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ABSTRACT This paper proposes a new PWM technique for a reduced-component-count active impedance
network (RCC-AIN) three-level inverter to maximize the input/output (I/O) voltage gain. Although the max
boost control (MBC) technique offers the same I/O voltage gain, it suffers from the drawback of low-
frequency (LF) ripples of the source current. In contrast, the proposed PWM technique is a combination
of improved MBC (IMBC) and a new switching state pattern that eliminates this drawback and offers up
to 79% reduction in the peak-to-peak ripple value of the source current while maintaining the same I/O
voltage gain as MBC. The cumulative sum of ripple components is used to find the exact maximum and
minimum peaks of the source current over the fundamental period. The proposed switching pattern doubles
the switching frequency of a boosting switch to limit the current spikes of capacitors during state change-
over. The RCC-AIN topology was analyzed in various voltage-boosting techniques, and the proposed PWM
technique utilizes the full potential of the RCC-AIN topology in a better way. The findings have been verified
using theoretical calculations, simulation, and experimental results.

INDEX TERMS Active impedance network, space vector PWM, shoot-through, switched boost inverter,

three-level T-type inverter, Z-source inverter.

I. INTRODUCTION

Single-stage buck-boost multilevel inverters for DC-AC
power conversion have a broad range of potential applica-
tions, such as distributed power generation (PV, wind, fuel
cell), electric drives/vehicles, UPS, etc. [1], [2], [3], [4].
These inverters not only retain the advantages of multilevel
voltage source inverters (VSIs) (low dv/dt across switches
and better output voltage quality), but also offer some addi-
tional benefits such as shoot-through immunity, buck-boost
operation, reduced complexity of control, and reduced num-
ber of elements compared to a conventional two-stage con-
verter (DC-DC-AC) [5]. The essential feature of these invert-
ers is the presence of an impedance network (IN) and the
provision of short-circuiting the IN using the same PWM
pattern that is used for rear-end VSI power switches. There-
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fore, a single PWM technique is sufficient for controlling
the input/output (I/O) voltage gain and generating the output
voltage levels.

In recent years, researchers have explored various aspects
of buck-boost three-level inverters (BBTLIs) related to
topologies and PWM control techniques [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18]. Depending on the
type of IN, these inverters can be classified into two cate-
gories: active IN (AIN) and passive IN (PIN) structures. The
features that decide the performance of these inverters are the
I/O gain, continuous/discontinuous input current, number and
size of passive elements in the IN, IN capacitor voltage stress,
common ground, neutral point capacitor voltage balancing
capability (specific for more than two-level inverter), power
losses, and efficiency. The I/O gain of a BBTLI depends on
the configuration of the IN and shoot-through (ST) duty ratio.

The available ST duty ratio is limited by the type of control
technique. A higher I/O gain at the upper modulation index
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FIGURE 1. Some passive INs used in single-stage three-level inverters: (a)
sl [6], [7], (b) qZSlI [8], [9], [10], [11], [12], (c) improved qZSI [13],
(d) modified zSI (D1) [14], (e) embedded modified ZSI [15].

range is always desired so that power switches encounter
lower voltage stress. But achieving high I/O gain by increas-
ing the number of input DC sources and the size and number
of passive elements (L and C) is not considered a good option
because of size and cost. Some PIN structures have been
summarized in Fig. 1. The conventional configurations of ZSI
[6], [7],9ZSI[8],[9],[10], [11], [12], and improved qZSI [13]
are shown in Fig. 1(a), (b), and (c), respectively. The qZSI
structure is more popular because it offers some benefits over
ZS1, such as reduced capacitor voltage stress and continuous
source current

But qZSI does not improve the I/O gain even with the
addition of two more inductors.

The topology of modified ZST (MZSI) [14] shown in
Fig. 1(d) offers two times the I/O gain compared to the
ZS1/qZSI. In terms of components, MZSI replaces 2 induc-
tors in qZSI with a single diode. These features of low
component count and high I/O gain make MZSI a better
alternative to ZSI/qZSI1. However, MZSI also suffers from the
drawbacks of discontinuous input current and no common
ground. Embedded MZSI [15] is shown in Fig. 1(e) and is
another variant of MZSI in which the DC source has been
placed in the IN to make the source current continuous.
Some PINs with a transformer in them have been reported
as LCCT-derived inverters [16]. The turns-ratio of the trans-
former decides the boost factor of these topologies. For exam-
ple, for a transformer with a 1:1 ratio, the boost factor is the
same as that of ZSI/qZSI.

Another class of BBTLIs uses the AIN structure. Fig. 2
shows some three-level AIN structures. These IN structures
use power switches for voltage-boosting operation. These
power switches have to be operated in synchronization with
rear-end inverter switching states. An important thing is that
all these topologies draw continuous currents from the source.
The AIN structures shown in Fig. 2(a) [17] and Fig. 2(b) [18]

8006

FIGURE 2. Topologies of some active INs used in single-stage buck-boost
three-level inverters. (a) LC IN [17], (b) reduced LC count [18], [19], [20],
(c) reduced component count AIN [21].

are similar to each other except for the number of DC sources
and inductors. However, both of these configurations offer
no improvement in gain and power quality compared to
ZS1/qZSI. One study [19] used the same AIN as in Fig. 2(b)
and proposed new switching states so that the gain can be
increased. But the IN contained too many components (4
diodes, 2 capacitors, 2 active switches, and 1 inductor). The
same topology has been studied for fault-tolerant opera-
tion [20].

Another study [21] proposed an optimized AIN structure
and called the topology a reduced-component-count (RCC)

AIN three-level T-type inverter. The RCC-AIN inverter
offers the same gain as MZSI (twice that of other AIN
and PIN structures shown in Fig. 1 and Fig. 2). However,
compared to the MZSI, it offers some additional features,
such as reduced passive elements in the IN, continuous input
current, common ground, and capacitor self-balancing. But
like other AIN topologies, RCC-AIN 3L-TTalso suffers from
drawbacks of non-nearest three-vector (NTV) switching. Due
to this, the line voltage THD is high.

The maximum boost factor of MZSI and EMZSI from the
PIN category and RCC-AIN of the AIN category is:

2 1

1-2D )
where D is the ST duty ratio. D depends on the type of
voltage-boosting control technique. For example, the max-
imum boost control (MBC) technique of voltage boosting
offers full utilization of null intervals for ST state insertion.
The MZSI/EMZSI topology [14], [15] achieved the high-
est limit of I/O gain using the MBC technique. But due to
the inherited drawback of MBC, the low frequency (LF)
ripple components (dominant 3™ and 6™ frequency) in the
IN inductor and capacitors’ currents and voltages have been
reported [14], [15]. Additionally, the IN inductor and capac-
itors’ currents and voltages are completely out of phase with
a frequency of 3 times the fundamental frequency (F1).

The improved MBC (IMBC) [22] technique of voltage
boosting has an excellent feature in that it draws smooth
current from a source, but its switching pattern requires a
full DC link short circuit (FST). However, the analysis of
MZSI/EMZSI indicates that FST is not possible for them.
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TABLE 1. Switching states of RCC-AIN 3L inverter.

ST type State ON Switch Vyo(pole voltage)
NST P Svi 0.5BVp
NST 0 Sva, Svs 0
NST N Sva —0.5BVpc
FST FST Svi, Syq 0

Y=A, B, C.

Thus, the desired features of a high-gain inverter satisfying
eq. (1) can be summarized as follows:

1) Minimum passive elements in the IN

2) Continuous source current and common ground struc-
ture

3) Being able to utilize the whole null interval for ST
insertion without injecting LF ripple in the source cur-
rent.

Analysis of RCC-AIN indicates that the gain of this topol-
ogy can be extended with the IMBC technique of voltage
boosting with a smooth source current.

This combination gives benefits in terms of increased
power density and reduced peak-to-peak source current ripple
while retaining the same I/O voltage gain as MZSI with MBC
or RCC-AIN with MBC. Also, operation with a reduced
CMYV switching pattern is possible.

A new switching pattern is also proposed in this paper. The
pattern increases the switching frequency of the boost switch
without affecting the switching frequency of inverter power
switches compared with RCC-AIN with SBC control used
in a previous study [21]. This helps in reducing the current
peaks caused by the IN capacitors during transitions from
NST to ST states. To find the exact peak-to-peak ripple of the
source current over the full fundamental period, theoretical
calculation has been done using an approach with the cumula-
tive sum of instantaneous ripple components. The theoretical
calculations have good agreement with the simulation and
experimental results.

This paper is arranged as follows. Section II reviews
the operating principle of the RCC-AIN three-level T-type
inverter. Section III discusses the details of the mod-
ified SVPWM and proposed switching state pattern.
A comparative analysis of RCC-AIN under various volt-
age boost techniques has been done in section IV.
Section V presents the results, and section VI concludes
this paper.

Il. RCC-AIN THREE-LEVEL T-TYPE INVERTER

The topology of the RCC-AIN three-level T-type inverter
is shown in Fig. 3 [21]. The IN consists of 1 inductor,
2 capacitors, 2 diodes, and 1 power switch (SB). The power
switch works in synchronization with the ST signal applied
to the inverter phase legs. A T-type three-level inverter topol-
ogy is connected at the rear end to generate three out-
put voltage levels. The switching states are summarized
in Table 1.
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FIGURE 3. Configuration of RCC-AIN single-stage buck-boost three-level
inverter [21].

TABLE 2. Length of switching vectors.

Switching ~ Switching Length (per
vector vectors BVpe) Used length
1.154 1
Large Vi to Vg x (BVpc) 1.15 x (m BVDC)
= 1.154Vp. = BVpc.
Medium  VitoVis 1% (BVpc) = 1 % (BVpe) = BVpe.
BVpc.

(a) (b) (c)

FIGURE 4. Equivalent circuit diagrams: (a) during shoot through (ST)
state, (b) when large vector applied (PNN), (c) when medium vector is
applied (PON). NOTE- when null vectors are completely replaced by ST
states, NST states contain only large and medium vectors.

A. OPERATING PRINCIPLE
There are two main operating modes of the inverter: shoot-
through (ST) and non-shoot-through (NST) modes. The ST
state has two types of classifications: FST and alternate
upper- lower ST [14]. The FST method shorts the full DC-
link, which ultimately requires a state [OOO] in the switching
sequence. This results in a non-NTV switching sequence. The
NTYV switching can be preserved only if alternate upper-lower
ST insertion states are used, as done in another study [14].
The FST method is more suitable for this configuration. The
NST states contain the same switching states as three-level
VSIL

Fig. 4 shows the equivalent circuit diagrams of the RCC-
AIN inverter during ST (Fig. 4(a)) and NST states (Fig. 4(b)
and (c)). The steady-state analysis of the inverter during these
states gives the following expressions [21]:
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During ST state:

viB = Vpc + Vei |
Ve =V
Ven = 0 )
{ ic1 +ic2 = —Ip
During ST state:
v = Vpc + Ve |
Ve = Ve
Vpn =0 )
ic1 +ic2 = —Is
During NST state:
vLe = Vpc — Vi
Ven = Ve + Ve
. 4
icr=Itg—1Io @)
| ico = —1o

where I, is the equivalent DC current on the inverter side.
The important expressions found from the steady state
analysis of the inverter during ST state time (DT) and NST
state time {(1-D)T} are as follows:
The average capacitor voltage is:

1
c=Va =Va=7—755Vbc &)
The expression for average inductor current is:
2(1 — D)
I =——F=D Q)

1-2D
The DC-link voltage during NST state can be written as:

Vpny =V v \" 7
PN c1+ C2=>1—2D DC @)
The boost factor B is defined as:
VvV 2
B= N = 8)
Vbc 1-2D

lll. IMPROVED MAXIMUM BOOST CONTROL (IMBC) AND
PROPOSED SWITCHING PATTERN
The IMBC technique is based on the modified space vec-
tor (SV) switching state diagram. This technique was first
reported for a conventional three-level ZSI [22] and has an
excellent capability of reducing the LF ripple component in
the IN inductor current for a three-level ZSI while utilizing
the full duration of the null interval as an ST state. In the
modified SV diagram, the length of large vectors is mod-
ified and considered equal to that of medium vectors. The
conventional hexagon (the outermost hexagon) and modified
12-sided inner polygon are shown in Fig. 5. The inner 12-
sided polygon was drawn based on the modified length of
large vectors according to the instantaneous per-unit DC-link
voltage [22]. Modified large vectors are indicated in Fig. 5
by Vx’, where x=1 to 6. The complete SVPWM switching
diagram is divided into 12 sectors. Fig. 5 contains 2 circles
that are explained as follows:

Circle 1. This circle indicates the maximum available
length of the reference vector for the conventional case. In this
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SVPWM [22].
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FIGURE 6. Behavior of null interval using conventional and modified
SVPWM.

case, the per unit DC-link lengths of the large vector and
medium vector are 1.15 and 1, respectively. The resultant
maximum length of the reference vector is 0.866 in the linear
modulation index region.

Circle 2. This circle indicates the maximum available
length of the reference vector when both large and medium
vectors have the same length (1 per unit DC-link voltage).
In this case, the maximum length of the reference vector can
be up to 0.96. The lengths of all vectors are shown in Table 2.
The modification increases the frequency of the null interval
from 6 to 12 times the fundamental frequency (F), as shown
in Fig. 6.

A. DWELL TIME CALCULATION EQUATIONS

Consider, the reference vector (V) is located in sector 1 of
the inner SV diagram of Fig. 5. At this position, Vier can
be synthesized by switching vectors Vi (large vector), Vi3
(medium vector), and V¢ (null vector) for the time durations
of T,, Ty, and T, respectively.

e
T, = ( Vief ) Sln.( J6—2) T. ©
BVpc S1n(”/6)
_ Vet Sin (o)
To = (BVDC) (sm (n/é))TS (10

T, =Ts—Ta—Tp (11)
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TABLE 3. Comparison of RCC-AIN parameters with SBC, MBC and IMBC technique.

Parameter RCC-AIN with

RCC-AIN with MBC and

RCC-AIN with IMBC and proposed switching

SBC [21] switching patterns same as of [21] pattern
ST duty ratio, D D=1-M D = (2n — 3V3M)/(2m) D = (n(CF) — 9M,(2 — V3))/(m(CF))
Boost factor, B 2/(2M — 1) 21/(3V3M — 1) 2nCF/(18My, (2 — v3) — niCF)
Voltage gain (G=MB) 2M/(2M — 1) 2M1/(3V3M — ) 2M,,, iCF/(18M, (2 — V3) — nCF)
Voltage stress across, boost VpeTiCF
switch (SB), diode, and Vpc/(2M — 1) Vpet/(3V3M — 1)
capacitors 18Mp(2 = V3) — mCF
Peak-to-peak ST duty M(2v3 - 3) BMp (. (my 1
i 0 _ —_ (sm (—) - —)
ratio, (Dpzp) 4 CF 12 4
18M,,(2 —V3
ST current 2M/(2M — 1) 3v3M/(3V3M — ) n( )
18M,, (2 —V/3) — nCF
6"-order ripples in the source
no yes no
current
Switching frequency of ‘SB’, fc fc 2fc

Switching frequency of power fs(Sx1 & Sxa)=fc
switch (Sxi-Sx4) fs(Sx2 & Sxz)=fc/3

fS(Sx] & Sx4):fc/3
£5(Sx2 & Sxs)=fc/3

£5(Sx1 & Sxa)=fc/2
£5(Sxz & Sxs)=fc/6

Here fc is carrier frequency and fs is switching frequency

The null interval (T,) was used for the insertion of the FST
state. The state [OOO] is completely replaced by FST. The
average value of the null interval over the fundamental cycle
can be found by integrating (10) over one sector.

_ 6 [T, 12(2—\/§) Vit
sz—/ da=1-—— 7 " (12
T Jo TS JTBVDC

The maximum length of the reference vector with the modi-
fied SVPWM switching diagram is defined as:

Vref. max = 0.96BVpc. 13)

Since Vit does not have constant magnitude, it needs to be
modified using a correction factor (CF=0.933) [22] to find a
true value of the modulation index. The modulation index is
defined as:
. 4Vref
3BVpc
Using the value of Viefmax) and CF, we find the maximum
modulation index with the modified SVPWM as:

(CF). (14)

m

Mun(max) = 1.19. (15)

The maximum available RMS value of the fundamental line
voltage can be defined as:

V3
Vab(RMS)(max) = mMm(max)BVDC = 0-728~BVDC (16)
The output voltage gain G of the inverter can be defined as:

~

Vo
G=——
Vbpe / 2
where ¥, is the peak output phase voltage.

The modulation index and available fundamental RMS line
voltage using modified SVPWM are 1.19 and 0.728 BVpc,

= M,,B. (17)
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respectively. These values are 3% more than in the conven-
tional case.
Substituting (13) in (11), the average ST duty ratio is:

5 _ T(CH - O9Mpm(2—+/3)
"o 7(CF)

(18)

B. PROPOSED PATTERN OF SWITCHING STATES

The proposed switching pattern is shown in Fig. 7. The unique
aspect of the proposed pattern is the placement of the ST state
(the switching pattern of switch SB). This pattern doubles the
switching frequency of SB without affecting the switching
frequency of inverter switches compared with a previous
pattern [21]. Additionally, the slew rate (rate of change of
CMV) is also unaffected.

IV. COMPARISON

The RCC-AIN inverter was originally reported with the SBC
technique of voltage boosting [21], but the I/O gain of the
SBC technique is limited, as shown in Fig. 8(a). The MBC
technique utilizes the full potential of the RCC-AIN inverter
in terms of voltage gain, but due to the full utilization of
the null interval, the instantaneous peak-to-peak difference of
the ST duty ratio (Dpap) is high. This introduces LF current
ripples in the source current of the inverter. As a contender
with high gain, the IMBC technique offers the same gain as
MBC but with a reduced Dy, (see Fig. 8(a) and (c)).

The voltage stress curves of IN capacitors, diodes, and
power switch SB are plotted in Fig. 8(b) and indicate that
MBC and IMBC cause the same stress for these components.
For SBC, the curve is small as the gain of the inverter with
SBC is limited. As discussed in section III, the modulation
index of modified SVPWM is around 1.19 (3% more than
conventional SVPWM). Therefore, the curves of IMBC in
Fig. 8(a) and (b) extends up to 1.19.
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FIGURE 7. Proposed switching state pattern and corresponding source
current and common mode voltage (CMV) magnitude for two consecutive
carrier cycles.
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FIGURE 8. Comparison plots of inverter using SBC, MBC, and IMBC
techniques: (a) gain G vs. modulation index M, (b) Capacitor/ diode/
switch voltage stress vs. voltage gain, (c) peak -to-peak ST duty ratio
ripple vs. M, (d) percentage difference in peak-peak values of ST duty
ratio ripple using MBC and IMBC.

The comparative analysis between the MBC and IMBC
indicates that Dy, is around 75% less when using IMBC
(see Fig. 8(d)). The analysis of the switching frequency of the
boost switch (SB) and inverter power switches is summarized
in the last two rows of Table 3.

A. PEAK-TO-PEAK RIPPLE CALCULATIONS

For the exact calculations of the peak-to-peak ripple of the
source current (Is), the cumulative sum of the instantaneous
ripple components was used. The source current waveform
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TABLE 4. Summary of theoretical results for peak-to-peak ripple of

source current.

M; G; B A’:s(peak—to—peak)
MBC IMBC % Reduction
T S T S T S
1.15;2.54;2.2 144 156 034 032 1762 1792
1.06;2.79;2.61 193 1.95 0.7 0.66 163.8 166.0
1; 3.06; 3.06 241 241 1.0 099 1572 1587
0.86; 4.0; 4.6 391 3.88 2.0 199 1475 1485
0.8; 4.95; 6.1 532 520 2.9 288 1441 1445
T=theoretical, S=simulated.
i T Ts
7, T [ A—— T, B i T, u
NG PO S\
~t N
N N
Al e
= ™N
Y
aii by |6 Q| byiCm Qi by | Cn

Ais(peakftofpeuk]

Source current pattern over 1/6" fundamental period  (—30° < a < 307)

{(S; = cumsum(a, + b, + ¢, ) x = L:in

(@)

‘cumsum’ means ‘cunndative sum’

o

{5
TN
! 2

=

s
e

E
o=

el

Ai, J/\\/r\\Vé\‘:p | ;/\

P Lo v\ NIV EE
ajhy ¢ dq €1 \“nnbm i a % b €, ldy ey
Al

s(peak—to— peak)
Source current pattern over 1/6” fundamental period (—=30° < a < 30°)

{(Sy = cumsum(a, + b, +c.)};x=1:n
‘cumsum’ means ‘cunudative sum’

(b)

FIGURE 9. Source current waveform during 60-degree interval of
fundamental cycle: (a) MBC, (b) IMBC with proposed switching pattern.

was analyzed for 1/6th of a period of the fundamental cycle
to find the maximum and minimum peak values. Depending
on the switching pattern of the PWM technique, charging and
discharging current ripple components are defined as follows.

Case I. RCC-AIN with MBC and existing switching pattern
[21]

The switching frequency ripple components for this case
are shown in Fig. 9(a). Mathematically, these ripples are
written as:

ay = (Vpc — V) X (Tax + Tox) /2L
by = (Vbc + Vo) x (Tx) /L
Cx= ax

wherex =1,2,...,n. (19)
The procedure is explained as follows:
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Step 1. Find the cumulative sum of ripple components of

individual carrier cycles:
In each carrier cycle, the cumulative sum of ripple compo-
nents expressed in (18) is carried as:

Sx= cumsum (ax + bx +cx.....);
{x=1,2...n}. (20)

Step 2. Find the cumulative sum of Sy :
The cumulative sum of S, is defined as:

A =cumsum (Sy); {x=1,2...n}. 21

A plot of A (eq. 20) is shown in Fig. 10 for Vs traversing
from sector 12 and sector 1.

Step 3. Find Amax and Amin

The maximum and minimum peaks of A are then found
using the following operation:

|:AmaX= max {cumsum (Sy)} ; i| (

Amin= min {cumsum (S} ; | = 12+ -np. (22)

Step 4. Find AA
The difference between the maximum and minimum val-
ues of A is defined as:

AA =Apax — Anin. (23)

Step 5. Find peak-to-peak ripple of the source current

Finally, the exact peak-to-peak difference of the source
current is found by adding a specific instantaneous ripple in
(22):

Aigpop) MBC = AA + {2 X apn}, (24

where a2 is the switching frequency ripple associated with
the middle sample of a sector.

Case II. RCC-AIN with IMBC and proposed switching
pattern (see Fig. 7)

For this case, the ripple components are shown in Fig. 9(b).
Mathematically, these components are defined as

ax = (Vin — Vo) x (Tox) /2L

bx = (Vin + Ve) x (sz)/ZL

cx = (Vin— Vo) x (Ta) /L F{x=1,2...n}. (25)
dy = by

€x = ax

Step 1: Repeat steps 1 to step 4 of case 1.

Step 2: Find a peak-to-peak ripple of source current

For this case, the specific factor for finding the exact peak-
to-peak difference of the source current is different from (23):

isp2p)_IMBC= AA+ {2 x ey}, (26)

where e is the switching frequency ripple associated with
the first sample in the considered region, —30 < o < 30. The
result of the theoretical calculations is summarized in Table 4.
The percentage reduction in the peak-to-peak source current
ripple is also shown.
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TABLE 5. Simulation and experimental parameters.

Parameter Value

Input voltage (Vpc) 40V

Carrier frequency, fc 4.8 kHz
Fundamental frequency 50 Hz

IN inductors and capacitors 3 mH, 1000 uF
Load 50 ohm, 1.2 mH

B. COMPONENT SELECTION
Here, the focus is given to the only inductor sizing. For
the other parameters like capacitors C1 and C2, the diode,
and the boost switch (SB), the general equations are already
provided [21] and can be used after proper modification for
the control technique. They are not repeated here as the focus
of this paper is the source and inductor’s current ripple and
size.

For switching frequency ripple, the rate of change of cur-
rent through the inductor for a maximum period of charging
duration can be defined as:

Vv A
_ (Vpc + c1)D

AlLB
LB SW

max Ts. 27
where Lp gy is the inductor value for switching frequency
ripples, and Dp,x is the maximum duty ratio encountered by
the inductor over the fundamental cycle. It should be noted
that:

Al g = Aig
28
[ g =1 ] (28)
Using (4) in (26), we have:
. 2Vpc(1-D)
AiLg = X%l p= ————=——DnaxTs. 29
LB °olLB (1 — 2D)LB_SW max 1s ( )
Using (5) in (27) and rearranging, we have:
Vbc
LB_sw = _Dmasz~ (30)
X%I,

But the final inductor value calculations should also include
the ripples due to LF components of current. Therefore, the
final value of the inductor is defined as:

LB(final) = LB_sw + Y%LB_sw (31)

where y% = AiLp(p2p) / I.g. The value of y% can be found by
(23), (5), and (27). Depending on the technique (MBC with
the existing switching pattern or IMBC with the proposed
pattern), these equations were modified for the calculation.
It was found that when using IMBC with the proposed
switching pattern, the minimum reduction in the inductor
size is 44% at G=4.95. Similarly, the maximum reduction
at G=2.54 is around 79%.

V. RESULTS

The RCC-AIN inverter was simulated using the parameters in
Table 5. For any value of carrier frequency (fc), the switching
frequency of all power switches can be found using the rela-
tions given in the last row of Table 4. Only MBC and IMBC
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I . 1 I
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FIGURE 10. Plot of cumulative sum of ripple components (eq. (20)) w.r.t.
angle of reference vector for MBC and IMBC approach at various values
of modulation index.

techniques of voltage boosting were used for comparison
since only these offers full utilization of the null interval. The
proposed technique, which is a combination of IMBC and the
new switching pattern, has been stated by IMBC only. On the
other hand, MBC uses the existing switching pattern, in which
the switching frequency of the boost switch (SB) is equal to
the carrier frequency.

A. SIMULATION RESULTS
Case 1. M=1.067, B=2.61, and G =2.79

Fig. 11 shows the various simulation waveforms of the
RCC-AIN inverter. At 1.1 seconds, the PWM technique is
changed from MBC to IMBC. It can be seen in Fig. 11
that the input capacitor voltages are balanced before and
after 1.1 seconds. A very slight reduction in capacitor volt-
age ripple was also noticed. In the 2" and 3" waveforms,
line voltages and pole voltages are shown to indicate the
magnitudes are unaffected even after changing the PWM
technique. The magnitude of the line and pole voltages are
around 104 V and 52 V, respectively. These magnitudes match
with the theoretical relation results. The 4™ waveform shows
the source current (I). It can be seen that before 1.1 seconds,
the peak-to-peak ripple of the source current is 1.953 A, and
after 1.1 seconds, the ripple is reduced to 0.633 A as the
IMBC technique is applied.

This indicates a percentage reduction of around 67%. This
matches the theoretical results in Table 4.

The IMBC technique is based on modified SVPWM,
which eliminates the 6th frequency ripples of the source
current. This is validated from the 5% waveform of Fig. 11
as it can be seen that the magnitude of the 6™ Fy ripple is
eventually reduced after the instant IMBC is applied. The
THD of the line voltage is shown in the last waveform. It was
found that the line voltage THD is almost negligibly affected.
In Fig. 12, an effect of increasing the switching frequency of
the IN was noticed on the boost switch (SB) and capacitors
C; and C’s current spikes. A reduction in the switching
frequency current spikes can be noticed after 1.1 seconds
when the IMBC technique is applied. The proposed switching
pattern (see Fig. 7) offers reduced CMV magnitude (limited
to 1/6™ of the DC-link voltage), similar to the technique used
in the original paper of RCC-AIN [21]. This can be verified
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FIGURE 11. Simulation waveforms at M=1.067, B=2.61, and G=2.79:
(from top) capacitor voltages, line-line voltage (V,p), pole voltage (Vao),
source current (Is), magnitude of 6th-order frequency component of
source current, THD of line-line voltage.
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FIGURE 12. Simulation waveforms of current through (from top) boost
switch (SB), capacitor C;, and C,.

from Fig. 13. The magnitude of the CMV is around 17 V,
which verifies this result. In addition, the zoomed-in portion
of the CMV waveform indicates that the transitions in CMV
magnitude (frequency and rate of change of the CMV mag-
nitude) are unaffected by the proposed pattern.

Case Il M = 1.154,B =2.2, G=2.54
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FIGURE 13. Simulation waveform of common mode voltage (Vcmy)-
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FIGURE 14. Simulation waveform of source current (Is): (top) at
M=1.154 and G = 2.54; (bottom) at M=0.866 and G = 4.

For this case, the source current is shown in the top wave-
form of Fig. 14. The peak-to-peak ripples of the source cur-
rent are 1.560 A and 0.323A before and after the 1.1seconds,
respectively. This indicates around 79% reduction with the
IMBC technique (this matches with the theoretically calcu-
lated values in Table 4 ). Similarly, the bottom waveform
of Fig. 14 indicates a reduction of around 48%. This again
matches with the theoretical finding in Table 4.

The performance of the IMBC technique was verified up to
B=5. A plot of the line voltage and line current THD is shown
in Fig. 15(a) and indicates that IMBC causes a negligible
effect on line voltage/current THD. Fig. 15(b) indicates the
magnitude of the 61 frequency component of the source
current with MBC and IMBC. These components are almost
zero with IMBC.

B. EXPERIMENTAL RESULTS

Fig. 16 shows the laboratory prototype of the RCC-AIN
three-level inverter. Semikron SKM75GB12T4 IGBT mod-
ules were used as power switches. The task of PWM
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FIGURE 15. Comparison plots using MBC and IMBC: (a) line-line voltage
THD vs. B, (b) magnitude of 6'M-order ripple of source current vs. B.

WJTe 1 FLT
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FIGURE 16. The laboratory prototype of RCC-AIN three-level inverter.

generation was accomplished by a Texas Instruments
TMS320F28379D DSP.

For the first case, M and B were set to 0.8 and 6.19,
respectively. Fig. 17 shows the experimental waveforms for
this case.

The inverter gain G is 4.95 at this value of the modulation
index. It can be seen from Fig. 17 that both capacitors C; and
C,’s voltages are balanced at around 120 V.As the input DC
voltage is set to 40 V, the line voltage (V) shows a peak
of around 240 V. This indicates that the inverter is boosting
based on the set boost factor. The last waveform in Fig. 17
shows the source current (Is). For the comparison of MBC
with IMBC, the waveforms of both techniques are shown in
the same figure.
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FIGURE 17. Experimental waveforms using MBC and IMBC at M=0.8,
B=6.12, and G=4.95: (from top) capacitor (C;, C,) voltages, line voltage
(Vap). source current (Is).
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FIGURE 18. Experimental waveforms at M=0.866, B=4.6, and G=4, (from
top) capacitor (C;, C,) voltages, line voltage (V,}), source current (Is).

The first portion of Fig. 17 shows the quantities with MBC,
and the second portion shows the quantities with IMBC.
The conclusion from Fig. 17 is that although the capacitor
voltages and line voltage magnitude are unaffected, the peak-
to-peak ripple of the source current in the second portion is
reduced by 44.4%. This verifies our theoretical calculations
and simulation results (see Table 4, 5th row).

For the second case, M and B are set to 0.866 and 4.6,
respectively. Fig. 18 shows the waveforms for this case.
The peak magnitude of the capacitor voltages and line volt-
age matches the theoretical relations. Similar to the first
case, the capacitor voltages and line voltage magnitudes are
again the same in both halves, but the peak-to-peak rip-
ple of the source current is 47.3% less in the second half.
The theoretical/simulation results for this case are shown in
Table 4, row 4.

M and B were then set to 1.067 and 2.61, respectively.
Fig. 19(a) shows that the peak-to-peak ripple of the source
current in the second half of the figure is reduced by 63.8%.
The waveforms of the pole voltage and common mode volt-
age are shown in Fig. 19(b). The magnitude of V4, and V¢py
are approximately 50 V and 17 V, respectively. This proves
that the proposed switching pattern limits the magnitude of
the CMV to 1/6™ of the peak DC-link or peak line-voltage
magnitude. The transitions in the CMV waveform in the first
and second portion of Fig. 19(b) are almost the same (even
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FIGURE 19. Experimental waveforms at M=1.067, B=2.61, and G=2.79:
(a) (from top) capacitor (C;, C,) voltages, line voltage (V,p), source
current (ls), (b) pole voltage (Vao) and common mode voltage (Vcmv),
(c) current through capacitors C; and C, and boost switch SB.

the proposed pattern causes 1 less transition compared to the
existing one). Fig. 19(c) shows the effect of increasing the
switching frequency of the boost switch (SB). The current
spikes of C; and C, decrease significantly, which can be
seen in the second half of Fig. 19(c). The simulation results
of Fig. 12 show the reduction in current spikes of Cy, Ca,
and switch SB. However, in the experimental verification,
a reduction in only C; and C;’s current spikes was noticed.

Finally, to investigate the performance of the proposed
PWM at the highest modulation index, M and B were set to
1.154 and 2.2, respectively. Fig. 20 shows the waveforms for
this case. Fig. 20 indicates that the difference in the peak-to-
peak ripple of the source in the first and second half is 76.1%.
The simulation and experimental results prove the effective-
ness of the theoretical calculation using the cumulative sum
of the ripple components.
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FIGURE 20. Experimental waveforms at M=1.154, B=2.2, and G=2.54
(from top): capacitor (C;, C,) voltages, line voltage (V,},), source current
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FIGURE 21. Efficiency plot of RCC-AIN three-level inverter with various
PWM techniques.

For the analysis of the efficiency, three cases were consid-
ered. MBC with an existing switching pattern, IMBC with
an existing switching pattern, and IMBC with the proposed
switching pattern. As shown in Fig. 7, the proposed switching
pattern doubles the switching frequency of switch SB. There-
fore, the efficiency of the IMBC with the proposed switching
pattern is reduced by around 1% (see Fig. 21). On the other
hand, the IMBC with the existing pattern offers the maximum
efficiency, which is the same as that of the MBC.

VI. CONCLUSION

In this paper, an RCC-AIN inverter topology was analyzed
in its full I/O voltage gain potential. When the whole null
duration was used for ST insertion to achieve maximum gain,
the MBC method caused a large peak-to-peak ripple in the
source current. The proposed PWM technique successfully
reduced the source current ripples by 44 to 79% in the boost
factor range of 6.1 to 2.2.

Theoretical calculation was done using the cumulative sum
of the ripple components to find the exact maximum and
minimum peak of the source current over a fundamental cycle
and was proven correct by comparison with the simulation
and experimental results. The common-mode voltage magni-
tude was limited to 1/6® of the DC-link voltage. Also, due
to the increased switching frequency of the boost switch SB,
the switching frequency spikes of the capacitor current were
reduced. Therefore, it is concluded that the RCC-AIN inverter
with the proposed PWM technique is an optimal solution
for a high-gain three-level inverter with minimal passive
components, a continuous input current profile without low-
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frequency ripple components, common ground feature, and a
self-balancing capacitor voltage feature.
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