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Abstract—In this paper, the concept of the adaptive current
source drivers (CSDs) is proposed for the high-frequency syn-
chronous buck converters. Compared to the previous CSD cir-
cuits, the adaptive CSD can achieve adjustable drive current and
drive voltage according to different load condition. The benefit is
that higher drive current and voltage lead to lower switching loss
and conduction loss when the load current increases. Therefore,
the adaptive CSD is able to realize optimal design to reduce the
switching loss, the gate drive loss, and the conduction loss in a wide
load range. It should be noted that the adaptive concept is suitable
for both the continuous and discontinuous CSDs regardless the
drive circuit topologies. Through investigating the CSD circuits,
one simple method to achieve the adaptive drive current based on
the adaptive voltage is proposed. A 12V input, 1.3V output, and
1-MHz synchronous buck converter with the continuous and dis-
continuous CSDs was built, respectively, to verify the advantages
of the proposed adaptive concept and efficiency improvement.

Index Terms—Buck converter, current-source driver (CSD),
power MOSFET, resonant gate driver, switching loss reduction,
voltage regulator (VR), voltage regulator module (VRM).

I. INTRODUCTION

ESONANT gate driver technique has been used in high
R current and low voltage applications such as voltage reg-
ulators (VRs). The resonant gate drivers are able to reduce the
gate drive loss, i.e., CV? loss that occurs with the conventional
voltage driver, at high-frequency operation (>1MHz) [1]-[5].
Some self-oscillating resonant gate drivers (also called soft gat-
ing drivers) have been applied to very high frequency (VHF)
dc/dc conversions to reduce high gate driving loss [6]-[9].
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Current source drivers (CSDs) have been proposed to re-
duce the excessive switching loss and gate driver loss for mega-
hertz buck VRs. One of the most important benefits of the CSD
technology is to achieve significant switching loss reduction
of the power MOSFETs at the switching frequency of mega-
hertz [10], [11]. The idea of the CSD circuits is to build a current
source (CS) to charge and discharge the power MOSFET gate
capacitance so that fast switching speed and reduced switching
loss can be achieved. Based on this basic idea, different CSD
topologies have been proposed. According to the current types
of the CS inductor, the CSD topologies can be categorized as the
continuous and discontinuous [12]—-[16]. The continuous CSDs
can use two drive MOSFETs with the complementary control
to build a continuous current waveform in the CS inductor. Due
to the continuous current, the drive switches are able to achieve
zero-voltage-switching (ZVS), which is beneficial to megahertz
operation. However, the CS inductor value is relatively high, and
is typically around 1 pH at the switching frequency of 1 MHz.
Furthermore, the inductor value and the drive current depend
on the switching frequency in both dc—dc converters and Power
Factor Correction (PFC) boost converters [17], [18].

In order to reduce the circulating loss in the driver circuit
and reduce the CS inductor value, different discontinuous CSDs
have been proposed [19]-[24]. In comparison, the discontinuous
CSDs have much lower inductor value, which is around 20 nH.
This significant inductance reduction leads to size and board
area reduction. More importantly, the CS inductor value is inde-
pendent of the switching frequency so that variable frequency
control can be used with this type of CSDs. Nevertheless, to
build a discontinuous current, more drive switches are generally
needed and sophisticated control timing is also required.

For the CSD technology, high drive current normally leads to
lower switching loss. A stronger drive current is desired to re-
duce the switching loss further when the power MOSFET carries
higher current. Nevertheless, higher drive current also results in
higher circulating loss [15]-[19]. However, the present CSD
circuits normally use constant drive current and voltage. For the
control FETs, stronger drive current means fast switching speed
and lower switching loss, but results in higher drive circuit loss.
This leads to a tradeoff between the switching loss reduction
and gate drive loss. For the sync FETs, stronger drive current
means fast switching speed and then lower body diode loss, but
results in higher gate drive loss. This leads to a tradeoff between
the body diode loss and gate drive loss. However, constant drive
current and voltage limit the optimal operating conditions of the
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Fig. 1. Proposed adaptive CSD concept.

loss reduction. To achieve high-efficiency curves through wide
load range becomes an important topic for high-frequency VRs.
High gate drive current and voltage are beneficial to the nominal
load conditions, but hurt light load efficiency, which is of great
importance for buck VRs.

Therefore, the adaptive drive current would be beneficial to
improve the performance of the CSDs and helps to achieve
optimal design of the switching loss reduction and gate drive
loss reduction. The objective of this paper is to propose the
adaptive CSD concept to improve the performance of the CSD
technique. The proposed adaptive CSD could achieve different
optimal drive current depending on the drain current in the power
MOSFETs, or the load conditions and input voltage. Section II
presents the proposed adaptive concept for the CSDs. Section III
presents the adaptive continuous CSDs. Section IV presents the
adaptive discontinuous CSDs. Section V is the implementation
of the adaptive CSDs. Section VI contains the experimental
results and discussion. Section VII is the conclusion.

II. PROPOSED ADAPTIVE CSD CONCEPT FOR
HIGH-FREQUENCY MOSFETS

The proposed adaptive CSD concept is illustrated in Fig. 1
This can be regarded as a general structure for the adaptive
CSDs. In Fig. 1, S; and S2 form a totem structure to provide a
low impedance path for the gate terminal of the power MOSFET
Q either during the turn-on condition or turn-off condition. The
adaptive parameters are defined as follows: 1) V is a controlled
voltage source as the CSD adaptive drive voltage from drive
supply voltage V.. It can be controlled with the variables in
the power circuits such as load current, drain current of the
switching devices and input voltage, etc. Higher drive voltage
results in lower Rpg (o) and thus lower conduction losses, but
increases drive losses. 2) icg is a controlled current source as the
drive current for Q. It can also be controlled with the loads, drain
current, and voltage in the power circuit. Higher drive current
reduces the switching loss but increases the gate drive loss.

Compared to other CSD circuits, the controllable drive current
and drive voltage is beneficial to the optimal design between the
switching loss and drive loss during the wide range operation
of the main power MOSFETSs. This concept can be extended
to most of the CSD circuit topologies. In this paper, two basic
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Fig. 3. Key waveforms of the continuous CSD.

structures of the continuous CSD and discontinuous CSD are
investigated to achieve this adaptive control.

III. ADAPTIVE CONTINUOUS CSD
A. Circuit Description

Fig. 2 shows the continuous CSD circuit, which is the half-
bridge topology and consists of two drive MOSFETs S; and S».
V. is the drive voltage, L, is the current source inductor, and
C, is the blocking capacitor. The basic idea of the continuous
CSD is using a small inductance to build a strong current source
to expedite the switching speed of the power MOSFET while
recovering partial of the gate energy with reduced circulating
losses [5], [15], [16].

Fig. 3 gives the key waveforms. §; and Sy are switched out
of phase with the complementary control to achieve ZVS. The
inductor current is continuous and triangle. The MOSFET Q is
charged or discharged by approximately constant current /7y,
which is provided by the CS inductor L, during [#y, #; ] and [#2, 5]
as shown in Fig. 3, respectively. When the gate is fully charged
to V., the drive transistor S; is turned ON so that it provides
a low impedance path to the gate voltage source. At the same
time, iz, raises linearly. The turn-off transition is initiated by
turning S; OFF. When the gate capacitance is fully discharged,
Sy is turned ON so that it shunts the gate and the source of
the power MOSFET. S; and S5 are turned ON and OFF at zero
voltage.

The major advantage of this approach is simplicity since only
one additional inductor and a capacitor are added compared to
a conventional gate drive circuit. More importantly, the power
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Fig. 5. Key waveforms of the continuous CSD.

MOSFET has fast switching speed because the current to charge
and discharge MOSFET’s input capacitor is almost constant. In
addition, the drive circuit has good Cdv/dt immunity because
the MOSFET gate-to-source voltage is clamped at either V.
(turn-on status) or zero (turn-off status).

B. Synchronous Buck Converter With the Continuous CSD

Fig. 4 shows the continuous CSD applied to the synchronous
buck converter, where Q; is the control FET and Q5 is the sync
FET. V. and V.5 are the drive supply voltage. In Fig. 4, there
are two sets of the drive circuits (CSD #1 and CSD #2) and each
of them has the structure of the half-bridge topology, consisting
of drive MOSFETs S; and Sy and S3 and Sy, respectively. Fig. 5
gives the key waveforms. CSD #1 can also be regarded as a
level-shift version of CSD #2 [15].
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power loss versus gate current.

C. Optimal Design and Adaptive Control With the Continuous
CSD

For a given application, in order to achieve fast switching
speed, the gate drive current should be chosen properly. The
design tradeoff is between switching speed, which translates
into reduced switching loss and gate drive loss. In order to
find the optimal design point, the object function adding the
switching loss and the CSD circuit loss together is used. The
object function is a U-shape curve as function of the drive current
I, and the optimization solution is simply located at the lowest
point of the curve. Based on the above idea, Fig. 6 illustrates
the optimal curve for the continuous CSDs with different load
current, which includes the switching 108S Pgyitching losss the
CSD circuitloss Pcsp cireuit» and the objective function F(I) =
Pgwitching loss PcSD circuit as function of the gate drive current
I . The specifications of the buck converter are: Vi, = 12V,
Vo=13V;1,=30A;V.=5V;f, = 1 MHz; control FET Q;:
Si7386DP; Q,: IRF6691; and Ly = 330 nH.

From Fig. 6, at 30 A and with the increase of /7, the switching
1088 Pgyitching 1oss keeps reducing due to stronger drive current
while the CSD circuit 1oss Pcsp circuit K€€ps increasing due
to high circulating current. The summation of these two, i.e.,
F(Ig), is a U-shaped curve, and therefore, the optimization so-
lution can be found at the lowest point of the curve. At the load
current of 30 A, the optimal drive current /; is chosen as 1.8 A
for the continuous CSD. However, when the load changes, the
optimal point will also change depending on the switching loss
associated with the drain current in the MOSFET. It is inter-
esting to note that when the load current increase from 10 to
30 A, the optimal drive current increases accordingly from 1.2
to 1.8 A. This means that higher drive current leads to lower
switching losses. So the desired CSD current should be able
to adjust adaptively as the load current increase. Although the
optimal design curves are calculated from the above-mentioned
specifications, it should be pointed that the trend of the optimal
design curves are independent with the specification used, and
the physical meaning of adaptive concept and design method is
general.

Similarly, Fig. 7 gives the optimal curves for the Sync FET
according to the load conditions, where Py,oqy10ss 15 the body
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cycles: continuous.

diode 1oss, Pcsp cireuit 1S the CSD circuit loss, and F(Ig) =
Py odylossHPcsD circuit 18 the objective function. The sync FET
Q- operates with ZVS since its output capacitance is discharged
to zero voltage before it turns on. Therefore, for the sync FET,
the optimal design involves a tradeoff between body diode con-
duction loss and gate drive loss. When the load current increases
from 10 to 30 A, the optimal drive current increases from 0.6 to
1.2 A, accordingly. High drive current leads to lower body diode
conduction and body diode loss.

For the continuous CSD, the peak value of the CS inductor
current is the drive current, which is

Ve-D-(1-D)
2'Lr'fs

where V., is the drive supply voltage, D is the duty cycle, and L,
is the CS inductor.

Fig. 8 shows the drive current as function of the drive voltage
with different duty cycles. For the continuous CSD, with the
same duty cycle, the CS inductor current, i.e., the drive current,
increases linearly when the drive voltage increases. Therefore,
the adaptive drive current control of the CSDs can be translated
into the adaptive drive voltage control. In this way, the drive
voltage can be controlled according to different load condi-
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Fig. 10. Key waveforms of the discontinuous CSD.

tions, so that higher drive current can be achieved to the optimal
performance of switching loss reduction. Another important ad-
vantage of the adaptive drive voltage control is that higher gate
drive voltage leads to lower Rps (o) and thus lower conduction
loss. This means in addition to the switching loss reduction with
the adaptive drive current, the conduction loss can be reduced
with the adaptive drive voltage control at the same time.

IV. ADAPTIVE DISCONTINUOUS CSDS
A. Circuit Description

Fig. 9 shows the discontinuous CSD circuit and Fig. 10 gives
the key waveforms. In order to achieve discontinuous inductor
current, S3 and S, are inserted in series with the L, and form a
bidirectional switch, so that the current in the inductor can be
controlled as desired. The key to this CSD is to control the driver
switches to generate discontinuous inductor current waveforms
enabling the peak portion of the inductor current to be used to
charge and discharge the power MOSFET gate capacitance as a
nearly constant current source [19], [22].

Compared to the continuous CSD, the advantage of the dis-
continuous CSD is very low inductance value owing to the
discontinuous current operation of the CS inductor. At the same
time, the gate drive current no longer depends on the duty cycle
and switching frequency. This makes this type of CSDs suitable
to wide range operation. In addition, the fast switching speed to
reduce the switching loss and gate energy recovery can also be
achieved.
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B. Synchronous Buck Converter With the Discontinuous CSD

Fig. 11 shows the proposed hybrid gate drive scheme for a
buck converter. As we know, for a buck VR, the dominant loss
is the switching loss. Therefore, for the control FET Q1, the
proposed high side CSD is used to achieve the switching loss
reduction. For the Synchronous Rectifier (SR) Q9, the conven-
tional voltage source driver is used for low cost and simplicity.
Pulse width modulation_ saturable reactor (SR) is the signal
fed into the voltage source driver. The details of the operation
and optimal design of the buck converter with the discontinuous
CSD have been addressed in [22].

C. Optimal Design and Adaptive Control With the
Discontinuous CSD

Fig. 12(a) shows the power loss as the function of the adap-
tive drive current and Fig. 12(b) shows the adaptive gate current
with different load current. As the load current increases from
10 to 30 A, the optimal drive current increases from 1.8 to 2.8 A,
accordingly. The switching current in the control FET increases
as the load current increases, which leads the switching loss to
increase accordingly. Therefore, the switching time needs to be
minimized with stronger gate drive current to reduce the switch-
ing loss. This results in the relationship between the gate drive
current and output current as shown in Fig. 12(a). It should be
also noted that at the same load current of 30 A, the optimal
drive current /; is chosen as 2.8 A (see Fig. 12) for the discon-
tinuous CSD while the optimal drive current is 1.2 A (see Fig. 7)
for the continuous one. This is because the discontinuous CSD
has lower drive circulating loss over the continuous one, which
helps to achieve high drive current.

For the discontinuous CSD, referring to Fig. 10, the precharge
current to turn ON the power MOSFET is

Ve
Igon = — - At 2
¢ 5L, 10 (2)
where V¢ is the drive voltage and Aty is the precharge interval
from 1y to #1.
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Similarly, the precharge current to turn OFF the power MOS-

FET is

Igor = ‘%b <Aty = 2VTCT <Aty (3)
where Vi, is the DC voltage across the capacitor and Atsy is
the precharge interval from #4 to t5.

From (3), it can be observed that the drive current only de-
pends on the drive voltage V. and precharge time with the certain
CS inductance. Fig. 13 shows the drive current as function of
the drive voltage with different drive voltage. Similar to the
continuous CSD, the drive current also increases linearly when
the drive voltage increases. So the adaptive drive voltage also
leads to the adaptive drive current. More importantly, for the
discontinuous CSD, the drive current is independent with the
duty cycles. This makes the discontinuous CSDs suitable for
variable fast duty cycle controls.

V. IMPLEMENTATION OF THE ADAPTIVE DRIVE VOLTAGE
FOR THE CSDs

As discussed in Section IV, for both of the continuous and
discontinuous CSDs, the drive current is proportional to the
drive voltage. One method to build the adaptive drive current
is to adjust the drive voltage adaptively according to the load
current, or input voltage, etc.

Normally, to achieve adaptive voltage function, a lower power
switching converter or a linear regulator can be used. The
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switching converters have higher efficiency over the linear reg-
ulators. However, it generally needs output filter inductors, such
as buck converters, which are difficult to be integrated into a
drive chip. The advantage of the linear regulator is that no in-
ductors are required. This makes the integration of the linear
regulator become achievable. As an example, UCC27222 from
Texas Instrument (TI) have an integrated linear regulator to
achieve desired voltage for its drive circuitry.

Fig. 14 gives schematic of the adaptive control circuit using
the basic linear regulator. The advantage of using the linear
regulator is that compact structure and fast voltage changes rate.
Fig. 15 gives the simulated waveforms using SPICE software.
In Fig. 14(a), Rsens 1s the sensor resistor and the voltage across
Rsens 1s proportional to the load current. This voltage is sent into
the amplifying stage. Three operational amplifiers are used to
amplify the input signal linearly. The first and third amplifiers
are used as inverting amplifiers and the second amplifier is used
to realize the addition of the amplified input signal and the bias
voltage V. The relationship between the reference voltage and
the output current is

Rsens RQ R(i RQ R()' R9
VREF = RiRRs I, + s s Va. “)
Fig. 14(b) shows the basic linear regulator with the reference
voltage Vygr. The output voltage V; of the linear regulator
is used to supply the CSD drive circuitry. When Vyrgp varies
according to the load current /, from (4), the output voltage V
changes adaptively.

Using linear regulator to achieve adaptive voltage control
results in additional loss and the efficiency of the linear regulator
is n = V4/V,.. The loss of the linear regulator is Py .-(1 — n),
where Py . is the drive supply power. However, the total loss
reduction of the switching loss, the conduction loss, and the gate
drive loss from the main power stage weighs much higher than
the introduced loss with linear regulator. Therefore, the overall
loss reduction improves the converter efficiency effectively in a
wide load range.
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VI. EXPERIMENTAL RESULTS AND DISCUSSION

In order to verify the proposed adaptive concept, the syn-
chronous buck converters with the continuous and discontin-
uous CSDs were implemented. The specifications of the buck
converter prototype are as follows: input voltage Vi, = 12'V;
output voltage V, = 1.3 V; output current /, = 30 A; switching
frequency f; = 1 MHz. The PCB is six-layer with 4 oz copper.
The components used in the circuit are listed as follows—Q; :
Si7386DP; Q»: IRF6691; output filter inductance: Ly = 330
nH (IHLP-5050CE-01, Vishay); for the continuous CSD, L, =
1 pH; for the discontinuous CSD, L, = 22 nH; drive switches
Sl—S4Z FDN335.

Fig. 16 shows the gate drive signals vg g1 (control FET)
and the CS inductor current i, with the continuous CSD. The
inductor current is triangle waveform and its peak current value
is 1.8 A, which is the optimized value for the switching loss
reduction.

Fig. 17 shows the inductor current i;, with the discontinu-
ous CSD at the load current of 30 A. Its peak current value is
2.8 A, which is the optimized value of the CSD drive current at
8-V gate voltage. After the precharge time, the inductor current
continues to ramp up while charging the gate capacitance of
the control FET (Si7386DP) during the turn-on interval. During
this interval, the average drive current is approximately 2.6 A.
After the control FET turns ON, the inductor current ramps
back down to zero while the inductor energy is returned to drive
voltage source.

Fig. 18 shows the gate drive signals v; 51 (control FET) and
vas5q2 (Sync FET). It is observed that v 51 is smooth since
the miller charge is removed fast by the constant inductor drive
current. Moreover, the total rise time and fall time of vgsg1
is less than 15 ns, which means that fast switching speed is
achieved. The dead time between two drive voltages is fixed to
avoid shoot through and is minimized to reduce the SR body
diode conduction loss.

A benchmark of a synchronous buck converter with the con-
ventional gate driver was also built. The Predictive Gate Drive
UCC 27222 from TI was used as the conventional voltage driver.
Fig. 19 shows the measured efficiency comparison between the
continuous CSDs with and without the adaptive voltage at 1.3V
output. It is observed that at 5 A, the efficiency is improved
from 79.1% to 85.7% (an improvement of 6.6%) with the drive
voltage of 4 V. The loss of the linear regulator is 0.13 W. At
10 A, the efficiency is improved from 86.2% to 88.4% (an im-
provement of 2.2%) with the drive voltage of 5 V. The loss of
the linear regulator is 0.22 W. It should be also noted that the
CSDs improve the efficiency effectively in full load range over
the conventional driver.

Fig. 20 shows the measured efficiency comparison between
the discontinuous CSDs with and without the adaptive voltage at
1.3 V output. Itis observed thatat 5 A, the efficiency is improved
from 80.6% to 86.1% (an improvement of 5.5%) with the drive
voltage of 4 V. At 10 A, the efficiency is improved from 85.6%
to 88.6% (an improvement of 3%) with the drive voltage of 5 V.
It should be also noted that the CSDs improve the efficiency ef-
fectively in the full load range over the conventional driver. The
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adaptive CSD achieves higher efficiency improvements during
lower load range since the switching losses that occur with light
load reduces greatly.

VII. CONCLUSION

Constant drive current and drive voltage are presently ac-
cepted for the CSD circuits to reduce the switching loss and gate
drive loss. However, stronger drive current is normally desired
to reduce the switching loss further when the power MOSFET
carries higher current. In a synchronous buck converter, for the
control FET, the design tradeoff is between the switching loss
and gate drive loss, while for the sync FETs, it is between the
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body diode loss and gate drive loss. However, constant drive
current and voltage limit the optimal operating conditions of the
loss reduction.

In this paper, the concept of the adaptive CSDs is proposed
for the high-frequency synchronous buck converters. Compared
to the previous CSD circuits, the adaptive drive current and
drive voltage can be achieved to optimize the switching loss
reduction and the drive loss reduction at different load current.
It should be noted that the adaptive concept is suitable for both
the continuous and discontinuous CSDs regardless the drive
circuit topologies. Through investigating the CSD circuits, one
simple method to achieve the adaptive drive current based on the
adaptive voltage is proposed. The linear regulator can be used to
achieve the function of the adaptive voltage and drive current in
a cost-effective manner. A 12 V input, 1.3 V output, and 1-MHz
synchronous buck converter was built to verify the advantages of
the proposed adaptive CSDs. For the continuous CSD, at 1.3V
output, the adaptive CSD improves the efficiency from 79.1%
(without adaptive control) to 85.7% (an improvement of 6.6%)
at 5A, and at 10 A, from 86.2% to 88.4% (an improvement
of 2.2%). Similar efficiency improvements are achieved for the
discontinuous CSDs.
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