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Abstract— Switched Tank Converter(STC) is one kind of
Resonant Switch Capacitor(ReSC) that can be considered as a
good candidate for data center application with high power
efficiency and high power density. On the other hand, LLC
converter can also realize very good performance for low voltage
application. Although STC can realize relatively higher efficiency
than LLC converter in the light load since the core loss is saved,
LLC can keep relatively higher efficiency in the heavy load than
STC does since the conduction loss of LLC is smaller. The main
reason is because transformer’s winding resistance is smaller than
semiconductor devices’ resistance, and this is very important for
high current application.

In order to utilize the benefits of the STC and the LLC
converter together, this paper proposes a family of the novel
Switch Capacitor based Integrated Matrix Autotransformer LLC
Converters (SCIMAC). The proposed converters share the same
high voltage side circuit of the STC with low voltage stress devices.
Different from the traditional LLC converter with an isolated
transformer, the proposed SCIMAC utilizes one autotransformer
with only the secondary side windings similar to LLC's secondary
side. There are several advantages that can be realized of the
SCIMAC: 1). Low figure of merit (FOM) devices can be adopted
to realize higher efficiency due to the low voltage stress of the
SCIMAC. 2). Higher power efficiency can be realized when
compared with STC converter in heavy load because the
resistance of the autotransformer’s windings is lower than
semiconductor devices’ resistance. 3). The primary side winding
loss of the transformer is saved to further increase the efficiency.
4) ZVS turning on can be realized by the magnetizing current of
the core.

Keywords—Data  Center Application, Resonant Switch
Capacitor(ReSC), Switched Tank Converter(STC), LLC converter,
Switch Capacitor based Integrated Matrix Autotransformer LLC
Converters (SCIMAC).

L INTRODUCTION

Switched tank converter(STC) is a good candidate for low
voltage application like Data Center application due to its high
efficiency and power density [1]-[4], and it belongs to one kind
of resonant switched capacitor converter(ReSC). STC is usually
adopted as intermediate bus converter (IBC), i.e. 12V with very
high efficiency, and there are also some other topologies that can
realize nearly 99% power efficiency for 12V DC bus structure
as well [5]-[7]. With the development of the Aurtificial
Intelligence (AI) and machining learning, lower CPU voltage is
highly required. Early in 2000, CPU with 1.8V on average can
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already realize high performance but now, it requires CPU with
0.8V to perform heavy computation task [8]. As a result, the IBC
with 12V is not suitable anymore, instead, lower intermediate
DC bus voltage is needed to decrease conversion ratio of the
point of load(POL) stage and the whole system efficiency can
be improved as a result [9]. On the other hand, LLC converter
can also realize high efficiency and high conversion ratio [21]-
[17]. The power efficiency of LLC converter is lower than STC
or other ReSC converters in the light or medium load since the
transformer’s core loss accounts a large part among the total
power loss, while the power efficiency of LLC converter is
higher in heavy load since the conduction loss dominates. As a
result, there are two main trends which are divided into ReSC
converters and LLC converters to develop the IBC for Data
Center application. Moreover, there also appears a new method
that merges both IBC stage and POL stage together [10]-[14],
and the soft charging technology [15]-[16] is realized by the
buck inductor in the POL stage. By this way, not only high
efficiency and very high-power density can be realized, but also
the current spike issue of switched capacitor converter can be
overcome. On the other hand, the LLC converter with matrix
transformer also tries to directly convert 48V to 1V in one
stage[20].

Therefore, one idea that adopts autotransformer to merge the
benefits of both LLC converter and ReSC has been proposed for
the IBC of data center application. There are several reasons for
the autotransformer-based converter solution: 1) Isolation is not
necessary [2], so primary side windings of LLC converter can
be removed to increase power efficiency; 2) The resistance of
winding is lower than semiconductor devices. In other words,
the total conduction loss of LLC converter is lower than ReSC
converter’s in heavy load, and this is very important for high
current application area since the conduction loss dominates.
3)The low figure of merit (FOM) devices can be adopted to
increase the power efficiency. LLC converter requires higher
FOM devices while the ReSC converter can adopt lower one. As
a result, the autotransformer-based converter solution can
further increase the power efficiency. Different kinds of
autotransformers based LLC converters are proposed in [21],
and the switch capacitor combined with autotransformer
converters are proposed in [22]-[23]. However, the winding
turns of the circuit are not the same, and it’s difficult to extend
the conversion ratio unless more independent inductors are
added in the circuit[24].
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In this paper, a family of Switch Capacitor based Integrated
Matrix  Autotransformer LLC Converters(SCIMAC) is
proposed. It takes the advantage of both LLC converter and
STC: 1). The conduction loss of the transformer’s primary side
is saved. 2). Resonant inductors are integrated into the matrix
autotransformer, so the conduction loss of the resonant inductors
is also saved. 3). Low FOM devices are adopted due to the low
voltage stress of the switches compared with LLC converter. 4).
ZVS turning on can be realized by the magnetizing current in
full load range. A 9x conversion ratio DC-DC prototype is built
to show the feasibility of these proposed circuits. And the
calculated power efficiency with 9x is up to 99% at 270W.
Section I shows the family of the proposed circuits. Section III
shows the simulation result. The prototype is in built to verify
the feasibility of the proposed topology.

II.  THE FAMILY OF THE SCIMAC
Basic Unit of SCIMAC

-

Basic Unit of resonant Dickson circuit

-

B)
Fig. 1 (A)The basic unit of SCIMAC (B) The basic unit of Dickson
converter

Fig. 1 shows the basic unit of the SCIMAC and resonant
Dickson circuit. The Cr; means the resonant capacitor and the
Cri means the non-resonant capacitors which should be 10 times
larger than resonant capacitor. The voltage stress of switches
shown in Fig. /(A) is equal to 2x Vo, which can be named as 2x,
and the voltage stress of switches shown in Fig. /(B) is equal to
Vou, which can be named as 1x. Moreover, the current RMS
stress of all the switches shown in both Fig. /(A) and Fig. /(B)
is input RMS current-Zinpu, Which is named as 1x. However, the
basic unit of SCIMAC can realize 4:1 while the basic unit of
Dickson converter realizes 2:1.
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Fig. 2 The 4:1 Dickson converter

Therefore, if the high voltage side switches Sy» and Sy in
Fig. 1 are merged together, the 4:1 STC converter is shown in
Fig. 2 while the 4:1 SCIMAC is shown in Fig. 3.
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Fig. 3 The 4:1 SCIMAC

For 8x conversion ratio, the STC converter is shown in Fig.
4, the voltage stress of majority high voltage side switches is 2x
while the voltage stress of low voltage side switches is 1x. The
8:1 SCIMAC is shown in Fig. 5, the voltage stress of high
voltage side switches is 4x while the voltage stress of low
voltage side switches is 2x. Although both the two kinds of
circuits can realize 8:1, the switches counts of SCIMAC are just
half of the STC while the voltage stress is doubled.
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Fig. 5 The 8:1 SCIMAC

Fig. 6 shows the 16:1 SCIMAC, and all the windings are also
just one turn. The voltage stress of both high voltage side
switches and low voltage side switches are the same as 8:1
SCIMAC.

Voul

Fig. 6 The 16:1 SCIMAC
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Fig. 7 The 9:1 SCIMAC

For the conversion ratio as 4N can add more modules like
Fig. 5 does or more wingdings on the capacitor branch like Fig.
6 does. For the converter that the conversion ratio is 4N+1, an
additional independent Lr is required to make all the current
loops realize soft switching which is shown in Fig. 7. If the 17:1
is required, another basic unit of SCIMAC in Fig. 1(A) is
required to add into the circuit.

Fig. 8 The 6:1 interleaved SCIM./_XC

For the converter that the conversion ratio is 4N+2, an
interleaved SCIMAC converter is proposed which is shown in
Fig. 8 and Fig. 9. For the converter that the conversion ratio is
4N+3, the circuit topology as Fig. 10 can be adopted. It should
be pointed out that all circuits descripted in this paper can realize
ZCS switching. The converter that the conversion ratio is 4N+2
or 4N+3, the two-phase interleaved SCIMAC is required.
Furthermore, the converter with the conversion ratio as 4N+1 or
4N+3 needs extra independent inductors which is labeled as Lr
in the circuit. Moreover, all the windings of the transformer can
be merged into one core, and the resonant inductors are also
integrated into the core except the independent inductors Lg. The
current stress of all the switches in this paper are the same, which
is equal to input current RMS value. If higher conversion is
needed, we just need to add the basic unit of SCIMAC in Fig.
1(A) to the specific conversion ratio type. For example, for the
converter with 4N+2 conversion ratio, one more basic unit of

SCIMAC is added into the circuit when the 6:1 converter and
10:1 converter are compared.

V=2x

Vout

Fig. 10 The 7:1 interleaved SCIMAC

III. THE SIMULATION OF 9:1 SCIMAC

Take the 48V to 5.33V(9x/‘4N+1"type) as an example, the
circuit topology shown in Fig. 7 is adopted to realize it. Suppose
the resonant frequency is 300kHz, and the input power is set as
500W. Then input and output voltage as well as current is shown
in Fig. 11(A). The integrated auto-transformer shape is shown
in Fig. 13, and the flux density waveform of center cylinder as
well as side cylinder is shown in Fig. 11(B). The matrix auto-
transformer design is not introduced here. Fig. 12(A) shows the
current waveforms of the capacitor Cri~Cr2 and Cri~Cra. Fig.
12(B) shows the waveform when the high voltage side switch

Authorized licensed use limited to: University of Dayton Libraries. Downloaded on February 21,2024 at 00:04:19 UTC from IEEE Xplore. Restrictions apply.

120



2023 IEEE Green Technologies Conference (GreenTech)

Sw» turns on, and it proves the ZVS soft switching can be Table I The parameters of the components
realized for the high voltage side switches. V. 46V~50V
Vin Vout 5.1V~5.5V
i Pm S500W
7 300kHz
Cin 22uFx6 (X7S,100V)-C5750X7S2A226M280KB
Com 47TuFx18(X5R,10V)-C4532X5R1A476M280KA
CFI & CFZ 22uFx4x2(X7R,50V)-C5750X7S2A226M280KB
CRI & CRZ 1.4uFx3x2(U2J,50V)-C1812C145J5JLC7805
S ™S BSZ010NE2LS5ATMAI1(25V,1mQ)
Sr~Sys BSC0500NSIATMA1(30V,1.3mQ)
Gate Driver 13x1EDN7136GXTMALI
Core ML95S@Hitachi Company
The experimental result is shown in Fig. 15. The resonant
Second Second . .
capacitor Cg; and non-resonant capacitor current Cr are shown
(A) (B) in green and red waveforms respectively, and the voltage of low

Fig. 11 The simulation voltage and current of input and output in Fig.
7 (B) The flux density of the magnetic core

voltage side switch Sg; is shown in black waveform.
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Fig. 14 The prototype and its 3D model of the circuit in Fig. 7 = Transformer_Copper Loss(W) 1 Conduction Loss_High Side
The prototype and its 3D prototype is shown in Fig. 14. The ’ Conduc.tlon Loss_Low Slfie L Gathnvcr_Loss__ngh_Slde
. . - S # GateDriver Loss Low_Side # Coss_Loss Low Side
prototype is made of two boards. The high voltage side circuit is ® Calculated Efcicacv(% ==
placed on one board while the low voltage side circuit is placed R ey (%)

on the other board. The capacitors Cri, Cra, Cri, Cra are Fig. 16 The calculated power efficiency and its power loss distribution

connected between the two boards. Table I shows the parameters Fie. 16 sh the calculated ffici dit
of the prototype and the total size is around 37x37x7.8mm?>. 18- 10 shows the calculated power etliciency and 1ts power
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loss distribution for 48V to 5.33V (9x) DC-DC converter, and
the maximum calculated power efficiency can reach around
98.7% at around 240W. The conduction loss dominates among
all the power loss in heavy load.

V. CONCLUSIONS AND FUTURE WORK

This paper derives a family of SCIMACs, which are divided
by its conversion ratio as 4N, 4N+1, 4N+2 and 4N+3. The
converter with the conversion ratio as 4N and 4N+1 can be
realized in single phase way while the converter with the
conversion ratio as 4N+2 and 4N+3 can only be realized in two
phase way. All the matrix autotransformer windings are
integrated into one core while the resonant inductors are also
merged into the core. Therefore, the power efficiency as well as
power density can be increased. Moreover, the primary side
windings of the transformer are removed to save the power loss,
and the low FOM devices are adopted for better performance.
All the loops can keep the same resonant frequency. The
simulation of 9x (“4N+1" type) in Fig. 7 is performed by PLECS.
A 48V to 5.33V with maximum power as S00W is built to verify
the feasibility of the proposed circuit, and the maximum
calculated power efficiency can reach 98.8% at around 240W.
Finally, the experimental waveforms are shown in Fig. 15.
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