that the
voltage THD is reduced by 10.9 % by NSPWM at low speed (Fryy =

10 Hz), and is reduced by 17.3 % by SVPWM at high speed (Ff,, = 50Hz).

Furthermore, in the case of using DPWM at the torque of 0.5 Nm, which
means the low power factor angle condition, the same reduction rate as
NSPWM and SVPWM is obtained.
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4.4.4 Inverter, Motor, and total Efficiency Characteristics

Inverter efficiency and motor efficiency are measured to confirm the ef-
fect of decreasing the number of commutations and the effect of reducing the
voltage THD due to changing modulation methods.

Fig. 4.16 shows the experimental results of inverter efficiency at the
same condition as shown in Fig. 4.14. In DPWM, SVPWM, and NSPWM,
the number of commutations in a switching period is 2/3 of that in the case
of SPWM and THIPWM, hence the inverter efficiency is increased. In par-
ticular, at the lowest load (torque of 0.5 Nm, fundamental frequency of 10
Hz), an improvement in inverter efficiency of 2.9 percentage points (pp) is
confirmed. Here, [4-7] reported that the switching loss of DPWM is signifi-
cantly reduced compared with SPWM; However, in the dual inverter with
proposed operation, the difference in efficiency is 2.9 pp at maximum be-
cause the power factor angle between each inverter and the motor current is

large. In addition, the difference in inverter efficiency between SVPWM,
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Fig. 4.16. Experimental results of the inverter efficiency with different oper-
ating condition when the fundamental frequency Fr,;, is (a) 10 Hz and (b)
50 Hz.
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DPWM, and NSPWM is considered to be related to the output time of the
zero vector. The output time of the zero vector is absolutely zero in NSPWM,
and exists in SVPWM and DPWM, which matches the magnitude relation-
ship of efficiency (see Fig. 4.7 (f)).

Fig. 4.17 and Fig. 4.18 show the experimental results of motor efficiency
and total efficiency obtained under the same conditions as the inverter effi-
ciency. Note that in the results of total efficiency, to clarify the difference in
total efficiency depending on the modulation method, the vertical axis rep-
resents the difference based on the total efficiency in the case of using
SPWM in % (shown in Fig. 4.18); hence when the result is a positive value,
the total efficiency is higher than SPWM, and when the result is negative,
the total efficiency is lower than SPWM. The results of total efficiency when
using SPWM are shown in the appendix. Here, the reason why the maximum
motor efficiency is obtained at the fundamental frequency of 10 Hz and the
torque of 1.5 Nm, and at 50 Hz and 2.5 Nm is that: the maximum efficiency
can be obtained when the motor power factor angle is approximately 45 deg
[4-8]. The change in motor efficiency due to the modulation method is small
compared that due to the load condition. However, the improvement effect
is confirmed from the total efficiency (see Fig. 4.18). In the region where the
torque is 1.5 Nm or more, the total efficiency is improved in the case of
SVPWM and NSPWM compared with other methods. At 10Hz (shown in
Fig. 4.18 (a)), the efficiencies of SVPWM and NSPWM are similar, which
is the improvement effect of the output voltage THD (see Fig. 4.15 (b)). In
addition, it is confirmed that SVPWM at 0.5 Nm improved the total effi-
ciency by 2.6 % compared with SPWM. The reason why the total efficiency
in THIPWM is worse than in SPWM is considered as, the number of com-
mutations is the same as SPWM, and the FC voltage is large.
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4.5 Conclusion

In this study, the output voltage harmonics when operating the dual in-
verter, based on a method for reducing the voltage harmonics, in the case of
using typical modulation methods (SPWM, THIPWM, DPWM, SVPWM,
and NSPWM) are theoretically analyzed. Analysis is performed focusing on
the change in the output time of the voltage vector in each modulation
method due to the fundamental voltage and the load power factor angle in
the dual inverter with FC topology. In addition, the improvement of voltage
THD and efficiency is verified by a dual inverter fed open-end winding IM
in the experiment. By the method for maximizing modulation index of both
inverters in each modulation method, the following are confirmed from the
experimental results: voltage THD reduction of 10.9 % with NSPWM and
17.3 % with SVPWM are obtained compared with SPWM; by reducing the
number of commutations to 2/3, the inverter efficiency in DPWM, SVPWM,
and NSPWM is improved by up to 2.9 pp; and the total efficiency is im-
proved by up to 2.6 % in the low load region by SVPWM.

By the modulation methods based on the analysis results shown in this

study, it is possible to contribute to energy-saving at light-load condition.
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Chapter 5

Reducing DC-link Harmonics with
Lower Floating Capacitor Voltage

5.1 Introduction

Recently, in terms of lifetime and efficiency of the motor drive system, a
harmonic reduction method focused on a DC-link current have been investi-
gated. A dual inverter with a floating capacitor (FC) topology, which consists
of two voltage source inverters (VSIs) and an open-end winding induction
motor, have been researched to reduce the harmonics of the DC-link current
and buffer capacitor. The reduction of the capacitance of the FC and switch-
ing frequency component of the DC-link current can be achieved by operat-
ing the primary side VSI in six-step [5-1],[5-2]. However, a voltage rating of
the secondary side VSI is double or more than that of the primary side VSI.
In addition, low order harmonics of DC-link current was not investigated
well. In this study, a control method to reduce the high order harmonics of
the DC-link current with lower voltage rating at the secondary side VSI is
proposed.

This study proposes a control method to reduce the high order harmonics
caused by PWM in the DC-link current in a dual inverter with a FC topology,
which has the lower voltage ratings in two inverters. The proposed control

method reduces the high order harmonic current by six-step operation at a
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primary side inverter. The secondary inverter supplies a sinusoidal voltage
to the motor using a low rated voltage. The validity of the proposed control
method is confirmed by an experiment using an open-end winding induction
motor. Furthermore, the FC voltage dependencies of the input current har-

monics are analyzed.
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5.2 Method to Reduce Floating Capacitor Voltage

5.2.1 Six-step Operation for Reducing DC-link Harmonics

In the proposed method discussed in the previous sections, to reduce out-
put voltage harmonics, INV. 1 outputs PWM waveforms by a maximum
modulation index under linear modulation. Hence, the input DC-link current
harmonics due to PWM are large, which adversely affects the loss and life-
time of the input battery or capacitors [5-3]. In order to reduce the input cur-
rent harmonics caused by PWM switching, a six-step operation in IN'V. 1 has
been proposed [5-1] [5-2].

By switching IN'V. 1 six times in a fundamental period, the harmonics of
the carrier frequency component can be reduced. As described in Section
2.3.3, the DC-link current is the superposition and summation of the
switched current pulses from each leg (see (2.14)). It indicates that the DC-
link current is dependent on not only the switching patterns but also the mo-
tor current conditions.

A concept of the six-step operation in INV. 1 is shown in Fig. 5.2 In
order to output the sinusoidal voltage to motor winding, INV. 2 outputs a
voltage that compensates for the low-order harmonics generated by the six-

step operation of INV. 1.

lag g
GRS
[ m [ [
Vacr| I, T V1 Vs 5 Vi
2
T—_r— vy (f A0 7 v, ::I
wWq W
L. OEwmM | | 2 Cacz
J J@JK‘% JK{}JK{}J
INV. 1 (6-step) INV. 2 (PWM)

Fig. 5.1. Circuit configuration of the dual inverter fed open-end winding in-
duction motor (OEWIM) with FC system.
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5.2.2 Comparison of Floating Capacitor Voltage between Con-

ventional and Proposed Strategies

As mentioned in previous study, in the dual inverter with FC topology,

DC-link voltage ratio is expressed as follows:

Vacza My cos(a + 6)
Vier M, cosé

where, M; isfixed at 4/m in six-step operation [5-3], thus the voltage ratio
depends on 6, a, and M,. Here, § and a denote the motor power factor
angle and the phase angle difference between V; and V, respectively. Be-
cause an active power is supplied by INV. 1 in the FC topology, phase angle

difference «a is given by:

V
a = Sin~1 <||Vm|| cos 5) .................................................... (5.2)
1

This equation indicates that phase angle difference only depends on the load
condition and INV. 1 setting.

In the FC topology, INV. 2 has no power supply thus V5, lags or leads
the motor current I,,,. Conventionally, V;., is larger than V,.; because
V, lags I,, to increase the compensation power (see Fig. 5.3(a)). In the
proposed method, by applying the phase angle of INV. 1 68, achieving the
vector relation as Vo, leads I,, (shown as Fig. 5.3 (b)), the reduction of the

FC voltage compared with the conventional method is achieved.
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(a) (b)
Fig. 5.3. Vector diagram of the dual inverter with a FC when (a) V, lags I,,
(conventional method) and (b) V, leads I,,, (proposed method).
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Fig. 5.4. Theoretical results of the DC voltage ratio (G = V;.5/V;.1) char-
acteristics with different power factor angle § and fundamental voltage
Veun by (@) conventional and (b) proposed method, where M, is assigned

at 2/+/3.

Fig. 5.4 shows theoretical calculation results of the DC voltage ratio (G =
Vac2/Vac1) according to (5.1) and (5.2), where the result of conventional op-
eration is calculated as (@ = —a). Here, modulation index M, is assigned
at 2/~/3. The results shows that: in the conventional method, it is necessary
to increase the FC voltage except in the region of low power factor angle (15
deg) and high output voltage (0.8 p.u.) (see Fig. 5.4(a)); by the proposed
method, the FC voltage can be reduced in regions other than the low power
factor angle and low output voltage (see Fig. 5.4(a)).
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5.3 Theoretical Analysis of Input DC-Link Current

Harmonics

As introduced in Section 2.3.3, the RMS value of the DC-link current
l4c1—rms and normalized DC-link current harmonics I;.,_, can be calcu-

lated in the similar way as voltage harmonics mentioned in Chapter 3 as:

1 2T
Lici-rms = \/E_[ ic21c1(9)d9 ....................................... (5.3)
0

2 g2
\/Idcl—RMS Idcl_ave

I

lyci-n =

where, the average value of DC-link current in an electrical angle [;.1_gpe
is given by modulation index M;, amplitude of the phase current I,,, and

the power factor angle of INV. 1 8, as:
3
Idcl—ave — Z1\/11]7/’1 CoS 91 ................................................... (55)

Next, the theoretical calculation of the input current harmonics [;.1_p
are performed using (5.3)-(5.5). In this calculations, the operable area and
input current when G . is fixed are calculated. Here, modulation index of
INV.2 M, is calculated by transforming (5.1) as:

_ M, cos(a +6)
~ Gge COSS

M,

In addition, the case where M, > 2/+/3 is defined as the inoperable region,
because INV. 2 operates in the over-modulation region, which causes the
output voltage cannot be controlled to a sinusoidal waveform.

The theoretical calculation results are shown in Fig. 5.5 and Fig. 5.6.

Here, the conventional method is calculated with ¢ = 2.0 and G = 1.2,
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and the proposed method is calculated with ¢ = 1.2 and G = 1.0. A com-
mon matter is that the input current harmonics 1;.,_p are reduced in the
high output voltage and low power factor angle (high power) region. This is
because when & is small and |V,,| is large, @ becomes large which leads
to be 0; small (see Fig. 5.3 (b)). Comparing Fig. 5.5 and Fig. 5.6, the pro-
posed method can operate in the all load region with G;. = 1.2; however,
twice the FC voltage is required in the conventional method.

) | T
o 0.4
B

—
w
—
w

(%)
(=]
(%)
(=]

D
(=3
D
(=3

Power factor angle [deg|
S~
wn

Power factor angle [deg|
~
wn

DC-link current harmonics [p.u.]
DC-link current harmonics [p.u.]

~
W
~
W
o
.

02 0.4 0.6 0.8 02 0.4 0.6 0.8
Fundamental voltage [p.u.] Fundamental voltage [p.u.]
(a) (b)

Fig. 5.5. Theoretical results of the input DC-link current harmonics 1;.1_p,
characteristics with different power factor angle § and fundamental voltage
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5.4 Experimental Results

5.4.1 Control Strategy and Experimental Setup

Fig. 5.7 shows a control block diagram and an experimental setup of this
proposal, which is based on a control strategy of the reduction of the output
voltage harmonics in the dual inverter system. In the proposed control
method, INV. 1 operates in six-step thus the INV. 1 voltage reference Vq_,¢f

1s defined as:

v sign{cos(wt + 6;)}
Virer = % sign{cos(Wt — 21t/3 + O;)}| weereeeereeeees (5.7)
sign{cos(wt + 21 /3 + 0,)}

912__a_ .......................................................... (58)

where, the wt denotes an electrical angle of the motor voltage reference

Vi, and 60, denotes the phase angle difference between Vq_,of and I,

Vi1 =300V
DC power
Cacr supply
I 100 uF Vi
m Gate signals dcl
— [Currenc 1| Vm—rer| 6-5teP | Vires for INV. 1, INV. 1
I rer Controller Operation| q .
4 Gate signals
PFA b1+ for INV. 2
Calculation|[¢—¢ > DPWM v,
Va—rer  Carrier
frequency
5 e - — 11/2 5kHz
[Vnl 1.5 T
5 o+ I m4-=
h 4
PAD Vaco reference
Va1 —iCalculation Calculation M INV. 2
a
Ml = 4/7T

Cacz l—I I—I Floating

330uF Y capacitor

Fig. 5.7. Control block diagram and experimental setup.
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(see Fig. 5.3(b)). Here, a charging/discharging angle S is given by the FC
voltage PI controller (described in Chapter 3). Finally, INV. 2 outputs the
compensation voltage to supply a sinusoidal voltage in the motor, where dis-
continuous pulse width modulation (DPWM), which can maximize the mod-
ulation index and reduce the number of switching by injecting the zero-se-
quence component into the sinusoidal reference, is used as modulation
method in INV. 2 (described in Chapter 4).

A general-purpose induction motor (TFO-FK 0.75KW 4P 200V) is used
for experiment. The experimental condition and open-end winding IM pa-
rameters are shown in Table 5.1 and Table 5.2 In this experiment, a DC
power supply regulates the INV. 1 DC-link voltage at 300 V. The open-end
winding IM is controlled at rated speed (50 Hz) and 0.5 Nm (approximately
0.1 p.u. of rated torque). To obtain the characteristic of the DC-link current
harmonics, the FC voltage reference V;., is changed from 330 V to 210 V.

Table 5.1. Experimental condition.

INV.1 DC voltage: V;.q 300 V
INV.2 DC voltage: V., According to (5.1)
INV.2 DC capacitance: Cg ., 330 uF
Carrier Frequency: F_q S kHz
Dead-time: Tpr 500 ns

Table 5.2. Parameters of the open-end winding IM.

Rated power 750 W Poles 4
Rated voltage 200V Rated frequency 50 Hz
Rated current 35A Rated speed 1410 rpm
in- Rated torque 5.0 Nm
Leakage in 10.5 mH q
ductance Stator resistance 2.74 Q
Mutu:rllérelduct— 0.195H Rotor resistance 2.08 Q
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5.4.2 Experimental Waveforms
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Fig. 5.8 shows experimental waveforms of the proposed method when
the FC voltage is regulated at (a) 300 V (G4, = 1.0 p.u.) and (b) 240 V
(Gge2 = 0.8 p.u.); The results indicate that the FC voltage is regulated less

than the INV. 1 DC-link voltage and the motor phase current control is

achieved even if V., is changed.
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Fig. 5.8. Experimental waveforms of the phase voltage V;,,,, phase current
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5.4.3 Harmonic Analysis of the DC-link Current
Fig. 5.10 shows results of the harmonic analysis of the INV. 1 DC-link

current, which are separated into low order region (300 Hz to 2100 Hz) and
high order region (5 kHz to 35 kHz); Compering each harmonic components,
the low order harmonics when G,4., = 1.0 p.u. are smaller than that when
Gic> = 0.8 p.u.; In contrast, the high order harmonics when G;., = 1.0
p.u. decrease compared with that when G;., = 0.8 p.u.

Fig. 5.10 shows an FC voltage dependency of the INV. 1 DC-link current
harmonics, which are obtained by sum of each component separated into low

order and high order harmonics; The results show that high order harmonics
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Fig. 5.9. Harmonic analysis of the DC-link current [;.; separated into low-
order (left-side) and high-order (right-side), when the FC voltage reference
is (a) 300 V and (b) 240 V.
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Fig. 5.10. Floating capacitor voltage dependency of the DC-link current har-
monics, which are separated into low order region (300 Hz to 2100 Hz) and

high order region (5 kHz to 35 kHz).

of DC-link current decreases as the FC voltage decreasing due to the switch-
ing ripple in the phase current decreases; In contrast, the low order harmonics

slightly increase as the FC voltage increasing.

5.4.4 Inverter and Motor Efficiencies

Fig. 5.10 shows the FC voltage dependency of the input DC-link current
harmonics and output voltage harmonics, which are calculated by RMS val-
ues ( Igc1—rms,Vrus )» and the average or fundamental components
(Iac1-aver Vrun)» respectively. The results show that: as the FC voltage de-
creases, the input current harmonics increase; in contrast, the output voltage
harmonics decrease. This is because the output voltage has a multi-level
waveform as decreasing the FC voltage (see Fig. 5.8).

Fig. 5.10 shows the FC voltage dependency of the inverter efficiency and
the motor efficiency. As the FC voltage decreases, both of efficiencies are
improved. The reason why the inverter efficiency is improved from the result
shown in Chapter 4 (shown as Fig. 4.16) is that, the number of switching of
INV. 1 is few (six times in an electrical period). In addition, the motor effi-
ciency is improved because the output voltage harmonics shown in Fig. 5.10

are reduced.
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Fig. 5.11. Experimental results of the FC voltage dependency of the input
current harmonics and output voltage harmonics.
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5.5 Conclusion

In this study, a control method that reduces the FC voltage for low volt-
age ratings of the switching devices and capacitor in the dual inverter fed
open-end winding IM was proposed and was experimentally demonstrated.
The FC voltage dependency of the input DC-link current was analyzed sep-
arately for low order and high order harmonics in this experiment. This result

will be useful when selecting DC capacitors and batteries.
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Chapter 6

Conclusion

6.1 Discussion

Compared to the traditional single inverter topology, the dual inverter
topology offers more flexibility in switching, which has advantages such as
improved reliability, extended output range, multi-level operation, and in-
put/output power compensation. In addition, with the improvement of per-
formance and cost reduction of semiconductor switching components, power
converters having many switching components have been installed in elec-
tric vehicles and air conditioners, etc., and dual inverters have being studied
as one method to achieve high performance. In this thesis, the trend of motor
drive systems were shown; the necessity of improving the efficiency of in-
duction motor drive systems in the light-load region of approximately 50%
or less. In addition, the input/output harmonics generated by the motor drive
system were introduced, and a dual inverter drive motor system was pre-
sented. This study contributed to the high performance of the motor drive
system in the light-load region in terms of the control strategy for dual inveter.

Chapter 2 reviewed the state of arts of the current approaches of the dual
inverter topology. An evaluation method of output voltage harmonics and
input current harmonics in the dual inverter topology that realizes high per-

formance of the motor drive system was proposed. In addition, conventional
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dual inverter drive methods that reduce input/output harmonics and their is-
sues are discussed. Finally, proposed phase modulation control to reduce the
input/output harmonics of the dual inverter topology using the motor power
factor, which is the key concept of this thesis, were described and a beneficial
position of the proposed strategies along with conventional methods was pre-
sented.

Chapter 3 described a control strategy for reducing voltage harmonics of
an induction motor in a low-torque condition. The motor drive system con-
sists of an open-end winding induction motor and two voltage source invert-
ers; the dual inverter has a DC voltage source and a floating capacitor. In
proposed method, the use of the output voltage difference between the in-
verters constituting the dual inverter lowers the harmonics by keeping the
modulation index high owing to the phase angle difference variation between
the two inverters. The performance of harmonics reduction was theoretically
analyzed and experimentally verified.

Chapter 4 described an analysis strategy for the output voltage harmonics,
which depend on the fundamental voltage, power factor angle, and PWM
strategies. Herein, sinusoidal PWM (SPWM), third-harmonic-injection
PWM (THIPWM), and discontinuous PWM (DPWM) are used as the con-
ventional carrier-based modulation techniques, and space-vector PWM
(SVPWM) and near-state PWM (NSPWM) with reduced number of commu-
tations are used as the proposed modulation methods. The validity of the
theoretical analysis was confirmed by experiments using an open-end wind-
ing induction motor.

Chapter 5 described a control method to reduce the high-order harmonics
caused by PWM in the DC-link current in a dual inverter with an FC topology,
which has the same voltage ratings in two inverters. The proposed control
method reduces the high-order harmonic current through a six-step operation
at the primary inverter. The secondary inverter supplies a sinusoidal voltage
to the motor using a low-rated voltage. The validity of the proposed control

method was confirmed through an experiment using an open-end winding
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induction motor. Furthermore, the FC voltage dependencies of the input cur-

rent harmonics was analyzed.

6.2 Comparison of Proposed PWM Strategies

This section compares the proposed PWM strategies. Table 6.1 lists the
comparison of the proposed control and modulation strategies. Here, the
methods introduced in this thesis are compared from the following view-
points: Hardware demand (thigs that necessary for operation), Reducing
switching loss, Output quality (voltage harmonics applied to the stator wind-
ing), and Input quality (DC-link current harmonics of the primary inverter).

In terms of the hardware demand, 2-isolated DC-links topology (2DC)
with synchronized SVPWM (presented in Chapter 2) literally needs the ad-
ditional DC power source compared with other strategies. In addition, Field
Programmable Gate Array (FPGA) are required for synchronous SVPWM,
which changes the commutation timing of the two inverters depending on
the magnitude of the current (shown in Chapter 3), and SVPWM/NSPWM,

Table 6.1. Comparison of the proposed control and modulation strategies.

. . For input harmonics
Comparison aspects For output harmonics (Chapter3, 4) (Chapter 5)
Modulation strate SPWM and SVPWM and six-step with

& | THIPWM / DPWM NSPWM DPWM
Hardware demand Small ﬂgatmg Sma'11 floating Medium ﬂoatlng
capacitor capacitor, FPGA capacitor
Reducing switching No / Yes Yes Yes
loss
Output harmonics Middle (>0.69) Low (>0.55) High
(Voltage THD) ' ' £
Input harmonics High High Low
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which cannot realize switching patterns by comparing triangular carriers

(shown in Chapter 5).
In DPWM, SVPWM, and NSPWM introduced in Chapter 35, since there

is a period which one leg does not switch, reducing the switching loss can be
achieved. Further, in the method of operating INV. 1 in six-steps, introduced
in Chapter 6, INV. 1 switches only 6 times within the fundamental period,
thus the switching loss can be reduced. In the 2DC method introduced in
Chapter 2, the DC-link voltage of the INV. 2 is changed proportional to the
fundamental output voltage, and both inverters operate at an modulation in-
dices of 2/4/3 (maximum modulation index under the linear modulation).

In that case, the THD of the voltage applied to the winding can be calculated
as (3.10):

Furthermore, the output voltage THD in SPWM in the FC topology is ex-
pressed by (3.7), the smallest THD can be calculated (at power factor angle
= m/2 rad and the fundamental voltage is 1 p.u.) as:

Vacz\* _ [28Vae
8 1+ (Vdcl) 3 Vdcl 0S¢
V3nM Vica ? Vaca
1+ (Vdcl) —2 Vdcl

THD =

cosa

\

= 0.69

Here, the phase angle difference a and the voltage ratio V., /V,;.1 are

|4
a = Sin~? <| m| COS 5) B () seeeseeseenesnene e ————— (6.3)
V4l

Vacz _ cos(a +6)
Vier  COSS
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In addition, as a result of theoretical analysis, DPWM, SVPWM, and
NSPWM can improve THD by about 20% compared to SPWM method (see
Chapter 4); thus the minimum THD is about 0.55. Therefore, the method that

can improve the output voltage THD most is 2DC with synchronous
SVPWM.

6.3 Future Works

6.3.1 Analytical Approach

This thesis has demonstrated that the proposed PWM strategies are ca-
pable of achieving the output voltage harmonics reduction and the DC-link
current harmonics reduction for the variable speed motor system in the light-
load condition. However, reduction of both output voltage harmonics and
input current harmonics has not been realized. Therefore, a future work is to
study a switching pattern that minimizes both input current and output volt-

age harmonics.

6.3.2 Hardware Approach

For industrial applications, the number of elements in the system is re-
quired to be as small as possible, thus it would be good if the elements for
gate drive could be omitted. In the common DC-link (CDC) topology intro-
duced in Chapter 2, since the emitter (or source) of the bottom arm switches
is common, the gate drivers can be shared. In contrast, the DC link cannot
be shared, thus it is necessary to separately insulate the gate driver and FC
voltage measurement in the FC topology. In addition, in the study of sensor-
less dual inverters, the FC voltage can be estimated by fixing the phase angle
difference of the inverters and measuring the load power factor offline. Fi-
nally, by identifying the FC voltage, the current flowing into the secondary
inverter can be estimated from the switching pattern, and current sensor-less

can be realized.
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