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Abstract

As the demand for fully integrated power management system has increased in recent years, the
switched-capacitor (SC) converter has shown exceptional promise due to the favorable energy
density of capacitors, but its limited output range and its intrinsic charge-sharing loss have limited
its range of applications. In this paper, a resonant switched-capacitor (ResSC) topology is
presented as a way to improve on the SC methodology. The topology can be stacked to any N-to-
1 conversion ratio with only a single inductor. A phase shift operation is adopted to enable a wide
output range while maintaining high efficiency. The load regulation is maintained with frequency
modulation. The controller is designed with the aid of current phase compensation in addition to
the voltage mode control. A prototype of a nominal 4-to-1 ResSC has been built and tested. The
control and the regulation of the output voltage are verified through experiment.
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1 Introduction

The traditional inductor-based buck converter has been the dominant choice for most moderate-
to-high-power switched-mode voltage regulators for decades. However, as the form factor of
modern portable devices continues to shrink, these applications are demanding higher and higher
area efficiency across all of their sub-modules. Power management ICs (PMICs) and their
peripherals turn out to be one of the most area-consuming modules in these devices. For example,
inside the main logic board of an iPhone 6s, PMICs (and their passives) take up more than 30% of
the total area. Fully integrated dc-dc converters are considered by many as a way to solve the
problem, but the buck converter can no longer be the preferred choice as it requires either
technologically intensive integrated inductors or bulky off-chip inductors, and transistors rated for
full input voltage and the full output current of the application.

Switched-capacitor (SC) based power converters, on the other hand, have shown great promise for
enabling compact, fully integrated dc-dc conversion in recent research, partly due to the favorable
energy density of capacitors in comparison to that of magnetic elements [1] [2] [3]. However, the
power density in standard switched capacitor converters is limited by the available capacitor
density of a given technology, along with the trade-off with efficiency due to the intrinsic charge-
sharing loss associated with SC operation.

Recently, resonant switched-capacitor (ResSC) converters have been proposed as an approach that
can reduce the intrinsic charge-sharing loss in SC operation by introducing a small inductor [4]
[5]. This approach enables better utilization of capacitors by allowing larger voltage swing
sustained on the working capacitors, thus enabling increased power density without compromising
efficiency. In addition, the resonant operation enables nominally lossless regulation capability over
a wide voltage and load range. Therefore, ResSC converters appear as a favorable choice for on-
chip power delivery application.

In order to expand the application of resonant switched-capacitor dc-dc converter to bridge a wider
input and output range, a stacked topology that enables higher conversion ratios is presented in
this work. The proposed topology can also be generalized to any N-to-1 conversion and needs only
a single inductor.

Several control schemes have been proposed for the ResSC converter to enable efficient output
regulation [6] [7] [8] [9] [10]. In this work, we adopt the operation scheme proposed in [10]
because the same operation can be easily adapted to any other N-to-1 converter topologies as in
the basic 2-to-1 topology. Steady-states contours are also drawn to have better visualization on the
effectiveness of control actions [11].

A prototype of a 4-to-1 ResSC converter on the board level has been built and tested in this work
for demonstrating the concepts of the basic operation and the effectiveness of the control. A wide
output range under the proposed operation with high efficiency is demonstrated. The controller is
designed based on the dynamics of the proposed converter. A current phase loop along with the
conventional voltage loop complete the controller design. The transient performance is verified in
the experiments.



2 Topology Overview

The topology of a 4-to-1 ResSC converter is shown in Fig. 1(a). The topology consists of eight
switches, stacked up from GND to V;,,. The eight switches divide the input rail into four DC voltage
domains, which are bypassed by C;4, C;,, C;3 and C, respectively. The output voltage V,,,; comes
from the lowest domain. The top three domains are balanced to be one third of V;;, — V,,,,; in steady
state operation.

As a side note, when multiphase interleaving is implemented for the converter, the intermediate
bypass capacitors can be theoretically eliminated because the current flowing in and out of each
voltage domain at one phase would be balanced by that of current from other phases. Practically,
only small intermediate capacitors are required. Thus, the power density for ResSC remains tight.

The resonating tank attached to the eight switches on the left side consists of three capacitors,
Cy1, Cry, Cr3, and a bottom inductor L,. The three tank capacitors are identical. The gating pattern
of the top six switches make them work in parallel in AC sense and resonate together with the

inductor L,.. As a result, the resonating frequency of the converter is determined by —— This
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topology can also be generalized to any N-to-1 conversion ratio by adding more or less switches
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Figure 1. The topology of 4-to-1 resonant switched capacitor converter (a) and representative waveforms (b)



2.1 Principle of Operation

There are four complementary switch pairs, SW; /SW,, SW5/SW,, SW5/SW, and SW,/SWs.
Each switch pair is driven by a square wave with 50% duty cycle. As shown in Fig. 1(a), the top
three switch pairs, SW; — SW;, are simultaneously driven by ¢;/¢,. And the bottom two
switches, SW, — SWy, are driven by ¢, /¢,. The top switch pairs lead the bottom switch pair by
a phase angle 6. Fig 1(b) shows the gating signals of ¢»; and ¢,.

With this switching pattern, the converter has four different switch states: A, B, C, and D, as shown
in Fig. 2. Fig 1(b) also shows the nominal waveforms of the voltage on each of the capacitors
V1, Ve, Ve, and the inductor current I, as well as the output current [,,;. The three resonant
capacitors bear the same AC swings but block different DC voltages. Fundamentally, each pair of
switches is commutating the corresponding resonate tank node to either a higher or lower voltage
domain, making the stacked tank capacitors effectively connected in parallel with the tank
inductor. And the output current is the rectified tank current determined by the switching sequence.
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Figure 2. Different switch states of ResSC

One side note is that in the case of a single phase design, the intermediate bypass capacitors for
each voltage domain are part of the resonating current path, making them a significant factor in
loss calculation. In addition, as shown in Fig. 1(b), the output current I,,,,; contains high ripple with
a single phase design. More specifically, the current delivered to the output in switch state B is
three times larger than that of in state D. Such high swing in I,,,; will lead to large output voltage
ripple. These problems, including the required size for the intermediate bypass capacitors
discussed in previous chapter, go away in the case of a multi-phase design. Therefore, multi-phase
implementation is compelling.

2.2 Large Signal Modeling

To provide a more intuitive way to understand the operation of the converter, we can degenerate
the 4-to-1 topology into a simpler 2-to-1 topology, as shown in Fig. 3(a). The idea is to fold the
top three stages into one stage. The total resonant capacitance remains 3C,., and is now represented
by a single tank capacitor. The degenerated 2-to-1 ResSC circuit can be further simplified into a



model as indicated in Fig. 3(b). Considering only the fundamental with a high Q tank, we can use
the phasor dlagram to represent the driving signals at node X and Y and all tank properties:

VX, Vy, IL and VT

Flg 3(c) shows the phasor diagram of the degenerated resonant tank. VX (the sendlng phasor) and
VY (the receiving phasor) represent phasor voltages of two driving sources. VT represents the
phasor of the net voltage applied voltage on the tank, which is the difference between VX and Vy.
I_L) represents the phasor of inductor current, which is nominally perpendicular to the tank voltage

V_T) for a high Q system. Phase angle 6 is the phase difference between the two driving sources,
which is set by the gating signal ¢, and ¢,.

In order to make zero voltage switching (ZVS) for all switches to improve efficiency, the zero
crossing of the resonant current should happen within switch states A or C [10]. In phasor domain,
this means E should always be constrained within the phase angle 6. Therefore, based on
trigonometry properties, the relation between phase angle 8 and the optimal 4-to-1 output voltage
range is given in Eq. 1. In the case of the proposed 4-to-1 prototype, the phase angle is chosen to
be 45 degrees.
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Figure 3. The degenerated 2-to-1 ResSC model (a), a simplified model of the 2-to-1 ResSC (b), and the phasor
representation under different operating condition (c)
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The next step is to obtain an analytic expression for the steady state operation, which has already
been derived in [10] and is shown in Eq. 2. The output current I, is a function of the switching
frequency w, phase angle 8, V, and V;;,. Given a preferred output voltage range for an application,
the phase angle is set to achieve maximum efficiency. Since the input voltage is also pre-defined
by application, the switching frequency remains to be the ideal control input for dynamic output
regulation.

. _ZCT w
M w2 f2(w) + 2 (w)

[sin 6 Vip fi* (@) — (1 + cos ) (Vin — 2V,) fo(@)] (2

Where fi(w) =1 — Z—z and f,(w) = — .
0

woQ

2.3 Small Signal Modeling

Based on the small signal model derived in [10], the Bode plots of the transfer function for the
proposed prototype are shown in Fig. 4. The blue line represents the transfer function from
switching frequency to the phase of the resonant current, denoted by H,,_,g. Similarly, the red line
represents the transfer function from switching frequency to output voltage, denoted by H,,_,y, .
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Figure 4. Bode Plot of H,_,¢(blue) and H,,_,y, (red)

Looking at H,,_,y,, there is a dominant pole introduced by the output capacitor at around 3 kHz,

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



40 kHz. Looking at H,,_,4, there is also a dominant pole caused by the output capacitor around the
same frequency, making the initial roll off in magnitude and phase. However, for H,_g, the
dominant pole is followed by two complex conjugate zeros, contributing not only an increase in
the magnitude, but also a significant amount of phase lead. The control loop can take advantage of
the phase lead generated by the zeros to increase the crossover frequency for better control
dynamic.

2.4 Controller Design

The proposed control designed then is as follows. In addition to the voltage loop, a phase minor
loop is used to stabilize the system. More specifically, a proportional voltage loop is used to
regulate the output voltage to a desired reference; a proportional phase loop is used to provide
phase lead for stability. Fig. 5 shows the simulated H,,_,;,, Body plot before and after compensation
with minor phase loop. As we can see, the dynamics from switching frequency to output voltage
H,_y, is stabilized with a phase margin of 36°. It also has a DC gain of 20.9 dB, which is
independently adjustable by varying the proportionality in the voltage loop.
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Figure 5. Bode Plot of H,,_,y, before (blue) and after (red) minor phase loop compensation

3 Circuit Implementation

The design of the 4-to-1 ResSC converter prototype is divided into three parts. First is the power
train design, which details how the switches and tank passives are sized and selected to achieve a
desired function. Then a gate drive circuitry is proposed to actuate the power train, followed by a
sensing network and a controller realization to close the loop. The general specifications for the
prototype are shown in Table 1.



Vin 24V

Vout 6V

Iload 2A
C, 100 nF
L, 4.7 uH
fres 134 kHz

Table 1. 4-to-1 ResSC converter prototype general specifications

3.1 Power Train

The loss of the system is mainly contributed by two parts. One is conduction loss and the other
one is switching loss. Conduction loss is mainly caused by the series resistance of the switches and
the tank passives. The current flow through these components will be intensive and thus care must
be taken to minimize the effect. On the other hand, assuming ZV'S, switching loss is mainly caused
by the gate capacitance of the switches. Each time a switch alters its state, its gate capacitor needs
to be charged or discharged accordingly. Thus, switching loss is closely associated with the
switching frequency and the gate capacitance. The method to achieve a high efficiency is to
balance the loss contribution from each part.

Iout

P Al C! v I - st
0 T 21

Figure 6. Output current waveform revisit (also shown in Fig. 1b)

In order to calculate the conduction loss, the root-mean-square of the tank current must be obtained
first. And if we consider only the fundamental of the tank current in a high Q system, i.e. neglecting
the harmonics introduced by phase shift in the control signal, the root-mean-square is just the
magnitude divided by square root of two. Since we know the output current I,,; is a partially
rectified tank current as shown in Fig. 6, the average output current (I,,;) can be obtained by
averaging I,,; over a period. Note that the output current in switch state B is three times larger
than that of in state D.

louthan = = fe "1, sin (wt ) d(ar) 3)
(Iout)ep = %f:%lx sin (a)t — %) d(wt) 4)

Where 1, is the the magnitude of the tank current. By solving Eq. 3 and 4, we have a unique relation
between (I,,;) and I, as shown in Eq. 5. And since ([,,;) must be the load current for the
converter, which has a rated value of 2A in this prototype, the magnitude and thus the root-mean-
square of the tank current can be obtained as shown in Eq. 6.
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The conduction loss of a 4-to-1 topology is calculated as shown in Eq. 7. Note that the current
flowing through the top three switch pairs is one third of I,.,,,5 as discussed previously. The current
flowing through the bottom switch pair, on the other hand, will be the full ;.

2
)+ Resiygelns ()

I

Peona = 3 RESpr <%
The switching loss of a 4-to-1 topology is calculated according to Eq. 8. All of the eight switches
will have nominally the same switching loss. The C, term represents the gate capacitance for each
switch and Vj is the voltage swing on the gate of each switch. The drain capacitance is ignored
because of ZVS. Note that even though each switch is operating in its own respective voltage
domain, the gate voltage swing is constant for all switches as guaranteed by the gate drive circuitry.
The overall efficiency then is obtained with Eq. 9.

Py, =8- fsngVg2 (8)
n = Vout ’ Iout _ 1
Ploss,tot + Vout ’ Iout 14+ PSW + PCOTld (9)

Vout ' Iout
3.2 Gate Drive

One of the problem that a gate drive circuitry must solve is gating high-side switches. In the case
of MOSFET implementation, a high-side switch is a MOSFET whose source is floating.
Obviously, in order to operate the device in the saturation region, the gate voltage must be at least
a Vi, higher (oftentimes much higher when the device is considered as a switch) than the source
voltage. A similar consideration applies for turning off the device. But when the source is floating,
the gate voltage also needs to be floating accordingly to have predictable behaviors for the device.
Therefore, the gate drive circuity must dynamically change the gate voltage with respect to the
source voltage so that the device can remain on or off.

To make life easier, our gate drive circuitry design takes advantage of the fact that there are four
relatively stable voltage domains in the power train topology. By using a PMOS and a NMOS for
each switch pair, where the NMOS will have its source connected to the lower voltage domain and
that of the PMOS to the higher voltage domain, the gate drive circuitry only needs to pass the
gating signals to the corresponding voltage domain to deterministically turn on or off the switches.
The proposed design schematic is shown in Fig. 7. A flying capacitor Cy,,, is connected to the gate



of each high-side switch and it is initially charged up from GND to the corresponding voltage
domain. The diode and Ry;, are the DC charging path for Cf;,,, which acts as a DC blocking

capacitor at high frequency. Rygmp is to damp any oscillation caused by the gate drive loop
inductance.
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Figure 7. The implementation of gate drive for the power train

3.3 Controller

The schematic of the proposed controller is shown in Fig. 8(a). As discussed in the previous chapter,
the controller consists of two loops: a voltage loop and a current phase loop. The voltage loop
takes the output voltage V,,,;, divides it by an adjustable factor, subtracts it from the reference, and
amplifies the error. The gain of the voltage loop should be maximized for small DC error at the
output. This is one of the classic textbook feedback schemes with a proportional gain and is not
hard implement at all. The real challenge, however, lies in the current phase loop.



In order to obtain the phase of the tank current, one must extract the resonant current first. The
resonant current I, is sensed by using a transformer formed with the resonant inductor as the
primary side, and a secondary sense winding that accesses the pure inductive voltage component.
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Figure 8. The implementation of the control circuit (a) and the representative waveforms of phase error detector (b)

The phase error is then extracted by using a passive mixer, which compares the replicated current
V. with a clock reference ¢5. The relative phase shift of the reference clock ¢3 with respect to the
gating of the power train ¢p; and ¢, is shown in Fig. 8(b). In this way, the phase error can be
approximated as the DC average of the mixer output V,,, which is then amplified by the
succeeding op-amp. The gain of the minor phase loop is selected so that the closed-loop system is
stable and well compensated.

In the last part of the control loop, the amplified phase error is combined with the amplified voltage
error and is fed into the VCO, which generates the system clock frequency according to the input
error signal level. A FPGA is then used to generate all the necessary gate signals from the VCO
output for all the switches within the power train as well as the reference clock needed in phase
loop.

4 Experimental Results

A prototype of 4-to-1 resonant switch capacitor converter is built with a nominal 6W output power.
The project specification is shown in Table. 2 and the selection of the components is shown in
Table. 3. The switching frequency has chosen to be around 170 kHz and it yields an acceptable



switching loss. Low parasitic resistance switches are chosen to minimize conduction loss. The
efficiency target is around 90%.

Min Typ Max
Vi 24V
Vout 4V 6V 7V
T10ad 200 mA 1A 2 A
fsw 150 kHz | 170 kHz
Efficiency 90 % 95%

Table 2. Project Specification

Component Part Number Parameters
Tank Inductor VER2923-472 4.7 uH
Tank Capacitor HMK316B7104KL-T 100 V, 100 nF

Switch (H-Bridge), P STS10P3LLH6 30V,25mf, 6 A
Switch (H-Bridge), N 30V, 50 mS2, 4.2 A
Gate Driver UCC27424

Table 3. The Selection of Components

Fig. 9(A) and Fig. 9(B) reflect how the switching frequency can effectively modulate the output
voltage given a certain load condition, and regulate the output current under different voltages
respectively. Fig. 9(C) shows the efficiency vs. the output voltage with the nominal load condition
and Fig. 9(D) shows the efficiency vs. the output current with the nominal output voltage condition.
We can see that for an output range of 4V to 8V, the converter can comfortably maintain efficiency
above 85% with a peak efficiency of 93% at the nominal 6V output. And for an output of 300mA
to 1.8A, the converter can also sustain high efficiency.
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Figure 9. Switching frequency vs output voltage with 1A load (A), switching frequency vs load current with 6V
output (B), Efficiency vs the output voltage with 1A load (C), and efficiency vs load current with 6V output (D).



Fig. 10 shows the experimental waveform of ¢; and ¢,, which are the gating signals at the
switching nodes of the top three switch pairs and the bottom switch pair respectively. The inductor
current [, waveform is also shown on the same plot. We can see the zero crossing of the current is
aligned within the interval set by the top and the bottom switching actions (i.e. switch states A or
C) as shown in Fig. 1(b). This verifies that the control signal is making ZVS for all switches.

Switching nodes of the third stage H ‘

Switching nodes of the bottom stage

rlgger --

Flgure 10. The steady state Waveforms of the switching node voltage of the bottom section (yellow), the third
section (pink) and the sensing voltage of the resonate current (green)

The effectiveness of the controller is demonstrated in Fig. 11, which shows the transient
performance of the output with a load step. This is a 1A load step, up and down. The DC voltage
offset presented at the output is around 300mV, while the transient time is about 20us. The
amplified voltage error as well as the amplified current phase error are shown on the same plot.
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Figure 11. The trans1ent waveforms of the output voltage (blue), phase error signal (yellow), voltage error (green)
under the load steps (triggered by the pink signal) of 0.5A to 1.5A and 1.5A to 0.5A



A more insightful method to evaluate the effectiveness of the control is by plotting out the state
contour for the converter as described in [11]. A state contour plots on a plane that has the
instantaneous resonating current as the vertical axis and the instantaneous resonating voltage as
the horizontal axis.

As shown in Fig. 12, a step up load transient state contour is represented by the blue line. The two
red circles show the two theoretical steady states at light and full load respectively from simulation.
Initially, the state contour spins around the inner red circle clockwise as the load is light. Once the
step trigger kicks in, the state contour start spinning outward. It eventually settles down at the outer
red circle as its new steady state. The number of circles it takes to transit from the inner to the outer
circle is directly related to the transient performance.

—Experimental
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Tank Current (A)
o

-2 0 2 4 6 8 10 12 14
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Figure 12. Experimental state contour during transient (blue) and theoretical state contour at different steady states
(red)

5 Conclusion

Fully integrated dc-dc conversion is the future for power management in portable devices.
Switched-capacitor topology utilizes capacitor that has superior energy density compared to that
of inductor. As shown in Table. 4, the energy densities of some representative surface mount
capacitors are significantly grater than those of inductors [1]. Such properties of capacitors are the
cornerstone for eliminating the large area that was traditionally occupied by the bulky inductors in
the buck converter.



Type Manufacturer Value Dimension Energy

(mm) Density
(1 J/mm~3)

Ceramic Cap Taiyo-Yuden 22uF@4vVv 1.6x0.8x0.8 172
Ceramic Cap Taiyo-Yuden 1uF@35Vv 1.6x0.8x0.8 598
Tantalum Cap Vishay 10puF@4Vv L.Ox05x06 266
Tantalum Cap Vishay 100uF@6.3V  2.4x1.45x1.1 518
Electrolytic Cap Kemet 22uF@16V 7.3x4.3x19 472
Electrolytic Cap C.D.E 210mF@50V 760 x 219 87.8
Shielded SMT Coilcraft 10pH@0.21A 2.6x2.1x1.8 0.02
Inductor

Shielded SMT Coilcraft 100pH@0.1A 3.4x3.0x2.0 0.02
Inductor

Shielded Inductor Coilcraft 170uH@1.0A 11x11x9.5 0.07
Shielded Inductor Murata 1ImH@2.4A 29.80 x 21.8 0.19

Table 4. Dimensions and volumetric energy densities of some representative surface mount capacitors and inductors

(1]

The switched-capacitor (SC) based power converter, however, has its own drawback. Its limited
output range and its intrinsic charge-sharing loss has prevented it from being widely adopted. Fig.
13 shows the efficiency of SC converters with 2:1, 3:1, and 3:2 conversion ratios [12]. The
efficiency drops dramatically when the output voltages deviate from the nominal values, which
limits the output range of the converters. The fundamental cause of the problem is the intrinsic
charge-sharing loss of capacitors.
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Figure 13. The efficiency plot of nominal 2:1, 3:1, and 3:2 SC converters with a 2V input [12]

In this work, a stackable resonant switched-capacitor (ResSC) topology is introduced as a viable
approach to further refine SC methodology for a wide range of applications. More specifically, by
introducing a small inductor in series with the flying capacitors, the charge-sharing loss is
eliminated and thus, the converter can support a much wider output range while maintaining high
efficiency as shown in Fig. 9(c). With a stackable architecture, the conversion ratios can be
optimized to further improve efficiency. Therefore, the ResSC not only has the same promise for
compact, fully integrated dc-dc converters as does the SC methodology, but also allows nominal
lossless power management to support wider application.
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