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Abstract. This paper presents results of investigation of dual inverter-fed open-end winding induction motor electric drive systems, controlled in accordance with the algorithms of novel methodology of synchronized vector modulation. Simulations give the behavior of the proposed techniques of synchronized modulation.  
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Acţionări electrice pe baza invertoarele dublate cu tensiune de ieşire sincronizată şi mai multe trepte
V. Olesciuc, A. Sizov, A.M. Stankovici, E. Iaroşenko 

Institutul de energetică al AŞM

Rezumat. Au fost cercetate sisteme de acţionări electrice reglate în baza motorului electric asincron cu înfaşurări disjuncţionate, ce se alimentează de la două invertoare cuplate, reglate în corespundere cu algoritmii modulaţiei vectoriale sincrone. Sunt prezentate rezultatele modelării sistemelor cu deferite tipuri de modulări vectoriale.

Cuvinte cheie: acţionări electrice în baza motoarelor asincrone cu înfaşurări disjuncţionate; invertoare dublate de tensiune; modulare vectorială sincronă.

Электроприводы со сдвоенными инверторами и синхронизированным многоуровневым выходным напряжением.
Аннотация.Исследованы системы регулируемого электропривода на базе асинхронного электродвигателя с разомкнутыми обмотками, питающиеся от двух спаренных инверторов, регулируемых в соответствии с алгоритмами синхронной векторной модуляцией. Приведены результаты моделирования систем с различными видами векторной модуляции. 
Ключевые слова: электроприводы на базе двигателей с разомкнутыми обмотками, сдвоенные инверторы напряжения, синхронная векторная модуляция. 

1. INTRODUCTION

Power electronic converters are now basic workhorses in various power generation and power conversion systems including very wide-spread adjustable speed electric drives. Adjustable speed motor drives are used widely for effective control of pumps, compressors, fans, etc. 

During the last years, different non-standard structures of adjustable speed electric drives attract more and more attention of researchers. In particular, multiphase motor drives have been analyzed and investigated, which were based on dual induction machine having two sets of three-phase windings, allowing to smooth the electromagnetic torque pulsations and to improve the overall system reliability [1]-[3]. 
Other perspective topologies of drives are based on the open-end winding induction motor, fed by two standard three-phase inverters from both sides [4]-[6]. This topology with two cascaded two-level converters is capable of producing voltages which are identical to those of three-level and four-level converters. The cascaded converters are simpler to construct and offer more non-redundant switching states per number of active semiconductor than standard multilevel converters [5]. 

At the same time novel methodology of synchronised pulsewidth modulation (PWM) for three-phase voltage source inverters has been recently proposed, allowing avoiding asynchronous character of standard schemes of voltage space-vector modulation [7]-[8]. Taking into account an importance of mutual synchronization of the operating of dual inverter-fed drive systems, the proposed methodology of synchronised PWM can be successfully disseminated to new topologies of cascaded converters. So, this paper presents results of analysis and comparison of different versions of synchronised pulsewidth modulation, applied to one of perspective structure of open-end winding motor drives. 
2. BASIC STRUCTURE OF DUAL INVERTER-FED DRIVE
Fig. 1 shows one of the basic structures of the drive system with an open-end winding induction motor [6]. Inverter 1 and Inverter 2 are standard three-phase voltage source inverters here. Auxiliary switches Sw1 to Sw4 are bidirectional, inserted to block the triplen harmonic currents by creating an isolated switched neutral, and algorithm of control of auxiliary switches is described in [6]. 
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Fig. 1. 
Different PWM techniques have been elaborated for control of drive systems with an open-end winding motor [5],[6]. In order to avoid asynchronism of conventional versions of voltage space-vector modulation, novel method (methodology) of direct synchronised PWM can be used for control of each inverter [7],[8]. 
3. PECULIARITIES OF THE METHODOLOGY OF SYNCHRONISED PWM
Table I presents basic properties of a new methodology of PWM, and it is also compared here with standard voltage space-vector modulation. Fig. 2 shows the typical switching state sequences of three-phase inverter inside a diapason 00-1200. It illustrates schematically some basic continuous (CPWM, Fig. 2,a) and discontinuous (DPWM, Figs. 2,b – 2,d) versions of PWM, which are used typically in adjustable speed drive systems. In Fig. 2, the conventional designation for state sequences for the switches of the phases abc of the inverter is used: 1 – 100; 2 –110; 3– 010; 4– 011; 5 – 001; 6 – 101; 7 – 111; 0 – 000 (‘1’-switch-on state, ‘0’–switch-off state) [7]. 
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    Table I. Basic Parameters of PWM Methods

Fig. 2a shows the switching state sequences for the most popular continuous version of voltage space-vector modulation (CPWM), and modulation principle is based here on continuous operation of all switches of the inverter during every switching period (sub-cycle). 
The sequence of switchings is here: -0-1-2-7-2-1-0-. Fig. 3 shows more in details synchronous CPWM scheme for a quarter-period of the output voltage of inverter. The upper curve is  here  
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Fig. 2. Switching state sequences for typical PWM schemes: 
a) CPWM; b) DPWM0; c) DPWM2; d) DPWM3; e) DPWM1 [7]. 
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Fig. 3.  Control and output signals for quarter-period of three-phase
шnverter with continuous PWM (CPWM).
the switching state sequence, then - control signals for the cathode switches of the phases a, b and c. The lower curve in Fig. 3 shows the corresponding quarter-wave of the line output voltage of the inverter. Signals 
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 represent the total switch-on durations during the switching period 
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 represent the duration of zero sequences. 
Special signals 
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 in Fig. 3) are formed in the clock-points (00, 600, 1200..) of the output curve of inverters with synchronised PWM. They are reduced simultaneously till close to zero value at the boundary frequencies
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, providing a continuous adjustment of voltage with smooth pulses-ratio changing. 
4. SIMULATION OF PROCESSES IN DUAL INVERTER-FED DRIVES WITH SYNCHRONISED PWM 

4.1. Drive Systems with Continuous Synchronised PWM

Synchronous symmetrical control of the output voltage waveforms of each inverter in accordance with basic PWM algorithm provides synchronous symmetrical regulation of voltage in the induction machine phase windings. Rational phase shifting between output voltage waveforms of the inverters is equal in this case to one half of the switching interval (sub-cycle) 
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 (is equal to 0.5
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Fig. 4 presents pole voltages of two inverters Va10 and Va20 , zero sequence (triplen harmonic components) voltage V0, motor phase voltage Va1a2, and motor phase voltage without triplen harmonic components (actual motor phase voltage) Va1a2 - V0. Both inverters are here under control in accordance with the scheme of continuous synchronised pulsewidth modulation (see Figs. 2a and 3, [7]). Switching frequency Fs of each inverter is equal to 1 kHz. Curves in Fig. 4 correspond to the fundamental frequency F equal to 20 Hz (modulation index m=0.4). 
Fig. 5 shows spectral composition of the voltage waveforms presented in Fig. 4. It presents normalized harmonic spectrum (relative (Vk/Vdc) magnitudes of the k-harmonics of the presented voltages). The undesirable triplen harmonics are in the spectra of pole voltages of inverters and of motor phase voltage Va1a2, but actual motor phase voltage Va1a2 - V0  does not contain it due to special algorithm of operation of auxiliary switches Sw1 - Sw4 of the system, creating an isolated switched neutral [6]. Actual motor phase voltage of the drive system with synchronised PWM has quarter-wave symmetry, and its spectrum does not include even harmonics and combined harmonics (sub-harmonics). 
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Fig. 4. Voltage waveforms of drive system with continuous
synchronised PWM (F=20Hz).
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d)
Fig. 5.  Spectral composition of voltage waveforms for the drive
               system with continuous synchronised PWM at F = 20 Hz:
 a) Va10; b) Va1a2; c) V0; d) Va1a2 - V0. 
Fig. 6 presents basic voltage waveforms (period of the basic waveforms) of the dual inverter-fed drive system with continuous synchronized PWM operating at the fundamental frequency equal to 40 Hz (modulation index m=0.8). 
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Fig. 6. Voltage waveforms of drive system with 
                  continuous synchronised PWM (F = 40 Hz).
Fig. 7 shows the corresponding spectra of the presented voltage waveforms. In particular, curves in Fig. 7,d prove the fact that the spectrum of the actual motor phase voltage Va1a2 - V0 of the drive system with synchronised PWM contains only odd harmonics (without triplen order harmonics) at any ratios (round or not round) between the switching frequency and fundamental frequency.
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d) 

Fig. 7.  Spectral composition of voltage waveforms for the drive system with continuous synchronised PWM at F = 40 Hz: a) Va10; b) Va1a2; c) V0; d) Va1a2 - V0.
4.2. Drive Systems with Discontinuous Synchronized PWM 
Fig.8 presents basic voltages waveforms for the drive system with discontinuous synchronous PWM (DPWM3 scheme of discontinuous PWM in accordance with Fig. 2,d [7]). It includes pole voltages of two inverters Va10 and Va20 , zero sequence (triplen harmonic components) voltage V0, motor phase voltage Va1a2, and motor phase voltage without triplen harmonic components (actual motor phase voltage) Va1a2 - V0. The fundamental frequency is equal to 20 Hz in this case, and switching frequency is equal to 1 kHz. 
Fig. 9 shows spectral composition of the voltage waveforms presented in Fig. 8.
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Fig. 8. Voltage waveforms of drive system with discontinuous synchronised PWM (F=20Hz).
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Fig. 9.  Spectral composition of voltage waveforms for the drive system with 
                discontinuous synchronised PWM at F = 20 Hz: a) Va10; b) Va1a2; c) V0; d) Va1a2 - V0.
Fig. 10 presents basic voltage waveforms (period of the basic waveforms) of the dual inverter-fed drive system with discontinuous synchronized PWM operating at the fundamental frequency equal to 40 Hz modulation index m=0.8). 

Fig. 11 shows the corresponding spectra of the presented voltage waveforms. 
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Fig. 10. Voltage waveforms of drive system with 
                     discontinuous synchronised PWM (F=40Hz).
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Fig. 11.  Spectral composition of voltage waveforms for the drive system 
with discontinuous synchronised PWM at F = 40 Hz: 
a) Va10; b) Va1a2; c) V0; d) Va1a2 - V0.

The presented in Fig, 9,d and Fig. 11,d results of analysis of voltage spectral composition show, that actual motor phase voltage of the drive system with synchronised discontinuous PWM has quarter-wave symmetry, and its spectrum does not include even harmonics and combined harmonics (sub-harmonics). 
4.3. Spectral Assessment of the Voltage Waveforms 

In order to compare the modulation schemes proposed for control of dual inverter-fed drive systems, a comparative analysis of the spectra of the actual motor phase voltage has been executed based on computer simulation. Weighted Total Harmonic Distortion factor (WTHD)(1), reflecting the actual level of a harmonic distortion for a first order ac filter, is well suited for using in adjustable speed drive and is used for determination of its quality [7]: 
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Fig. 12 presents averaged results of calculation of WTHD for actual motor phase voltage (Va1a2 –Vo) of the drive system for the analyzed continuous (CPWM) and discontinuous (DPWM) versions of synchronised modulation during standard scalar V/F control until the zone of overmodulation (modulation index m = 0.3–0.9). Average switching frequency of each inverter is equal to 700 Hz for both versions of PWM. Dotted lines in Fig. 12 show results of calculation of WTHD factor for the line-to-line output voltage of each inverter (Va1b1 = Va2b2) for both mentioned above schemes of synchronised PWM. 

Fig. 13 shows WTHD versus modulation index for actual motor phase voltage of the drive system with average switching frequency of each inverter is equal to 1 kHz. 
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Fig. 12. WTHD of actual motor phase voltage (____), and of the line-to-line 
   output voltage of each inverter (- - -) (Fs = 700 Hz).
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Fig. 13. WTHD of actual motor phase voltage (____), and of the line-to-line 
   output voltage of each inverter (- - -) (Fs = 1 kHz).

Presented in Fig. 12 and Fig. 13 results of analysis of spectral composition of actual motor phase voltage for dual inverter-fed open-end winding motor drive show that Weighted Total Harmonic Distortion factor is much better for drive system with discontinuous (DPWM) version of synchronised PWM during all undermodulation control region. 
CONCLUSION
Dissemination of the methodology of synchronised pulsewidth modulation to dual inverter-fed drive systems with open-end winding induction motors allows to provide quarter-wave symmetry of actual motor phase voltage during the whole control range including the zone of overmodulation.

The spectra of actual motor phase voltage do not include even harmonics and combined harmonics (sub-harmonics), which is especially important for the systems with low switching frequencies and increased power rate. 

In dual inverter-fed drive systems algorithms of discontinuous synchronised PWM provide better spectral composition of actual motor phase voltage in comparison with continuous PWM schemes during the whole control range. 
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