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Abstract: This article presents a modified sinusoidal pulse-width modulation (SPWM) scheme for a
five-phase, three-level neutral-point-clamped inverter. The modulation scheme deploys a modified
min-max function to inject the zero-sequence components into the reference modulating signals;
hence enabling the effective utilization of the DC-link voltage. Balanced split-input DC-link voltages
were achieved through further incorporation of adjustable voltage-dependent variables into the
reference signals. The dynamic performance of the control approach is demonstrated through
simulations and experiments on a laboratory inverter prototype; the results are well presented.

Keywords: SPWM; NPC inverter; multilevel inverter; five-phase induction motor; DC voltage balancing

1. Introduction

In recent times, the global search for environmental friendly energy sources has
demanded the use of appropriate harvesting devices to fully tap these renewable energy
sources. In addition, there is unceasing demand for high power density and reliability in
various industrial drive systems. These demands can be met with the concepts of multilevel
converters for power electronics and multiphase systems in electric power systems.

Multiphase power inverters are becoming increasingly popular in the drive systems of
power electronics. Traditional two-level and multilevel inverter configurations have been
explored for this very purpose. Multiphase motor drive systems offer a series of advantages
over corresponding three-phase motor drive systems: lower torque ripple magnitude,
higher frequency of torque ripple, higher torque density due to the injection of lower-order
harmonics that modify the shape of the air-gap flux, lower per-leg converter rating for the
same power output, higher redundancy and better fault tolerance characteristics, greater
control flexibility, and the possibility of the independent control of more than one motor
supplied by one power inverter [1,2].

The independent generation of output voltage components (fundamental and third
harmonic frequencies) can improve the nominal torque of five-phase motors with a quasi-
rectangular air-gap flux of up to 15%. The torque can be enhanced through the injection of
the third harmonic into the motor current [3-6]. For a two-motor system supplied by one
inverter, the first and third harmonic components of the inverter output voltage have to
be generated and controlled independently. After phase transposition in series-connected
motors, independent control of two induction motors with a sinusoidal field distribution
can be achieved with these voltage harmonic components [7,8].

In the deployment of inverters in power-conditioning systems, certain specified mea-
sures and criteria are expected to be met by the inverters of power electronics, of which a
range of operational output voltage, current, and power quality indices are crucial. The
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multilevel inverter (MLI) is, for now, the best device for the provision of these requirements.
The classical MLI configurations include: cascaded H-bridge (CHB), diode-clamped, and
capacitor-clamped (flying capacitor) MLIs. The ability to generate medium- and high-
output voltages with low-voltage-rated devices, operation with low switching losses and
audible noise, and generation of output voltages with low harmonic distortion are among
the inherent advantages of MLI topologies. Except for the CHB MLI, the most commonly
used and popular fundamental MLI configurations have been limited to the syntheses
of three-level output voltages due to the innate operational imbalance in the constituting
capacitor banks’ voltages and associated complex control [9,10]. These three-level inverter
configurations have attained industrial maturity and have been made commercially avail-
able over recent years. The most often deployed traditional three-level inverter topology
in low- and medium-voltage industrial drive applications and renewable energy harvest-
ing is the three-level neutral-point-clamped (NPC) inverter [10-12]. The salient inherent
topological features that necessitate its widespread acceptance and deployment are the
use of a single DC source with splitting capacitor banks and half-DC-link-voltage-rated
active power switches. The splitting of the input voltage source by the capacitor banks
enables NPC inverters to synthesize a three-level output voltage waveform with reference
to the common node of the capacitor banks (neutral-point). In operation, the variation in
the neutral-point voltage is reflected in the splitting capacitor banks’ voltages and gener-
ates an imbalance between them. This voltage imbalance negatively affects the dynamic
performance of the inverter. The problem with these negative effects is the development
of undue voltage stresses on the constitutive power switches. Therefore, an appropriate
voltage balancing control scheme is inevitable for the stable operation of an NPC inverter.
An appropriate modulation strategy is crucial in ameliorating the splitting capacitor
voltage fluctuations in the three-level NPC inverter. Series of three-level modulation
techniques have been well documented in the literature for multiphase NPC inverters.
They can be broadly classified into two groups: space vector pulse width modulation
(SVPWM) and sinusoidal pulse width modulation (SPWM) methods [11-21]. Clearly, the
two pulse width modulation (PWM) approaches differ principally from each other in the
way that the zero vector is applied. The zero vectors are symmetrically placed in a sample
time in SVPWM. However, in SPWM, the modulating signals are symmetrically modified
by injecting the zero-sequence using the nth harmonic and/or the min—max function. With
these two approaches resolved, the two modulation schemes yield similar results. Based
on its basic concepts, the extension of SVPWM from a three-phase system to a multiphase
system usually involves rigorous and complex computational algorithms. A less-involved
control approach presents itself in the SPWM scheme, which is sometimes referred to as
carrier-based pulse width modulation (CBPWM). Unlike the SVPWM concepts, SPWM’'s
operational principle for generating gating signals is based on the inverter phase leg, that
is, it is a phase modulation technique. This precisely implies that the same control concept
is repeated in each phase of the inverter; the only control parameter difference is the phase
angle shift. More precisely, the control concept involves the comparison of a high-frequency
triangular carrier wave with fundamental-frequency sinusoidal modulating signals. In
effect, SPWM presents no rigorous or complex computational difficulties, and its extension
to multiphase systems involves only a multiplicity of the sinusoidal modulating signals.
In this work, the SPWM modulation approach is developed for firm control and
utilization of the two DC-link capacitor voltages of a five-phase, three-level NPC inverter.
The linear modulation range is increased by adding the zero-sequence voltage component,
Umn, to the sinusoidal voltage references using the min-max function. A simplified DC-link
capacitor voltage balancing scheme is developed to instantaneously generate the needed
balancing voltage pulses. These pulses are incorporated into the already synthesized
min-max function. The inverter output voltage components (fundamental and third
harmonic frequencies) are generated independently, and provide the possibility to control
the series-connected motor independently. By following the proposed solution approach,
the modulation algorithm can be easily extended to multiphase systems. The proposed
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SPWM strategy is validated with simulation and experimental results. In the following
sections, the modulation scheme, DC-link capacitor voltage balancing, and simulation and
experimental results are presented.

2. Proposed Control Scheme
2.1. Proposed SPWM Scheme

The power circuit and simplified control block diagram of the five-phase, three-level
NPC inverter are shown in Figure 1. In Figure 1b, the index i is the phase-leg notation;
i =a,b,c, d, and e. The min-max function block generates the instantaneous minimum
and maximum values of the five reference waveforms, as expressed in (1)—(3) [17].

min = min(v, + vy + Ve + U4 + Ve) 1)
max = max (v, + vy + Ve + V4 + Ve) )
Umn = —0.5(min + max) 3)

The summer adds v;,; and a control signal, Uadj, tO each phase-leg reference waveform,
v;. The steps for generating v,;; will be explained in the next section. The modulating
signal block receives the summer outputs, A,,,;, and generates two signals per phase,
mod;, and mod;,. These two signals are obtained using (5).

Amn = Umn + Uagj + 0; 4)

if (Amn > 0);
mod;y, = Apn, modi, =1; 5)
elsemod;, = 0,mod;, =1+ Amn

Finally, mod;;, and mod;,, are compared with a high-frequency triangular carrier to
generate the four gating signals per phase. The peak values of this carrier signal are 0
and 1.

g
N ~VCZ
1 E:

Sinusoidal reference Min-max
. » .
signals, v; function

y

Modulating
signals, mod;s

modip

i ‘ I
S,qZ ¥ t

modin

(b)

Figure 1. (a) Five-phase, three-level inverter power circuit; (b) proposed sinusoidal pulse width
modulation (SPWM) control block diagram.

2.2. DC-Link Capacitor Voltage Balancing

The use of the capacitor voltage balancing control is to make the individual capacitor
voltages, V1 and Vo, follow a reference command, V.. Figure 2 shows the simple block
diagram of the balancing control, where v,; is the voltage command obtained from the
balancing scheme. The capacitor voltage balancing is based on the flow of the neutral
current, i,. Hence, the polarity of v,4; should be changed according to that of i, whose
expression is given in (6).

In =iy — 1o, (6)
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where i1 and i are the current flowing through the capacitors C; and C,, whose expressions
are given in (7) and (8) [22,23].

. d(% + 09
h=0C %; @)
. d(%F — v
1 = C2 ( Zdt ) (8)
The expressions for v,y for x =1, 2 are:
0 — Kl(Vék — VCl) + Kj f(VC* — VCl)dt; if i, >0; )
adjl ~K (Vg = Ver) — Ko [(VE = Vey)dt; if i, < 0;
Vniin = Kl(Vé — Vo) + Ko f(Vé — Veo)dt; if i, <0; (10)
adj2 _Kl(VC* — ch) — K f(Vé< — ch)dt. if i, > 0;

C K,
Ve© Kl +? > + _>de11

Ve +Vaaj1, — Vg1 *: (in > 0)
—Vaajo ¥ +Vg = (i, <0)

x=1,2
Figure 2. DC-link capacitor voltage control.

3. Simulation and Experimental Results
3.1. Simulation Results

The switching scheme depicted in Figure 1b was used to control the five-phase inverter.
The carrier frequency is 3 kHz, and the DC input voltage magnitude, Vs, is 1000 V. The
capacitances of the DC-link capacitor banks, C; and Cy, are both 1000 puF. Operational
conditions depicting a wide range of load parameter variations are considered for load
power factors of 0.6 and 0.8 at a modulation index of 0.95. The modulation index m, is
defined as the ratio of the fundamental peak value of the phase voltage and one-half of
the DC-link voltage. Using this definition, the phase and line voltages of the inverter
can be expressed as functions of the modulation index. For a five-phase system, the
maximum utilization of the DC-bus voltage (i.e., limit of the linear modulation region) is
obtained when the peak value of the largest line voltage reaches the value of the DC-link
voltage. Thus, the maximum value of the modulation index in a five-phase system is
My = m = 1,0515 [24]. These conditions will show the behavior/performance of the
five-phase NPC inverter under the augmented zero-sequence voltage injection in SPWM.
The proportional and integral constant coefficients, K; and Kj, are obtained from earlier
work on neutral-point current balancing [25,26]. Dynamic operations with and without
the capacitor voltage balancing scheme will be demonstrated, as well as variation in the
output load power factor.

The first dynamic performance of the control scheme is under a constant power factor
of 0.8, wherein the output RL load parameters are 20.94 () and 50 mH. The scheme in
Figure 1b was implemented, and Figure 3a,b shows the simulated modulation signals with
and without the voltage balancing scheme. In these figures, the peaks of the modulating
signals have been zoomed (right side) to clearly show the effect of the zero-sequence
addition to the pure reference sinusoids. In addition, the chopping effect of the proposed
balancing scheme at these peaks is shown in Figure 3b (right-hand side).
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Figure 3. SPWM modulation signals: (a) absence of neutral voltage balancing; (b) neutral voltage

balancing in place.

Figure 4 shows the simulated output voltage and current waveforms of the five-phase
NPC inverter. As expected, these waveforms depict three and five levels, respectively.
The two DC-link capacitor voltages’ profiles are displayed in Figure 5 in the presence and
absence of the neutral voltage balancing scheme of Figure 2. In this figure, sector 2 actually
depicts the need and essence of the proposed balancing scheme, since the splitting capacitor
voltages were apparently derailed from the desired voltage value. Sectors 1 and 3 show the
effectiveness of the presented balancing technique. The second dynamic performance of
the control scheme is carried under varied output load parameters. The power factor is
instantaneously changed from 0.8 to 0.6, and then back to to 0.8. Figure 6 shows the load
currents’ variations as well as the dynamic response of the two DC-link capacitor voltages.
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Figure 4. Simulated output voltage and current waveforms for the output power factor of 0.8. (a)
Neutral-point phase voltages; (b) line voltages and currents.
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Figure 5. DC-link capacitor voltages’ variations with and without the neutral-point voltage balanc-
ing scheme.

The power factor variations shown in Figure 6 are carried under varied output load
values. The output RL load values are 20.94 (3 and 50 mH or 11.78 (3 and 50 mH when the
power factors are 0.8 or 0.6, respectively. In Figure 6, the power factor was instantaneously
changed from 0.8 to 0.6, and then back to 0.8.
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Figure 6. Load currents and DC-link capacitor voltage profiles under power factor variations. (a)
Line current waveforms; (b) DC-link capacitor voltages.

In Figure 7 the a, b, ¢, d, and e stator currents and their corresponding fundamental
and third harmonic d-q components are shown. In Figure 7a, the modulation signals were
processed with pure sinusoidal references. In effect, it can be seen that in this figure, the
amplitude of the third harmonic components in the d-q axis is actually constituted of
noise signals. However, in Figure 7b, the third harmonic component was injected into the
modulation process, and consequently, the injected harmonic amplitude is seen in this
figure with the commensurate amplitude in the d-q axis. This injected third harmonic
amplitude is reflected in the distortion of the a, b, ¢, d, and e current waveforms, as
evidenced in this figure. Such current shapes can be seen in earlier works on the effects of
third harmonic components [3,6,27].
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Figure 7. The a, b, ¢, d, and e stator currents and their corresponding fundamental and third harmonic d-q components (a)
without third harmonic injection and (b) with third harmonic injection.

The FFT analysis of the output current waveform is displayed in Figure 8. The har-
monic spectrum of the waveform shows the respective amplitudes of its constitutive
harmonics. With the proposed balancing scheme, the current’s harmonic performance is
satisfactory, as its THD value is equal to 0.34%.

Fundamental (50Hz) = 0.159 , THD= 0.34%
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Figure 8. FFT analyses of the SPWM-controlled inverter’s phase current with DC-link voltage balancing.

3.2. Experimental Results

A scaled-down experimental prototype set-up of the five-phase, three-level neutral-
point-clamped inverter with five-phase induction motor load is shown in Figure 9. An
ADSP21363L DSP processor and Altera Cyclone II FPGA were used to generate the PWM
signals. The modulation index was set to 0.95. The fundamental frequency was 50 Hz
and the input DC-link voltage was approximately 200 V. Figure 10 shows the measured
experimental waveforms of the inverter output voltages. In these waveforms, three- and
five-level output voltages were generated for the neutral-point phase and line voltages,
respectively. This is an agreement with the simulated output voltage waveforms in Figure 4.
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Logic circuit of the inverter
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bt aThib

Figure 9. A laboratory prototype of the five-phase, three-level neutral-point-clamped inverter.
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Figure 10. Experimental output voltage waveforms. (a) Neutral-point phase voltages; (b) line voltages.

A zoomed sections of the waveforms are shown in Figure 11 to make the voltage
amplitude recognition more clear. The difference between the output voltage amplitude
values in the simulation (1000 V) and experiment (200 V) explains the flexibility and
scalability of the modulation algorithm. The results obtained in the experiments with 200
V in the DC-link will have the same waveforms for 100 or 1000 V. The experimental output
currents’ waveforms are shown in Figure 12 in the presence and absence of third harmonic
injection. These waveforms have the same pattern as that obtained in the corresponding
simulation. An FFT analysis of one phase of the inverter output current waveforms with
third harmonic injection is displayed in Figure 12b. In this analysis, the harmonic spectrum
of this current waveform is shown; therein, the first harmonic component at 50 Hz and
the third harmonic component at the 150 kHz frequency are depicted. The amplitudes
of the harmonics were: first harmonic component = 100% of the rated voltage, and third
harmonic component = 10% of the rated voltage. Figure 12d shows the frequency spectrum
of the inverter phase current without third harmonic injection.
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Figure 11. Experimental output voltage waveforms with 5x zoomed area. (a) Neutral-point phase
voltages; (b) line voltages.

In addition, the dynamic responses of the inverter under the proposed control algo-
rithm for step changes in the modulation index are shown in Figures 13 and 14. In these
figures, the modulation index value was changed from 0.6 to 1 and then back to 0.6. The
corresponding dynamic variations of the inverter output line voltage waveform changed
from three to five levels, and then from five to three levels, respectively. The dynamics of
the line currents are seen in their amplitude variations; all current waveforms maintained
their sinusoidal waveform.

The main goals of this experiment are to present the need for DC-link voltage balancing
and to validate the appropriateness of the experimental and simulation results.
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Figure 12. Experimental output currents’ waveforms and their corresponding FFT analyses.
(a) Inverter output load currents with third harmonic injection; (b) FFT analysis of a load current
waveform with third harmonic injection; (c) inverter output load currents without third harmonic
injection; (d) FFT analysis of a load current waveform without third harmonic injection.
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Figure 13. Experimental dynamic response of the inverter for step changes in the modulation index.
(a) Load current waveform when modulation index was changed from 0.6 to 1; (b) Load current
waveform when modulation index was changed from 1 to 0.6.
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Figure 14. Experimental dynamic response of the inverter for step changes in the modulation index.
(a) Load current and voltage waveforms when modulation index was changed from 0.6 to 1; (b) Load
current and voltage waveforms when modulation index was changed from 1 to 0.6.

4. Conclusions

In this paper, an augmented zero-sequence voltage injection into SPWM for a five-
phase, three-level neutral-point-clamped inverter was presented. The operational control
concept, wherein modified sinusoidal modulating waveforms and their derived min-max
functions are deployed in the generation of the switching pulses of the inverter, was ex-
plained in detail. A capacitor voltage control scheme that forces the splitting DC-link
capacitor voltages to track a reference voltage command in dynamic operating conditions
was developed. A wide range of load parameter variations (load power factors of 0.6 and
0.8) were used to show the performance of the five-phase NPC inverter under the aug-
mented zero-sequence voltage injection in SPWM. Dynamic operations with and without
the capacitor voltage balancing scheme were demonstrated. This presented control strategy
can be extended to the control of any other NPC-driven electric machines. Simulated and
experimental results were adequately presented for the five-phase NPC inverter.
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