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Abstract: This paper proposes to achieve an high-si@pn ratio by using MMC DEC converter topology and
maintaining highconversion efficiency with high power rating. For High step down ratidlapower conversion

power electronics transformers are can be used. This arrangement requires a large number of high isolation voltage
transformers and complicated balancing conifolovercome this drawback the solution is inherent voltage balancing,

this paper introduces a new MMC topology fordizconversion. Depending on the number of sub modules the MMC
achieves higlvoltage stepdown ratio. With no necessary requirement ofhhigltage isolation transformers the
converter exhibits simplicity and scalability by using Digital switching, the converter operating frequency is high
compared to the switching frequency. The operation principle and theoretical analysis are pretieistpdper.

Keywords: Modular multilevel converter (MMCs), phasahift control, stegdown ratio, resonant converter, EIEC
conversion.

1. INTRODUCTION

In case of mediunvoltage and higivoltage applications Modular multilevel converters (MMCs) are aamided, for
acac[9],[10],acdc [4],[6]-[8],dc-dc[11}[13],dc-ac,[1}5]conversion.By changing the number of modular cells, these
converters provide more than two levels. While keeping the converters operating cells with a fault can also be
bypassed. The ain features of MMCs are High reliability and modularity. To maintain the voltage lalletisese

MMCs require a comptated balancig control. Even though a regeiment is placed on the tolerance of the cell eapa
citors, measuring capacitor voltages Ealancing control is indispensable. The operating frequency of the MMCs is
not higher than the switching frequency. To reduce the size of the passive components High switching frequencies are
used. Lowpower applications other new multilevel modular swéidlcapacitor ddc converters designed [1{]6].

This type converter exhibit good efficiency and moduladiyt these type converters not suitable for highage
applications.Conventional diode clamped, flying capacitor, or other types of converéeedsa not suitable for the high
voltage applications, as the circuit configuration becomes quite complicated with increased number of level$1&§3$§18]
converters have poor molduty and reliability .For high power applications other type convest&ower electrogi
transbrmers (PETs) [11], [12], [19], [20]. These type converters require a large number of transformers with high
voltage isolationThe balancing control between the modules is necessary. Fevdiigbe and higipower applications

PETs are can be used with high efficiency, but the converter size will be increased dramatically withddtdgghstep

down ratio.In this paper for higivoltage steglown unidirectional dac conversion [13] a new form of MMCs are
introduced.

By usinglarge number of sub modules High stpwn voltage conversion ratios can be achievidte proposed
converter has inhereibalancing of each capacitor voltage. For Higher operating frequency-giiéteel pulse width
modulation (PWM) technique is used.i3hs equal to the nppduct of the number of sub malds and the switching
frequency. The converter operates with two resonant frequencies where zero-switagizg (ZVS) and zer@urrent
switching(ZCS) become possible. The grosed converters are moseliitable for lowpower dedc applications.
Multilevel inverter provides a suitable solutifor medium and high power sgshs tosynthesisoutput voltage which
allows a reduction of harmonic content in voltage and current waveforms. The main featueseafdahverters are
modularity, simplicity, and flexibity.

Modular multi level converteully modular converters benefit from several advantages such as:

1) The ability to control the voltage and current stresses applied to their components thrasgbration of identical
modules in series or parallel;
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2) enhanced reliability through installation of redundant modules;
3) reduced design, manufacturing, installation, and maintenancd bestetailed configuration and operation principle
arepresented.

2.SYSTEM STRUCTURE, MODELING AND CONTROL.
2.1 SWITCHING STRATEGIES

In conventional approach, PWM techniques are used by the comparison of reference and carrier signals to provide the
required gating signals for the converter switches. The number of output voltage levels obtained from this approach is
given in the followhg equation.

m= 2Ns+ 1
Where m denotes the output voltage levels apd § t he i ndividual sé converlter st
required to achieve m levels is given in the following equation.

| = 2(m 1 1)

For the implementation of H&vel CMLI, the number of switches required is 28 with seven individual inverter stages.

In addition to the 28 switches, 182 clamping diodes in case of NPC or diode clamped multilevel inverter and 91
balancing capacitors in case of FC type multilevel inverter alotiy 4 DC bus capacitors are needed to achieve 15
level output. The proposed paper deals with the following topologies for the reduction of switches. Increasing the
number of levels will subsequently reduce the harmonic distortion which in turn improvesvtbe quality. By using

large number of sub modules High sepwvn voltage conversion ratios can be achieved. The proposed converter has
inherentbalancing of each capacitor voltage. For Higher operating frequency,-ghiéteel pulse widthimodulation

(PWM) technique is used. This is equal to the product of the number of sub modules and the switching frequency.

2.2 PhaseShifted PWM for High Step-Down Ratio.

Phaseshifted PWM is then applied with a high dustio such that an excitation is applied te tksonant components.
The effective frequency of this excitation is much higher than the frequency of switching of an individual cell [21],

[22] . This is arranged so that onl y o n-dowrcratib bf tha tigita t i me
becomes dependent on the number of ¢¢llfo demonstrate the general operation. The dc input Voltageg.is
The capacitor voltage and output voltaggf = 1, 2, . . . ,5) cell are represented MC;andV;, respectively. The

input currentigs composed of the dc component and ac component. The dc current component returns to the converter
input mainly through the parallel inductbs, where an ac current component mainly flows to the rectifier. The sum of

the parallel inductor currefigand he rectifier input curreiits equal td..

The switching frequencies and dugtios of cells are equal, but the PWM signals from Cell 1 to Cell 5 are shifted by

00 720 1447216 and 288) respectively. To analyze the circuit operation, the followsgpenptions are made:

1) The switches are lossless and the cells are identical with the same parameters.

2) The cutoff frequency of the input filter is much lower than the series current frequency in the converter. The input ac
current and dc current flovintough the parallel branch and the series branch of the input filter, respectively.

3) The dc voltages of the cell capacitors are balanced at a steady state.

4) The rectifier diodes are synchronously switched ON with the rectifier input voltage.

va.f=_

Fig.1. Fivecell stepdown seriegarallel resonant converter.

Copyright to IARJSET DOI10.17148/IARJSET.2017.4919 148



UGC Approved Journal
IARJSET "S5 (Pring 23041508
International Advanced Research Journal in Science, Engineering and Technology

ISO 3297:2007 Certified
Vol. 4, Issue 9, September 2017

3. RESONANT OPERATION AND INHERENT -BALANCING

This section presents the analysis of the equivalent operation of the first configuration (see Fig.1).The operation
principle of other configurations can be analyzed by using the similar method. To demonstrate the operation principle
in a simple way, thetarting point is selected at the time when the capacitor of Cell 1 mode with dead band, there are

four operation modes in each operating cycle,

3.1 Modes of operation.
Mode:1

The circuit consists of four modes of operation in each operating cyclessuea the parallel curreipt is above zero.

when the lower celll is turned OFF, and the circuit enters the dead time mode. In this mode, no current flows through
cell and all the current circulates between the parallel inductor and rectifier. Aftert airsieo the upper switch in cell

lis turned ON and the circuit enters mode 2.The output voltage is positivel the cell capacitors are in series with

the inductor L. The input voltage of the rectifier is negative. The input curggstnegativeThis mode lasts until the

upper switch of cell 2 is turned OFF. and the circuit enters the dead time mode.

v J _I%
t L
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Fig.1(a) Mode 1.

Mode:2

In this mode of operation all the cell capacitors are in series with the inducfiné input voltage of the rectifier is
negative, and the input curréis negative. Ihis mode five capacitors are in series, the input voltage of the rectifier
is negative(\<0). The resonant current flowing through relevant diodgs,clamped by the output voltage asW,,.

If the output current does not fall to Zero before the figlthe converter is operating in the contimg conduction
mode(CCM). Othewise it may operate in the discontinuous conduction mode.
When the { falls to zero the output is disconnected from the parallel indugt@nd V, is dependent on the current
I,until the next switching action occurs. The output curigiatrectified fromi.. where five capacitors are in series, the
input voltage of the rectifier is negative€0). With the resonant current flowing through relevant diodis clamped

by the output voltage ag=T1 vo.
|
t Ve

vuf=

4V 1 co'l' Rt
Fig.1(b) Mode 2
The output current does not fall to zero before the Talthe converter is operating in the continuous conduction mode
(CCM).Otherwise, it may operate in the discontinuous conduction mode (DCM). Wbiadla to zero, the output is
disconnected from the parallel inductgr andvtis dependent on the currepurtil the next switching action occurs.
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On the other hand, in the last mode, one capacitor is out and four capacitors join the series resonance. The input voltage
of the rectifier is clamped a#= voas long as the converter operates in the CCNbf#ils to zero before this half
operating cycle, the operation mode becomes the DCMsanipuntil the end of this operating cycle.

Mode:3

This mode is the dead time mode of Cell 2. As there is no series current, all the current on the parallel indutitor flows
the diode rectifier. Shortly after that, the lower switch of Cell 2 is turned ON and the circuit becomes another resonant
circuit only with capacitors of Cells 1, 3, 4, and 5 in series Wi#hAs vt becomes positive in this mode, the series
current stas to rise with its resonant waveform. This mode is dead time mode of cell 2 .As there is no series current
,all the current on the parallel inductor flows to the diode rectifier after the small time period the lower switc@ of cell

is turned ON.The cauit becomes another resonant circuit only with capacitors of cell1,3,4,5 in series aitth 4

becomes positive in this mode ,the series current starts to rise with its resonant wave form.
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Fig.1(c) Mode 3
Mode :4

In this mode of operation one capacitor is out and four capacitors join the series resonance .The input voltage of the
rectifier is clamped as ¥V, as long as the converter operates in continuous conduction mogifallg to zero before

this half cycle operating cycle, the operation mode becomes the discontinuous conduction mqdk, warid the end

of this operating cycle. For eadh half cycle all five cells are operates with back to back operation there are always
five capacitors in the series resonant operation. In the next Tgctbe capacitor of Cell 2 will be in, and later on, the
capacitor of Cell 3 will be out. The followjn capaci t ors ©6in and out sequence s
Cell 4,the capacitors of Cell 4 and Cell 5, the capacitors of Cell 5 and Cell 1, and finally back to the capacitors of Cell 1
and Cell 2 in the next switching cycle. Hence, thereadrgys five capacitors or four capacitors in the series resonant
operation alternatively, with the duration of each mode asThlthe total voltage on the series capacitors is always
clamped through the diode bridge by the constant output voltage amptiteoltage When the converter is operating

at a steady state, the switching frequencyf#sid the dutyratio of each cell is 90%.Based on the previous
assumptions,the key voltage waveforms of the converter are shown in Fig. 2. With thalpfiasmtrol, the output

voltage ofjth cellvjis square wave ranging frofnto the steadsstate cell capacitor voltage vC;
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Fig.1(d) Mode 4
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Define output voltage across all the celliass B%, ; 0'(Thereforeyds rangingf r om t he sum of four
voltages to the sum o.fAsal thecal cama@tdr Vokages are aspiraed to ke equal tovG, thé a g e s
stack voltagevds comprised of a square wave ripple with the amplitude.®¥®and a dc offset of.8vC. It can be
observed from Fig. 2 that the ripple frequency is five times of the switching frequency. Assume there is no ac voltage
drop acrosshe passive components, the rectifier input voltaigea square wave with the amplitude dW but in an
opposite phase compared to the rippleofis the dc offset ofss 4.5vC with N = 5, the cell capacitor voltage can be
derived asvC= VVdd/4.5. In a more general case withcells, the average cell capacitor voltage can be derived as.

\ v 2630
Vo= 1)

with the phaseshift angle ofsbﬂand the dutyratio 0122—01.Hence, the peak voltage valuewgé 0.5vCIf the converter
output voltagev,is close to the peak input voltage of the rectifier .
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Fig:2.Timedomain key voltage waveforms of the figell converter

This converter achieves a stdpwn ratio of A 1 1 which is afunction of the number of habiridge cells. With more
cells in the converter, higher stdpwnvoltage ratio can be achieved.

The equivalent operating frequenfgg expressed by
M= 0"Q (2)
which is used to choose the passive componenthdéaresonant operation.
Assume that the dc component and root mean square (RMS) value of an ac component of the series tymaedt are
loc ,respectively. If we neglect the losses of the converter, the input power is almost equal to the output power, which
can be written as
GILXAD= VETD 3)

As Vyd/Vo=2NT 1, it can be derived from (3) thet=(2N 1 1)l4. With a rated powelP, the RMS of the ac current can
be derived as

ah= 210 (@)

W

This means that when the output power is constant, the current RMS value and switch stress are proportional to the
stepdown ratio. As the ac current isually much higher than the dc current, the conduction losses mainly come from

the ac current. If we assume that the average voltages across IGBTs and diodes are th&¥ggméhasconduction

losses caused by the ac current can be written as

b= "Gl 0. (5)
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Therefore, comparinBac to the input power, it can be derived that the efficiehisylimited by the conduction losses
as

020 1amQ
<1 — ©)
is involved into the resonant operation and the end point is selected at the time when capacitor of Cell 2 is out of the
resonance. The relevant time interval can be found in Fig.2 which is marked by the eqopatatihg cyclel'e Note
that fixed dead time is used for all switches.

1 T/ = s a

<

- : ‘sa ¥

T Z = —
-

i

o
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Fig.3. Timedomain waveforms of the voltages and currents of the cell switches. (a) Upper switch. (b) Lower switch.

when a switch is OFF, the current is zero. It can be Hwnthe converter can achieve ZCS and ZVS for the upper
switches, but it cannot achieve soft switchiog the lower switches. The twfi current of the lower switch is high
because the operating frequency is higher than the second resonant frégquencgeneral, ZCS cannot be achieved
for any switch if the operating frequency is higher than the second resonant frefjie@rythe other hand, if the
operating frequency is lower than the first resonant frequgncCS and ZVS for upper switchesdanear ZCS and
near ZVS for lower switches are achieved.

3.2 Voltage controller of each cell

The low operating frequency results in high conducting peak current. For most IGBTS, as both the ieoidttor
saturation voltage and diode forward voltageréase significantly if the current increases, higher peak current may

lead to higher conduction losses. Mean while, the stress on devices is also increased. On the other hand, when the
switching frequency increases, switching losses will increase signify due to the increased times of switching
actions. Therefore, a good trad# according to a practical converter should be made to minimize the total losses. Note
that the resonant operation with inherbatancing of the converter is achieved usangliode rectifier. Thus, the
converter topology can only provide unidirectional power flow. The bidirectional operation may be achieved using an
active rectifier instead. However, as an active rectifier has three different voltage levels on its acdeput si
implementing active voltage clamping for cell capacitor balancing is difficult. This converter topology would require a
new control scheme and a different operation method.
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Fig.4. Voltage controller of each cell.
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4. IMPLEMENTATION AND APPLICATIONS

To implement a converter prototype, digital signal processors can be used as the main controller for measuring
feedback signals and generating phsisifted PWM signals. As explained in the previous section, the proposed
converter has an inherebalancng ability. Therefore, theonverter can opate under the opeonop condition without

using balancing controHowever, active balancing cwal methods can still be used to ensure proper operation under
certain circumstances. The penfoances of the comvter with and without balancing control will be compared in the

next section. The design of control circuit for a solar fed cascaded multilevel mi@rteduce the number of
semionductor switches is presented in this study. The design includes Himzayy and modified multilevel
connection(MMCjbased Topologies suitable for varying input sources from solar photo@I¢gi). In binary mode,

2Ns +1 11 output voltage | evels are obtaineddbwdigéat e Ns
logic functions which includecounters, flipflops and logic gates. In trinary mode, 3Ns levels are achieved by
corresponding lockip table. MMC intends design in both control and power circuits to provide corresponding output
voltage levels v appropriate switching sequences. Hence to obtain-EvEb inverter, the conventional method
requires 28 switches and in binary mode 12 switches are Needed. In trinary mode with the same 12 switches, 27 levels
can be obtained whereas in MMC only 7 siés are employed to achieve 15 levels. The advantage of these three
designs is in the reduction of total harmonic distortion by increasing the levels. Simulations are carried out in
MATLAB Simulink and comparisons were made. All the three topologies greriementally investigated for a 3 kWp

solar PV plant and power quality indices were measured.
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Fig.5. Block diagram of the proposed logic circuit

Fig. 5shows thelbck diagram for the implemerttan of the binary mode. The three stage invereguires Ns+ 2 (3 +

2 = 5) bit counters which acts as an up counter. The combinational logic circuit makes the three bits (Q1, Q2 and Q3) to
move in forward direction during the first half of the positive half cycle and similarly in reverse directing deciond

half of the positive half cycle. The same condition is repeated in both half of the negative half cycle. The bits (Q1, Q2
andQ3) are modified by Q4 and QWhere QMg used to control the incremental operation in the first half of positive

or negative half cycles and Q4 is used for the decrement operation in the latter half of positive or negative half cycles.
The pulse separation block comprises of bit€s@8 Q5 to separate the pulses requires for both positive and negative
half cycles and atscontrolling other bits in the circuit. Any number of levels can be achieved with #tisodology

by only adding the counters as accordance to the number of inverter stages and control logic functions
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i
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i

Fig. 6 Digital switching circuit fod 5-level CMLI
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Fig. 6 shows the proposed simulation block of the control circuit which consists of counters, combination circuit and
pulse separation circuit. The clock signal is given as the input to the five bit asynchronous counter for the movement of
bits suitable for positive and negative half cycles as according to the truth table. At logic functions, the pulses are
separated and given to the inverter switches. Fig. 7 shows tlevdlSoutput voltage waveform achieved from three
stage inverter and itorresponding FFT (fast Fourier transform) analysis.

A. Balancing control

Fig.4 shows the balancing controller of the proposed convénterder to balance the cajitac dc voltage, measuring
the capacitor voltage of each cell is required. The eafsr voltage V. for each cell is calculated from the averaged
voltage of the capacitors, which is expressed as

ozimzbls%lc)zéh (5)

As the cell capacitors are in the resonant operation, each capatié@e contains a considerable ac component.-First
order lowpass filters are used to obtain the dc components of the capacitageslt As lowpass filters have to be
implemented digitally, the transfer function of the filter can be written as

fir(2)= g (6)
withU= ¥ ¢ T where¥ s the cutoff angular frequency afth is the sampling periodBy comparing the reference
voltage to the dc voltage of eachllca proportional feedback otrol is used for regulation. A dead zone is created
allow a small tolerance of voltage imbalance. A saturation is used to limit the adjustabtatautgnge. As the series
current is positive at each switching instant (or in average), current measurement is not necessarily required for voltage
balanchg. The capacitor velige can be charged by increasing the duty ratio of each cell slightly.

B. StepDown DC Transformer

The proposed converter has inherbatancing ability and therefore can operate using épem control.
Regardless of the voltagirop of semiconducterand tolerance of the cell cponents, the ideal output voltage is
proportional to the input voltage when the switching frequency is fixed. This gives the possibility of using the prop
osed converter asdc transformer. The ratio tveeen the output voltage and the input voltage is roughly determined by
the number of cells. By increasing the number of cells, higherdstem ratio can be achieved. However, as explained
in the previous section, the current stress will be further isetkas a function dfl. To achieve higher stegown
ratio, isolation transformers can be used to increase thelstep ratio without increasing the series ac current.

C. Output Voltage Regulator

If the switching frequency is limited in a certain rarfigea practical application, the proposed converter regyire a
secondary didc conwersion stage to regulate the output voltage. This is a good solution for output voltage control.
However,classic frequency controllers can be used for output voltaggatéon without a secondary’idic converter.
Frequency controllers have limitations in many applications, but as a simple solution, they can achieve the requirement
under some certai@ircumstances.

D. Economic Analysis Example on LeRower Application

This section shows an example of the real value of the proposed concept. The generally usedsbgesgmutput

parallel (ISOP) converter scheme with dual active bridges (DAB) is compared with the proposed converter scheme
based on mediumoltage andow-power applications from the ecamic point of view. Both systems operate as step

down dé dc converters from 10 kV to 800 V with a power rating of 100 kW. For the ISOP converter, there are five
series hahbridge modules on the input side and five pafaliode bridge modules on the output side connected via

five isolation transformers. In contrast, the proposed converter has five series half bridge modules on the input side and
one diode bridge on the output side. To Implement the converters, timepars of the modules of the two converter
schemes are listed.

As the input voltage is 10 kV, with five modules used, each module should withstarsdyeaf more than 2 kV. The

ABB HiPak IGBT half-bridge modules 5SNG 0250P330305, which can withstand\8.8c voltage are used. The
current rating of each module is 250 A, which is the lowest current available in 3.3 kV HiPak product series. The
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output side in both schemes has a voltage of 800 V and a total current of 125 A (equivalent to five pamslalitiod

25 A'in each). Therefore, IXYS diodes (DSEPBPAR) with the ratings of 1200 V and 60 A can be used. Compared to

the cost of IGBTS, the cost of diodes is almost negligible. The ISOP DAB scheme uses five HiPak

IGBT modules with 10 A current flowinghrough each device, but the proposed scheme uses five HiPak IGBT
modules with around 125 A current flowing through each device. The currents in both schemes are small enough
compared to the 250 A device rating. Both schemes use the same numbers ofdientucatevices. On the other

hand, the ISOP DAB scheme requires several bulky, heavy, and costly isolation transformers. Hence ,for this low
power (100 kW) application example, the proposed scheme exhibits obvious predominance compared to the ISOPDAB
schene in terms of cost and economy. However, for high power apjitinat the device current of the proposed
converterwill be much higher and IGBTs with higturrent rating are required. Under such condition, the-pseg
converter will not be economic amdficient. It may be practical for high power applications in the future if the ratings

of semiconductors are improved and the price is reduced. Compared to the ISOP DAB scheme, the proposed scheme
has higher losses and higher device cost on the inptageokide. Nevertheless, the proposed converter does not
require isolation transformers withstadihg the entire input high voltage and operates with much higher frequency
reducing the sizes of pas& components. There is one centralized rectifier wsethe lowvoltage output side. As a

result, with the possibiiiés of semiconductor costduction, itprovides a further option of implementing a high step

down ratio dedc converter comparable to traditional ISOP converters.

E. Simulation diagram
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The above circuit explains the operation of MMC step down@IZconverter with control circuithe sub circuit
contains the logical circuit it gives pulses to the circuit

High-Order Bit —pD_’ Qo »
—| Clock ’_’ —p-D_b

Low-Order Bit Cut1

Modulo-3
Counter D' Latchl

on

In1
Generation of gate signals by using logical circuit
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Symbol Quantity Value
P Rated power 250 W
Ve Nominal input dc voltage 500 V
Vo Output de voltage 45 Vv
ITpk Maximum switch current 30 A
Ty Sampling period 1 ms
Lin Input filter inductor 9.8 mH
Cin Input filter capacitor 840 pF
Ls Series inductor 6.5 uH
Ly Parallel inductor 3.3 mH
(@5 Cell 1 capacitor 57.9 uF
C'z Cell 2 capacitor 69.1 uF
C's Cell 3 capacitor 58.2 uF
Cy Cell 4 capacitor 57.7 pF
C's Cell 5 capacitor 57.8 uF
Co Output capacitor 3 mF

Table 1.PARAMETERS OF THEXPERIMENTAL SYSTEM.

I i I \ i \ i
-4

0.174 0174 01741 0.1742 0.1742 01742 0.1743 0.1744 0.1744
Time

Fig.8(a). 2.5 kHz switching frequency.

4 | | | |
0163 01631 01632 0.1633 0.1634 0.1635
Time

Fig.8(b). 3. kHz switching frequency.

Voltage

g i | I i | i | I i
il 0 000 000 0002 000 0093 00 00904 00435 00805
Time

Fig 8(c) . At 3.5 kHz switching frequency
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| i | | i \ | i |
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Fig 8(d) At 4 kHz switching frequency

Fig.8. Experimental waveforms under the of@wp condition (X axis: Time, 20es/div, Yi axis: Magnitude of the
rectifier input voltage: 20 V/div, and series current: 5 A/div)

5. TEST RESULTS

An experimental prototype was constructed based on the propwsei in Fig.1. with five halbridge cells. The dc

supply was rated at 500 V. Between the dc supply and the converter stack, drCifiiat was connected to suppress

the ac current going to ¢hdc supply. The filter induateae and capacitance weselected as 9.8 MHz and 0.84 mF,
respectively. The halfridge cells were implemented usiogpacitors with nominal capaance value of 48F and

IGBTs with PWM dead band of 5.8s. Notethat big tolerance of capaaiice applies during the manufacturing
process. As a result, real valuestioé cell capacitors are diffemt from each other. The switching frequency for each

cell was chosen ranging from 2 to 4 kHz. Therefore, the operation frequency range was from 10 to 20 kHz. The
nominal series resonant imctance was 4£H and the parallel inductance was 3.3 mH. The capacitance of the output
filter was 3 mF. The detailed circuit parameters are listed in Tablel.

A. Open Loop Test

The proposed circuit has two different resonant frequeffigasdfrn. With roughly measureBour typical switching
frequencies were used for oplerop tests. The basic operation of the proposed circuit was tested without balancing
control or feedback control. The input dc voltage was 500 Waflameters in Table |, the twesonant frequencies can

be calculated asp= 16.8 kHz andrn= 18.8 kHz, respectively. Note that the real resonant frequencies may be slightly
different from the estimated values. However, this does not affect the operation principle of the corwvetew the

typical waveforms, operating frequencies were chosen as 12.5, 15, 17.5, and 20 kHz to verify the design and analysis.
Fig. 8 shows the opeloop controlled experimental waveforms of the rectifier input voltage and series current. When
the equiwa-lent operation frequency is smaller than bfsggandfrn,the series current resonates quickly and the rectifier
input current becomes zero before both the ends of positiveyad and negative hatfycle. The converter is fully
operating in the DCM e Fig. 8(a)]. If the operating frequency is increased close to the first resonant frefypency

the rectifier input current becomes zero at the end of the positiveytdf [see Fig. 8(b)].However, as this operating
frequency is still smaller than treecond resonant frequenfiymin the negative halfycle, the rectifier input current
becomes zero bfere the end of the negative haljcle, which can be observed in Fig. 8(b). Similarly, if the operating
frequency is increased close to the second resdregquencyfrn, it becomes higher than the first resonant frequency

frp. The key waveforms can be seen in Fig. 8(c). In the positivechelé of Fig. 8(c), the series current resonates
slower than the opetting frequency and the converter operateshia €CCM. However, the rectifier input current
reaches zero at the end of the negative-tadfe. The last experimental waveform in Fig. 8(d) shows that when the
operating frequency is higher than bdétpandfrn, the converter operates in the CCM duringhbpositive haklcycle

and negative haiycle. Under this condition, the series current peak is much smaller than that of the previous results
and the stress on switches is much lower, but thedfircurrents of switches become much higher.

The voltage applied on the upper switch and the lower switch of a cell can be observed in Fig. 9. When the
upper switch is ON and the lower switch is OFF, the voltage on the upper switch is Almost zero and the voltage on the
lower switch is almost the cell capaciteoltage. Meanwhile, the cell capacitor is in the series resonant operation.
Therefore, during this period, the voltage on the lower switch contains a higher ripple. On the contrary, when the upper
switch is OFF and the lower switch is ON, the voltagehenupper switch is almost equal to the cell capacitor voltage
and the voltage on the lower switch is almost zero. During this period, the cell capacitor is out of the series resonant
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operation ,and the voltage on the upper switch should be constant.He cmen from Fig. 9(a), (c), and (e) that the
upper switch oftime ripple is smaller than that of the lower switch in Fig. 9 (b), (d),and (f). Comparing Fig. 9 (e) and
(f) to Fig.1, it can be seen that the theoretical wave forms and the experimentirmavare in good agreement. The
efficiency of the converter versus the switching frequency is shown in Fig. 10. The results were obtained under the
same input voltage condition (500 V). It can be observed from the experimental results that the maxoranoyeif
achieved when the switching frequency is over 3.5 kHz. Although theoffiourrent [see Fig. 9(f)] is higher than that

with lower switching frequencies [see Fig. 9(b) and (d)],the peak current is sagmifly reduced. Lower conduction
lossesare therefore achieved resulting in lower total losses.

Fig.9(b). Lower switch voltage with 2.5 kHz switching frequency.

Us1

Fig.9(d). Lower switch voltage with 3 kHz switching frequency.

Us1

Fig.9(e).Upper switch voltage with 3.5kHz switching frequency.
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U

Fig.9(f). Lower switch voltage with 3.5 kHz switching frequency.

Fig.9.Experimental waveforms of switch vajts in Cell 1 under the opéwop condition (X axis: Time, 5&s/div, Yi

axis: Magnitude of the cell switch voltage: 50 V/div, and series current: 5 A/div)
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Fig.10. Efficiency versus switching frequency.
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B. ClosedLoop Tests

The closedoop controller proposed in the previous section was implemented digitally. The converter was tested with a
variable input dc voltage. The experimental results of a cls®ul capacitor balancing were compared to eljpep

test results. It cae seen from Fig. 11 that without balancing control, the capacitor voltages of the converter are
naturally balanced. In some applications, voltage sensors can even be eliminated from the convertecofstr low
purposes. However, balancing contoain be usd to suppress the differences between the capacitor voltages. With
closedloop balancing control and frequency control, the experimental waveforms of the rectifier input voltage and
seriescurrent are showin Fig. 12. Note that the condiion losses areonsiderable when frequency changes, the
output voltage regulation function is based on the dpep experimental test results. When the input voltage changes,

it can be seen that the frequency has been adjusted to maintain the output voltage ar@ied tadue (45 V). To

show the output voltage regulation, Fig.13 compares the output voltage of-ldopetgsts with that of opeloop test
results. It is shown that when the frequency controller is used, the output voltage changes slightly
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Fig.11.Comparison of capacitor voltages between the climag controller and opeloop controller.

Capacitor Voltage [V]

around the rated output voltage value. To achieve a more accurate output volagéde input rage, a lower ratio
betweenLp andLs should be used. Howevehis may increase the maximum parallel curipntA tradeoff between
output voltage raeglation and power losses can be made to determine the inductance ratio [23]. A secondary converter

can also be used to regulate the voltage level. The frequencgevodtgulator of the proposed camter is only a
simple solution suitable for some certain applications.

Fig.12. Experimental waveforms under the clokeap condition (X axis: Time, 2Ces/div; Yi axis: Magnitude of the
rectifier input voltage: 20 V/div;rad series current: 5 A/div) with (a) 480 V input voltage. (b) 520 V input voltage.

It is worth mentioning that the experimental tests were arranged simply to verify a concept design. For an igput volta
of 500 V, the proposed comter is not the best &dion. proposed converter may be more useful for high voltage
applications where the modularuitilevel configuration is neasary. For a practical application, detailed sizing and
system design need to be considered [29].

50
—f =2.5kHz

f& =3.0 kHz
....... f, = 3.5 kHz
f=40KkHz| .= s
L I g
46 —*— Closed-loop | .=

Output Voltage [V]
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Input Voltage [V]
Fig. 120utput voltageegulation of closedbop controller.

Moreover, further studies need to be done on the balance between the cost and performance. The proposed converter
should be carefully designed and compared to other options. The converter scheme used in pradtibe shosén
depending on applications to obtain a good tradeoff from the economic point of view.

6. CONCLUSION

As high stepdown ratio d¢dc converters become increasingly interesting, there is a strong demand of rialeel dc
converter topologies. This paper has presented a new transformer less MttCcdoverter. The dc capacitors of the

cells are used also fordlresonant operation. The equivalent operating frequency can be increased as a function of the
number of half bridge cells and the voltage siepn ratio is also dependent on the number of the cells. The proposed
converter has a simple configuration antidrentbalancing capability. Two resonant operating frequencies exist in the
converter. The converter can operate under dp@&n control as a dc transformer. It exhibits a good linearity with
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