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Abstract—The 48 V bus architecture has become a standard
in modern data centers, due to the increasing power demands of
digital loads. This requires low-profile, high-density intermediate
bus converters, able to efficiently step-down the input bus. Usually,
this bus has a wide variation (40-60 V), and the voltage regulation
module (VRM) must withstand the whole converted range, with
a negative impact on efficiency due to design oversizing. A regu-
lated intermediate bus converter can address this issue, enabling a
fine-tuned VRM design. In this article, a novel regulated regulated
hybrid switched capacitor (RHSC) sigma converter family is pro-
posed, which enables regulation without sacrificing efficiency or
power density. This is enabled by a new architecture featuring the
sigma connection of a high-efficiency, unregulated converter with
a low-power, regulated one sharing the same ground reference po-
tential (GND) domain, i.e., without the need of functional isolation.
With this approach, efficiency and regulation can coexist in a single
converter. This work includes the full analysis and design tools for
the new RHSC family, together with two demonstrators: a 1.2 kW,
48-12 V down-solution and a 750 W, 48-5.1 V eighth-brick module,
both exceeding a power density of 1 kW/in3.

Index Terms—48 V, data center, hybrid switched capacitor
(HSC), hyperscale, input-series output-parallel (ISOP), inter-
mediate bus converter (IBC), regulated converter, sigma.

1. INTRODUCTION

YPERSCALE computing and artificial intelligence have

become the backbone of the modern digital world [1],
requiring increasing efficiency and power density from the
power converters in the rack. The 48 V distribution bus is now
widespread in modern data centers [2], [3], and it is mandatory to
support nowadays’ power demands, mainly due to the lowered
distribution losses with respect to the old 12 V systems. The
48 V conversion chain is usually composed of one or more
unregulated intermediate-bus converters (IBCs), which provide
a middle-voltage rail [4], and a voltage regulation module
(VRM) placed close to the digital load. The first stage is usually
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characterized by high efficiency and no regulation, while the
VRM must regulate the application-specific integrated circuit
(ASIC) core voltage.

The last decades have shown that ASIC/CPU voltage is con-
stantly decreasing: in 2000 a high-performance CPU required
1.8 V on average, but now this value can be as low as 0.6 V,
especially for accelerator modules [5]. This values are not scal-
ing at constant power; on the contrary, ASIC power density is
rapidly increasing with the massive use of high-performance
chips and parallel computing [6]. This trend makes the VRM
design critical: duty-cycle reduction encounters a limit in terms
of control and efficiency, and therefore, the intermediate bus
must decrease as well. One end, 48—12 V bus converters occupy
the greater share of today’s data centers server boards [7]; but
recent research suggests [8] that when both the intermediate bus
converter and the second-stage buck converters are considered,
a lower intermediate bus voltage (e.g., 6 V) may offer superior
overall efficiency. As a consequence, there is a strong interest
in high-efficiency fixed-ratio conversion with ratios of §-1 V
and more. In this scenario, the IBC could play a fundamental
role in the system improvement. When the input voltage has a
wide variation range (40-60 V is the most common), the VRM
must be designed to operate in these corner cases, as the IBC
is performing a fixed conversion: a regulated IBC with high
efficiency could relieve VRM design constraint and allow us to
use lower voltage devices with a better performance. Numerous
high-power density, very efficient fixed ratio solutions have been
presented in the literature and implemented in industry [9], [10],
[11], [12]. On the other hand, the new open compute project
(OCP) specification will fix a narrow input voltage range of
49-51V in the near future [13], paving the way for partial-power
architectures exploiting the small input variation.

High step-down requirement, semiregulation with a wide
input variation or full regulation with a narrow input variation
are scenarios, which could benefit from a sigma IBC stage.
Sigma [or input-series output-parallel (ISOP)] converters can
achieve output regulation while maintaining a high efficiency
and power density [14], [15], [16], [17]. This approach combines
two converters, which share the same input current and the same
output voltage, as shown in Fig. 1: input voltage is divided among
the two inputs, and overall efficiency can be tailored to strongly
depend on the high-efficiency block
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Fig. 1. Sigma connection (also called ISOP) between a high-efficiency con-

verter and a regulated converter.
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Fig. 2. Input-series, output-parallel (also called sigma) connection between a

high-efficiency converter and a regulated converter.

This is possible because power must not be entirely processed
through the regulated subconverter, which has an intrinsic lower
efficiency. Following the (1), the design criterion of the ISOP
system is to choose the conversion ratio of the unregulated
converter K to minimize the converted power of the regulated
on-demand to guarantee its operation in the whole range of V},.
As shown in [14], [15], [16], and [17], ISOP can be obtained by
exploiting a converter functional isolation: this automatically en-
ables the level shifting of one block to a certain voltage domain.
For example, the first block on Fig. 1 could be an isolated LLC.
This work expands the results of [18] by using a basic scheme
as reported in Fig. 2, where the ISOP connection is performed
without the requirement for isolation. The proposed solutions are
based on an autotransformer, enabling a strong increase in power
density: this is due to an electrical power transfer from input to
output, which is prevented in isolated solutions. Also, a hybrid
switched capacitor (HSC) converter can be built with ideal wind-
ing interleaving. These factors yield lower losses compared to an
LLC [19]. The unregulated stage is based on an HSC converter
with a conversion ratio that depends on an autotransformer turn
ratio N1 /Ns. In general, N7 can also be 0. As it will be discussed
in the following sections, the input-series behavior is ensured by
sigma capacitors C, ,, which are alternatively placed in series
to the unregulated resonant currents and then used as supply for
the regulated converter. This enforces the same average input
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current between HSC and regulated block, as shown in Fig. 1.
As the new converter family is the combination of an HSC and a
regulated block, itis given the name of regulated hybrid switched
capacitor (RHSC) converter. In this work, RHSC will be used to
address any topology following the generalized circuit of Fig. 2.

This key difference can be summarized with the common-
ground words, as the two blocks now exist in the same GND
domain. This work proves this concept with two demonstrators:
a 48-12 V down-solution and a 48-5.1 V eighth-brick module,
both exceeding a power density of 1 kW/in3.

This article presents and analyzes the two solutions, both
based on the sigma (ISOP) common-ground concept, analyzing
architecture, waveforms, and experimental results for both in
the last section. In addition, an in-depth explanation of the
planar magnetic of the 48-5 V eighth brick is shown, where the
regulated-block inductor is embedded with the HSC autotrans-
former and the small-signal analysis. For the module solution,
the autotransformer is embedded in the printed circuit board
(PCB) to decrease termination loss and leakage inductance due
to higher output currents; for the down- (or discrete-) solution,
the autotransformer is implemented as and surface mounting de-
vice (SMD) block to yield an unexpensive and flexible example.

II. 48-12 V: Low STEP-DOWN RHSC VERSION

The best ISOP configuration of Fig. 2 for a 48—12 V applica-
tionis N; = 0 (K = 4) and a noninverting buck—boost as regu-
lated block, as reported in Fig. 3. As Fig. 6 will show, the output
can be regulated at 12 V for most of the input voltage range,
and most importantly is never rising over 12 V. In a data center
board, this can be useful for VRM supply and/or peripherals
accepting this behavior; in particular, the VRM can be operated
at a higher frequency: it must not support high input voltage
operation anymore and the driving strength can be increased.
With the proposed solution, semiregulation does not imply lower
efficiency. The buck—boost is designed to operate as a pure boost
converter, since DT signal duration is very short, as reported
in Fig. 4. The presence of DT is to avoid interaction between
the two subconverters during HSC dead-time and zero-voltage
switching (ZVS). From here on, the regulated converter will
be called only boost; nonetheless, the derived conversion ratio
can be extended by the modulation of DT. The employment
of capacitors to create the sigma connection allows for highly
efficient regulation.

The hybrid switch capacitor subconverter, which consists
of MOSFETS Qf’B, to Q?’B , operates in resonant mode and
features ZVS+zero-current switching (ZCS) transitions on each
component. The converter is driven by pulsewidth modulation
(PWM) signals ® 4 and ¢ 5 at fixed frequency and fixed duty-
cycle. While magnetizing current is utilized for soft switch-
ing, resonance occurs between the autotransformer’s leakage
inductance, which is made up of two windings with the same
turn number, and resonant capacitors Cieq and Ciego. Sigma
capacitors C's; and Cjo act as decoupling capacitors and have
negligible interaction with the resonance, supplying the boost
subconverter when the respective synchronous rectifier Q4 or
QP is active; for this reason are bigger in value than resonant
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Fig. 4. Low step-down RHSC main waveforms.

capacitors. As pass transistors, Q4" and Q¥ enable node PHx
to be connected to the proper supply voltage. Thus, neglecting
the little dead time DT during which @5 is active, PHx is
usually always coupled to one of the two sigma capacitors Cgy.
On the other hand, PHy is driven with a duty-cycle D as a
conventional boost converter. In this converter architecture, the
input voltage of the boost converter is the voltage of the sigma
capacitors, while its output corresponds to the actual output
voltage V. In steady state, I, current is always flowing through
one sigma capacitor C, except during DT. In the next phase,
Cy is recharged by the autotransformer current, as reported in
Fig. 5. Charge balance ensures that both the HSC and the boost
converter’s inputs have the same average current, as shown in
Fig. 1. The possible conversion for pure boost operation, which
is preferred to maximize efficiency, ranges from Vo, = Vi, /4 to
Vin/5. In modern data centers V;, varies from 48 to 60 V, so a
regulated 12 V output voltage can always be obtained.

Fig. 5. Charge balance mechanism on sigma capacitors Csy, ensuring the
equivalent input-series connection between the HSC and the boost block.

With reference to Fig. 4, converter’s operation phases are here
described.

to — t3: Q4, QF, and Qé“ are in ON state. Cy; is connected
to ground and supplies the converter boost through Q7. In this
phase, Q7 connects the terminal inductor PHy to ground at node
during the interval ¢; — to, while Qg connects the inductor to
Vout in the remaining time. The regulated converter has a dead-
time at each period, which is not shown in Fig. 4. Charge )
is removed from C; (this is shown in Fig. 5), while Cso gets
charged in the opposite direction. A resonant current, [cyesi,
flows from V, through @ and Cie1, resonates with the two-
winding transformer’s leakage inductance, flows into ws, and
charges Vg in the end. The resonance of C'so With the leakage
inductance induces another equal resonant current while Q%' is
connecting PH; to ground. This current flows into Cs2 adds up to
Icres1 at PHo node, also flowing into winding ws and ultimately
to Vour, therefore

Iw? =2 ICresl =2 Iin~ (2)

The other winding w; is connected to ground. It magnetically
delivers to the output I,,;, which is a copy of 1,2 (supposing a
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high coupling factor). HSC total output current is
Lowusc = L1 + Lyo = 4 - L. (3)

This shows that the 2-windings HSC converter multiplies by four
the input current, and alone would be a4:1 unregulated converter.
The sigma capacitors Cjy; o allow us to offset this conversion
ratio, as an additional current is delivered by the boost. During
this phase, the following voltage relations are present:

2‘/out + Ve sl ‘/in (4)
Ve = 2Vou + Ve,

res2

ts — t4: This period represents the HSC dead-time in which
Q% QF, and Q? are turned-OFF at almost zero-current and (5
disconnects the inductor current I, from the HSC nodes. The
boost keeps operating as usual, but its input voltage PH x is zero
during this period. In steady-state operation, considering from
to to tyq, Cs1 has lost a charge @Q and Cjo has stored the same
charge (). The HSC nodes are charged and discharged by the
transformer magnetizing current, allowing ZVS operation: PH;
is charged to 2V, while PH» is discharged to zero. MOSFETS
QF, Q4, and QF drain-source voltages are being discharged to
Zero.

ty — t7: The behavior is symmetrical. The boost is supplied
by sigma capacitor Cso and has a positive duty-cycle between
ts; and tg. The autotransformer is supplied by a symmetrical
voltage and the magnetizing current changes direction. During
this phase the following equations are valid:

2‘/;)ut + VC,EQ = Vvin
Ve = 2Vou + Ve, -

resl

(&)

The total system conversion ratio can now be calculated. The
volt x second product on the inductor L in a switching period
can be used to calculate the voltage on the sigma capacitors Cyy
and C's» in steady state

%ut(l - D)Tsw = ‘/csx (Tsw - 2DT) (6)

where Vi is the voltage on the two sigma capacitors, which is
equal in a symmetrical system. Also, D is defined for a boost
converter, therefore, is it proportional to ()7 on-time. Due to the
double-frequency operation of this block, the boost duty-cycle is
divided into two equal intervals, as reported in Fig. 4. Equation
(6) shows that the boost block may be converted into a real
noninverting buck—boost using DT. As previously mentioned,
DT is solely used in this application to enable the HSC to soft-
switch operation: if /7, is negative at instants ¢4 and t7 (light-
load condition or load dump), this current would flow into the
body diodes of Q4! or QF during the HSC dead-time, preventing
the HSC soft-switching. Furthermore, during HSC dead time,
as there would be no freewheeling path when Q4 and Q¥ are
both OFF, a positive I, inductor current would damage them. In
general, DT can be expanded to improve robustness or synced
with the HSC dead-time.
In this application, DT is very small

Tow — 2DT

T *>]-:>‘/csx: out(]-*D)~ (7)

DT< Ty
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Fig. 6. Vou (blue) and Pyoost/ Pour (red) as a function of Viy. Dpin = 0.05,
Dax = 0.98.

The difference between the first equations of (4) and (5) yields
Veirest = Viores2 = Vioresx, as expected from a symmetrical con-
verter. Also

VCresx = ‘/in - 2‘/;)ul- (8)

This equation is useful to define the resonant capacitors maxi-
mum voltage. The second equation of (4) or (5) can be used to
derive the full conversion ratio
Vi

Vou = =5 ©)
This equation sets the intrinsic conversion ratio boundary for
this topology, which can range from Vi, /4 to Vi, /5. The sigma
capacitors’ charge balancing system is illustrated in Fig. 5. As
previously mentioned, the charge () is removed from the boost
block after being stored in one C, via the HSC’s resonant cur-
rent. The resonant current is always equal to Ij, (Iin = Ioyes1 for
the first Ty /2, Iin = Icres2 for the other half). Sigma capacitors
make sure that [;, is equal to the average input current of both
HSC and boost when the system is in steady state. The supplied
powers of HSC and boost may be derived since each block’s
output voltage is equal. The duty-cycle D can be expressed as
a function of the input and output voltages using (9). This leads
to the following power ratio for the two blocks:

{Pboost - V;)ut . in(]- - D) = Po Vou (1 - 5\/0.“7‘/1,,)

ut ‘/i" ‘/nul
PHSC = Poul - Pboost~

(10)
As the duty-cycle D is limited, the conversion ratio and power
share is discontinuous and results in the semiregulated behavior
of this solution. Fig. 6 shows these two quantities in the range
40V < Vi, <60 V: it is obvious that the boost only transports
a very small portion of the output power across the whole range,
ensuring that the HSC block’s overall efficiency is maintained
at a high level.

III. 48-5 V: HIGH STEP-DOWN RHSC VERSION

This high step-down version is compatible with a topological
configuration of Fig. 2 with N; = 2and Ny = 1 (K = 8), where
the regulated subconverter is a buck, as reported in Fig. 7. By
using a buck as regulated converter, the switches ()4 5 of Fig. 2
can be merged with the high-side switch of the buck creating
the two high-side buck reported in Fig. 7. As the previous
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Fig. 7. High step-down RHSC topology with PWM signals.

configuration, this converter is equivalent to a sigma topology
as [8] (ISOP connection) between a high-power HSC [19] and
a buck. This is achieved without the use of isolated magnetics,
but using instead two sigma capacitors C's1, C'so to enforce that
the same average current is fed to both subconverters. As it
will be shown is this section, during one switching cycle each
clamping capacitor is first configured in series along the HSC
power path, and then serves as a voltage source for the buck.
The steady-state charge balance ensures charge variation to be
zero, which translates to input-series connection. Subconverters
outputs are instead paralleled, completing the ISOP connection.
The group composed by Q‘f"B to Q?’B is an HSC converter,
featuring high step-down capability and high power density,
while the group composed by Q4 to Qg is a buck converter with
two high-side switches. The split high-side is necessary to draw
energy alternatively from Cjy; or Cyo during the correct phase.
At the inductor phase node the behavior is identical to a normal
buck converter that works at double switching frequency, so
the split-phase buck behaves exactly like a traditional one. The
HSC converter, with PWM signals ® 4 and ® 5, operates at fixed
frequency and fixed duty-cycle. MOSFETs Qf Bio Q3A B achieve
quasi-ZCS and ZVS due to the magnetizing inductance of the
transformer. The buck is synchronized with the HSC, as each
high-side draws power from its clamping capacitor when this is
reference to ground. So, in other words, ®yg; becomes active
during the period in which ® 5 is active. To better understand the
whole converter operation, each subinterval is here explained.
to — tq1- ‘14, QQB, and Q‘34 are active. Cyq is referenced to
ground and supplies the buck through )7, therefore, the current
I, increases. At t1, charge () is removed from C'; (this is also

11001

Fig. 8.

High step-down RHSC main waveforms.

shown in Fig. 9), while Cjs is being charged by Icyes2 that is
negative (as reported in Fig. 8). A resonant current flows from
Vi through Qf‘ and Cles1, which resonates with the leakage
inductance of the multiwinding transformer. During this interval,
this current is cres1 and it is forced in windings N1 and No
(on the right side of Fig. 7), ultimately charging Voy. At the
same time, @4 is connecting PH; to ground: another equal
resonant current manifests due to the resonance of Cieso With the
leakage inductance. This current flows inside windings /N7 (left
side), QF, charges Cs3 and Ny (right side), finishing at Voy. N
windings have Icres1 each, while one Ny has 2 X Ioyes1 = g2
(in this phase). The other N5 winding (on the left) is referenced
to ground, and reflects to the output Iy; = %I Cres1- Also,
note that Ioes1 = Iin, Where I, is the current drawn from the
input.

t1 — t3: The HSC continues to operate as in the previous
phase, while the buck turns OFF ()4 and turns ON the low-side Qg
after the dead time t5 — ¢1. The inductor current decreases. Dur-
ing this phase, Cy; is floating. In the next half of the switching
cycle, the transformer will operate in a complementary pattern.
For this Ty /2, the ampere-turn count yields

N N
Irx () = Leves (1) - <4+2N;> = In(1) - <4+2N;> .
(11)

ts — t4- Both subconverters have a dead-time. C'5 has stored
the charge @), which will be depleted by the buck in the next
phase. The HSC nodes are charged and discharged by the
transformer magnetizing current: PH; is charged to 2V, while
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Fig. 9. Charge balance mechanism on sigma capacitors Cx, implementing
the equivalent input-series connection between the HSC and the buck.

PH, is discharged to zero. Also nodes V;x experience the same
ZVS transition, together with Q%' and QF drains.

t, — tg: The behavior is symmetrical. During ¢4 to t5, Cso
is referenced to ground and supplies the buck through Q)5 with
a charge (), which is depleted at ¢5, when )5 turns OFF. Cy;
is being charged in the opposite direction. Each HSC node
will be charged or discharged by the magnetizing inductance
during the dead-time tgs — t7. Equation (11) becomes (12), as
the transformer is excited in a symmetrical pattern and I cyes2 1S
supplied by the input through Q¥, therefore

N1 Nl

Irx(t) = Icresa(t) - (4 + 2N2> = Lin(t) - (4 + 2N2) :

Equations (11) and (12) state that a resonant bump is always
drawn from the input, and the following equation, which ex-
presses the current delivered to the output though the unregulated
subconverter (the HSC) is always valid

Irx(t) = Lin(t) - (4 + 2Nl> : (13)

Ny

Fig. 9 shows the equivalent input-series behavior of the
subconverters, which is given by the charge balance on the
clamping capacitors, as briefly explained in the operation phases.
In this figure, the charge balance of the clamping capacitor C'sq
is represented. During the subinterval ¢y to t;, this capacitor
supplies the buck with a charge (), while during ¢4 to ¢7 the same
charge is restored by the resonant current. The charge balance
on Cy; and Cyy (which follows the exact operation) enforces
the same average current among the two subconverters, as the
whole converter operates at fixed frequency. On the other hand,
the steady-state voltage on these capacitors is determined by the
buck duty-cycle: this is in fact the input voltage of the buck itself,
therefore

V;)ul
D
In steady state, the conversion ratio of the whole converter can

be derived by considering the charge balance on a resonant
capacitor, such as Ci1 . In steady state, its voltage must be equal

VCsl = VC52 = (14)
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in both subintervals, as shown in Fig. 10

{‘/in = VCresl + Vout (% + 2)

N (15)
7N7;VZ"“ + Vorest = Vost + 2Vou

By using (14) and (15), the following relation between input
Vin and output voltage V4, can be written, which highlights the
sigma nature of the topology

Ny

Vi
Vin = Vou (4+ 2) 4 =

D

16
Ny (16)
where the first term of the sum is the output voltage V,,, divided
by the conversion ratio of the HSC converter and the second is
the output voltage divided by the conversion ratio of the buck.
Finally, the total conversion ratio can be written as

Vout 1

- 17
Vo 4428+ 5 4

From (17), it is clear that also this topology is intrinsically
bounded in conversion ratio. In particular, the maximum output
voltage is obtained when D—1. The power share delivered
to the output can be derived for the HSC and the buck. The
average input current is the same for the two subconverters, and
corresponds to the average input current drawn from V;, (observe
Fig. 1)

i i P()th

Tisc = Thuek = b (18)
1

where Py = P, is assumed for simplicity, and I1%, Ii . are

the average input currents of the two subconverters. The buck
input current depends on the duty-cycle

D . Jout —D-PbuCk— in _Pout
buck — — “buck — .
Vout Vi

This equation can be combined with the transformation ratio
(17) to express the power ratio delivered by the buck

Pbuck %ut Nl
=1 44+2— ).
Pou V. ( * N2>

The converter is then designed to operate in a sweet spot, i.e.,
with a voltage ratio that maximizes the power delivered by the
high efficiency HSC. As it will be shown, (20) yields values
between 15% and 20% for the current design.

19)

(20)
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Fig. 11.  Structure of the magnetic component.

Fig. 12. Cross sections of the magnetic component. It is highlighted the
transformer gap (orange) and the inductor gap (dark red).

A. 48-5 V RHSC Magnetic Design

The magnetic components of this converter are the matrix
multitapped autotransformer (MMTA) of the HSC and the in-
ductance of the buck. The MMTA architecture was explained
in [19], where it is designed with two elemental MTAs to
distribute the high output current and to reduce winding and
termination loss. In order to achieve high power density, each
magnetic component is mounted in a single core; with the planar
autotransformer, the implementation of a nonplanar inductor
will dramatically increase the aspect ratio. The structure of the
core is shown in Fig. 11. It is the structure of the MMTA of the
HSC with two additional legs which are the core of the buck
inductance. Two legs have been used to symmetrize the power
distribution network (PDN); of course, one single leg can be
used.

Two gaps are required to achieve suitable magnetizing and
buck inductance. To gain mechanical stability, the MMTA’s gap
is splitted among the autotransformer legs and the common leg
(by placing a thin dielectric layer between the legs and the plate),
while the inductor legs are milled-down, as shown in Fig. 12.
The value of the buck inductor is selected as for a normal buck
converter (tradeoff between copper losses and current ripple,
targeting 22% at full load).

Differently from [19], this core experiences a dc flux associ-
ated with the inductor. With this solution, the transformer legs
are carrying only ac flux and the buck legs ac+dc flux. The flux
in the common leg is the summation of fluxes of the MMTA and
the buck. Fig. 13 shows the windings configuration, where each
arrow follows a clockwise convention and gives the winding
reference for the next figures. The buck inductor starts with the
phase node phy and then splits to reach V. As previously
mentioned, this helps the symmetrization of the PDN.
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Fig. 14.  Equivalent electrical circuit of the magnetic design.

With this winding configuration the buck phase node is blind
to HSC operation as any shared flux is canceled by the two
opposite-signed inductor windings: this is beneficial for the
current ripple on the buck devices. The same is valid from buck to
HSC. Anyway, the coupling between the two areas is minimized
by reducing the common leg gap.

The design of the merged magnetic can be carried out simply
under the hypothesis of negligible shared flux between the two
structures, i.e., by designing the autotransformer and inductor
legs separately, and then ensuring a sufficiently large common
leg for the desired operating conditions. To provide a complete
overview on the magnetic structure, an electrical equivalent
circuit is here derived, as shown in Fig. 14. Each MMF generator
is referenced to the windings of the four legs in Fig. 13. In the
figure, the leakage reluctances are reported for each winding (in
parallel to the equivalent MMF generator). This is a simplifica-
tion of physics because in the case of multiwindings the flux not
shared by all the windings does not necessarily close on each
single one but, obviously, can be shared by a group. The legs of
the magnetic design are connected through the reluctance block
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Fig. 16. Equivalent electrical circuit with impedance matrix.

that consist of a reluctance matrix. By using the duality principle,
the solution of the magnetic circuit of Fig. 14 is the same of the
dual one reported in Fig. 15.

The voltage MMF generators become current supplies, the
flux currents become the flux voltages and the reluctance matrix
becomes the permeance matrix. The total flux in each leg around
which windings are present can be expresses as

N
®; = Py Ip; @)
j=1

where N represents the number of legs. At this point, consider-
ing (21), the permeance matrix can be translated into inductance
matrix, and, hence, impedance matrix, by multiplying by the
number of turns of each winding. Hence, the magnetic model of
Fig. 15 can be translated in the electric circuit of Fig. 16. The
leakage inductances are referred to the primary of the windings,
while the magnetizing inductances are stored in the impedance
matrix, which take in account the coupling between the legs.
The impedance matrix coefficients are calculated by using FEM
simulations on the MMTA geometry: in general, this can be
evaluated by exciting each winding with a voltage and measuring
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Fig. 17. FEM simulation configuration: (a) electrical equivalent circuit,
(b) current flowing in the legs and related fluxes.

the induced voltage on the others. By the described procedure,
MMTA transformer design can be effectively tested at circuit
level under all working conditions in terms of saturation and
core losses. In fact, the flux magnitude of each leg can be
approximately derived from the current level at the port of the
multiport model of Fig. 16 described by Z matrix. The Z matrix
is reported in (22). Indexes 1 and 2 are, respectively, referred
to the left and right MMTA legs. The indexes 3 and 4 are,
respectively, referred to the right and left inductance legs

Z =sL. (22)

The L matrix, evaluated for the prototype of Section V-B with
ANSYS Maxwell, is here shown

926.95 —187.76 —74.72 —108.73
—187. . —109. —74.
I 87.76  928.09 109.52 74.42 nH. (23)
—74.72  —109.52 513.69  —35.98
—108.73 7442 —-35.98  511.40

As expected, L is symmetric. To complete the equivalent circuit
of the MMTA, its leakage inductances must be evaluated. To
extract them, the structure is excited with two currents, as shown
in Fig. 17(a). I current flows in both primaries and the sum of
the currents 27 flows in one secondary: this mimics the RHSC
topology operation. The other secondary is short-circuited; its
current is determined by the Faraday’s law. In this case, the
resulting winding currents are shown in Fig. 17(b).

With this excitation, the leakage inductance can be extracted
by the total magnetic energy in the FEM domain, resulting in
L;, = 35.8 nH. For circuit-level simulation, this inductance
can be equally split among the two primaries and determines
the resonance frequency of the HSC. The result is that for
each primary the leakage inductance is 1.9% of the relative
leg magnetizing inductance. Winding losses must be included
in the equivalent circuit to also simulate damping effects and
efficiency. To take into account the winding losses, I, is added
to the MMTA magnetic model. It is calculated in a similar way of
the leakage inductance: the excitations are equal to Fig. 17, but
in this case the ohmic losses are evaluated. They are described
by the formula Pl = Ryl 2 The overall ac resistance is

rms*

extrapolated by FEM results, resulting R,. = 30.64 m{2.
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Fig. 18.  SSA small-signal model of the proposed converter.
TABLE I
SMALL-SIGNAL TERMS
term Boost Buck
LRreg L/(1— D)2 L
i(s) IreG /(1 = D)? IreG
e(s) Vout (1 — sLreG IreG /Vour) /(1 — D) Vout/D
Ny 1/(1 - D) D

IV. SMALL-SIGNAL STATE-SPACE AVERAGING (SSA)
ANALYSIS

The frequency behavior of the proposed converter must be
known to design the suitable controller of the regulated stage.
In this section, the transfer function from duty-cycle to output
voltage of all converter is analyzed. The overall small-signal
circuit is based on the ISOP connection, demonstrated in the
Sections IT and 111, of the two sub-small-circuits of the regulated
converter and the HSC, similar to [20], as shown in Fig. 18.
The HSC can be considered as an ideal fixed ratio transformer
with its total output impedance referred to the secondary, the
regulated converter dynamics is described by the canonical SSA
small-signal model, in Table I.

Inductance and resistance parameters in Fig. 18 are extrapo-
lated from previous analysis. The resistance is function of the
ohmic losses of the unregulated topologies and the equivalent
inductance depends on the total leakage inductance, which
resonates with the Cys capacitors. As in [20], the equivalent
inductance can be evaluated by the formula

2

el &9

Lysc =
where Ly, is the total leakage inductance evaluated in Section
III-A. As described the Sections II and III, the regulated con-
verter input current is alternatively supplied by the two identical
capacitors C, and Cj, of Fig. 7. According to the waveforms in
Figs. 8 and 4, the regulated converter is operating at the double
of frequency f, therefore, in the first half of the period Ty, is
taking charge from Cj, and in the second half is taking charge
from C,. Applying the SSA in Ty, this can be translated to
a regulated converter, which is operating at double duty cycle
and with the two reservoir capacitor in parallel. Therefore, the
equivalent input capacitor Crgg in the Fig. 18 is equal to twice
the clamp capacitor C

Creg = 2C5. (25)
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The transfer function between the output voltage Doy (s) and duty
cycle cZ(s) is derived from the dynamic system’s state equations
of Fig. 18 scheme, where the state variables vector is
~ ~ 2 2 T
X = |Vout UCrpg 'Lrec YLusc

and the input is the duty cycle zf(s) present in terms of current
and voltage generators of Fig. 18.

The transfer function between output voltage dou (s) and d(s)
can be calculated using the following equation:

ﬁ;}“ (s)=C(sI-A)"'B (26)

where A, B, C are derived from the circuit state matrices of
circuit of Fig. 18

0
1 1
0 Coul Coul _ j (S )
: e | |
A — REG REG B —
__1 __ 1  _ Rusc 0
Lusc K Lysc Lysc 0
_ 1 D 0 RReg
Lgec Lusc Lusc
e(s)
L Lrec

and C =[1 0 00]. The transfer function has four complex poles,
due to the presence of four independent state variables (Lysc,
Lggg, Cou, and Crgg). An approximation of the frequency of
the first complex poles, reported in (27), can be derived from
the equivalent circuit of Fig. 18 by considering the impedance
composed by Lysc and Rysc negligible

n.+1/K
27\/CreG LrEG + CoutLrec /K2

The other complex poles of the transfer function are present
at high frequency together with a pair of conjugated complex
zeros, which make the converter controllable as a normal boost
or buck converter, respectively, for the case of Sections II and
III. For example, the frequency behavior of (26) in the case
of Section III is shown in Fig. 19, where Ve = 5.1V, Iy =
30 A, D = 0.792, Cyys = 1.1 mF (where the equivalent series
resistance ESR is added), Crgg = 57.6 uF, Rrgc = 16 mS),
RHSC = 1.14 mQ, LHSC = 1.38 IlH, LREG = 300 nH. As

fee, = 27)
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reported in Fig. 19, the transfer function (blue line) of the all
sigma converter is similar to a buck with a resonance frequency
at fres = 25.7 kHz close to the frequency predicted by (27).
The simulation of the proposed converter was performed also
through the SIMetrix/Simplis software, which enables ac and
transient analysis. The results are also reported in Fig. 19 (red
line) in order to get a confirm of the small-signal model derived
previously. The control adopted for the proposed converter can
be equivalent to a classical voltage mode. The only difference
is regarding the modulation, which imposes a duty cycle of less
than 50% for the two phases ®ys; and Ppgo. Note that when
the two phases reach 50% the buck equivalent duty cycle D is
100%.

Voltage regulation is achieved through PID controller, imple-
mented digitally. For this analysis, the PID was converted from
the discrete to the continuous domain. The overall block scheme
is shown in Fig. 20, with the voltage partition in the output.
Subsequently, Gioop evaluation is essential to extract significant
characteristics of the system, i.e., the bandwidth, the phase
margin, and the closed-loop output impedance. The PID param-
eters are chosen to achieve stability (related to gain margin and
phase margin) and maximum bandwidth. As shown in Fig. 20,
a feed-forward block is used when selecting a voltage-mode
control, increasing input voltage rejection and flattening the
line-to-output transfer function Vo /Vin(s). This block can be
connected to Vj, or to the sampled regulated voltage, depending
on application requirements and controller specifications.

V. EXPERIMENTAL RESULTS

Two prototypes were built to demonstrate the performance
and behavior of the common-ground ISOP (sigma) topologies.
Two scenarios were targeted: the first one is a down-solution'
targeting a high-power and high-density 1.2 kW semiregulated
48-12 V conversion; the second scenario is a high-step-down
and high-current application in a tight eighth-brick footprint,
addressed with a regulated 48-5.1 V module. Both scenarios
aim to satisfy common requirements in high-performance com-
puting, which are mainly power density and high efficiency at
full load and halfload. In scenarios, the digital loads are usually
kept close to maximum power, to maintain a high computation
density.

The converter is implemented with discrete components directly on the main
PCB, i.e., the server board.
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TABLE II
Low STEP-DOWN RHSC IN A DOWN-SOLUTION SPECIFICATIONS

Vi 40-60 V

Vout 12 V nominal (see Fig. 6)
Poy 1.2 kW TDP, 2 kW peak
fsw 260 kHz

L (boost) 550 nH

Lmag (TX magnetizing) 4 pH
Autotransformer turns 1:1

25x51 mm, TX height 14 mm

1.06 kW/in®
@ TDP, 25x51x14 mm volume

Size
Power density

Base board
Planar TX

Q7. Q4P (4 per side), Q)7
Q2A:B (2 per side)

8 layers, 2 oz ext., 3 oz int.
12 layers, 4 oz, DMR51W ferrite

IQEO13N04LM6, 40 V, 1.3 mQ2
ISZ034N0O6LMS, 60 V, 3.4 mS2
2xISK024NE2LMS, 25 V, 2.4m$2
BSZO11NE2LSS5I, 25 V, 1.1 mQ

GRM21BZ71H475ME15

5
Qs, Q7 (2 per side)
Chres1,2 (8 per side)

Cs1,2 (8 per side) GRM21BR61E226ME44

Ci 8xGRM31CZ72A475KEl11
2x47 uF, electrolytic

Clout 14xGRM31CR71E106KA12
4xGRM21BR61E226ME44

4x560 uF, electrolytic
4x1EDN7550 + 2x2EDN7524G
3xNCP81155

XDPP1100-Q024

HSC drivers
Buck drivers
Controller

A. 48-12 V: Low Step-Down RHSC, 1.2 kW Down-Solution

A low step-down RHSC performing a regulated 12 V con-
version has been built in a down-solution occupying a 25 x
51 mm area, with a maximum profile of 14 mm corresponding
to the autotransformer profile. The converter has been designed
to output a continuous 1.2 kW power in thermal steady state
thermal design point (TDP) with a forced air flow. Table II sum-
marizes the characteristics of the solution. The autotransformer
is composed of single-turn windings on 4 oz copper, paralleled in
an interleaved pattern to reach the desired copper resistance. The
center leg has been reduced with respect to the lateral core halved
legs, in order to push the full-load efficiency to its maximum.

Adaptive dead-time drivers are used to drive the rigulated
subconverter MOSFETS. In particular, pass-transistors ) B and
the small rectifier Q5 (PHx node) are connected to two drivers,
which have the low-side outputs in an AND connection. This
allows not only to have adaptive dead-time on this node, but
also to directly use signals ® 4 and ®p for a fast and robust
implementation of this part. Instead, Q)¢ and Q)7 (PHy node) are
directly connected to a single half-bridge driver.

Output capacitance is dominated by the electrolytic capac-
itors, providing 2.24 mF on the 12 V output. The selection
of the output capacitance is mainly determined by stability
requirements and also represents the input capacitance of VRMs
and peripherals: for an IBC, transient performance is usually not
critical and it is preferable to decrease switching frequency in
favor of efficiency rather than seeking a high bandwidth.

Fig. 21 shows the converter, on the left, and the surface
temperature with a load of 1 kW, 54 V input and forced air
cooling (5 m/s air speed). All the power MOSFETs are placed
on the TOP side, while the BOTTOM side includes drivers,
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Fig. 23. Measured converter waveforms at Vi, =54 V, fow = 260 kHz,

Fig.22. Efficiency and power loss in the whole power range for three different
input voltages. fsw = 260 kHz, air-cooling at 7 m/s, Vo, = 12 V. Additional
bias power: 1.6 W.

capacitors, and the controller. The autotransformer is an SMD
custom component implemented in a planar technology. Effi-
ciency is shown in Fig. 22: full-load efficiency at 54 V input is
97.5 %, while peak efficiency is 98.4 % at the same voltage. The
bias power consumption, not included in the efficiency curve,
is 1.6 W in the whole conversion range. Also, it must be noted
that this prototype has been built for a high full-load efficiency:
no-load loss is in fact around 2.5 W, mainly due to core losses.

As shown in the thermal image, a hot-spot exists near the
inductor. In particular, this corresponds to PH x node, which is
connected to the hard-switched MOSFETS Qf’B and the rectifier
Q5. This area is possibly the most critical to dissipate, as it is in
the core of the layout and is thermally connected to four different
power devices (three MOSFETs and the inductor). A heat spreader
can be used to improve heat removal.

Fig. 23 shows the main converter waveforms at 1 kW, 54 V
input. At the top, the PWM signals are shown (following the
labels of Fig. 8, note that ¢ is inverted). In this image, it is clear
that the HSC is operating in a high-voltage domain, where PH1 is
soft-switching from 2 x V4, to 0 V, while the boost subconverter
is hard-switching at low voltage. Also, PHX shows the small
interval DT and the sigma capacitors voltages, which are equal.

Fig. 24 shows the line-to-output behavior of the low step-
down RHSC when V;, rises and falls. This waveforms show the
semiregulation capability of the proposed sigma converter(s), as
regulation is achieved for 48 V < Vj, < 60 V. It is also shown

Pout = 1 kW (conditions on Fig. 21).

Fig. 24.  Input bus transient: Vj, rises from 40 to 60 V, 5.3 V/ms.

that for Vi, approaching 60 V, i.e., when the conversion ratio is
close to 4:1, regulation is also lost: this is due to the boost block
being close to duty-cycle saturation, which is limited to 98.5%
due to bootstrapping requirement. In this situation, Q6 of Fig. 4
is almost-always ON.

B. 48-5.1 V: High Step-Down RHSC, 750 W Eighth-Brick
Module

A 750 W prototype for the high step-down RHSC version has
been built in an eighth-brick module, targeting the open rack v.3
specifications of the open compute project [13], which fixes a
narrow input voltage range of 48-51 V, optimal to maintain this
sigma topology in its efficiency sweet spot. Converter specifica-
tions are reported in Table III.
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TABLE IIT 8 8 8 8 9 ] 3 E] ]

HiGH STEP-DOWN RHSC IN AN EIGHTH-BRICK MODULE SPECIFICATIONS

4
©
2
2

Vi

Vout

POL“.

fsw

Lbuck (bUCk)

Lmag (magnetizing)
N1:N2 (turns ratio)

48-51V
51V
750 W
450 kHz
300 nH
1 pH
2:1

Size
Power density

58x25%x7.6 mm
1.06 kW/in3

PCB technology
Core

12 layers, 2 oz ext., 3 oz int.

Custom, DMR51W ferrite Fig. 26.

Thermal image, 100 A output, Vi, = 49 V. Air cooling at 2 m/s.

QM QB Q4. FETs
Qa, Qs, Qe FETs (4 per phase)
Hot swap FETs

Buck FETs

C's (6 per phase)

Cles (14 per phase)

out

HSC drivers

BSZ040NO6LS3, 60 V, 4 mQ

IQEO006NE2LMS, 25 V, 600 £ L
2xBSZ040NO6LS5, 60 V, 4 mQ
25V, 2.4 mQ
GRM21BR61H106ME43
GRM21BC81H475KE11 /
52x GRM21BR61A476ME15 |

Buck drivers 2xNCP81155

Fig. 25.

750 W, 1/8 brick prototype of the high step-down RHSC.

This module is a stand-alone converter operating as regulated
high step-down stage, also embedding hot-swap capability, soft-
start, and protections. The HSC multiwinding autotransformer
has been embedded with a matrix planar approach to maximize
power density, enabling optimal winding interleaving. The buck
inductor has also been embedded in the PCB, and the two struc-
tures share the same magnetic core. This is clear by observing
Fig. 25, where a single magnetic is present. The power brick
can be connected to the main board through 24 copper pins, and
requires only an additional 12 V auxiliary supply to operate.
Power-good and enable signals are also provided, together with
PMBUS communication.

Fig. 27 shows converter waveforms at 510 W: the buck phase
node (red) shows its double-frequency operation (each high-side
is turned on during one 7y). The other two node voltages show
ZVS operation: the top-field effect transistor (FET) drain (blue)
and the synchronous rectifier (green) show the small spike of the
leakage energy at the beginning of the commutation, and then
they are charged/discharged by the magnetizing energy. Fig. 28
shows the transient response for a wide load step of Al =
90 A at 7 A/us, with a measured maximum voltage variation of
AV | = 30 mV.

Efficiency curves at different input voltage are reported in
Fig. 29, where peak efficiency is 97.5% at 48 V input. Fig. 26

4x1EDN7550B + 2x2EDN7524G o

=t e R W ST S,

Fig. 27. Vip =49V, Vour = 5.1V, Ioye = 100 A. From top to bottom: buck
phase node, Q2 drain, PH; node.

7\

- o oSN p it » > s
N

Fig. 28.  Transient response. Vi, = 49 V, Vot = 5.1 V. AC-coupled output
voltage (orange), output current (blue). Aoy = 90 A, 7 A/us. Maximum
measured |AVqy | = 30 mV.

shows a thermal image at full load, where a hot spot can be
identified in the regulated stage area, below an aluminium heat
spreader. Efficiency is inversely proportional to input voltage:
this behavior can be explained with (20), as buck power share
increases from 15% to 18% when Vj, changes from 48 to 50 V, as
the buck is less efficient than the HSC. Moreover, buck efficiency
itself is dependent on the input voltage, as this subconverter must
withstand increasing input voltage and suffers from increased
switching losses. Core losses and, in general, HSC losses, are
less dependent on the input voltage: the transformer flux is
only dependent on frequency and output voltage, and also ZVS
transitions desensitize this subconverter’s efficiency from the
input. The buck converter, composed by two high-sides, is
driven with adaptive dead-times. The driver operates with input
signals ®yg; and Pygo: low-side outputs are combined in a
power-NOR circuit to generate the gate signal ®g, connected
to the low-side FET.
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Fig. 30. Low step-down RHSC (48-60 V to 12 V regulated) power density

versus full-load efficiency comparison against other topologies [21].

VI. CONCLUSION

The RHSC is anovel family of sigma/ISOP converters capable
of regulation and high power density, which aims to achieve
efficiencies similar to and unregulated IBC. The ISOP connec-
tion allow us to deliver most of the output power through a
high-efficiency converter (HSC), while a regulated block ensures
regulation with a fraction of the processed power. Instead of
relying on converter isolation, the input-series behavior is here
achieved by sigma capacitors, alternatively in series with a
resonant current and then used as voltage supply for the regulated
block: this technique ultimately enables power density increase,
as the removal of functional isolation corresponds to electrical
current flow from primary to secondary sides, better winding
interleaving and relaxed design constraints. Now, both convert-
ers are referenced to the same GND domain, further easing
driving design. Two prototypes show RHSC performances in
two scenarios: a48—12 V down-solution and a48-5.1 V module,
both exceeding a power density of 1 kW/in®. Fig. 30 clearly
demonstrates the capability of the 48—12 V down-solution (low
step-down RHSC) in today’s data center power conversion
landscape. In high-power applications, full-load efficiency and
power density are often the most important factors. The use
of RHSC enables a (semi)regulated IBC and maintains a high
efficiency, which is a benefit for the VRM stage.
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