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AbstractThis paper presents a new technique to obtain
isolated dc voltage outputs from a capacitor clampk dc-dc
converter. The multilevel modular capacitor clamped
converter (MMCCC) has several key features that mag it

possible to generate ac outputs (10 kHz) from a die

converter circuit. Using those high frequency ac dputs, the

MMCCC circuit can incorporate single or multiple high

frequency transformers to generate isolated ac outps.

These isolated outputs can be rectified and filtedeto obtain

unidirectional or bi-directional dc outputs. Using another

MMCCC converter stage or an active full bridge blo&, the

ac port can be made bi-directional to transfer poweiin both

directions. By adopting the MMCCC topology to achiee

isolated outputs, it is possible to simultaneouslyntegrate

multiple dc sources in an isolated and non-isolatethanner.

This paper will investigate the origin of the ac otputs in the

MMCCC circuit, and present an analytical approach D

estimating the isolated dc output voltage. Finally,
experimental results will be presented for further
verification of the concept.

. INTRODUCTION

Il. NEED FORISOLATION

In future hybrid electric or fuel cell automobiles bi-
directional dc-dc converter is an integral partief multi-
voltage dc architecture. This dc-dc converter naast a
power balance between the fuel cell and any energy
storage inside the vehicle, and provides continymvger
to the drive train [4]. A new topology of multileivéc-dc
converter was shown in [5] that maintain a poweathee
between a 250 V and a 42 V system. However, there a
still 12 V (or 14 V) loads in the vehicle, and amat
isolated dc-dc converter is required to establislerzergy
balance between the 42 V and 14 V buses. Becausg ma
consumer appliances may be connected to the 14Mtbu
should be electrically isolated from the high vg#abus
[6-7].

A solution to this problem would be using a second
dc-dc converter that builds the power flow pathatssn
the 42 V and 14 V buses and creates necessaryiasola
However, the use of two dc-dc converters involves
substantial cost and complexity in the system, ianthy

Capacitor clamped dc-dc converters have manyiot be possible to achieve a compact form factor fo

features that are advantageous over the otherdpiesl

automobile applications. Here the proposed conwerte

of dc-dc converters based on inductive energy teans could possibly eliminate the need of the secongestand
method (IETM) such as buck, boost, and buck-boostombines the two dc-dc conversion steps. Thereby, i
converter. The key advantage of the capacitive ggner possible to generate isolated 12 V output from ribes

transfer method is the high efficiency operatioat ls an
inherent nature of the circuit topology.

However, one of the advantageous features of tile we
known IETM converters is the scope of achieving .

isolated dc outputs using a high frequency tramséor1-

design without sacrificing various advantageousuies
of the MMCCC converter [8].

ISOLATEDMMCCC

The original MMCCC converter had several

3]. This isolation is essential when the convenieeds to  advantageous features to be used in automotive

be integrated between a low voltage bus and a highpplications. Multiple load-source integration veae of
voltage bus. However, the conventional capacitorthe key features of the MMCCC circuit [9]. Thusgth

clamped circuits do not offer isolated outputs, anid

modular structure of the MMCCC converter was used t

paper will show how it can be achieved from thegenerate high frequency ac outputs to create ebldc

multilevel  modular

(MMCCC).

capacitor clamped
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convertergutputs. The modified version of the MMCCC converte

having isolation is shown in Fig. 1.
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Fig. 1. Integration of a transformer in the dual KBRIC circuit.
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It was shown in [10] how the MMCCC converter canrectified to dc voltage by simply adding a passeifier
generate high frequency ac outputs. This propertysed stage. This version has only unidirectional powangfer
to combine two MMCCC circuits with a transformer to operation.
provide coupling between the two circuits. In Fi. Fig. 3 shows another approach where the circuiptsdo
circuit 1 shown on top is a 6-level MMCCC convertera special transformer winding and can take advantdg
establishing the energy balance between the 84dvldn the various ac nodes available in the MMCCC cirdBit
V bus. Circuit 2 shown in the bottom is a 4-levelvirtue of the center-tap, the circuit used full wav
MMCCC circuit that has three modules. For properectification using only two diodes. This technigise
operation, various sub-intervals of both the cigui favored by the lower voltage drop across the rectif
should be synchronized. This includes a use ofnenoon  stage, and can achieve lower power loss.
clock circuit to drive both MMCCC blocks in a The isolated version of MMCCC shown in Fig. 1 has
synchronized way. many advantages over the three configurations shiown
The various advantages of the isolated versiorhef t Fig. 2 and Fig. 3. In Fig. 1, the circuit consteiatpower
MMCCC are not limited to the circuit shown in Fij. = management system among various sources and lgads b
Rather, there are many ways to generate isolated datue of the MMCCC!s multi load/source feature .[9]
outputs from the original MMCCC converter. Fig. R(a Thus, it is possible to connect multiple voltageirses
shows another approach where the MMCCC converter Bnd loads at various nodes of the 6-level MMCC sid
coupled to a full bridge stage to create an isdldie  and the 4-level MMCCC side. The topology shown in
directional dc port. This bridge circuit could atlgquise Fig. 2(a) allows the integration of only one souesel
width modulation (PWM) and various conversion ratio one load at the H-bridge side of the converter. The
can be generated from the hybrid architecture. EJ)  configurations shown in Fig. 2(b) and Fig. 3 allowe
shows a simpler solution where the isolated acuistare  way power transfer from the MMCCC side to the passi
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Fig. 2. Alternative ways to achieve isolated dgots from the MMCCC converter. (a) using full brddb) using diode rectifier.
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Fig. 3. Isolated MMCCC with passive secondary stage

rectifier side. However, these two circuits shooffer  connected at M, it is possible to achieve non-isolated
lower cost and higher efficiency compared to threuwits 14 V output at Vy,, an isolated 14 V output at ¥, and

shown in Fig. 1 and Fig. 2(a). an isolated 84 V output at nodey) in no-load
condition.
IV." CIRCUIT CONSTRUCTION ANDOPERATION The MMCCC circuit has two switching state sub-

Although the MMCCC circuit is a dc-dc converter, itintervals, and in each sub-interval, approximatehe
can also produce ac outputs having frequency éqube  half of the transistors are ON. The timing diagrafthe
switching frequency of the converter. It was shown MMCCC circuit is shown in Fig. 4, and the
[10] how the MMCCC can generate ac outputs withcorresponding equivalent circuit diagram for a vele
amplitude close to 1 ¥ between two ac nodes in the MMCCC is shown in Fig. 5. For the simplicity of the
MMCCC converter, and this amplitude is independdnt analysis, it is assumed that power is flowing frihre 4-
the conversion ratio (CR) of the circuit. Thus, af level MMCCC to the 6-level converter side. Duririgte
transformer of turns ratio 1:1 is connected acthssac 1 in a 4-level MMCCC circuit (shown in Fig. 1), dle
terminals of the MMCCC circuit, and another MMCCC SRx transistors are ON and all the SBx transistwes
circuit is connected at the other terminals of theOFF. Thus, the voltage at V2b is zero (0), andvititage
transformer, this pair of MMCCC circuits forms a bi at V3b is \{y, during this interval. In the same way, the
directional architecture that allows the integmatiof voltage at V2b is W, and it is zero (0) at V3b during
loads in isolated and non-isolated manner. the second sub-interval. Thus, the voltage diffeeen

In Fig. 1, when an 84 V source is connected @t Vit ~ across V2b and V3b is %\s or £Vc;. If the expression
is possible to produce non-isolated voltage of 14tV of the voltage ¥; is found for these two sub-intervals, it
V,v1, an isolated voltage of amplitude 14 V at¥and is possible to determine the voltage across the
an isolated 56 V output atpV, in no-load condition. In transformer in steady state condition.
the same way, if a voltage source of amplitude 56V ~ When a transformer is used in a dc-dc converteuitir
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Fig. 4. Timing diagram and logic sequences in ev&ll MMCCC converter.

969



(a) subinterval 1

@

(b)

(b) subinterval 2 . .
Fig. 6. Simulated voltages at.\{ and My, nhodes at no-load and

Fig. 5. Equivalent operational circuit of a 4-lexMCCC loaded conditions. (a) voltages at no-load condijtitb) voltages
converter in each sub-interval. when 2! loads were connected at these terminals.

the volt-second balance inside the transformer rbest Voltages at the primary and secondary sidehef t
confirmed to ensure no residual flux build-up imsithe  transformer were also simulated for loaded conwlitio
transformer. In an H-bridge circuit, this balansedbne Fig. 7(a) shows the primary side voltages, and Fb)

by clamping the voltage of the primary winding tput  shows the secondary side voltages. Because ths turn

dc voltage in both sub-intervals. The volt-secorgha in  ratio was slightly greater than 1, secondary sioleages
positive and negative half cycles are balanced by

clamping the voltage to %1 |V in the MMCCC

converter.

V. SIMULATION RESULTS

To verify the concept of the new configuration, the
schematic shown in Fig. 3 was simulated in PSIMoTw
ideal single winding transformers were used in the
simulations. 1000F capacitors were used inside the
MMCCC converter, and a 4700 was used as, CTwo
2! resistive loads were used ag Rnd R,. The Rys of
the MOSFETs used in the prototype (IRFI540N) were @)
used in the simulation, and this value was 0.05Z'he
transformer turns ratio was 12:13.

The circuit in Fig. 3 was simulated to find the tagles
at Viy1 and \{y, for no-load and at 2 loading
conditions. In addition, the ac voltagegcy, Vacz, Vaca,
and Viacs Were also simulated. Fig. 6(a) shows the no-
load voltages at \; and \{y,. Because of a turns ratio
higher than 1, W, was slightly higher than ;. For an
excitation of 84 V, Y, was 14 V (84+6), and V. was
15.17 V. When 2 loads were connected at\W and
Viv2, Voltages at these terminals dropped due to the

voltage drop across MOSFETSs, capacitors, and iexctif (®)

diodes at the secondary side. During this time, the Fig. 7. Simulated results of the transformer vatagt loaded
average voltage at,V; was 13.21 V, and_mean_\)é was condition. (a) primary side voltages\M and Vac,, (b) secondary
13.51 V. These voltages are shown in Fig. 6(b). side voltages Mz and Vaca.
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were higher than the primary side voltage by themesa
ratio. The voltages across the transformer had Ismal
negative slope that indicates the decaying volegess
the clamp capacitors inside the MMCCC converter.

VI. EXPERIMENTAL RESULTS

A 500 W 6-level MMCCC converter was modified to
achieve isolated dc outputs. A ferrite core tramsfer
with 12 turns in each primary winding and 13 tums
each secondary winding were used. Ultra fast SotHch
diodes were used as rectifier diodes at the secpsitie.

The values of the various components were consisten
with the simulation set up. The experimental setisip
shown in Fig. 8.

Fig. 9(a) and (b) shows the no-load and loaded @)
condition output voltages at Vi and My,. The
measured M,; was close to value found in the simulation
(14 V). However, the secondary side voltage wa836.

V, which is higher than the simulated value of I5\1
This may happen because of any offset presentdn th
differential probe used to measure the voltage iy a
imperfections in the transformer construction. Fgb)
shows the experimental results wheh Z2esistive loads
were connected at the output terminals. Voltages
measured at \; and \{y, were 12.40 V and 13.08 V
respectively.

Fig. 10(a) and (b) shows the measured ac voltages
across the primary and secondary windings of the
transformer. Because of the decaying voltage adiwss
capacitors, the primary side voltages of the tramsér
had a slightly negative slope, and a similar wavaps (b)
was found in the simulation. From the experimental

waveforms. it can be observed that the averageevafiu Fig. 9. Experimental results of the output dc wpdts at Vy; and
! 9 vai Viv2. (2) voltages at no-load condition, (b) voltagdew?2! loads

primary side voltages were zero (avg. gfcV+ avg. of were connected at these terminals.
Vac2). This is true for the secondary side also.

The configuration shown in Fig. 1 was also consédc  The circuit was tested by measuring the generated a
and experimentally tested. A 6-level MMCCC and a 4voltage at the secondary side of the transfornteléal as
level MMCCC converter was used to prove the bivac2 in Fig. 1. Fig. 11(a) shows the voltage Vat2a
directional power transfer mechanism between thgad condition, and the voltage amplitude was 13.8
converter modules. A high frequency ferrite corewhen a3 load was connected at the,y node, it drew
transformer made with 18 turns on the 6-level MMCCCsome current, and initiated the discharging opemati
side and 19 turns on the 4-level MMCCC side wasluse across the capacitors in the 4-level MMCCC circuit.
An 84 V source was connected atyy and a 5! During this time, Vac2 is shown in Fig. 11(b). Tigure
resistive load was connected atyy Thus, the entire s similar to Fig. 7 and Fig. 10 for the 6-level
system was tested in no-load and partial load ¢iomdi  configurations.

The circuit!s switching frequency was 10 kHz.
VII.  ANALYTICAL VERIFICATION

The start up dynamic modeling and steady state
analysis of a 4-level MMCCC converter has been
presented in [11], and capacitor voltages at variime
instants can be found from that analysis. The diage
swing produced at the MMCCC converter is actudily t
potential difference across two adjacent capaditors
negative terminals, and this is shown in Fig. 1eTh
equivalent circuits of a 4-level MMCCC circuit itsisub-
intervals are shown in Fig. 5. Fig. 5(a) shows the
equivalent circuit during sub-interval 1, and Fg(b)
shows that for second sub-interval. In the firsb-su
interval, the negative terminal of,Gs clamped to ¥;

Fig. 8. Modified MMCCC setup to generate isolatecbdtputs. and that of @is connected to ground. Thus, the voltage
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the MMCCC can be modeled for various loading
conditions.

When loads are connected to the circuit, the cépaci
voltages will depend on the load current. Using the
analysis presented in [11], voltages deduced fibereint
time instants in a full operating cycle can be olmd.
According to [11],

Vei(ty) " 025E! 1. Q)
Vei(t2) " 025E! 1$0.2#. 2
Vei(ts) " Vez (ts) " 025E! 02 2! 002# ©)
Vei(ts) " 025E! 02 2$ 018%. ()

(a)
where# " % , I is the load current, artel= V.

Now, 1" i 2" $§. (5)
80 80

Using (1) and (5)ve:(ty) " $ (025E! %) (6)

Using (2) and (5),

Vei(tz) " 025E ! %$ 024" $ (025E$%) @)

Using (3) and (5),
" " 3# " #
Ve (ta) " Vez(t3) " 025E! O'Z%E! 002#" (025E! %)

8
Using (4) and (5),
(b) 34 34
Fig. 10. Experimental results of the transformettages at loaded  \/c; (t4) " 025E! 020 $ 018%# " (025E$-—2)  (9)
condition. (a) primary side voltagesd{ and Vic,, (b) secondary side 16 16
voltages Mes and Vacs. The time instantst{ to t;) used in this calculation are
. o synchronized with the timing diagram shown in Hg.
produced between &f and \e, terminals is "\¢.. In the  anq the analytically computed value of Vac2 or (V2b
same way, this voltage iscV during the second sub- v3p) for a 4-level configuration at different tintestants
interval, and the circuit orientation is shown iig./’(b).  are shown in Fig. 12 using (6) to (9).
Thus, the generated ac voltage between two adjacent
nodes is *¥;. Now if the time varying voltage VIIl.  CONCLUSIONS
expression of ¥, can be found, the ac voltage swing of A new circuit design to obtain isolated bi-directo

(@ (b)

Fig. 11. Generated ac output voltage Vac?2 of tieerséary side of the transformer shown in Fig. Ln@load condition, (b) when a!5load was
connected at M.
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Fig. 12. Analytical computed values of the genetate voltage
Vac?2 at various time instants. Hergd\= Vac2 = \ea.

[2]

[3]

(4]

(5]

dc-outputs from a capacitor-clamped dc-dc convertelf]
(MMCCC) has been proposed and the concept has been

verified using analytical and experimental resulibe

experimental results show that isolated dc volagputs

(71

can be generated from one part of the circuit when

connecting a voltage source in the other part, taede

two parts are interlinked through a high frequency

transformer.
Using a transformer with a turn ratio other tha, it
is possible to generate many other voltage levihss

paper has shown four possible configurations tegdn

isolated dc voltages. However, it is possible tolude
many other configurations using single or multi eiirg

transformers with bridge or center-tap configunagio
Thus, this isolated version of MMCCC could be aédpt
for various applications where multiple loads andrses

need to be connected and isolation is necessary.
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