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A Dual Active Bridge Derived Hybrid Switched
Capacitor Converter Based Two-Stage 48 V VRM

Somnath Khatua”, Debaprasad Kastha

Abstract—This article proposes a two-stage 48-V voltage regu-
lator module using a hybrid switched-capacitor converter in the
first stage. Apart from being compact in nature, this first-stage
converter has several other advantages such as efficient regulation
ability and hence scalability, inherent full/partial soft switching for
most of the switches, reduced switch voltage and current stresses,
and the possibility of wide range variable switching frequency
operation. These combined features together help to obtain a flat
high-efficiency curve for the first stage. The second-stage multi-
phase buck converter also exhibits flat high-efficiency character-
istics through phase shedding. Steady-state circuit operation and
analysis of the first-stage converter is presented in this article.
An accurate discrete-time model of the first-stage converter is
also developed. Thereafter, a design guideline for the two-stage
converter is discussed. Finally, experimental results from an 80-W
laboratory prototype show that the proposed converter possesses a
relatively flat high-efficiency profile and exhibits a faster load tran-
sient response compared to that of the state-of-the-art solutions.

Index Terms—48-V VRM, discrete-time model, hybrid switched-
capacitor converter, switched-capacitor voltage divider.

I. INTRODUCTION

VOLUTION in different networking applications like
E cloud computing, Internet of Things (IoTs), video stream-
ing activities, mobile Internet, etc. have imposed an ever increas-
ing demand on the power consumption of the data centers [1].
The primary reason for this drastic rise in the electricity con-
sumption is the use of power-hungry, high-performance multi-
core processor and memory loads to meet the required compu-
tational capability. This growing electricity demand with more
stringent requirement on the efficiency and power density has
entailed the transition from the 12- to 48-V server architecture
(Fig. 1) in order to alleviate the excessive bus distribution losses,
multiple conversion losses, cost, and size [2], [3]. However,
this 48-V server architecture presents a significant challenge

Manuscript received May 30, 2020; revised August 17, 2020, October 12,
2020, and December 8, 2020; accepted December 10, 2020. Date of publication
December 22, 2020; date of current version March 5, 2021. This work was
carried out in the Embedded Power Management Laboratory, Indian Institute of
Technology Kharagpur, West Bengal 721302, India. This work was supported
by the Ministry of Human Resource Development (MHRD) and Ministry of
Electronics and Information Technology (MeitY), Government of India, under
the IMPRINT programme under Project 7188. Recommended for publication by
Associate Editor S. A. Khajehoddin. (Corresponding author: Somnath Khatua.)

The authors are with the Department of Electrical Engineering, Indian
Institute of Technology Kharagpur, West Bengal 721302, India (e-mail:
skhatual00 @ gmail.com; dkastha@ gmail.com; sn.kapat@ gmail.com).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TPEL.2020.3046362.

Digital Object Identifier 10.1109/TPEL.2020.3046362

, Senior Member, IEEE, and Santanu Kapat

, Senior Member, IEEE

Z /A VRMs oaaE
ey |
/=T LS8V cprs
3 —~ ey —.
~ 230 Vac Fraﬂiﬂdg? T\ /2 VR/lM
AN = = (7
E = GPU.
urs 2
- Sp—
* = crzoy il 55
¥
Server Rack

Fig. 1. Typical rack level power delivery system in a 48-V server architecture.

in the development of the 48-V input voltage regulator modules
(VRMs) to supply those low voltage (0.5-1.85 V), high current
(>200 A), and extremely dynamic CPU, GPU, and memory
loads [4]. Therefore, the 48-V VRMs must have a large conver-
sion ratio, must produce fast transient response, and should be
compact and efficient. Since the servers frequently switch be-
tween light and heavy load conditions, the VRMs are desired to
have a high flat efficiency profile over the entire load range, in or-
der to maximize the overall energy efficiency of the data centers.

Several high conversion ratio converters have been devel-
oped recently for the 48-V VRM [5]-[24]. Among them, the
transformer-based single-stage topologies [5]-[9] suffer from
low power density because of the large size of the transformer
core. The light-load efficiency is also compromised due to the
significant amount of core losses. The coupled-inductor-based
single-stage topologies [10], [11] also use large magnetics and
require additional clamping circuits which limit their power den-
sity. The multiphase-buck-derived hybrid switched-capacitor
converters [12]-[16] improve the power density by replacing
the bulky magnetic elements with a more compact switched-
capacitor voltage divider. However, the impracticality of phase
shedding and inefficient discontinuous conduction mode (DCM)
operation due to the interdependency of the phases degrade their
light-load efficiency. Even though efficient, the 48/1 V sigma
converter [17], [18] is unfavorable for handling a wide range
variation in the input voltage. Moreover, the upper stage LLC
resonant converter requires a large transformer.

The cascaded two-stage architecture has been a popular
choice in many applications, due to its higher flexibility in the op-
timization of performance and volume [25], [26]. The first-stage
converter, generally known as the bus converter, strives to maxi-
mize the power density and efficiency, whereas the second-stage
is designed to meet the stringent transient performance require-
ment by the loads. The multiphase synchronous buck converter
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has been an attractive candidate for the second stage, due to its
superior transient performance, flat high-efficiency profile, small
filter capacitance requirement, and even heat distribution. How-
ever, a multiphase buck converter in the first-stage [19] incurs
significant switching losses and also requires bigger inductors
because of the high input and output voltages. The LL.C resonant
converter [20] in the first stage improves the efficiency through
soft-switching, but still requires a bulky transformer even though
the isolation is not required in this application [3], [27]. The
hybrid switched-capacitor-based resonant converters called the
switched tank converters [21], [22] reduce the volume up to
certain extent. However, they exhibit high sensitivity toward
component nonidealities, since their multiple L-C branches are
expected to have equal resonant frequency for reliable operation.
Being unregulated in nature, the LLC resonant, switched-tank,
and the cascaded resonant switched-capacitor [23] converters
are not easily scalable as they will not have any active control
over the current distribution in different phases when used in
multiphase configuration. The first market-available 48-V VRM
made using a two-stage architecture by VICOR [24] also lacks
scalability due to the unregulated second stage.

The main objective of this article is to propose a two-stage
48-V VRM (Fig. 2) using a regulated and compact first-stage
converter. This is achieved by employing a dual active bridge
(DAB)-derived hybrid switched-capacitor converter [28] in the
first stage. This hybrid switched-capacitor converter requires
only a small inductor and possesses very efficient load regulation
ability unlike the LLC resonant [20], switched tank [21], [22], or
the cascaded resonant converters [23]. This improves the power
density and enables scalability. The quasi-trapezoidal inductor
current waveforms of this converter reduce the root mean square
(rms) and peak current stresses of the devices. Moreover, it can
efficiently operate over a wide range variable switching fre-
quency, which allows the reduction of the frequency to improve
the light-load efficiency. Most of the switches here operate with
full/partial zero voltage switching (ZVS). The device voltage
ratings are also low, which allows the use of high-performance
low-cost 30-V silicon devices. These features together help to
obtain a flat high-efficiency profile even for the first stage. The
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Proposed two-stage 48-V VRM having a dual active bridge-derived hybrid switched-capacitor converter in cascade with a three-phase buck converter.

second stage of this topology uses a multiphase buck converter
in order to exploit its aforementioned favorable characteristics.

The rest of the article is organized as follows. Section II
introduces the first-stage hybrid switched-capacitor converter
along with its steady-state operation and analysis. The ZVS
analysis of the first-stage converter is carried out in Section III.
Section IV derives a discrete-time model of the first-stage con-
verter along with SIMPLIS simulation verification. A light-load
efficiency improvement technique of the first-stage converter
is proposed in Section V. A design guideline of the proposed
two-stage topology is given in Section VI. Section VII presents
the experimental results. Finally, Section VIII concludes the
article.

II. OVERVIEW OF THE DUAL ACTIVE BRIDGE-DERIVED
HYBRID SWITCHED-CAPACITOR CONVERTER

The conventional DAB converters employ a high-frequency
transformer to provide the desired voltage matching between
the bridge circuits, which is necessary for achieving higher
efficiency. However, due to the large size of the transformer core,
isolated DAB converters have not found practical use in VRM
applications, where the isolation provided by the transformer
is usually not necessary [3], [27]. In order to use this type of
converters in VRM applications, a family of DAB-derived high
power density hybrid switched-capacitor converters has been
introduced in [28]. These converters eliminate the transformer,
but retain its voltage-matching functionality using a switched-
capacitor-based bridge circuit in the input side.

The DAB-derived hybrid switched-capacitor converter in the
first-stage of this proposed two-stage 48-V VRM topology
(Fig. 2) employs a 6:1 step-down ratio switched-capacitor bridge
circuit in the input side, which produces a high-frequency ac
voltage of +v;/6 volt peak. The switches S; —Sg and the
charge transfer (CT) capacitors C; — Cj constitute this bridge.
A standard full-bridge circuit is used in the output side of
this converter. The full-bridge circuit is implemented using the
switches Q1 — Q4. L, is the ac link power transfer inductor
placed strategically between the two bridge circuits. The power
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Fig. 3. Idealized switching waveforms of the converter.

circuit of this first-stage converter resembles that of a Dickson
switched-capacitor converter [29] except for the ac link inductor.
But the operation and control of this converter is similar toa DAB
converter. This converter can also operate as a series-resonant
converter, when it is operated near the resonance frequency
(fr) of the resonant tank, formed by L, and the CT capacitors
(C1 — C5). For the DAB mode of operation, the switching
frequency (fsq) is kept much higher than f,. In this mode of
operation, a controllable phase shift between the two bridge
circuits offers efficient voltage regulation ability. The operation
of this hybrid switched-capacitor converter is analyzed below
with the assumption that fyq >> f.. It is further assumed that
all the switches are ideal and the CT capacitor voltage ripples
are negligible compared to their average values.

A. Steady-State Operating Principle

Different idealized switching waveforms of the converter are
shown in Fig. 3. The switched-capacitor bridge circuit consists
of two sets of simultaneously operating switches, each set be-
ing complementary to the other. One leg (@3 and Q)4) of the
output-side full-bridge circuit operates simultaneously with the
switched-capacitor bridge circuit. The other leg ()1 and @2)
of the full-bridge circuit is phase-shifted by ¢Tsq/2 s (or ¢
radian), where ¢ is the phase shift ratio. All the switches here
operate with 0.5 duty ratio. As shown in [28], the average CT
capacitor voltages V1, Vo, Vi, V4, and V5 of Cy, Cs, C5, Cy, and
C's then attain the values V; /6, 2V; /6, 3V; /6, 4V; /6, and 5V} /6,
respectively. Neglecting the dead times, the complete operation
of this converter can be divided into four modes. Fig. 4 shows
the equivalent circuits for different operational modes. For the
sake of simplicity, the second-stage converter along with its load
is replaced here by an effective load resistance (Rp).

1) Mode I (19 —71): The operating cycle starts at 7y with the
turning OFF of Sy, S3, S5, and Q3 followed by the turning ON
of Ss, S4, S, and Q4 while Q1 and Q5 remain turned ON and
OFF, respectively. The voltage across the inductor (vr,,) becomes
equal to V; /6, which starts to increase the inductor current (iy,,)
from its initial value of —I;. In this mode, the output filter
capacitor (Cy,) alone supplies the load. A fraction of ir, here
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Fig. 4. Equivalent circuits for (a) mode 1 (79 — 71), (b) mode 2 (11 — 72),
(c) mode 3 (12 — 73), and (d) mode 4 (73 — 74) of operation.

flows through the input source. This mode continues till 71,
where () is turned OFF and ()5 is turned ON. The final value
of i1, at the end of this mode is assumed to be Is.

2) Mode 2 (11 — 72): Immediately after the turning ON of
@2, v, becomes equal to (Vi/6 — V4,), which starts to change
i1y from I5. Depending upon the values of V; and V4, i1, here
may increase or decrease. In this mode, i, directly flows to the
parallel combination of C}, and Ry, at the output, which charges
Cy,. Some current is drawn here from the input source. This mode
ends at 75, when the switches S5, Sy, S, and Q4 are turned OFF
and S1, S3, S5, and @3 are turned ON. The first half-cycle of
operation is completed here. From the half-cycle symmetry of
operation and from the pure ac nature of i, (due to the charge
balance requirement of C, C5, and C), it can be shown that at
the end of this mode, i1, reaches I.

3) Mode 3 (15 — 13): With the turning ON of S7, S3, S5, and
@3, the circuit enters into the mode 3 operation. This mode is
similar to mode 1. A voltage of —V; /6 appears across L,, which
starts to decrease ip, from I;. Here again C}, alone discharges
to supply the load. The mode ends at 73, when Q2 and )1 are
turned OFF and ON, respectively. Here, i1, reaches — /.

4) Mode 4 (13 — 74): This mode is similar to mode 2. Here,
(W, — V4/6) appears across L,, which changes iy, from —1Is.
C, is charged here again as i1, flows directly to the output. This
mode ends at 74, where the switches S1, S3, S5, and Q3 are
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Fig. 5. Switching waveforms under nominal conversion ratio operation.

turned OFF and Ss, Sy, Sg, and ()4 are turned ON again. The
final value of iy, at the end of this mode becomes —1I;. After
this, the circuit enters into the next switching cycle.

B. Average Output Current and Voltage Expressions

During mode 1 operation, V;/6 volt appears across L, which
changes ir, from —I; to I in ¢Tsq/2 s, as shown in Fig. 3.
Therefore, (I + I2) = Vi¢Tsa/(12L,). The average output cur-
rent of the converter ([},), which is actually the average of iy,
can then be calculated as

(1-9¢) Vig(l — ¢)Txa
2 24L, '

Iy = (I + I») (1)
Since I, is directly related to the ¢, providing the same ¢ during
multiphase operation can ensure equal current sharing without
requiring any current sensing arrangement. Multiplication of V4,
to both the sides of (1) produces the expression for the average
output power (F},). This is given as follows:

Viho(1 — ¢)Tsd.

P, =Wl = YV

2
The power flow equation above is identical to a conventional
DAB converter operating with phase shift control and using a
6:1 turns ratio transformer. This confirms that the basic power
flow mechanism in this converter follows the DAB principle.
Similarly, multiplication of Ry, to both the sides of (1) produces
the expression for V4, which is given below

_ Vol - )Ty
241, '

Therefore, the voltage gain, V4, /Vi = ¢(1 — ¢)Tsa Ry /(24 L,).
This converter can operate over a wide range of conversion ra-
tios, depending upon the phase shift, load condition, and switch-
ing frequency. However, like the conventional DAB converters,
this DAB-derived hybrid switched-capacitor converter operates
most efficiently at its nominal conversion ratio of 6-to-1. When
V}, is regulated to V;/6, the inductor voltage during modes 2
and 4 becomes zero as shown in Fig. 5. This produces a flat top
inductor current waveform, which results in minimum rms and
peak current stresses for different active and passive devices.
This also helps in achieving ZVS for most of the switches. In
order to get the previously mentioned advantages of operating
at the nominal conversion ratio, this hybrid switched-capacitor
converter in the first stage of the proposed 48-V VRM topology is
used to regulate the intermediate bus voltage (V},) to V; /6 only
against the load variations. Therefore, the rest of the analysis

Vi, = IRy, 3)
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Fig. 6. Detailed switching waveforms of the converter under the nominal
conversion ratio operation considering switching transitions during dead times.

considers this hybrid switched-capacitor converter to operate
only at the nominal conversion ratio.

C. Device Voltage and Current Stresses

The device voltage waveforms in Fig. 3 show that all the
switches of the switched-capacitor bridge circuit (i.e. S1 — Sg)
have reduced voltage stresses. So — S5 have a peak voltage stress
of Vi/3, and V;/6 for S7 and S¢. Q1 — Q4 withstand a peak
voltage of V4,. The current stresses of S; — Sg are also low as
three of them always conduct in parallel (Fig. 4). The charge
balance of the CT capacitors ensures equal average current
sharing among them. If the CT capacitors are designed such
that, Co = Cy >> C7 = (5 = Cj, the equivalent capacitances
of the three parallel paths through the switched-capacitor bridge
circuit in each operational mode become nearly equal. As a
result, i1, divides equally through each of these three paral-
lel paths. Then, the instantaneous and rms current sharing by
S1 — Se become almost equal. This also reduces the current
stresses of (Y3 and Q4 as only 2/3rd of ip, flows through them
(Fig. 4).

III. ZVS ANALYSIS OF THE FIRST-STAGE CONVERTER

Due to the inductive nature of the resonant tank, most of the
switches of the first-stage hybrid switched-capacitor converter
operate with full/partial ZVS. The switches Si, Sg, 1, and
Q2 operate with full ZVS, whereas S, — S5 operate with par-
tial ZVS with half of their blocking voltage appearing during
switching transition. ()3 and @4 are hard switched. The con-
verter undergoes a total of four switching/mode transitions in
a cycle. Assuming the converter to be operating at the nominal
conversion ratio detailed switching waveforms of the converter
during dead times between the transitions from mode 2 to 3 and
mode 3 to 4 are shown in Fig. 6 and discussed below.
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Fig. 7.

Equivalent circuits of the converter during mode 2 to 3 transition in
the time intervals (a) 7y — 7, and (b) 7, — 73.

A. ZVS Processes

1) Mode 2 to 3 Transition (1, — 7;): At the end of mode 2,
i.e., at 75, as soon as Sz, S4, S, and (Y4 are turned OFF
with positive i1, (Fig. 6), the body diode of ()4 is turned ON
and a resonance starts among L, and the output capacitors of
the switches S; — Sg. The corresponding equivalent circuit is
shown in Fig. 7(a). The currents in different paths are divided
such a way that the KVL in different loops is satisfied. During
this process, vs1, vs3, and vgs start to decrease and vgs, vs4,
and vge start to rise from zero. vq3 and vqy stay at V3, and
zero, respectively. ¢1,, starts to decrease as v, starts to become
negative. These continue until at 7y, the voltage across S; reaches
zero and its body diode gets forward biased to clamp the voltage.
The resonance stops here and the voltages across So — Sg reach
V4 /6. The corresponding equivalent circuit is shown in Fig. 7(b).
As soon as the body diode of S starts to conduct, vy, is clamped
to Vi/6. This continues to decrease i, at a constant slope.
In order to maintain KVL in different loops, no current flows
through the output capacitors of the switches. Therefore, i1,
here flows only through the body diode of S;. The voltage across
Sy — Sg stays at Vi /6. These continue until at 73, switches Sy,
Ss3, S5, and (Y3 are turned ON. Then vg3, vgs, and vg3 become
zero. vsz and vgy rise to V; /3 and vqq increases to V4,. The circuit
enters into mode 3 operation [Fig. 4(c)]. The mode 4 to mode 1
transition is similar but opposite to this transition.

2) Mode 3 to 4 Transition (1; — 7): Immediately after Q)2
is turned OFF at the end of mode 3, i.e. at 7; with negative i1,
(Fig. 5), a resonance starts among L, and the output capacitors
of 1 and Q2. The corresponding equivalent circuit is shown
in Fig. 8(a). This starts to increase vg2 and decrease vgi. The
magnitude of v, starts to decrease and hence the falling slope
of ir,, starts to reduce. These continue until at 7y, v reaches
zero and the body diode of ()1 is turned ON. The corresponding
equivalent circuit is shown in Fig. 8(b). v2 here reaches V4. i,
starts flowing through the body diode of 1. Under the nominal
conversion ratio operation, vy, here becomes zero and hence 71,
stays constant. Finally, at 7, (1 can be turned ON to start mode 4
operation [Fig. 4(d)]. In this switching transition, the switches
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Fig. 8. Equivalent circuits of the converter during mode 3 to 4 transition in
the time intervals (a) 73 — 7ic and (b) 7. — 7.

@1 and Q- are turned ON and OFF, respectively, with full ZVS.
The mode 1 to mode 2 transition is similar to this, where () and
()1 are turned ON and OFF, respectively, with full ZVS.

B. ZVS Conditions

1) ZVS Conditions for Si — Sg: Switches S| — Sg are
switched during mode 2 to 3 and mode 4 to 1 transitions only.
During the mode 2 to 3 transition, as the resonance starts (among
L, and the output capacitors of S; — Sg) at 7, the switch
voltages and the inductor current under the nominal conversion
ratio operation take, approximately, the following form (for
t>7g):

vs6(t) = vsa(t) = vga(t) = i (Ty) Zse sin{wse(t — 75)}

)
vss(t) = vs3(t) = Vi/3 — ine(7g) Zse sin{wse (t — 75)}  (5)
vs1(t) = Vi/6 — i1, (7g) Zse sin{wse(t — 7) } 6)
iLr(t) = L (7g) cos{wse(t — 75)} )

where ZSe =\ Lr/Coss,Se; Wse = 1/\/ choss,Se; C'oss,Se is

the summation of the output capacitances of S; — Sg; and
ir.x(7y) isthe value of ir,, att = 7. Therefore, in order to achieve
the full ZVS for S; and Sg and partial ZVS of Sy — S5 at V; /6,
the following condition must be satisfied:

VE/{GZSe Sin(wSerS)} 1 Tas < 7T/(2wSe)

8
Vi/ (67se) o = ) (2se).

iLe(Tg) >

Here 7qs (= 71 — 7y) is the dead time between the switching
of the complementary sets of switches S; — Sg. Assuming
Tas << (1 — ¢)Tsa/2, the average output current of the first-
stage converter (i.e., [,) under the nominal conversion ratio
operation can be approximated as follows:

Iy = (1 — ¢)ire(7g). C))

Hence, from (8) and (9), the necessary and sufficient condition
for the desired ZVS operation of S; — S¢ can be obtained in
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terms of I, Vi, and ¢. This is given below:

L > (1= ¢)Vi/{6Zscsin(wseTas)} : Tas < 7/(2wse)
T (1 =9)Vi/(6Zse) : Tas > 7/ (2wse)-
(10)
Now, using (1), (2), and (10), the necessary and sufficient condi-
tion for the desired ZVS operation of S; — Sg can be expressed
in terms of P, and V; only. This is given below,

P, > {KlviQ tTas < 7T/(2w36>

11
KoV2 i 1gs > 7/ (2wse)- (in

where K = 0.0278[T.q Zse sin(wseTas) — 4L,]/[Tea Z2, sin®
(wseTas)] and Ko = 0.0278(TwaZse — 4L,)/(TsaZ3,). Due to
the similarity, it can be shown that (10) and (11) are also the nec-
essary and sufficient conditions for the desired ZVS operation
of 51 — Sg during mode 4 to 1 transition.

2) ZVS Conditions for Q1 and (QQ2: Switches ()1 and Q)5 are
switched only during mode 1 to 2 and mode 3 to 4 transitions.
Immediately after the start of the resonance (among L, and
the output capacitors of ()1 and ()2) at 73 during mode 3 to
4 transition, the switch voltages and the inductor current under
the nominal conversion ratio operation take, approximately, the
following form (for ¢ > 7y):

vQ2(t) = Vi/6 — vqu(t) = Vi/6[1 — cos{wqe(t — 73)}] 12
— i1 (73) Zqe sin{wqe (t — 77)}

i (t) = i (75) cos{wqe(t — 75)}
= Visin{wqe(t — 75)}/(6Zqe)

where ZQe = 4/ Lr/COSng; WQe = ]-/\/ choss,Qe; Coss,Qe is

the summation of the output capacitances of )1 and (Q)2; and
i1, (7y) is the value of i1, at ¢t = 7j. Therefore, in order to achieve
the full ZVS for Q1 and @5, the following conditions must be
satisfied:

_ {Vi/{GZQe tan(wqeraq)} : Taq < 7/(2wqe)
—iLe(75) >
0 1 Taq > 7/ (2wqe)
(14)
where 74q (= 71 — 73) is the dead time between the switching
of (1 and Q2. Assuming Tqq << (1 — ¢)Tyq/2, the average
output current of the first-stage converter (i.e., I},) under the
nominal conversion ratio operation can also be approximated as
follows:

13)

Ib ~ 7(1 — ¢)iLr(Tk)-

i1 (7) is the value of iy, at t = 7, where vq; (t) reaches zero
and the slope of i1,,(¢) becomes zero. Hence, from (12)—(15),
the necessary and sufficient condition for the full ZVS of @
and @)- during mode 3 to 4 transition can be obtained in terms
of I, as written below:

o J (1= 9)Vi/{6Zqesin(wqeTaq)} : Taq < 7/(2wqe)
A=)/ (6Zqe) 1 TaQ = T/ (2wQe)-
(16)
Now, using (1), (2), and (16), the necessary and sufficient con-
dition for the full ZVS operation of 7 and ()5 can be expressed

15)
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Fig. 9. ZVS regions for (a) S; — Sg and (b) Q1 and Q2.

in terms of P, and V; only. This is given as follows:

ns {K3Vi2 : Taq < 7/ (2wqe)

17
K4‘/;2 S TdQ Z 77/(200(;26) ( )

where K3 = 0.0278[T5d ZQe sin(wQerQ) _4Lr]/[Tst%e sin2
(WQerQ)] and Ky = 0.0278(TsqZqe — 4Lr)/(Tstée)- Due
to similarity, (16) and (17) are also the necessary and sufficient
conditions for the full ZVS for @)1 and ) during mode 1 to 2
transition. The shaded area in Fig. 9 shows the ZVS regions
of S; — 5S¢, @1, and Q5 in the P, v/s V; plane. Here, it is
assumed that L, = 72 nH, the output capacitance of each of
S1 — S¢ = 330 pE, the output capacitance of each of ()1 and
Q2 = 750 pF, 745 = Taq = 20ns, and Tyq = 2.86 us. The A,
is per unitized with respect to the rated power of the converter.
It is seen that the ZVS is achieved in most of the load range. The
ZVS is lost in the lower load conditions.

IV. MODELING OF THE FIRST-STAGE CONVERTER
A. Large Signal Model

In Section II-A, it is shown that the first-stage hybrid-switched
converter takes four different switch configurations in four
modes. Fig. 10 shows the equivalent circuits for all the oper-
ational modes, including different parasitic resistances, where
ro1, Te2, T'C3, TC4s e, and rqyp, are the effective series resis-
tances (ESRs) of the capacitors; 71, is the dc resistance (DCR)
of L,; and 7g1, 7s2, 7s3, T4, TS5, I'S6» T'Q1» T'Q2, 'Q3, and 7qq
are the ON state resistances of the switches. In each operational
mode, the converter circuit is linear and time invariant with the
state-space representation

X = AJX + Bj’Ui

Up :EJX (18)

} :j€{1,2,3,4}
where X = [v; vo v3 V4 vs iy vep)T is the state vector. j
represents any particular mode. A;, Bj, and Ej are the system,
input, and output matrices, respectively, for different modes,
the elements of which can be obtained by solving the circuits
corresponding to each mode shown in Fig. 10. Since the input
source stays disconnected from the circuit during modes 3 and
4, Bs and B, are null vectors. A mode transition diagram of the
converter is shown in Fig. 11, where ¢y is the phase shift in the
kth switching cycle. Xy and X1, respectively, are the values
of the state vector at the beginning and end of that switching
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Fig. 10. Equivalent circuits for (a) mode 1, (b) mode 2, (¢c) mode 3, and
(d) mode 4 of operation including different parasitic resistances.

Mode 1 Mode 2 Mode 3 Mode 4
t: kTgy (k+0.5¢)Tsq  (kt0.5)Tsg (k+0.5+0.5¢,)Tsq (k+1)Tsq
X Xy Xy X2 Xis X+
Fig. 11. Mode transition diagram showing different initial and final values of

time (t) and the state vector (X).

cycle. Assuming v; to be constant at V;, the final values of the
state vector at the end of all four modes (i.e., X1, Xko, Xi3, and
Xx+41) can be calculated in terms of their respective initial values
(i.e., Xk, Xk1, Xk2, and Xy3) using the following relations:

ty
Xy = et X, +/ eMM-T) B Vidr (19)
0
2
Xio = e X + / eA2(t=T) BV dr (20)
0
Xig = 383 X o 1)
Xk+1 = €A4t4Xk3 (22)

where t1 = t3 = ¢ Tsa/2; ta = t4 = (1 — ¢x)Tsa/2. In order
to get the closed form expressions of Xj; and Xyo, the system
matrices, A; and As, should be nonsingular. However, due to
the presence of the linearly dependent states, both A; and Ao
are singular. During both mode 1 and 2 operations, C stays
in series with Cs, and Cs with Cy (Fig. 4). Therefore, during

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021

Mode 1 Mode 2 Mode 3 Mode 4
t: kTsa (k+0.5¢)Tgq  (k+0.5)Tsg (k+0.5+0.5¢)Tsq (k+1)Tsq
X X X1 Xy Xy Xis1
Fig. 12. Mode transition diagram showing different initial and final values of

time (¢) and the augmented state vector (X).

these modes, the states v, and vs, and v3 and v4 become linearly
related by the following equations:

d’l)g

dvy
oy (ft =0 (23)

dus dv4
C3— T 04 (24)
As aresult, Ay and A, become smgular. Therefore, in order to
derive the closed-form expressions of Xy and X9, a reduced-
order approximation of the matrix exponentials needs to be
made. This leads to a significant error in the model. This issue can
be mitigated by using the augmented state-space method [30].
In this technique, the state vector, the system matrices, and the

output vectors are augmented by inserting dummy elements as
shown below:

x-|¥ (25)

1

- [4 BV
Tle 0 (26
B =B o @7)

where X, Aj, and Ej are the augmented state vector, system
matrix, and output vector, respectively; and O is a zero row-
vector of length equal to the order of the system matrix. The
augmented state-space equations can then be written as follows:

X=A4X 1 e 234,

28
Vp = EJX ( )

Another mode transition diagram in terms of the augmented state
vector is shown in Fig. 12. Now, from the solution of (28), the
closed-form expressions of the final values of the augmented
state vectors at the end of all four modes (i.e. Xkl, ng, ng,
and X (1.+1) can be obtained in terms of their initial values (i.e.,
Xk, Xkl, ng, and Xk3) These are given as follows:

Xiq = M X, (29)
Xio = e Xy (30)
Xig = M9 X1 31)
Xiy1 = et Xy (32)

Finally, from the solution of (29)—(32), the large signal model is
obtained in terms the augmented state-vector as follows:

F(Xi, ¢ro)-
(33)

Xiq1 = eAatagdstspdat it 0 — g X =



KHATUA et al.: A DUAL ACTIVE BRIDGE DERIVED HYBRID SWITCHED CAPACITOR CONVERTER BASED TWO-STAGE 48 V VRM

Now, from (28), the discrete-time output voltage equation of the
converter can be derived as follows:

VUpk = El Xk (34)

where vy is the value of vy, at the beginning of the kth switching
cycle of the converter.

B. Small Signal Model

Equation (33) implies that the derived discrete-time model
is nonlinear. Therefore, the steady-state operating point can be
obtained by solving X1 = Xi = X*. This gives

X* = ¥ X* (35)

where U* is the steady-state value of 0. Interestingly, e always
takes the following form [30]:

- LA
= 0 1 (%6)
Hence, W* and I'* can be calculated as follows:
U= My MT 37
I = MU*'N (38)

where M = [I; ©]Tand N =[0000000 1]T are the trans-
formation matrices, and I7 is a seventh-order identity matrix.
Now, using (25) and (36), (35) can be rewritten as follows:

e[ )

1
Hence, from (39), the steady-state operating point (i.e., X*) can
be obtained as follows:

L
0 1

(39)

X* = (I; — &)~ (40)
Now, applying small-signal perturbations to (33) around the op-
erating point obtained using (40) followed by Jacobian lineariza-
tion, the small-signal model of the converter can be derived. This
is written as follows:

2 aﬁ = 8F ~
X = —| X+ — . 41
o = o * oo *¢k 41)
N~—— S~——
U T

Application of small-signal perturbations to the output voltage
equation of (34) gives

Bok = E1 X (42)

Applying z-transformation to (41) and (42), the discrete-time
small-signal control-to-output transfer function of the converter
[i.e., Gyg(z)] can be obtained. This is given as follows:

Gyolz) = ;;}s)((,:)) = B[zl — U1 T

where I is an eighth-order identity matrix.

(43)
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TABLE I
SET OF PARAMETERS USED FOR MODELING

Parameter Value Parameter Value
‘/i 48 Vv Cl, C3, and 05 7.5 ,LLF
1%8 8V C2 and Cy 22 uF
¢ 0.046 rCh 2 mS)
Cy 240 uF Ly 0.32 m§2
Rb 2Q TsS1 — T'S6 5 mQ
Tsa 2.86 us TQ1 — TQ4 1.7 m2
L. 72 nH rc1 —res 2 mS)

0.1 *—k *——* *——*k * *—*
<. *  Proposed Model
0.05 = Simplis Simulation |
5.005 5.01 5.015 5.02 5.025 5.03
Time (ms)
Fig. 13.  Large signal model verification of the switching waveforms with the

SIMPLIS simulation results with a step change in ¢.

40

—— Proposed Model
«=== SIMPLIS Simulation

-90

-135

10

Phase (deg) Magnitude (dB)

0 1 4 5

10° 10° 10
Frequency (Hz)

10

Fig. 14.  Frequency domain model verification of G',,¢.

C. Model Verification

The proposed discrete-time model of the first-stage hybrid
switched-capacitor converter is verified against the SIMPLIS
simulation results using the set of parameters given in Table 1.
Fig. 13 presents time domain large signal model verification
under a dynamic condition. Here, a step change in ¢ from 0.046
to 0.1 is applied at 5.005 ms, before which the converter is
assumed to be in steady-state condition (as in Table I). Under
this condition, the values of 41, v1, and v}, are computed at
the beginning and end of each switching cycle and then plotted
over the simulated waveforms. The proposed model shows a
good matching here. Finally, the small signal model verification
of the frequency response of Gyg is shown in Fig. 14. The
proposed model is observed to capture the frequency response of
the converter with a great accuracy up to 1/5th of the switching
frequency. It is further observed from Fig. 14 that the frequency
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Fig. 15.  Idealized switching waveforms under the resonant mode operation of
the first-stage converter.

response of Gy is dominated by a stable pole due to the presence
of the output RC filter.

V. RESONANT OPERATION OF THE FIRST-STAGE CONVERTER
FOR LIGHT-LOAD EFFICIENCY IMPROVEMENT

The first-stage hybrid-switched capacitor converter in DAB
mode of operation starts to lose ZVS operation for most of
its switches when the load power goes below certain limit,
as shown in Fig. 9. Under this condition, the switch output
capacitance-related switching losses become high which dras-
tically reduce the efficiency. Under the light load condition,
the gate driving losses also become dominant, which further
degrades the efficiency. Fortunately, this converter allows the
reduction of switching frequency down to the resonance fre-
quency of the resonant tank. This reduces all switching-related
losses, which significantly improves the efficiency under the
light load conditions. Fig. 15 shows the switching waveforms
under the resonant operation of the converter. In this resonant
operation, each switching cycle can be divided into two modes.
The equivalent circuits corresponding to mode 1 (7, — 71) and
mode 2 (71 — 75) are the same as those shown in Fig. 4(b) and
(d), respectively. As can be seen from Fig 4(b), during mode 1 of
this resonant operation, the series combinations of C and Cs,
C3 and Cy, and C5 and the input source come in parallel. This
series parallel combination of the CT capacitors along with L,
constitutes a series-resonant tank. The effective capacitance of
this resonant tank during mode 1 (i.e. Cy1) is found to be

C1Cs C3Cy

Ch =
YT O +0 G5+ Gy

+ Cs.

(44)

Similarly, as shown in Fig 4(d) during mode 2 of the resonant
operation, another resonant tank is formed whose effective series
capacitance (i.e., C12) is given below

CyCs
Cs+ (s

CyCs

Cro=0C1 + .
2 ! Cy+Cs

(45)

If the CT capacitors are designed such that C; ~ C5 =~ Cs
and Cs =~ C}y, C;1 and C}o become nearly equal. The effective
resonant capacitance in that case (C;) is evaluated as follows:

C1Cs

CirmCou~C.=C1+2 .
1 2 1+ i+ Oy

(46)
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The corresponding resonance frequency (f) is given as
I 1

T, 2xVL,C,

In the resonant operation, the switching frequency is reduced
near to the resonance frequency, i.e., fsq &~ f;. As a result, the
resonant tank offers nearly zero impedance. The converter be-
comes naturally unregulated with its output voltage (V},) staying
around V;/6. The loss of regulation under light load condition
is acceptable since parallel operation is not necessary then. It
can be shown that under this resonant operation, the average CT
capacitor voltages remain the same as that under the DAB mode
operation. As shown in Fig. 15, the peak voltage stresses of the
switches also remain the same.

Some major drawbacks of this mode of operation are the
increased peak and rms current stresses of the active and passive
devices due to the sinusoidal nature of the inductor current. As a
result, the conduction losses become high, which becomes dom-
inant in the heavy load condition. Furthermore, the reduction in
switching frequency increases the steady-state output voltage
ripple and may become excessive at high load current. There-
fore, under medium and heavy load conditions, the converter is
operated with fsq >> f;. As a consequence, the resonant tank
offers inductive impedance. The converter then can operate like a
DAB converter as discussed in Sections II-IV. As will be shown
later in Section VII, the resonant-mode operation exhibits better
experimental efficiency compared to that under the DAB-mode
operation for up to 18% of the rated load.

fr= (47)

VI. DESIGN OF THE TWO-STAGE CONVERTER

The proposed two-stage 48-V VRM (Fig. 2) is designed for
80 W with the specifications: 36 V<V; <60V, 1 VIV, <
1.2 V,and 0 A < I, < 55 A. The nominal conversion ratio
of the first-stage converter is selected to be 6-to-1 in order to
maintain the duty ratio of the second-stage multiphase buck con-
verter in the range of sufficiently high values, 0.1 < D}, < 0.2.
Moreover, this choice results in near-perfect utilization of the
high-performance 25/30 V silicon devices. A 4-to-1 converter
in the first stage will require higher voltage devices and will also
affect the regulation capability at the highest input voltage. A
8-to-1 converter, on the other hand, will require more number
of switches and capacitors. The details on the power circuit and
the closed-loop controller design for each converter stages are
presented below.

A. Power Circuit Design of the First-Stage Converter

The inductor of the first-stage converter is designed such
that it can deliver the maximum current demand ([}, max) With
the minimum input voltage (Vi min). Assuming the maximum
allowable value of ¢ to be ¢y ax, Ly can be designed using the
following relation obtained from (1):

Lr < Vvi,mingbmax(l - (bmax) )

o 24fsdIb,max

For a good power density and control bandwidth, the fyq is
selected to be 350 kHz. With V; jnin = 36 V, I, max = 13.33 A

(48)
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Fig. 16. Frequency responses of the uncompensated and compensated loop
transfer functions (i.e., Gyc1q and Gq, respectively) of the first-stage hybrid
switched-capacitor converter under voltage mode control.

@ V;, = 6V, a 72 nH inductor is selected for L., which keeps
¢ at a value lower than 0.34. The f; is chosen to be 140 kHz,
which keeps the ratio “ fsq / f,”” much above unity. From (47), the
required value for C} is then found to be 18.5 uF. This can be
achieved by selecting C; = C3 = C5 =7.5puFand Cy = Cy =
22 pF. In order to keep the deviation in V3, within a sufficiently
low value under load transients, 240 uF of ceramic capacitor is
used for C},.

B. Controller Design for the First-Stage Converter

The first-stage hybrid switched-capacitor converter is oper-
ated with analog voltage mode control, the block diagram of
which is shown in Fig. 2. The frequency response of the un-
compensated loop transfer function [Gucid(s) = KmgpGve(s)]
is shown in Fig. 16, where the z-domain G4 is converted to
s-domain using pole-zero mapping method [31]. k4 1S the gain
of the phase shift modulator. A type-II compensator can be used
to place the closed-loop bandwidth of this converter at around
1/10th of the switching frequency. Therefore, the compensator
[Gca(s)] is designed using a type II error amplifier (EA) with
a 30-kHz closed-loop bandwidth and 60° phase margin. The
corresponding frequency response of the compensated loop
transfer function [Gc1q(s) = Guea($)Gea(s)] is also shown in
Fig. 16.

C. Power Circuit Design of the Second-Stage Converter

A three-hase buck converter is selected for the second stage
to deliver 55 A load current with 18.33 A/phase. In order to get a
sufficiently high control bandwidth, the switching frequency of
the second-stage converter ( f,) is selected to be 700 kHz/phase.
The filter inductors (L1, Lo, and L3) are designed to be 220 nH,
each with a worst-case current ripple of 37.4%. The output filter
capacitor (C,,) is designed to maintain the deviations in V,, below
10% of its nominal value for a 50-A load transient. A parallel
combination of ceramic capacitors having an equivalent value
of 1330 pF is selected for C,,.

D. Controller Design for the Second-Stage Converter

The three-phase buck converter operates with peak cur-
rent mode control to ensure equal current sharing among the
phases. The control block diagram of the converter with-
out adaptive voltage positioning (AVP) function is shown in
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Fig. 17.  Frequency responses of the (a) uncompensated and compensated loop
transfer functions (i.e., Gycp and Gy, respectively) of the three-phase buck
converter under peak current mode control with out AVP function and (b) closed-
loop output impedance (Z1,) with AVP function.

Fig. 2. The corresponding small-signal model can be obtained
from [32]. Fig. 17(a) shows the frequency response of the un-
compensated loop transfer function [Gye1b($) = U6(s)/ Grof ()1
A type-II compensator is sufficient for the outer voltage con-
troller [Gp(s)], which can keep the closed-loop bandwidth at
around 1/10th of the switching frequency for a good transient
performance. The frequency response of the compensated loop
transfer function [Gcyp,(s) = Guan($)Gen(s)] is also shown in
Fig. 17(a), where the closed-loop bandwidth and the phase
margin are designed to be 70 kHz and 60°, respectively. In order
to incorporate the AVP function, the AVP+ scheme of [33] can
be used. In this control method, all the inductor information is
subtracted from the reference voltage and fed to the noninverting
terminal of the type-II EA. Here, the compensator is designed
to achieve a flat closed-loop output impedance (Z,1,), which is
decided by the load line slope (Ryr,) requirement of the load.
The closed-loop output impedance vs. frequency plot under AVP
control with Ry, =1.6 mS2 is shown in Fig. 17(b).

VII. EXPERIMENTAL RESULTS

A laboratory prototype of the proposed two-stage 48-V VRM,
as shown in Fig. 18, is built in order to experimentally validate
its performance. The converter parameters are selected to be the
same as that designed in Section VI. The peak voltage stresses
of all the switches in both first and second stages are well below
30 V. Therefore, the low-cost and high-performance 30- and
25-V silicon devices are used for them; 30-V MOSFET half-bridge
modules (BSC0925ND) are used for the complementary pairs
S1 — S5, S3— 54, and S5 — Sg; and 25-V discrete MOSFETS
(BSCO15NE2LSSI) are used for Q1 — Q4. The three-phase buck
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Fig. 18.  Photograph of the experimental prototype.
TABLE II
SPECIFICATIONS OF THE POWER CIRCUIT COMPONENTS
Component Specification
S1 — Se BSC0925ND (Dual, 30 V, 5.6 m2)
Q1 — Q4 BSCO15NE2LS5I (25 V, 1.7 mQ)
Sc1 — Scs BSCO0910NDI (High Side, 25 V, 4.7 mQ2)
Sr1 — Sr3 BSCO0910NDI (Low Side, 25 V, 1.25 m2)
L, FP0705R2-R0O7-R (72 nH, 0.32 m£)
Ly — Ls THLP3232CZERR22MO1 (220 nH, 1.71 m$2)
Ch 12103D476MAT2A (25 V, 47 uF x 4)
C2012X5R1E106K085AC (25 V, 10 uF x 5)
C 12066D107MAT2A (6.3 V, 100 uF x 10)
° 06036D476MAT2A (6.3 V, 47 uF x 7)
Ch GRMI188R61H225KELID (50 V, 2.2 uF x 10)
Cs GRT21BR61H475KEI3L (50 V, 4.7 uF X 5)
C9 and Cy GRT21BR61H475KEI13L (50 V, 4.7 uF x 10)
Cs 08051C105K4T2A (100 V, 1 uF x 10)
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| ! “ v . 4
va 17V || L ’ K 15v‘! !
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Fig. 19. Experimental waveforms of the drain-to-source voltages of (a) Sa
(b) Sg, and (c) Q1, and (d) the inductor current (ir,,) and voltage (vy,;).

converter is implemented using 25-V MOSFET half-bridge mod-
ules (BSCO910NDI). The power circuit component specifica-
tions are summarized in Table II. The three-phase buck converter
inductor currents are sensed using the lossless DCR current
sensing method. The whole control circuit is realized in analog
domain. The compensators (type-II EAs) are implemented using
op-amps (THS4011).

Fig. 19 shows the experimental switching waveforms of the
first-stage converter operating in DAB mode at V; =48 V,
Vo, =8V, and I, = 6 A. Clearly, the experimental results show
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Fig. 20.  ZVS operation showing the drain-to-source and gate-to-source volt-
ages of (a) S and (b) S3.
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Fig. 21.  Experimental efficiency plots of the (a) first-stage converter in DAB
mode and of the second-stage converter with varying (b) intermediate voltage
(Vb), (c) output voltage (V5), and (d) number of phases.

good agreement with the theoretical analysis. It is further ob-
served that the peak voltage stresses of the switches are well
below their voltage ratings. The ZVS waveforms of S; and
S5 are shown in Fig. 20. It is seen that S; achieves full ZVS,
whereas S3 operates with partial ZVS. Similarly, Sg, ()1, and
Q2 are observed to undergo full ZVS and S, Ss3, Sy, and Ss
are observed to operate with partial ZVS. The experimental
efficiency characteristics of the individual stages including the
gate driving losses are presented in Fig. 21. The figures show
that the first-stage converter in DAB mode attains peak efficien-
cies of 98.1%, 98.3%, and 98.4% at 36, 48, and 60 V input
voltages, respectively. The converter maintains full load (80 W)
efficiencies of 95.7%, 97.1%, and 97.8% at those input volt-
ages, respectively. The second-stage three-phase buck converter
attains peak efficiencies of 94.4%, 93.6%, and 93.0% at 6, 8,
and 10 V of 14, respectively, at V, = 1.2 V and maintains over
91% full load (I, = 55 A) efficiency at the same V,,. The peak
and full load efficiencies drop t0 92.7% and 89.8% atV, = 1 V
and V3, = 8 V. As depicted in Fig. 21(d), the efficiency of the
second-stage converter is maintained above 89% over a wide
load range (2-55 A) through phase shedding. The light-load ef-
ficiency of the first-stage converter is improved through the reso-
nant mode operation. The corresponding experimental switching
waveforms and efficiency plot are shown in Fig. 22. The inductor
current is observed to have near-sinusoidal waveform. (), and
all other switches are observed to have the same voltage stresses
as compared to that under the DAB mode of operation. As shown
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Fig. 22. (a) Experimental waveforms of the inductor current and drain-to-

source voltage of )1 under the resonant mode operation of the first-stage
converter at 48—8 V and I}, = 0.5 A, and (b) the efficiency comparison between
the resonant and DAB mode of operation.
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Fig. 23.  Experimentally measured efficiency plots of the combined two-stage
converter with varying (a) V; and (b) V,, and the zoomed plots with varying
(c) Vi and (d) V5, for the load range of 5-55 A.

in Fig. 22(b), the first-stage converter operating under resonant
mode exhibits better efficiency at light load conditions. As much
as around 10% of efficiency improvement is achieved at 48—8 V
and 2 W through this mode change. The combined two-stage
efficiency plots are presented in Fig. 23. The light-load efficiency
improvement techniques of both the stages (i.e., resonant mode
of operation of the first stage and single-phase operation of
the second stage) are used up to 15 A of load current, beyond
which both the stages are operated at their normal modes (i.e.,
DAB-mode operation of the first stage and three-phase operation
of the second stage). This two-stage converter achieves peak
efficiencies of 92.5%, 91.9%, and 91.3% at the input voltage of
36,48, and 60 V, respectively, at V, = 1.2 V and maintains above
89% efficiency over a wide load range of 5-50 A for the same
output voltage. The peak efficiency reduces to 91% at 48—1 V.
The load transient performance of this two-stage converter is
tested using a load board which has a fixed resistor to draw a
fixed current and a stack of paralleled resistors in series with
paralleled MOSFETSs. The load transitions are performed by
turning the paralleled MOSFETSs ON and OFF. Fig. 24 shows the
experimental results for load transitions from 5 to 55 A and vice
versa at V; = 48 V. The ac-coupled output voltage (V,,), sensed
inductor current of phase 1 of second stage (i1,1), ac-coupled
intermediate bus voltage (V},), and the first-stage inductor current
(iry) are shown. The first-stage inductor current is measured
using a positional current probe (Iprober 520). With V, = 1.2V,
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Fig. 24. Transient performance of the combined two stage with first stage in
DAB mode and second stage in three phase at (a) Vo, = 1.2 V with out AVP
function and (b) V, = 1 V with AVP function.

the undershoot and overshoot in V,, due to the load transitions are
observed to be 65 mV with 16 us settling time and 75 mV with
18 us settling time, respectively. The intermediate bus voltage
under this condition exhibits a maximum of 4% deviation and
a worst-case settling time of 50 ps. As shown in Fig. 24(b), the
converter produces a first and well-damped response with AVP
function at V; = 1 V. Here, the deviations in the intermediate
bus voltage are reduced since the first stage experiences a lower
power transient.

A performance comparison of the proposed two-stage 48-V
VRM with the state-of-the-art solutions is given in Table III . It
is seen that the proposed solution possesses relatively flat high
efficiency profile and exhibits much faster dynamic response
with a competitive power density. The converters in [7], [17],
[18] show better peak and full load efficiency but suffer from
poor light-load efficiency and slower transient performance. The
quasi-resonant converter [7] is operated at a lower switching
frequency, which reduces its control bandwidth and also de-
grades the power density. The sigma converter [17], [18] exhibits
sluggish transient performance due to the use of an unregulated
LLC resonant converter in the upper stage. Because of the same
reason, the sigma converter also does not allow the 48-V bus
voltage to vary over a wide range.

VIII. CONCLUSION

A new two-stage 48-V VRM topology based on a first-stage
hybrid switched-capacitor converter has been proposed in this
article. The first-stage converter uses only a small inductor and
possesses very efficient regulation and ZVS ability. The ZVS
analysis of the converter has been included in the article. An
exact order discrete time model of the converter has also been
developed in order to design a suitable controller with good
dynamic performance. The resonant-mode operation to improve
the light-load efficiency of the first-stage converter has also been
discussed in the article. Thereafter, detailed design procedure
of the two-stage converter has been presented. Finally, the ex-
perimental results are provided, which show that the converter
maintains over 89% efficiency for most of the load range and
hence possesses relatively flat high-efficiency profile compared
to the state-of-the-art solutions. The converter also exhibits faster
dynamic response against load step variations. The cost of the
proposed solution is also low due to the use of silicon devices and
fewer number of magnetic elements. Even though the first-stage
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TABLE III
PERFORMANCE COMPARISON OF THE PROPOSED VRM TOPOLOGY WITH THE STATE-OF-THE-ART SOLUTIONS

Solutions Operating Condition Tomax Efficiency (%) Power p%nsily Transient Performance
Vo) ViV)  fsMHz A TPk @ Lomax @ 01 X fomax V) TAV V) AL ta(us)
[7] 1.2 54 0.25 105 93.2 92.0 87.5 nr 45 50 40
[8] 1.2 48 1 45 90.6 86.6 84.3 310 63 42 18
[9] 1.1 48 0.325 60 90.0 88.5 70.0 231 nr - -
[10] 1.2 54 0.1 10 91.5 88.0 68.5 nr nr - -
[13] 1.2 48 0.5 30 92.0 86.0 86.0 nr 200 5 30
[16] 1.0 48 0.333 100 90.9 87.0 82.0 440 nr - -
[17], [18] 1.0 48 1/0.6 80 93.4 91.6 85.0 420 50 20 120
[20] 1.8 48 1.6/1 120 91.0 89.0 88.5 nr nr - -
Vicor [34], [35] 1.5 48 1.03/1.4 130 90.2 87.8 78.3 nr nr - -
This Work 1.2 48 0.35/0.7 55 91.9 88.7 89.1 470 75 50 18

nr = not reported 75¢; = settling time

converter uses more number of switches compared to the tradi-
tional inductor-based converters, its operation is simple as most
of the switches (highly robust 25/30 V silicon devices) are simul-
taneously operating. Furthermore, the first-stage converter uses
similar or less number of switches compared to other existing
first-stage topologies. Therefore, the reliability of this converter
is also comparable with the state-of-the-art solutions. The power
density of this two-stage converter can be further improved by
integrating all the switches of the first-stage converter into a
single chip.

(1]

(2]

(3]
(4]

[3]

(6]

(71

(8]

(91

[10]
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