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Steady-State Analysis of Series-Capacitor Buck Converters in
Discontinuous Capacitor Voltage Mode
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Department of Electrical Engineering and Computer Sciences
University of California, Berkeley
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Abstract—The series-capacitor buck (SCB) converter is a
compact and highly-efficient alternative to the multi-phase buck
converter and has recently been demonstrated in data center
applications. To achieve high power density, it is desirable to
reduce the total flying capacitance in this topology. However, for
sufficiently small flying capacitances, a discontinuous capacitor
voltage mode (DCVM) manifests, leading to an imbalance in
inductor currents. This work provides a detailed derivation of the
relationship between the critical capacitance describing the onset
of DCVM and converter operating parameters. Moreover, the
inductor current imbalance is characterized through the develop-
ment of a clamped steady-state model. To recover balancing when
flying capacitance below the critical value is used, a technique
to drive the branches with modified duty cycles in a constant
power regime is proposed. Experimental validation of the steady-
state model and recovery of inductor current balancing are
demonstrated on a 4-branch SCB prototype.

I. INTRODUCTION

Hybrid switched-capacitor (SC) converters enable highly
energy-dense and efficient power conversion solutions, primar-
ily due to their high utilization of capacitive energy storage
components [1], [2]. The series-capacitor-buck (SCB) con-
verter [3]-[6] shown in Fig. 1 is one such hybrid SC converter
that has recently been adopted in data center applications, both
as a stand-alone high step-down solution [7], and embedded
within 48:1 hybrid switched-capacitor converters [8]-[12].
Relative to the multi-phase interleaved buck converter, the
SCB converter offers decreased switch voltage rating, which
enables use of lower-voltage switches with higher figure-of-
merit [13]; extended duty cycle, which enables a large conver-
sion ratio with sufficient duty cycle resolution; and decreased
total inductor volt-seconds, which allows for decreased induc-
tive energy storage volume. Additionally, the SCB converter
exhibits automatic balancing of inductor currents under small-
ripple conditions, eliminating the need for active current-
balancing control [4], [7].

Pushing the limits of power density in hybrid SC converters
requires decreasing passive energy storage (for the same pro-
cessed power) or increasing power processing capability (for
the same passive energy storage). The effects of these modifi-
cations for inductive energy storage components are well un-
derstood. Namely, as inductance is decreased or the operating
voltage (V;, for a fixed conversion ratio) is increased, induc-
tor current ripple increases, eventually driving the converter
into either a diode-clamped discontinuous conduction mode
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Fig. 1: Schematic of a 4-branch series-capacitor-buck con-
verter [4]-[6]

(DCM), or a synchronously-rectified forced continuous con-
duction mode. The duals of these effects for capacitive energy
storage components are less often discussed. As capacitance is
decreased or load current is increased, capacitor voltage ripples
increase until clamping occurs through the reverse-conduction
of a typically employed voltage-unidirectional low-side switch,
driving the converter into a discontinuous capacitor voltage
mode (DCVM) [14], [15].

The consequences of DCVM operation for the series-
capacitor-buck converter are the subject of this work. In par-
ticular, the automatic balancing of inductor currents observed
under small flying capacitor voltage ripple conditions is lost,
posing additional converter failure mechanisms through induc-
tor saturation or thermal runaway of the branches processing
increased current.

The remainder of this paper is organized as follows: In
section II, the origin of inductor current imbalance is identified
and explained through the concept of effective duty cycle.
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Fig. 2: Simulated inductor currents (top), flying capacitor voltages (middle), switch node voltages (middle), and PS-PWM
control signals (bottom) for three modes of operation. (a) Standard CCVM operation. (b) DCVM operation with inner branches
exhibiting decreased effective duty cycle. (c) DCVM operation with all branches exhibiting decreased effective duty cycle

To characterize the imbalance, the steady-state solution in
DCVM is found by imposing a “clamping condition.” A
modified duty cycle scheme is proposed to recover inductor
current balancing despite the presence of voltage clamping
conditions. In section III, experimental results from a 4-
branch SCB converter hardware prototype are presented. The
experimental results show agreement with the proposed model
and demonstrate that the modified duty cycle control scheme
recovers inductor current balancing.

II. MODELING

An N-branch, N-phase SCB converter has N uniformly
phase-shifted complementary switch pairs, each driven by a
pulse-width modulated control signal with duty cycle 0 <
D< % (PS-PWM) [4], as shown in Fig 2(a). Inductor current,
capacitor voltage, and switch node voltage waveforms for
an exemplar 4-branch SCB operating in continuous capacitor
voltage mode (CCVM, the dual of continuous conduction
mode) are shown in Fig. 2(a). With sufficiently large flying
capacitance, the midrange values (average of maximum and
minimum values) of the flying capacitor voltages balance to
Ve = Y5V, for k = 1,2,3 and the average inductor
currents are Iy = % for k =1,2,3,4.

A. Origin of Inductor Current Imbalance

Imbalance in the inductor currents arises when flying capac-
itor voltage ripples are sufficiently large to cause the capacitor
voltages to clamp to each other or the supply rails (i.e., Vi,
and ground). Two critical capacitances define the onset of

clamping. Below a first critical threshold Cly,1, neighboring
flying capacitor voltages become equal before the end of the
q(t) = 1 switching phase, causing the switch nodes of the
inner (2 through N-1) branches to clamp to ground through
reverse conduction of their low-side switches. This shortens
the ¢(t) = 1 state and lengthens the ¢(t) = O state, resulting
in a decreased effective duty cycle D.yy < D for the inner
branches (Fig. 2(b)). When the flying capacitance is further
decreased below a second critical threshold Cy 2, the outer
(1 and N) branches exhibit decreased effective duty cycle due
to vop clamping to Vi, and von—1 to ground (Fig. 2(c)).

In Fig. 2(b) and (c), the decreased effective duty cycles
of inner branches with respect to outer branches causes the
observed imbalance in steady-state inductor currents. By ap-
plying steady-state charge balance to the outermost capacitors
(C1 or Cn_1), arelationship between the steady-state inductor
currents is derived as

<iC,0uter>Ts ~ Deff,outerIL,outer - Deff,innerIL,inner =0

Deff,inner ( 1 )

- IL,outer = IL,irmer < IL,irmer

Defﬂouter
B. Steady-State Model in DCVM

The extent of imbalance and the critical values of flying
capacitance below which imbalance occurs are important in
the design of a compact a reliable converter, particularly
if flying capacitors are implemented with technologies that
exhibit degradation over time, such as class II multi-layer
ceramic chip capacitors [16], [17]. In this section, analytic



expressions for the critical capacitances are derived, along with
the resulting steady-state solution in this regime of operation.

If the voltages of neighboring flying capacitors clamp in
steady-state (Fig. 3), their midrange values may be related to
their ripples as

1 1
éA'UCk—l,pp + §AUCk,pp = Veor—1— Vor 2

Assuming small inductor current ripple, this clamping con-
dition may be solved for the effective duty cycle of the k™
branch (k =2,3,.... N — 1) as
Cr—1Ck
(Cr—1 + Cp) 11T,
This formulation for the effective duty cycle of an inner branch

may be generalized to include the cases where vy clamps to
Vins ey —1 clamps to ground, or clamping is absent as follows.

D ks
D eff,k = Y Cenrie

Dy, = 2 (Ver—1 — Vo) 3)

C'eff, k > Cthresh, k

I Ts 248V, Ceff,k < Cthresh,k
Ch k=1

where Cefr, = Cr—1]||Cxy k=2,3,...,N—1,

Cn-1 k=N @

‘/in - VC1 k = 1

AVe =< Veg—1 = Ver k=2,3,..,N -1,
Ven-1 k=N

I Dy T

and C'thresh,k = ];Ai‘];}c

in which Dy, is the driven duty cycle of the k" complementary
switch pair, Ce, i, 18 the effective series capacitance during the
Eth primary switching phase, and Cinesh, i is the capacitance
threshold for clamping of the &*" branch.

The generalized formulation (4) highlights the difference
between inner and outer branches. If one assumes equal duty
cycles D = Dy = Dy = ... = Dy driving all branches and
equal flying capacitances C' = Cy = Cy = ... = Cy_1 that
are sufficiently large for CCVM operation, then the differences
between neighboring flying capacitor voltages balance to ‘]/\;,“
(e. AV = % for k € {1,2,...,N}), and the load current
splits equally between the inductors. Thus, the clamping
threshold Cyp.esn is the same for all branches. However, two
capacitors charge in series during the primary switching phase
of the inner branches while only one charges for the outer
branches, making C.yy = & for the inner branches and
Ceyy = C for outer branches. This disparity in effective
capacitance causes the inner branches to exhibit decreased
effective duty cycle at larger values of C than the outer
branches, and in turn, the inductor currents to imbalance as
predicted by (1).

The final step in finding the steady-state state solution in
DCVM operation is to substitute the effective duty cycles
described by (4) into a system of inductor volt-second and
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Fig. 3: DCVM clamping condition

capacitor charge balance equations.

(vLk) 1, = Dett s AVl — Vouw = 0,k € {1,..., N}
(ick)T, = Det,iIik — Detipt1die+1 =0,k € {1,..., N — 1}
Vou

(icoyr, = It + I+ ... + ILn — o
load

®)
Under the assumptions of equally driven duty cycles, equal
flying capacitances, and only the inner branches exhibiting
clamping (ie. Cuitz < C < Ceit1, as in Fig. 2(b)), the
solution of (5) subject to (4) is given by

Vin— (N —2)K

oo = Yo (Y2
CK
Iihn=5Ly= DT

Ve =Veno1 + (N -k - 1)K

k=1,2,3,..,N—2 (6)
Cf.K?
IL2:IL3:~-—ILN71: ‘J:v
out
Vou = DVen—1
DIloadeV;n

K =
20‘/111 + (N - 2)ljlloade

where the solution is parameterized in terms of K, the steady-
state difference between neighboring flying capacitor midrange
voltages.

The solution with all branches exhibiting clamping (i.e. C' <
Clrit,2, as in Fig. 2(c)) is given by

Vi
2(N —1)

Iload
2(N -1)
Ver = Ven—1 + (N —k— l)K

Ven-1=

ILi=5Ly=

k=1,2,3,..,N—2 (7)
Iload
Lho=hLs=..=Iiy 1=
L2 L3 LN-1 N_1
CK?
Vout = ———
out IL2T8
Vi
K =

N -1
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Fig. 4: 4-branch series-capacitor-buck converter hardware pro-
totype with key components labelled

TABLE I: Component Details

Component Description Part Number
S1—am,L 40V Si MOSFET IQEO013NO4LM6CG
C1—Cy Flying Capacitor =~ GRM31C5C1E474JEOIL

L Inductor 7443330470
Co Output Capacitor  C3216X5R1A686M160AC
Gate Driver 8V, 4A LTC4440-5

Critical values of flying capacitance are given by

DILoaaTs

Cvcrit,l = % (8)
DliouaTy

Cortz = —7— )

The steady-state solution with a reverse conduction voltage
—Viiode for all switches is included in the Appendix.

TABLE II: Operation Parameters

Parameter Value
Vi 48 V
D 0.2
fs 100 kHz
Iload 60 A

C. Recovery of Inductor Current Balancing via a Modified
Duty Cycle Scheme

In an aggressive design where the flying capacitance C
is designed to only slightly exceed Cqy(,1, degradation of
capacitance over time, or a momentary increase in load
current can invoke DCVM operation. A conventional closed-
loop controller designed to match Vg, to a reference would
increase the driven duty cycle of all switch pairs, but only
the outermost branches would exhibit the increased duty cycle
(due to clamping of the inner branches), further exacerbating
the inductor current imbalance.

Instead, inductor current balance may be maintained in
the presence of clamping by driving the outer branches with
the decreased effective duty cycle exhibited by the inner
branches. When the switches are controlled in this manner,
all branches exhibit the same, decreased effective duty cycle,
so I, = I']‘;;“' and Vg, = %, just as if the converter were
operating in CCVM. However, by driving the outer branches
with decreased duty cycle, Vg is decreased due to v, and
vswN—1 exhibiting a decreased average voltage.

Under the proposed modified duty cycle scheme, output
voltage is proportional to duty cycle (see (6)) and duty cycle
is inversely proportional to load current (see (4)), so the
output voltage is inversely proportional to the output current.
Thus, operation in DCVM with this scheme corresponds to
a constant-power regime. This behavior is beneficial, as it
provides both an increased degree of short circuit and overload
protection, and a soft limit to the maximum power demands of
certain PoL applications, including those employing dynamic
voltage scaling (DVS) (e.g., [18]).

° IL] 5 IL4 Hardware —ILQ, ILg Model
o Ir9, I3 Hardware — -1, It Modified Duty
_IL17 IL4 Model - 'ILZ, ILg Modified Duty

e Vo1 Hardware — Vo Model = -Vi; Modified Duty
o Vio Hardware — Vg Model = -Vie Modified Duty
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Fig. 5: Average inductor currents (left), midrange flying capacitor voltages (middle), and output voltage (right) measured on
hardware, predicted by the steady-state DCVM model of section II-B, or for the modified duty cycle scheme of section II-C

for several values of the flying capacitance.
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III. EXPERIMENTAL VALIDATION

The steady-state DCVM model and modified duty cycle
scheme developed in section II are validated on the 4-branch
series-capacitor buck prototype in Fig. 4 with the components
summarized in Table I. The converter is operated according to
the parameters in Table II.

A. Steady-State DCVM Model

The steady-state DCVM model is validated by measurement
of the average inductor currents, midrange flying capacitor
voltages, and output voltage across seven discrete values of
flying capacitance (3x-9x 0.47 pF"). The results are compared
to the steady-state DCVM model (6),(7), with and without
modified duty cycle, in Fig. 5.

All measurements follow the trends predicted by the steady-
state DCVM model. As the flying capacitance decreases below
Cerit,1, the inner inductor currents increase, the outer inductor
currents decrease, V(1 increases, Vi3 decreases, and Vo
decreases.

Discrepancy between model and hardware, particularly in
the midrange flying capacitor and output voltages, is primarily
due to the DCVM model not accounting for parasitic resis-
tances in the circuit.

B. Recovery of Inductor Current Balancing in DCVM

Measured flying capacitor voltage and inductor current
waveforms for equal driven duty cycles D = 0.2 and for
flying capacitance C' = 1.88 pF are shown in Fig. 6a. As
discussed in section II-A, the voltages of neighboring flying
capacitors clamp together before the end of each primary
switching period, leading to a mismatch in effective duty cycle
that causes the observed inductor current imbalance.

Recovery of inductor current balancing is demonstrated by
decreasing the duty cycle of the outer branch PWM signals
q1(t) and g4(t) to Dyyter =~ 16% to match the inner branches.
As a result, the inductor currents remain balanced despite
clamping of flying capacitor voltages due to each branch
exhibiting the same effective duty cycle (Fig. 6b).

It should be noted that while the decrease in duty cycle
of outer branches was performed manually, a DCVM active
balancing controller based on models dual to well-developed
DCM averaged-switch models could, in principle, be em-
ployed.

IV. CONCLUSIONS

This work identifies mismatched effective duty cycles result-
ing from different effective series capacitances between inner
and outer branches as the origin of inductor current imbalance
in DCVM operation of the SCB converter. The imbalance is
characterized by development of a DCVM steady-state model,
and critical capacitances describing the onset of capacitor
voltage clamping are presented. Recovery of inductor current
balancing via a modification to the branch duty cycles is
discussed, and the work is validated on a hardware prototype.

V. APPENDIX

The steady-state DCVM solution described by (6)-(9) is
easily modified to account for the voltage drop across switches
in reverse conduction, —Vgiode- Following the same steps of
formulating the effective duty cycle in terms of inductor
currents, capacitor voltages, and Vjioge, and then substituting
into the system of steady-state balance equations, it can be
shown that

Vin — (N - 2)K
Vo = Yo V=K
I — I . O(K + %V;ﬁode)
L1 — LN = DT.
Vek =Veno1+ (N -k —-1)K
k=1,2,3,.,N—2 (10)
Tio—= I a— — T _ Cfs(K+‘/cliode)(K+ %V&iode)
- - N Vout + D Viiode
Vou = DVe,n—1

_ DIloade(VEn + 2V:iiode) - Cvziiode(vin + (N - 1)‘/diode)

K
2Cf(‘/;n + (N - 1)‘/(:1i0de) + (N - 2)D110ade




for Ccm't2 <C< Ccritl- For C' < Ccm't?:

where

[1]

[2]

[3]

[7]

[8]

[9]

[10]

[11]

Vi N -2
V -1 = — Vi
CN-1 2(]\771) 4(N71) diode
Iload
I = I = ——
L1 LN 2N —1)
Ver =Veno1+ (N —k—-1)K
k=1,2,3,....N—2 (11)
_ _ _ _ Iload
Loy=hLs=..=Iny1= N1
C Vi
Vour = (K + —2C)(K + Viiode) — DVaode
17T, 2
K = Vin + %V:iiode
N -1
2IloadDTs
Corittn = s5—— 12
" 2‘/m +N‘/di0de ( )
DioadTs(Vin + (3N — 1)V
Ccm'tz _ load ( (2 ) dode) (13)

(‘/in + (N - 1)‘/(1iode)(2‘/in + N‘/dinde)
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