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Abstract – This paper presents a zero-current-switching 

(ZCS) control method with self-tuning capabilities 

employed on a 4-to-1 switched-tank converter (STC) for 

Google’s and associated OCP standard data-centers. The 

control scheme ensures ZCS operation of each of the STC’s 

resonant tanks individually, regardless of components 

mismatch, and adjusts the switching period upon variations 

of the components’ values. The switching-state of the STC’s 

resonators is evaluated at the turn-off instance by 

dedicated zero-current-detection indicator. Two 

approaches have been developed for the sensor’s data 

acquisition, accounting for the inherent delay between the 

digital-controller gating command and the actual turn-off 

of the switches. The operation of the control has been 

validated experimentally on 650W 4-to-1 STC with PCB 

area of 5cmX2cmX0.6cm, demonstrating exceptional self-

tuning capabilities over the entire load range and for 

various component mismatch scenarios. Peak efficiency of 

98.6% is achieved at 200W. 

Keywords – self-tuned control, switched capacitor converter, 

switched tank converter, soft switching, zero-current-switching 

(ZCS). 

I. INTRODUCTION  

Switched-Capacitor Converters (SCC) which have been 

rigorously explored over the last two decades [1]-[11] have 

established a dominant role in power management in data-

centers and other cloud computing related applications. In light 

of the acceleration of the standardization of the power delivery 

structure that has been heavily affected by the trend-leading 

open-computing-project consortium (OCP) [12], the necessity 

to step the 48V rail down to 12V with extremely high 

efficiency and very high power density has established an 

application stand point at which SCC technology and its 

derivatives is highly superior over the inductor-based 

alternatives. 

The OCP standardization broadly directs toward power 

delivery architecture that divides a processor PCB into two 

main power sections. The first section is the processor power 

path which includes the main processing unit and the DDR. 

There, the 48V rail is stepped-down to 12V level (i.e. 4-to-1 

non-regulated conversion ratio) and the tightly regulated 1.xV 

required at the high-performance ICs is provided by VRM 

units, typically realized by multiphase buck converters. The 

second power path is the point-of-load (PoL) line where the 

main rail is stepped down to a voltage level limited at 14V, 

then the voltage is manipulated to various levels (5v, 3.3V, 

etc.) by PoL converters. Since the main voltage level may 

exceed up to 60V, a 4-to-1 conversion ratio may result in a 

higher voltage than it is allowed at the PoL inputs. Therefore, 

either higher conversion ratio or a 12V regulated solution are 

employed. 

Power density and conversion efficiency are of key 

importance in data-centers applications (to maximize the 

amount of computing power per volume). This translates onto 

extremely strict conversion performance requirements at the 

48V-to-12V level so that it would not further deteriorate the 

attractiveness of the overall solution. Since this application 

calls for a fixed conversion ratio, SCC technology renders a 

very attractive candidate. At medium power levels, SCCs and 

their derivatives have widely demonstrated peak efficiency 

over 98% [13]-[15]. Results of resonant SCC (RSCC) based 

power converters for data-centers applications, demonstrating 

peak efficiency of 98.5% around 200W have been recently 

presented [16]-[18]. 

The superiority of SCC and RSCC to produce very high 

efficiencies at fixed conversion ratios that match their no-load 

target voltages has been widely studied in the literature, for 

example in [19]-[24]. The recent bursts in improvement of 

semiconductors for intermediate voltage levels have enabled to 

significantly lower the equivalent resistance (Req) of these 

converters, resulting in very attractive efficiency characteristics 

at medium power levels. This change also shifted the loss 

breakdown of the converters in favor of the soft-switched 

(resonant) versions of SCCs since the contribution of the rms 

current to the overall losses is made smaller than the 

contribution of the switching actions. As a consequence, the 

switching frequency can be increased, reducing the size 

requirements of the passive components, further improving the 

power density. 

Various switched-tank converter (STC) topologies, which 

are derived from the Dickson SCC [25], have been introduced 

in [16]. In a 4:1 STC, employed for 48V to 12V intermediate 

bus conversion in data-centers, two flying capacitors are 

substituted by LC resonators to facilitate soft-switching. To 

fully utilize the benefits of soft-switching, the conduction time 
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of each switching state should match exactly half of the 

resonant period. The exact characteristics of the resonators are 

considered unknown due to components tolerances and vary 

due to temperature- and aging-related drifts, physical layout of 

the design, loading conditions and components’ stresses which 

limit the ability to achieve soft-switching with fixed 

conduction time. Development of a control method for the STC 

along with zero-current-detection (ZCD) sensors, to identify 

the resonant period of each resonator on-the-fly, converge to 

the optimal switching time, and compensate for variations of 

the resonant characteristics has been pursued in this study. 

The objective of this study is to introduce a self-tuned 

control method to efficiently operate a switched-tank converter 

for Google’s and OCP standard data-centers, and assure soft-

switching operation under wide range of operating conditions 

and components variations, without sacrificing accuracy. Fig. 1 

shows simplified schematic diagram of a 4:1 STC with the 

main building blocks of the control method realization. It is a 

further objective of this study to present a reliable and cost-

effective zero-current-detect sensor for the STC that can be 

easily integrated in a digital control scheme. 

The rest of the paper is organized as follows: Section II 

details the principle of operation of a 4:1 STC, covering full 

circuit details, with matched and mismatched resonators. 

Section III describes the ZCD sensing scheme and self-tuned 

zero-current switching control. Simulation results and 

experimental validation on a 4:1 STC prototype are provided in 

Section IV. Section V concludes the paper. 

II. SWITCHED-TANK CONVERTER 

A. Principle of Operation 

The STC is composed of 2 building blocks: flying capacitor 

and switched-resonant-tank, which comprises a capacitor and 

an inductor, as can be observed in Fig. 1. The STC’s operation 

can be divided into two states – charging or discharging of the 

resonators as shown in Fig. 2, with a short dead-time period 

between them. The resonators are either charged from the input 

and flying capacitor or discharged into the flying capacitor and 

output. In each state the flying capacitor is connected in series 

to a resonant tank, thus guaranteeing soft-charging for all 

capacitors in the system. Furthermore, soft-switching can be 

achieved due to the resonant nature of the current in all 

switches. 

In a 4:1 STC Cr1, Cf and Cr2 hold DC values of 3Vout, 2Vout 

and Vout respectively. All switches are situated between 

resonant, flying, input or output capacitors, resulting in 

clamped drain-source voltage of Vout or 2Vout. This low voltage 

clamping enables the use of very-low Rds-on, state-of-the-art 

switches to improve efficiency [26]-[27]. 
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Fig. 1. Simplified schematic diagram of a 4:1 STC with digital self-
tuning controller. 
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Fig. 2. Equivalent circuits of the 4:1 STC. (a) Charging-state.                
(b) Discharging state. 
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Fig. 3. Resonator’s steady-state current waveform. 
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Due to the low resistance in each current path, high quality-

factor is maintained for all current-loops, hence: 

1 LrQ
R Crloop

= 1 ,         (1) 

where Cr and Lr are the resonant capacitor’s and inductor’s 

values, and Rloop is the sum of all parasitic resistances in the 

current’s path. The DC current through each tank equals half of 

the output current and can be approximated as sinusoidal by 

neglecting the short dead-time period: 

( ) (2 ) ;
4 2

1
t sin t

C out r rr L Cr r

I I f f





== , (2) 

where ICr is the resonator’s current, Iout is the DC output 

current, and fr is the resonance frequency. The flying capacitor 

is chosen such that it will not affect the resonant frequency    

(Cf >> Cr). By integrating (2) over the duration of the charging 

period, the amount of charge delivered to the load can be 

derived according to the following equation:  

1
[1 (2 )

8
]r onQ cos

C outfr r
I f T−= .         (3)  

It can be seen from (3) that maximum charge is delivered per 

cycle when Ton equals half the resonant period and can be 

expressed as: 

1

4
Q

C outfr rmax
I= .       (4) 

Fig. 3 illustrates a typical current waveform of the resonant 

tanks for one steady-state cycle. It should be emphasized that 

the optimal Ton is half the resonant period. Any other on-time 

results not only in lower charge transfer rate but also in early- 

or late-switching, which introduces switching losses. 

B. Operation with Non-Ideal Components and Indicator 

of ZCS 

ZCS for all switches as well as obtaining the maximum 

charge transfer rate to the load is achieved when the duration of 

the charging-state equals half of the resonant period. Given that 

the resonant frequency depends on the STC’s passive 

components, the switches’ on-time can be calculated in 

advance. However, in practical systems the passive 

components tend to vary from their nominal values which may 

lead to non-ZCS operation. Furthermore, component variations 

result in mismatched resonant tanks with different resonant 

frequencies, which cannot be analytically derived. The steady-

state performance of this topology highly depends on the 

ability to achieve ZCS in all resonators. Manual calibration of 

the on-times for each resonant tank is extremely time-

consuming, and is not an approach viable for industrial 

integration. Moreover, it does not take into account 

components values’ drifts due to aging or temperature [28]-

[29]. 

The operation of a STC with mismatched resonant tanks 

(Cr1≠Cr2, Lr1≠Lr2) is illustrated in Fig. 4. Typical resonant 

current waveforms are shown in Fig. 4a-b where the switching 

of both tanks is based on the resonant frequency of the second 

tank (Cr2, Lr2) alone. Constant switching frequency results in 

non-ZCS operation of a single resonator as shown here, or of 

both in a more severe case. The reduced charge transfer rate to 

the load causes lower output voltage, as well as decreased 

efficiency due to the switching losses introduced by the 

residual currents of the resonators at the switching instance. 

Fig. 4c illustrates a case where the on-time of each tank is 

determined according to its resonant frequency, resulting in full 

ZCS operation. To allow constant switching frequency for both 

tanks, the switching period is calculated based on the following 

equation: 

2 2 ; max{ , }
_ _ 1 2

T T DT T T T
SW on max on max

= + = ,     (5) 

where DT is the applied dead-time and T1, T2 are the tuned on-

times for full ZCS operation. 

Tuning into ZCS can be obtained by evaluation of the 

currents at the switching instances followed by the required 
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Fig. 4. Mismatched resonators steady-state current waveforms. (a) Early-
switching of the first resonator. (b) Late-switching of the first resonator.      
(c) Tuned ZCS operation of both resonators. 
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modifications to the on-times of each tank. The most 

straightforward approach for zero-current-detection (ZCD) is 

current sensing. Shunt resistor, Rds,on sensing, SenseFET and 

current transformers [30]-[31] are all viable solutions, but 

require overdesign or additional protection circuitry, due to the 

high currents in the tanks (tens of Amps under full load 

conditions) and the actual low currents which are of interest at 

the switching moments. In this study, a different approach to 

obtain the currents’ polarity at the switching instance has been 

implemented, while keeping a simple and cost-effective design. 

Here, the voltages of the switching nodes (VSW1 and VSW2 in 

Fig. 2) at the end of the charging-state, i.e. the turn-off instance 

of Q1 (Q3) and Q5 (Q9) are used as indicators for early-, late-, or 

zero-current switching, as illustrated in Fig. 4a-c. In the case of 

early-switching of the first tank (Fig. 4a), the continuity of the 

resonant current forces the conduction of Q5’s body-diode, and 

VSW1 is clamped to Vout+VF, where VF is the forward voltage of 

the body-diode. In case the first tank operates with excessive 

on-time (late-switching), the resonant current’s polarity 

reverses during the charging period and at the turn-off instance 

the node’s voltage is clamped to -VF, as shown in Fig. 4b. Only 

for the case of ZCS (Fig. 4c) the voltage of the switching node 

remains unchanged, therefore an indicator for early-, late-, or 

zero-current-switching is obtained. 

III. ZCS DETECTION CIRCUIT AND CONTROL METHOD 

A. Sensing Circuit 

As described earlier, the on-time of each resonant tank is 

modified to achieve ZCS based on the voltages at the bottom 

switching nodes (VSW1 and VSW2 in Fig. 2) which act as direct 

indicators to the polarity of the resonant current at the 

switching moment. Fig. 5 shows a two-comparator based ZCD 

sensor, employed in this study, which produces a 2-bit 

representation of the switching-node voltage. Two references 

are produced as a function of the output voltage, Vth1 and Vth2 in 

Fig. 5, which feed the upper and lower comparators negative 

inputs, respectively. This configuration acts as a small 

thermometric coder, translating the voltage to one of the 

following digital words: 2’b00, 2’b01 and 2’b11, which at the 

switching moment correlate to late-switching, zero-current-

switching and early-switching, respectively. All possible ZCD 

sensor outputs are summarized in Table I. 

 The ZCD sensor’s resistors are chosen according to the 

following expression: 

2

1 2

R R R RC B C

R R R R R R R RB C A B C A

+
 

+ + + + +
,               (6) 

where R1 and R2 determine the gain of the sensed switching 

node and RA, RB and RC determine the reference window. Due 

to the drain-source capacitance of the power switches in 

practical systems, clamping to -VF is not guaranteed in case of 

light-load or low residual currents at the turn-off moment. 

Therefore, a small reference window around VSensed has been 

realized to ensure accurate tuning to ZCS under all conditions. 

The sensor tracks the output voltage and produces the 

references so that convergence to ZCS is guaranteed, 

regardless of the switching-state (i.e. early- or late-switching) 

upon start-up. 

B. Auto-Tuned ZCS 

Inherent delay between the generated gating signals in the 

controller and the actual conduction of the transistors is quite 

common for all switch-mode applications. This delay is 

generally unknown and may significantly vary as a function of 

the operating point or the passive components, driving circuitry 

and power transistors used. In addition, as in many realizations 

of ZCD sensors, indicator that has been employed (detailed 

earlier) produces usable information around the vicinity of the 

switching since it is based on reading the clamping diodes 

status. Therefore, sampling the ZCD sensors must be able to 

compensate, or at least consider this inherent delay so that an 

accurate status information is obtained, i.e. early or late 

switching. In this study, two approaches have been realized to 

acquire the information from the ZCD sensors while 

accounting for the above-mentioned delay. 

The first approach, referred to as synchronous sampling, is 

based on continuous sampling of the ZCD sensors. During the 

charging-state the output of the ZCD sensor is known and 

equals 2’b01. Sampling is performed at the beginning of each 

system clock cycle, from the turn-off command instance, until 

discharging-state is commenced, or a change at the ZCD 

sensor’s output is detected. 

The second approach, referred to as asynchronous 

sampling, is based on a single-sample at the turn-off instance. 

The sampling moment is determined based on a delay-

estimation-logic which performs initial estimation of the 

system delay at startup and further tunes to the actual sampling 

instance during operation. By doing so, at the cost of slightly 

more complex control hardware, a single sample timing control 

is enabled. Based on the estimated delay, the asynchronous 

sampling unit produces a clock-based sampling signal, which is 

TABLE I – ZCD SENSOR 

Condition S1 S2 

VSensed>Vth1 1’b1 1’b1 

VSensed <Vth2 1’b0 1’b0 

Vth2< VSensed <Vth1 1’b0 1’b1 
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Fig. 5. Switching node voltage sensing circuit. 
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the input to a delay-line based module, resulting in a sampling 

signal with a time-resolution of a single delay-element, as 

shown in Fig. 1. 

Regardless of the chosen sampling approach, once closed-

loop operation is enabled, the on-time of each sub-circuit is 

modified independently and the STC switching frequency is set 

according to (5). The startup value for the on-time of each 

resonator related sub-circuit is chosen to satisfy the following: 

 0 2T L Cr ron
  ,   (7) 

so that the resonator current will not change its polarity twice 

on the course of a charging period, i.e. convergence to ZCS is 

assured for a wide range of initial switching periods, with up to 

100% deviation from the true value. 

IV. SIMULATIION AND EXPERIMENTAL VALIDATION 

To validate the operation of the 4:1 STC with the self-tuned 

ZCS control, a 48V-to-12V experimental prototype has been 

designed, fabricated and tested. The experimental STC 

hardware has been designed on a 14-layer PCB, shown in    

Fig. 6, and is rated for 650W with effective power-stage 

dimensions of 5cmX2cmX0.6cm. The components’ parameters 

and values are detailed in Table II. The self-tuning control 

scheme, with the two sampling approaches have been 

implemented on Altera Cyclone IV FPGA using Quartus 

environment. In addition, several demonstrative cases have 

been simulated to verify the effectiveness of the control and to 

enable in-depth examination of the experimental results. 

 

A. Time-Domain results 

The dynamic response of STC with self-tuning control, has 

been verified by a set of simulations conducted in PSIM 

(PowerSim, Inc.). Among the simulated cases are convergence 

to ZCS of matched and mismatched tanks under various 

operating conditions. 
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Fig. 7. Convergence to ZCS of a 4:1 STC with mismatched tanks.         
(a) Resonant currents and output voltage. (b) Zoom-in on the resonant 

currents and switching nodes in open-loop. (c) Zoom-in on the resonant 

currents and switching nodes during convergence. (d) Zoom-in on the 

resonant currents and switching nodes at ZCS. 

TABLE II – EXPERIMENTAL PROTOTYPE VALUES AND 

PARAMETERS 

Component Value 

Input voltage Vin 48V 

Output power  650W 

Resonant capacitor Cr1, Cr2 2.35µF 

Resonant inductor Lr1, Lr2 70nH 

Flying capacitor Cf 40µF 

Q1-Q4 40V/2.5mΩ 

Q5-Q10  25V/1.3mΩ 
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Fig. 6. Photograph of the PCB of 4:1 STC. 
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A simulated case of convergence to ZCS of a STC with 

mismatched tanks is shown in Fig. 7. The passive components 

of the resonant tanks were chosen with ±10% variation from 

their nominal values to verify the effectiveness of the control 

method under non-ideal operating conditions. The parameters 

of the nominal values of the passive components are: 

Cr=2.35µF, Lr=70nH, RL=0.26Ω. Results of the self-tuning 

process are shown in Fig. 7a-d, demonstrating convergence 

onto tuned conditions from off-tune starting points of both 

resonators. As can be seen, the voltage at the switching nodes 

is a direct indicator to the switching-state. Once the controller 

is enabled, the on-time of each resonator is modified according 

to its resonant period and the switching frequency of the STC 

is set accordingly. It can be seen that the output voltage 

increases to approximately 12V, which is the no-load target 

voltage, indicating that in the context of optimal charge 

transfer, the on-time of each resonator has been properly tuned. 

Fig. 8 shows experimental waveforms for closed-loop 

operation with deliberate mismatch between the resonant tanks 

(Cr1=2.62µF, Lr1=70nH, Cr2=2.35µF, Lr2=50nH). In addition, 

the switching frequency during open-loop operation is 

arbitrarily chosen to verify convergence to ZCS with no 

information of the nominal resonant frequency. Fig. 8a shows 

smooth transition from open-loop early-switching to ZCS of 

both resonant tanks. A zoomed-in view of the resonant currents 

as well as the switching nodes is shown in Fig. 8b-c. As can be 

seen in Fig. 8a, once the tuning process is initiated the output 

voltage gradually increases from 10.57V to 11.75V, which 

correlates to the improved charge transfer rate achieved in 

tuned operation. 

B. Efficiency and Thermal Performance 

Efficiency curves of the 4:1 STC with mismatched tanks 

(Cr1=2.82µF, Lr1=70nH, Cr2=2.82µF, Lr2=50nH) under 

untuned and self-tuned conditions are shown in Fig. 9. The 

STC’s efficiency is over 97% for most of the load range and 

reaches peak efficiency of 98.4% and 98.6% for open-loop and 

self-tuned conditions, respectively. Output voltage droop 

measurements, which are shown in Fig. 10, as well as the 

efficiency curves of Fig. 9 demonstrate the effectiveness of the 

self-tuned control, in particular for higher loads where rms and 

core losses are eminent. 
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Fig. 8. Experimental results of a 4:1 STC’s transition from open-loop 

early-switching to ZCS by the self-tuned control. (a) Full view of the tanks’ 
currents and the output voltage. (b) Zoom-in view during open-loop operation 

of the tanks’ currents (top-blue, middle-green) 20A/div, switching nodes 

(middle-yellow, bottom-red) 10V/div, time scale 1µs/div. (c) Zoom-in view 
during ZCS self-tuned operation of the tanks’ currents (top-blue, middle-

green) 20A/div, switching nodes (middle-yellow, bottom-red) 10V/div, time 

scale 1µs/div. 

 
Fig. 10. Output voltage droop measurements of STC with mismatched 
tanks. 
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Fig. 9. Efficiency curves of STC with mismatched tanks. 
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Mismatched operation also results in an uneven thermal 

performance due to circulating currents in the system. Thermal 

images of the power-stage at 350W output power with only 

fan-cooling, under untuned and self-tuned conditions are 

shown in Fig. 11a and Fig. 11b, respectively. It can be seen 

that self-tuned control is crucial not only for increasing 

efficiency, but also for maintaining even thermal performance 

of both resonators. 

V. CONCLUSION 

An optimal soft-switched self-tuned control for 48V-to-

12V STC has been presented. The control modifies the 

conduction time of each resonator to half of its resonant period, 

to utilize maximum charge transfer to the load for increased 

output voltage and efficiency. Evaluation of the resonator’s 

current polarity at turn-off is performed by a simple and cost-

effective ZCD sensor. Two approaches have been developed 

for the sensor’s data acquisition, taking into account any delays 

between the controller’s gating command and the actual turn-

off of the power-stage transistors. The control operation has 

been experimentally validated on a 650W 48V-to-12V STC 

prototype with PCB area of 5cmX2cmX0.6cm, demonstrating 

peak efficiency of 98.6% at 200W, and accurate on-the-fly 

tuning capabilities over the entire load range and for various 

component mismatch scenarios. 
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