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The paper proposes a high boost ratio of modular Marx topology DC-DC boost converter (MTBC). In the proposed converter,
the parallel-connection is applied at the input side in order to reduce the conduction loss and the copper loss. Meanwhile the
multi-stage connection is applied at the output side in order to reduce the voltage rating of switching components at the output
side. Therefore, with the proposed circuit configuration, high efficiency of the high boost ratio DC-DC converter is achieved.
Besides, 3-stage MTBC with boost ratio of 8.33 between the input voltage to the output voltage is designed and constructed.
Moreover, the achieved maximum efficiency of the designed 3-stage MTBC is 94.5%. Meanwhile, from the loss analysis, it

shows that the iron loss and the conduction loss are dominant.
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1. Introduction

DC-DC converter with high boost ratio is required for low DC
voltage energy sources such as for electric vehicle (EV) system,
fuel-cells system and photovoltaic (PV) systems. These systems
usually need low-voltage and high-current power converters in
order to supply DC power to a DC bus or a load.

In a conventional DC-DC boost converter, a high boost ratio
can be achieved by connecting those converters in cascade
connection . However, this topology cannot achieve high
efficiency due to a number of required cascade connected DC-DC
converters. Especially, high conduction losses occur at input side
due to large input current. Besides, generally DC-DC converters
using high frequency transformers are also used in order to obtain
a high boost ratio . However, those converters usually suffer
from the bulkiness and large losses due to the bulky transformer.
In addition, leakage current causes false operation of the DC-DC
converter due to the parasitic capacitance and high voltage
difference between the transformer windings. On the other hand, a
high boost ratio is achieved with switched capacitor DC-DC
converters ¢®. However, the output voltage stress on the output
capacitor is very high due to high output voltage and it requires
many capacitors connected in series. Meanwhile, with diode
clamped converters, the low on-resistance of switching devices is
difficult to be achieved due to high voltage stress at the output side
©1D_ Especially if a high boost ratio is considered, those circuit
configuration is not practical.

Besides, a Marx generator topology is one of the attractive
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topology that able to achieve a high boost ratio in DC-DC
converter. Basically the purpose of Marx generator is to generate a
high-voltage pulse from a low-voltage DC source %19, However,
the conventional Marx generator has high conduction losses and
copper losses due to large input current. As a result, the efficiency
of the conventional Marx generator is low. Therefore the main
application of the Marx generator is limited for low power
applications. On the other hand, the Marx topology DC-DC
converters with resonant condition operation are proposed in order
to achieve the ZCS condition **®, However, due to the resonant
condition, the input inductor current should be in discontinuous
current mode (DCM) and consequently the input inductor is bulky.
Furthermore the conduction loss is also increased.

This paper proposes a new high boost ratio of a Marx topology
DC-DC converter. In the proposed circuit, the parallel-connection
of conventional 2-level boost DC-DC converters are applied at the
input side in order to reduce the conduction loss and the copper
loss. In addition, the multi-stage connections are applied at the
output side in order to reduce the voltage rating of stage capacitors
and switches. Meanwhile, voltage stress of the lower switches side
in the input side is same to that of components at the output side.
Therefore, lower voltage semiconductors which have low
on-resistance can be used for the switches in the proposed circuit.
Meanwhile, high voltage rating diodes at the input side are
required. However, high voltage rating of SiC diodes which have
low forward voltage and low reverse recovery time can be used
nowadays. As a result, a high-efficiency boost converter can be
achieved.

This paper is organized as follows. First, the principle of the
n-stage Marx topology DC-DC converter is described. Then, the
input inductors and stage capacitors designs on each stage are
established. The relationship between the voltage stress on stage
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capacitors and the number of stages is evaluated. Finally, power
loss of the proposed converter is theoretically analyzed. Then,
distribution of the power loss is clarified by comparing calculated
results and measurement results based on 3-stage Marx topology
DC-DC boost converter.

2. Converter Principle and Circuit Configuration

Fig. 1 shows a circuit configuration of the n-stage Marx
topology boost converter (MTBC). Basically, each stage of the
MTBC consists of a conventional 2-level boost DC-DC converter,
a capacitor and two additional switches. The converter is designed
based on a principle of the Marx pulse generator whereby a
high-output voltage is generated from a low-voltage DC source @2,
This principle is realized by charging several capacitors in parallel
and then suddenly connecting those capacitors in series. Therefore,
by arranging these combinations of capacitors in the proposed
converter, a high output voltage is generated. It is noted that 10 to
20 stages might be required in order to reduce input currents stress,
switching devices voltage rating and stage capacitor voltages
stress in the actual application.

In order to analyze the MTBC operation and its characteristic, a
3-stage MTBC s introduced as a specific example in this section.
In principle, the relationship between the input voltage V;, and the
output voltage V. is expressed as follows:

LY N @

where £ is the boost ratio. Meanwhile the duty ratio D in terms of
boost ratios can be expressed as follows:

where D is the duty ratio for the switches Sya, Sip, Szar Sob, Sza and
Ssp, and n is the number of stage. Thus the output voltage V in
terms of the duty ratio D, the number of stage n and the input
voltage V;, can be rewrite as follows:

D
Vou = (E)nvi” .......................................................... 3

Figs. 2 and 3 show the switching pattern and operation mode of
the 3-stage MTBC, respectively. The switching pattern with
dead-time Ty and additional time-delayed T, is considered for
reducing of surge voltage of the switch. The 3-stage MTBC needs
four operation modes.

Table 1 shows the conditions of the stage capacitors. The stage
capacitors Cy, C, and C; are charging when those capacitors are
connected in parallel as shown in Fig. 3. Then, those stage
capacitors are connected in series during discharging condition as
shown in Fig. 3. Thus, the output voltage is boost-up by the
advantage of a series connection of the stage capacitors. Therefore,
a high boost ratio is achieved.

The voltage stresses on the switching devices Sia, Sip, Sic, Soa
Sob Socy Sza Sap and Ss. are determined by each of the maximum
stage capacitor voltages Vci, Ve, and Ves. Each stage capacitor
voltage is lower than the output voltage. Therefore, lower voltage
stress semiconductors which have low on-resistance can be used.
Meanwhile, the voltage stresses on the diodes D,, D, and D3 are
equal to the V¢1, 2V, and 3V, respectively. Thus the top diode
voltage stress is equal to total stage capacitor voltage stresses.

§tége-m

ILout

_>
S, | VDS-max
(m)cdﬁl} _ VC(m)—max

' AVDs-max
= VCl—max

Fig. 1. n-stage MTBC circuit configuration.

However, high voltage SiC diodes which have low forward
voltage and low reverse recovery time can be used nowadays.

3. Passive components design and selection

In this section, the inductor current of each stage in the MTBC
is designed to be operated in continuous current mode (CCM) in
order to minimize the peak input current. Thus the minimum
inductor current of each stage should be greater than zero in order
to ensure a CCM condition is achieved. Then the minimum
inductance of the input inductor of each stage Ljm for CCM
operation is expressed as follows:

2
Lin(m) > r.](Vin ) D
2P, f

out "sw

where m is the n-th of stage, n is the number stage, P is the
output power and fy, is the switching frequency. Meanwhile the
inductor current ripple on each stage Al j,m) can be expressed as
follows:

V,D

Al () = T e 5
Lin(m) fL ( )
sw —=in(m)
The capacitance of the stage capacitor is expressed as follows:
| myae@-D) P, (1-D)
C(m) = B TN T (6)
AVC(m) fsw l"lvinAVC(m) fsw

where Cy is the capacitance of the stage capacitor and AV, is
the stage capacitor voltage ripple.
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Principally, the maximum stage capacitor voltage Vcm)-max and
the average inductor current on each stage Iy av are expressed as
follow:

Vc( )-max _VDS—max Vin +%m --------------------------------------------- (7
P,
| L(mpae = W .................................................................... (8)

where Vps.max IS the maximum drain-source voltage of a MOSFET,
P;, is the input power.

According to the circuit arrangement as shown in Fig. 3, the
maximum stage capacitor voltage is equal to the maximum of
drain-source voltage of MOSFETs as shown by (7). Furthermore,
the maximum stage capacitor voltage and average stage current
are inversely proportional to the number of stage as shown by (7)
and (8). Thus the maximum stage capacitor voltage and average
stage current will be reduced according to the increasing the
number of stage n.

4. Loss Analysis Based on Theoretical Equation

In this section, the effective and average currents for the
MOSFETs and diode are derived mathematically for loss analysis
calculation. Then, the conduction power losses of the MOSFET
and diode in the 3-stage MTBC are analyzed theoretically.

4.1 Conduction loss for MOSFETs S;;, S,, and Sz,
Principally, the effective currents of igiaef), isoagetry and issaerm are
same because the input side of the MTBC are synchronized. The
effective current is expressed as follows:

i31a(e1f) = iSZa(eff) = is3a(eﬁ) ----------------------------------------------------- ©
2)D %

iSla(eﬂ): 3| e
2
+(|Linimax =l _min )ILiniminD"’ o mn D

2
(ILinfmax _2|L|n7m|n|L|n7max + ILlnfmln

where liin max and ljin_min are the maximum and minimum input
inductor currents, respectively at each stage and the currents equal
to the maximum and minimum currents of the MOSFET S;,
Isia max @nd lsia min, respectively. The maximum and minimum
currents lsia max and lsia min are expressed as follow:

V, D

| =1, = e, 11

Sla_max Lin _max n fsw I—ou[ ( )
I, V. D

| T L UUSRRRR 12

Sla_min Lin _min n fswl-om ( )

where |;, is the average input current. Thus the summation of
conduction losses for Sy, Sy, and Sz, are expressed as follows:

2

Pound_(Sma) = iSma(eﬁ ) Ron XN i, (13)

4.2 Conduction loss for MOSFETs S;,, Sy, and Sy
The effective currents of igiper, Isonerny and isshery are same. It
equals to the output inductor current 1 o, when these switches are

on-state. The effective current of these switches is expressed as
follow:

iSlb(eff) = iSZb(efr )= issb(efr ) e (14)

Sla Ton-a
S2a ON ON
Sz
Slb TSW
S2 ON OFF ON
Sap
Sic
Sac
Sac..i e
NIRRT ‘
FTetTa T TT,
Ty = dead-time T
Ta = additional time-delayed ‘D=—on2
TSW
Fig. 2. Switching pattern.
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Fig. 3. Operation mode of the 3-stage MTBC.
Table 1. Stage capacitor operation on 3-stage MTBC.

Mode | S1aS2aSza | S1pSapSap | S1cSzc Sz | C1 C2 & Cs
Discharging
o ON ON OFF in series
(D] ON OFF OFF unchanged
(D) ON OFF ON unchanged
Charging
(v) OFF OFF ON in parallel
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> %
(I Lout_max ILcuLm‘n) D
o) = 3 e (15)
S
21 Lout_min (I Lout_max I Lout_min )D 2
+ 2 + I Lout_min D

where I out_max @and I out_min are the maximum and maximum output
inductor currents, respectively and the currents are equal to the
maximum and minimum currents of the MOSFET Sy, lsip_max and
Isin_min, respectively. The maximum and minimum currents ls, max
and lsyp min are expressed as follow

nDV,
ISlb_max = ILout_max =l +W ................................. (16)
sw —out
nDV,
ISlhimin = ILouLmax = Tout —ﬁ ................................. (17)
sw —out

where ly is the average output current. Thus the summation of
conduction losses for Sy, S, and Sy, are expressed as follow:

Pcondi(Smb) = iSmb{eﬁ )2 Ron XTI i (18)

4.3 Conduction loss for MOSFET S;., S,. and S;.
Principally, the MOSFETs Sy, Sy, and S;. are operated during
charging condition of the stage capacitors. Furthermore, the
CUITents isicetry, Isocierny aNd iss(erry are Not same one another due to
circuit configuration at the output side as shown in Mode IV of
Fig. 3.

The effective current for isicer is expressed as follows:

%
(I Slc_max2 _2|51c_max ISlc_mln + ISlc_manX]'_ DS)
3(D -1y
(I Slc_max ISlemI" )I Sic_min . (19)
D-1
ism(err) =+ 2 2 (1_D2)
_ (I Slc_max _2lslc_maxlslc_m|n + Islc_mln )
(D-1y
| 2 2|s1c7min (I Slc_max ISlcimin)
Sic_min D_1
+ 1-D
(I 51c,max2 72'51c,max|s1c7mm + ISlciminz) ( )
(D-1f

where Isic max and lsic min are the maximum and minimum current
of the MOSFET S, respectively. The maximum and minimum
currents lsyc max and lsyc min are expressed as follow:

21, V. D nV, D
| =t 20
Ste.-mex n o fswLin 2 fswLout ( )
21, vV, D nv, D
I D=l 21
Ste_mn o fsw Lin 2 fswLout ( )
Thus the conduction loss for Sy, is expressed as follows:
- 2
Pcond_(SlC) = ISlc(eﬁ ) Ron ------------------------------------------------------- (22)

Then, the effective current for igyr, is expressed as follows:

%
(ISZC_max2 _ZISZC_max ISZc_min + ISZc_thXl_ D3)
3(D -1y
(ISZc_max - ISZc_mm )ISZC_mm (23)
D-1
ISZc(e«r): + 2 2 (l_DZ)
_ (ISZC_max _ZISZC_mBXISZc_min + ISZc_min )
(D-1y
| 2 2'52c7min (Iszcimax - |52c7min)
S2c_min D_1
+ 1-D
(ISZCJHaxz 72'52c,max Isztmin + ISZciminz) ( )
(D-1f

where lsye max and lsyc_min are the maximum and minimum currents
of the MOSFET S, respectively. The maximum and minimum
currents lsye max and lsye min are expressed as follow:

| V,D  nV,D

| = _ ] 4+ e 24
S2c_max n out 2 fsw Lin 2 fsw Lom ( )
l. V. D nVv. D
| o= —— 25
S2c_min n out 2 fSWLin 2 fSWLom ( )
Thus the conduction loss for Sy is expressed as follows:
. 2
Poond_(SZc) = ISZC(eﬁ ) Ron ........................................................ (26)

Meanwhile, the effective current for igser is expressed as follows:

%
(Isacimax2 _2|S3c7max|53cimin + IsaciminZX]'_ D3)
3(D -1y
(I sae_max — lsac_min )I S3¢_min (27)
iszc(en)z + zDil 2 (1_D2)
_ (|53c_max _2|S3c_maxls3c_min + ISac_min )
(o-1y
| 2 2|szc,min (Issc,max - ISBcimin)
S3c_min D-1 ( )
+ 1-D
(|53c7max2 72'5367max|83c7min + ISScfminz)
(D-1f

where lssc max and lsge_min are the maximum and minimum currents
of the MOSFET S, respectively. The maximum and minimum
currents lsse max and lsse_min are expressed as follow:

nv, D

ISBcimax = I Lout +m ................................................. (28)
nv, D

| = out — o e 29

S3c_min Lout 2 fSWLUm ( )

where I, is the average output inductor current. Therefore the
conduction loss for Ss is expressed as follows:

Prond.(s3¢) = Isac(e ) Ron «-eeveeeresssemmsversssssssmsnersssssoenersss (30)
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4.4 Conduction loss for diodes D;, D, and D; The
average diode currents ipiave) ipzave) aNd ipsave are same. The
average diode current is expressed as follow:

iD]_(a\,e) = iDZ(ave) = iD3(ave) """"""""""""""""""""""""""" (31)

_ (' Lin_ max _(DLL":-S'” Xl_ D) +(1- D)I

Lin _min

The maximum and minimum diode currents Ip; max and lpy min are
expressed as follow:

I, V,D
Lot mae = Vi ma = e (33)
Dl_ . - fSWLOLIl

I, V,D
e LU L (34)
o2 - n fswLout

Therefore the summation of conduction losses for D;, D, and Ds
are expressed as follows:

Pcund_(Dm) = iDrn(ave)VF XM (35)

4.5 Copper and iron losses In the constructed 3-stage
MTBC, the copper loss is contributed by the three input inductors
and one output inductor. The copper resistances of each inductor
are measured for copper loss estimation. The expression for the
copper loss is expressed as follows:

n

. 2 - 2
Pcopper = Z(I Lm(eff ) Roopper_m )+ ILout(eff ) Roupper_out """""""""" (36)

m=1

where i_ner is the effective stage input inductor currents, i e iS
the effective output inductor current, Regpper m i the inductor
winding resistance of the stage input inductor and Regpper out IS the
inductor winding resistance of the output inductor.

Meanwhile, iron loss is not analyzed by the theoretical equation
in this paper. Instead, based on the power loss measurement and
theoretical calculation of other power losses, the different between
both power losses is considered as the iron loss.

4.6 Switching loss for MOSFETs and diodes All
switching device voltages have same minimum and maximum
voltages of the stage capacitor. The minimum and maximum
voltages can be expressed as follow:

nVv, +V 1-D)P,
VC(m) max n * Vou + L ( ) B e (37)
- n 2 nfSWC(m)Vin
v NV Yy, 1 1-D)P,, (38)
c(m)_min n 2 nfSWC(m)Vin ..............................

The generalization of each switching loss for Sy, Sy, and Ss, is
expressed as follows:

Vv m minlmamax \ m maxlmamin
PSW_Sma:( C( - 68 = fswtrJon+[ C( )7 65 = fSWthoﬁ
............................................................................................ (39)
On the other hand, the switching losses for Sy, and S;. are
defined by the same equation of (39).

4.7 Total conduction and switching losses for all
switches and diodes The total conduction and switching
losses for all switches and diodes in 3-stage MTBC is expressed as
follows:

Poond+sw_(mta|) = Poond_(mtal) + PSW_(tutaI)
= Pna_(stars2arsaa) T Poond_(sb+s2b+535)  Poond_(s1c)

+ Poondi(SZC) + Pwnd7(83c) + Pwndi(Dl+D2+D3)
+ Psw7(51a+52a+53a) + Psw7(51b+52b+s3b) + Pswf(sm)

+ PSW_(SZC) + Psw_(ssc)

5. Experimental results

Table 2 shows the specifications of the experimental prototype
circuit. The inductance of the input inductor on each stage is
designed by using (5).

Fig. 4 shows the experimental results of the input inductor
current ripples on stage-1 (I 4), stage-2 (l,) and stage-3 (l.3),
which are 1.9 A, 1.8 Aand 1.8 A respectively at the output power
of 1 kW. However the designed input inductor current ripple on
each stage is 1.5 A and the design principle is according to (5).
The different between experimental results and designed value is
due to the voltage drop on the winding resistance of the inductors.
The stage average inductor current is divided by three due to three
parallel-connections at the input side. Therefore, if many stages
are considered, the input current will be divided by the factor of
the stage number and consequently the input current stress, the
conduction loss and the copper loss will be reduced.

Fig. 5 shows the experimental results of the capacitor voltages
on each stage V¢i, Ve, and Vs of the 3-stage MTBC. The results
show that each stage capacitor voltage is 190 V. On the other hand,
it is experimentally confirmed that the output voltage is 400 V
when the input voltage is 48 V. Meanwhile if the number of stage
is increased the voltage stress on stage capacitors and the
maximum voltage stress on switching devices will be reduced as
well. Thus according to the (9), the voltage stress on stage
capacitor voltages and the maximum voltage stress on switching
devices are inversely proportional to the number of stage.

Fig. 6 shows the efficiency characteristic of the prototype
circuit. The input and output voltages are fixed at 48 V and 400 V,
respectively. The maximum efficiency is 94.5% at the output
power of 500 W. In addition, the efficiency is decreased when the
output power is increased at 1 kW due to the increasing of the
conduction loss and the copper loss. On the other hand, during low
output power, the power loss is dominated by the iron loss. As a
result, the efficiency is low during low output power.

Fig. 7 shows the distribution of the power losses based on
theoretical calculation. The power losses are distributed into nine
parts, i.e., diode conduction loss, MOSFET conduction loss at
input and output sides, MOSFET switching loss at input and
output sides, inductor copper loss, ESR loss, no load loss
(discharging power losses for drain-source parasitic capacitances
of MOSFETSs) and others. The total power loss of 100% is based
on the measured total power loss by experiment when the output
power is 1 kW. From the loss analysis, it shows that the converter
loss is dominated by the ‘Others’ loss whereby it includes the iron
loss, wiring loss and so on. It is estimated that the iron loss is
dominant in the ‘Others’ loss.
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Table 2.  Experiment specification.
Specification Value

Input voltage Vi,/Output voltage Vo 48/400 V
Output power Poy 1000 W
Switching frequency fq, 50 kHz

Input inductor L;=L,=Ls 500 pH
Output inductance Lgy 800 uH
Stage capacitor C;=C,=C3/Output capacitor Coy 44/50 pF
Power MOSFET (SiHG25N40D) 400 V/25 A
SiC Schottky Barrier Diode (SCS220KGC) 1200 V/20 A
Inductor Current Iu (A) Alu— 1. 9 A

g BEOA

0,(1L1) >

(O () e S T

0,(1L3) »}

1_0 (ps/di\_/)

Sl s (5 A/dlv)

Fig. 4. Experimental waveforms of the stage-1, stage-2 and
stage-3 inductor currents.

Based on circuit configuration, the proposed 3-stage MTBC has
input and output inductors. Thus, the iron loss is considered
dominant especially at the output inductor side due to the high
voltage stress at the output. The second major losses are the
MOSFET conduction loss and copper loss. From the experimental
results, the input current ripple is increased when the output power
is increased and this condition leads the iron loss increasing
according the increasing the output power. Besides, according to
@7 the iron loss is influenced by the voltage stress on the inductor
and the applied switching frequency. Thus principally, the iron
loss is reduced when the voltage stress and the applied switching
frequency are reduced. These options will be further analyzed in a
future research work for iron loss reduction.

6. Conclusion

This paper proposes a high boost ratio modular Marx topology
DC-DC boost converter whereby the parallel-connection of
several capacitors at the input side and then the multistage
connection of capacitors at the output side are applied. In the
present paper, the authors have discussed (i) the fundamental
circuit operation confirmation of the 3-stage MTBC, (ii) the
design principle of the input inductors and stage capacitors, and
(iii) the mathematical expression for loss calculation and analysis.

The principals of designing the inductance of the input inductor
and the capacitance of the stage capacitors according to the
number of stage were explained. As a result, the inductance of the
input inductor and stage capacitor voltages stress on each stage is
reduced by the increasing the number of stage. The input inductor
current ripple on each stage is designed and it confirmed by the
experimental results. Moreover, mathematical expressions of the
conduction and switching losses are derived and were confirmed
by the simulation results. The maximum efficiency of the
prototype converter was 94.5% at the output power of 500 W.
From the loss analysis, it is confirmed that the efficiency is
increased by optimizing inductor design.

Stage Capacnor Voltage V(:1 (V)

...... OOLEF KRR ALY TRRRERTRELRERRE SRRRARIRE
x 3 .' . .' M g
O(Ver) b v vt b i....;....‘l‘ Ve =190V

Stage Capacnor Voltage ch (V)
o,(vm)_,.....:.._.:....:....:....i....g....‘l‘vcz—leov...
Stage Capacnor Voltage ch (\Y% ;

(Y70 JUUE UUDS DUUUE FODE DO ;..._Tvcz—leov
OuputVoItageVom(V)..... B R P

..... """"'va;moy
OV(VC1)—> ................................. o

Ver, Ve, Ves, Vou (250 V/dlv) : 10 (us/div)

Fig. 5. Experimental waveforms of the stage-1, stage-2 and
stage-3 capacitor voltages, and the output voltage.

96 -
94 i f.—’—.\\
S
= 92 Boost ratio = 8.33
? Switching frequency = 50 kHz
2 90 Number of stage = 3
E Input voltage = 48 V
W 88 o Output voltage = 400 V
86 '

200 400 600 800 1000
Output power Py (W)

Fig. 6. Efficiency of the 3-stage MTBC.

100 A t,,=50kHz
Vi, =48V
Vout = 400 V

100% =70 W Others (iron, etc.)

-No load loss
“ESR loss (Cry & Cou)

Pcopper (Lm & Lout)

Power l0ss Poss (%)
Ul
o
1

Pcona (MOSFET-output)

Peona (MOSFET-input)

Pcona (Diode)

500 800 1000
Output power Poy; (W)

*Note:

P cond = conduction loss
P = switching loss
PCOpper = copper loss

Fig. 7. Loss distribution of the 3-stage MTBC.

In a future, new switching patterns will be introduced for the
converter efficiency improvement.
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