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Abstract—In recent years, high-frequency high-efficiency
DC/DC converters become popular in various applications. While
conventional DC transformer (DCX) can achieve very high
efficiency at high switching frequency, they are unable to realize
voltage regulation due to the fixed switching frequency and duty
cycle. To overcome this limitation while maintaining the benefits
of DCX, a few partial-power-processing converters based on
DCX have been invented for some applications. However, due to
the absence of construction method for these regulated DCX
(RDCX) converters, their topology types are limited and unable
to fulfill the requirements of various applications. In this paper, a
general method to construct RDCX by utilizing two-port
auxiliary network is proposed. According to this method, some
new RDCX topologies are derived and a family of high-frequency
high-efficiency RDCXs is constructed to meet the requirements of
more applications. To make full use of these RDCX topologies,
their implementation consideration is discussed in detail and the
characteristics of their suitable applications are summarized.

Index Terms—DCX, partial-power processing, two-port auxiliary
network, regulated DCX (RDCX)

I. INTRODUCTION

Recently, there has been a growing demand for isolated
DC-DC converters with high efficiency and power density in
various applications [1], [2]. One effective way to increase
power density is to increase the switching frequency, which
reduces the size of passive components. Resonant converters
can achieve high efficiency at high switching frequency due to
their soft switching capability [3]-[S]. However, due to the
conventional pulse-frequency modulation (PFM) control
scheme, the switching frequency range of resonant converters
expands with the increase of their resonant frequency to
achieve voltage regulation. When the resonant frequency
increases to several kilohertz (kHz) or even megahertz (MHz),
the very wide switching frequency range will lead to great
difficulties in magnetic components optimization [6]-[8], high-
frequency control strategy [9]-[11] and synchronous rectifier
(SR) driving [12]-[14], which make it hard to optimize the
high-frequency PFM resonant converters.

Compared with the PFM resonant converter, DC
transformer (DCX) based on resonant topology can avoid the
challenges caused by wide switching frequency range due to
fixed switching frequency and duty cycle. And this makes the
DCX converters can be optimized to achieve extremely high
efficiency even at MHz level switching frequency [15]-[18].
However, the constant voltage gain of the DCXs limits their
use in applications requiring voltage regulation.

To maintain the benefits of DCX in applications requiring
voltage regulation, some partial-power-processing converters
based on DCX have been invented [19]-[28]. In these
converters, additional auxiliary circuits are utilized to realize
voltage regulation by handling a small portion of power, while
most of the power is transferred by DCXs working at their
optimal points for high efficiency.

In [19], the input terminals of auxiliary circuit and DCX are
series connected, and the output terminals of them are parallel
connected. Through undertaking the input voltage variation by
the input terminal of auxiliary circuit, the input voltage of
DCX is kept constant and the output voltage is regulated. Due
to the input-series-output-parallel structure and this voltage
regulation method, this converter can realize high-efficiency
high-frequency power conversion in applications with low
output voltage and high load current, such as telecom
applications. Instead of series connecting the input of auxiliary
circuit to the input of DCX, the primary winding of auxiliary
transformer is series connected to the primary winding of main
transformer to undertake the voltage variation in [20]. In [21]-
[23], the output of the auxiliary circuit is series connected to
the source to compensate the input voltage variation and
realize voltage regulation. These converters can achieve
higher efficiency in applications with nominal input voltage
closer to the upper limit of input voltage range. In [24] and
[25], series connecting the output of auxiliary circuit to the
output of DCX makes it easy to achieve high efficiency in
applications with high output voltage and wide output voltage
range, such as electric vehicle (EV) chargers. In [26]-[28],
current-fed resonant DCX are applied in the converters
making them suitable for applications requiring less input-
current ripple. Although these partial-power-processing
regulated DCX (RDCX) converters can achieve high-
frequency high-efficiency power conversion in some
applications by their special design auxiliary circuits, the
absence of a general construction method for RDCX makes
their topology types limited to meet the requirements in

numerous applications preferring high-frequency high-
efficiency power conversion.
In this paper, by revealing the voltage regulation

mechanism of current RDCX converter, a general construction
method for high-frequency high-efficiency RDCX is presented.
According to this method, some new RDCX topologies are
derived, a family of RDCX topologies is constructed, and the
requirements of more applications can be fulfilled. Moreover,
to make full use of these topologies, their implementation
consideration is also discussed in detail.
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Fig. 1 RDCX proposed in [20]: (a) topology; (b) simplified circuit; (c)
voltage regulation principle.

II. DERIVATION OF RDCXS WITH SERIES CONNECTED
CONTROLLABLE VOLTAGE SOURCE

A. An RDCX with Controllable
Connected to Primary Winding

Voltage Source Series

To realize high-efficiency high-frequency power conversion
in step-down high-load-current applications requiring voltage
regulation and galvanic isolation, an RDCX converter was
proposed in [20]. As shown in Fig. 1(a), this RDCX is
composed of DCX and auxiliary circuit. By adjusting D (duty
cycle of the Buck converter), v, and and |v.| (amplitude of v.)
is controlled, which makes the auxiliary circuit operates as a
controllable voltage source. As the simplified circuit depicted
in Fig. 1(b), this controllable voltage source is utilized to keep
[vp| (amplitude of v,) constant to realize output voltage
regulation. Moreover, since the total voltage across the
resonant components in DCX is almost zero, because of the
fixed switching frequency neighboring the resonant frequency,
Vinv_ac always equals to vin. Thus, the relationship among |v|,
[vp| and |viny| (amplitude of vin) and the voltage regulation
principle can be illustrated in Fig. 1(c).

As presented in Fig. 1, due to the series connection of v. and
vp, the ratio of the power processed by the auxiliary circuit Paux
to the power transferred to the load Prouq, is determined by the
voltage ratio of v to Vi, as expressed in (1)

v
Lo _ | C| (1)
P v

Load inv_ac

Considering the voltage regulation principle of the RDCX,
since v. is employed to undertake the voltage variation in
Vinv_ac 10 keep |vp| constant, |v | is always far less than |vim o
during normal operation. Therefore, only a small fraction of
power needs to be managed by the auxiliary circuit for voltage
regulation in the RDCX converter.
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Fig. 2 Another simplified circuit of RDCX in Fig. 1.
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Fig. 3 Simplified circuit of resonant DCXs.

Output DC Bus

According to the operation principle of this RDCX, another
simplified circuit can be derived in Fig. 2. In Fig. 2, since the
total voltage across resonant components is almost zero, the
primary-side switches and the resonant components are
combined as a primary-side high-frequency (HF) inverter
network, whose output AC voltage amplitude is in a fixed
proportion to Vi.

B. Voltage Regulation of DCX through Series Connecting
Controllable Voltage Source to Its Voltage Buses

To further explore the construction method of RDCX
converters, the characteristics of the resonant DCXs should be
considered at first. Since resonant components are also
introduced to the secondary side and operates neighboring
their resonant frequency in some two-direction resonant DCXs,
such as CLLC-DCX, the resonant components and the
switches at secondary side can also be combined as a high-
frequency rectifier network [29]. Thus, according to the
topologies and operation principles of the resonant DCX
converters, a simplified circuit of resonant DCX can be
derived in Fig. 3 [29]-[31].

In Fig. 3, according to the operation principles of resonant
DCXs, the ratios between any two of Viu, Vo, |vp| (amplitude of
vp) and |vs| (amplitude of vs) are each fixed. By extending the
idea shown in Fig. 2, an auxiliary controllable voltage source
can be connected in series to any bus of DCX to achieve
voltage regulation. Following this idea, several simplified
RDCX circuits can be derived, as shown in Fig. 4.

In Fig. 4(a), a controllable AC voltage source Vvea is
connected in series to the primary side of the AC voltage bus
to regulate the amplitude of AC-bus voltage. Besides the
simplified circuit presented in Fig. 4(a), the controllable AC
voltage source can also be connected to the secondary side of
the AC voltage bus, which is not reiterated here. In Fig. 4(b)
and (c), a controllable DC voltage sources vei is connected in
series to the input or output DC bus to accomplish voltage
regulation by adjusting its DC value.
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Fig. 4 Simplified circuits of RDCX converters with controllable voltage
source series connected to voltage buses: (a) series connected to AC bus; (b)
series connected to input DC bus; (c) series connected to output DC bus.

In Fig. 4, since vede Or veae are also utilized to compensate
for bus voltage variations, their DC value or amplitude of AC
value is usually smaller than that of the corresponding voltage
bus during normal operation. Therefore, considering the series
connection between controllable voltage source and the buses
of DCX, only a small portion of power will be managed by the
auxiliary controllable voltage sources in Fig. 4.

C. Controllable Voltage Source Realized by Series-Parallel
Connected Two-Port Auxiliary Switching Network

Since there is a small portion of power managed by
controllable voltage sources for voltage regulation in the
RDCXs shown in Fig. 4, multi-port auxiliary switching
networks should be employed to achieve power balance.
Although auxiliary switching networks with three or more
ports can also be applied [27], [28], their complex topology
and large number of devices are easy to result in higher loss
compared with the auxiliary networks only have two ports.
Thus, in applications asking for high-frequency high-
efficiency power conversion, two-port auxiliary switching
networks are more preferred to realize the controllable voltage
sources.

As presented in Fig. 5, the port vee or veae should be
connected in series to a voltage bus of the DCX, functioning
as a controllable voltage source, while the other port v, can be
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Network | — Network | —
(2) (b)

Fig. 5 Controllable voltage source realized by two-port auxiliary switching
network: (a) DC source; (b) AC source.

It is important to note that voltage regulation cannot be
realized when port v, is also connected in series to the voltage
bus of DCX. When the port v, is connected in series to the
voltage bus of DCX, the output voltage adjustment caused by
regulating the voltage of port vea. (or veac) Will be counteracted
by the output voltage variation caused by the voltage change
in port vy. Thus, the output voltage is unable to be regulated by
adjust the voltage of port veae (0or veae). When the port v, is
parallel connected to the voltage bus of DCX, the voltage
regulation can be achieved. It is because the variation of the
voltage of port vese (or veae) only leads to change in i.. The
output voltage variation only caused by the voltage adjustment
in port vede (Or Veac). Thus, the two-port auxiliary networks in
Fig. 5 should be series-parallel connected to any two of the
voltage buses in DCX to operate as the controllable voltage
source shown in Fig. 4.

When the two ports of the auxiliary network are connected
to the same DC voltage bus, the entire circuit will become a
two-stage circuit, in which a non-isolated DC/DC is cascaded
to a resonant DCX. These converters are mainly used in
photovoltaic and energy storage application [32]-[34], and will
not discussed in this paper. Additionally, when the two ports
of the auxiliary network are connected to the AC voltage bus,
its topology will be very complicated and not suitable for
high-frequency high-efficiency applications. Thus, according
to the analysis above, eight RDCX structures can be derived
by series-parallel connecting the two ports of the auxiliary
network to different buses of the resonant DCX.

In Fig. 6, besides the port v series connected to the
primary-side AC voltage bus, the port ve.. series connected to
the secondary-side AC voltage bus is also considered. Some of
these structures in Fig. 6 have been applied in previously
published partial-power-processing converters [19]-[28].

III. IMPLEMENTATION CONSIDERATIONS OF RDCXS

To construct an RDCX based on the structures in Fig. 6, the
topologies of two-port auxiliary networks should be discussed.
Due to the different positions of the port veae (0r ves) and the
port v in Fig. 6, the simplified circuits of the auxiliary
networks can be classified and presented in Fig. 7.

In Fig. 7(a), the simplified circuit of the auxiliary networks
with port ve.e series connected to the AC voltage bus and port
vx parallel connected to a DC voltage bus is displayed. In the
simplified circuit, an AC-DC (A2D) network is employed for
AC-DC conversion, and a non-isolated DC-DC (D2D) is
utilized to adjust v, to achieve voltage regulation. To attain
isolation in the auxiliary network for normal operation, an
auxiliary transformer is adopted. Similar to the converter
displayed in Fig. 1, the A2D operate as part of the resonant
DCX with its switching frequency fa., while the non-isolated
D2Ds are all independent of DCX, which can operate at a
lower frequency to reduce its losses.

In the simplified circuit shown in Fig. 7(b), a frequency-
independent non-isolated D2D is also used to realize voltage
regulation and the D2A cooperating with DCX are also
applied. Similar to Fig. 7(a), the port v, should be isolated to
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Fig. 6 Eight structures of RDCX with veae (0r Veac) and v series and parallel connected to: (a) primary-side AC bus and input DC bus respectively; (b) primary-
side AC bus and output DC bus respectively [20]; (c) secondary-side AC bus and input DC bus respectively; (d) secondary-side AC bus and output DC bus
respectively; (e) input DC bus and AC bus respectively [21]-[23], [35]; (f) input DC bus and output DC bus respectively [19]; (g) output DC bus and input DC

AN TR i Fish p L e & |
\t_'ﬂ_l_.}"{ ﬁ_h =:vrr Nutcislited T._tli\ h_!_'_ Non-isolated | |+ $ i\‘_;?\, EET ‘.‘TT - = }” { - —— é E"'
" A | DZD‘— ";+ DT A (e 1"FH"AM:: =H p2a A [T
Auxiliary Network e Rumiary Netwark Winding 7T Auxiliary Network

(@) (b) (©

Fig. 7 Simplified topologies of auxiliary networks for RDCXs: (a) with veq series connected to the AC bus and v, parallel connected to the DC bus; (b) with veae
series connected to the DC bus and v, parallel connected to the AC bus; (c) with veq and v, connected to the DC buses.

the AC voltage bus of DCX for normal operation. By utilizing
an auxiliary winding, the isolation is realized without
introducing an additional auxiliary transformer.

In Fig. 7(c), when vee and v, are connected to the DC
voltage buses, the auxiliary network should be an isolated
D2D converter which composed of a D2A network, an
auxiliary transformer and a A2D network. Since both ves and
vx are coupled with DCX at DC buses, the topology, switching
frequency, and control strategy of this isolated D2D are
independent from the DCX.

To achieve high overall efficiency in RDCXs, the losses
produced by the auxiliary network should be reduced. In order
to reduce the losses of the auxiliary network, the power dealt
by it should be reduced and the its operation efficiency needs
to be improved.

A. Reduce the Power Dealt by the Auxiliary Network

To estimate the power dealt by the auxiliary network, a
coefficient Kuw (=Pauw/Pacx) can be defined. Due to the series
connection of the port vese (0r veac) and a voltage bus of DCX,

Kaux can be decreased by reducing veqe or |veao| (amplitude of
veac). Thus, to attain high overall efficiency in RDCX, veqe or
[Veac| should be diminished in the normal operation.

In the RDCX architectures illustrated in Fig. 6, if the vea. is
positive or the phase of ve. is aligned with that of v,, the
relationships between Kux and Vi, and Kux and V, can be
derived in Figures 8(a) and (b) respectively. As shown in Fig.
8(a), when V, is constant, lower Vi, will result in lower Kuux. In
Fig. 8(b), when Vi, is constant, higher V, will result in higher
Kaux. Thus, by reducing P, at nominal operation point, the
RDCX structures with positive veqe Or veqe are more suitable for
applications with nominal input voltage Vi.v near their lower
limit of input voltage range or nominal output voltage Voy near
their upper limit of output voltage range. As shown in Fig. 8(c)
and (d), the curves of K. can be derived with negative
polarity of vede O Veae, Which means a negative value of ve4e or
the phase of ve opposite to that of v,. According to Fig. 8(c)
and (d), it can be known that in application with nominal input
voltage near their upper limit of input voltage range or
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nominal output voltage near their lower limit of the output
voltage range, the polarity of veie or vee in the RDCX
structures should be negative to reduce Pa.. Moreover, no
matter the polarity of the port veie (or ve), the voltage
regulation in the RDCX structures shown in Fig. 6 will not be
affected.

In the RDCX architectures illustrated in Fig. 6, if the vea. is
positive or the phase of v is aligned with that of v,, the
relationships between Kun and Vi, and Kux and V, can be
derived in Figures 8(a) and (b) respectively. As shown in Fig.
8(a), when V, is constant, lower Vi, will result in lower Kaux. In
Fig. 8(b), when Vi, is constant, higher V, will result in higher
Kaux. Thus, by reducing P at nominal operation point, the
RDCX structures with positive veae Or veae are more suitable for
applications with Vi,v near their lower limit of input voltage
range or V,y near their upper limit of output voltage range.

As shown in Fig. 8(c) and (d), the curves of K. can be
derived with negative polarity of veie Or vewe, which means a
negative value of veq- or the phase of ve. opposite to that of v,,.
According to Fig. 8(c) and (d), it can be known that in
application with Vi near their upper limit of input voltage
range or Voy near their lower limit of the output voltage range,
the polarity of vea or veae in the RDCX structures should be
negative to reduce Pu.. Moreover, no matter the polarity of
the port vese (Or vea), the voltage regulation in the RDCX
structures shown in Fig. 6 will not be affected.

As shown in Fig. 9(a), a 380V/336V RDCX converter based
on the structure in Fig. 6(c) for high-voltage DC power supply
is presented. Since the nominal output voltage is around 380V
which is close to the upper limit of the output voltage range
(270V-400V). Thus, the polarity of port ve. is designed to be
positive, and Kuux is reduced to around 10% at its nominal
output voltage. The auxiliary network of this RDCX employs
a high-frequency rectifier operating at the DCX switching
frequency fix to generate a controllable AC voltage source.
The operation principle of this RDCX is validated through
simulation, as shown in Fig. 9(b) and (c¢). In Fig. 9(b), zero-
voltage-switching (ZVS) turn on is achieved in Q;-Qs,
reducing their switching loss. Fig. 9(c) demonstrates voltage
regulation. As Vi, varies, the duty cycle D of the auxiliary
Boost converter (represented by the driving signal G,) is

N
+
TV,
2:1 -
* + ' £ * L,l'(l('
VeiT TVa +
. - g B
Boost Rec. (=ficx) o
= Aux.Network <mmm P,
(a)
1
-l cat-| | caz-’

T
1
L
h
200 f vas Q14 K Vds_Q2q L1
N e
T T
1 !
30 ] ]
. 1
o’_/\_lpy-/\\//
0 | |

23.981934m
Time (s)

(b)

S
@

23.980713m 23.983154m

T
1 Iy
- 1 |
::: L Vo N \
| ! e il |
L 1
376 ! H ‘
14 20m 30m L 40m
(Z Time (s)
[--go=======—-------—= B e |
1 [N 1 > |
h - ]
| oLl G D=086 || |11 o G Dp=0.79 L |
1 | ]
I 8o foso I
| 2 I
H 70} Yy ‘ o 100y, I
I 60, = 1 % 5 I
: [ Veae [N 40/ mf‘ |
=k o :
b 49 |11 a0 J
| -40] ¥ - :
1 - ; - 0 | Y N —
i 4oor ’y ¥ 400F \ |
[0 | i oy ‘:
1-400 | 11 400 i1
! 18.02002m 18.024902m Ry 37.502m 37.506m .
[ Time (s) " Time (s) d

©
Fig. 9 A 380V/336V RDCX converter based on the structure in Fig. 6(c) with
positive vea: (a) topology; (b) ZVS operation of Q;-Q4 with 380Voutput and
full load; (c) voltage regulation with a step change in Vi.

adjusted, and the |veq ] is regulated to undertake the variation
of vs to keep |veec al constant and achieve output voltage
regulation.

In Fig. 10(a), a 48V-400V RDCX converter also based on
the structure in Fig. 6(c) is depicted. In this converter, since
the nominal input voltage is around 55V, which is close to its
upper limit of the input voltage range (40V-60V), vea is
designed to be negative to minimize P at its nominal input
voltage (~55V). Thus, at the nominal input voltage, Kuux is
around 17.5%. The auxiliary network is a high-frequency
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Fig. 10 A 48V/400V RDCX converter based on the structure in Fig. 6(c) with
negative vee: (a) topology; (b) ZVS operation of Q;-Qs and AQ;-AQ4 at full
load; (c) voltage regulation with a step change in Vi,.

inverter operating at the DCX switching frequency fa. to
generate a controllable AC voltage source. Fig. 10(b)
illustrates the ZVS turn on of Q;-Qs and AQ1-AQ4. In Fig.
10(c), by controlling the duty cycle D of the auxiliary Buck
converter, |vead| is adjusted to compensate the variation in vy,
maintaining the regulated output voltage.

B. Reduce the Losses Produced by DCX

The two examples above shows that in applications with
nominal voltage near the upper or lower limits of the voltage

range, the polarity of vese or vea can be easily determined to
reduce K.... However, in applications with nominal voltage in
the middle of the voltage range, the power dealt by the
auxiliary networks remains almost the same no matter the
polarity of the port vea (or ves). In this situation, the power
flow direction in the auxiliary circuit should be considered. In
the RDCX structures shown in Fig. 6, different veae (Or veae)
polarities result in distinct P power flow directions. In some
conditions, the P might be further processed by the DCX, as
shown in Fig. 9(a), which will result in additional loss in DCX.
Thus, when the polarity of vese (or ve) does not significantly
affect Kuw, the polarity without circulating P is
recommended for higher efficiency.

C. Improve the Efficiency of Auxiliary Networks

Besides reducing Paux and eliminating the circulating power,
enhancing the efficiency of the auxiliary network can further
reduce the losses. Since vese (Or veac) is used to undertake or
compensate the voltage variation of DCX voltage bus, the
value of veae (or |[vead|) is small. To reduce the current stresses
of the devices associating with port vea. (Or vee) in the
auxiliary network, the port vea (or ves) should be series
connected to the DCX buses with higher voltage and less
current.

Moreover, due to the partial-power processing, the output
current of the port v, is small. In order to reduce the voltage
stresses of devices associating with port vy, the v, should be
parallel connected to the DCX buses with lower voltage.
Furthermore, in structures shown in Fig. 6(e) and (h), by
selecting the turn number of the auxiliary winding, the voltage
of the port v, can be optimally designed to reduce the voltage
stresses.

Thus, according to the input and output voltage of
applications, appropriate RDCX structures can be selected
with low voltage and current stresses of devices in the
auxiliary networks.

D. A Brief Comparison of the Volume of Auxiliary Networks

In some applications with stringent requirements on the
volume of the converters, the size of the auxiliary network
needs to be considered. The size of auxiliary network is
mainly decided by the volume of its auxiliary transformer.
Assuming the same operating frequency and power in the
auxiliary transformers, a rough comparison of the auxiliary
transformers can be made by considering their insulation
requirements. The auxiliary transformers used for primary-
secondary isolation will be larger than those for functional
isolation. And, the auxiliary networks without auxiliary
transformer will be the smallest. The insulation requirements
of each RDCX structure in Fig. 6 is shown in Table I.

According to the analysis above, the characteristics of
suitable applications and implementation considerations of
each RDCX can be summarized and presented in Table I.



TABLE I CHARACTERISTICS OF SUITABLE APPLICATIONS AND IMPLEMENTATION CONSIDERATION OF RDCXS

. Characteristics Preferred polarity of veac (or vede) according to the nominal voltage . .
Auxiliary Insulation requirement of
Structure of preferred Vinn close to Vigmas Vinn close to Viumin Vinn of Von o
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applications or V,n close to Vomin or Voy close to Vomax in the middle
Fig. 6(a) Fig. 7(a) Vin= Vo Veac < 0 Functional insulation
Fig. 6(b) Fig. 7(a) Vinz Vo Veae > 0 Primary-secondary insulation
Fig. 6(c) Fig. 7(a) Vie s Vo Veae < 0 Primary-secondary insulation
Fig. 6(d) Fig. 7(a) Vin=V, Veac > 0 Functional insulation
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Fig. 6(h) Fig. 7(b) Vin <V, Vede < 0 -
n:1 — n:1 —o
IH + é'—ﬁ—
LV, . .
- u é E T _Vo *
— Vi " I s Vo
vinv_ ac 4 m: 5 ' -
i ARDE X 1% PBlE et it e B
i Y - —— H = B ‘pp i
i | Buck AQ;AQuInv (=f 1 ) Rec. (=fic), Buck ¥ Sn__BUCk Inv. (=fze) § <°
IAux. Network Aux. Network = Aux. Network
(@ (b)
+
Ly +
o Vo
-;;a L - ..E Vy
Rec. (/i) Boostl
Aux. Network Ao Netwol;k = Aux. Network v
®

(d) (e)

== g

Aux. Network
(8

ﬁ

W, } £ R
- +
.

Aux. Network

()

Fig. 11 Eight RDCX examples: (a) corresponding to Fig 6(a); (b) corresponding to Fig 6(b) [20]; (c) corresponding to Fig 6(c); (d) corresponding to Fig 6(d); (e)
corresponding to Fig 6(e) [22]; () corresponding to Fig 6(f) [19]; (g) corresponding to Fig 6(g) [26]; (h) corresponding to Fig 6(h) [24].

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulation Verification

To verify the implementation consideration and operation
principle of RDCXs based on Fig. 6 and Fig. 7, RDCX
converter examples applied in appropriate applications, which
match the summarized characteristics in Table I, are verified
through simulation and experiments. In Fig. 11, eight RDCX
examples are illustrated. Since the converters in Fig. 11(b), (e),
(g), (f) and (h) are verified in former publications and the
converter in Fig. 11(c) is validated by simulation shown in Fig.

10, the converters in Fig. 11(a) and (d) are verified in
appropriating applications by simulation in this section.

In a two-stage on-board EV charger with 450V-850V
output, its 2"-stage DC/DC input voltage can be 550V-850V
which increasing with output voltage linearly to improve the
efficiency. In this case, the RDCX converter in Fig. 11(a) can
be applied and the turn ratios of the main transformer and
auxiliary transformer are 19:15 and 2:1, respectively. With the
output voltage increasing from 450V to 850V, the Kuu
increase from 7.4% to 21%, which means the power dealt by
auxiliary network always less a quarter of the load power. Its
operation is verified by the simulation shown in Fig. 12.
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Fig. 12 Simulation of RDCX in Fig.11(a): (a) ZVS operation of Q;-Q, and
AQ-AQy at full load; (b) voltage regulation with a step change in V;,.

In another EV charger with 250V-450V output, the input
voltage of the 2"-stage is 400V. In this case the RDCX
converter in Fig. 11(d) can be utilized. The turn ratios of the
main transformer and auxiliary transformer are 4:5 and 1:1,
respectively. Since the output voltage range is very wide, the
polarity of port ve is designed to be negative to eliminate the
circulating power. With the output voltage increasing from
250V to 450V, the power dealt by the auxiliary network is
always less than half of the load power. Its operation principle
is validated through simulation shown in Fig. 13.

B. A Prototype for Experimental Verification

In the two-stage multi-cell AC-DC converter, the 2"-stage
DC-DC converters require high-efficiency high-power-density
power conversion and simple control strategy of bus-voltage
balance [36]. However, they cannot be achieved
simultaneously by conventional DC/DC topologies. Due to
their high-frequency high-efficiency power conversion
capability and the characteristics of PWM control, when an
PWM D2D is applied in the auxiliary network, these two
requirements can be easily obtained by applying the RDCX
topologies [23].
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Fig. 13 Simulation of RDCX in Fig.11(d): (a) ZVS operation of Q;-Qy at full
load; (b) voltage regulation with a step change in Vi,.

In Fig.14(a), the simplified circuit of a 220Vac/48Vdc-3kW
two-stage 6-cell AC-DC converter is presented. According to
the summary shown in Table I, the appropriate RDCX
topology can be derived. Since the average value of each DC-
bus voltage Vi is around 65V and ¥, is 48V, the port vea (or
vede) should be series connected to the primary side. Thus, the
RDCX structures shown in Fig. 6(a), (b), (e) and (f) can be
selected. Considering the high requirement on power density,
the structure shown in Fig. 6(e) is the best choice.

Furthermore, to choose the polarity of the port ve, the turn
ratio of the transformer is designed with minimized K. in
different polarity. When the polarity of port ves is negative, in
order to realize output voltage regulation with Vg, varying
between 59V-71V and minimize the Kuw, the turn ratio of
primary winding to secondary winding is designed to be 3:2,
and the Kuu is 10.8% at 65V Va; When the polarity of port
Vede 18 positive, the turn ratio of primary winding to secondary
winding should be 1:1 and the Kuux 15 26.2% at 65V V. Thus,
the polarity is selected to be negative. Then, the turn ratio of
transformer can be further designed to be 3:2:1 and a Buck
converter is chosen to be the PWM D2D. The topology of this
2M_stage DC-DC converter is shown in Fig. 14(b). The DC-
bus voltage balance has already been discussed in [23].
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TABLE II KEY PARAMETERS OF A 2"°-STAGE RDCX CELL

Description Parameters
Input 61V-69V
Output 48V/ 500W
Switching frequency 1IMHz (DCX)/ 600kHz (Buck)
Q1~Q4 EPC2053
S1~S4 EPC2206
Sar and Sa2 EPC2045
Switches in Buck Qy: EPC2015C
Sy: EPC2030
Inductor Ly in Buck XEL6060-272ME
Resonant components C: 680nF;
L,: 26nH (leakage inductance)
Transformer Lun: 5pH;

Material: MLI1S;

The prototype of the whole 6-cell AC/DC converter is
presented in Fig. 14(c) and (d), and the prototype of a 2"d-
stage RDCX converter based on Fig. 14(b) is shown in Fig.

14(e). According to the size shown in Fig. 14(e), the power
density of the RDCX cell reaches around 1400W/in®. The
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Fig. 15 ZVS operation of RDCX cell: (a) null load; (b) full load.
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Fig. 16 Voltage regulation in the ith RDCX cell: (a) ¥, and ves. waveforms;
(b) veae adjustment by varying the duty cycle of Buck Dy.

density of a RDCX cell reaches around 1400W/in®. The
parameters of the 2"-stage RDCX cell is shown in Table II.

As shown in Fig. 15 the ZVS turn on of Q3 can be achieved
in null load and full load conditions. Thus, according to the
operation principle of resonant DCX, ZVS turn on can be
realized by Q3-Q4 in all load conditions.



In Fig. 16, the voltage regulation of the ith RDCX cell is
presented. With twice-line-frequency voltage ripple in DC bus,
output voltage is kept constant by adjusting the duty cycle of
Buck converter Dy; to regulate vedci.
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Fig. 17 DC-bus voltage sharing: (a) steady state at full load; (b) with load
change from 25% to 75%.
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Fig. 18 Measured efficiency of RDCX cell.

In Fig. 17, the DC-bus voltage balance is illustrated. As
shown in Fig. 17(a), the steady-state DC-bus voltage balance
can be realized in full-load condition. As shown in Fig. 17(b),
The dynamic-state DC-bus voltage balance can also be
achieved even with a step change in load current from 25%-
75%.

The measured efficiency of a RDCX cell is shown in Fig.
18. As shown in Fig. 18, the peak efficiency of the RDCX cell
reaches 98.3% at around 60% load, and the efficiency at full
load is around 98.0%.

According to the experiments, the summarized
characteristics of applications suitable for each RDCX shown
in Table I and the voltage regulation principle is verified in the
two-stage 6-cell AC-DC application.

VI. CONCLUSION

By elucidating the voltage regulation mechanism of existing
partial-power-processing converters, a general construction
method for high-frequency, high-efficiency RDCX converters
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is proposed for applications that require isolated power
conversion with voltage regulation capability. By this method,
new RDCX topologies are derived and the application range
of RDCX converters can be expanded.To make full use of the
partial-power-processing ability of the RDCX converters, their
implementation consideration is discussed in detail and the
characteristics of applications suitable for each RDCX is
summarized. The implementation consideration and the
operation principle of these RDCXs are verified through
simulation and experiments.
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