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Abstract. The publication presents a brief analysis of the results from the study on power
electronic converters based on voltage source inverters (VSIs) and neutral-point-clamped
inverters (NPCls) with scalar control modes implemented by algorithms of synchronous multi-
zone pulsewidth modulation (SMZ PWM). This control and modulation strategy can provide
both linear and required non-linear relationships between the output voltage and the
fundamental frequency of the inverters (Voltage/Frequency (V/F)). The simulation results
demonstrated the behavior of two inverter-based drive systems controlled by algorithms of
SMZ PWM, providing both linear and non-linear V/F relationships. Thus, the appropriately
modified techniques of SMZ PWM, used for regulating inverters of adjustable speed electric
drives, ensure continuous synchronization and symmetry of phase and line voltages in these
electrical power conversion systems over the entire regulation range.

Keywords: pulsewidth modulation, variable-voltage variable-frequency drive, voltage source
inverter, voltage spectrum.

Abstract. Publicatia prezinta o scurta analiza a rezultatelor studiului convertoarelor
electronice de putere bazate pe invertoare cu sursa de tensiune si invertoare cu fixare in
punct neutru cu moduri de control scalar implementate prin algoritmi de modulatie sincrona
a latimii de impuls multi-zona. Aceasta strategie de control si modulare poate oferi atat relatii
liniare, cat si neliniare necesare intre tensiunea de iesire si frecventa fundamentala a
invertoarelor. Rezultatele simuldrii au demonstrat comportamentul a doua sisteme de
actiondri bazate pe invertor controlate de algoritmi de modulatiei multi-zona sincrona,
oferind atat relatii liniare, cat si neliniare intre tensiunea de iesire a invertoarelor si frecventa
fundamentala. Astfel, tehnicile de modulatie multi-zona sincrona modificate corespunzator,
utilizate pentru reglarea invertoarelor de actionari electrice cu vitezd reglabild, asigura
sincronizarea si simetria continua a tensiunilor de faza si linie in aceste sisteme de conversie
a energiei electrice pe intrequl domeniu de reglare.

Cuvinte cheie: invertor sursd de tensiune, modulatie de latime a impulsurilor, actiondri electrice
reglabile, spectru de tensiune.
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1. Introduction

Power electronic converters of electrical energy parameters based on power transistors
are widely used installations in modern electrical and energy systems [1].

One of the most important areas of application of inverter-based power conversion
systems are variable-frequency electric drives with asynchronous electric motors [2-3]. It is
known that the control modes of inverters of variable frequency drives in many cases are
carried out according to the linear law of constancy of the ratio of the output voltage of the
converter to the fundamental frequency of the system (Voltage/Frequency = const or V/F =
const) [4-9]. Therefore, these control modes can be implemented using control boards based
on dSpace [5], using systems controlled by space-vector pulse-width modulation (PWM)
algorithms for determining pulse patterns of control signals [7]. Also, these modes can be
implemented using control and regulation systems based on programmable logic arrays
(FPGASs) [8], as well as control systems with optimally tuned Pl controllers [9]. Figure 1 shows
the corresponding diagram showing the linear V/F relationship between the nominal output
voltage of the inverter and its operating frequency [4].

It is also known that for some specialized frequency-controlled electric drives with
specific operating conditions, more efficient regulation of systems can be ensured by scalar
control modes with non-linear Voltage-to-Frequency adjustment (with nonlinear V/F
regulation modes) [10-11].
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Figure 1. V/F linear regulation during scalar control regime of VSI [4].

At the same time, for power conversion systems based on inverters with increased
power levels, it is necessary to ensure the symmetry of the output voltage waveform of the
drive inverters in order to eliminate unwanted sub-harmonics (of the fundamental frequency)
from the output voltage and current spectra of the inverters [12].

Thus, for continuous synchronization of voltage in PWM inverters of drive systems, as
well as for providing improved harmonic composition of output voltage, specialized PWM
methods and techniques were investigated [13-25]. These methods and techniques were
based both on the standard space-vector approach to determining the pulse sequences of
inverter control signals [13,15,17,19,21-23,25], and on a new multi-zone control strategy for
modulated inverters (based on the method of synchronous multi-zone pulse-width
modulation (SMZ PWM)) [14,16,18,20,24]. In particular, the developed methods and
techniques of synchronous modulation have found application for controlling three-phase
[13], five-phase and split-phase [14] PWM inverters of motor drives, Also, the developed
algorithms of synchronous PWM have found application for controlling medium-power
inverters with low switching frequency [15], six-phase inverters of vehicle drives [16], three-
level inverters [17], and drive systems based on quadruple inverters [18].

In addition, in terms of high-power motor drive systems, the corresponding
synchronous PWM methods and techniques have been widely used to control traction
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inverters [19], fixed-neutral-point power inverters [20], as well as medium-voltage inverters
[21]. Also, methods of synchronous PWM have been used to control dual inverters of electric
vehicles [22], inverters with vector control modes [23], multi-inverter drive systems [24], and
power inverters for traction motor drives [25].

It is necessary to mention, that not only linear V/F control modes have been analyzed
in the mentioned above papers, but also some non-linear control regimes of inverter-based
system have been investigated in [18].

Accordingly, this paper presents the results of a study of two promising topologies of
variable frequency electric drives: split-phase motor drive based on six-phase voltage source
inverter (VSI), and dual neutral-point-clamped inverters (NPCls) of drive system with two
stator windings of induction motor. Both these topologies are regulated by a modernized
scheme of SMZ PWM that assures continuous voltage synchronization and both linear and
non-linear V/F control relationships over the entire adjustment range.

2. Linear V/F control of VSI with SMZ PWM

Figure 2 shows structure a three-phase VS| feeding the corresponding induction
machine IM. Voltage space vectors (six switching vectors 1 - 6 and two zero vectors 0 and 7)
are also shown in Figure 2 [24].
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Figure 2. Structure of three-phase VSI feeding asynchronous induction motor IM, and
voltage space vectors of three-phase inverter.
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Figure 3 shows (inside the 60° clock-cycle) diagrams of sequence of switchings, and
the pole and line voltages of modulated VSI adjusted by algorithm of continuous SMZ PWM,
insuring synchronization and symmetry of the output voltage of VSI for scalar control mode
of system [24].

The principle of voltage synchronization in a three-phase VSI is based on continuous
synchronization of the positions of the central control signals at the centers of 60-degree
clock intervals. Simultaneously, symmetrical formation of the remaining control signals
around the corresponding central signal has to be provided.

The scheme of SMZ PWM includes a step-by-step determination of the boundary
frequencies Fiand Fi.; as a function of the duration of clock subintervals t, which are transition
frequencies between control sub-ranges [24]. Figure 4 presents a generalized diagram for
determining the parameters (durations and temporary position) of control signals (control
pulses, see Figure 3) of VSI regulated by SMZ PWM in relation to scalar V/F = const operating
mode [24].

As it follows from the generalized diagram for determining the parameters of control
signals of a three-phase VSI shown in Figure 4, one of the main control signals of the scheme
of SMZ PWM is the central signal f; in the middle of the 60-degree clock intervals (see Figure
3), determined as a function of the modulation coefficient m of VSl as f; =1.1mz for the scalar
control regime of the system according to the law of constancy of the ratio of voltage to
frequency (V/F = const) [24].
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Figure 3. Switching sequence of VSI regulated by SMZ PWM, and pole and line voltages
Vi, Vi, and Vo inside the 60°clock interval.

. Direct synthesis of the waveform

Figure 4. Generalized diagram for determining the parameters of control pulses of VSI
adjusted by SMZ PWM.

As an illustration of operation of three-phase VSI PWM during V/F = const control
regime, Figures 5 and 6 present waveforms of the pole voltages V, Vi, V,, and line voltage Va
of VSI with algorithms of continuous (Figure 5) and discontinuous (Figure 6) SMZ PWM.
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Figure 5. Voltage waveforms of VS| with continuous SMZ PWM (a), and spectrum of the
line voltage Vu (b) (F = 35.0 Hz, m = 0.70, Fs = 1.00 kH>).
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Figure 6. Voltage waveforms of VS| with discontinuous SMZ PWM (a), and spectrum of the
line voltage Vu (b) (F = 35.0 Hz, m = 0.70, Fs = 1.00 kHz).

3. Non-linear Voltage-to-Frequency control of VSI-based drive installations

As shown in [18], a specialized nonlinear change of value of the S, -signal as a function
of the modulation coefficient m of VSIs makes it possible to provide various nonlinear
relationships between the magnitude of the output voltage of VSIs and the fundamental
frequency of system during the regulation process. Such nonlinear laws and algorithms for
controlling converter systems for variable-frequency electric drives make it possible to ensure
the effective operation of specialized adjustable speed ac drives with specific loads and
special control modes [10-11].
In particular, Table | shows the basic control parameters for three examples of control modes
of drive systems, including the standard scalar linear control mode V/F = const, as well as two
non-standard (non-linear) control modes V2/F = const and V*“/F = const [18]. The last two
modes are characterized by nonlinear relationships between voltage and frequency and can
be used to control asynchronous electric drives with some special types of loads [11]. Table
| also includes the corresponding relative values of the two overmodulation threshold
frequencies F,,: and F,,; [18], which are important parameters of the control strategy in the
overmodulation control zone of inverters.

Table 1
Basic control parameters for both linear and non-linear synchronous regulation of VSI-based
drives
Control regime Central control Overmodulation  Overmodulation
signal 3, frequency F,,; frequency F,,.

V/F=const 1.imz 0.907F,, 0.952F,
V2/F=const 1.1/mz 0.823F, 0.907F,
V¥2/F=const 1.83/m?%¢ 0.866F, 0.931F,,

Note: 81 - width of the central control signal; F,,: — the first threshold overmodulation frequency; F,.; -
the second threshold overmodulation frequency; F,, - the maximum operating frequency; m - modulation index
of inverter; T - width of sub-cycle; V —output voltage of inverter; F - output frequency of inverter.

Figure 7 shows the dependence of the normalized output voltage of a three-phase VSI
on the operating frequency (at the maximum operating frequency of the system equal to F,
= 50.0 Hz) in relation to the three above-mentioned control modes presented in Table 1 [18].
In this case, it is also possible to implement various numerous intermediate control regimes,
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characterized by other functional dependencies for determining the duration of the pg, -
signals. As an example, dotted line in Figure 7 shows the non-linear Voltage/Frequency ratio
of drive system in the process of regulating the fundamental frequency according to the law
V*3/F = const [18].

e o -
& O o

o =]
h =]
T

iy
T

Fundamentd voltege (amplitude) / DC-link voltage
o
~

o o
w
-

o
ba

10 15 20 25 30 a5 40 45 50
Fundamental frequency (Hz)

Figure 7. Non-linear and linear Voltage-to-Frequency control regimes.

Ones of the interesting and promising structures of drives currently are split-phase
motor drives [14]. In this case, the asynchronous motor has two sets of windings, spatially
shifted by 30 el. degrees with isolated neutral points Nacand N,y (Figure 8 [14]). Its phase
voltages Vi and Vs are calculated using (1) - (2) [14]:

Vgs = Va - 0.333(‘/0 + Vb + V(_‘) (1)
Vis = Vi - 0.333(V, + V, + V,), 2)

where: V,, Vi, V,, V, V|, V; are the corresponding voltages at poles of six-phase VSI (see
Figure 8).
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Figure 8. Split-phase electric drive with neutral points Nacand N,y..

Figure 9 and Figure 10 show basic voltage waveforms of this installation, and spectral
characteristics of the phase voltage in split-phase drive in a nonlinear system control mode
according to the law V2/F = const. The diagrams in Figure 9 show the base voltages and the
phase voltage spectrogram for the system based on VSI controlled by continuous SMZ PWM
(CPWM) algorithms. The diagrams in Figure 10 show the base voltages and the phase voltage
spectrogram for the system with VSI controlled by discontinuous SMZ PWM algorithms with
30-degree intervals of the non-conducting state of the power switches (DPWM30). The
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average switching frequency of VSI and the operating frequency of split-phase drive are 1050

Hz and 34 Hz, respectively.
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Figure 9. Waveforms of the pole and phase Figure 10. Waveforms of the pole and phase
voltages (a), and harmonic composition of  voltages (a), and harmonic composition of
the phase voltage (b) (CPWM). the phase voltage (b) (DPWM?30).

Figure 11 shows the results of calculating the Weighted Total Harmonic Distortion
factor of phase voltage Vas () depending on the modulation index m of a six-phase VSI
controlled by the above-mentioned algorithms of both synchronous continuous PWM and
discontinuous PWM in the V?/F = const control mode, with VSI switching frequency equal to
1050.0 Hz.
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Figure 11. WTHD factor of the phase voltage V. versus modulation index m of the
inverter.
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4. NPCl-based drive installation with two stator windings of induction motor and non-
linear V/F control

Figure 12 shows the structure of a variable-frequency adjustable speed drive
installation with two stator win-dings of an asynchronous motor, specially connected (see
thick lines) to the corresponding outputs of two modulated NPC inverters NPCI1 and NPCI2 [20].
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Figure 12. Topology of NPCl-based ac drive with two stator windings of electrical motor.

Instantaneous voltage values on the corresponding stator windings Vii: - Vs and Vi
- Vw23 of the electric drive (Figure 12) with specialized control scheme of NPCls [20] are
determined as functions of the corresponding pole voltages of NPCls in accordance with (3) - (4):

Vivir = Vg - Vbz, Viviz = V2= Vi, Viwaz = Ve Vaz (3)

Vivar = Va2 - Vbz, Vivzz = V1= Vo, Vizs = Vo= Vg (4)

Figures 13-14 show the main voltage waveforms and spectrograms of phase voltage
in the variable frequency drive system with two stator windings of the electric motor
(normalized values of pole and line voltages of the first inverter NPCI1 (Vas, Vb: and Vo),
voltage on the stator winding of the electric motor V,.:;, as well as the spectral composition
of the voltage Vi.:;). This corresponds to the case of nonlinear regulation of NPCls with SMZ
PWM according to the control law V¥?/F = const.

The diagrams presented in Figure 13 illustrate the process when the regulation of the
NPCls is carried out on the basis of a continuous scheme of SMZ PWM (CPWM). The diagrams
presented in Figure 14 illustrate the process in the system when regulating the NPCls is based
on the algorithms of discontinuous SMZ PWM (DPWM). Features and peculiarities of both
continuous and discontinuous schemes of SMZ PWM, applied for liner V/F control of NPCls,
are described in [20]. The operating frequency of drive installation is F = 37 Hz, the switching
frequency of two NPCls is equal to 1050.0 Hz.

The presented in Figures 13-14 results show that the winding voltage V,:; feeding
electric motor has quarter-wave symmetry, and in its spectrum there are no even harmonics
and subharmonics in the analyzed mode of nonlinear V/F regulation of drive installation.

Figure 15 shows the calculated Weighted Total Harmonic Distortion factor of the

1000
winding voltage Vi (WTHD:(1/VW111)(kz Vi, /1k)2)%°) depending on the modulation
=2
index m of NPCls for the analyzed variable frequency drives with NPCls, regulated in
accordance with continuous (CPWM) and discontinuous (DPWM) versions of SMZ PWM. In this

case, the system operated in the V¥?/F = const control mode (mode 1) and in the V2/F = const
control mode (mode 2). Switching frequency of NPCls is equal to 1050.0 Hz. The presented
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data prove the fact that for the system regulated by non-linear V/F modes discontinuous
scheme of SMZ PWM assures a better harmonic composition of the winding voltage compared

to the continuous scheme of SMZ PWM, if m =0.60+1.00.
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5. Conclusion

The modified scheme of SMZ PWM of VSIs and NPCls of variable-frequency electric
drives, applied for regulation of two topologies of inverter-based ac drives, makes it possible
to provide control modes with the required non-linear relationships between the output
voltage of inverters and the operating frequency of drive installations. In this case, the
required voltage and frequency ratio is ensured by the corresponding smooth adjustment of
the duration of the central (within 60-degree clock intervals) control signals of the VSIs and
NPCls, regulated by SMZ PWM.

Thus, modernized schemes and algorithms of SMZ PWM for regulation of VSI- and
NPCl-based variable-frequency drives ensure continuous synchronization and symmetry of
the basic voltages in apparatuses over the entire control range. The spectra of the base
voltages of these installations do not contain even harmonics and subharmonics (of the
operating frequency of the drive installations), which helps to reduce losses in the
installations and increase their operating efficiency. And this is especially important for the
medium-power and high-power adjustable speed drives.
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