420 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 1, JANRY 2008
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AbstractbA multilevel dctdc power conversion system with

multiple dc sources is proposed in this paper. With this conversion DC/DC

system, the output voltage can be changed almost continuously Converter | VI

without any magnetic components. With this magnetic-less system, V., Module 1 A
very high temperature operation is possible. Power loss and ef- Sd H}
®ciency analysis is provided in the paper. Comparison results H

show that the system does not require more semiconductors or
capacitance than the traditional boost converter. Experimental
results are provided to con®rm the analysis and control concept.
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[. INTRODUCTION
RADITIONAL dctdc converters require at least one in- DC/DC

ductive component, which is bulky, heavy, and costly. Wit Converter o
the technology advancement of the silicon carbide (SiC) d&ar Module n S4J ;:1}
vices and ceramic capacitors, very high temperature compo- y
nents (above 250C) will be available except magnetic cores. @) ®)

Thus, very high temperature operation of magnetic-less con-
verter becomes possible and very attractive because naturakgiri. pc+dC power conversion system con®guration and converter cell
cooling can be adopted, which will reduce the size, weighbpology: (a) dctdc power converter system con®guration and (b) topology of
and the cost of the converter signi®cantly. The multilevel dc+H dc+dc converter module.

converter [1]£[15] becomes a good candidate for this applica-
tion, because there are no magnetic components necessary, and

also because of its bidirectional nature. Traditional multilevel S1J,:| %

. . [
dctdc converters usually output a ®xed voltage for a given input Ves
voltage, this may become a drawback of these converters be- -

cause for some applications, such as hybrid vehicles, a variable
dc bus voltage is preferable so that the inverter can always be
operated at its most ef®cient dc voltage. In this paper, a bidirec-
tional multilevel dctdc conversion system that can output vari-
able voltage with multiple dc sources will be proposed.

Il. DESCRIPTION OF THEDC+DC GONVERSIONSYSTEM

The proposed dczdc conversion system is shown in Fig. 1(a),
where there are isolated dc source¥,;.1 ~ Vj.,,, andn iden- a b c
tical dctdc converters cells with the output connected in SEMeR; 2 Converter switching states.
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With these three switching states, the converter is able to
output two different voltages. When the converter is in switching J i
statea, (switches S1 and S4 are on, S2 and S3 are off), the fol- L

lowing equation will be met

Vout = ‘/in- (1)

il
|_ %
T3
)|
I

Obviously, when the switches (MOSFETSs or IGBTs with free
wheeling diodes) are turned on, the current caw in either
direction, so the converter is a bidirectional converter. ';}

In the second mode, the converter alternates its switching . _
states betweehandc complementarily with 50% duty ratio for 7]
each switching state at a high frequency, the following equations 3

2V
Battery J

/1

will be met i

chl = Vvina ch2 = Vvin- (2) . . .
Fig. 3. Converter with small inductance.

Thus, the output voltage &, = 2Vi,. Also, the converter is
bidirectional in this mode. i

Therefore, each single module is able to output two different >
voltages:V;, or 2Vi,. For a system that consists ofcells, the *
system is able to output + 1 different voltages fromV;, to ~——_ Vi T )
2nV;, with step ofV;,. When the number of. increases, the Vin +S3 L
output voltage can be considered as almost continuous, and the ] T S
inverter fed by the dedc converter can always operate close to Yy |
the optimum voltage point. Vo = T Vin ¢ Vir]

/1

py Ver™]
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I1l. CONVERTERCONTROL DURING TRANSITION

In steady state, the voltage difference between the battery and (@ (b)
the capacitors being charged/discharged is very small, therefggg 4. Equivalent circuit of switching states (b) and (c).
the current through the switches is well limited. During transi-

tion when one wants to change the output voltage betwgen ST TTIIAAAAARAUUL
and2V;,, the voltage difference between the two could be rel- $2 LU UL AT
atively large, which might result in high transient current. To S3 LLLLLLL LA LU
limit the current, a small inductor as shown in Fig. 3 is consid- S4 TTTITTIT AN

ered, the requirement of the inductance is very small (H),

and as will be shown in a later section, it can be considered
the parasitic inductance of the cable and the equivalent series
inductance (ESL) of the capacitor on the battery side. Usua%gﬁR
the parasitic inductance would be large enough especially

hybrid electric vehicles if the battery is not placed adjacent to,
the converter.

Fal% 5. Control signals during output voltage transient from to

m of the two capacitor voltages because of the freewheeling.
us the effect the switching state when S2 is turned on is the
me as the state when S3is turned on in terms of inductor cur-
rent. D&&ning the duty ratioD, as the sum of the duty ratio of S3

A. Change the Output Voltage Frov, to 2Vi, and S2 and assuming that the inductor current is in continuous

] ) mode, in steady state, the relationship of the capacitor voltage
Before the output voltage is changed2B;,,, the capacitor and the input voltage is

voltage, V.., equals to half of the battery voltage. In this tran-
sition, the two capacitors will be charged up from half input Vin=V;=DV,+(1-D)x2V.=(2-D)V.. (3)
voltage to full input voltage, thus input current will be higher
when the battery is outputting power during the transition com- From above equation, the duty ratio should be gradually in-
pared with when charging the battery. Therefore, the battegteased from 0 to 1 in order to increase the capacitor voltage
is assumed to be outputting current during the transition &&m Vin/2 to Vi, gradually. As a result, the switching signals
the condition is more critical. When the transition starts, tHghown in Fig. 5 are required to control the switches. S2 and S3
converter starts to get into switching statesnd ¢, and the show the actual duty cycle, which is half 6f, S1 and S4 are
equivalent circuits when charging C1 and C2 are shown ifverted signals of S2 and S3, respectively.
Fig. 4(a) and (b), respectively.

In the transition, the battery is charging the two capacitoRs ©hange the Output Voltage From¥z, t0 1 Vi,
equally. Fig. 4(a) and (b) each shows half of the operation condi-Before changing the output voltage frair,, to Vi,,, the ca-
tion. In each condition, there are two switching states: the switpacitor voltage equals to battery voltage. The capacitor voltage
(S2 or S3) is on or the switch is off. When the switch is Bp, will be discharged from the battery voltage to half of it, thus the
equals to one capacitor voltage; when it is off, it equals to thransition is more critical when the battery is being charged by
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C
. N e C ¥ lLoad T R T Y Lo
] T T |
} (@ (b)
j— Vin Viz Fig. 8. Equivalent circuit with and without the parasitic inductance.
Fig. 6. Equivalent circuit for switching state!. Thus, the steady state output voltage depends on the direction
of the power ow. When the battery is powering the load, the
S1LS4JIUTTTTTTTITTTT output voltage is
S2,S3TUUUUIUUULILLUULLL L L 2V;
Vout = 2 ID . (8)
Fig. 7. Control signals during output voltage transient frdm,2o! ;,,. -
The output voltage when the battery is being charged by the
load is
the load. The equivalent circuit of switching statés shown in Wi,
Fig. 6. When the switch is turned on, S1 and S4 are turned on in Vour = == 9)

the actual circuit. When these two switches arelgrequals to ) ) )
twice of the capacitor voltage, otherwise equals to zero due  Thus, the output voltage could be slightly different depending
to freewheeling. Assuming the duty ratiofis the relationship On the power ow direction and dead time. Also the voltage drop
of the voltages and the duty ratio for continuous current condicoss the switches should be included.
tion'is V. POWER LOSSANALYSIS
Vin = 2DV.,.. 4) In previous literature [H[3], the power loss of this type of
converter is analyzed. In the literature, the parasitic inductance
As a result, the duty ratio should change from 0.5 to 1 gradis-not considered, and the RC constant of the converter is always
ally to control the capacitor voltage froly, to Vi, /2 as shown comparable to the switching period to achieve higkcifncy.
in Fig. 7. S2 and S3 are inverted signals of S1 and S4. When considering the small parasitic inductance, results differ.
When the switching frequency is relatively low, using th&/hen the inputis connected to one of the capacitors, the equiva-
above method may not be @fent to limit the peak current be- lent circuits with and without considering the parasitic inductor
cause the current change in one cycle can be relatively big dure shown in Fig. 8(a), wherk,..q is the load current. When
to small inductance. To further suppress the peak current durih@re is no inductance, the current can be expressed by the fol-
transient, a higher switching frequency may be used during tlssving equation:
transition. . Vo _
'L(t) = Ee_ﬁ + ILnad (10)
V. QUTPUT VOLTAGE LOSS whereVj is the initial voltage difference between the voltage
When outputting 2Vin, dead time has to be implemented irsource and the voltage across the capacitor. The current wave-
order to prevent shoot through. Assume that the input currggtm is shown in Fig. 9, the shaded area corresponds to the av-
is continuous because of the small parasitic inductor, and t&gge input current.
duty cycle isD (the percentage of time the input is connected \When considering the parasitic inductor, the input current is
to either of the capacitors). When the input is connected to one

of the capacitors, the voltage across the parasitic inductoris o, 1 I
i(t) = ILoad + loe™ 22" cos — (=)t

i i i i i Vo — £l R 1 R 2
During the dead time, if the battery is outputting power to 4 ——2 ,oartgip - _ <_> t

the load, the currentows through the freewheeling diodes of L _ (E)2 LC 2L

S1 and S4 to charge both capacitors, and the voltage across the © 2 "

inductor is = Ioad + f(Io, Vp)e 2zt

2
Vv oy © X sin % — (%) t+ ¢(1o, Vo) (11)
L — Vin — c:

If the battery is being charged from the load side, the curretierelLo.a + /o andVj are the initial current and initial voltage
“ows through the freewheeling diodes of S2 and S3, and tHéference between the input voltage and capacitor. Another fea-

voltage across the inductor is ture of this case is that the initial current and the current when the
switch turns off are the same because the converter repeats the
Vi = Vi (7) same process with the other capacitor aft@nishes charging
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Fig. 11. Normalized switching current versus

Fig. 9. Input current of the converter with and without parasitic inductance.

that the conduction loss is dramatically reduced with a small
parasitic inductance.

45 , : . . . The switching loss is directly proportional to the switching
: : ; ; : current given thé&&xed converter voltage. It is noteworthy that
4oy o ot sasssssfprsmssant s v o half of the switching actions in this converter is zero voltage
switching due to the current freewheeling through the body
A.F [ P S e p diodes during the dead time. The switching current is the initial

and ending current],, I, and I, shown in Fig. 9. Fig. 11
shows the switching current normalized by the average current
for the same converter versus different parasitic inductances.
: : : ; ; From Fig. 11, the switching current reduces as the parasitic
.......... inductance reduces until it reaches the resonant point with
g : : : ! 0.6 xH and then increases again with further reducing of the
----------- inductance. The normalized switching current of the system
' : : : : without any parasitic inductance is 26.

With small amount of parasitic inductance, both conduction
loss and switching loss are reduced si@paintly compared to
the system with zero inductance. In previous literature]Rl]
the capacitance has to be relatively large so that the time con-
stant of RC is comparable to switching period to keep high ef
ciency. In other words, the convertecapacitance requirement

. . . - ... s dramatically reduced with small parasitic inductance.
one capacitor. Thus the input current is shown in Fig. 9 with the y P

initial current equal to the current at the end of the process, the
shaded area corresponds to the average input current. VI. COsST COMPARISONWITH OTHER TOPOLOGIES

For a®xed output power and given input voltage, the average
input current istxed (area A should equal to area B for the same The proposed topology is an alternative to the traditional
power and voltage), different inductance results in differetwost converter and traditional switched capacitor converter
input current shape, which further results in different inpuwthown in Fig. 12. The switched capacitor converter can be
current rms value. The conduction loss of the circuit is directijnproved by adding an inductor in series with; and oper-
proportional to the square of the rms value assuming MOS8ting the converter as a resonant converter [10]. To compare
FETSs are used as the switches. Based on the above equatithescost of the converter with the traditional bidirectional boost
one can easily numerically calculate the ratio of rms curreponverter and traditional switched capacitor converters, the
over the average current based on the different parameteniconductor VA rating and the capacitor current capability,
and from which the loss can be calculated. As an exampl@ltage rating, and capacitance requirement are compared. De-
Fig. 10 shows the normalized conduction loss of a convert®ne the semiconductor VA rating as the product of the average
with different parasitic inductances, the other parametetgrrent that ows through the device and the maximum voltage
of the converter areRg,on (MOSFET on resistange = across it. For a traditional bidirectional boost converter, the sum
1 mQ), C (capacitance of each capacitor = 1 mF, of the VA rating of the two switches is
f+ (switching frequency = 5 kHz. The normalized loss
with no parasitic inductance is 7.0. From which we can see V Airaditional = Vout * Iin (12)

Normalized Conduction Loss

1.5 2 2.5 3
Parasitic Inductance (uH)

Fig. 10. Normalized conduction loss versus
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Fig. 12. Traditional switched capacitor two-level converter.

Fig. 13. DGDC converter module.

whereV,; is the output voltage and,, is the input average

current. ) ,
For the proposed converter and the traditional switched dherefore the output voltage ripple is much smaller than the tra-

pacitor converter [1@][15], there are four switches and each offitional boost converter for the same capacitance because of the

them sustains half of the output voltage and conveys the inmncellation of the ripple across each capacitor. This results in
current during half of the time, thus the total VA rating is much lower capacitance requirement than the traditional boost

converter for the same output voltage ripple requirement.
Vour  1Iin _ : In short, the proposed converter requires minimum capacitive
* out ¥ Im-
2 2 ' (13) components. The boost converter requires similar or higher ca-
citive components depending on which parameténdg the
&

Therefore, the total VA ratings of the semiconductors are tca acitor size. The switched capacitor converter needs the most
same for all three topologies. . Eacitors ' P

To compare the capacitor requirement, the traditional boo he boost converter needs a fairly large inductor to operate
converter is assumed to be operated with duty ratio of 50%, so o : ylarg P
that the boost ratio is the same as the proposed converter I~oerly. The traditional switched capacitor converter needs a
' small inductor with relatively precise inductance to operate in
yp p

traditional boost converter, the capacitor current is square wa
rqsonant mode. The proposed converter only needs very small

and with an rms value of half of the input current assuming tha U .

the input current is constant. The capacitor has to sustain Mguctance to operate n high@iency mode, and the 'ndl.JC'
output voltage. The capacitance is determined by the aIIowaE) ce can be the str ay mductance of the cables or an air core
output voltage ripple. For the boost converter, the capacitar{g uctor if the stray inductance is not enough.
requirement can be calculated by

VAprnposed = VAswitchedca,pa,citnr =4 %

VII. EXPERIMENTAL RESULTS

4fLAV (14) o verify the concept, a 10 kW ddc converter shown in
e Fig. 13 has been built. The switches used are MOSFET module
where f, is the switching frequency andV is the allowable FM600TU-07A, 1 mFRIm capacitors are used for both capac-
output voltage ripple. itors C1 and C2. The converter operates at 5 kHz for steady
For traditional switched capacitor without any inductor, thstate operation when outputting 2 Vin, and it operates at 50 kHz
capacitor current is similar to the proposed converter withodtrring the 15-ms transition between 1 Vin to 2 Vin to limit the
any inductor, so the rms current can be very high. For the casansient current. No extra inductor is used and the battery is
with a small inductor and a circuit that operates as a resonaohnected to the converter from 30 cm away.
converter [10], the rms current through; equals to the input  Fig. 14(a) shows the input and output current/voltage when
current. It is noteworthy that the inductor current is sinusoidadutputting 1 \,. Fig. 14(b) shows the same waveforms when
thus the rms current is 1.11 times of the boost converter caeatputting 2 \,,. As can be seen from Fig. 14, the input cur-
which is square waveform. The voltage acr6ss equals to the rent is continuous and has exactly the same shape as depicted
input voltage. The capacitance®@f; does not have to be high asin Fig. 9. Also, it is noteworthy that the output voltage does not
long as the voltage ripple is reasonable. The operation conditigmite reach twice of the input voltage, which is caused by the
of C's2 is very similar to the output capacitor of boost converterltage loss across the switches and dead time. Fig. 14(c) and (d)
with slightly higher current rating because of the input curreshows the transition between %,Vand 2 \,,. As can be seen
to the capacitor is sinusoidal instead of square waveform. Tiiem the results, the current is well regulated during steady state
voltage rating and capacitance should be the same. operation and well limited during the transition. The transition
For the proposed converter, the two capacitor current ratingse is only 15 ms.
are the same as that in the boost conveftgf2, assuming that  The converter étiency is measured at different input volt-
the input current is close to constant. Each of the capacitors sages and different powers as shown in Fig. 15. As can be seen
tains only half of the output voltage. In this topology, one of thfom the ®gure, the eRciency is quite high. The reduction of
capacitors is being charged while the other is being dischargétk efciency at low power is mainly because of the control and

Cboost =
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Fig. 15. Measured &tiency of multilevel dedc converter: (a) when out-
putting 1 Vin and (b) when outputting 2 Vin.

gate drive power becomes si@oant in terms of percentage at
low power.

Compared to the switched capacitor converter without any
inductor, the proposed converter offers much high@ciehcy
given the same circuit parameters as discussed above. For the
resonant switched capacitor converter, the switching loss is zero
and the current through the capacitor is sinusoidal if the circuit
operates exactly at the resonant point. However, if the induc-
tance value is off from the value required for resonance, both
switching loss and conduction loss will increase sapaintly.

The proposed converter can achieve the resonant point with zero
switching loss with proper inductance as shown in Fig. 11. At
the resonant point, the current through the switches are of the
same shape and therefore should have the sa@ueaty as

the resonant switched capacitor converter. However, unlike the
resonant switched capacitor converter, when the inductance is
larger than the resonant value, the conduction loss reduces while
the switching loss increases. Therefore, the proposed converter
is able to offer the same@tiency as the resonant switched ca-
pacitor converter if the resonant point is perfectly achieved; the
proposed converter will deliver higher@efiency if the induc-
tance is higher than the desired inductance.

VIILI.

Fig. 14. Experimental results of the converter, 1 Vin means the output voltage!N this paper, a multilevel delc conversion system with
equals to input voltage, 2 Vin means the output voltage is twice of the inpmultiple dc sources is proposed. Circuit analysis and control
voltage. (a) Steady state waveform when outputting 1 Vin; (b) steady state wayge presented. Analysis shows that a small amount of parasitic

form when outputting 2 Vin; (c) transition from 1 Vin to 2 Vin; (d) transition inductance reduces the power loss in the converter dramatically

from 2 Vin to 1 Vin. | - . R
and reduces the capacitance requirement ®agmitly. Also,

C ONCLUSION
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it was shown that the requirement of semiconductor of the
proposed multilevel converter is no greater than the traditional
boost converter and switched capacitor converters and that the
proposed converter requires less capacitance. Experimental
results are provided to c@®m the functionality without any
extra inductors. With the help of parasitic inductance of the
connection cable, the current during transition is well regulated.
The requirement of the parasitic inductance can be further re-
duced by increasing the switching frequency during transition
time. In case the stray inductance is not®iéntly large, a
small air core inductor can be used. The higRogncy nature

is proved by experimental results. This topology provides the
potential for high temperature operation ofrdc converters.
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