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Abstract

Multilevel inverter topologies provide several advantages over two-level inverter configuration. These
benefits are the reason for the growing interest in multilevel topologies among research society. One of
the most popular topological concepts (diode and active switch clamping) requires neutral-point
potential balancing due to series-connected capacitor banks across the input dc link in such derived
inverter configurations. This paper presents a Sinusoidal PWM (SPWM) scheme that ensures balanced
and reduced input capacitor voltages’ variations in single-phase T-type inverter. Comparison analyses
with existing carrier-based pulse-width modulation methods are provided. Simulation results are
provided which showcase the effectiveness of the control approach. Experimental validation of these
results was provided with a five-level single-phase T-type VSI; that supplies single-phase RL load.

Introduction

In last decade, there is growing interest in multilevel inverter (MLI) topologies. Recently, MLI
topologies have been widely used in various applications such as: photovoltaic (PV) generations, wind
turbine systems, electric vehicle (EV) and telecommunication power systems, etc [1]-[3]. The multilevel
topologies provide some advantages such as: reduced voltage on the switches and lower total harmonic
distortion (THD) of the output voltages [3], [4].

In general, MLI can be classified into five main group: the flying capacitor, diode-clamped, cascade H-
bridge (CHB), matrix converters and hybrid topologies, [5]. The imbalance of the neutral point voltage
is an inherent problem of multilevel diode-clamped-inverter-derived topologies (neutral-point clamped
— NPC [6], T-type [7] and F-type [8] converters). NPC and T-type inverters are the most prominent,
with three-level configuration. NPC is the most widely used; nevertheless, T-type topology has low
conduction losses when compared to NPC inverter, [9]. Operationally, all variants of the diode-clamped
topologies are equivalent. Numerous modulation techniques have been proposed to improve the output
waveforms quality and achieve the dc-link voltage balance for various operational conditions. The most
popular modulation techniques can be divided into two groups: sinusoidal or carrier-based pulse-width
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modulation (SPWM or CBPWM), [10]-[14] and space vector pulse-width modulation (SVPWM), [15]-
[19]. Several studies propose different modification of SVPWM and SPWM to solve the problem of
input split dc-link voltage balancing. For space vector technique, the most popular technologies are
different variations of a virtual space vector PWM (VSVPWM). This modulation concept leads to
effective control of the dc-link voltage and reduced common-mode voltage (CMV), [20]. The main
disadvantages of the balancing scheme based on virtual vector approach are various characteristics under
different modulation index and power factor values. The higher the modulation impact is, the slower the
DC-link voltage balancing is. Another approach to control the DC-link voltage is to use different types
of controllers. This approach could be utilized by both modulation techniques, SVPWM and SPWM.
The basic solution is a proportional, P, controller utilized as an additional stage in the PWM generation
process, proposed in [21]. In the article presented in [22], the proportional resonant (PR) controller was
developed. This control approach was aimed at reduction of voltage drifts and as well as voltage ripples.
Due to the proposed structure, PR-controller utilizes two coefficients; similar to the conventional PI
controller, but with an additional integrator block. These parameters depend on the duty cycle of small
vectors and neutral point current, [22]. Just as different modifications of space vector modulation
algorithms were presented, many variations of carrier-based modulation algorithms were proposed for
the multilevel diode-clamped inverters, [23]-[25].

Natural balancing effect can be used for dc-link voltage control without any additional control scheme.
However, it can be applied only in proper conditions. Two approaches for natural balancing exist: use
of additional RLC balancing circuit, [26], and utilization of hybrid modulation method, [27].

This paper presents the concept of natural balancing in a single-phase T-type inverter shown in Fig. 1.
The natural balancing of the split dc-link capacitor voltages for this inverter is achieved by the injection
of balancing signal to the modulating signal. This work is organized as follows. Modulation method and
natural balancing of the neutral-point voltage is presented in section 2. The comparative analysis with
existing modulation method, simulation and experimental verifications are presented in section 3.
Conclusions are drawn in section 4.
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Fig. 1: Single-phase, five-level T-type inverter power circuit

Sinusoidal PWM with natural DC-link balancing

The simplified control block scheme of the modulation method is shown in Fig. 2. The index i is the
phase-leg number/notation, i=a,b. Sinusoidal reference waveforms, SIN, and balancing injection signal,
NPB, are obtained using (1) and (2).
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Fig. 2: Proposed SPWM control block scheme
SIN =m-sin(w-t) (1)

where m is a modulation index and w is the fundamental output frequency.
NPB=B,-i, 2)

where i, is an output current and B, is a balancing component of the injected signal. The structure of
the B, signal is similar to proportional regulator and value of B, could be obtain using (3).

B, =k, (Vo= Vey) 3)
where k), is a gain coefficient and V¢; and V> are lower and upper capacitor voltages.
The modulation signals block receives reference sinusoidal signal, SIV, and balancing component,

NPB. This block computes two signals, modip and modin, per each inverter leg. Modulation signal
generating at this step is expressed in (4).

if (SIN > 0)
modap = SIN + NPB; modan =1;
modbp = 0; modbn =1— SIN — NPB, 4)

else : modap = 0, modan =1+ SIN + NPB;
modbp = —SIN — NPB; modbn =1,

At the last step, modulation signals are compared with triangular carrier signal, T, whose peak values
are 0 and 1. The comparison equations that generate the gating signals are expressed in (5).

g, =modip>T; g,, =modin<T; g, =g, AND 'g,; (5)

Finally, three gating signals per one leg are generated. The switching sequence generated in such way provides a
high-quality output voltage and current waveforms; and efficient neutral-point balancing.

Simulation and experimental verification

To verify the effectiveness and performance of the proposed modulation technique, simulation studies
were conducted and experimental prototype was built. The power and logic circuit models of the inverter
topology in Fig. 1 and the proposed control scheme were derived in PLECS software simulation
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environment. Capacitances of the DC-link capacitors are 750 uF, the switching frequency is 5 kHz and
the dc-link voltage is 400 V. An RL load, 20 Q and 20 mH, is connected at the inverter output terminals.
Using the proposed modulation scheme, Fig. 3 shows the simulated inverter output voltage and current
waveforms; along with the input split capacitor voltages’ variations. With the same circuit parameters,
classical control method was deployed in the inverter control; corresponding input and output

waveforms are also shown in Fig. 3. Therein, the dynamic performances of these control approaches are
displayed.
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Fig. 3: Simulated output voltage, current and dc-link capacitor voltages waveforms for proposed and
conventional modulation techniques.

The FFT analysis of the output current and voltage waveform is shown in Fig. 4. The harmonic
performance of the proposed modulation method provides better THD value of the current, 0.34%
compare to 1,1% for conventional method. The THD values of the output voltage are relatively similar,
26.55% for proposed and 27,0% for conventional method.
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Fig. 4: Simulated output voltage, current and dc-link capacitor voltages waveforms for proposed and
conventional modulation techniques.
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To validate the effectiveness of the proposed modulation strategy, experimental study was conducted
using single phase T-type experimental prototype. Table I gives the main prototype parameters. The
Altera Cyclone II FPGA and ADSP21363L DSP processor were utilized to implement the proposed
modulation scheme.

Table I: Prototype specification

Specification
Capacitor bank 1100pF, 600V
RL load 400, 20mH
Switching frequency SkHz
Fundamental frequency 50Hz
DC-link voltage 400V
Power switches AIKWS50N60C

Using the proposed modulation scheme, Fig. 5 shows the experimental inverter output voltage and
current waveforms; along with the input split capacitor voltages’ variations. Modulation index was set
to 0.8 and dc-link voltage value is 400 V.
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Fig. 5: Experimental output voltage, current and dc-link capacitor voltages waveforms for proposed

modulation technique.

The dynamic performance of the proposed control approach, under step changes in the modulation
index, is shown in Fig. 6. The modulation index value was changed from 0.8 to 0.4 and back to 0.8.
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Fig. 6: Simulated output voltage, current and dc-link capacitor voltages waveforms for proposed and
conventional modulation techniques.

Fig. 7 shows the balancing effectiveness of the proposed modulation strategy during the experimental
verification studies.

Tek stop I | _
s TR . A A s
3
200 ¥ 200 v J[2.00 500 5/ o 19 May 2022
10k points  =52.04 12:31:21

Fig. 7: DC-link capacitor voltages’ variation without and with the neutral-point voltage balancing
component.

Conclusion

Presented in this paper is a novel SPWM technique for single-phase, T-type inverter characterized by
effective input split capacitor natural voltage balancing and reduced capacitor voltage variations. The
proposed modulation strategy allows the minimization of number of regulators in the neutral-point
voltage control scheme. The good performances shown in comparison with conventional modulation
strategies validate the effectiveness and prospects of this control approach. Simulation results have been
provided that show the effectiveness of the natural balancing in the proposed modulation technique for
three-level, single-phase, T-type inverter. Experimental validations have been performed on a prototype
inverter. Obtained experimental output waveforms matched in all respect with those of simulation
studies.
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