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Abstract—This paper proposes a novel nonisolated flyback
switching capacitor voltage regulator. The converter is a combi-
nation of a switching capacitor converter and a pulsewidth modu-
lation voltage regulator, and it has the following advantages: 1) the
switches achieve zero voltage switching (ZVS); 2) the self-driven
method of the synchronous rectifier (SR) is applied to save the drive
loss and the body diode conduction loss; 3) the transformer leakage
inductor is utilized to realize the soft switching of the switches; and
4) single-phase option makes it more flexible. Its derivation, op-
eration principle, and self-driven method are presented. A single-
phase 700 kHz 1.2 V/35 A output point-of-load prototype was built
to verify the analysis.

Index Terms—Pulsewidth modulation (PWM) converter, self-
driven, switching capacitor converter, zero voltage switching
(ZVS).

I. INTRODUCTION

W ITH rapidly growing computer and telecommunication
applications, the operation voltage of a new-generation

computer microprocessor keeps reducing to 1 V and even be-
low, while the current is increasing up to 130 A. Some micro-
processors in servers even require as large as 170 A current.
Furthermore, the high clock frequency induces very high cur-
rent slew rate when the microprocessor operation changes from
the sleep mode to the power mode [1]. On the other hand, to
support the technology trend of much higher power density, in-
dustry attempts to pack more functionality and more advanced
power-hungry processors onto each circuit board together with
the customized miniaturized power point-of-load (POL) con-
verters. The voltage regulator module, which provides power to
the CPU, is a kind of POL converter. High efficiency, high power
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Fig. 1. ZVS self-driven nonisolated full-bridge converter.

density, and good dynamic performance are the main targets for
designing POL converters.

High switching frequency increases the control bandwidth so
that fewer output capacitors are needed for the same transient
requirement. However, the conventional multiphase buck con-
verter has several serious problems at higher frequency: higher
switching loss, higher drive loss, and higher body diode con-
duction loss of the SRs [2]–[8].

A self-driven zero voltage switching (ZVS) nonisolated full-
bridge dc/dc converter was proposed in [9] and [10], and is il-
lustrated in Fig. 1. Compared with the buck converter topology,
the self-driven ZVS nonisolated full-bridge dc/dc converter has
these advantages: 1) ZVS of all the MOSFETs; 2) using the self-
driven technique to eliminate SR drivers and save the cost; 3) no
need to adjust SR control timing, hence SR body diode conduc-
tion loss is reduced; and 4) the extended duty cycle reduces the
turn-off loss and body diode reverse recovery loss significantly.
Compared with buck, the nonisolated full-bridge converter is
more efficient. However, this topology still has some draw-
backs. 1) Two-phase operation makes large circulation losses
during the freewheeling stage. 2) Transformer leakage induc-
tance has significant impact on the efficiency. PCB windings
are usually introduced to reduce the leakage inductance, which
increases the converter’s cost. 3) Two-phase operation makes
the structure complicated and inflexible.

In order to solve the aforementioned problems, the non-
isolated full-bridge converter can be decoupled into two sym-
metrical single parts. The decoupled converter has two operation
modes: switching capacitor mode and voltage regulation mode.
It can not only regulate the output voltage by adjusting the duty
cycle, but also maintain the good dynamic performance of the
switching capacitor converter. This paper discusses the opera-
tion principle, self-driven method, and an optimized design of

0885-8993/$31.00 © 2012 IEEE

www.IranSwitching.ir

www.IranSwitching.ir


JIN et al.: NONISOLATED FLYBACK SWITCHING CAPACITOR VOLTAGE REGULATOR 3715

Fig. 2. Derivation process.

the proposed single-phase converter. A 700 kHz 1.2 V/35 A
POL prototype was built to verify the theoretical analysis. The
experimental results show that this novel topology is suitable
for high-frequency POL applications.

II. DERIVATION OF THE PROPOSED CONVERTER

As shown in Fig. 1, the top and bottom parts of the non-
isolated full-bridge topology can be treated as a single phase,
respectively. The input and output of the two parts are decou-
pled. Only the transformer’s primary side of the two parts is
coupled. The electrical potential of C point is changing during
the ON and OFF of the switches. In order to create a single-
phase converter, it can be split into two symmetrical parts. The
derivation steps are as follows: 1) keep the electrical potential
of C point to be a constant one; 2) add capacitors at point C; and
3) cut down the middle of the converter and get two single-phase
converters so that each converter can operate independently. The
derivation process is shown in Fig. 2. Actually, there are two dif-
ferent ways to keep the electrical potential of C point constant.
One way is to change the transformer polarity, which was pro-
posed in [11]. The other way is to keep the transformer polarity
unchanged, and to adjust the control timing of the SRs, which is
the proposed converter in this paper. Fig. 3 shows the new con-
verter’s main circuit, key waveforms, and simplified equivalent
circuits of each mode.

During [t0 , t1], Q1 is turned ON. Fig. 3(c) shows its sim-
plified equivalent circuit. The voltage difference between input
voltage Vin and capacitor voltage VC applies to the transformer
magnetizing inductor L1 , and its current iL1 increases linearly.
The output voltage can be regulated by the duty cycle of Q1 . It
behaves as a pulsewidth modulation (PWM) voltage regulator
in this mode.

During [t1 , t2], Q1 is turned OFF, and Q2 and S1 are turned
ON. The output voltage Vo applies to L1 inversely, so iL1 re-
duces linearly. Vo reflects to the primary side, and is in paral-
lel with VC directly. The converter now behaves as a switch-
ing capacitor converter, which has good dynamic performance
[11]–[16].

Switching capacitor converter has good dynamic performance
as the absence of the inductors. And switching capacitor cell is
always been added in the traditional converter to achieve larger
voltage gain [17]–[20].

It can be seen that the decoupled single-phase converter has
two operation modes: voltage regulation mode and switching
capacitor mode. It is a combination of switching capacitor con-
verter and PWM voltage regulator. From the energy flow point
of view, it is similar to the flyback converter, so the proposed
converter is named as nonisolated flyback switching capacitor
voltage regulator.

Compared to the original nonisolated full-bridge dc/dc con-
verter, the new topology is more flexible because it can work in
single-phase option. According to different applications, opti-
mized phases can be paralleled to meet the efficiency and cost
specification. Each phase is independent. In order to achieve
higher efficiency during the whole load range, phase shedding
control strategy can be employed, so that the converter can work
at the optimal efficiency according to different load conditions.
In addition, nonlinear control and burst mode control can be
employed to increase dynamic performance during the transient
operation.

According to the voltage–second balance of the magnetic
inductor, the voltage conversion ratio can be derived as follows:

nVo(1 − D)Ts = (Vin − Vcb)DTs (1)

Vcb = nVo (2)

Vo

Vin
=

D

n
(3)

where D is the duty cycle of Q1 and n is the transformer primary-
to-secondary winding turns ratio.

Comparing the proposed converter and the ultra large gain
step-up switched-capacitor dc–dc converter with a coupled in-
ductor which was proposed in [17], the result is shown in Table I.

www.IranSwitching.ir

www.IranSwitching.ir


3716 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 8, AUGUST 2013

Fig. 3. Nonisolated flyback switching capacitor voltage regulator. (a) Main
circuit. (b) Key waveforms. (c) Equivalent circuits.

TABLE I
COMPARISON OF TWO CONVERTERS

III. OPERATION PRINCIPLE WITH A LEAKAGE INDUCTOR

In a practical circuit, the employment of a transformer means
introducing a leakage inductor. In Section II, operation principle
of the converter is given when its leakage inductor is small
enough and can be neglected. If the leakage inductor is large
and cannot be ignored, it will resonate with the primary capacitor

Fig. 4. Nonisolated flyback switching capacitor voltage regulator with leakage
inductor. (a) Main circuit. (b) Key waveforms.

to achieve quasi-resonant soft switching. The detailed operation
principle of the nonisolated flyback switching capacitor voltage
regulator with leakage inductor is given in this section. Fig. 4
shows the main circuit and key waveforms.

Before the analysis, the following assumptions are made:
1) all the switches are ideal; 2) all the capacitors and the induc-
tors are ideal; and 3) the output capacitors Co is large enough to
be treated as a voltage source.

The converter has six stages in one switching cycle.Fig. 5
shows the equivalent circuits of each stage. The operation prin-
ciple is as follows.

1) Stage 1 [t0 , t1] [see Fig. 5(a)]: Q1 conducts, the trans-
former magnetizing inductor L1 is charged by the trans-
former secondary current, and iL1 increases linearly. The
input energy is stored in Cb and L1 .The output capacitor
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Fig. 5. Equivalent circuits. (a) [t0 , t1 ]. (b) [t1 , t2 ]. (c) [t2 , t3 ]. (d) [t3 , t4 ]. (e) [t4 , t5 ]. (f) [t5 , t6 ].

Co powers the load

iLr (t) = ILr (t0) cos wr1(t − t0)

+
Vin − VC b(t0)

Zr1
sin wr1(t − t0) (4a)

vC b(t) = Vin − [Vin − VC b(t0)] · cos wr1(t − t0)

+ Zr1ILr (t0) sin wr1(t − t0) (4b)

where ωr1 = 1/
√

LeqCb, Zr1 =
√

Leq/Cb, Leq = Lr +
n2L1 , ILr(t0) and VC b(t0) are the current of Lr and voltage
of Cb at t0 , respectively.

2) Stage 2 [t1 , t2] [see Fig. 5(b)]: At t1 , Q1 is turned OFF.
iLr charges CQ1 and discharges CQ2 . Approximately as-
suming that the voltage of Cb remains unchanged during
this period

iLr (t) = ILr (t1) cos ωr2(t − t1)

+
Vin + nVo − VC b(t1)

Zr2
sin ωr2(t − t1) (5)

where ωr2 =1/
√

Lr (CQ1 +CQ2), Zr2 =
√

Lr/(CQ1+CQ2).
The stage ends when vQ2 is discharged to zero.

3) Stage 3 [t2 , t3] [see Fig. 5(c)]: Since vQ2 declines to
zero at t2 , Q2 can be turned ON under ZVS. S1 conducts
at the same time. The transformer leakage inductor Lr

resonates with blocking capacitor Cb . The stage ends when
iLr resonates to zero

iLr (t) = ILr (t2) cos wr3(t − t2)

+
nVo − VC b(t2)

Zr3
sin wr3(t − t2) (6a)

vC b(t) = nVo − [nVo − VC b(t2)] · cos wr3(t − t2)

+ Zr3ILr (t2) sin wr3(t − t2) (6b)

where ωr3 = 1/
√

LrCb and Zr3 =
√

Lr/Cb .
4) Stage 4 [t3 , t4] [see Fig. 5(d)]: Lr and Cb keep resonat-

ing. The primary current changes the direction at t3 . The

www.IranSwitching.ir

www.IranSwitching.ir


3718 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 8, AUGUST 2013

energy stored in Cb and L1 powers the load

iLr (t) =
nVo − VC b(t3)

Zr3
sinwr3(t − t3) (7a)

vC b(t) = nVo − [nVo − VC b(t3)] · cos wr3(t − t3). (7b)

At t4 , Q2 is turned OFF. The turn-off current of Q2 is
determined by the Lr − Cb resonant network. For a given
transformer, Lr is fixed. The resonant network can be
well designed by choosing a suitable Cb to achieve ZCS
turn-off of Q2 . Therefore, the converter’s efficiency is not
sensitive to Lr . This is an important advantage of the
proposed converter. It can use the discrete transformer,
which is easy to install and can save the cost as well.

5) Stage 5 [t4 , t5] [see Fig. 5(e)]: At t4 , Q2 and S1 are turned
OFF. iS1 flows through S1’s body diode DS1 . iLr charges
CQ2 and discharges CQ1

iLr (t) = ILr (t4) cos ωr2(t − t4)

+
nVo − VC b(t4)

Zr2
sinωr2(t − t4). (8)

The stage ends when vC Q1 reduces to zero.
6) Stage 6 [t5 , t6] [see Fig. 5(f)]: vQ 1 declines to zero at t5 ,

and Q1 can be turned ON under ZVS. Lr and Cb resonate

iLr (t) = ILr (t5) cos wr3(t − t5)

+
Vin + nVo − VC b(t5)

Zr3
sinwr3(t − t5) (9a)

vC b(t) = Vin + nVo − [Vin + nVo − VC b(t5)]

· cos wr3(t − t5) + Zr3ILr (t5) sin wr3(t − t5)

(9b)

When the secondary current increases to transformer’s mag-
netizing inductor current at t6 , S1’s body diode DS1 turns off
naturally. The primary current starts to increase linearly, and the
next switching cycle begins.

IV. ADDITIONAL WINDING SELF-DRIVEN METHOD

The main benefit of self-driven technique is that as the driv-
ing circuit is simplified, SR body diode conduction loss is min-
imized and partial driving energy is recycled, which leads to a
low-cost, high-efficiency solution [21]. Therefore, a self-driven
method was employed in the proposed topology to provide the
drive signal for SR.

The SR drive loss can be calculated by

Pdrive loss = Qg × Vdrive × fs. (10)

Qg is proportional to Vdrive , and fs is the switching frequency.
Different devices have different optimized drive voltages. Two
IRF6796 in parallel were employed as the SR. Fig. 6 shows the
SR loss comparison between different drive voltages. Reducing
the drive voltage can save drive loss but suffer from the con-
duction loss. From the comparison it can be found that 8 V is
the optimized SR drive voltage. So getting an optimized drive
voltage signal with the same timing as Q2 is the key to save SR
loss.

Fig. 6. SR loss comparison between different drive voltages.

Fig. 7. Synchronous rectifier self-driven circuit. (a) Main circuit. (b) Key
waveforms. (c) Transformer winding orientation.

In order to get the optimized drive voltage, multiple windings
are added to the transformer to generate any voltages that SR
needed without adding additional fiux to the core. Fig. 7 gives
the circuit diagram, the key waveforms, and the transformer
winding orientation of the additional winding SR self-driven
method. To make full use of the core’s window area, the drive
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Fig. 8. Loss comparison between different turns ratio.

Fig. 9. Turn-off current of Q2 at different Cb values.

Fig. 10. Voltage-loop-gains of the flyback SC regulator and buck converter.

stage winding FG and the main power transformer windings AC,
BD are laid around the left and right bars of the core separately.
By doing this, the coupling coefficient of the drive stage winding
and the main power stage windings will be low, resulting in a
large drive winding leakage inductor, which leads to the drive
voltage ring and increases the drive loss. That is why another
primary drive stage winding AE in parallel with AC is employed,
as shown in Fig. 7(a) and (c).

The voltage across AE is exactly the same as AC. Winding AE
and FG interleave and lay around the left core bar. It leads to a
lower leakage inductor. Switches’ drive signals and transformer
windings voltage waveforms are presented in Fig. 7(b). It is seen
that vgs(S1) follows vgs(Q2) and the magnitude is (nd/np) · Vin ,
which can be regulated by adjusting the number of turns of FG.

V. CHARACTERISTICS

A. Transformer Turns Ratio

According to (3) and prototype specifications, the transformer
turns ratio n is initially chosen as 4:1. A small duty cycle concept
is employed to reduce SR RMS current [22]. In order to enlarge

Fig. 11. Loss breakdown comparison between the flyback SC regulator and
buck converter.

TABLE II
PRACTICAL COMPONENTS OF TWO CONVERTERS

Fig. 12. Single-phase SC regulator hardware picture.

SR conduction time, a lower turns ratio should be used. With
n = 3, the SR conduction loss is much reduced by paying for
a little primary side loss. The total loss is reduced. If the turns
ratio is further reduced to 2:1, the primary side loss will be
dominant and the total loss will increase. Fig. 8 shows that the
smaller the transformer turns ratio, the smaller the RMS current
in SR and its conduction loss will be. But with the reduction of
n, the primary side current increases. As a result, the primary
conduction and switching losses are increased. Therefore, n =
3 is the optimal design in this case.

B. Value of a Blocking Capacitor

According to the operation principle analysis, the turn-off
current of Q2 is determined by the Cb − Lr resonant networks.
For the transformer of this converter, Lr = 10 nH. Cb can be
optimized to get low turn-off switching loss. Fig. 9 shows the
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Fig. 13. Experimental waveforms. (a) Waveforms of vg s (Q 1) , vg s (Q 2) , and vg s (S 1) . (b) Load transient waveforms. (c) Resonant waveforms of Cb and Lr

(Cb = 2 μF). (d) Resonant waveforms of Cb and Lr (Cb = 10 μF).

turn-off current of Q2 at different Cb values. Choose Cb = 4 μF
to realize ZCS of Q2 .

C. Achievement of ZVS

As the ZVS turn-on of Q2 is implemented by the energy of
the leakage inductor

1
2
Lr i

2
Lr >

1
2Q1

V 2
Q1 +

1
2Q2

V 2
Q2 (11)

1
2
Lr i

2
Lr >

1
2
CQ1V

2
in +

1
2
CQ2

(
n − 1

n
Vin

)2

. (12)

From the waveform of iLr in Fig. 4, the current of leakage
inductor when Q1 is turned OFF can be calculated as follows:

iLr (t1) + iLr (t1) −
Vo(1 − D)Ts

nLm
=

2Io

n
(13)

iLr (t1) =
Vo(1 − D)Ts

2nLm
+

Io

n
. (14)

So, the load range of Q2’s ZVS turn-on is as follows:

Io > n

√
CQ1V 2

in + CQ2(n−1
n Vin)2

Lr
− Vo(1 − D)Ts

2Lm
. (15)

As for Q1’s ZVS turn-on, it is easy that the energy of the
magnetic inductor can also be used for soft switching and the
sufficient dead time is just needed.

D. Dynamic Performance Comparison

To verify that the proposed converter has better dynamic per-
formance over traditional buck converter, the simulation was
done by SIMPLIS. The loop gains of two converters with unity
compensator gain are shown in Fig. 10. Two converters operate
at 700 kHz and are with the same output capacitors. It is obvious
that the crossover frequency of the proposed converter (Lr =
10 nH, L1 = 90 nH, Cb = 2.5 μF) is higher than that of buck
converter (Lf = 120 nH). Compared with buck converter, less
output capacitors are needed for proposed converter to achieve
the same transient response. Therefore, the proposed converter
has better dynamic performance.

E. Loss Breakdown Comparison

Fig. 11 shows the loss breakdown comparison at full load
between the flyback SC regulator and buck converter. Both of
the converters operate at 700 kHz. The switching loss of buck
converter is dominant when the switching frequency getting
higher. The proposed converter saves huge switching loss by
using soft switching. Therefore, the overall full-load efficiency
is improved.
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Fig. 14. Efficiency curves.

VI. EXPERIMENTAL RESULTS

To verify the aforementioned analysis, a single-phase 700 kHz
1.2 V/35 A POL hardware was built in a laboratory. The
specifications are as follows: Vin = 10.04–12.6 VDC , Vo = 0.8–
1.6 VDC , Iomax = 35 A. Q1 , Q2 : RJK0453, S1 : 2∗IRF6796, pri-
mary side capacitor Cb : 4∗1 μF MLCC/TDK, driver: ISL6620.

In order to verify the advantages of the proposed converter, a
two-phase buck converter is designed and built in the laboratory
as a benchmark. Table II gives the practical components of two
converters.

Fig. 12 shows the hardware picture of the proposed converter.
Fig. 13 shows the experimental waveforms. Fig. 13(a) gives the
waveforms of vgs(Q1) , vgs(Q2) , and vgs(S1) . The drive voltage
of vgs(S1) is about 8 V, and its timing sequence exactly follows
vgs(Q2) . It proves that the additional winding self-driven method
works well. Fig. 13(b) shows the load transient waveform. A
VTT tool was used to generate 25 A load step at a slew rate
of 2 A/ns. 470 μF capacitors from TDK are used as the bulk
decoupling capacitors. The load line is designed to have 1.25 mΩ
active droop resistance. Fig. 13(c) and (d) shows the resonant
waveforms of Cb and Lr when Cb is 2 and 10 μF separately.

Fig. 14 gives the overall efficiency curves. The proposed con-
verter operating is compared with a two-phase buck converter at
700 kHz. The buck converter operates in one phase below 15 A.
It shows that the proposed converter has higher full-load effi-
ciency. But at light-load condition, there is circulating energy in
the proposed converter. It results in larger conduction loss and
hurt the light-load efficiency. A nonlinear control strategy, such
as burst mode control, should be employed to further improve
light-load efficiency.

VII. CONCLUSION

This paper proposed a nonisolated flyback switching capaci-
tor voltage regulator. It is a combination of a switching capac-
itor converter and PWM voltage regulator. Its advantages are
as follows: 1) the converter has two operation modes, switch-
ing capacitor mode and voltage regulation mode, making it has
both the good dynamic performance of the switching capacitor
converter and the voltage regulation capability of the PWM volt-
age regulator; 2) the additional transformer winding method is
used to realize the self-driven method of SR; 3) the transformer

leakage inductor and the blocking capacitor resonant to achieve
soft switching of the switches; and 4) since its efficiency is not
sensitive to leakage inductor, it can use the discrete transformer,
which is easy to install and saves the cost as well.
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