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ABSTRACT This paper presents an effective voltage control scheme for an open-end winding (OEW)
inverter topology with a single DC supply. The proposed configuration consists of a 3-level flying capacitor
inverter at one end, and a floating capacitor fed 2-level inverter at the other end. This dual inverter
configuration is operated in the maximal distention mode. i.e. the voltage ratio of the inverters is maintained
at 4:1 to get the largest number of effective pole voltage levels. Maximal distention mode has the advantage
of good power quality and low voltage stress. A major drawback of open-end winding inverter topology
with a single source in maximal distention mode is the inability to charge balance the floating capacitor in
the full space vector region, which limits the battery utilization as well as the magnitude of output voltage.
In this work, a modified modulation technique is proposed to maintain the floating capacitor at the desired
level, attaining a 13.1% increase in the output voltage magnitude, resulting in an improvement in the battery
utilization in the same proportion, yielding a smaller and less expensive system. Simulation and experimental
results corroborate the proposed modulation technique and voltage control scheme on a 3HP, 3-phase, 415V,
1440 rpm open-end winding induction motor.

INDEX TERMS Dual inverter (DI), flying capacitor multilevel inverter (FCMLI), maximal distention, open-

end winding induction motor (OEWIM), space vector pulse width modulation (SVPWM).

I. INTRODUCTION

Multilevel inverters (MLIs) are quite popular as it has
many advantages like low Total Harmonic Distortion (THD)
in current and voltage and reduced switch voltage stress
compared to conventional 2-level inverters. Neutral Point
Clamped (NPC), Flying Capacitor, Cascade H-bridge, etc.
are some of the widely used MLI topologies. As the number
of voltage levels in an MLI increases, the NPC MLI and
Flying Capacitor MLI (FCMLI) topologies require additional
components like clamping diodes and flying capacitors
respectively, whereas the cascade H-bridge MLIs require a
greater number of isolated sources [1], [2], [3]. Besides these
topologies, there are multilevel inverter schemes such as dual
inverter open-end winding (OEW) schemes, and modular
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MLI as derived from the conventional topologies [4]. The
main advantage of the dual inverter fed open-end winding
configuration is that it has reduced DC link requirement and
low voltage rating for the switching devices. Based on the
number of sources used, open-end winding MLIs can be
classified into two: single source topology and multi-source
topology. Single source topology is of two types: (i) single
source feeding both the inverters after eliminating common
mode voltage [5], [6] (ii) single source feeding one inverter
and the other inverter powered by floating capacitor [7], [8],
[9], [10]. The main disadvantage of the second scheme is its
ineffective utilization of the linear modulation range due to
floating capacitor charge balance issues. In [11], OEWIM
supplied by two flying capacitor multilevel inverters are
discussed. However, the configuration requires two voltage
sources. Several OEW topologies are realized with a reduced
number of switches in [12]. However, all these configurations
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FIGURE 1. Multilevel inverter configuration for the proposed control
scheme.

use two voltage sources. In [13], an open-end dual source
multilevel inverter topology eliminates all the 6n + 1 (n is an
odd positive integer) harmonics from the phase voltages in the
entire modulation range. Again, this configuration requires
two voltage sources. In [14], a 3-level and 2-level inverter
are used to feed an OEWIM. With this scheme, a higher
waveform quality and an enhancement in linear modulation
range are achieved. However, this scheme requires three
isolated voltage sources.

A 5-level inverter scheme using a single DC link with
a reduced number of floating capacitors and switches for
OEWIM drives is proposed in [9]. At a source voltage ratio
of 4:1 (see Fig. 1), this topology can generate the maximum
number of effective pole voltage levels giving a 6-level
space vector diagram (maximal distention mode) [15], [16].
However, due to floating capacitor charge balance issues,
the outermost layer of space vectors (Fig. 2) could not be
utilized (i.e., space vector locations up to a space vector
level of N = 5 could only be used). This restricted the
linear modulation range to 0.866V,., whereas it could go
theoretically up to 1.0825V,;, as shown in Fig. 3. This reduces
the utilization of DC link voltage. In [17], an MLI scheme
with cascade H-Bridges is presented. This scheme achieves
an extension of the linear modulation range of 0.955V,,. but
uses 30 switches and 6 capacitors. In [18], a 5-level cascade
H-Bridge topology with a single source has been proposed.
This uses only 21 switches as compared to that in [17], but
extension achieved is only upto 0.945V;.. In [19], an OEWIM
scheme capable of extending the linear modulation range to
0.955V,, is presented. However, this configuration requires
a large number of switches (24 nos.) to get the extended
linear modulation range. In [20], two numbers of 3-level NPC
inverters are used. The linear modulation range is extended to
0.955V,.. But the configuration is not operated in maximal
distention mode and the configuration requires 24 switches
and 4 capacitors.

From the above discussion, it is clear that the existing
OEW topologies with a single source in the maximal
distention mode do not properly utilize the entire linear
modulation range due to less number of redundant states
for charge balancing of capacitor. In this paper, a voltage
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FIGURE 2. Voltage space vector locations in the maximal distention
mode. (Yielding 6-Level Space Vector Diagram.)
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FIGURE 3. Extension of linear modulation range.

control scheme for a 6-level dual inverter topology for OEW
configuration with a single source and reduced number
of switches (18nos.) is proposed. This voltage control
scheme helps to increase the magnitude of output voltage
in the linear modulation range, resulting in increased DC
link utilization. By incorporating suitable changes in the
modulation technique, the space vectors in the outermost
layer are effectively utilized yielding a linear modulation
range up to 0.98V,,.

This paper is organized as follows: Section II discusses
the cascade 3-Level-2-Level dual inverter (DI) topology. The
operating principle, capacitor voltage control, and modula-
tion technique are explained in section III. Sections IV and V
discuss the simulation and hardware results respectively.
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Finally, section VI summarizes the key findings and benefits
of this work.

Il. CASCADE 3-LEVEL-2-LEVEL DI TOPOLOGY

The circuit diagram of the 3-level-2-level cascade DI
topology is shown in Fig. 1. The induction motor is fed
by a 3-level FCMLI on one end and the other end of the
motor is connected to a conventional 2-level inverter with a
floating capacitor. A single DC source, Vg is utilized which
is connected to the 3-level FCMLI, and this in turn charge
balances the floating capacitor of the 2-level inverter at V. /4.
Here H,,, Hg,, Hgy, Hy, are the switches of the phase-A of the
flying capacitor inverter (INV1), and Sy, , S4, are the switches
of the phase-A of the 2-level inverter (INV2). H,, and H,,
are complements of H,, and H,, respectively. Also, Sy, is the
complement of S, . For the FCMLI, level 2 indicates that the
top two switches (Hy,, Hy,) are ON, level 1 means alternate
switches (H,, and H,, or H,, and H,,) are ON and level 0
means bottom two switches (Hy;, H,,) are ON.

« Pole voltage of the 3-level inverter is given by
[Vaix VBix Vel =05VelH, Hy Hel (1)

where, Vy4,,, Vpy and V¢, are the pole voltages of
inverter 1 (INV1) and H,, Hp, and H, are switching
functions that can take values O, 1 or 2.

« Pole voltage of the 2-level inverter is given by

Wiy Vay' Ven'l =025 VaelSa Sp Sl (2)

where, Vy, 7, Vg, s, and Vi, r are the pole voltages
of inverter 2 (INV2) and S,, Sp, and S, are switching
functions that can take values O or 1.
The resultant voltage space vector or equivalently, the
reference voltage Vs for the resultant space vector [13] is
given by

Vier = Va,a, + Va5, 4 Ve 0, 3)

The topology is capable of generating a 6-level space
vector diagram, based on this equation, as shown in Fig. 2
for a voltage ratio of 4:1. More details are given in the
next section. The outer layer is also considered in this work
unlike that in [9] where charge balance issues in the floating
capacitor limit the magnitude of Vs to 0.866V,. only as
already mentioned in the introduction.

Ill. PRINCIPLE OF OPERATION

A. SPACE VECTOR STRUCTURE

The 6-level space vector structure (SVS) in Fig. 2 represents
all the possible pole voltage combinations obtained by
superimposing 3-level inverter space vectors and 2-level
inverter space vectors [9]. In the 6-level space vector
structure, there are a total of 216 states occupying 91 space
vector locations. Space vector locations indicated by star
notations are states without redundancies. There are adequate
numbers of redundant states in the inner layers as denoted by
circle or triangle notations. Space vector locations indicated

26214

TABLE 1. Mapping of switching function with switching states.

Switching states 1 2 3 4 5 6 7 8 9

—_

Switching function | 100 | 110 [ 010 [ 011 | 001 | 101 | 111 | 000 | 002

Switching states 10011 (121314 |15]16]| 17| 18

Switching function | 012 | 020 | 021 [ 022 | 102 | 112 | 120 | 121 | 122

Switching states 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27

Switching function | 200 | 201 | 202 | 210 | 211 | 212 | 220 | 221 | 222

by circles have both charging as well as discharging states.
Space vector locations denoted by triangles indicate neutral
state locations i.e., the voltage level of the floating capacitor
is unaffected [21].

TABLE 2. Status of capacitor Cr, based on switching function of
inverter 2 and phase current direction.

Switching function of INV 2
Current Direction

000 | 100 | 110 [ 010 | O11 | OO | 101 | 111
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B. CAPACITOR VOLTAGE BALANCING

The voltage of the flying capacitors C,, Cp, and C. are
maintained at Vg./2 and their charging and discharging
depend on the respective phase current directions. Voltage
balancing of the flying capacitors can be done only during
level 1 of the INV1 i.e., when the alternate switches H,; and
H,3 or Hyy and Hyg of the INV1 are ON. Charge balancing of
the floating capacitor Cr depends on the direction of all the
three- phase currents i, ip, and i.. Table 2 gives the charging
and discharging states according to the direction of current
for the floating capacitor Cr. Here ‘C’ stands for charging,
‘D’ for discharging, and ‘N’ for neutral status. The currents
ia, ip, and i, are taken as positive when they flow from INV 1
to INV2 through the respective phase windings.

Consider a point ‘P’ (indicated by a pentagon notation)
in Fig. 2. The nearest 3 vectors concerning point ‘P’
are 227, 224, and 225. However, it may be noted that
by switching these vectors, the balancing of the floating
capacitor Cr is not possible due to the absence of a
sufficient number of redundant switching states. To balance
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FIGURE 4. Charging of capacitor Cq and discharging of C (State 15).

the capacitor, vectors 222 & 15, 195, and 225 are switched
instead of the nearest three vectors. Table 1 indicates all
the possible switching states of the inverters (Inverter-I and
Inverter-1I) and the corresponding switching functions. It may
be noted that inverter-II is a 2- level inverter and has only
8 switching states, shown as switching states from 1 to 8
(switching states 1 corresponds to the switching function 100,
switching state 2 corresponds to the switching function
110 etc.). Inverter-I is a 3-level inverter and it can have all
the 27 states. ie. switching states from 1 to 27 (ie. switching
functions from 100 to 222) as indicated in table 1. It may be
noted that the last digit of the vector denotes the switching
state of INV2. The remaining digits denote the switching state
of INV1. The switching state representation of the switching
functions makes the notations very compact. For example,
in state 15 (see Fig.2), the first number ‘1’ indicates the
switching state of INV1 and the second number ‘5’ indicates
the switching state of INV2. From Table 1, ‘I’ stands
for 100, and ‘5’ stands for 001. Similarly for state 222, 22’
(first two digits of ‘222”) stands for 210 (INV1), and 2 (last
digit of 222’) stands for 110 (INV2). Floating capacitor Cr
discharges during state 15 and charges during state 222. Fig. 4
and Fig. 5 show the current paths for states 15 and 222

To understand the charging and discharging of flying
capacitor ‘C,’, consider INV1 in Fig.4, here the alternate
switches of phase-A are ON, say H,, = 1 and H;, = 0. For
iqc >0,Hy =1;Hy, =0, charges C, and Hy;1=0; Hpp =1,
discharges C,. Butif iy <0, H;; = 0; H,, = 1, charges C,
and H,, = 1; H,, =0, discharges C,. Similar is the case with
other phases.

C. MODULATION TECHNIQUE
In this paper, the modulation index is defined as

Vref

=" — “
1.25V . cos 30°

where Vs is the length of the reference vector.

For the modulation, space vector pulse width modulation
(SVPWM) is implemented using the hexagonal decompo-
sition method, i.e., each hexagon is mapped to a 2-level
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FIGURE 5. Charging of both Capacitor Cp, and Cp (state 222).
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FIGURE 6. Mapping for V,os > 0.866V ., outer layer.

hexagon [22]. For higher level multi-level inverters where the
density of space vectors in the space vector diagram is very
large, nearest vector switching methods [23], [24] may also be
attempted which obviates duty cycle computation burden at
the expense of slightly higher harmonic distortion. However,
since the number of levels is not large (6-levels in this paper),
the hexagonal-decomposition based duty cycle computation
is adopted and it is a very simple and straightforward
scheme.

In the outer layeri.e., Vier > 0.866V, the 6-level hexagon
(outermost hexagon) is divided into six 4-level hexagons,
then each 4-level hexagon is further divided into six 3-level
hexagons. These 3-level hexagons are mapped to the vectors
of the basic 2-level hexagon as shown in Fig. 6. The centre
of the 6-level hexagon is indicated as ‘O’. Points A, B,
C, D, E, and F are the centres of the 4-level hexagons.
Points G, H, I, J, K, and L are the centres of the 3-level
hexagons.

Consider any arbitrary point ‘P;’ in the outer layer (see
Fig. 6). Point ‘P’ lies in the 3-level hexagon with centre ‘G’,
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FIGURE 7. Mapping for V,f < 0.866V, inner layer.

which is a part of the 4-level hexagon with centre ‘B’. The
criteria for selecting the switching vectors are as follows:
1) Shift the centre ‘O’ to centre ‘B’.
BP, = OP; — OB
2) Shift the centre ‘B’ to centre ‘G’.
GP; = BPy — BG
3) Nearest vectors are Q, R, and S but to balance the
floating capacitor voltage, vectors M, G, and S are
switched.

The switching time 77, T2, and T are given by:

T, = K(Vao sin (%) — Vgocos (%) ) (5)
T, = K(Vﬂo cos (w) — Vyosin (@) )
(6)
k=L %
 \sin(%) Y%
To=T; — (T + T) (8)

Here V0 and Vgo are the components of vector GP in
o — B frame. The switching time of the active vectors is
denoted by 77 and T, and that of the null vector is 7. Ty is the
switching period and n is the sector number which can vary
from 1 to 6.

Selection of switching vectors for the inner layer i.e.,
Vi < 0.866V,. is depicted in Fig. 7. Here the 5-level
hexagon with centre ‘O’ is considered and divided into six
3-level hexagons with centres at A, B, C, D, E, and F.
Next each 3-level hexagon is further divided into six 2-level
hexagons with centres G, H, I, J, K, and L. For an arbitrary
point P, in the inner layer, the nearest vectors G, R, and
Z are switched and the corresponding switching times are
calculated using (5)-(8) by replacing % with %.
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IV. SIMULATION RESULTS

The simulation was done using MATLAB and PLECS
software. All the results are shown at no load operation
as it gives the worst case THD performance. Fig. 8 shows
the simulation results for 15Hz, 30Hz, 45Hz, and 48.45Hz
operation. It can be noted that as frequency decreases, the
number of levels gets reduced. At 48.45Hz, 45Hz, and 30Hz,
the pole voltage of INV1 has 3 levels, while at 15 Hz, it has
only 2 levels. As shown in Fig. 8 pole voltage of INV2 has a
2-level operation at all frequencies.

The performance of capacitors during charging is shown
in Fig. 9. No pre-charging is used and therefore initially the
capacitor voltages are zero and rise to the desired values
from the initial uncharged voltage. The flying capacitor
C, and floating capacitor Cr are maintained at Vy./2 and
Vic/4 respectively, irrespective of the magnitude of output
voltage. However, for the outer space vector region, charge
balancing of floating capacitor Cr is quite difficult as the
redundant state switching time is less. Therefore, it takes a
longer time (about 3s) to reach the steady state value (refer to
Fig. 9d). It may also be noted that the time to attain a steady
state value for flying capacitor voltage V¢, is quite small and
is not affected by the change in magnitude of V.

Fig. 10 shows the simulated plot of the harmonic spectrum
of the phase current (magnitude in % of fundamental)
and the THD; Vs frequency graph is shown in Fig. 10b.
It can be seen that the modulation strategy gives low THD.
Theoretically, the magnitude of Vs could be varied up to
1.0825V,. (refer Table 3) i.e., an increase of 25% in the
linear range. Due to charge balance issues, the magnitude of
Vyer could be varied only up to 1.05Vy. (21.25% increase in
the linear region) in the simulation study with the switching
frequency of 5kHz. A lower value is obtained for Vs in
the hardware experiment compared to the simulation due
to various non-idealities and power losses. Table 3 gives a
comparison of attainable modulation index, maximum V.,
and DC link utilization attained with the proposed scheme
with that in [9] of the 3-level-2-level DI in the maximal
distention mode. It can be noted that the proposed method
gives much better performance.

V. EXPERIMENTAL RESULTS

Open loop v/f control is performed on a 3-phase 2.2kW,
415V, 50Hz 1440 rpm OEW induction motor to verify
the operation of the proposed modulation technique. The
experimental setup is shown in Fig. 11. The proposed scheme
is implemented using DSP TMS320F28335 and FPGA
spartan 6. The block diagram of the implementation scheme is
shown in Fig. 12. The FPGA was used to provide deadtime for
all the switches and also for realizing the space vector PWM
and capacitor charge balance through suitable operation of
power switches from the PWM data as available on the PWM
ports of the DSP and the capacitor charge status (Please see
Fig. 12). The DSP processor alone cannot do the operations
as the DSP operates sequentially whereas the PWM operation
and charge balance of the FC multilevel inverter demands
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FIGURE 9. Performance of the capacitors during charging: (a) Capacitor Voltage V¢, at 45Hz Y-axis:100V/div, X-axis: 0.2s/div;
(b) Capacitor Voltage V_ at 45Hz Y-axis:50V/div, X-axis: 0.2s/div; (c) Capacitor Voltage Vc, at 48.45Hz Y-axis:100V/div, X-axis:

0.1s/div; (d)Capacitor Voltage VC at 48.45Hz Y-axis:50V/div, X-axis: 1s/div.

simultaneous operation of different switches. Two current the ADC of the DSP. The PWM signals and status of voltages
sensors and five voltage sensors are used to convey the status and currents are communicated to FPGA and the switches
of the stator currents and DC link and capacitor voltages to are triggered after decoding the information. The switching

VOLUME 12, 2024 26217



IEEE Access

K. V. Vasuda et al.: Effective DC Link Utilization of Multilevel Dual Inverter With Single Source

100} .
80} .
60} .

N
o=
40} o A
o
20+ Soos—o st —5555 5056 w056 Sooo ]
o

0 2000 4000 6000 8000 10000 12000 14000

(a) Simulated plot of the harmonic spectrum of the phase current (magni-
tude in % of fundamental) at 48.45Hz:Y-axis: 20%/div, X-axis:2000 Hz/div

THD;=1.62%

FIGURE 10. Current THD : Simulation results.

TABLE 3. Control strategy comparison.

Maximum
Modulation DC Link Maximum
Modulation
Technique Utilization | Output Voltage
Index
Theoretical Value 1 100% 1.0825V,.
Scheme used in paper [9] 0.8 80% 0.866V,,
Simulation
Modified 0.97 97% 1.05V4
Results
Modulation
Hardware
Technique 0.905 90.5% 0.98V,,
Results

71/

\ 3 phase 50Hz
Autotransformer

— et
TMS320F28335

Filter circuit

415V, 3 phase,50Hz
4 pole,OEW IM

\3

FIGURE 11. Experimental setup.

frequency is SkHz and a dead time of 2 ws is also provided.
The design of capacitors is done according to the equation
C = (I,Ty/AV). Here, I, is the peak phase current, T; is
the sampling period and AV is the peak ripple voltage
of the capacitor. The capacitance value is proportional to
the magnitude of the current. So as power rating increases
current increases and hence required capacitance value also
increases. The pole voltages are measured using high voltage
differential voltage probes (Tektronics P5200A). The phase
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FIGURE 12. Functional block diagram of the control scheme.

currents are measured using current probes (Tektronics
A621). The inverter and motor specifications are shown in
Table 4. The steady-state results are shown in Fig. 13. The
phase voltage, phase current, and pole voltage of inverter 1
and inverter 2 for 45Hz, 30Hz, and 15 Hz are depicted
in Fig. 13 (a), (b), and (c) respectively. It can be seen that
the current waveform is sinusoidal with low distortion.
Fig. 13 (d) shows the inverter 1 floating capacitor voltage,
inverter 2 flying capacitor voltage, and input DC link
voltage respectively. The results are shown at no load for a
DC link voltage of 470V. At 45 Hz and 30 Hz operation, the
pole voltages of inverter 1 have 3-level output, and inverter 2
has 2-level output.

But at 15Hz operation pole voltages of both the inverters
have 2-level output. Fig.15 shows the DC link voltage and
flying capacitor voltages of respective phases. It can be
observed that the all the flying capacitor voltages are well
balanced at V;./2. Fig. 17 illustrates the effectiveness of
the proposed charge controlling scheme in reinstantiating
the capacitor voltage. Fig. 17 shows the phase current i,,
the flying capacitor voltage V¢,, and the floating capacitor
voltage V(.. At points ‘A’ and ‘C’ the charge control
of V¢, and V¢, is disabled and is re-established at ‘B’
and ‘D’ respectively. The time taken for Cr to regain the
voltage is a bit longer when compared to that of C,. This
is because as ‘V,,s’ increases the time taken in stabilizing
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TABLE 4. Inverter and motor specifications.

Specifications

3 HP, 3-Phase induction motor
Voltage: 415V

Current: 4.2A

Speed: 1440 rpm

Poles: 4
IGBT:SKM100GB12T4
DC rail voltage: 470V

DC rail Capacitor: 1100pF
Flying Capacitor : 2200uF
Floating Capacitor 4400uF

TMS320F28335

Components

Motor specifications:

Inverter specifications:

DSP Processor CPU Frequency:150MHz
ADC resolution: 12 bit
FPGA SPARTAN 6

CPU Frequency: 5S0MHz

the voltage of floating capacitor V¢, is more, due to the
lack of sufficient redundant states in the outer layer. Fig.16a
shows the measured harmonic spectrum of phase current
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TABLE 5. Comparison of other 5-Level inverters with extension of linear
modulation range.

bC Linear
TOPOLOGY | Switches | Capacitors | Diodes Modulation
Supply
Range

Paper [17] 30 6 0 1 0.955V,,
Paper [18] 21 5 12 1 0.945V,,
Paper [19] 24 4 0 1 0.955V,
Paper [20] 24 4 12 1 0.955V,
Proposed Scheme 18 4 0 1 0.98V4

Ver 1 25V/div

Ve, 12 50Vidiv

Ve 3 500Vidiv
z

FIGURE 14. Capacitor Voltages Traces: (1) INV2 Floating capacitor
Voltage VCF' (2) INV1 Phase A Flying capacitor Voltage Vc,, (3) Input DC
link Voltage V..

Vie 1 250V/div

Ve, 2 J00vidiv
o Ve, 3 100V/div
oV, 14 toovidv
|
B

FIGURE 15. DC link and Flying capacitor voltages, Traces : (1) DC link
voltage Vg, (2) Phase-A flying capacitor voltage V, (3) Phase-B flying
capacitor voltage Vc (4) Phase-C flying capacitor voltage Ve, at 45 Hz
operation.

at 45 Hz. In hardware the measured THD is 7.3 %. Fig.16b
depicts the THD Vs frequency plot. It can be noted that at
higher frequencies THD is lower compared to that at lower
frequencies. The THD figures are higher in the hardware
results due to various non-idealities such as deadtime,
switching delays, core saturation etc.

The waveforms during the starting of the motor are shown
in Fig. 18. It can be seen that the floating capacitor and flying
capacitor voltages rise to the desired value without any pre-
charging requirement. The acceleration characteristics are
illustrated in Fig. 19. It can be noted that smooth acceleration
is obtained with the proposed scheme. In both steady and
transient states, the capacitor voltages are well balanced.
As given in Table 3, the modified modulation technique
achieves 90.5% DC link utilization. The modulation index
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FIGURE 16. Current THD : Hardware results.
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FIGURE 17. Disabling the charge control scheme of flying capacitor Vc,
of inverter 1 at time ‘A’ and re-establishing the charge control at ‘B’; and
that of floating capacitor V_ at time ‘C’ and reestablishing the charge
control at ‘D, at 45 Hz operation and x-axis:1s/div.

250V/div
1
D
5A/div
100V/div
i T 100V/di
esid [\
M ]
o 4
Pi—"

FIGURE 18. Voltage and current waveforms of Phase-A during starting up
of the motor, x-axis 2s/div, Traces (1) Phase ‘A’ voltage; (2) Phase ‘A’
current; (3) Flying capacitor voltage V¢, ; (4) Floating capacitor

voltage Ve

could be varied up to 0.905, whereas in [9], it was limited
to 0.8. Also, the maximum possible V. is extended to
0.98V,., which was earlier limited to 0.866V,;.. Thus, the
magnitude of output voltage could be increased by 13.1% in
the linear region. This improvement could be achieved with-
out any topological change demanding more switches as that
in [19], demonstrating the usefulness of the proposed scheme.
Table 5 essentially gives a comparison with other 5-level
inverters which attempts linear modulation range extension.
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FIGURE 19. Voltage and current waveforms of Phase-A during
acceleration of the motor, x-axis 1s/div: Traces (1) Phase voltage Va,ayi
(2) Phase current ig; (3) inverter 1 pole voltage; (4) frequency reference.

The proposed scheme achieves the largest extension of linear
modulation with lowest number of devices.

VI. CONCLUSION
The space vector modulation and charge balancing of
capacitors of a dual inverter with a minimum number of
switches, fed from a single DC source have been analyzed
and the results are presented. With the proposed modulation
technique, the partitioning of the space vector diagram has
been modified to achieve charge balance for the floating
capacitors thus utilizing the entire space vector region for the
modulation unlike that has been reported hitherto in literature.
The proposed modulation strategy accounts for a 25%
increase in the magnitude of output voltage in the linear
modulation range theoretically. However, this demands very
large capacitance values and a high switching frequency.
With a realistic switching frequency of SkHz for medium
voltage drives and capacitance values of 2200uF and
4400uF respectively for flying and floating capacitors, the
output voltage magnitude and battery utilization could be
increased by 13.1%, which is a significant achievement
as it helps to achieve a more compact and cost-effective
system. The proposed scheme can be effectively used in
applications where the load can be open-ended such as
high-power motor drives in ship propulsion & e-mobility,
grid interactive inverters, and STATCOMS with open end
winding transformers.

VOLUME 12, 2024



K. V. Vasuda et al.: Effective DC Link Utilization of Multilevel Dual Inverter With Single Source

IEEE Access

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

A. Nabae, 1. Takahashi, and H. Akagi, “A new neutral-point-clamped
PWM inverter,” IEEE Trans. Ind. Appl., vol. IA-17, no. 5, pp. 518-523,
Sep. 1981, doi: 10.1109/TTA.1981.4503992.

S.-G. Lee, D.-W. Kang, Y.-H. Lee, and D.-S. Hyun, “The carrier-based
PWM method for voltage balance of flying capacitor multilevel inverter,”
in Proc. IEEE 32nd Annu. Power Electron. Spec. Conf., Vancouver, BC,
Canada, Jun. 2001, pp. 126-131, doi: 10.1109/PESC.2001.954006.

R. Teodorescu, F. Blaabjerg, J. K. Pedersen, E. Cengelci, and
P.N. Enjeti, “Multilevel inverter by cascading industrial VSI,” IEEE
Trans. Ind. Electron., vol. 49, no. 4, pp. 832-838, Aug. 2002, doi:
10.1109/TIE.2002.801069.

S. Kouro, “Recent advances and industrial applications of multilevel
converters,” IEEE Trans. Ind. Electron., vol. 57, no. 8, pp. 2553-2580,
Aug. 2010, doi: 10.1109/TIE.2010.2049719.

L. Mohan, K. Pant, and P. P. Rajeevan, “A speed range extension
scheme for scalar-controlled open-end winding induction motor drives,”
IEEE Trans. Ind. Appl., vol. 58, no. 2, pp. 2055-2062, Mar. 2022, doi:
10.1109/TTA.2022.3140284.

K. S. Anusha and P. P. Rajeevan, “A carrier based PWM scheme for dual
inverter-fed open-end winding induction motor with single DC source,”
in Proc. 8th IEEE India Int. Conf. Power Electron. (IICPE), Jaipur, India,
Dec. 2018, pp. 1-5, doi: 10.1109/IICPE.2018.8709433.

K. A. Corzine, S. D. Sudhoff, and C. A. Whitcomb, ‘“Performance
characteristics of a cascaded two-level converter,” IEEE Trans. Energy
Convers., vol. 14, no. 3, pp. 433-439, Sep. 1999, doi: 10.1109/60.790893.
S. Chowdhury, P. W. Wheeler, C. Patel, and C. Gerada, “A multilevel
converter with a floating bridge for open-end winding motor drive
applications,” IEEE Trans. Ind. Electron., vol. 63, no. 9, pp. 5366-5375,
Sep. 2016, doi: 10.1109/TTE.2016.2561265.

M. G. Majumder, A. K. Yadav, K. Gopakumar, K. Raj R, U. Loganathan,
and L. G. Franquelo, “A 5-level inverter scheme using single DC link
with reduced number of floating capacitors and switches for open-end IM
drives,” IEEE Trans. Ind. Electron., vol. 67, no. 2, pp. 960-968, Feb. 2020,
doi: 10.1109/T1E.2019.2898594.

K. Sivakumar, A. Das, R. Ramchand, C. Patel, and K. Gopakumar,
“A three level voltage space vector generation for open end winding
IM using single voltage source driven dual two-level inverter,” in Proc.
TENCON IEEE Region 10 Conf., Singapore, Jan. 2009, pp. 1-5, doi:
10.1109/TENCON.2009.5396225.

A. Nayli, S. Guizani, and F. Ben Ammar, “Open-end winding induction
machine supplied by two flying capacitor multilevel inverters,” in Proc.
Int. Conf. Electr. Eng. Softw. Appl., Hammamet, Tunisia, Mar. 2013,
pp. 1-6, doi: 10.1109/ICEESA.2013.6578456.

G. A. A. Carlos, R. P. R. Sousa, C. B. Jacobina, J. P. R. A. Mello,
L. M. Barros, and A. C. Oliveira, “Three-phase drive systems based
on OEW configurations with reduced controlled switch count,” in
Proc. IEEE 13th Brazilian Power Electron. Conf. 1st Southern Power
Electron. Conf. (COBEP/SPEC), Fortaleza, Brazil, Nov. 2015, pp. 1-6,
doi: 10.1109/COBEP.2015.7420110.

J. Mathew, P. P. Rajeevan, K. Mathew, N. A. Azeez, and K. Gopakumar,
“A multilevel inverter scheme with dodecagonal voltage space vectors
based on flying capacitor topology for induction motor drives,” IEEE
Trans. Power Electron., vol. 28, no. 1, pp.516-525, Jan. 2013, doi:
10.1109/TPEL.2012.2195784.

V. T. Somasekhar, M. R. Baiju, K. K. Mohapatra, and K. Gopakumar,
“A multilevel inverter system for an induction motor with open-
end windings,” in Proc. IEEE 28th Annu. Conf. Ind. Electron.
Soc. (IECON), Seville, Spain, Nov. 2002, pp.973-978, doi:
10.1109/IECON.2002.1185404.

K. A. Corzine, M. W. Wielebski, F. Z. Peng, and J. Wang, “Control of
cascaded multilevel inverters,” IEEE Trans. Power Electron., vol. 19, no. 3,
pp. 732-738, May 2004, doi: 10.1109/tpel.2004.826495.

S. Lu, S. Mariethoz, and K. A. Corzine, ‘“‘Asymmetrical cascade multilevel
converters with noninteger or dynamically changing DC voltage ratios:
Concepts and modulation techniques,” IEEE Trans. Ind. Electron., vol. 57,
no. 7, pp. 2411-2418, Jul. 2010, doi: 10.1109/tie.2010.2041734.

A. R. S, S. Pramanick, R. S. Kaarthik, K. Gopakumar, and F. Blaabjerg,
“Extending the linear modulation range to the full base speed using a single
DC-link multilevel inverter with capacitor-fed H-bridges for IM drives,”
IEEE Trans. Power Electron., vol. 32, no. 7, pp. 5450-5458, Jul. 2017,
doi: 10.1109/TPEL.2016.2610458.

VOLUME 12, 2024

(18]

[19]

[20]

(21]

(22]

(23]

[24]

>
.
Tl hﬁ\ 7

T. T. Davis and A. Dey, “Investigation on extending the DC bus utilization
of a single-source five-level inverter with single capacitor-fed H-bridge
per phase,” IEEE Trans. Power Electron., vol. 34, no. 3, pp. 2914-2922,
Mar. 2019, doi: 10.1109/TPEL.2018.2844323.

M. G. Majumder, R. Rakesh, M. Imthias, K. Gopakumar, U. Loganathan,
and W. Jarzyna, “Extending the linear modulation range to full base speed
independent of load power factor for a multilevel inverter fed IM drive,”
IEEE Trans. Ind. Electron., vol. 67, no. 11, pp. 9143-9152, Nov. 2020, doi:
10.1109/TIE.2019.2956373.

R. S. Vivek, T. Debnath, K. Gopakumar, U. Loganathan, and D. Zielinski,
“A five-level inverter topology with extended linear modulation range
till full base speed irrespective of load power factor,” IEEE Trans. Ind.
Electron., early access, Oct. 18, 2023, doi: 10.1109/TIE.2023.3323740.
K. V. Vasuda and J. Mathew, “Capacitor charge control scheme for
extended modulation range in five-level space vector modulated single
source fed floating capacitor dual inverters,” in Proc. Int. Conf. Power
Electron., Control Autom. (ICPECA), New Delhi, India, Nov. 2019,
pp. 1-6, doi: 10.1109/ICPECA47973.2019.8975385.

J. H. Seo, C. H. Choi, and D. S. Hyun, “A new simplified space-vector
PWM method for three-level inverters,” IEEE Trans. Power Electron.,
vol. 16, no. 4, pp. 545-550, Jul. 2001, doi: 10.1109/63.931078.

J. Rodriguez, L. Moran, P. Correa, and C. Silva, “A vector
control technique for medium-voltage multilevel inverters,” [EEE
Trans. Ind. Electron., vol. 49, no. 4, pp. 882-888, Aug. 2002, doi:
10.1109/tie.2002.801235.

R. Sreedhar, K. Karunanithi, P. Chandrasekar, and R. B. Teja, “Nearest
space-vector control strategy for high-resolution multilevel inverters,” in
Proc. 6th Int. Conf. for Converg. Technol. (I2CT), Maharashtra, India,
Apr. 2021, pp. 1-6, doi: 10.1109/12CT51068.2021.9417882.

K. V. VASUDA (Member, IEEE) received the
B.Tech. degree in electrical and electronics engi-
neering and the M.Tech. degree in power elec-
tronics from the Vidya Academy of Science and
Technology, Thrissur, India, in 2011 and 2014,
respectively. She is currently pursuing the Ph.D.
degree with the Department of Electrical Engineer-
ing, Government Engineering College Thrissur,
affiliated to APJ Abdul Kalam Technologi-
cal University. Her research interests include
multi-level inverters and motor drives.

LALLUMOL K. JOHNY (Member, IEEE) received
the B.Tech. degree in electrical and electronics
engineering from the Mar Athanasius College of
Engineering, Kothamangalam, Ernakulam, India,
in 2011, and the M.Tech. degree in power
electronics from the Government Engineering
College Thrissur, India, in 2013. She is currently
pursuing the Ph.D. degree with the Department of
Electrical Engineering, Government Engineering

,%
2P College Thrissur, affiliated to APJ Abdul Kalam

Technological University. Her research interests include power converters
and motor drives.

JAISON MATHEW (Senior Member, IEEE)
received the B.Tech. degree in electrical engineer-
ing from the Rajiv Gandhi Institute of Technology,
Kottayam, India, in 1998, the M.Tech. degree in
power systems from the College of Engineering
Trivandrum, India, in 2001, and the Ph.D. degree
in power electronics from the Indian Institute of
Science, Bengaluru, in 2014. He is currently a
Faculty Member with the Department of Electrical
Engineering, Government Engineering College

Thrissur, India. His research interests include multi-level inverters, motor
drives, and power quality.

26221


http://dx.doi.org/10.1109/TIA.1981.4503992
http://dx.doi.org/10.1109/PESC.2001.954006
http://dx.doi.org/10.1109/TIE.2002.801069
http://dx.doi.org/10.1109/TIE.2010.2049719
http://dx.doi.org/10.1109/TIA.2022.3140284
http://dx.doi.org/10.1109/IICPE.2018.8709433
http://dx.doi.org/10.1109/60.790893
http://dx.doi.org/10.1109/TIE.2016.2561265
http://dx.doi.org/10.1109/TIE.2019.2898594
http://dx.doi.org/10.1109/TENCON.2009.5396225
http://dx.doi.org/10.1109/ICEESA.2013.6578456
http://dx.doi.org/10.1109/COBEP.2015.7420110
http://dx.doi.org/10.1109/TPEL.2012.2195784
http://dx.doi.org/10.1109/IECON.2002.1185404
http://dx.doi.org/10.1109/tpel.2004.826495
http://dx.doi.org/10.1109/tie.2010.2041734
http://dx.doi.org/10.1109/TPEL.2016.2610458
http://dx.doi.org/10.1109/TPEL.2018.2844323
http://dx.doi.org/10.1109/TIE.2019.2956373
http://dx.doi.org/10.1109/TIE.2023.3323740
http://dx.doi.org/10.1109/ICPECA47973.2019.8975385
http://dx.doi.org/10.1109/63.931078
http://dx.doi.org/10.1109/tie.2002.801235
http://dx.doi.org/10.1109/I2CT51068.2021.9417882

