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Abstract—This paper proposes a switched-capacitor
multilevel inverter for high frequency AC power distribu-
tion systems. The proposed topology produces a stair-
case waveform with higher number of output levels em-
ploying fewer components compared to several existing
switched capacitor multilevel inverters in the literature.
This topology is beneficial where asymmetric DC voltage
sources are available e.g. incase of renewable energy farms
based AC microgrids and modern electric vehicles. Utilizing
the available DC sources as inputs for a single inverter
solves the major problem of connecting several inverters
in parallel. Additionally, the need to stack voltage sources,
like batteries or super-capacitors, in series which demand
charge equalization algorithms, are eliminated as the volt-
age sources employed share a common ground. The in-
verter inherently solves the problem of capacitor voltage
balancing as each capacitor is charged to the value equal to
one of input voltage every cycle. State analysis, losses and
the selection of capacitance are examined. Simulation and
experimental results at different distribution frequencies,
power levels and output harmonic content are provided
to demonstrate the feasibility of the proposed multilevel
inverter topology.

Index Terms—H-bridge, HFAC power distribution, high
frequency DC/AC Inverter, multilevel inverter, selective har-
monic elimination, switched-capacitor

I. INTRODUCTION

HE significant advantage that High Frequency Alternat-

ing Current (HFAC) Power Distribution Systems (PDS)
offer over conventional Direct Current (DC) PDS is that HFAC
PDS eliminates the need for a rectifier and a filter stage
at the front-end power source, and the need for an inverter
in the point-of-load power supply [1], [2]. This substantial
reduction in the number of power conversion stages results
in lower component number, thereby improving reliability
and efficiency, while reducing the cost. HFAC PDS aids in
reducing the size of passive components which leads to higher
power density systems, improves heat distribution and has
latent ability to employ connector-less power transfer. Smaller
output capacitors improve dynamic response. High-voltage
low-current distribution can easily be achieved utilizing com-
pact HF transformers. They also offer the flexibility to cater
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loads at different voltage levels, provide galvanic isolation and
are crucial to realize connector-less power transfer. Switching
off a large magnitude of AC when passing through a zero
is easier than switching off large DC. Several studies show
that frequencies over 10 kHz are safer to human cells and
tissues than DC [1]. These exciting features and advantages
over DC PDS makes HFAC PDS a promising alternative for
future power net.

HFAC PDS architecture includes a front-end HFAC power
source, a HF distribution line and point-of-load voltage reg-
ulator modules. These systems employ resonant converters
to enhance efficiency, power factor and energy density, and
alleviate adverse EMI effects [3], [4]. In 1980s, NASA pio-
neered research on HFAC PDS for its space station. A single-
phase system rated at 25 kW with 20 kHz line frequency and
440V,.,s line voltage was implemented successfully [5]. At
this frequency, the energy transferred per cycle is lower by 50
times as compared to a 400 Hz system (which also failed
to provide efficient and reliable solution [6]). The number
of components is reduced by a factor of 5 and power loss
by 67% when compared to three-phase systems [1]. Due to
the aforementioned benefits, HFAC PDS have been further
examined in diverse fields.

A comprehensive review of HFAC PDS for telecommuni-
cation, computer and aerospace systems has been presented
in [7]. Applications also extend to lighting systems [2], motor
drives [8], [9], automotives [10], [11], microgrids [12] and gate
drivers [13]. Papers claim and conclude that HFAC scheme
solve several hurdles in efficient power delivery. This paper
explores switched-capacitor multilevel inverters (SCMLI) as
input sources for HFAC PDS.

Proliferation of Multilevel Inverters (MLI) can be attributed
to the demand for higher power equipments in the industry and
the potential of MLI to gratify industry needs with several
attractive traits [14]. With increase in number of voltage
levels, the synthesized output waveform has more steps, which
profoundly mitigates the harmonic content in the output. MLI
are broadly classified into neutral point clamped, capacitor
clamped and cascaded types [15]. Unbalanced DC link capac-
itor voltage and increased component count to obtain higher
voltage levels are the major drawbacks for diode clamped
(DCI) and capacitor clamped (CCI) types, whereas cascaded
H-bridge (CHB) MLI demand relatively higher number of
isolated DC voltage sources to obtain higher levels. Several
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topologies of MLI that do not fall into the category of
the three aforementioned inverters have also been recently
published. Coupled inductor based MLI have been discussed
in [16], [17]. The structure is simple but is not feasible to
obtain higher levels. An effective topology based on reversing-
voltage component is presented in [18]. Topologies of SCMLI
published in recent years is reviewed in the next section.

Il. REVIEW OF SWITCHED-CAPACITOR MULTILEVEL
INVERTERS

SCMLI have been gaining attention in recent years [19]—
[32]. This new family of MLI inherently solves the issue of
unbalanced capacitor voltages that afflicts numerous classical
topologies. It is also possible to produce higher number of
voltage levels while employing a single voltage source unlike
cascaded MLI. The common architecture in this family of
MLI includes a front-end SC based DC-DC converter that
can synthesize multiple levels at the DC bus cascaded with
a H-bridge to obtain the corresponding bipolar levels, and
a zero level, at the output. Number of output levels can be
enhanced by increasing the number of input voltage sources,
SC and power switches in the front-end SC DC-DC converter.
However, the number of additional components and input
voltage sources required to enhance the output voltage level by
SCMLI is greatly reduced when compared to the conventional
topologies.

SC DC-DC converters offer the advantage to convert input
voltage to integral multiple output levels without utilizing in-
ductors. This voltage conversion is accomplished by charging
the SCs to input voltage magnitude first (by connecting SC
in parallel to source) and later connecting the input voltage
source and SCs in series to the load. This simple idea can
be extended to generate multiple voltage levels. A cascaded
MLI based on SC voltage doubler is proposed in [21], [23].
The same circuitry, without cascade connection, is extended
to higher levels in [19], [20]. A novel front-end SC DC-DC
converter that can also be extended to higher voltage levels is
proposed in [22]. SC based boost MLI was proposed in [28].
It is based on the principle of partial charging of capacitors.
However, it is very difficult to control the voltage precisely.
Using a single series parallel SC unit, a bi-directional SCMLI
is presented in [31]. The common feature in all SCMLI
topologies is the back-end H-bridge inverter. Therefore, the
key is to design the front-end SC DC-DC converter that can
produce multiple levels.

Several Pulse Width Modulation (PWM) techniques have
been investigated. Phase shift modulation strategy for HFAC
PDS was implemented in [21]. The performance of the mul-
tilevel carrier based sinusoidal PWM and SHE with staircase
modulation has been evaluated in [22]. It concludes that the
latter offers a better trade off as it mitigates the harmonics to
an acceptable content and avoids higher transistor switching
losses. Level and Phase Shifted PWM was introduced and
implemented in [24] and infers that in contrast to level shifted
PWM, it empowers the circuit to use a smaller SC, thereby
improving the conversion efficiency.

For a given power level, a SCMLI topology has the luxury
to employ a smaller capacitor for HFAC applications when
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Fig. 1: Proposed 7 level SCMLI topology

compared to 50 Hz / 60 Hz applications. Topologies reviewed
employ a single input voltage source to obtain multiple output
voltage levels. However, in order to utilize each source under
situations where multiple input voltage sources are available,
these inverters have to operate either with sources stacked
in series or connect inverters employing single input voltage
sources in parallel to achieve higher power levels. On one
hand, series connection of batteries requires voltage balancing
schemes and increase the voltage ratings of semiconductor
switches. On the other hand, parallel operation of inverters
are challenging and demand advanced control algorithms [32].
This paper, therefore, focuses to explore novel SCMLI topolo-
gies with multiple input voltage sources, sharing a common
ground, that can be employed in areas like microgrids and
electric vehicle networks where asymmetric input sources
are available with emphasis on high frequency AC power
distribution.

[1l. PROPOSED TOPOLOGY AND OPERATING PRINCIPLE

The proposed 7-level SCMLI, shown in Fig.1, consists of a
SC based DC-DC converter which employs two input sources
(Vino and Vipn1), three transistors (Si,, S1p, and Si.), two
diodes (D1, and D1;) and a capacitor (C1). DC levels obtained
at the inverter DC bus include Vino, Vini, Vino+Vini. The
H-bridge inverter employing transistors ()1 to Q)4 effectively
produces 6 bipolar levels and a zero (0, =Vino, £ViN1,
+(Vino + Vin1)) across the load. For primary analysis, it is
assumed that the switches and the voltage sources employed
are ideal, capacitance is large enough to maintain a constant
voltage and supply constant output current, and the voltage
ripple across them is small enough to be neglected. Table
I explains the switching logic of the proposed inverter. The
working states are explained in the following subsections.

A. Output voltage = +V;y, state

Capacitor (1, is charged to the input voltage V;n1 through
Dy, by turning ON transistor S7.. Transistors Si,, S1p and
diode D, remain turned OFF. The DC bus voltage at this state
is equal to Vyn1 as Ving is blocked by turning OFF transistor
S1a- Voltage source Vjy1 alone supplies power to the load.
Fig. 2(a) depicts the equivalent circuit for Vo = +Vin.

B. Output voltage = +V; n( state

For normal operation of the proposed inverter, Ving >
Vin1. In the DC - DC converter, only transistor Si, is turned
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Fig. 2: Equivalent circuits of the 7-level SC MLI to obtain different voltage levels.(a) V, = Vin1 (b) V, = Vinog (€) V, =

Vino+Vint (d) V, =0

ON while other transistors are turned OFF. Therefore, V;ng
is connected to the DC bus through diode Di,. As Vino >
Vin1, diode Dq; is reverse biased and hence blocks Ving.
Fig. 2(b) depicts the equivalent circuit for Vo = +Ving. The
capacitor C is open during this state. Therefore, its voltage
remains at Viyi.

C. Output voltage = £(Vino + Vin1) state

Capacitor C1, charged to Vjn1, is connected in series with
input voltage source Vino by turning ON transistors Sy, and
S1p. Diode Dy is reverse biased and blocks Vini. The net
voltage that appears across the DC bus now is equal to Vi o+
Vini. In this state, input voltage source V7o and capacitor
C1 supply power to the load. Fig. 2(c) depicts the equivalent
circuit for Vo = +(Vino + Vini).

D. Output voltage = 0V state

To obtain zero level at the output after the positive half
cycle(Fig. 2 (d)), only transistor () is turned ON, while all the
other switches in the H-bridge inverter remain turned OFF. The
body diode of transistor (o is employed for free-wheeling.
Similarly, to obtain zero level at the output after the negative
half cycle, only transistor ()4 is turned ON, while all the other
switches in the full bridge inverter remain turned OFF. In this
case, the body diode of transitor ()3 is employed for free-
wheeling. The switches in the front-end converter remain in
their previous states.

The operational waveforms for the proposed 7 level inverter
are shown in Fig. 3. Using these waveforms, it is possible
to further comprehend the working states of the SCMLI. If
Vino = 48V and Vin1 = 24V, the output voltage waveform
would have 0, £24V, 48V and +72V. The voltage across
the capacitor C', would always be constant at 24 V.

TABLE I: Switching logic for the 7-level SCMLI
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E. Enhancement in voltage levels

To further enhance the number of output levels, additional
input voltage sources, capacitors and switches have to be
employed. A generalized SCMLI derived from the proposed 7
level inverter is shown in Fig. 4. For example, if Vg = 40V,
Vin1 = 20V and Vino = 10V, using the switching logic in
Table II, an output voltage staircase waveform with values 0,
+10V, £20V,.....,.£70V can be obtained. In this case, C; and
Cs will be charged to 20 V and 10 V respectively. Basic unit
required to realize the 15 level inverter from 7 level inverter is
demarcated using dotted lines. Similarly, if the highlighted unit
is added to 15-level inverter, a 31 level inverter can be realized.
The maximum voltage across the DC bus increases by adding
additional input voltage sources. However, optimum number of
sources must be added such that the DC bus voltage is within
permissible limit and does not induce very high voltage stress
to the H-bridge transistors. Number of individual components
in SCMLI can be represented w.r.t the number of input voltage
sources. If the number of individual input voltage sources
employed in the MLI is denoted by ‘’, then the number of
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TABLE II: Switching logic to realize a 15-level SCMLI from
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c1
Ving
WJ Selective Harmonic Elimination (SHE) [33] is a popular
Vo technique which eliminates specific harmonics in the output.
For Fourier analysis, consider an ‘m’ level staircase waveform
e as shown in Fig. 5. With co-efficients ag and a,, being equal to
Viny .
0 zero, applying half and quarter wave symmetry, the waveform
Vi can be mathematically represented as:
Wit + Vino)
g [T/4
! 12 o e e 2 22 24 v(wt) = Z f/o fwt)sin(zwt)dwt | sin(zwt)
=1,3,5
Fig. 3: Operational waveforms of the inverter 4V
g P = Z N {coszb; + .... + coszh, }sin(zwt)
z=1,3,5
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Fig. 4: Generalized topology of the proposed SCMLI

output levels (n;), number of SCs (n),number of transistors
(n7) and their gate drivers (n4q), number of diodes (np) are
given by (1) to (4) respectively.

n =2 -1 )
n=i—1 )
ny =ngg =3 +1 3)
np=2(i—1) )

Eqns. (1) to (4) can be verified using the proposed 15 level
inverter shown in Fig. 4. SCMLI topology with higher number
of voltage levels without employing additional voltage sources
is presented in [29]. It employs a SC based voltage doubler
at one of the asymmetric voltage sources (Vyyi) to realize
two voltage levels from a single source. [30] proposes a seven
level inverter employing two unequal voltage sources limited
to low voltage and low power applications.

where, z = (m—1)/2 and 6; to 0, are the conducting angles.
The fundamental voltage in terms of switching angles is given
by:

™

vy (wt) = {cosby + .... + cosb, } sin(wt) (6)

The maximum value of fundamental amplitude (V7,) is ob-
tained when the all the switching angles are equal to zero.

4z
Vip = ?VIN @)

SHE computes conduction angles for a given modulation
index to eliminate specific harmonics. For example, in a 7
level inverter, only a maximum of two harmonics can be
eliminated. Modulation index (M7) is defined as the ratio
of the desired fundamental voltage (V7) to the maximum
obtainable fundamental voltage.

V1 ™ ‘/1

Mp=—+ = 8
! le 4ZV[N1 ( )

The harmonic equations to eliminate 5" and 7! harmonic for
the proposed seven level SCMLI are given as follows.

cosBq + cosby + cosls = 3M
c0sb01 + cosbly + cosbls = 0 )]
cosT01 + cosTOy + cos703 = 0

where, -
O<91<92<93<§ (10)
For M; = 0.84, the angles, in degrees, computed using

selective harmonic elimination are : 8; = 15.6°, 65 = 18.7°
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Fig. 5: Generalized staircase and 7 level ideal output voltage
waveform

and A3 = 52.4°. With 5t and 7*" harmonics eliminated, total
harmonic distortion (THD) can be given by:

Vims ) > Vo \*
T.H.D\/< Tms) 1= > < , >
Virms n=3,9,11,13.. Virms

11

V. CIRCUIT CHARACTERISTICS AND ANALYSIS

For analysis, it is assumed that all transistors are iden-
tical with equal on-state resistances (Rgson), the internal
resistances (R;,) of the voltage sources are equal and the
forward voltage drop (V) both the diodes are the same. For
the proposed SCMLI with i-input voltage sources, n; voltage
levels can be produced (1). Under ideal case, each staircase
voltage level (V4, Vg, ...) and capacitor voltage (V,) can be
expressed using the following set of generalized equations:

Va=Vin,

Ve =Vin,

Ve =Vin, + Vin,
Vb =Vin,_,

Ve =Vin,_, +Vin,

(12)
Ve = ‘/IN'L'—2 + VINi—l

Vi = VINi + Vv[NF1 —+ . + Vv[N0
Ve, = Vin,

General expression for RMS value of the m-level staircase
waveform is given by:

2
Vorus = \/7T (V264 + VESp + oo +V25y)  (13)

Output waveform is symmetric when the magnitude of input
voltage sources are integral multiples of magnitude of the least
value of input voltage source. That is, for a seven level output
if Vino = kVin1, where k is a greater than 1. Then, Vogyrs
of the seven level waveform shown in Fig. 5 is:

2
Vorws = Ving \/W(5A +k26p + (k+1)%6c) (14)

Considering non-idealities R;,, Vr, R4son and ESR of the
SC, each voltage step and the V1 of the seven level inverter
can be represented as —

Va=Vin, = VF — I,(2Rason + Rin)

Ve = kVINl - Vi — IO(3RdSON + Rin)

Ve = /i‘V]N1 + Ve — Io(4RdSON + Rin, + ESR)
Ver = VIN1 —Vr — Icl(RdSON + Rin, + ESR)

15)

where, I, is the average output current of the front-end
converter and I.; is the average capacitor charging current.
Eqn. (15) suggests to choose transistors with low Rgson,
diodes with Vr and low ESR capacitors for better utilization
of available voltage source and improved efficiency.

A. Switched-capacitor analysis

SC is the solitary energy storage element for the proposed
SCMLL. 1t is, therefore, imperative to select the appropriate
value of capacitance for the application. The value of the ca-
pacitance usually depends on the frequency of operation, max-
imum load current requirement and the upper limit imposed
on the ripple voltage. Under ideal conditions, for the proposed
SCMLI topology, during every half cycle the capacitor C; is
charged to V;1 when connected in parallel to the source and
discharged to the load when connected in series with V7,
as explained in Fig. 2. Considering ideal conditions, C is
charged to Vi1 during Vy = £V N1 and Vy = OV states and
discharged only during Vi = +(Vyno+ Vin1) state. However,
in reality the output voltage levels are lower than the input
voltages as explained in (15).

The discharging of C] is initiated only when switches Si,
and Sy, of the front-end SC DC-DC converter are turned
ON. The discharging period ends when both are turned OFF.
During discharging, C; along with V1 supply energy to the
load. If the maximum load current is known, this discharging
period can be used to determine the optimum value of SC for
a given voltage ripple limit. If Q¢ is the amount of charge
released by C; during the period then

taz

Qc = / Tosin(2m fst — ¢)dt (16)
tay

where, the limits t4; and t4o correspond to the discharging

period, I is the maximum value of output current (ig(t)), fs

is the fundamental frequency and ¢ is the phase difference

between the voltage and current. Ripple voltage (AVe) can

be calculated using the angles computed by SHE using

1
- 2nf,C

71'—91'
AVe / Tpsin(2m fst — ¢)dwt  (17)
0;
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(b)

Fig. 6: Equivalent circuits of seven level SCMLI during (a)
capacitor charging (b) capacitor discharging

where, 60; is the angle at which the capacitor starts to discharge
and 7 — 0, is the angle at which the discharging stops. If p(%)
is the limit imposed on the ripple voltage (AV(), then C' can
be chosen based on the following equation.
o> Yo
~ pVinm
Voltage rating of a capacitor also plays a vital role. In general,
as the value of capacitance increases, the physical dimensions
of the capacitor also increase which makes the converter bulky.
Therefore, it is important to choose an optimum value of
capacitance considering all the aforementioned parameters.
Most manufacturers’ datasheet provide dissipation factor (DF)
as a measure of performance. DF, in simple terms is the ratio
of energy loss to the energy stored in a capacitor. Assuming,
zero parasitic inductance, ESR of an electrolytic capacitor in
terms of DF is given by

(18)

DF
2n fsC

where DF = tand, 0 is the loss angle between capacitor’s
impedance vector and the negative reactance axis. Lower
DF is a measure of superior quality among capacitors when
similar di-electric materials are employed. It is therefore
recommended to choose a large enough SC to minimize ESR.
Lower ESR reduces voltage drop and conduction loss.

ESR = (19)

B. Loss Analysis

1) Conduction Loss: In the SC, it is due to power dissi-
pation in the ESR. In the proposed 7 level SCMLI, capacitor
(' is charged close to V;n1 when only Sp. is turned ON.
The energy stored is discharged to the load when S, and

S1c are turned ON keeping Sy, OFF. The maximum capacitor
charging current (/¢ )), deduced from Fig. 6 (a), is given
by

ch(m

Vinti =V = Ve _ Veq
Rg+ Rin, + ESR+ Ryson Req

where, V;; is the initial capacitor voltage, Ve, = Vini —
Ve — V. and Req = Ry + R;, + ESR + Ryson. When
the difference between Vjyp and the initial capacitor voltage
(V) is lower, I, () is also reduced. This helps to mitigate
spiky current waveforms. Therefore, a large enough capacitor
must be chosen to reduce undesired peak currents. Smooth
waveforms during charging prolong the life of the SC. The
charging characteristic of the capacitor can be represented as

Ie,,., =

ch(m)

(20)

icch (t) = ICC}L(NL)et/ReqC (21)

where ¢ is charging time. In the 7 level SCMLI, C is charged
twice every cycle. If charging duration At = t5 —t4, I¢

is given by
2 [!2
ICChRMS = T/t ZQCch (t)dt

The conduction loss during charging of C' for the 7 level
SCMLI can be given as

chRMS

(22)

Peon(cn) = I%chRZVISESR 23)

When several SCs are employed, their respective charging
currents are utilized to determine the conduction loss. When
the capacitor is discharging, its current is equal to the output
current. The RMS value of the output current for a purely
resistive load is given by

1

2
ICdisRZ\/IS = IORIVIS = RL\/7r (Vjal + V§62 + VC%(SS) (24)

where, V4, Vg and V¢ are given by (12). The conduction loss
during discharging is given by

Pcon(dis) = IQQRMSESR (25)

Conduction loss in the transistors is due to the heat dissipated
in Rgson during current flow. Similarly, diode resistance Ry
also results in conduction loss. Therefore, it is important to
choose components with low internal resistances to boost
operating efficiency. The net conduction loss in transistor
(Peon(r)) and diode (P.on(py) are given by

nr
_ 2
Pcon(T) = E ITiR]\lSRdSON
=1

(26)

np
Peon(p) = Z I}, rarsRa 27
i=1

2) Switching Loss: It is due to repeated charging and
discharging of parasitic capacitance (Cr) in the transistors.
Cr is charged to Vp when the transistor is turned OFF
and discharges when the transistor turns ON. This leads to
overlapping of transistor’s voltage and current waveform twice

every cycle causing energy loss. For analysis, assume turn-on
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and turn-off overlapping times are equal (7,), voltage and
current have linear relationships as below.

t
TOU

i(t) = Ipon(1 —

t
TO’U
For every switching cycle, two overlapping — one during
transistor turn-on and one during turn-off occur. Then, power
loss per transistor during the overlapping period is given by

) (28)

’U(t) = VT

(29)

T
o . V I OTLfSTO'U
Psw(Ton) = fS/ ’U(t)l(t) = % 30)
0
Similarly, switching loss during turn-off is given by.
VI Ty
Psw(Toff) = L T0f6ff8 . 31

where, I7,fs is the current through the transistor before turn

OFF. Switching loss in diodes is due to the reverse recovery

[34] is given by

VD I TP f str
6

where, t,. is the time taken by the reverse recovery current to
fall from its peak value of I,.,, to zero when a voltage of Vp
is applied across the diode. Efficiency can be calculated by:

Psw(D) = (32)

— 1 PL
Neff = P,

(33)

where P, is the input power and P, is the total power loss.

VI. COMPARISON WITH CONVENTIONAL MULTILEVEL
INVERTER AND OTHER SCMLI TOPOLOGIES

Proposed SCMLI has several advantages over conventional
topologies. Diode clamped MLI demands a high voltage rating
for the blocking diodes. As the number of levels increases,
the number of diodes makes the inverter impossible to be
implemented. Also, since the voltage at the capacitor terminals
are different, the capacitors are discharged to a different
values which results in the voltage unbalance problem. These
problems is overcome in the proposed SCMLI. DCI obtains
(2n + 3) levels for n capacitors used. However, the proposed
SCMLI produces (2("+2) — 1) levels.

Similarly, capacitor clamped MLI requires a large number of
storage capacitors when the required number of levels is high.
Therefore, this feature makes it very expensive and difficult for
package with bulky storage capacitors. For e.g., to realize a 11-
level inverter, CCI requires 10 capacitors whereas the proposed
SCMLI can realize fifteen levels with only three capacitors.
CCI also requires higher number of diodes in comparison
to the proposed inverter. Similar to DCI, CCI also has the
unbalance capacitor voltages issue.

The major drawback of the cascaded H-bridge (CHB)
inverter is the need for separate isolated DC sources. Also,
higher number of transistors used in the circuitry increases
the cost and size of the inverter. In comparison, the proposed
SCMLI uses fewer transistors to obtain a given number of
levels. For e.g., CHB requires seven separate DC sources and

twenty eight transistors (seven H-bridges) to realize a 15-
level inverter whereas the proposed SCMLI only requires three
sources, ten transistors and four diodes.

For comparison with other SCMLI topologies using series-
parallel SC structures with H-bridge at the back end, the num-
ber of SCs (n) is chosen as the reference as most topologies
employ a single voltage source. Table III. compares different
SCMLI topologies w.r.t to the number of transistors, diodes
and voltage sources employed. It is seen that the number of
output voltage levels increase exponentially with additional
SCs and input voltage sources. However, other topologies have
a linear relationship between the number of SCs and the output
voltage levels. The voltage stress on the H-bridge transistors
the capability to drive inductive loads is limited similar to most
topologies. The phase difference between the output voltage
and current cannot be greater than ¢ = 6;. To accomodate
larger inductive loads, the proposed SCMLI can be operated
at lower modulation indices.

The conventional Fibonacci SC DC-AC inverters shown
in Fig. 1 of [27] employs more components than the novel
inverter proposed in Fig. 2 of [27]. To realize a 15 level (7
X step up) staircase waveform, the conventional SC DC-AC
converter employs sixteen SC and sixty two transistors where
as novel Fibonacci inverter employs eight SC, twenty four
transistors and six diodes. In comparison, the proposed SCMLI
requires only two SC, ten transistors and four diodes. However,
it employs three unequal voltage sources.

Operating efficiency of any power converter depends on a
variety of parameters. Assuming the same quality of compo-
nents employed, same PWM strategy, similar operating condi-
tions and cooling arrangements, the comparison of efficiency
is carried out with respect to the number of components
employed for a given number of stepped output voltage levels.

In Table III, the number of components employed in the
proposed converter is compared with other SCMLI with H-
bridge topologies. Topology from [25] employs the minimum
number of switches (transistors+diodes). Therefore, it is com-
pared with the proposed topology with the same simulation
parameters as shown in section VII. For the topology from
[25], input voltage was fixed at 20 V to mimic the 60 V
output peak characteristic, similar to the proposed topology.
Two cases of the proposed inverter were considered. In the first
case, a DC - DC conversion stage is employed to obtain the
desired value of the input voltages. In the second case, the DC
- DC conversion stage wasn’t employed. Under both scenarios,
the proposed inverter offered better efficiency at higher power
levels. At lower power levels, the topology from [25] offered
better efficiency. This is primarily because of the number of
SCs employed by each topology. In [25], two SCs are used
to obtain a seven level output whereas the proposed topology
uses only one. Due to the higher voltage ripple effect of SCs,
the efficiency of topology from [25] is lower. Another reason
is that the proposed topology uses SC voltage to output just
two out of seven levels and the remaining levels are directly
supported by the DC sources; whereas the topology from [25]
uses the SC voltage to output five out of seven levels. This
reduces the voltage ripple for the proposed topology enabling
it to employ smaller SCs helping to save cost and space.
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nr np 1 n; H-bridge stress

Fig. 2 [20] | 3n+3 | n 1 2n+ 3 (n+1)V,
Fig. 1 [21] 6mn n n in+1 nVin

Fig. 1 [22] | n+5 | 2n 1 2n+ 3 (n+1)V,
Fig. 3 (23] | 2n+4 | n | 1 o+ 3 (n+ 1)V,
Fig. 1 [25] | 3n+4 | O 1 2n + 3 (n+1)V,
Fig. 2 [26] | 4n+1 n 1 In+1 nVin

Proposed | 3n+4 | 2n | n4+1 | 20720 —1 | S V+Vip,

TABLE IV: Harmonic content in the seven level output voltage waveform

Harmonic

Fundamental

3rd

Sth

7th

9th

llth

13th

Simulation (V)

62

3.5

0.1

0.1

5.85

5.95

1.26

Measured (V)

60

3

1

—_—

6

7

2

In order to increase the efficiency, higher value of SCs can
be employed as it proportionately reduces the voltage ripple.
However, loss due to ESR, space and cost factors have to be
considered. Also, as the number of levels increases, the stress
on the voltage H-bridge inverter increases; a common feature
to all H-bridge SCMLI topologies reviewed.

The proposed inverter is limited to operate only when there
are multiple unequal voltage sources employed. If only a single
voltage source is available, it is still possible to generate
another voltage level using a switched-capacitor doubler or
switched-capacitor based half circuit.

VIl. SIMULATION AND EXPERIMENTAL RESULTS

Simulation of proposed SCMLI rated with Vg = 40V,
Vin1 = 20V employing a 470uF SC is done. R;, = 0.1€2,
ESR = 0.1Q,VF = 042V, Rd = ].OTTLQ, RdsON = ng,
01 = 15.6°, 05 = 18.7° and 03 = 52.4° are considered for
simulation. Fig. 7 (a) shows the 7-level staircase output voltage
and current operating at 400 Hz when a resistive load of 25
Q) is connected. With increase in power levels, the amplitude
of the staircase waveform reduces as the capacitor discharges
to a lower value each cycle. The capacitor charging and
discharging characteristics are shown in Fig. 7(b). It can be
clearly seen that the capacitor charges and discharges twice
each cycle. The capacitor charges to V., as explained in (15)
and discharges to a voltage value that is dependent on the load
current. Table IV shows the dominant harmonics in the output.

TABLE V: Experiment specifications and components list

Input voltage (Vo) 40V
Input voltage (Vin1) 20V
Output frequency (fs) > 400 Hz
Switched-capacitor (C) 470 uF
Transistors (N-channel MOSFETS) FDB3632
Diodes (Schottky Rectifier) NTST30U100CT
Maximum power 250 W
Controller TMS320F28335
Gate Drivers IR2113

Table V details the experiment specifications and the
components employed. A simple algorithm is developed on
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Fig. 9: Measured 1kHz output with resistive loads. Ch. 1:
Output voltage, Ch. 2: Output Current. (a) 37 W (b) 255 W

TMS320F28335 controller to implement SHE for the proposed
SCMLI. Table VI shows the values of 61, 62 and 65 at different
modulation indices. Since the output voltage of the SCMLI is
a function of the modulation index (8), the modulation index
can be adjusted real time to realize the required magnitude
of output voltage. To realize this, a look table with values
of switching angles for various M; should be programmed
into the DSP. The required modulation index can be chosen
depending on whether the output voltage needs to be stepped
up or down, the information of which is obtained from the
feedback.

Simulation and experimental results of seven level output
voltage and current, and SC voltage and current waveforms
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Fig. 10: Measured FFT with resistive loads. Ch. 1: Output
voltage (use 2x multiplier), Ch. M: FFT plot. (a) 400 Hz (b)
1000 Hz

operating at M; = 0.84 with output frequency of 400 Hz are
shown in Fig. 7 and Fig. 8 respectively. Fig. 9 (a) and (b)
show the 7 level staircase output voltage and current at 1 kHz
working at 37 W and 255 W respectively. It can be observed
that the voltage drop increases at higher power operation. If
the voltage drop is severe, the output voltage is no longer
close to the desired staircase waveform. This increases the
line harmonics. Voltage drop at higher power levels can be
reduced either by increasing the value of SC or by increasing
the operating frequency.

FFT analysis of SCMLI’s output voltage waveforms oper-
ating at 400 Hz and 1 kHz distribution frequencies is shown
in Fig. 10 (a) and (b) respectively and tabulated in Table IV.
Employing SHE, 5" and 7*" harmonics are minimized. Small
magnitudes of 37¢, 9** and 11*" harmonic still exist. If an
optimum value of capacitor is not chosen for a given power
level and output frequency, the harmonic content in the output
waveform will increase and cause several undesired effects.
Better modulation schemes can also be adopted to optimize
the switched-capacitor size for a given frequency.

Fig. 11 shows the plot of efficiency versus output power
at different distribution frequencies. It is observed that as the
frequency increases, the efficiency of the inverter increases.
This can be explained from Fig. 12, which shows the variation
in SC ripple voltage with frequency and output power. For
a given power level, increasing the distribution frequency
reduces the SC ripple voltage, thereby improving the operating
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TABLE VI: SHE Switching angles for different modulation
indices

M; 01 B2 03

0.5 | 39.4° | 56.25° | 80.1°
0.6 11.8° 41.7° 85.7°
0.7 18.3° | 44.1° | 64.4°
0.84 | 15.6° 18.7° 52.4°
0.92 | 7.98° 15.3° | 36.4°

efficiency. To further mitigate switching losses, a resonant
front-end SC converter can be designed by adding a series
inductor to realize zero current switching. However, this will
increase the voltage stress on the devices employed.

Fig. 13 shows the output waveforms with inductive load.
An inductor is connected in series with a variable resistor
as the load. For the experiment, L = 1 mH, R = 58 ) was
used. The value of the phase angle is equal to 15.15°. It can
be observed that the output voltage is similar to that with
R load. However, the current waveform is more sinusoidal.
This waveform validates that the proposed SCMLI can work
as a HF source to power inductive loads with a small phase
difference and is mostly applicable in high power factor
applications or supplying active power to microgrids from
renewable energy farms. However, Table VI implies that at low
modulation indices a larger inductive load can be supported.

VIIl. DISCUSSION

Consider an example of an electric golf-car (classified under
small car). If input voltage from the sources are below 48
V, it falls under the category of safe operating voltages.
This in turn mitigates the overall cost as it eliminates the
need to install expensive high voltage protective features.
Therefore, the primary battery is usually rated below 48 V
DC. Additionally, modern golf-cars equipped with solar panels
charge the auxiliary battery to a lower value of around 20 V.
Another example is the hybrid electric car powered by Li-
ion batteries and super-capacitors. Since the nominal voltage
of Li-ion battery is 3.7 V and that of super-capacitor is 2.7
V, the voltage levels of these series connected energy storage
devices are bound to differ.

Both these respective pairs of voltage sources can be used
as inputs to generate a high frequency AC distribution line.
The high frequency AC power is rectified before driving the
DC motor and other loads. In the proposed SCMLI, if the
difference between the two input voltage sources is not large
enough, then the advantages diminish. However, with higher
voltage levels the cost of implementation increases as there
is a need to add protective features for high voltage opera-
tion. Future work includes to investigate PWM techniques to
optimize THD levels for unequal voltage steps.

IX. CONCLUSION
A novel SCMLI topology for HFAC PDS has been proposed
in this paper. The topology is applicable where unequal DC
input sources are at disposal. Such scenarios are common in
large renewable energy farms and electric vehicle networks. It
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Fig. 11: Measured efficiency versus output power at different
output frequencies
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output power at different output frequencies

is more convenient to employ multiple DC sources as input
to a single inverter than to employ several inverters in parallel
with their respective solitary DC input sources. This topology
does not stack up the voltage sources in series and therefore
does not require voltage balancing circuits. Since the switched-
capacitors employed copy the input voltage every cycle, the
problem of voltage balancing has also been eliminated. The
harmonic content in the waveform is analyzed and is found to
be minimum. The proposed topology obtains higher number
of voltage levels compared to several existing topologies. This
paper utilizes the proposed topology for high frequency AC
distribution. However, the same topology can be employed for
50 Hz / 60 Hz distribution by employing a larger switched-
capacitor. It is shown that the number of output voltage levels
exponentially increase with increase in the employed input
voltage sources and SCs. In the hardware results, it is shown
that the 5" and 7'* harmonics are minimized to very low
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value of 1V each. Results at different distribution frequencies
and power levels are presented.
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