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1 | INTRODUCTION
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Abstract

Multilevel converters have seen rising demands in the past decades, due to their increased
power ratings, enhanced power quality, low switching losses and reduced electromagnetic
interference. Prominent among them ate the three-level (3L) neutral point clamped and
the flying capacitor inverter topologies along with their derivatives. Nevertheless, the main
drawback of these topologies is the requirement of a front-end boost DC-DC converter
to compensate the high dc-link voltage demand, which is usually twice the grid peak volt-
age. This multi-stage power conversion further pulls down the overall system efficiency.
A single-stage dc—ac power converter with boost capability offer an interesting alternative
compared to the two stage approach. Considering this aspect, a novel three-level three-
phase boost type inverter is introduced in this paper for general-purpose applications
(prominently grid-connected renewable energy). The proposed inverter would reduce the
DC-link voltage requirement to half using the same or even less number of active and
passive components, compared to the conventional three-level neutral point clamped and
flying capacitor family. The principle of operation and theoretical analysis are discussed in
detail. The design methodology along with simulation and experimental waveforms for a
5 kVA inverter are presented to prove the concept of the proposed inverter topology for
practical applications.

of their enhanced output waveforms, low switching losses and
reduced EMI.

Since the outset of photovoltaic (PV) systems in the mid 70’s,
intensive research in terms of technological (power electronics
and semiconductors) as well as economical (energy efficient)
aspects has witnessed remarkable developments. A tremendous
growth in the solar PV capacity installations was recorded in
2019, marking a total global capacity of at least 600 GW [1].
Figure 1, reveals the actual statistics of PV system implementa-
tion until 2019 [2].

Concurrent impact was bestowed upon inverter development
to accommodate the germinating market. Under this, provid-
ing a breakthrough for the conventional converter design was
the concept of multilevel inverters (MLI) that evolved in the
late 1970%. Multilevel inverters seized the technological atten-
tion and has seen increasing demands in the last decades because

Three level voltage source inverters (VSIs) illustrate certain
interesting advantages compared to two-level VSIs especially in
terms of higher voltage power conversion, where lower volt-
age stress on the switches and lower harmonic content exist
[3-5]. Two-level VSIs are often used under low switching fre-
quencies where they are comparatively more efficient. Higher
switching frequencies are more desirable in order to achieve low
rated passive components like inductors, which may result in the
reduction of overall weight and cost. Also, multi-level topolo-
gies permit replacement of the high voltage switches in two-
level inverters by low voltage switches, which are normally small
and cheap with high switching frequency handling capability. In
addition, the conduction and switching losses (small dz/d?) can
be reduced due to a low forward-voltage drop.
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FIGURE 1  Global cumulative PV installations from 2010-19 [2]

Conventional two-level topologies need to be switched at
higher frequency to meet the same output quality of three-level
topologies. Thus, a reduced switching frequency can be imple-
mented in MLIs. Numerous three-level inverter topologies have
been proclaimed in the literature since 1970% [3] followed by
several derivatives [6—9] with distinct features, as shown in Fig-
ure 2. With increasing voltage levels a better approximation to
a sinusoidal waveform can be achieved with the reduction in
passive filter components, also lower total harmonic distortion
(THD) and improved power quality.

Besides the reported advantages, a challenging factor in mul-
tilevel inverters is their structural complexity and control tech-
nique as the number of levels increase. Further, the 3L.-Neutral
Point Clamped (NPC) inverter topology poses high DC-link
voltage requirement (twice the amplitude of grid voltage), which
either needs an additional front-end boost DC-DC converter
or string of series connected PV modules to raise the DC-link
voltage for grid integration.

For instance, in the European grid to switch between the
positive and negative waveform for an output of 230 1/, at
least twice the peak output is required at the DC input. This
corresponds to an input voltage of 650 1 in a VSI, which
might be even higher in real-time applications. It reduces the
efficiency and reliability, whilst increasing the size and cost of
the system. The additional boost stage can be eliminated by
series connected PV modules, whereas the losses due to mis-
match between the modules and shading relatively reduces the
energy gain of the system.

Considering the above aspects in the development of a three-
level inverter, a novel three-level three-phase boost type inverter
is proposed in this paper (an extension of the single phase pro-
totype proposed in [10]).

The proposed topology offers an interesting alternative to
the conventional two-stage power conversion with a single-stage
dc—ac power converter accompanied by an in-built boost capa-
bility. This reduces the number of active and passive compo-
nents as well as their voltage stress, control complexity and the
required DC-link voltage significantly, impacting in the cutback
of the cost and size of the system. Overall, the efficiency and
reliability of the system will be improved. Figure 3 illustrates the
conventional two-stage converter (DC-DC and dc—ac) system
and single-stage (dc—ac) system with the proposed three-level
three-phase multilevel topology.
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FIGURE 2
topologies, a 3L-neutral-point clamped [3], b 3L-active-neutral-point clamped

Phase leg of conventional three-level three-phase inverter

[7], ¢ 3L-conergy neutral-point clamped [5], d 3L-stacked-neutral-point
clamped [9], e 3L-stacked-active-neutral-point clamped [9], f 3L-neutral-point
clamped T-type [8], g 3L-H-neutral-point clamped [7], h
N-3L-stacked-neutral-point clamped [9], i 3L-flying capacitor (FC) [4].
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and dc—ac) system and single-stage (dc—ac) system with proposed multilevel
topology

2 | PROPOSED INVERTER TOPOLOGY

The proposed topology is a common-ground type transformer-
less inverter based on the principle of flying capacitor, with four
active switching elements [10]. The uniqueness of this topol-
ogy undetlies in the fact that the negative voltage bus required
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FIGURE 4
discharging (red dotted-line) of the capacitor Cpc to create the negative voltage
bus

Principle illustrating the chatging (green dotted-line) and

during the negative fundamental cycle is fulfilled through a sin-
gle polarised input supply. This is achieved by the cyclic charg-
ing and discharging of the flying capacitor thus creating a virtual
negative bus. Since the neutral of the grid is directly connected
to the negative pole of the DC-bus, the leakage current is auto-
matically eliminated.

2.1 | Principle of operation

When the switches at position-1 (see Figure 4) are in high state,
the flying capacitor (Ciz¢) gets connected to the input supply
and charges upto the input voltage (400 V). Subsequently, as
the switch in position-2 turns high, the flying capacitor tends to
discharge and hence a negative voltage equal to the magnitude
of input voltage is observed at the output. Repeated operation
of the above sequence is ensured at high switching frequency to
maintain a constant voltage across the load. The phase leg of the
proposed three-level three-phase inverter including four power
switches and one capacitor, is shown in Figure 4.

While integrating into an inverter circuit (see Figure 06), the
contact points across position-1 are replaced by MOSFET-
diode series combination (or RB-IGBTs) for switches Sy and
Sy4 considering their bipolar voltage blocking requirement.
Likewise, the circuit across position-2 is fulfilled with MOS-
FETs in place of switches Sy, and Sy 3, establishing a unipolar
voltage withstanding capability. Switches Sy and Sy charges
the flying capacitor, whilst switch Sy, discharges it thereby cre-
ating the negative cycle. The positive cycle is delivered by switch

SX’_?,.

2.2 | Control and modulation strategy

The inverter modulation is handled using a standard unipolar
sinusoidal pulse width modulation (SPWM), as shown in Fig-
ure 5. Here, switch Sy 3 is modulated in reference to the positive
sinusoidal to generate the positive grid cycle and switch Sy is
modulated with negative sinusoidal reference to create the neg-
ative half of the grid cycle. Hence, only one switch carries the
load current during the positive as well as the negative cycle.
The switches Sy and Sy4 are modulated with a homogeneous
gate signal in both the positive and negative half cycle but com-
plementary to the primary sinusoidal reference. The charging
of the flying capacitor is achieved through switch Sy as the
switch Sy 4 turns ON, thus creating a zero state during both the

Sinusoidal reference

Positive state, Sx:

1.0 4
0.5+
0.0 _ vt
15 Negative state, Sx2
0.5

0.0 UUL UL,
Zero state, Sx1 & Sxv

os [T

0.0 JUUIELL

FIGURE 5 Unipolar SPWM modulation strategy for the switches

positive and negative cycle. These two switches experience high
frequency switching during both the positive and negative cycle.

2.3 | Modes of operation

To satisfy the power conversion process, three modes of
operation have been derived for this topology. The switching
sequence for a single phase construction is shown in Table 1.

2.3.1 | Positive state

The positive modulating signal is subjected for compatrison to a
reference triangular waveform in order to generate the required
pulse for switch Sy3. This creates a unipolar positive voltage at
the filter. Switches Sy and Sy 4 are OFF during this state, while
S remains OFF for the complete positive cycle.

232 | Zero state

Following every positive and negative state, the zero state is cre-
ated by turning ON switch Sy, along with switch Sy, thus
charging the flying capacitor through Syq and Sy, (see Fig-
ure 7). This ensures the capacitor charging in every switching

TABLE 1 Switching states of the power switches

States Sx1 Sx2 Sx3 Sx4
Positive state 0 0 1 0
Zero state 1 0 0 1
Negative state 0 1 0 0
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FIGURE 6 DPositive state operation of the proposed topology, red-dotted

lines indicate the active current path and the blue dotted lines depict the
reactive current path
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FIGURE 7
lines represents flying capacitor charging current path and the red-dotted lines

Zero state operation of the proposed topology, blue-dotted

indicate the active current path

cycle regardless of the power cycle polarity. High frequency
switching helps to reduce the size of the capacitor.

2.3.3 | Negative state

The negative modulating signal is correlated with the reference
triangular waveform to generate the required pulse for switch
Sy5. The charged flying capacitor acts as a negative DC-bus,
thus creating unipolar negative voltage at the filter (see Fig-
ure 8). Switches Sy1 and Sy, are OFF during this state, while
S5 remains OFF for the complete negative cycle.

The sequential repetition of the operating modes duting each
power cycle creates a unipolar positive and negative voltages
at the filter. This unipolar chopped voltage is then filtered
out to supply pure sinusoidal voltage and current at the load.
The existence of unipolar voltage switching helps to retain its
own advantages such as small filter demand, reduced switching
losses, low EMI and low ripple current at the output.

~
~
Q
=
I+

FIGURE 8 Negative state operation of the proposed topology,
red-dotted lines indicate the active current path and the blue dotted lines depict
the reactive current path

3 | THREE-LEVEL THREE-PHASE
BOOST CONVERTER CONFIGURATION

Conventional multilevel converter require two times the peak of
AC output voltage, which needs an additional front-end boost
DC-DC converter or string of series-connected PV modules
to lift the DC-link voltage up to 800 V for active power control
to the grid. This means the input DC voltage utilisation factor
of the conventional multilevel inverter is <50%, compared
to the proposed three-level three-phase inverter, where the
DC-link voltage utilisation is up to 100%. Figure 9(a) shows
the schematic of the proposed three-level three-phase boost
converter configuration with four power switches and one
capacitor per phase. The converter has similar semiconduc-
tor requirement and voltage stress as of conventional T-type
NPC topology, as shown in Figure 9(b) [5]. The phase voltage
and 3L-line voltage of the inverter clearly demonstrate the
improvement of input DC-link voltage utilisation to 100 %.

A comparative summary of the key features of the pro-
posed three-level three-phase converter with the conventional
3L topologies is presented in Table 2. The parameters and num-
ber of components are included for a phase leg only. The total
semiconductor count includes all diodes (antiparallel and/or
series), MOSFET and IGBT in the topology. For example, the
total semiconductor count in the proposed topology is 8, which
includes 2 RB-IGBT (2 IGBT + 2 body diodes) + 2 MOS-
FET (2 MOSFET + 2 antiparallel diodes). It is evident from

~ummm B .
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Phase vo llage (Uro)

Vde

FIGURE 9
3L-H-bridge-boost inverter, where the DC-bus voltage utilisation is < 100%, b
conventional 3L T-type inverter, where the DC-bus voltage utilisation is < 50%

Hlustration of input DC-link voltage utilisation in, a proposed
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TABLE 2  Comparative summary of the proposed topology with the conventional three-level topologies (per phase)
Proposed N-3L- 3L-Flying
3L-boost 3L-NPC 3L-ANPC  3L-Conergy 3L-SNPC 3L-ASNPC 3L-NPC 3L-H-NPC SNPC Capacitor
Parameter inverter [3] 71 NPC [5] [9] T-type [8] 7 [9] (FC) [4]
No. of 8 10 12 8 12 8 12 14 8
semiconductor
No. of capacitors 2 2 2 2 2 2 2 2 3
DC-link voltage 'be 2 1pe 2 e 2 1pe 2 1pc 2 e 2 1pe 2 pe 2 1pc 2 e
required for the
same output
voltage
Maximum voltage 21be 'be be 21pe 21be 'be 21pc 21be be

stress on the
semiconductor

the table that the proposed topology requires a minimal num-
ber of active and passive components. This effectively reduces
the Rpg,, and losses in the system. In addition to the reduc-
tion in number of semiconductor devices, the reduction in the
DC-link voltage requirement by two-fold is the notable contri-
bution compared to the traditional three-level NPC, ANPC and
FC inverter family. This will have huge impacts on the system
design, cost, efficiency, reliability and power density.

4 | CONVERTER DIMENSIONING

The operating parameters for the desired three-level three-
phase inverter are listed in Table 3. The design approach focus-
ing on the primary converter elements for a 5 kW grid con-
nected inverter is systematically presented in the following sub-

sections.

TABLE 3 Inverter operating parameters and component ratings
Parameter Variable Value

Grid voltage U, 230 Ve

Rated power (three-phase) b 5 kW

DC link voltage DC 400V

Grid frequency fu 50 Hz
Switching frequency Jaw 40 kHz
DC-link capacitor Ciy 300 uF, 600 V
Flying capacitor (per phase) Crct 360 uF, 600 V
Flying capacitor (per phase) Crco 120 uF, 600 V
Filter inductor L; 400 uH

Filter capacitor Ct 5 uF

Grid inductor L 56 uH
Switches Sx1,Sx4 C2M0040120D
Switches Sx2,5x3 C2M0080120D
Diodes Dy, D, C4D40120D
Load Ry 32Q

4.1 | DClink capacitor (C,)
The DC link capacitor is introduced as a decoupling element, to
ensure minimal voltage ripple at the input and thus limiting any
disturbance generated from the source (PV) to load and vice-
versa. This would help to sustain a pure DC voltage in the case
of more components being connected to the grid. In addition,
it acts as a low-impedance path for the ripple current generated
by the power switching circuits. It also plays a major role in mit-
igating the parasitic inductance of the converter power bridge,
which might cause inefficiency due to the voltage spikes gener-
ated at high frequency switching. The equivalent input capaci-
tance of the circuit is estimated in Equation (1), considering the
permissible voltage ripple across the DC-link (14,) and the crit-
ical case of the minimum duty cycle.

1,

ac,max Dmin

== 1
Cin AV, T @

Here Jxc max is the maximum amplitude of the grid current
[11], Dpin is the minimum duty cycle of the switch in the current
path, AT/, is the desired permissible voltage ripple and f, is
the PWM frequency. Considering the system parameters, for a
voltage ripple of 2 V and minimum duty cycle of 0.8, the DC-
link capacitance is rated at 300 pF [12].

4.2 | Flying capacitor (Cyc)

The flying capacitor plays a major role in the operation of this
converter topology. It would have a direct impact on the perfor-
mance of the converter by influencing the current stress on the
switches Sy and Sy, (in Cie charging path). For determining
an intact operating zone of the converter, a new element & is
introduced as a direct relationship between the size of the flying
capacitor and the DC-link capacitor.

_( Crc
- (&) @
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Ensuring the current stress on the power switches within
limits (5), the range of § is determined between 2 and 6 (2
< 6 £ 6). Too less the value of § would inctrease the voltage
tipple across the flying capacitor. Estimating the value of §
as 6, the flying capacitor is rated at 600 uF per phase. Also,
the current rating of the capacitor has to be taken into con-
sideration while selecting, to support the demand from the
load.

4.3 | Power switches (Sx1, Sx25 Sx3> Sx4)

From the operating principle it can be inferred that the voltage
stress on the switches Sy, and Sy3 would be twice the input
voltage (i.e. 800 V). Concurrently, the voltage stresses on the
switches Sy1 and Sy4 are equal to the input voltage (i.e. 400 V
— I'be)- The switches Sy 3 and Sy, completing the positive and
negative cycle respectively, experience a current stress equal to
that of the peak load current, (i.e. #10.16 A). On the other hand,
switches S| and Sy, are burdened by both the capacitor charg-
ing current as well as the load current. This charging current is
dependent on the duty cycle 4(#) of the referred switches in the
current path, load cutrent 75c and the capacitance ratio § of the
DC-link and flying capacitor.

40 = Dy - sn(@.) ®
Z.AC (f> = ]ac,max : ﬂ.”(a)'ﬂ (4)

Considering the approach presented in [13] the maximum
value of the charging current is evaluated using (5), where
Dy, 1s the maximum duty cycle of the switch in the cur-
rent path. It is directly proportional to D,

max and inversely pro-

portional to the rating of the flying capacitor. However, small
Dy (£0.8) reduces the DC-link voltage utilisation factor
and large Cizc (> 6) increases the cost and size of the flying
capacitof.

05 Dyue 2+06

j v = c— : 5
Fomas 1= T2 g Iacmas ©)

With an appropriately chosen Dy, (0.8< D, £0.95) and §
(from 2) the current stress on the relevant switches in the charg-

ax

ing current path is estimated between 2 /¢ mayx t0 5 Joc max- FOr
the current design, D, is considered as 0.85.

TABLE 4  Voltage and current stress distribution on power switches
Switches Voltage stress Current stress

Sx1 + I'pc R~ % : i—j * IAC,max

Sx2 +2Ipc R IAC,max

Sx3 +2Ipc R IACmax

Sy + Ipe ~ l% : T:—g + 1] Iac,max

4.4 | Outputfilter (L,C, L)

Among the prevalent filter topologies [14], a LCL filter config-
uration (see Figure 10) provides a better decoupling between
filter and grid impedance with an attenuation of 60 dB/decade.
It has a better current ripple attenuation with lower inductance
values [15]. Further, its small dependence on the grid parame-
ters is of major importance at high power applications, in order
to guarantee a stable power quality level.

The transfer function of the LCL filter is given as [10],

sCr+1

= H == 2
L+ 2Ly + L) + 5Ly + 1)

©)

While dimensioning, the filter values are referred as pet-
centage of the base impedance (Z},) and base capacitance (Cy,)
values (7).

Z—Unz d ¢ = !
b_Rl o b_wn'Zb

)

The main inductor (Z;) is dimensioned at 50% of duty cycle,
when the current ripple of the converter is at the highest [14].

I'be
L= AL T ®

max fsw

P2
AL =03 =—=)-2 9
max ( Un > ()
Here A/

[ hax 18 the maximum peak-to-peak ripple current, which
is limited to 30% of the rated current. The filter capacitor (Cy)
is designed as a factor of the base capacitance considering the
power factor variation (max.) to the grid as being 5%.

Ci=0.05-G, (10)

For dimensioning of the grid inductor (Z,), a ripple attenu-
ation factor is inferred. It is given as a ratio between the filter
impedance and the difference between resonant and switching
frequency [10],

i) 1
i(hs‘w) |1 + I'(1 - (L ° Ci) * wéw) X)l

)

Li 4 ip Le

o——TV¥ . T —o0
Ic
Vi Ve C ' Vg
: 1 :

LCL filter electrical circuit—single phase

FIGURE 10
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g 015 is the ambient temperature. Thermal resistance (Rinja) of the
"g t heatsink is evaluated as
g ool
RN -1
2 0,05 Rinja = —5— + Bineh + Binjma (15)
a, \\9\‘ d
&
%
o 05 . ! Iy =1+ R R, (16)
1 (relation factor between inductances)
FIGURE 11 Ripple attenuation as a function of the relation factor The power dISSIPated by the powet switches are estimated in

between the inductance at the inverter side and grid side

here 7 is the desired ripple current attenuation, obtained from
Figure 11. Choosing a ripple attenuation of 10% on the grid side
with respect to the current ripple on the inverter side, the grid
inductor is given as

12

)

1
10 i< | = 52 -

=271'

The resonant frequency (f,.) is ensured to be limited in the
order of ten times higher than the grid frequency and half of the
switching frequency, allowing the filter with sufficient attenua-
tion under the converter’s switching frequency.

4.5 | Heatsink
The lifetime of all semiconductor devices is inversely propot-
tional to their operating temperature [17]. For reliable operation
and long component life, it is vital to ensure adequate removal
of heat from the device. Figure 12 shows the heat transfer path
for a semiconductor device.

The junction temperature (7;) [18] as a compound of different
temperature zones is estimated as in Equation (14),

T = AT, + ATy, + ATy, + 7, (14)

where A7, is the junction and case temperature difference, A7,
is the temperature difference between case and heatsink and 7;

Input Output
Power | Powerloss | power

Chi 5 -
Chip-case "l LTI S Junction Temp. 7
Thermal resistance Chip-case A7
Rihje Transmission layers
Case-heatsink ¥ == e Lheomal pad B3 gase "ll“elnp, ﬁAT
: "ase-heatsin ch
Thermal resistance Tleat sk
. R{hch o - - - Heatsink Temp. 7h
Heatsink-Ambient Heatsink-Ambient,
Thermal resistance ATha
T T .. Ambient Temp. 7a

FIGURE 12 Heatflow model of a power MOSFET on a heat sink

(16), where Ry, is the thermal resistance from junction to the
ambient and 7j, is the estimated temperature of the individual
devices [19]. The thermal resistance of the heatsink in the cur-
rent design is estimated to be 0.9 K/Wi.

5 | SIMULATION AND EXPERIMENTAL
RESULTS

To verify the concept of the proposed three-level three-phase
inverter and the design approach, PLECS simulations were car-
ried out followed by hardware measurement on a 5 kW proto-
type. Figure 13 shows the prototype of a three-phase system.

The voltage ripple across DC-link capacitor is comparable to
the considered 2 V ripple limit. This shows a clean input DC
supply to the converter. The & factor ascertained as a trade-off
between the capacitor size and current stress on the switches, is
yielding a voltage ripple of 46 V.

The continuous current drawn by the inverter in a three-
phase setup, substantiates the topology better for PV sources.
It is also evident that all proposed three flying capacitors are
uniformly charged to a magnitude equal to the input voltage,
as shown in Figure 14. It was observed that the flying capaci-
tor voltage ripple is directly proportional to the change in the
power of load, with a maximum ripple of 46 V whereas, during
power factor variations the voltage ripple stays constant with a
minimal ripple of around 3 V. The SiC MOSFETs Sy and Sy4
(CREE-C2M0040120D) completing the flying capacitor charg-
ing path encounters the highest current stress at around 30 and
42 A (see Figure 16), whereas the switches in the positive and
negative cycle confronts a current stress (see Figure 15) of 12 A
due to the load, as estimated in Section 4.3.

Phase 1 Phase 3

Phasc 2

lDdD .
[ J
(%)

cceeneccccne

................

Heat sink & Power switches

=

FIGURE 13

Top view of PCB holding the primary elements
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Simulated voltage and curtent stress on the MOSFETSs in

The voltage stress on switches Sy and Sy, in the fly-
ing capacitor charging path is measured as 400 17, while the
maximum voltage stress on switches Sy, and Sy; (CREE-
C2M0080120D) was at 800 1. A steady state heat dissipa-
tion at the semiconductors is observed (see Figure 17) with a
maximum temperatute of 68 °C, thus ensuring a safe operat-

9.74 976 978 Time (5)

Simulated thermal behaviour of the semiconductors

FIGURE 17

ing zone for the devices. Focusing on semiconductor losses, in
simulation it is noticed that the conduction losses (poss(#) =
Von(?) * ipn(t)) are dominating the switching losses(Z =
Eon (”block’ ion’ T) and £ = Eoff(”block’ Z.off’ T)), which mlght
have a positive impact on the inverter efficiency. The losses
incurred by the individual semiconductor devices are shown in
Figure 18.

M Switching losses

4 i Conduction losses
N
30
2,5 |
8 2.5
5.2
5 15|
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0

Sx1 Sx2 Sx3 Sx4 D1
Semiconductor

FIGURE 18 Simulated switching and conduction losses of the power
switches
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FIGURE 19  Measured converter output current before and after the filter
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FIGURE 20
voltage, phase voltage (unfiltered) and line voltage

Measured three level voltage (unfiltered), filtered output

The LCL filter has provided better ripple attenuation with
a maximum peak to peak amplitude at the main inductor of
around 6.4 A, while the ripple at the grid inductor is only 84 mA
(see Figure 19). Operating at an input voltage of 400 V under
a resistive load of 32 Q for a 40 kHz switching frequency, the
desited rms voltage of 230 V (400 1) is obtained. The mea-
sure output waveforms are shown in Figure 20. A clean three
level output voltage is observed, thus manifesting the inverter
topology and the corresponding modulation technique is appli-
cable for a three-level converter operation. A smooth output at
the phase current is noticed with a peak of 10.3 A. The THD
of the output current is observed (in simulation) around 2.2%,
which is comparable to that of the conventional NPC topology.

A flat efficiency curve is derived based on the measurement
results at different power levels (see Figure 21), with a full load
(5 kW) efficiency of 97.53%. The thermal analysis on the hard-
ware (see Figure 22) established uniform heat distribution with
the device temperatures (max. 68.5 °C).
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FIGURE 21 Power vs efficiency analysis

Heat sink & Power switches

FIGURE 22

Thermal behaviour of the inverter circuit at full load

For evaluating the reactive power capability, a 33 mH induc-
tive load was connected across load and the output voltage and
current emphasising a lagging power factor (PT) of 0.93 was
detected (see Figure 23). The efficiency under a reactive load at
1.2 kW power level is 97.4%, which is comparatively high to the
efficiency of inverter at the same power level operating with a
resistive load. The current supplied from the inductive load has
reduced the power demand on the input side, thereby having a
positive impact on the efficiency. It is apparent that this flying
capacitor demonstrates a no harm operating mode, for induc-
tive loads.

Figure 24(a) shows the comparative simulated waveforms of
the proposed inverter with a DC-link voltage of 350 V and

Tek Prevu
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FIGURE 23  Operation of the inverter with reactive load
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FIGURE 24
three-phase diode clamped NPC inverter

Figure 24(b) shows the simulated waveforms of the con-
ventional NPC inverter with a DC-link voltage of 700 V.
Both inverters produce equal RMS voltage of about 400 7,
(230 11p) to a Y-connected load of 50 € each phase. The fifth
trace in Figure 24(a) shows an unfiltered three-level line voltage,
which is filtered out by a small filter (0.5 mH inductor and 2 uF
capacitors in each phase) to get a pure sinusoidal voltage and
current at the load. This preliminary simulation result shows a
twofold reduction in input DC-link voltage compared to con-
ventional three-level NPC topologies for the same output volt-
age. This will have a huge impact on the overall efficiency, cost
and size of the system design as it eliminates the front-end large
boost DC-DC converter. In addition, the proposed three-level
topology reduces the number of components (both active and
passive), high voltage insulation and spacing requirements and
offers better voltage waveforms at the output. The closed-loop
operation of the proposed topology was achieved my imple-
menting a state-feedback controller in [21]. The Controller was
able to establish the reference tracking with slight deviations in
at zero crossing — at positive going: due to influence of dead-
time and at negative going: sighting the abrupt change in the
source (i.e. switching between input capacitor and the flying
capacitor. Apart from the inherent deviations of the topology
at zero crossing, a smooth synchronisation was achieved.

6 | CONCLUSION

A new three-level three-phase PWM inverter has been devel-
oped and investigated analytically as well as experimentally with
a comparative study against the conventional 3L topologies.
This inverter exhibits an inherent boost capability, offering a
single-stage power conversion as an alternative for the con-
ventional two-stage conversion technique. Looking on a com-
parative perspective for producing 230 17, ¢ at the output, the
conventional NPC inverters require 700-800 [ at the input,
whereas the developed inverter requires only 350—400 I,
as shown in Figure 24. Hence, reducing the DC-link voltage
requirement by two fold. Therefore, it is apparent that the inves-

DC link voltage, Vde (V)

701
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04
-500 -

Line voltage, vac (V)

Line current, fac (A)

R RN TSe ae

5
400

Phase voltage, Vor (V)

-400 -
500

Lme—lme volta e, VRY (V)

0 <
-500 -

Time (s) 10 ms/div

(®)

Comparison of the simulated waveforms investigated on a, (a) three-level three-phase inverter flying capacitor boost inverter, (b) three-level

tigated inverter topology is suitable for various power conver-
sion applications, such as variable speed motor drive systems
and grid connected renewable energy systems.
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