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ABSTRACT 

This paper proposes a switched-capacitor 

multilevel inverter for high frequency AC power 

distribution systems. The proposed topology 

produces a staircase waveform with higher number of 

output levels employing 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. in case of renewable energy farms based AC 

micro-grids 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 voltage 

sources employed share a common ground. The 

inverter 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 results at different distribution 

frequencies, power levels and output harmonic 

content are provided to demonstrate the feasibility of 

the proposed multilevel inverter topology. 

I. INTRODUCTION: 

THE significant advantage that High 

Frequency Alternating 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 compact HF 

transformers. They also offer the flexibility to 

cater 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 

regulator modules. These systems employ 

resonant converters to enhance efficiency, power 

factor and energy density, and alleviate adverse 

EMI effects [3], [4]. In 1980s, NASA pioneered 

research on HFAC PDS for its space station. A 

single phase system rated at 25 kW with 20 kHz 

line frequency and 440Vrms 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 
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[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 

telecommunication, 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 

capacitor 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 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].  

II. MULTI LEVEL INVERTER: 

An inverter is an electrical device that 

converts direct current (DC) to alternating current 

1(AC) the converted AC can be at any required 

voltage and frequency with the use of appropriate 

transformers, switching, and control circuits. Static 

inverters have no moving parts and are used in a wide 

range of applications, from small switching power 

supplies in computers, to large electric utility high 

voltage direct current applications that transport bulk 

power. Inverters are commonly used to supply AC 

power from DC sources such as solar panels or 

batteries. The electrical inverter is a high power 

electronic oscillator. It is so named because early 

mechanical AC to DC converters were made to work 

in reverse, and thus were "inverted", to convert DC to 

AC. 

2.1 Cascaded H-Bridges inverter 

A single phase structure of an m-level 

cascaded inverter is illustrated in Figure 3.1. Each 

separate DC source (SDCS) is connected to a single 

phase full bridge, or H-bridge, inverter. Each inverter 

level can generate three different voltage outputs, 

+V
dc

, 0, and –V
dc 

by connecting the DC source to the 

ac output by different combinations of the four 

switches, S
1
, S

2
, S

3
, and S

4
. To obtain +V

dc
, switches 

S
1 

and S
4 

are turned on, whereas –V
dc 

can be obtained 

by turning on switches S
2 

and S
3
. By turning on S

1 

and S
2 

or S
3 

and S
4
, the output voltage is 0. The AC 

outputs of each of the different full bridge inverter 

levels are connected in series such that the 

synthesized voltage waveform is the sum of the 

inverter outputs. The number of output phase voltage 

levels m in a cascade inverter is defined by m = 2s+1, 

where s is the number of separate DC sources. An 

example phase voltage waveform for an 11 level 

cascaded H-bridge inverter with 5 SDCSs and 5 full 

bridges is shown in Figure 3.2. The phase voltage  
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For a stepped waveform such as the one 

depicted in Figure 3.2 with s steps, the Fourier 

Transform for this waveform follows  
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Fig.1.Single-phase structure of a multilevel 

cascaded H-bridges inverter 

 

Fig.2.Output phase voltage waveform of an 11 

level cascade inverter with 5 separate dc sources. 

The magnitudes of the Fourier coefficients 

when normalized with respect to V
dc 

are as follows: 

 ( )   
 

  
[   (   )      (   )       (   )] 

                              …(4.3) 

The conducting angles, θ1, θ2, ..., θs, can be 

chosen such that the voltage total harmonic distortion 

is a minimum. Generally, these angles are chosen so 

that predominant lower frequency harmonics, 5th, 

7th, 11th, and 13th, harmonics are eliminated. More 

detail on harmonic elimination techniques will be 

presented in the next section. Multilevel cascaded 

inverters have been proposed for such applications as 

static var generation, an interface with renewable 

energy sources, and for battery based applications. 

The inverter could be controlled to either regulate the 

power factor of the current drawn from the source or 

the bus voltage of the electrical system where the 

inverter was connected.  

2.2 Diode Clamped multilevel inverter  

The neutral point converter proposed by Nabae, 

Takahashi, and Akagi in 1981 was essentially a three 

level diode clamped inverter. In the 1990s several 

researchers published articles that have reported 

experimental results for four, five, and six level diode 

clamped converters for such uses as static var 

compensation, variable speed motor drives, and high 

voltage system interconnections. A three phase six 

level diode clamped inverter is shown in Figure 3.3. 

Each of the three phases of the inverter shares a 

common DC bus, which has been subdivided by five 

capacitors into six levels. The voltage across each 

capacitor is V
dc

, and the voltage stress across each 

switching device is limited to V
dc 

through the 

clamping diodes. Table 3.1 lists the output voltage 

levels possible for one phase of the inverter with the 

negative DC rail voltage V
0 

as a reference. State 

condition 1 means the switch is on, and 0 means the 

switch is off. Each phase has five complementary 

switch pairs such that turning on one of the switches 

of the pair requires that the other complementary 

switch be turned off. The complementary switch 

pairs for phase leg a are (S
a1

, S
a‟1

), (S
a2

, S
a‟2

), (S
a3

, 

S
a‟3

), (S
a4

, S
a‟4

), and (S
a5

, S
a‟5

). Table 3.1 also shows 

that in a diode clamped inverter, the switches that are 

on for a particular phase leg are always adjacent and 
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in series. For a six level inverter, a set of five 

switches is on at any given time. 

 

Fig.3.Three phase six level structure of a 

diode clamped inverter. 

Diode clamped six level inverter voltage levels and 

corresponding switch states are as  

Table.1 Output voltage levels of one phase 

inverter 

 

 

 

 

 

III. PULSE WIDTH MODULATION: 

What is PWM? 

Pulse Width Modulation (PWM) is the 

most effective means to achieve constant voltage 

battery charging by switching the solar system 

controller‟s power devices. When in PWM 

regulation, the current from the solar array tapers 

according to the battery‟s condition and recharging 

needs Consider a waveform such as this: it is a 

voltage switching between 0v and 12v. It is fairly 

obvious that, since the voltage is at 12v for exactly as 

long as it is at 0v, then a 'suitable device' connected 

to its output will see the average voltage and think it 

is being fed 6v - exactly half of 12v. So by varying 

the width of the positive pulse - we can vary the 

'average' voltage. 

 

 
 

Pulse Width modulator 

So, how do we generate a PWM waveform? 

It's actually very easy, there are circuits available in 

the TEC site. First you generate a triangle waveform 

as shown in the diagram below. You compare this 

with a d.c voltage, which you adjust to control the 

ratio of on to off time that you require. When the 

triangle is above the 'demand' voltage, the output 

goes high. When the triangle is below the demand 

voltage, the 
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Fig 4 comparison of PWM with DC voltage 

 

IV. PROPOSED TOPOLOGY AND 

OPERATING PRINCIPLE 

The proposed 7-level SCMLI, shown in Fig 

5.1, consists of a SC based DC-DC converter which 

employs two input sources (VIN0 and VIN1), three 

transistors (S1a, S1b, and S1c), two diodes (D1a and 

D1b) and a capacitor (C1). DC levels obtained at the 

inverter DC bus include VIN0, VIN1, VIN0 +VIN1. 

The H-bridge inverter employing transistors Q1 to 

Q4 effectively produces 6 bipolar levels and a zero 

(0, ±VIN0, ±VIN1, ±(VIN0 + 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. 

 

Fig.5. Proposed 7 level SCMLI topology 

 

 

Table.2.Switching logic for the 7-level SCMLI 

 Output voltage = ±VIN1 state  

Capacitor C1, is charged to the input voltage VIN1 

through D1b by turning ON transistor S1c. 

Transistors S1a, S1b and diode D1a remain turned 

OFF. The DC bus voltage at this state is equal to 

VIN1 as VIN0 is blocked by turning OFF transistor 

S1a. Voltage source VIN1 alone supplies power to 

the load. Fig. 5.2 depicts the equivalent circuit for V0 

= +VIN1.  

 

Fig.6 Equivalent circuits of the 7-level SC MLI to 

obtain different voltage levels at Vo = VIN1 

Output voltage = ±VIN0 state 

For normal operation of the proposed inverter, VIN0 

> VIN1.In the DC - DC converter, only transistor S1a 

is turned  ON while other transistors are turned OFF. 

Therefore, VIN0 is connected to the DC bus through 

diode D1a. As VIN0 > VIN1, diode D1b is reverse 

biased and hence blocks VIN1. Fig. 5.3 depicts the 

equivalent circuit for V0 = +VIN0. The capacitor C1 

is open during this state. Therefore, its voltage 

remains at VIN1. 
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      Fig.7.  Equivalent circuits of the 7-level SC MLI 

to obtain different voltage levels at Vo = VIN0  

 

Output voltage = ±(VIN0 + VIN1) state 

Capacitor C1, charged to VIN1, is connected in series 

with input voltage source VIN0 by turning ON 

transistors S1a and S1b. Diode D1b is reverse biased 

and blocks VIN1. The net voltage that appears across 

the DC bus now is equal to VIN0+ VIN1. In this 

state, input voltage source VIN0 and capacitor C1 

supply power to the load. Fig. 5.4 depicts the 

equivalent circuit for V0 = +(VIN0 + VIN1). 

 

Fig.8. Equivalent circuits of the 7-level SC MLI to 

obtain different voltage levels at Vo =VIN0 + VIN1  

  

Output voltage = 0V state  

To obtain zero level at the output after the positive 

half cycle(Fig. 5.5), only transistor Q1 is turned ON, 

while all the other switches in the H-bridge inverter 

remain turned OFF. The body diode of transistor Q2 

is employed for free-wheeling. Similarly, to obtain 

zero level at the output after the negative half cycle, 

only transistor Q4 is turned ON, while all the other 

switches in the full bridge inverter remain turned 

OFF. In this case, the body diode of transitor Q3 is 

employed for freewheeling. 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.5.6. Using these 

waveforms, it is possible to further comprehend the 

working states of the SCMLI. If VIN0 = 48V and 

VIN1 = 24V , the output voltage waveform would 

have 0, ±24V , ±48V and ±72V . The voltage across 

the capacitor C1, would always be constant at 24 V 

 

            Fig.9. Equivalent circuits of the 7-level SC 

MLI to obtain different voltage levels  at  Vo = 0 

 

               Fig.10.Operational waveforms of the 

inverter 

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. 5.7. For example, if VIN0 = 40V , 

VIN1 = 20V and VIN2 = 10V , using the switching 

logic, an output voltage staircase waveform with 

values 0, ±10V , ±20V ,....., ±70V can be obtained. In 

this case, C1 and C2 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. 
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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 „i‟, then the number of output levels (nl), 

number of SCs (n),number of transistors (nT ) and 

their gate drivers (ngd), number of diodes (nD) are 

given by (1) to (4) respectively. 

nl = 2
i+1 

- 1     (1) 

n = i – 1    (2) 

nT = ngd = 3i + 1   (3) 

nD = 2(i - 1)    (4) 

 

Eqns. (1) to (4) can be verified using the proposed 15 

level inverter shown in Fig. 5.7. 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 

(VIN1) 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. 

 

 

      Fig.11.Generalized topology of the proposed 

SCMLI 

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 (n+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 number of SCs (n) is chosen as the 

reference as most topologies employ a single voltage 

source. 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 φ = θ1. 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.5.1 of 

[27] employs more components than the novel 

inverter proposed in Fig. 5.2 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 
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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 

components employed, same PWM strategy, similar 

operating conditions 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. 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 compared with the proposed topology 

with the same simulation parameters. 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. Table II 

shows the dominant harmonics in the output. 

 

Table Harmonic content in the seven level output 

voltage waveform 

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. 

V. SOFTWARE DESIGN AND OUTPUT 

RESULTS OF THE PROPOSED MODEL  

Design of SCMLI 

 

Fig.11 Design of 7-level SCMLI 

Output Waveforms: 

 

Fig.12.Output waveforms of the proposed model 

output voltage 
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Fig.13.Output waveforms of the proposed model 

output current 

 

Fig.14.Output waveforms of switched capacitor 

voltage and current 

Experiment Specifications And Components List 

 

 Input voltage (VIN0)    

40 V 

 Input voltage (VIN1)   

 20 V 

 Output frequency (fS)    400 

Hz(greater than or equal to) 

 Switched-capacitor (C1) 470 _F 

 Transistors (N-channel MOSFETs) 

 FDB3632 

 Diodes (Schottky Rectifier)  

 NTST30U100CT 

 Maximum power    250 W 

 Controller    

 TMS320F28335 

 Gate Drivers    

 IR2113 

Advantages 

 Solves  several hurdles in efficient power 

delivery. 

 HFAC PDS eliminates the need for a 

rectifier and a filter stage at the front-end 

power source. 

need for an inverter 

 Need for an inverter in the point-of-load 

power supply. 

 Improves heat distribution of the system. 

VI.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 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 th 

and 7 th harmonics are minimized to very low value 

of 1V each. Results at different distribution 

frequencies and power levels are presented 
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