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ABSTRACT

The existing neutral clamped active inverter has common mode voltage with the high frequency
which can reduce the severity with less voltage gain. The traditional active neutral point clamped
(APC) DC-AC converter maintains great common mode voltage with high-frequency (CMV-HF)
reduction capability so, it has limited voltage gain. The paper presents a new 5-level active neu-
tral point clamped DC-AC converter that can change voltage step-up in a single-stage inversion.
In the suggested design, a common ground not only reduces the CMV-HF but also improves
DC link voltage use. Compared with the traditional two-stage 5-level APC DC-AC converter,
the proposed design has lower voltage stresses and greater uniformity. While improving the
overall efficiency, the suggested clamped DC-AC converter saves three power switches and a
capacitor. Modelling and actual tests have proven the suggested active neutral point clamped
inverter's overall operation, efficacy and achievability. The proposed circuit is finally tested with

ARTICLE HISTORY
Received 31 March 2022
Accepted 12 April 2023

KEYWORDS

Five-level inverter; fault
compensation; multilevel
inverter

fault clearance capability.

I. Introduction

Power electronic circuits are mainly designed to con-
vert energy from one form to another with a speci-
fied level of voltage, which can be imported/exported
to the power grid [1,2]. In this power conversion
scenario, different varieties of power converters are
designed/identified by the researchers which are highly
suitable for the particular applications. Solar energy
power conversion-based applications need a trans-
formerless DC-AC converter, to avoid the bulky size
of the circuit, to reduce electromagnetic interferences
(EMI) and also to increase gain [3,4].

In DC-AC conversion, circuits isolation is required
between the DC source side and the AC load side to
avoid leak current emission and more common mode
voltage gain issues [5,6]. High-frequency common
mode voltage gain-related issue is attracting the atten-
tion over non-isolated transformer topologies. Specific
modulation techniques with clamping circuits are pre-
sented in the literature survey to control inverter topol-
ogy. Neutral-clamped active inverters are highly pre-
ferred in the market [6]. AC output is connected in the
DC link midpoint called neutral, and also capacitor is
clamped on it to stop leakage current [7,8]. A drawback
of the neutral clamped active (NCA) Inverter bridge is
its limited voltage gain, a part of the dc link voltage will
appear across the AC terminal. Conventional 5-level
converters have two-stage structures with boost conver-
sion operation, as shown in Figure 1, and the drawback
is double times the AC voltage is required to attain

dc link voltage. Recent researchers attempt to combine
the NCA inverter with a switched capacitor to enhance
voltage gain [9,10]. To enhance the voltage gain of the
circuit-switched capacitor connected with the dc link
capacitor in series are discharged at the same time.
While charging from the supply the same capacitor is
connected parallel with the dc link capacitor for sup-
plying the load. These topologies have disadvantages of
current spikes and more components.

Advancement in power electronic circuits has has-
tened the incorporation of different renewable sources
of power into the electric grid. In this regard, there is
a rising trend towards the creation of various types of
converters that are correctly matched to a wide range
of conversions [11,12]. Transformerless DC-AC con-
verters, which avoid the use of large transformers, are
among the common styles of converters that have lately
gained traction in solar applications [13,14]. The short-
age of isolation between both the DC supply and the
AC outputs, on the other hand, invariably results in a
CMV-HE which increases the danger of excessive fault
current emission [15,16].

In any transformerless topology, the CMV-HF issue
is critical. It has primarily been tackled by using specific
modulation schemes and DC-AC converter circuits
with extra circuits for clamping operation [17,18]. Nev-
ertheless, it is worth noting that the traditional APC
DC-AC converter, which is now commercialized, is
capable of mitigating HFCMV just by its form. The
solar cells’ stray capacitor is crimped across the DC link
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Figure 1. The conventional 5-level converter.

to avoid leakage current, when the ground of its ACload
current is linked midway in the capacitor at the DC link
[19,20]. The APC DC-AC inverter has a limited gain
in voltage because it may create a maximal AC range
of voltage that is 50% voltage of the capacitor-DC link.
As aresult, a dual-stage system with a first-stage power
converter, as shown in Figure 1, is often necessary to
achieve the voltage at the DC link need of at least twice
the AC maximum voltage.

Furthermore, significant efforts have been done to
boost the voltage gain by adding switching capacitors
into such an APC DC-AC converter structure. The
switched capacitors are exhausted in parallel with the
DC link to provide a raised voltage range, resulting
in increased voltage gain. It ought to be noted, nev-
ertheless, the switched capacitors must be charging in
tandem with the DC link before providing the load.
These cause current spikes. Furthermore, the intermit-
tent dc source current severely limits their use in solar
power systems. The constraints found in the switched
capacitor have carried topologies that rendered them
less appealing than the other two stages of an APC
DC-AC converter.

As shown in the Figure, this paper offers a revo-
lutionary single-stage 5-level DC-AC converter with
voltage step-up capacity. It is a replacement to the typi-
cal two-stage 5-level APC DC-AC Converter (FL-APC)
shown in the figure, with the following advantages.

(1) Decreased the number of switches from 10 to 7;

(2) Decreased the number of capacitors from three to
two;

(3) Increased DC link voltage use;

(4) Decreased DC-AC voltage stresses, so more effi-
cient;

(5) The use of ground common to reduce leakage cur-
rents;

(6) Step-up voltage capability within single-stage
inversion.

A new one-stage level NCA inverter with voltage step-
up capability is illustrated in Figure 2, which gives a
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Figure 2. The proposed 5-level converter.

solution and also overcomes the drawbacks of conven-
tional two-stage topology. The proposed converter has
seven switches instead of ten, the capacitor require-
ment is only two, and it increases dc link voltageuse.
Low cost, more efficiency and less voltage stress are
also add-on advantages. Common ground decreas-
ing or controlling leakage current and voltage step-up
with a single stage are big advantages. This paper is
organized with V sections; mathematical analysis with
modes of operation is reported in Section II. A com-
parison between the existing and proposed topology
is reported in Section III. Implementation of the pro-
posed system at both the simulation and hardware
level is reported in Section IV and finally concluded in
Section V.

Il. Modes of operation

The proposed 5L-NAC with common ground step-up
inverter topology is implemented for voltage step-up
5L ac voltage production from one-stage operation as
shown in Figure 2.

The comparison between conventional and pro-
posed topologies shows that the number of com-
ponents is reduced to enhance the conversion effi-
ciency. To increase the utilization of the dc link
voltage and control common voltage with high fre-
quency a common ground is used between ac and dc
sides. Because of this arrangement the dc link volt-
age and ac voltage are equal; this voltage is dou-
ble the times of a conventional inverter. Modes of
operation are explained with eight circuits which are
shown in Figure 3. The proposed concept has a con-
trol scheme based on pulse width modulation with a
level-shifted operation (PWM-LS). PWM-LS consists
of two switching parts: a signal generator and a state
generator.

Dc link voltage with AC voltage made decoupling
control is realized for comparing constant reference
with top triangular carrier for producing duty cycle
which increases voltage level. The step-up component L
is charged by constant (§) duty cycle that step up voltage
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Figure 3. Modes of operation.

across C,

Va
V= —2 1

Capacitor Cb voltage is controlled automatically at 50%
of the voltage. 5L voltage is generated between + V gpeak
and - Vgpeak- Peak AC voltage is given as
Va
Vor=1_"5 (2)
where the modulation index = M, considering duty
cycle § as a minimum, A, is the voltage gain given as

Vo1 M

o 3)
Vi (1—M)2

The proposed circuit operation is controlled by the

PWM-LS scheme. T and Tean are calculated from the

Vv =

current waveform
T M1
T, = Ogin—12= (4)
21 2M
1 IC,
= sin™ 5
mean 27Tf0 To, ( )

Change in the voltage of the capacitor, electric charge is
given by

10,1 T .1 1
AVC, = 14+ — —2cos|sin” —
Cyrtfo 2M 2M

1 1
— —sin"!'— (6)
M 2M



The capacitor voltage ripple of high-frequency com-
ponent and low-frequency component is derived as

AI'C,
AVCyf. = 7
o fs o, (7)
1e, = 2 ram—1)
7 Mn?

1
+2 (1 — 2MO sin—lm] (8)

Step-up inductor ripple current at the switching fre-
quency induced by pulse width modulation is given
as

DV,
L,f;

The inductor value is designed from the duty cycle,
voltage ripple, current ripple and supply frequency

Al = 9

_ AV.(1-D)

10
Alp, 27Tf5 (10)

lll. Topology comparison

This comparison is useful to evaluate the advantages of
the proposed inverter over the conventional inverter.
Voltage gain and voltage in the dc link are generalized
in Figure 4(i).

While considering AC voltages from the same dc
source, the voltage gain produced from both topologies
is the same. The proposed converter has the features of
more dclink voltage utilization, lower voltage stress and
standing voltage is less as shown in Figure 4(ii).

Input 100V DC is converted to 230 V AC and its
simulation waveform is noted in both conventional and
proposed circuits. From this comparison the proposed
converter required a DC link voltage lesser than con-
ventional topology and also more voltage ripple in the
flying capacitor during charging and discharging of
capacitor Cy at the fundamental frequency. Total Har-
monic Distortion (THD) is slightly higher during self-
balancing of Cp, due to the impact of filter component
output. Triangular carrier frequency is concentrated
by the proposed topology to dominate the harmonics
similar to the existing topology.

Common mode voltage with high frequency is
vanished by both the conventional and proposed as
illustrated in Figure 4(iii) (a) and Figure 4(iii) (b),
respectively.

Switches consume power and also power losses in
the other components are estimated at around 1kW.
Except for cost, the proposed topology fulfils some
important parameters such as the number of switches,
capacitors, dc-link voltage usage, efficiency and also
voltage stress.

The existing common mode voltage is above 300V,
frequency is oscillating in the existing topology,
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Figure 4. (i) Voltage gain comparisons. (ii) voltage stress
and total standing voltage comparisons. 4 (iii) (a) Five-level
output (b) THD value. (iv) Efficiency versus output power
comparisons.

whereas the proposed topology has fewer ripples, which
control common mode voltage. The proposed topol-
ogy efficiency is also higher due to the minimal number
of components in the circuit with one stage, as shown
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Table 1. Comparison of components and parameters.

Parameters 5L-ANPC 5L-UGANPC C-QSBI E-QSBI SL-QSBI TZSI VVS-DC link (Traditional) Proposed converter
Switches 7 8 9 7 7 7 8 7

Diodes 2 - - 8 8 11 8 7
Capacitors 3 3 3 3 3 3 3 2

Inductor 1 1 1 1 1 1 1 1
Switching stress High High Low High High High Low Low

Max. switch voltage 110 110 200 200 75 100 200 200

Table 2. Components’ specification
in the prototype model.

Parameters Value
Input voltage 100V
Capacitors 1nF
Inductor 3.5mH
Switching frequency 10 kHz
Load resistance 200
Load inductance 0.3H
Duty cycle 0.75
Modulation index 0.9
Boosted output voltage 200V

in Figure 4(iv). Components and their parameters are
compared in Table 1.

IV. Power loss calculation

Total losses in the circuit are conduction loss and
switching loss (Table 2). Total conduction loss in the cir-
cuit is real-time loss of all components combined over
the conduction period. So the total power is the product
of saturation voltage during ON time Von and current
during ON time Ion.

Total conduction loss (Pcon) is calculated in Equa-
tions (11) and (12)

(11)
(12)

Peon = Pcon(IGBT) + Pcon(diode)
Poon = Veg*xIc+ Vp*xIp

VcE and Vp are obtained from the curve of IGBT and
diode V-I characteristics are given in Equations (13)

and (14).
Veg = —2% 1077 % Ic? + 0.00181¢ * 0.9661  (13)
Vp = —1%10"" % Ip? + 0.0012Ip % 0.7796  (14)

Switching losses are calculated from the transition of
ON time and OFF time. Total switching loss (Ps,) is

calculated as given in Equations (15) and (16).
Psw = Pturn(ON) + Pturn(OFF) + Prect(diode) (15)

Py, = (P, turn(ON) + P, turn(OFF)) * fsw + P rect(diode) * fsw
(16)

Curves from approximation are given in Equations
(17)-(19)

Eton = 8 % 1077 % Ic* + 0.0023I¢ * 4.016 (17)
Etorr = 3% 1077 % Ic* +0.0011Ic % 3.158 (18)
ERecdiode = 7 % 1077 % Ic* 4 0.00391Ip * 6.654 (19)

Figure 5. Experimental set-up.

V. Experimental results

Simulation results are verified at the hardware level by
building a hardware prototype model from the pro-
posed topology with parameters such as a DC input
of 40V, capacitors each 1nF an inductance of 3 mH,
a switching frequency of 10kHz, a load resistance of
100 €2 and a modulation index of 0.9. The duty cycle
8 for converter operation is used up to 0.8; the experi-
mental model is illustrated in Figure 5.

Experimental and simulation waveform is measured
from the pure resistive load as shown in Figure 6. Boost
inductor L charging from DC supply with the duty cycle
8 of 0.8, which produces the output Vj is upto 200 V.
Because of the 5-level circuit output also has five-fold
structured voltage between 200V positive and nega-
tive; if DC is the continuous capacitor Cp, can balance
up to 100 V. For R load circuit output and positive fault
clearance is obtained within 2 s, as shown in Figure 7.

The sinusoidal load current with its magnitude value
is around 1.8 A. This is calculated and also obtained
practically from the impedance value of 100 ohms and
the input AC voltage of 180 V. Voltage gain from the-
oretical and practical is approximately 5. The theoret-
ical and practical results are almost equal as shown
in Figure 4 and Figure 8, respectively. Experimental
result and negative fault clearance are obtained within
2s from the proto-type model, as shown in Figure 5.
The load used in the prototype model is R load and
instantly load changes without affecting AC voltage.
Table 3 shows the comparison of parameters. Table 4
shows power loss distribution and Table 5 shows Resis-
tance, Modulation index and power.
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Table 3. Parameter comparison.

Fault cleared healthy output

X-axis Sms/div, Y-axis 100V/div

Figure 6. Normal input and output voltage.

M .

X-axis Sms/div, Y-axis 100V/div

Figure 7. Positive half-cycle fault and clearance.

X-axis Sms/div, Y-axis 100V/div

Figure 8. Negative half-cycle fault and clearance.

VI. THD calculation

Output phase voltage is expressed using Fourier series
expansion expressed in Equation (20).

o0

4
V() = Z —V, sin nay, (20)
n=13,5 7"

Parameters Traditional converter [12] Proposed converter
DCsside voltage 100V 100V

AC side grid voltage 200V 200V
Frequency 50 Hz 50Hz

Power output 200 W 300 W
Switching frequency 50 KHz 50 KHz
Efficiency 96.9% 97.9%

THD full load 12.6-18.3% 5.4-16.3%
Table 4. Power loss distribution.

Components Power loss % Power loss
Q1-Q4 19% 7.98W
Q5-Q¢ 9% 3.78W
Q7-Qs 15% 63W
Qo-Q10 15% 6.3W
Inductor (L) 42% 17.64W

Table 5. Resistance, modulation index

and power.

Components/Parameters Value
IGBT 0.10Q2
Boost inductor 022Q
Modulation index 0.9
Input power 2000 W
Output power 1958 W

Vn is the output voltage expressed in Equation (21)

4(Vyqcosnay + Vypcosnay + .. + Ve cos nay,)

Vn
nw
21
THD is expressed in Equation (22)
0 4 ;
—135 7o VuSinno
THD = \/ =135 7 . S X100 (22)
n

If the output power is greater than 60% THD the
obtained value is 4.5% during both modes of operation.
The designed prototype converter with the specifica-
tion of 48 V and 250 W achieved a THD value of 2.3%.
A comparison between traditional and proposed con-
verters [12] is given in Table 3. Efficiency and THD
values show the proposed converter with the prototype
model is better than the traditional converter. THD
values from different power and switching power loss
comparisons are shown in Figures 9 and 10, respec-
tively, where it is obvious that much higher efficiency
can be achieved by the proposed converter than the
traditional converters. Detailed power loss breakdown
of active switches of the proposed converter and the
traditional converter is calculated.

VIl. Conclusion

A newly designed 5L NCA DC-AC converter is pro-
posed in this paper. The proposed 5L NCA DC-AC
converter can suppress common mode voltage from
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Power Loss Comparison
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Three different input voltages
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)
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Power loss of the switches

Figure 10. Switching power loss comparisons.

high frequency, with some add-on merits such as volt-
age step-up, voltage usage, limited stress from voltage
and more compatibility. The above advantageous fea-
tures are obtained from one-stage = structured topol-
ogy without compromising efficiency. Validation of the
proposed topology results in simulation and hardware
levels. Hardware model results are feasible and also
viable in all the levels of voltage from different condi-
tions and also fault clearance is found. Fault clearance
is obtained within 2s.
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