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Abstract—This paper presents an approach for nom-
inally lossless regulation of the output voltage, and for
design of tight closed-loop voltage control of a resonant
switched-capacitor (ResSC) dc-dc converter. A switching
pattern for the ResSC dc-dc converter that enables wide
range lossless voltage regulation and zero voltage switching
(ZVS) is developed. An appropriate small signal model
is derived based on the generalized averaging method. In
view of the dynamics of the developed small signal transfer
functions, a compensation method based on a minor phase
loop is introduced to stabilize the system. The steady state
and transient responses of the system are evaluated based
on the developed model. The performance of the proposed
controller is verified by a switch-based simulation in a
design example for on-chip power delivery application.

I. INTRODUCTION

Switched-capacitor (SC) based power converters have
shown great promise for enabling full integration in re-
cent research, due to the favorable high energy density of
on-chip capacitors [1] [2] [3]. However, power density in
standard switched capacitor converters is limited by the
available capacitor density of a given technology, along
with frequency of operation and a trade-off with effi-
ciency. Recently, resonant switched-capacitor (ResSC)
based converters have been proposed as an approach
that can reduce the intrinsic charge-sharing loss in SC
operation, by introducing a small inductor in series with
the flying capacitor [4] [5]. This approach enables con-
verters with higher efficiency and power density for full
or near-full integrated designs. Specifically, by avoiding
charge sharing losses, substantially larger voltage swings
can be sustained on the working capacitors, enabling
this increased power density, while not compromising
efficiency.

In addition, by strategic design of the switch gating
pattern, lossless voltage regulation of the ResSC is
enabled. To date, some regulation methods have been

proposed for the ResSC converter [6] [7] [8]. By de-
coupling the phase control of two stacked sections of
the ResSC circuit, lossless voltage regulation is enabled.
With this modality, the circuit can best be viewed as a
stacked series resonance converter. Thus, the well known
control methodologies based on frequency tuning, phase-
shifting, and/or phase-plane all can be brought to bear on
the problem. In the particular embodiment studied in this
paper for a high frequency IC application, a nominally
fixed phase angle is applied between the upper and lower
half-bridge networks. Frequency adjustment is then the
remaining control input. In order to effect nominally
lossless zero-voltage switching, operation above reso-
nance is maintained, in conjunction with properly ad-
justed deadtimes. Parasitic capacitances associated with
devices, flying capacitor bottom and top plates, and
inductor capacitances constitute the contributing compo-
nents to potential dynamic switching losses.

In this work, the authors follow the framework of
developing an analog control based on the small signal
model. The steady state operation of the ladder type 2-to-
1 ResSC is first analyzed. Operation above resonance is
presumed to effect zero voltage switching (ZVS). Based
on the generalized averaging method [9], the state space
small signal model of the converter is derived. According
to the dynamics of the model, the authors develop a
compensation method relying on a phase feedback minor
loop. The switch-based simulations show the effective-
ness of the developed model and proposed regulation
scheme. The remainder of the paper is organized as
follows: Section II introduces the operation of the ResSC
with enabled ZVS feature; Section III presents the large
signal phasor model and steady state of analysis with
ZVS output range; Section IV presents the small signal
model and control design based on the dynamic analysis;
Section V presents the verification of the developed
model and proposed controller from both small signal
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Fig. 1. A Ladder Type 2-to-1 Resonant Switched-capacitor DC-DC
Converter
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based and switch based simulation; Section VI concludes
the paper.

II. OPERATION WITH ZERO VOLTAGE SWITCHING

A ladder type 2-to-1 resonant switched-capacitor con-
verter is shown in Fig. 1. Cr and Lr form the resonant
tank. Ci and Co are decoupling capacitors. Rr represent
all the series resistance within the tank which includes
the switch resistance, and the ESR of the inductor and
capacitors. There are two complementary switch pairs
SW1/SW2 and SW3/SW4. Each switch pair is driven
by a square wave with 50% duty cycle. The switching
of SW1/SW2 leads that of SW3/SW4 by a phase
angle of θ. Fig. 3(a) shows the gating signals for each
switch. With this switching pattern, the converter has
four different switch states: A, B, C , and D, as shown
in Fig. 2. Fig. 3(b) shows the representative waveforms
of the tank voltage vT , the inductor current iL and the
output current iout, when operating above resonance.

Zero voltage switching (ZVS) for all four switches
is desirable to improve the converter efficiency. More
precisely, the tank current iL needs to flow into node
X and out of node Y before turning SW1 or SW4 on,
in which case IL needs to be negative given reference
direction defined in Fig. 1. Similarly, a positive tank
current favors the soft turn-on of both SW3 and SW2.
By operating the converter under the proposed switching
sequence above resonance, the tank current naturally
meets the ZVS requirement for all four switches.

However, this condition is not true for all possible
operation points. In order to benefit from the ZVS, the
zero crossing of the tank current should be constrained
within the interval set by switching actions of the top
switch pair and the bottom switch pair. This leads to an
acceptable output range with ZVS for proposed ResSC
operation, which will be illustrated in Section III after
the large signal phasor model is introduced.

III. LARGE SIGNAL MODEL AND STEADY STATE

ANALYSIS

Fig. 4(a) shows a simplified circuit model of the
resonant converter in Fig. 1. We view the system as
an LCR tank driven by two square waves Vs and Vo

at nodes X and Y . Assuming the Q of the tank is
high, as enforced by design, we can further simplify the
system by considering only the fundamental sinusoidal
components of the square waves and use phasors to
describe the system.

−→
VX (the sending phasor) and

−→
VY

(the receiving phasor) represent phasors of two driving
signals.The magnitudes of

−→
VX and

−→
VY are 2

π (Vin−Vout)

and 2
πVout respectively and

−→
VX leads

−→
VY by a fixed

phase angle of θ.
−→
VT represents the phasor of tank
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Fig. 4. Large Signal Phasor Model of the ResSC

voltage which is the difference between
−→
VX and

−→
VY .

−→
IL

represents the phasor of inductor current which should
be perpendicular to the tank voltage phasor under high
Q assumption. Phase angle θ is a design parameter,
selected based on desired voltage regulation range, and
on efficiency considerations.

As discussed above, in order to benefit from ZVS
operation, the zero crossing current iL should happen
between the switching actions of SW1 and SW3. In
phasor domain, this means the tank current phasor

−→
iL

should be contained within the phase angle set by the
sending phasor

−→
VY and the receiving phasor

−→
VX .

Nominally for a 2-to-1 converter, we have Vout =
1
2Vin. In this case, the sending and receiving phasor
have the same magnitude such that current phasor is
aligned in the middle of the phase angle as shown in
Fig. 4(b). However, as the output voltage is modulated,
the magnitude of the sending and receiving phasor
adjust. This leads to the movement of the position of
the current phasor. As the output voltage decreases,
the current phasor

−→
IL moves closer to the receiving

phasor
−→
VX . Therefore, the minimum output voltage with

ZVS happens when the tank current is aligned with the
receiving phasor, as shown in Fig. 4(c). Similarly, the
case of maximum output voltage happens when the tank
current is aligned with the sending phasor, as shown in
Fig. 4(d). From the geometry of the right triangle, the
ideal output voltage range with ZVS is therefore given
by:

Vin cos θ

1 + cos θ
< Vout <

Vin

1 + cos θ
(1)

We can see that the output range with ZVS can be
adjusted by properly choosing θ. This offers the major
benefit of the resonant switched-capacitor converter over
conventional switched-capacitor converter, since the lat-

ter sacrifices efficiency to achieve the regulation of the
output voltage. In the design example for VIN=2V and a
2-to-1 topology, with θ = π

4 , the output can be losslessly
adjusted from 0.83 to 1.17. As can be seen, larger angles
θ result in greater adjustment range, but at the cost of
degraded power factor at sending and receiving terminals
with attendant efficiency costs.

To obtain an analytic expression for the steady
state operation, we apply the generalized averaging
method [9] to the state-space equations of the converter
which read:

diL
dt

=
1

Lr
[(Vin − vout)si − voutso − ...

− voutso − iLRr − vc]

dvC
dt

=
1

Cr
iL

dvout
dt

=
1

Co
[sosiil − (1− si)(1 − so)iL − Iload]

(2)

where si and so represent the switching function of SW1
and SW3, which takes the form:

si =
1

2
{sign[sin(ωt)] + 1}

so =
1

2
{sign[sin(ωt− θ)] + 1}

(3)

Applying operator 〈•〉1 to the iL and vC state equations
and operator 〈•〉0 to the vout state equation, we obtain:

d〈iL〉1
dt

= −jω〈iL〉1 + 1

Lr
[(Vin − 〈vout〉0)〈si〉1 − ...

− 〈vout〉0〈so〉1 − 〈iL〉1Rr − 〈vC〉1]
d〈vC〉1
dt

= −jω〈vC〉1 + 1

Cr
〈iL〉1

d〈vout〉0
dt

=
1

Co
(〈so〉−1〈iL〉1 + 〈so〉1〈iL〉−1 + ...

+ 〈si〉−1〈iL〉1 + 〈si〉1〈iL〉1 − Iload)
(4)

where 〈•〉k represent the kth order complex Fourier coef-
ficient, which is also equivalent to the phasor transforma-
tion in [10]. Using high Q assumption and neglecting the
output voltage ripple, the first order Fourier coefficient
〈iL〉1 and 〈vC〉1 and the zero order Fourier coefficient
〈vout〉0, which is real, capture the most significant prop-
erties of the tank and the output. We then decompose the
complex coefficients into their real and imaginary parts

〈iL〉1 = XiL + jYiL

〈vC〉1 = XvC + jYvC

(5)



and with

〈si〉1 = −j
1

π

〈so〉1 = −j
1

π
e−jθ

(6)

The real fifth order state space equations are obtained:

dXiL

dt
= −Rr

Lr
XiL + ωYiL − 1

Lr
XvC +

1

Lr

2

π
sinθVout

dYiL

dt
= −ωXiL − Rr

Lr
YiL − 1

Lr
YvC + ...

+
1

Lr

2

π
(1 + cosθ)Vout − 1

Lr
Vin

dXvC

dt
=

1

Cr
Xi + ωYvC

dYvC

dt
= −ωXvC +

1

Cr
YvC

dVo

dt
=

1

Co
[− 1

π
sinθXiL − 1

π
(1 + cosθ)YiL)− Iload]

(7)

With that, we obtain the steady state equation that sets
the operating point

Iload = − 1

π

2
πωCr

(1− ω2

ω2
o
)2 + ( ω

ωoQ
)2
[sinθ(1− ω2

ω2
o

)Vin − ...

−(1 + cosθ)
ω

ωoQ
(Vin − 2Vo)]

(8)

with

ωo =
1√
LrCr

Q =

√
Lr

Cr

Rr

(9)

From Eq. 8, the operating points of the converter (ω, Vo

and Iload) are uniquely determined given certain Vin, θ.
The proposed method uses the switching frequency ω
as the tuning parameter for the output voltage regulation
under varying load and setpoint commands. The phase
angle is chosen for the expected output range and is not
tuned dynamically.

IV. SMALL SIGNAL MODEL AND CONTROL DESIGN

To obtain the small signal model, we apply the
small signal pertubation to Eq. 7. Then the real fifth-
order small signal state space matrix is obtained as
Eq. 10. Based on that, the small signal transfer functions
from the switching frequency to the output voltage
(‖ H ‖ω→vo) and frequency to the resonant current
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(‖ H ‖ω→‖iL‖ and ‖ H ‖ω→φ) are evaluated using
Matlab.

Consider an reasonably achievable design example for
the chip-level power delivery application with Lr =
1nH,Cr = 405pF,Rr = 25mΩ, Co = 10nF , a set
of operating points, according to Eq. 8, give fclk =
300MHz, V in = 2V, V out = 1V, Iload = 500mA, θ =
π/4. The Bode plots of the transfer functions are shown
in Fig. 5. We can see from the Bode plot of Hω→vo that
there is a dominate pole introduced by the output capac-
itor, contributing a 90◦ phase lag and magnitude drop,
followed by two complex conjugate poles, contributing
another 180◦ phase lag and a large resonant peak in
the magnitude response around the 50MHz. This makes
it challenging to do compensation with a pure voltage
loop at high crossover frequency. However, looking at
the transfer function of Hω→φ, a 180◦ phase lead, thanks
to the complex conjugate zeros at a lower frequency than
the resonant poles, is present. Therefore, we propose to
take advantage of the phase lead in the current phase
transfer function by adding in a phase loop to stabilize



⎡
⎢⎢⎢⎢⎢⎢⎣

dx̂iL

dt
dŷiL

dt
dx̂vC

dt
dŷvC

dt
dv̂o
dt

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

−Rr

Lr
Ω − 1

Lr
0 1

Lr

2
π sin θ

−Ω −Rr

Lr
0 − 1

Lr

1
Lr

2
π (1 + cos θ)

1
Cr

0 0 Ω 0

0 1
Cr

−Ω 0 0

− 1
Co

1
π sin θ − 1

Co

1
π (1 + cos θ) 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

x̂iL
ŷiL
x̂vC
ŷvC
v̂o

⎤
⎥⎥⎥⎥⎥⎦+

⎡
⎢⎢⎢⎢⎢⎣

YiL 0
−XiL 0
YvC 0

−XvC 0
0 − 1

Co

⎤
⎥⎥⎥⎥⎥⎦
[

ω̂

îload

]

⎡
⎢⎣

v̂o
ˆ‖ iL ‖
φ̂iL

⎤
⎥⎦ =

⎡
⎢⎢⎣

0 0 0 0 1
XiL

‖iL‖2

YiL

‖iL‖2 0 0 0

− YiL
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XiL

‖iL‖2 0 0 0

⎤
⎥⎥⎦
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the system. With that, a proportion-integral (PI) voltage
loop is used for reduction of the DC error. The degree
of compensation can be adjusted by properly choosing
respective gains of the phase loop and voltage loop.
Fig. 6 shows the small signal control block diagram.

V. SIMULATION VERIFICATION AND CIRCUIT

IMPLEMENTATION

To verify the small signal model and proposed control
methodology. We implement the converter and control
loop using switch model based simulator PLECS. In
order to implement the phase loop, we use a passive
phase sensing scheme as shown in Fig. 7. The Rs and
Cs form a passive ”lossless” current sensor. With the
matched time constants of Rs·Cs and Lr/Rr , the voltage
across Cs (Vs) replicates the voltage drop on the parasitic

θ

Ф1

Ф2

Vx

Vph

ωst

�/2+θ/2
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Fig. 8. Waveform of Phase Detector

resistance of the inductor. Moreover, as the inductor
frequency is much higher than the corner frequency set
by Lr/Rr , a slight mismatch of the time constants would
not result in any significant error in the phase information
captured by Vs. Vs is then mixed with a reference clock
through an H-bridge. Fig. 8 shows the waveform of the
reference clock (Φ3), Vs and Vph. The reference clock
(Φ3) is shifted 90◦ ahead relative to the middle of the
top (Φ1) and bottom clock(Φ2). The DC component of
the output (Vph) from the mixer approximates the phase
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error if the phase error is small:

〈Vph〉0 =‖ ILRr ‖ 2

π
sinθ ≈‖ ILRr ‖ 2

π
θ (11)

The scaling effect caused by the current magnitude is
accounted for in the gain of Gph. The design here can
be extended as one phase leg of a multi-phase converter.

With the developed small signal mode, a control
design with proposed dual loop is presented

Gph(s) = G1
1

1 + s
p

Gv(s) = G2
s+ z

s

(12)

where, G1 = 4, G2 = 1
10 , p = 1.01e8, z = 6.28e8. The

low pass filter in the phase loop is used for reducing

the high frequency harmonics of the phase error. In a
multi-phase system, the low pass filter can be eliminated
due to the harmonics cancellation from interleaving.
The voltage loop consists of a simple PI controller for
management of DC error. The gains of phase and voltage
loops are selected so that closed-loop sytem is stable
and well compensated. The small signal signal dynamics
of the converter are verified with open loop simulation.
Fig. 9 shows the dynamic response of the output voltage
and current phase under a frequency step of 1MHz, we
see that circuit simulation match the developed small
signal model very well. Fig. 10 shows the closed-loop
transient response of the voltage output under a 50mA
load step. The overshoot and response time from the
switch based circuit simulation match well with the
prediction from the developed small signal model.

VI. CONCLUSION

Operation and regulation considerations of the ResSC
circuit have been introduced. After exploring the oper-
ating strategies and large signal characteristics of this
promising circuit, a detailed development of the circuit
dynamics has been undertaken using a harmonic aver-
aging methodology. The method and models developed
lead to simple strategies for control design and imple-
mentation.
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