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Regulated Charge Pump With New Clocking
Scheme for Smoothing the Charging Current

in Low Voltage CMOS Process
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Abstract— A regulated cross-couple charge pump with new
charging current smoothing technique is proposed and verified
in a 0.18-µm 1.8-V/3.3-V CMOS process. The transient behaviors
of 3-stage cross-couple charge pump and the expressions for
the charging current are described in detail. The experiment
results show that the charging current ripples are reduced by
a factor of three through using the proposed new clocking
scheme. The voltage ripples in the power supply line, which
is connected with the charge pump input, are also smoothed
greatly as the filter circuit does. The proposed scheme is used to
decrease the smoothing capacitance in the power line of charge
pump for reducing the size of implantable devices in biomedical
application. In addition, the power efficiency is improved. The
proposed cross-couple charge pump can provide 10.5-V output
voltage with 3.5-mA output current, and the power efficiency of
the charge pump can be up to 69%.

Index Terms— Charge pump, charging current ripples,
high-voltage-tolerant, peak current, power efficiency, transient
behaviors.

I. INTRODUCTION

ELECTRICAL stimulation had been generally used to
recover some physical functions of human beings, such as

epileptic-suppression prosthesis [1], [2], proprioceptive pros-
thesis [3], and retinal prosthesis [4], [5]. The required supply
for the electrical stimulation varies from a few volts to tens
volts in various applications, e.g. the high voltage generator
for epileptic-suppression prosthesis should provide at least
12-V voltage supply [6]. In addition, the off-chip devices of
the implantable devices should be eliminated as possible for
reducing the size of device.

The issues in the conventional charge pump circuits, such
as body effect, gate-reliability issues [7], threshold voltage
drop, and return-back leakage current [8], had been widely
studied. But, the charging current of the conventional charge
pump is the power exponent function of time. A filter or
smoothing circuit is needed in the power line to smooth
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the charging current. In the simplest form, this can be a
capacitor placed across power supply line. Therefore, the
size of the implantable device is disadvantageously increased.
The problem is worsen for wireless powered implantable
devices, because the energy from wireless power system is
limited [9], [10]. In order to produce a steady DC voltage
for charge pump, a large smoothing capacitance in the power
line is needed. If the peak charging current of charge pump
is reduced, the smoothing capacitance in the power line can
be decreased. Therefore, the size of the implantable device
decreases. In addition, reducing the charging current peaks can
enhance the transient response of the front power source (e.g.,
LDOs), reduce the transient noise in the power supply line,
and improve the electromagnetic emission (EME) behavior of
the implantable devices. In [11], the EME can be reduced up
to 20 dB by reducing the charging current peaks by a factor
of three.

This work proposed a new charge pump with phase-shifted
clocks. Compare to the conventional high-voltage charge pump
system, this high-voltage-tolerant charge pump can smooth the
charging current by using new clocking scheme, instead of
using the filter capacitor. The experimental results show that
the proposed new phase-shifted clocks for charge pump can
smooth the charging current ripple with a factor of three. More
still, the power efficiency is improved.

II. TRANSIENT BEHAVIORS ANALYSIS FOR

CROSS-COUPLE CHARGE PUMP

A. Expressions for Charging Current of Cross-Couple
Charge Pump Without Phase-Shifted Clocks

Fig. 1(a) shows the proposed 3-stage cross-couple charge
pump, which can generate the high voltage without the elec-
trical overstress and gate-oxide reliability issues [12], [13].
The conventional clock scheme for charge pump is shown
in Fig. 1(b). When the clock signals (clkbu_1, clkbu_2,
clkbu_3, and clkbu_4) are logic 0, transistors (ME1 to ME9)
are turned on, and the other transistors in the circuit are turned
off. There are four charging current paths flowing out from the
power source to the charge pump, which are indicated by the
dotted line in Fig. 1(a). In order to analyze and calculate those
charging currents for simplicity, the following assumptions are
made.

1) Each pumping capacitor and transistor has the same
value of CE and on-resistance Ron , respectively.

2) Each stage charge pump is driven by 2-phase clock with
the cycle of T seconds.
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Fig. 1. (a) Detailed schematic of the 3-stage charge pump. (b) Clocking
schemes for charge pump without phase-shifted clocks. (c) Clocking schemes
for charge pump with phase-shifted clocks.

3) The parasitic capacitance of the pumping capacitor is
negligibly small compared with the pumping capaci-
tance, and the pumping inverters have negligibly small
on-resistance.

4) The various sources of power loss in the charge pump,
such as the conduction loss, the switching loss, and the
reversion loss, are negligibly small.

5) Defining t = 0 at one of the falling edges of the clock
signal clkbu_1, this is indicated in Fig. 1(b).

The equivalent circuit for path 1 is shown in Fig. 2(a),
which is a type first-order RC circuit in the textbooks, the
charging current i1(t) in path 1, during 0 ≤ t < T/2, can be
expressed as

i1(t) = CE1 ·
(

VD D H − VCE1

(
0−)) (

1

Ron · CE1

)
·e− t

Ron ·C E1 ,

(1)

where VCE1(0
−) is the voltage on capacitor CE1 in the ending

of the latest half pumping cycle before t = 0. Referring
to [11], the output voltage (Vout ) of a n-stages positive charge

Fig. 2. Simplified equivalent circuits for (a) path 1, (b) path 2 and path
3, and (c) path 4, at the falling edge (t = 0) of the clock signals (clkbu_1,
clkbu_2, clkbu_3, and clkbu_4), respectively.

can be approximately expressed as

Vout = VD D H + n ·
(

VD D H · C E

CE+CB+C par

− T · Iout

2 · CE
− Ron · Iout

)

(2)

where VDDH is supply voltage used as the input voltage at the
charge pump input. CE , CB , and Cpar are the pump capaci-
tance, the boost capacitance, and the parasitic capacitances of
the pump capacitor in circuit, respectively. Iout is the output
current. In the ending of the latest half pumping cycle before
t = 0, the clock clkbu_1 switches from the logic high level to
the logic low level. Thus

VCE1

(
0−) =

[
VD D H +

(
VD D H · CE1

CE1+CB1+C par

− T · Iout

2 · CE1
− Ron · Iout

)]
− VD D H . (3)

In (3), the first item represents the output voltage of one-stage
(the first stage) of charge pump, and the second item represents
the effects which are resulted from the switching (from VD D H

to 0) of clock clkbu_1. Cpar and CB1 are negligibly smaller
than CE1, and the effect of Ron · Iout is neglected for simplicity,
VCE1(0

−) is approximately expressed as

VCE1

(
0−) = VD D H − T · Iout

2 · CE
. (4)

Define a(t) and ε as

a (t) = e−t/Ron ·CE (5)

ε = T · Iout

2·Ron·CE
. (6)

Substituting (4), (5), and (6) into (1), the charging current i1(t)
in path 1 can be expressed as

i1 (t) = ε · a (t) . (7)

The equivalent circuits for path 2 and 3 are shown in Fig. 2(b).
Kirchhoff’s voltage law for this RC circuit, during 0 ≤ t <
T/2, can be expressed as

VD D H − VCE2 (t) − VCE3 (t) − i2 (t) ·2 · Ron = 0 (8)
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where i2(t) is the charging current in path 2, VCE2(t) and
VCE3(t) are the transient voltages on the capacitors CE2
and CE3, respectively. Charge conservation equation for the
capacitors (CE2 and CE3) in the circuit can be expressed as

CE2·V CE2 (t) − CE3 · VCE3 (t)

= CE2·V CE2

(
0−) − CE3·V CE3

(
0−)

. (9)

The current through the capacitors (CE2 and CE3) can be
expressed as

i2 (t) = CE2 · dVCE2 (t)

dt
= CE3 · dVCE3 (t)

dt
. (10)

With (8), (9), and (10), the solutions for i2(t), VCE2(t), and
VCE3(t), during 0 ≤t < T/2, can be expressed as

i2 (t) = b (t) · C E3 · [VD D H − VCE3

(
0−) − VCE2

(
0−)]

(11)

VCE2 (t) = c (t) · [
VD D H − VCE3

(
0−) − VCE2

(
0−)]

+ VCE2

(
0−)

, (12)

VCE3 (t) = d (t) · [VD D H − VCE3

(
0−) − VCE2

(
0−)]

+ VCE3

(
0−)

(13)

where

b (t) = 1

2
· 1

Ron · CE
·e− t

τ (14)

c (t) = CE2

CE2 + CE3
·
(

1 − e− t
τ

)
= 1

2
·
(

1 − e− t
τ

)
(15)

d (t) = CE3

CE2 + CE3
·
(

1 − e− t
τ

)
= 1

2
·
(

1 − e− t
τ

)
(16)

τ = 2·Ron · CE2·CE3

CE2 + CE3
= Ron·C E . (17)

And VCE2(0
−) and VCE3(0

−) are the initial voltages on capac-
itor CE2 and CE3 at t = 0, respectively. Referring to (2),
VCE2(0

−) can be approximately expressed as

VCE2

(
0−) = −

(
2 · VD D H − T · Iout

2 · CE

)
. (18)

Referring to (3), VCE3(0
−) can be approximately expressed as

VCE3

(
0−) = 3 · VD D H − 3 · T · Iout

2 · CE
. (19)

Substituting (14), (17), (18), and (19) into (11), i2(t) can be
rewritten as

i2 (t) = T · I out · b (t) = ε · a (t) . (20)

On the same principle, i3(t) in path 3 and i4(t) in path 4,
during 0 ≤ t < T/2, can be expressed as

i3 (t) = ε · a (t) (21)

i4 (t) = ε · e (t) . (22)

where

e (t) = e− t
τ1 , (23)

τ1 = Ron · CE4 · CO

CE4 + CO
= Ron · CE ·C O

CE + CO
. (24)

With (7), (20), (21), and (22), the total charging current, during
0 ≤ t < T/2, can be expressed as

itotal,conv (t) = ε · [3 · a (t) + e (t)]. (25)

The total charging current itotal,conv(t) in (25) can be period-
ically extended to the whole operating range by defining a(t)
and e(t) as

a (t) = a

(
t + n · T

2

)
. (26)

e (t) = e

(
t + n · T

2

)
. (27)

Equation (25) shows that the total charging current decreases
exponentially with time, the maximum charging current
appears at t = 0. The maximum charging current can be
expressed as

itotal,conv (0) = 4 · ε. (28)

B. Expressions for Charging Current of Cross-Couple
Charge Pump with Phase-Shifted Clocks

The new clocking scheme with phase-shifted clocks for
charge pump is shown in Fig. 1(c). In Fig. 1(c), the clock
signals are separated to each other by a time delay of ( T

2 · m)
seconds, which means that the charge pump stages are started
up one stage by one stage with a delay, where 0 < m < 1

2 .
The total charging current can be expressed as

itotal,new (t) = i11 (t) + i12 (t) + i23 (t) + i44 (t) , (29)

where i11(t) is the charging current flowing from power supply
(VD D H ) to the first-stage pumping capacitor (CE1 or CE6).
i12(t) is the charging current flowing from the first-stage
pumping capacitor (CE1 or CE6) to the second-stage pumping
capacitor (CE2 or CE5). i23(t) is the charging current flowing
from the second-stage pumping capacitor (CE2 or CE5) to
the third-stage pumping capacitor (CE3 or CE4). And i44(t)
is the charging current flowing from the third-stage pumping
capacitor (CE3 or CE4) to the output capacitor (Co). Referring
to (11), i12(t), during 0 ≤ t < T/2, can be expressed as

i12(t) =

⎧⎪⎪⎨
⎪⎪⎩

ε·a(t)

2
[
1−c

(
T
2 ·m

)] . (
for 0 ≤ t < T

2 · m
)

ε·a(t)·
[
2−3·c

(
T
2 ·m

)]

2·a
(

T
2 ·m

)
·
[
1−c

(
T
2 ·m

)] .
(
for T

2 · m ≤ t < T
2

)
(30)

i23(t), during 0 ≤ t < T
2 · m, can be expressed as

i23 (t)

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

ε·a(t)·
[
2−3·c

(
T
2 ·m

)]
·a

(
T
2 (1−2·m)

)

2·
(

1−c
(

T
2 ·m

)) .
(
for0 ≤ t < T

2 · m
)

ε·a(t)

2·a
(

T
2 ·m

)
·
[
1−c

(
T
2 ·m

)] .
(
for T

2 · m ≤ t < T · m
)

ε·a(t)·
[
2−3·c

(
T
2 ·m

)]

2·a(T·m)·
[
1−c

(
T
2 ·m

)] (
for T · m ≤ t < T

2

)
.

(31)
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Fig. 3. Let Ron = 50�, CE = 50 pF, T =15 ns, and Co = 100 pF. (a) Curve
of itotal,conv(t) when m = 0. (b) Curve of itotal,new(t) when m varies from
1/10 to 1/3, m = 1/3 is the best case.

With (7) and (22), i11(t) and i44(t) can be approximately
expressed as

i11 (t) = ε · a (t) .

(
for0 ≤ t <

T

2

)
(32)

i44 (t) =
{

ε · e
(
t + T

2 (1 − 2 · m)
)
. (for 0 ≤ t < T · m)

ε · e (t − T · m) .
(
for T · m ≤ t < T

2

) .

(33)

Defining the current ripple attenuation factor g as

g = max
(
itotal,conv (t)

) − min
(
itotal,conv (t)

)
max

(
itotal,new (t)

) − min
(
itotal,new (t)

) (34)

where max(itotal,conv(t)), max(itotal,new(t)),
min(itotal,conv(t)), and min(itotal,new(t)) are the maximal
charging currents and minimum charging currents in the
whole operating range without and with phase-shifted clock,
respectively. Substituting (25) and (29) into (34), g is the
function of m, T , Ron , Co, and CE . In order to find the
relationship between the factor g, phase-shifted factor m,
pumping cycle T , τ in (17), and τ1 in (24), defining h as

h = T

τ
. (35)

Let Ron = 50 �, CE = 50 pF, T = 15 ns, and Co =
100 pF, The curves of itotal,conv(t) and itotal,new(t) are shown
in Fig. 3, respectively. In Fig. 3(b), it can be found that the
charging current is smoothed by a factor of two when m is
1/3. Fig. 4 is a 3-D graph that shows the variation of g as
the factor m is swept from 0 to 1/2 and h is changed from
1 to 15. The maximum g is ∼ 2.3 when m is 1/3 and h varies
from 3 to 9. When h≥ 10, the analytic results indicate that m,
where the maximum gcan be obtained, becomes smaller as h
becomes larger. For example, when h = 15, the maximum g is
2.17 as m is 0.21. Intuitively, m = 1/3 could be the best case,
because the clock phases are distributed evenly. The peak of

Fig. 4. When Ron = 50 �, CE = 50 pF, and Co = 100 pF. The variation
of g as the factor m is swept from 0 to 1/2 and h is changed from 1 to 15.

charging current with m = 0 is split averagely into three peaks
with m = 1/3, as shown in Fig. 3.

III. CIRCUIT IMPLEMENTATION AND

EXPERIMENTAL RESULTS

A. Circuit Implementation

The proposed new regulated charge pump, shown in Fig. 5,
consists of voltage divider, error amplifier, voltage control
oscillator (VCO), phase-shifted clock generator, level shifter,
4-phase clock generator, and 3-stage charge pump. PFM
feedback network is used to generate the regulated high output
voltage VCC. The output voltage (Vctrl) of the error amplifier
is decided by the difference voltage between VFB and VREF.
The clock frequency of clkl is controlled by Vctrl. When VCC
is lower than the predefined voltage, Vctrl becomes higher and
the frequency of clkl arises until VCC equals to the predefined
voltage. In contrast, the frequency of clkl becomes slower
when VCC is higher than the predefined voltage. The 3-stage
charge pump, shown in Fig. 1(a), is driven by the 4-phase clock
for eliminating the return-back leakage current. The circuit
of voltage-controlled oscillator (VCO) is shown in Fig. 6(a).
Five inverters are attached in a chain, and the output of the last
inverter is fed back into the first inverter. The proposed phase-
shifted clock generator is shown in Fig. 6(b). The output of
VCO is firstly divided down by the frequency divider of six.
Then, the clocks are separated to each other by the D flip-flops.
The level shifters convert the clocks from low voltage to high
voltage. When control signal Vctrlp is logic 1, the output clock
signals (clkd_1, clkd_2 and clkd_3) are separated to each other
by a time delay of T

6 seconds (m = 1/3) as shown in Fig. 1(c).
In this way, the maximum g in (34) can be obtained as
described in the theoretical analysis. When control signal Vctrlp
is logic 0, the output clock signals (clkd_1, clkd_2 and clkd_3)
will be not shifted as shown in Fig. 1(b). Fig. 7 shows the
detailed schematic of the 4-phase clock generator for reducing
the return-back leakage current.

B. Experimental Results

The proposed new charge pump with PFM feedback net-
work has been fabricated in a 0.18-μm 1.8-V/3.3-V CMOS
process. Charge pump, shown in Fig. 1(a), is realized with
MIM capacitors, PMOS transistors, and NMOS transistors
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Fig. 5. The new regulated charge pump with phase-shifted clocks.

Fig. 6. (a) Detailed circuit of VCO. (b) Detailed circuit of the phase-shifted
clock generator and level shifter, signal clkl is provided by VCO.

with deep-nwell layer. The pumping capacitors (CE) of the
charge pump are 50 pF, and the output capacitor (CO) is
100 pF. The die photo is shown in Fig. 8.

Fig. 9 shows the measurement result of power-on time at
3.5-mA loading current when Vctrlp is logic 1, the power-on
time is about 500 ns. Fig. 10 shows the setup for measuring
the charging current (IVDDH), where VDDL is 1.8V, and VDDH2

Fig. 7. Detailed schematic of the 4-phase clock generator, where x represents
1, 2, and 3, respectively.

Fig. 8. Die photo of the fabricated charge pump.

is 3.3 V. The differential voltage across the 10-� resistor
is measured by the oscilloscope (MSO5104) from Tektronix.
Fig. 11 shows that the measured clock signals (clkd_1, clkd_2,
and clkd_3) are separated to each other with a time delay (T/6)
when Vctrlp is logic 1. In addition, it can be clearly found that
the operating clocks slow down when Vctrlp changes from
logic 0 to logic 1, which means that the power efficiency
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Fig. 9. Measurement result of power on at 3.5-mA loading current.

Fig. 10. Measurement setup for measuring IVDDH.

Fig. 11. Measured waveforms of clkd_1, clkd_2, and clkd_3 at 3.5-mA load-
ing current. The upside of the figure shows the clocking scheme (87.1 MHz)
when Vctrlp is logic 0, and the downside of the figure shows the new clocking
scheme (86.1 MHz) when Vctrlp is logic 1. It can be found that the operating
clocks slow down when Vctrlp changes from logic 0 to logic 1.

of charge pump is improved. Fig. 12 shows the measured
charging current (IVDDH) from power supply at 3-mA load-
ing current. In Fig. 12(a), Vctrlp is logic 0, the maximum
charging current (IVDDH(max)) and the minimum charging
current (IVDDH(min)) are 22.4 mA and 12.0 mA, respectively.
In Fig. 12(b), Vctrlp is logic 1, IVDDH(max) and IVDDH(min)
are 19.6 mA and 16.4 mA, respectively. The charging current
ripple (� IVDDH) is reduced by a factor of three by using
the phase-shifted clocks. The ripple voltage at node VDDHhad
been smoothed greatly by using the new clocking scheme.
In other word, a virtual smoothing circuit has been placed at
the power line.

Fig. 13 shows IVDDH(max) and � IVDDH vs. the loading
currents between the phase-shifted clocks (Vctrlp = 1) and
fixed clocks (Vctrlp = 0). It shows that the peak charging

Fig. 12. Measured results of the charging current (IVDDH) from VDDH at
3-mA loading current. (a) Vctrlp is logic 0. (b) Vctrlp is logic 1. The voltage
scale and offset of each voltage waveform in (a) are the same as that in (b).

Fig. 13. The IVDDH(max) and � IVDDH versus the loading currents between
the phase-shifted clocks (Vctrlp = 1) and the fixed clocks (Vctrlp = 0).

current and the ripples of the charging current are smoothed
by the new clocking scheme.

The power efficiency of the charge pump is defined as

ηe f f = PV CC

PV D DL + PV D D H
(36)

where PVCC is calculated as VCC multiply by the loading
current, and PVDDL and PVDDH are the overall average power
measured by Agilent B2902A at a 50 kS/s sample rate in the
period of 2 s.

Fig. 14 shows the measured power efficiency of the charge
pump versus the loading currents between the phase-shifted
clock (Vctrlp = 1) and the fixed clock (Vctrlp = 0). The
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TABLE I

PERFORMANCE COMPARISON WITH THE PRIOR WORKS

Fig. 14. Measured power efficiency of the high-voltage generator versus
loading currents between the phase-shifted clock (Vctrlp = 1) and the fixed
clock (Vctrlp = 0).

maximum power efficiencies are 64% and 69% between the
conventional clocks and the proposed phase-shifted clocks
schemes, respectively. It shows that the phase-shifted clocks
for charge pump can smooth the charging current with improv-
ing the power efficiency. Fig. 15 shows the measurement
results of output voltage ripples on 100-pF loading capacitance
versus different loading current (Iload). The output voltage
ripples increase slightly when the new clocking scheme is
used. Chip area is reduced by using small integrated loading

Fig. 15. Measurement result of output voltage ripple on 100-pF loading
capacitance versus different loading current (Iload).

and pumping capacitance at the expense of degrading the
performance of output voltage ripple. The maximum output
ripple is 2.7% under 100-pF loading capacitance. But, it fully
meets the requirements of medical applications. The charge
balance performance of the stimulator, which is supplied by
such a charge pump, is well enough [6].

Table I summarizes the key specifications of the proposed
charge pump relative to the prior works, which include the
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charge pumps with charging current smoothing technology
and the step-up charge pumps with specialty of outputting
a large current. Comparing with the smoothing technologies
in [11] and [14], the proposed phase-shifted clocking scheme
focuses on reducing the input current ripple in multi-stage
charge pump. With the DC input voltage of 3.3 V, the proposed
charge pump, which is capable of providing 11.5-V voltage
with 3.5-mA loading current, can achieve DC conversion effi-
ciencies of up to 69% by using integrated 400-pF capacitances.

IV. CONCLUSION

A new concept for smoothing the charging current is intro-
duced and described in this work. The theoretical analyses
indicate that the charging current of 3-stage cross-couple
charge pump can be smoothed greatly when the clock signals
are separated to each other by one-sixth pump cycle (T/6).
This conclusion can be expanded as that the charging current
of n-stage cross-couple charge pump can be smoothed greatly
when the clock signals are separated to each other by T /(2 · n)
(m = 1/n) seconds. The charge pump with this new clocking
scheme has been designed and successfully verified in a
0.18-μm 1.8-V/3.3-V CMOS process. Experimental results
show that the charging current ripples of the charge pump
are reduced by a factor of three with improving the power
efficiency.

APPENDIX

The following discussions are the references for the charg-
ing current (itotal,new(t)) of charge pump with the new clock-
ing scheme. In order to analyze and calculate those charging
currents for simplicity, assuming that the output voltage of
each stage charge pump with the new clocking scheme is the
same as that of each stage charge pump with the conventional
clocking scheme.

The new clocking schemes for charge pump are shown
in Fig. 1(c). When the clock clkbub_1 goes from low to high,
and clkbub_2 is in logic 0, the capacitor CE2 is charging by
CE6. Defining VCE2,new (0−) as the initial voltage on capacitor
CE2 at t = 0, it has been charge by capacitor CE1 with
T
2 · (1 − m) seconds. Referring to (12), VCE2,new (t) can be
approximately expressed as

VCE2,new (t) = c (t) · [
2 · V D D H − VCE2,new

(
0−)]

+ VCE2,new

(
0−)

. (37)

Referring to (3)

VCE2,new

(
T

2
· m

)
= 2·V D D H − T · Iout

2 · CE
. (38)

With (37) and (38), the solutions for VCE2,new (0−) and
VCE6,new ( T

2 · m) can be approximately expressed as

VCE2,new

(
0−) = 2·V D D H − T · Iout

2 · CE · (
1 − c

( T
2 · m

)) .

(39)

VCE6,new

(
T

2
· m

)
= −VD D H + c

( T
2 · m

) · T · I out

2 · CE · (
1 − c

( T
2 · m

)) .

(40)

Referring to (11), i12(t), during 0 ≤ t < T
2 · m, can be

expressed as

i12 (t) = ε · a(t) · 1

2 · (1 − c
( T

2 · m
)) . (41)

After T
2 ·m seconds, the clock clkbu_2 goes from high to low,

the capacitor CE5 is charging by the capacitor CE6. The initial
voltage on capacitor CE5 can be expressed as

VCE5,new

(
T

2
· m

)
= 2·V D D H − T · Iout

CE
. (42)

With (12) and (42), i12(t), during T
2 · m ≤ t < T

2 , can be
t < T

2 , can be expressed as

i12 (t) = ε · a(t) · 2 − 3 · c
( T

2 · m
)

2 · a
( T

2 · m
) · (

1 − c
( T

2 · m
)) . (43)
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