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Preface

In recent years, there has been a trend to increase the switching frequency beyond
multi-MHz in switching power converters to reduce the passive components and
improve the power density significantly. However, this results in high-switching
loss and gate-driver loss of the power MOSFETSs. This book is about high-fre-
quency power MOSFET gate driver technologies, including the gate drivers for the
GaN HEMTSs, which have great potential in the next generation switching-power
converters. The gate drivers serve a critical role between the control and power
devices. Although there are numerous research papers talking about the MOSFET
gate drivers, there is actually no such a book focusing on the gate driver topic
systematically. The contents mainly cover the state-of-the-art power MOSFET
drive technique, the switching-loss model, current source gate drivers (CSDs),
resonant gate drivers, adaptive gate drivers, and GaN HEMT gate drivers.

The novel approach in this book is the proposed CSDs including different
topologies, control, and applications. The CSD can reduce the switching-transition
time and switching loss significantly, and recover high-frequency gate-driver loss
compared to the conventional voltage gate drivers. The basic idea can also be
extended to other power devices to improve high-frequency switching performance
such as SiC MOSFET, IGBT, etc.
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Chapter 1
Introduction

1.1 Introduction

Modern power electronics applications expect low power converters to achieve
extremely high power density and high efficiency. In such applications, the
switching frequency can increase to a few megahertz (MHz). In recent years, there
has been a trend to increase the switching frequency beyond multi-MHz in power
converters. The objective of this trend is to increase the power density by
decreasing the size of passive components and to improve the dynamic perfor-
mance, since the passive components normally dominate the converter volume.
Increasing the switching frequency is an effective way to reduce the energy storage
requirement, thus permitting use of smaller passive components and paving the
way toward fully integrated power converters. However, it is known that as the
switching frequency increases, both switching loss and gate loss increase seriously.
Figure 1.1 shows the commercial non-isolated power integrated circuits (ICs) with
the different output voltage and current for different applications. Typically, these
power converters are realized as power system on a chip (PowerSoC), including the
power metal oxide semiconductor field-effect transistors (MOSFETS), gate drivers
and control circuits in a package with a few MHz switching frequency to achieve
high power density. Particularly, EN23F0QI from Altera’s Enpirion, LTM8042 and
LTM8026 from Linear Technology also integrate the inductors into the package.

Recently, the topic of the power converters operating at very high frequencies
(VHFs, 30-300 MHz) has attracted many research efforts [1-3]. As the switching
frequency is over tens of megahertz, the air-core inductors or the printed circuit
board (PCB) embedded inductors or transformers can be adopted and integrated
efficiently, so that the power density can be increased significantly [4,5]. Moreover,
VHF operation lowers the requirement of the energy buffer in the converter, which
leads to very fast transient response (compared to the conventional converter, the
transient response of the resonant converter is decreased from 1 ms to 50 us for the
load steps from 10% to 90% of full load) [6,7].

In the past two decades, much work has been done on reducing or eliminating
turn-on switching loss through soft switching techniques. However, in general,
these techniques require additional components and require snubber capacitors to
reduce turn-off loss. Unfortunately, adding snubber capacitors to reduce turn-off
loss makes achieving zero voltage switching (ZVS) at turn-on transitions more
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Figure 1.1 Output current versus output voltage for state-of-the-art power ICs

challenging for all line and load conditions. Furthermore, these techniques do not
reduce gate loss. Therefore, with some improvements achieved through reduction
in turn-on switching loss, it is now essential to focus some effort on reducing
turn-off switching loss and gate loss in order to continue to achieve high switching
frequency and high power density.

With the excellent figure of merit (FOM), the enhancement mode gallium
nitride (eGaN) high electron mobility transistors (HEMTS) are expected to improve
the power converters to even higher efficiency, higher frequency, and higher power
density [8-10]. The lateral structure of the eGaN HEMTs makes them very low
charge devices. They can switch hundreds of volts in nanoseconds, giving them
multi-MHz capability [11,12]. However, the eGaN HEMTs could hardly replace
the Si MOSFETSs in the power circuits directly. When the eGaN field-effect
transistors (FETS) are used, the considerations are as follows: (1) the gate-to-source
voltage cannot exceed the maximum rating of 6 V; (2) it is important to prevent the
false turn-on transitions of the eGaN HEMTs due to the low threshold voltage Vi,
(3) there is no body-diode, so the reverse current has to flow via the channel by
the reverse conduction mechanism, resulting in high reverse conduction loss.
Therefore, it is a serious challenge to drive the eGaN HEMTs with precise signal
timing to minimize high frequency loss in multi-MHz converters.
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In summary, the power MOSFETS are so popular in numerous high frequency
power converters applications extensively. With high frequency trend of the
power converters, the high frequency switching loss and gate drive loss need to be
minimized, which causes serious challenge on advanced high-speed gate driver
technology since the gate drivers serve as a critical role between the control and
power devices. This book focuses on the gate driver topic systematically providing
the fundamental knowledge of high frequency gate driver technologies.

1.2 Voltage regulator applications

The fast development in VLSI (very large scale integration) technologies imposes
an increasing challenge to supply state-of-the-art microprocessors with high quality
power. As Moore’s law predicts that the number of transistors per chip will double
every 18 months, the number of transistors has kept increasing steadily in the past
decades. Meantime, the clock frequencies of microprocessors have also increased
significantly.

The increase in the microprocessor’s speed and transistor number has led to
high current demands and fast transient load change requirement, since the supply
voltage of the microprocessor is decreased to reduce the power consumption of
the chip. In the point-of-load regulation system, a dedicated d.c./d.c. converter,
a voltage regulator (VR), is used to deliver a highly accurate supply voltage to
the microprocessor. VRs are placed in close proximity to the microprocessor in
order to minimize the impact of the parasitic impedance between the VRs and
microprocessors.

According to Intel microprocessor’s road map in [13], the microprocessors
operate at extremely low voltage (<1 V) and high current (=100 A) with the
continuous increase of the speed and transistors within the chips. Meanwhile,
the strict transient requirement of the microprocessors is another serious challenge
to VRs.

In order to meet the strict transient requirement, large amount of expensive
output capacitors are required to reduce the output-voltage deviations during a
transient event. As a result, the cost of a VR will increase while the power density
is reduced. However, the real estate on the motherboard for VRs is so limited
that the future VRs should have much higher power density than today’s version.
To increase power density, high switching frequency operation is an effective
approach. More importantly, high switching frequency leads to high bandwidth
and improves the dynamic response. Therefore, high switching frequency
(>1 MHz) operation of VRs is strongly desired and becomes the trend of new
generation VRs. Unfortunately, high frequency operation normally increases the
frequency-dependent loss in the power supply system. Therefore, high efficiency is
of critical importance to achieve good thermal management and thus high power
density. Overall, the challenges for future voltage regulator modules (VRMs) are to
provide a precisely regulated output with high efficiency, high power density, and
fast dynamic response.
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Figure 1.2 Multiphase interleaving buck converters

For 12 V input voltage VRs, most popular topologies are multiphase inter-
leaving synchronous buck converters owing to the simple structure and control as
shown in Figure 1.2. The basic interleaving idea was proposed by Virginia Power
Electronics Center (VPEC) (Center for Power Electronics Systems (CPES)) in 1997
and now has been adopted widely in industrial applications. The advantages of this
topology are: (1) simple and low cost; (2) reduced current ripples to the output
capacitors due to the interleaving; (3) small output inductances to improve transient
response; (4) better thermal management and package flexibility are also achieved
due to the distributed structure of multiphase. But the problem of a phase buck
converter is high output filter inductance that limits the transient response. In order
to reduce the VR output capacitance, a fast inductor current slew rate is preferred.
Because a smaller inductance gives a larger current slew rate, the inductance should
be minimized so that the transient requirement can be satisfied. Nevertheless, small
inductances and extremely low duty cycle result in large current ripple, which
causes high turn-off current and then high switching loss.

High switching frequency shrinks the passive components and leaves more
space for power semiconductor devices, thus yields higher power density. More-
over, the reduction of the filter components also makes it possible to increase the
bandwidth of the converter and output current slew rate, which improves the
dynamic response of VRs.

In recent years, MHz VRs show great advantages over the conventional
300 kHz VRs in terms of cost, power density, dynamic response, etc. It is known that
the higher the bandwidth of VVRs, the smaller the output capacitance. Unfortunately,
an increase in switching frequency will lead to lower efficiency and thermal pro-
blems due to excessive frequency-related loss, and result in degradation in overall
system performance. Therefore, it is of great importance to understand the loss
mechanism in a high-frequency VR and then reduce the loss.

1.3 Voltage source gate driver and high-frequency-
dependent loss

The loss of a synchronous buck converter includes the frequency-dependent loss
and non-frequency-dependent loss. The conversion efficiency could be degraded
greatly due to excessive frequency-dependent loss causing serious thermal
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Figure 1.3 MOSFET turn-on transition: (a) simplified turn-on transition
equivalent circuit and (b) waveforms

problems. Actually, the switching loss, the body diode loss, the reverse recovery
loss, and the gate charge loss are the major frequency-dependent loss associated
with the power MOSFETSs in a VR. Reducing these losses is critical to achieve high
frequency and high power density for new generation VRs.

1.3.1 Switching loss

Switching loss is a most important frequency-dependent loss and the dominant loss
in a synchronous buck converter. Therefore, the way of calculating switching loss
is critical to design a VR. Normally, the piecewise linear approximation of the
MOSFET turn-on and turn-off waveforms is usually made for simplifying the
switching loss model [14,15]. The turn-on transition equivalent circuit and its
associated waveforms are illustrated in Figure 1.3.

During T interval, the MOSFET driver turns on and begins to supply current
to the MOSFET gate to charge its input capacitance Cys and Cgyy. There is no
switching loss until the gate voltage vgs reaches the threshold voltage Vy,. Entering
T, interval, vgs reaches Vy, the input capacitance is being charged and the
MOSFET’s drain current iy is rising linearly until it reaches the load current.
During T,, the MOSFET is sustaining the entire input voltage across it. During Ts
interval, the load current is flowing through MOSFET, and the drain voltage vgs
begins to fall. All of the gate current will be going to charge the capacitance Cgyq
and vgs comes into Miller plateau level. During this interval, igs is constant as the
load current and the drain voltage is falling fairly linear from the input voltage to
zero. During T, interval, the MOSFET is just fully enhancing the channel to obtain
its rated on-resistance Rps(on) at a rated V.

Therefore, the turn-on switching loss happens during T, and T3 intervals and
can be calculated based on the linear current and voltage waveforms by (1.1)

Vds |ds

Pturn_on Ya

0T p Tap fs (1.1)
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Figure 1.4 MOSFET turn-off transition: (a) simplified turn-off equivalent circuit
and (b) waveforms

where Vg is the block voltage and Iy is the load current and fs is the switching
frequency.

The turn-off transition equivalent circuit and its associated waveforms are
illustrated in Figure 1.4. During Ts interval, the input capacitances Cq4s and Cyq are
discharged from the initial value to the Miller plateau level. During this interval,
the gate current is supplied by the input capacitance. During Tg interval, the drain
voltage vgs begins to rise. All of the gate current will be going to discharge the
capacitance Cqq, Which corresponds to the Miller plateau in the waveform. During
T7 interval, the gate voltage resumes falling from Vp, to Vy,. The MOSFET is in
linear operation and the drain current iys decreases to zero. During Tg, the input
capacitor is fully discharged and the MOSFET is turned off completely.

Therefore, the turn-off switching loss happens during Tg and T- intervals and
can be calculated based on the linear current and voltage waveforms by (1.2):

Vs |
Pturn_off 1/4¥ aTG bT7|3 fs (1-2)

Unfortunately, this simplifying switching loss model does not consider the
common source inductance and the nonlinear characteristics of the parasitic
capacitors of the MOSFET. The common source inductance Lg; of the control
MOSFET, as illustrated in Figure 1.5, is the inductance shared by the main current
path and the gate driver loop, which has negative impact on switching transition
and increases switching loss at high switching frequency (>1 MHz).

Figure 1.6 illustrates the equivalent circuit of turn-on transition with the
common source inductance. During the turn-on transition, the drain current iy
increases, which will induce a positive voltage across Ls. The turn-on gate current is

d
Vegs  Ls %
Rg b Ruii

V
ig_on 1/4 g (1.3)
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Figure 1.5 The buck converter with parasitic inductance
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Figure 1.6 Equivalent circuit of turn-on transition with the common source
inductance

From (1.3), because of L d(;ft“, the effective turn-on gate current ig o, is reduced,
which increases the turn-on transition time and turn-on loss.

Figure 1.7 illustrates that with the conventional voltage source driver, after the
common source inductance of 2 nH is considered, the turn-on transition time dra-
matically increases from 7 ns to 17 ns, which increases the turn-on loss. The circuit
parameters are as follows: V;, %12 V, Vo % 1.2 V, 1,%20 A, control MOSFET:
HAT2168, SR: HAT2165 [16,17].

Figure 1.8 illustrates the equivalent circuit of turn-off transition with the
common source inductance. During the turn-off transition, the drain current igs
decreases, which will induce a negative voltage across L. Therefore, the turn-off
gate current is

digs
Vcgs Ls %
Rg b Rlo

From (1.4), because of L % the effective turn-off gate current ig of IS
reduced, which increases the turn-off transition time and turn-off loss.

Figure 1.9 illustrates that after the common source inductor of 2 nH is con-
sidered, the turn-off transition time dramatically increases from 6 ns to 23 ns, which
increases the turn-off loss greatly.

ig_oft ¥ (1.4)
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In summary, fast change of the drain-source current induces a voltage across
the common source inductance Lg;, which always reduces the effective gate drive
currents of the control MOSFET and prolongs the switching time, and consequently
increases the switching loss significantly at high switching frequency. Therefore,
the loss calculation based on the piecewise linear model is much lower than the
experimental results obtained from synchronous buck converters with MHz
switching frequency.

In order to predict the switching loss at high frequency more accurately, the
analytical switching loss model was proposed in [16] considering the common
source inductance, which is suitable for massive data processing of some applica-
tions that need good accuracy and short simulation time. The bus voltage for 12 V
two-stage VR was optimized based on the above accurate analytical loss model in
[17] and the loss calculation matches the experimental results at the switching
frequency of 2 MHz well. In [18], the common source inductance and switching
loop inductance were modeled simultaneously and the MOSFET switching char-
acteristics are explored based on closed-form analytical equations, which provides
design criteria for optimizing switching performance of packaged power
electronics.

The impact of the common source inductance Ls, on synchronous rectifier
(SR) Q, was investigated in [19]. The common source inductance could help to
reduce power loss because of the reverse current direction in the SR compared to
the control MOSFET. In addition, with common source inductance, Cgy/qt immu-
nity and zero dead time switching could be achieved, which could reduce power
loss of the SRs.

New packaging technology, such as PowerPAK SO-8 from Vishay and
DirectFET from International Rectifier, reduces the parasitic influence to improve
the efficiency and provide better thermal characteristics for a high-frequency
VR [20,21].

1.3.2 Body diode conduction loss

In high current VR applications, SR technique is widely used to reduce the con-
duction losses of the diode rectifiers. In a synchronous buck converter, the dead
time is the amount of time that both the control MOSFET and SR are off to prevent
“shoot-through.” The body diode conduction loss is

F)body Ya Vbody lo fs tbody (1-5)

where Vyqy is the body diode forward voltage drop and tyeq, is the body diode
conduction time.

During the dead time, the SR body diode carries the load current, resulting in
high conduction loss due to high forward voltage drop of the body diode. At high
switching frequency around 1 MHz, the body diode conduction loss becomes high
due to the relative ratio of the dead time in one switching cycle. In order to achieve
high efficiency of a buck converter, it is so important to minimize the conduction
time of the body diode.
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The driver chips with adaptive control and predictive control to minimize the
dead time are available from different companies such as TPS2832 [22] and
UCC27222 [23] from Texas Instrument. In [24], a new resonant gate driver with a
transformer and Zener diode was proposed to reduce the body diode conduction
loss. As long as the crossover level of the gate driver signals of the two MOSFETS
is equal to or less than the threshold voltage of the devices, the dead time can be
eliminated and the shoot-through can also be avoided. However, the Zener diode
will induce additional gate charge loss and the leakage inductance of the gate drive
transformer may deteriorate the overall performance at high frequency.

1.3.3 Reverse recovery loss
The reverse recovery loss for the SR body diode is

Porr %4 Qrr VR f5 (1.6)
where Qgr is the body diode reverse recovery charge and Vy is the reverse block
voltage.

The reverse recovery current introduces voltage oscillation, decreasing effi-
ciency and causing electromagnetic interference (EMI) problems. Soft-switching
techniqgue may be used to eliminate the reverse recovery when the forward
current through the diode decreases to zero before the reverse voltage blocks across
the diode.

1.3.4 Gate drive loss

Energy is required to charge and discharge the MOSFET gate capacitance each
switching cycle. For the conventional voltage source driver, this energy is dis-
sipated through resistances in series with the gate within the gate drive circuit. The
power to charge the gate of MOSFET is

Peate %2 Qq V¢ fs (x.7)

where Qq is the total gate charge and V. is the amplitude of the gate drive voltage.

The gate drive loss becomes a concern at switching frequency beyond
1 MHz, which decreases the overall efficiency and causes thermal problems on the
driver chips.

1.4 Summary

Recently, there has been a trend to increase the switching frequency beyond multi-
MHz in switching power supplies. The eGaN HEMTs with much improved FOM
provide a significant switching performance, which even allows the switching
frequency above tens of MHz, such as VHF (30-300 MHz) converters.
Unfortunately, the conventional gate drive scheme is a voltage source drive
approach, and all the drive energy is dissipated on the resistance in the charge and
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discharge path. As the switching frequency rises, the gate drive loss of the power
MOSFETs rises as well, which is proportional to the switching frequency. The high
current MOSFETS with low on-resistance typically own large gate-source capaci-
tance. The gate drive loss becomes more serious, especially in low voltage and high
current applications. More importantly, high gate capacitance also increases the
switching time and thus the switching loss. Therefore, the performance of the gate
drive circuits for the high frequency power MOSFETSs on the converter becomes
so critical.
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Chapter 2
Fundamentals of current source driver

2.1 Resonant gate drivers

Resonant gate-driver technique was originally developed to recover part of metal
oxide semiconductor field-effect transistor (MOSFET) gate-drive loss when
operating at high switching frequency (above 1 MHz) [1-3]. The self-oscillating
resonant gate driver with a resonant network was used in the application of radio-
frequency (RF) power amplifier featuring sinusoidal waveforms generally [4,5].
The self-oscillating resonant gate driver (soft-gating driver) is also applied to a
high-frequency (=30 MHz) d.c./d.c. converter to reduce the gate-drive loss [6].

In order to recover a portion of the gate energy, otherwise lost in conventional
drivers, several papers have been published since the early 1990s proposing reso-
nant gate drive techniques. Several of the proposed drivers are critically reviewed
in this subsection. Following the review, a brief summary is presented highlighting
the drawbacks of the existing circuits.

One of the first resonant gate drive circuits was proposed in [7]. The circuit
and its associated waveforms are given in Figure 2.1. In Figure 2.1, S; and S,
represent the gating waveforms for MOSFETSs S; and S,; vgs represents the gate-
to-source voltage of power MOSFET, M; i_ represents the inductor current; and
ig represents the gate current. This circuit uses an auxiliary inductor, L, which
operates in continuous conduction mode and a resonant capacitor, Ces, along
with two control switches, S; and S,, to recover a portion of the gate energy.
There are two significant advantages of this technique. First, the switch, M, is
driven by an essentially constant current source during its transitions, so its
associated turn-on and turn-off times can be quick. In addition, switches S; and
S, clamp the gate high and low during the on and off states, respectively, thereby
eliminating false triggering of the MOSFET gate. The disadvantage of this
technique is the existence of significant circulating current during the on and off
states of M, so the control switches must be selected with relatively low Rgs
ratings and therefore high gate charge. In addition, the inductor required is
relatively large since the current is continuous. The circuit in [7] achieved a 3%
efficiency improvement for a 20 W converter operating at 2 MHz in comparison
to a conventional driver.

Following the resonant transition technique, the resonant pulse technique
was proposed in [8]. The circuit and its associated waveforms are illustrated
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Figure 2.1 Resonant transition gate driver [7]; (a) circuit and (b) waveforms

(b)

Figure 2.2 Resonant pulse gate driver [8]; (a) circuit and (b) waveforms

in Figure 2.2. In Figure 2.2, S;, S,, and S represent the gating waveforms for
MOSFETs S;, S;, and Ss; vgs represents the gate-to-source voltage of power
MOSFET, M; i, represents the transformer and gate current; and vces represents
the voltage across the resonant capacitor, C,e. The leakage inductance of the
transformer is used to resonate with C,¢s to form the energy recovery circuit. Switch
S3 is gated simultaneously with S, to reset the resonant capacitor. The advantages
of the resonant transition technique are low conduction losses and gate drive
isolation. The disadvantage is slow turn-on and turn-off since the power MOSFET
gate must be charged and discharged through the leakage inductance with initially
zero current. Furthermore, the power MOSFET gate is driven without a d.c.
component, so there is excess negative charge energy.
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Figure 2.3 Coupled inductor resonant gate driver [9]; (a) circuit and
(b) waveforms

A resonant gate driver was proposed utilizing a coupled inductor in series
with two control switches to eliminate cross conduction and reduce linear opera-
tion losses in the control switches in addition to providing partial gate energy
recovery [9]. The circuit and waveforms are illustrated in Figure 2.3. In Figure 2.3,
S1 and S, represent the gating waveforms for MOSFETSs S; and S,; vgs represents
the gate-to-source voltage of power MOSFET, M; and iy represents gate current.
The diodes provide clamping for the gate voltage to prevent over voltage and
negative voltage conditions at the gate. However, the diodes do not provide a low
impedance path to eliminate spontaneous turn-on due to noise spikes. The most
significant drawback of this circuit is the inherent slow turn-on and turn-off since
the gate must be charged and discharged through the inductance with zero initial
current.

A dual high-side (HS)/low-side resonant gate driver was proposed [10].
The circuit and its associated waveforms are illustrated in Figure 2.4. In Figure 2.4,
S1-Ss represent the gating signals for MOSFETs S;—Ss; i1 and i_, represent the
coupled inductor currents; and vgs; and vgs, represent the gate-to-source voltages of
M, and M,, respectively. The circuit promises low conduction losses since the
inductor current is discontinuous. Only one core is used to form the coupled
inductor pair, which helps to reduce the size of the circuit. In addition, control
switch Sg actively clamps the gate of the bottom switch, M,, low during its off time,
thereby eliminating spontaneous turn-on of M, caused by Cqy,q: after it is normally
turned off. The disadvantages of the proposed method are slow turn-off of the top
and bottom switches in addition to the complexity of the logic required to generate
the control switch gating signals. The circuit in [10] achieved a 3% efficiency
improvement at full load for a 20 W synchronous buck converter operating at
1 MHz in comparison to a conventional driver.

Another resonant gate drive circuit was proposed in [11]. The circuit and its
waveforms are given in Figure 2.5. In Figure 2.5, S;—S; represent the gating
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Figure 2.4 High/low coupled inductor resonant gate driver [10]; (a) circuit and
(b) waveforms
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Figure 2.5 Resonant gate driver proposed in [11]; (a) circuit and (b) waveforms

waveforms for MOSFETS S;-Ss; i, represents the inductor current; ip, represents
the diode current in Dy; and vy represents the gate-to-source voltage of power
MOSFET, M. Control switches S; and S, actively clamp the gate of M, high and
low during its respective on and off times. The circuit only recovers the gate energy
during turning off and it does so with a slow transition. The turn-on gate loss is the
same as a conventional gate driver.
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As a conclusion, among the resonant gate drive circuits previously proposed,
all of them suffer from at least one of the following driver-specific problems:

1. Only low side, ground referenced drive [7,8,12-14].

2. The leakage inductance of bulky transformer, or coupled inductance
[10,15,16].

3. Slow turn-on and/or turn-off transition times, which increase(s) both conduc-
tion and switching losses in the power MOSFET due to charging the power
MOSFET gate beginning at zero current [8,10,12,13,15,16].

4. The inability to actively clamp the power MOSFET gate to the supply voltage
during the on time and/or to ground during the off time, which can lead to
undesired false triggering of the power MOSFET gate, i.e., lack of Cgyqt
immunity [8,10,12,13,15,16].

A comparison of fundamental gate-driver topologies for high-frequency
applications was discussed in terms of suitable operating conditions, construction
and losses in [17]. An assessment of resonant drive techniques for use in low power
d.c./d.c. converters was presented in [18] and the mathematical model was built to
estimate the power loss of the drive circuit in [19]. The effects of internal parasitic
inductance and the parasitic output capacitance of the driver switches were ana-
lyzed focusing on their impact on the driver loss and on the synchronous rectifier
(SR) gate voltage in different non-isolated resonant driver topologies [20].

Unfortunately, all the above investigations are generally emphasizing gate
energy savings by the resonant driver and concentrating on the drive topologies, but
ignore the potential switching loss savings that are much more dominant in MHz
switching power converter.

2.2 Concept of current source driver

To solve the above problems of existing resonant drivers and reduce switching loss,
current source drivers (CSDs) are proposed to achieve high switching speed and
reduce switching loss. The basic concept of CSDs is shown in Figure 2.6. The
comparison of the gate current waveform shapes between the CSD and conven-
tional voltage driver is illustrated in Figure 2.7. The operation of CSDs is in such a
way that the peak value, or close to the peak value of iy is used to charge and
discharge the gate capacitors Cy. S; and S, form a totem structure to provide a low
impedance path to clamp the gate terminal at either zero or V. during the turn-on or
turn-off conditions, respectively. Two major advantages of this circuit are: (1) the
gate-drive loss of the power switching device can be significantly reduced and
(2) Cys can be charged and discharged quickly to achieve fast switching speed.
Based on the above mechanism, different CSD topologies can be developed for
different types of power converters to reduce the high-frequency gate-drive loss
and switching loss of the MOSFETSs.

In hard switching converters, neglecting any body diode reverse recovery
and drain and common source inductance, the turn-on switching loss can be
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Figure 2.6 Concept of (a) current source driver and (b) adaptive CSD
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Figure 2.7 Comparison between the gate current waveform shapes for the
conventional driver and an ideal CSD

approximated by (2.1), and the turn-off switching loss by (2.2), where Vgs repre-
sents the voltage across the switch. In (2.1), I, represents the current through the
switch at turn on and T, represents the rise time. In (2.2), 1% represents the current
through the switch at turn-off and T represents the fall time. Since both T, and T;
are inversely proportional to the average gate current (during the switching
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interval), lg, it is clear that switching losses can be reduced by increasing gate
current. However, in conventional gate drivers, this is generally not possible since
the peak current is already limited by the current handling capability of the driver
switches. In hard switched converters, the actual potential total switching loss
reduction can be much more significant than the gate loss savings. This statement
can hold true for most soft switching converters, since zero voltage switching
(ZVS) converters typically eliminate turn-on loss only, or with the addition of
snubber capacitors, they are not able to maintain ZVS across varying line and load
conditions:

1

Pon .. E fsVaslonTr (2.1)
1

Poff ... z fsVaslott Tt (2.2)

In the conventional driver, the gate current decays significantly from its peak
value due to the RC type charging and discharging. On the other hand, the proposed
CSD behaves like a nearly constant current source and the gate current actually
increases slightly during the rise and fall times as illustrated in Figure 2.7 where
it is clear that the magnitude of iy is greater than I o, and Iy o, respectively.
The result is that the turn-on and turn-off times decrease significantly and
more importantly, the rise and fall times decrease significantly, which reduces
switching loss.

In Figure 2.6(b), a general structure for the adaptive CSDs is given. The
adaptive parameters are defined as follows: (1) V4 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, input voltage, etc. Higher drive voltage results in lower Rpgon)
and thus lower conduction losses, but increases the drive losses. (2) ics is a con-
trolled 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 cir-
cuits, the controllable drive current and drive voltage are beneficial to the optimal
design between the switching loss and drive loss during the wide range operation of
the main power MOSFETS. This concept can be extended to most of the CSD
circuit topologies.

2.3 A practical and accurate switching loss model

2.3.1 Introduction

In order to optimally design a high-frequency switching converter, engineers and
researchers begin their design by estimating the losses in a design file that is
typically created using a spreadsheet, or other mathematical software. Device data
sheet values and analytical models are used to calculate the losses. Using the loss
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models, many design parameters and components are compared to achieve a design
with the optimal combination of efficiency and cost.

With analytical models, most often piecewise linear turn-on and turn-off
waveforms are used, or simplified equivalent circuits are used to derive switching
loss equations. These methods yield closed form mathematical expressions that can
be easily used to produce optimization curves within a design file; however, the
challenge is to improve accuracy while minimizing complexity. Most often,
piecewise linear turn-on and turn-off waveforms are used, or simplified equivalent
circuits are used to derive switching loss equations.

One of the most popular analytical models is the piecewise linear model pre-
sented in [21]. This model is referred to as the conventional model and is used as a
benchmark later for comparison purposes with the proposed model. This model
enables simple and rapid estimation of switching loss; however, the main drawback
is that it neglects the switching loss dependences due to common source inductance
and other parasitic inductances. Typically, this model predicts that turn-on and
turn-off losses are nearly similar in magnitude; however, in a real converter oper-
ating at a high switching frequency, the model is highly inaccurate since turn-off
loss is much larger due to common source inductance and other parasitic
inductances.

A comprehensive analytical model is presented in [22]. This model is an
extension of the model presented in [21], with the advantage that it provides
accurate characterization of switching loss when common source inductance is
included. The main drawback of the models in [22] is their complexity.

The synchronous buck remains the topology of choice for voltage regulators
(VRs) in today’s computers. However, in order to properly model switching loss in
a buck VR, a detailed understanding of the impact of MOSFET gate capacitance,
common source inductance, other parasitic inductance, and load current on
switching loss is necessary. This is most easily accomplished through careful
examination of waveforms through simulation and experiments.

2.3.2 Impact of parasitic inductance and load current

A synchronous buck converter is illustrated in Figure 2.8. In a synchronous buck
VR, it is well known that the input voltage, load current, and HS MOSFET gate-to-
drain charge influence switching loss in the HS MOSFET. However, it is not well
known that the inductances associated with the device packaging and printed cir-
cuit board (PCB) traces also contribute significantly to HS MOSFET switching
loss. It is worth noting, but generally well known that with proper dead time, the SR
switches with near zero switching loss.

The synchronous buck in Figure 2.8 includes parasitic drain and source induc-
tances for the HS MOSFET, M; and SR MOSFET, M,. It can be assumed that the
source inductances, Ls; and Ls,, are common to their respective drive signals. Any
other inductance in the source that is not common to the source is assumed to be
lumped with the drain inductances, Lq; and Lg,. These inductances have a significant
impact on the switching loss behavior in high-frequency synchronous buck VRs.
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VdsZ’

Probing points
available in actual
circuit

Figure 2.8 Synchronous buck voltage regulator with parasitic inductances

During the switching transitions, the HS MOSFET operates in the saturation
(linear) mode as a dependent current source simultaneously supporting the current
through the device and voltage across it. At turn on and turn off, the gate-source
voltage, Vg1, is held at the plateau voltage, Vy, by the feedback mechanism pro-
vided by the voltage across the common source inductance, V.

As can be observed from the circuit in Figure 2.8, at turn on, as the HS
MOSFET current increases, v, 1 is positive in the direction noted, so this voltage
subtracts from the V. voltage applied to the gate, enabling vgs; ... Vi while the
MOSFET operates in the saturation mode. At the same time, the four parasitic
inductances provide a current snubbing effect, which virtually eliminates turn-on
switching loss enabling a near zero current switching (ZCS) turn on. During this
transition, the rise time, T, is dictated by the gate driver’s ability to charge the
MOSFET gate capacitances (Ciss from Vi, to Vi, and Cyq to Vip), which is the time
for vgss to fall to zero. Then, it is assumed that this time is independent of the time it
takes igs; to rise to its final value equal to the buck inductor current, i.e., after T,
igs1 can be less than the buck inductor current.

At turn off, as the HS MOSFET current decreases, Vv s; IS negative in the
direction noted in Figure 2.8, so this voltage subtracts from the low impedance
source voltage (ideally zero volts) applied to the gate enabling Vg ... Vp
while the MOSFET operates in the saturation mode. During this transition, the fall
time, Ty, is the time for the HS MOSFET current to fall from the buck inductor
current to zero. This time is dictated by both the gate driver’s ability to discharge
the MOSFET gate capacitances (Cqq from Vi, and Ciss from Vp, to Vy,) and by
the four parasitic inductances, which prolong the time for iy to fall to zero by
limiting the digg/dt.

As alluded to in the two paragraphs above, the MOSFET and trace parasitic
inductances have vastly different effects at turn on and turn off. At turn on, the
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inductances provide a current snubbing effect, which decreases turn-on switching
loss. At turn off, the inductances increase the turn-off loss by prolonging T;.
In addition, as load current increases, T; increases, so turn-off losses increase
proportionally to 1,2 (proportional to I, and T¢(l)). In contrast, at turn on, the
load current magnitude has ideally no effect on the T,. Therefore, in real circuits,
turn-off loss is much greater than turn-on loss.

Another important point to note from Figure 2.8 is that in a real circuit, the
board-mounted packaged inductances are distributed within the MOSFET devices.
Therefore, when probing in the laboratory, only one has access to the external
terminals, g,, s;’, and d,’ for the HS MOSFET and g,, s,, and d,’ for the SR.
However, the actual nodes that provide waveform information relevant to the
switching loss are at the unavailable internal nodes s, and d; for the HS MOSFET.
Using the plateau portion of the measured gate-source voltage, vgsl‘] to determine
the switching loss times is misleading since the induced voltage across Lg; is
included. Probing vgs,” in the laboratory, one would observe a negligible T, at turn
on, and a turn-off T; less than one-half of the actual Ty. The actual vy, waveform,
which cannot be measured in a real circuit, more clearly illustrates the plateau
portions in the rise and fall times.

To demonstrate the effects of load current and common source inductance,
experimental testing was done at a reduced frequency of 200 kHz, with the source
connection cut and a wire inserted in the common source path to measure the
MOSFET current. Measurement waveforms are illustrated in Figures 2.9 and 2.10,
where the load current has been increased from 0 to 5 A. With this method, the
inductance of the wire (approximately 20 nH) is much greater than the approximate
total package inductance of 1 nH, so the package inductance can be neglected
allowing for measurement of vgs; and vgs;. As stated previously, it is noted that as
load current increases from 0 to 5 A, T, remains nearly unchanged from 20 to 22 ns,
but T; increases significantly from 48 to 96 ns. In addition, at a constant load
current of 5 A, as illustrated in Figure 2.11, as Lg; increases to 30 nH (using a
longer 3-inch wire), T, remains relatively unchanged from 22 to 24 ns, while T;
further increases from 96 to 160 ns.

From knowledge of the circuit operation and observation of the experimental
results presented, three important observations and conclusions can be made:

1. Ina practical synchronous buck VR, turn-off loss is much greater than turn-on
loss since the circuit inductances provide a current snubbing effect, which
decreases and virtually eliminates turn-on switching loss, but increases the
turn-off loss by prolonging Ts.

2. T, is dictated by the time for the voltage to fall to zero and is independent of
the final value of the current. In addition, load current has negligible impact on
T,, while common source inductance has only a small impact, since as Lg;
increases, the current digs/dt decreases.

3. T;is dictated by the time for the current to fall to zero. Load current, commons
source inductance, and other circuit parasitic inductances (i.e., Lq1, Lsp, and
Lgo) increase Ty
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Figure 2.9 Switching waveforms at 0 A load and 20 nH common source
inductance (80 ns/div; Vgs1: 10 V/div; igs1: 5 Aldiv; vger: 5 V/div,
Pm1: 50 W/le)
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Figure 2.10 Switching waveforms at 5 A load and 20 nH common source
inductance (80 ns/div; Vgs1: 10 V/div; igsi: 5 A/div; vy 5 V/div;
Pm1: 200 W/le)
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Figure 2.11 Switching waveforms at 5 A load with 30 nH common source
inductance (80 ns/div; vgs1: 10 V/div; igs1: 5 A/div; vger: 5 V/div;
Pumi: 200 W/div)

2.3.3 Proposed switching loss model

Typical switching waveforms for a synchronous buck converter are illustrated in
Figure 2.12. The proposed model uses the piecewise linear approximations (noted
with thicker bold lines) of the switching waveforms in Figure 2.12. Turn-on
switching loss occurs during T, and turn-off switching loss occurs during Ts.
The key to the model is prediction of the turn-on current, Iy, the rise and fall times,
T, and Ty, the reverse recovery current, I, the magnitude of the rising current
slope, Digs/Dt, and the current drop, Diys, When vgs; rises to Vj, at turn off. The goal
of the proposed model is to calculate the switching loss with respect to load current,
driver supply voltage, driver gate current, and total circuit inductance in a simple
manner.

The MOSFET parasitic capacitances are required in the model. They are
estimated using the effective values [21] as follows in (2.3)—(2.5) using datasheet
specification values for Vs spec: Crss1_spec: @Nd Cigs1_spec. The Cysy capacitor of the
synchronous buck HS MOSFET is neglected in the proposed model:

r
Vdsl,spec (2 3)

ngl N 2Crssl_spec
Vin
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Figure 2.12 Synchronous buck HS MOSFET waveforms with piecewise linear
approximations of these waveforms in bold

Cissl Cissl_spec (2-4)
Cgsl . Ciss1 ngl (2.5)

In the following three subsections, derivations of the model for the turn-on,
turn-off, and the total switching loss are presented.

2.3.4 Turn-on switching loss model
Piecewise linear turn-on waveforms of i1, Vgs1, Vgs1 and the power loss in My,
Pmi are provided in Figure 2.13. These waveforms and knowledge of the
circuit operation are used extensively in this subsection in order to derive the
turn-on loss, Pgp.
By definition, P,, is derived using the simple integral in (2.6), representing the
average power over one switching period:
Z g
Pon e fs Vdslidsdt (2.6)
0

Using the piecewise linear geometry for the voltage and current waveforms at
turn on in Figure 2.13, v4s; is given by (2.7) and igs can be expressed by (2.8),
allowing P, to be given by (2.9), which evaluates to the expression given in (2.10):

Vin

Vdst -+ Vin T_t (2-7)
r

o
ids ... —t (2.8)
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Figure 2.13  Synchronous buck HS MOSFET waveforms at turn on with piecewise
linear approximations

' lon Vin
Pon ... f —t Vi —t dt 2.9
on s 0 T, in T, (2.9)
1
Pon ... gvinlonTrfs (2.10)

The power loss in (2.10) is the product of Vi, lon, fs, and T,. The two para-
meters that are keys to accurate prediction of Py, are the current at turn on, Iy,
and T,. The turn-on current, |y, is the HS MOSFET drain current when vy ... 0.
The remainder of this subsection provides a simple procedure to calculate I,, and
T,, to enable calculation of Pg,.
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As discussed in Section 2.3.2, T, is dictated by the gate driver’s ability to
charge the MOSFET gate capacitances, which is the time for vy4s; to fall to zero.
This time is assumed independent of the time it takes igs; to rise to its final value.
Under this assumption, T, consists of two intervals, T4, and T,, which are discussed
in the following subsections.

2.3.4.1 Rise time interval T,,: charging HS MOSFET
Cgs1 and Cyqp gate capacitances

The HS MOSFET equivalent circuit during Ty, is given in Figure 2.14. The
gate resistance, R,, represents the total series resistance in the gate drive path, i.e.,
Rr...Rni Rexx Rg, Where Ry; is the resistance of the driver switch, Rey is any
external resistance, and Ry represents the internal gate resistance of the MOSFET.

During Ty, the Cgs capacitance is charged from Vi, to V on, While the gate
side of Cyqgy charges from Vy, to Vp, on and the drain side of the Cyq, capacitance
discharges from Vj, to V4. Therefore, the change in voltage across Cgyq; during Ty,
iS[(Vin Vi) (Mpon Vin)]. Then, Ty, is given by (2.11), assuming an average
gate charging current lg;r. Vi on represents the plateau voltage at turn on and is
given by (2.12), where Di, ; represents the buck output inductor ripple current. Since
the peak MOSFET current at turn on is lower than at turn off, the plateau voltage at
turn on differs slightly than at turn off. In (2.11), DVger ... Vpi on ~ Vin:

CgleVgsr ngl DVgsr Vin Vlr
' lg1r

Tar . (2.11)

Lyt Lo+ Ly

ngl

Figure 2.14 Synchronous buck HS MOSFET equivalent circuit during Ty,
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lo  0:5Di
Voion o Vi (2.12)
Ofs

The drain-source voltage during Ty, is given by (2.13), where Liggp... Ls1
Lar Le  La2

di
Vst - Vin LIoop% (2.13)

Neglecting the gate current through the inductances, the rate of change of
drain current in (2.13) is given by (2.14), which is approximated by (2.16) using
(2.15) and the piecewise linear approximation of the gate-source voltage wave-
form during Ty,

digss  ddss Vgs1  Vin OrsdVgs1

2.14
dt dt dt (2.14)
dids Dids
— — 2.15
dt Dt ( )
Digs  OrDvgst  01sDVgsr
— . 2.1
Dt Dt Tir (2.16)
Using (2.14)—(2.16), the intermediate voltage, V;, is given by (2.17).
Vir ... Vin Lloop% (2-17)
1r

The driver equivalent circuit during Ty, is illustrated in Figure 2.15. During
this time interval, it is assumed that v is the average value of the plateau, Vi on,
and threshold voltages, Vy,. In addition, in the proposed model, the slope of the
drain current is assumed constant; therefore, the voltage v, ... Ls1Digs/Dt is con-
stant, so the Lg; inductance is replaced by an ideal voltage source in the drive

Vgs1
Vplion -
Vih ————- A’ O-5(\/pl_on +Vin)

Ry
\ I
L
+ | + Tlr
Vee = ot

Vgs1 = 0.5(Vpi _on +Vin)

Vis1 = le ids/ t

Figure 2.15 Driver equivalent circuit during Ty,
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circuit. The average gate current, during Ty, using the linearized vgs; waveform is

given by (2.18).

Vee 05 Vpl_on Vin le%‘és
Ry

Using (2.11) and (2.16)—(2.18), solving for Ty, yields (2.19), where Vg ...
0-5(\/pl_on Vth)-

Iglr (2.18)

Tlr q
2
DVgsr Ls10ts  RrCisst DVgsr Ls10s  RrCisst 4DVgsr Voo Vgsir RrCqdilioopOfs

2Vgslr

(2.19)

2.3.4.2 Rise time interval T,,: charging the HS MOSFET
Cga1 gate capacitance
The HS MOSFET equivalent circuit during T, is given in Figure 2.16.
During T, the gate voltage of the Cgyq; capacitance remains constant at Vp_on,
while the drain node of Cgy, is discharged by current lg,,, allowing T, to be given
by (2.20).

Cgd1Vir

T2r e
|ng

(2.20)

The driver equivalent circuit during T, is illustrated in Figure 2.17. Due to the
assumed constant Digs/Dt, the Lg; inductance is replaced by an ideal voltage source.

Lyi+ Lo+ Lgo

d

Figure 2.16 Synchronous buck HS MOSFET equivalent circuit during T,
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Figure 2.18 Synchronous buck HS MOSFET current waveform approximation
during reverse recovery at turn on

Under these assumptions, the gate current is given by (2.21).

Vee Vpl,on le%‘és
2.21
= (2.21)

Using (2.16), (2.17), (2.20), and (2.21), solving for T,, yields (2.22).

lgar ..

DV,
RrCgd1 Vin  Lioop gfsTg:r

T2r o

. (2.22)

Vee  Vpion  LsiOfs Tor

The total T, is the sum of Ty, and T,, as given by (2.23). The total turn-on
switching loss can be calculated using (2.28) and (2.23).

Troo T Tor (2.23)

The final step to determine the turn-on loss is to estimate the current I, at the
end of T,. Depending on the load current and parasitic inductances, calculating I,
can require estimation of the reverse recovery current, I, of the SR MOSFET. The
waveform in Figure 2.18 is used to estimate I,,. When the HS MOSFET turns on,
the SR body diode cannot reverse block, so the SR current goes negative and the
HS current spikes by the same magnitude. The total reverse recovery time is T,,.
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© T

Figure 2.19 Three possible cases of turn-on current when Vs ... 0: (a) lon less
than lgs; peak value, (b) I,y is equal to the l4; peak value, and
(c) lon occurs after the Iy, peak value

The rising slope magnitude is Digs/Dt and the reverse recovery charge is Q,,, which
represents the shaded area as given by (2.24). Using the geometry, the reverse
recovery current as a function of T, is given by (2.25). Then, eliminating T,, from
(2.24) and (2.25), (2.27) is derived, which represents I, as a function of Q,, and the
known slope. In addition, since reverse recovery charge increases with load current,
Qir is approximated using (2.26), where Qy spec and I spec are the datasheet
specification values:

1
Qrr ... §|rrTrr (2.24)
Dlgs 1
Ly ... D—iséTr, (2.25)
Q. STy, (2.26)
rr_spec
iy
e 5 Qn (2.27)

Since the rise time is dictated by the time for the HS MOSFET voltage, vgs;, t0
fall to zero, the current at the end of T, can be at any value equal to, or less than the
inductor current plus the reverse recovery current (i.e., lo, is not necessarily equal
to the inductor current, as in the conventional model [21], or the inductor current
plus the reverse recovery current). There are three cases for |y, as illustrated in
Figure 2.19.
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The first and most common case is illustrated in Figure 2.19(a) where I, is less
than the peak of the turn-on current waveform at the end of T,. This case occurs
under heavy load conditions and/or with typical, or large values of parasitic
inductances which limit the Dig/Dt. In this case, the turn-on current is determined
by the slope of the current at turn on multiplied by T, as given by the first condition
in (2.28).

. <% . if %Tr <l, 05Diy Iy

] (2.28)
"1, 0:5Digs |l otherwise

The first condition holds true as long as the calculated value is less than the
inductor current (I, — 0.5Diy) plus I,,, which leads to the second and third condi-
tions in Figure 2.19(b) and (c).

Under light load and/or conditions where the parasitic inductances are small,
using the current slope times T, would yield a turn-on current greater than the peak
current and somewhere on the dotted line extensions in Figure 2.19(b) and (c).
In this case, the current is capped at maximum value of the inductor current plus
reverse recovery current as given by the second condition in (2.28). The third case,
illustrated in Figure 2.19(c), occurs under very light load conditions, and/or when
the parasitic inductances are very small. To simplify the model, this case is
neglected and if it occurs, the second case in Figure 2.19(b) is used as given by the
second condition in (2.28).

2.3.5 Turn-off switching loss model

Piecewise linear turn-off waveforms of igs;, Vgs1, Vgs1 and the power loss in My, Py
are provided in Figure 2.20. These waveforms and knowledge of the circuit
operation are used extensively in this subsection in order to derive the turn-off loss,
Pos. The turn-off transition consists of two intervals, T4 and Toy.

During Ty, the Miller capacitor, Cqyq; is discharged while vgs; remains at Vo
and igs; is assumed to remain constant. In a real circuit, it is noted that igs; begins to fall
during T,5; however, the current slope is limited due to the discharging of the Cyq, and
Cysp Capacitors of the SR. During this interval, vys, increases from zero to V.. There-
fore, from the geometry, the turn-off power loss, P, during Tys is given by (2.29).

1
Pioff ... Evinloff Tiefs (2.29)

During Ty, Cgs1 is discharged from Vo5 t0 Vi, While the gate node of Cyqyy is
also discharged from V,,_qf to Vi, and the drain node of Cqyq, is charged from V;, to
the peak voltage at turn off, V.. During this interval, iy, falls from I to zero, while
Vgs1 rises from Vi, to V.. Using a simple integral following the procedure presented in
Section 2.3.4, the turn-off loss during T is approximated as Poqs, given by (2.30).

1 1
Pooff .- 6 Vp Vin Lot Evinloﬁ Tszs (2-30)
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Figure 2.20 Synchronous buck HS MOSFET waveforms at turn off with piecewise
linear approximations

The total turn-off loss, Py, is the sum of Py and Poogr @s given by (2.31).
Poft ... P1off ~ Pooff (2.31)

The parameters that are keys to accurate prediction of the turn-off loss are the
HS MOSFET current at turn off, I, the intervals T.s and T, and the peak over-
shoot voltage of vgs1, V. The turn-off current is the load current, 1, plus half of the
filter inductor peak-to-peak ripple current, Di ¢, as given by (2.32).

1
bt . lo 5 Dity (2.32)
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The plateau voltage at turn off, Vy, o, is given by (2.34). It differs slightly
from Vi on at turn on due to the larger switch current during the transition:

lo  0:5Di
Vol off - Vin OTU (2.33)
S

The turn-off loss estimated using (2.31) is a function of T;. During Ty, the
current falls from I to zero and vgs; rises from zero to V. It is a function of the
driver’s capability to discharge Cqq1 and Cig, but in addition, it is a function of
circuit parasitic inductances, which limit the current falling slope, and therefore, the
falling time.

2.3.5.1 Fall time interval Ty discharging the HS MOSFET

Cqa1 gate capacitance
The HS MOSFET equivalent circuit during T.¢ is given in Figure 2.21. Since igs;
remains constant at I, Digs/Dt ... 0, so the parasitic inductors can be neglected. Ty
is the time required to discharge the Cgyq; Capacitance by gate current lgs¢ as given
by (2.34).

nglVin

Tat
Iglf

(2.34)

The driver equivalent circuit during Ty is illustrated in Figure 2.22. During
this time interval, it is assumed that vg; remains constant at the plateau, Vp o
With this assumption, the gate current is easily derived as given by (2.35), where
Ri...Ric  Rext Rg, and Vp of is given by (2.33):

Vpl_off
Rs

lgst . (2.35)

Figure 2.21 Synchronous buck HS MOSFET equivalent circuit during Tys
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Using (2.34) and (2.35), T, is given by (2.36).

Cygd1VinRs (2.36)

Tif ...
H Vpl,off

2.3.5.2 Fall time interval T, current falling and discharging

the HS MOSFET Cgy; and Cyq; gate capacitances
The HS MOSFET equivalent circuit during Ty is given in Figure 2.23. During
Tor, the Cy capacitance is discharged from Vi o« to Vi, while the voltage at
the drain side of the Cgq; capacitance charges from Vi, to V, and the voltage at the
gate side of Cyq; discharges from Vi o to Vy,. Therefore, the change in voltage

Vgsl
R
] Vpl_of‘f - —
Vo
b
lgaf + i
1 —_—
=V !
= Vgs1= Vpl_off Ll
Tt

Figure 2.22 Driver equivalent circuit during Ti¢

Figure 2.23 Synchronous buck HS MOSFET equivalent circuit during T
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across Cyqgp during Toris [V, Vin) (Voo Vin)l- Then, Ty is given by (2.37),
where DVgSf Vp|_0ff Vin.

Cgsl DVgsf ngl Vp Vin DVgsf
N |ng

2 (2.37)

The drain-source voltage during Ty is given by (2.38), where Liggp ... L1
Lan L2 La2

di
Vs ... Vin I—Ioop% (2.38)

Following the approach of the approximations made in (2.14) and (2.15), the
peak overshoot voltage, V, is given by (2.39).

(2.39)

The driver equivalent circuit during T is illustrated in Figure 2.24. During this
time interval, it is assumed that v is the average value of the plateau, Vp o, and
threshold voltages, Vy,. As above, the Lg; inductance is replaced by an ideal voltage
source, where the digs/dt is assumed constant at gz DV /Tor. With these assump-
tions, the average gate current during To, using the linearized vg; waveform, is
given by (2.40).

1 9rsDVist
2 VpI Vin La =%

Tot
Ry

lgzt ... (2.40)

Ry ‘
Ing +
;Vgsl = 0'5(Vpl_0ff + Vlh)
) ]: Ot Vst
— Visa= Ly
T
+

Figure 2.24 Driver equivalent circuit during Tos
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Using (2.37), (2.39), and (2.40), solving for Ty yields (2.41), where Vg ...
0.5(Vpi ot Vin)-

Tot g
2
DVgsor La10rs  RtCisst DVgsar? LaOs  RCisst ~  4DVgsor Vgsor Rt CgaiLioopdfs

2Vg52f

(2.41)

Ts is the sum of Ty; and Ty as given by (2.42). The total turn-off switching loss
can be calculated using (2.29)-(2.33), (2.36), (2.39), (2.41), and (2.42).

T .. Ty Ty (2.42)

The total switching loss, given by (2.43), is the sum of the turn-on loss, Py,
given by (2.10) and turn-off loss, Py, given by (2.31):

Ptot_sw - Pon  Poff (2.43)

2.3.6 Voltage source drive model verification

The analytical switching loss model with a voltage source drive was compared to
SIMetrix Spice simulation and the conventional model in [21].

Simulation results were conducted at 12 V input, 1 MHz switching fre-
quency, and 10 A peak-to-peak buck output inductor ripple (100 nH), Ry ... 2 W,
Rig... 2 W, Ry ... 1 W, Rey ... 0 W. Results are included in the following subsec-
tions for both models. MOSFET parameters: My: Si7860DP, g¢ ... 60 S, Vi, ... 2 V,
Cissl_spec .. 1,800 pF (@Vdsl_spec .. 15 V), Cossl_spec ... 600 pF (@Vdsl_spec .. 15 V),
Crsst_spec - 200 PF (@Vas1_spec - 15 V) and My: Si7336ADP SR, Qrr spec - 30 nC,
|rr_spec 25 A

Curves of total switching loss as a function of: (a) load current, (b) driver
supply voltage and (c) common source inductance (assuming matched inductances,
i.e., Ls1... Lg1 ... Lso ... Lgo) for the proposed model, Spice simulation and the con-
ventional model are given in Figure 2.25(a)—(c). The proposed model follows the
trends of the Spice simulation results very well. The accuracy of the proposed
model total switching loss is within 0.5 W for all conditions. In Figure 2.25, it is
noted that the conventional model does a very poor job predicting the total
switching loss in all three cases, but in particular as total circuit inductance
increases. Specifically, at 1,000 pH in Figure 2.25(c), the conventional model
predicts 2.0 W loss, while the Spice results indicate total switching loss of 6.3 W —
a difference of 4.3 W. The results also show that the total switching loss can be
reduced by increasing V... However, for V.. > 8 V, the reduction is not significant.

Curves of total switching loss as a function of: (a) load current, (b) driver
supply voltage, and (c) common source inductance for the proposed model, Spice
simulation and the conventional model are given in Figures 2.26(a)—(c) and
2.27(a)—(c), respectively. The proposed model follows the trends of the Spice
simulation results. In particular, the proposed model correctly predicts that the
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Figure 2.25 Total switching loss at 1 MHz, 12 V input as a function of:
(a) load current (V¢ ... 8V, Lg; ... 250 pH), (b) driver supply
voltage (I, ... 30 A, Lg; ... 250 pH), and (c) common source
inductance (V¢ ... 8V, Iy ... 30 A)

turn-off loss increases with common source inductance since Ty increases sig-
nificantly with Lg;. In the conventional model, turn-off switching loss remains
constant with common source inductance leading to an error in predicted loss of
over 4.6 W at 1,000 pH in Figure 2.27(c). The results also show that turn-on loss
decreases with V.. as expected, since increasing V. provides increasing driver
source current. In contrast, the turn-off loss remains constant with V., since the
driver sink current is determined by Vp o.

2.3.7 Experimental validation of the voltage source drive model

Experimental results were presented to aid in demonstrating the switching loss
characteristics as load and common source inductance change. These results were
presented at low frequency with a large inductance wire introduced in series
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Figure 2.26 Turn-on switching loss at 1 MHz, 12 V input as a function of:
(a) load current (V¢ ... 8V, Lg; ... 250 pH), (b) driver supply
voltage (I, ... 30 A, Lg; ... 250 pH), and (c) common source
inductance (V¢ ... 8V, Iy ... 30 A)

between the source and common point on the driver in order to measure the
HS MOSFET current and demonstrate the trends. However, since probing the
MOSFET current is impractical in a real VR with good layout, therefore, the actual
switching loss in the prototype cannot be measured, so a direct comparison between
the modeled switching loss and actual switching loss cannot be made.

Given the constraints on measuring actual switching loss, another method to
gauge the accuracy of the proposed model is to use it in a loss analysis file that
estimates the switching loss, other loss and total loss for a synchronous buck VR
and compare it to the total loss in the real circuit. This analysis has been completed
for the voltage source drive and the total loss in the design file has been compared
to the total measured loss of the circuit by subtracting the load power from the input
power. These comparisons are included in the following subsections.
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Figure 2.27 Turn-off switching loss at 1 MHz, 12 V input as a function of:
(a) load current (V¢ ... 8V, Lg; ... 250 pH), (b) driver supply
voltage (lo ... 30 A, Lg; ... 250 pH), and (c) common source
inductance (Ve ...8V, Iy ... 30 A)

Circuit parameters: 1 MHz switching frequency; 12 V input; 1.3 V output;
330 nH buck inductor; V... 10 V; IRF6617 HS MOSFET: g¢s... 39 S, Vi ... 1.85 V,
Crssl_spec ... 160 pF (@Vdsl_spec .15 V), Coss_specl ... 450 pF (@Vdsl_spec .. 15 V),
Ciss1_spec -+ 1,300 pF (@Vgs1_spec --- 15 V); and IRF6691 SR MOSFET; Lg; ... Lgz ...
Lso ... Lg2 ... 500 pH (model). Driver parameters: UCC27222 driver (experimental);
Rhi - 1.8 W, Rip ... 1.8 W, Ry... 1 W, Reyr ... 0 W (model).

The estimated synchronous buck VR losses and model predicted switching loss
as a function of load current is compared to the experimentally measured loss in
Figure 2.28 for the voltage source driver. Good agreement is achieved between the
loss predicted by the model and the actual loss of the VR, with the accuracy within
0.7 W over the entire load range.
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Figure 2.28 Comparison of total loss predicted and measured for voltage source
drive (UCC27222, f5... 1 MHz, V;,... 12 V, and V, ... 1.3 V)
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Figure 2.29 Loss breakdown of the losses predicted and comparison to the
measured gate and total losses for voltage source drive (UCC27222,
fs..1 MHz, Vi, ...12 V,and V, ... 1.3 V)

A loss breakdown of the estimated losses used to generate the model predicted
loss in Figure 2.28 is given in Figure 2.29 for 25 A load current. The only losses
that can be experimentally measured are the gate and driving power and the input
power, which includes the remaining losses (i.e., all except gate and driving) in
Figure 2.29.
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2.4 Summary

Resonant gate drivers were originally developed to recover part of MOSFET gate-
drive loss when operating at high switching frequency. Most of investigations are
generally emphasizing gate energy savings by the resonant driver and concentrating
on the drive topologies, but ignore the potential switching loss savings that are
much more dominant in MHz switching power converter.

The idea of the CSDs is to build strong gate-drive current during the switching
transition to realize quick turn-on and turn-off transition and reduce high-frequency
switching loss and gate-drive loss in power MOSFETS.

The switching loss characteristics and behavior in a high-frequency synchronous
buck VR is investigated and the parasitic inductances act as a current snubber at turn
on to reduce turn-on loss, but prolong the turn-off time and increase turn-off loss.
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Chapter 3
Continuous current source driver

3.1 Two-channel low-side continuous current source drivers

3.1.1 Operating principle

A two-channel current source driver (CSD) with the continuous current is presented
here, which can provide two symmetrical drive signals for driving two metal oxide
semiconductor field-effect transistors (MOSFETS). The proposed drive circuit
can recover most of the driving energy. It can also reduce the switching loss
significantly. The proposed CSD can be used to drive the synchronous rectifier
(SR) in a current doubler or full-wave rectifier. It can also be used to drive the
primary MOSFETS in push-pull converters.

The proposed CSD is shown in Figure 3.1. The circuit consists of four switches
S1-S4, which is inherited from dual-channel conventional gate-drive circuit, con-
necting as a bridge configuration, and an inductor, L;, connecting across the
bridge. Capacitors, Cq o1 and Cy oo, are the gate capacitors of the power MOSFETS
Q. and Q,, respectively. V. is the voltage source which is applied to gate source
of MOSFETs Q; and Q,. In order to simplify the implementation, P-channel
MOSFET is used for S; and S,, and N-channel MOSFET is used for S and S,.
It is noted that other implementation methods can also be used to achieve the same
objective.

The major objectives of the CSD are: (1) to charge and discharge gate capa-
citors, Cg o1 and Cq o2, With minimum energy loss, (2) as fast as possible, and
(3) to clamp the voltages across Cy o1 and Cq4_ o to either source voltage V. or zero

VC
Vsg_sT] ] ” Vsg_s2
/E o lEs o osdl Q
1
Vgs Q1 Vgs Q2
—>
Co — H Co2

TVgsﬁsth . . > FLVQSMT

Figure 3.1 Proposed two-channel low-side CSD
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via low impedance path. With this CSD, the duty cycles of the voltages across
Cq 01 and Cy o2 are the same, which is decided by the gate-drive signals for S;-S,.
With different gate-drive signals to Sy, S,, Ss, and Sy; the duty cycle D for Q, and
Q- can be changed from below 0.5, to 0.5, and to above 0.5. The operation is a little
different for these three operating conditions. The operation of this circuit under
D > 0.5 situation is described in detail as shown in Figure 3.2. The typical wave-
forms are shown in Figure 3.3.

1. Mode 1 [before ty] (Figure 3.2(2)): S, S4 are turned on and S,, S are turned off.
Qq is on and Q, is off. Inductor current iy 4 increases to maximum value at t;.

2. Mode 2 [to, t;] (Figure 3.2(b)): S, is turned off at t,. Inductor L; resonates with
the gate capacitor of MOSFET Q,, Cy q2. C4 o2 Will be charged at this period.
The voltage across Cy o, increases and it will be clamped to the source vol-
tage, V., by the body diode of S, before t;. Q. is turned on in this time interval.
At t3, S, turns on with zero voltage. By controlling the turn-off instant for S,
(to), the turn-on instant of Q, can be controlled.

3. Mode 3 [ty, to] (Figure 3.2(c)): Sy, S, are on and Sz, S, are off. Both Q; and Q,
are on and inductor current i, is circulating through S; and S5, and remains
constant in this interval.

4. Mode 4 [t,, t3] (Figure 3.2(d)): S, is turned off at t, with zero voltage. Inductor
L, resonates with the gate capacitor of MOSFET Qi, Cq g1. Cgy o1 is dis-
charged at this period. The voltage across Cy o; decreases and it will be
clamped to zero by the body diode of S; before ts. Q; is turned off in this time
interval. At t3, S3 turns on with zero voltage. By controlling the turn-off instant
of S; (t,), the turn-off instant of Q, can be controlled.

5. Mode 5 [t3, t4] (Figure 3.2(e)): S,, Ss are on and Sy, S, are off. Q4 is off and Q,
is on. The inductor current i, ; decreases to zero and it will increase in opposite
direction. It reaches the negative maximum at t,.

6. Mode 6 [t4, ts] (Figure 3.2(f)): Sz is turned off at t4. Inductor L; resonates with
capacitor Cy o1. Cq o1 Will be charged. The voltage across Cy o, increases and
it will be clamped to the source voltage V. by the body diode of S; before ts. Q4 is
turned on in this time interval. At ts, S; turns on with zero voltage. By controlling
the turn-off instant of Ss (t,), the turn-on instant of Q, can be controlled.

7. Mode 7 [ts, ts] (Figure 3.2(g)): S1, S, are on and Ss, S, are off. Both Q; and Q»
are on and inductor current i, is circulating through S; and S5, and remains
constant in this interval.

8. Mode 8 [tg, t;] (Figure 3.2(h)): S, is turned off at ts with zero voltage. Inductor
L, resonates with capacitor Cyq . Cy o2 Will be discharged at this period. The
voltage across Cq o, decreases and it will be clamped to zero by the body
diode of S, before t;. Q. is turned off in this time interval. At t;, S, turns on
with zero voltage. By controlling the turn-off instant for S, (tg), the turn-off
instant of Q, can be controlled.

9. Mode 9 [t7, tg] (Figure 3.2(a)): S;, S4 are on and S,, S; are off. Q; is on and
Q. is off. The negative inductor current rises through zero and then further
increases. The value of the current i, will increase to positive maximum at ts.
The next cycle will start at tg.
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Figure 3.2 Equivalent circuits of eight operation modes in dual low-side
symmetrical drive circuit

When the duty cycle D equals 0.5, the operation is similar to that for D > 0.5
and the details are not explained here. The key difference is that there is no overlap
between the drive signal of S; and S,, so S; and S, won’t conduct simultaneously
and there is no current cycling through them. The waveforms are shown in
Figure 3.4.
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Figure 3.5 Typical waveforms of dual low-side drive circuit with D <0.5

When the duty cycle D is less than 0.5, the operation is similar to that for
D > 0.5 and the details are not explained here. The key difference is that there is a
current cycling though Sz and S, instead of S; and S,. The waveforms are shown in
Figure 3.5.

It is noted that when the gate-drive signals for S;—S; are changed, the duty
cycle for Q; and Q, will be changed from below 0.5 to 0.5 and to above 0.5 with
smooth transition.

3.1.2 Loss comparison

This section analyzes the loss for the proposed CSD. The key parameter impacting
the gate-drive loss is the peak inductor current, I peax, Which is used to charge and
discharge the gate capacitors of power MOSFETSs. Assume the power MOSFETS
Q: and Q, in Figure 3.1 are identical and their desired switching time is tg,, the
required peak inductor current, which is also the charge and discharge current, can
be given by (3.1):

ILpeak % (3-1)
tSW
where Qg is the total gate charge of each power MOSFET. It is noted that large
ILpeak: Value can reduce the switching time, and therefore, reduce switching loss.
Figure 3.6 redraws the inductor current and the current through S;—S; when
D > 0.5. The root mean square (RMS) value of the inductor current can be calcu-
lated by (3.2).

S r

2D 1 ) I\ peak” 4D 1

ILRMS 2 T ILpeak 21 D 3 ILpeak T (3-2)
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Figure 3.6 Current through inductor and switches S;—S, at D > 0.5

At.D ...0.5, the inductor current becomes triangular and I grus equals to
ILpeak=" 3. The RMS currents through switches S; and S, are the same, and are
given by (3.3):

S r
2D 1 |1 peak” 5D 2
|Lpeak2 1 D Lp;ak ILpeak 3

Isirms ... Is2rms . 2
(3.3)

AtD ... 0.5, the RMS current flowing through switches S; and S, equals to
Ipeak= 6. The RMS currents through switches S; and S, are the same, and given
by (3.4):

-

1 D
Issrms -+ Isarms - lLpeak 3 (3.4

At D ... 0.5, the RMS current equals to ILpeak=p6.

The total power loss of the proposed CSD is the sum of the Ryson 10ss 0f S-S,
the gate-drive losses of S;—S,, the core loss and the copper loss of the resonant
inductor L4, and the gate resistor of the power MOSFET, Rg. There is no switching
loss or cross conduction loss as switches S;—S, operate in zero voltage switching
(ZVS) condition.

The copper loss of the inductor winding is given by (3.5):

Pcopper - Rac ILRMS2 (3.5)
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where R, is the a.c. resistance of the inductor winding. The inductor core loss,
Pcore, depends upon the inductor design. High-frequency core materials such as 3F5
or PC50 should be used to reduce core loss. Air core inductor may be used when the
switching frequency goes above 2 MHz. In that case, core loss is eliminated. The
total inductor loss is given by (3.6):

I:)ind IDcopper I:)core (3.6)

Both the charge and discharge currents flow through the internal gate mesh
resistance Rg of the power MOSFET and cause resistive loss. The charge and
discharge current is the peak value of the inductor current. Thus, the total loss
caused by the internal resistance of two power MOSFETS for turn-on and turn-off
intervals can be calculated by (3.7):

Prc 22 Re ILpeak2 tsw fs (3-7)

where tq, is the switching time and f; is the switching frequency. Prg includes both
the charging loss and discharging loss caused by the internal resistance of two
power MOSFETS.

The conduction loss caused for S; and S, can be calculated by (3.8), where
Ras1(on) is the on-resistance for S; and S,.

5D 2
Ptop w2 RDSl on ILpeak2 3 (3-8)

The conduction loss for S; and S, can be calculated by (3.9), where Ryszon) IS
on-resistance for S; and S,.

1 D
Pbott---2 RDS3 on ILpeak2 T (3-9)

As mentioned before, switches S; and S, are N-channel MOSFETS, whereas
switches S; and S, can be either N-channel MOSFETSs or P-channel MOSFETSs
depend on design. When the same MOSFET is selected for all switches S;—S,, the
total conduction loss caused by the switches $;-S, is given by (3.10), where Rys(on)
is on-resistance for S;-S,.

4D 1
3

The switching frequency of these switches S;—S, is same as the switching
frequency fs of the power MOSFETS. The total gate-drive loss of all four switches
(S1-S4) is given by (3.11), where Qg  is the total gate charge of switches (S;-S,),
Vs s is the drive voltage of the switches (S;-S4), which is usually 5 V.

PGate .4 Qg_s Vgs_s fs (3.11)

Therefore, the total loss of the CSD can be calculated by adding all above
losses together and is given by (3.12):

Porv ... Pcond  Pre  Poate  Pind (3.12)

Pcond - Ptop Poott - 2 RDS on |Lpeak2 (3-10)
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Figure 3.7 Loss breakdown in CSD under different duty cycle

It is noted that the above loss is for two MOSFETs. The above analysis
assumes D 0.5. When D < 0.5, the total loss for CSD can also be calculated in
the similar way.

As an example, two IRF6618 are selected as power MOSFET, with total gate
charge Qg ... 93 nC, when Vs ... 12 V. Its internal gate resistor Rg is 1 W. FDN335N
is selected for switches S;—S,, with typical Rpsen) ... 0.07 W and total gate charge
Qg_s .- 3.5nC. Assume the inductor peak current as 1.2 A. The switching frequency
is 1 MHz. DS3316P-2.2 mH is chosen as the resonant inductor. The core loss of the
inductor at 1 MHz is 0.147 W and the estimated a.c. winding resistance is 0.044 W.
The loss breakdown under different duty cycles D is calculated and shown in
Figure 3.7.

It is observed from Figure 3.7 that at D ... 0.5, the total gate-drive loss is
0.75 W. At D ... 0.25 and 0.75, the total gate-drive loss is 0.88 W. It is noted that
with wide duty cycle variation, the total gate-drive loss changes only by 0.13 W.

3.1.3 Advantages of the proposed current source driver

3.1.3.1 Gate-drive loss saving
At switching frequency of 1 MHz and D ... 0.5, the gate-drive loss of CSD is cal-
culated to be 0.75 W by the analysis in Section 3.1.2.

The gate-drive loss under conventional gate-drive scheme can be calculated to
be 2.23 W by (3.13):

Porv ... Qg Vgs Ts (3.13)

There are lots of driver chips based on conventional gate-drive scheme in the
market. The loss of the driver chip itself is usually around 300 mW at 1 MHz.
Therefore, the total gate-drive-related loss under conventional drive scheme is
253 W (2.23W 0.3 W). It is noted that the loss will be dissipated in drive chip,
which cannot handle such a high power loss. The compromise is to lower the gate
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Table 3.1 Calculated gate-drive loss

Gate charge Driver chip  Total drive

loss (W) loss (W) loss (W)
Conventional driver 2.23 0.3 2.53
Current source driver 0.75 0.04 0.79
Loss saving 1.48 0.26 1.74

voltage to around 5 V. The penalty is increased conduction loss as Rgseony Will be
increased at Vgs ... 5 V. In this chapter, Vg ... 12 V is used for both cases.

In the proposed CSD, some logic circuits and level shift circuits are needed to
generate the drive signals of switches S;—S,. The loss for these logic circuits is
estimated as 40 mW. Therefore, the total gate-drive-related loss for proposed CSD
is0.79 W (0.75 W  0.04 W). The gate-drive loss saving realized by using CSD is
68.7% (1.74/2.53). Table 3.1 summarizes the above calculation result.

3.1.3.2 Switching loss reduction

It is noted that most of the switching loss happen at Miller plateau. During Miller
plateau, the drain current changes from its peak value to zero during turn-off
interval or from zero to peak value during turn-on interval. The Miller voltage
normally stands around 3 V.

Take the turn-off interval as an example, the theoretical discharge current at
Miller plateau is 0.86 A, when Rg (~1 W), driver resistance (~1.5 W), and optional
external resistor (1 W) are considered. However, because of the leakage inductance
in the discharge loop introduced by printed circuit board (PCB) track and bonding
wire inside MOSFET, the actual discharge current is much smaller. Therefore, the
turn-off time is longer and turn-off loss is greater. Similarly, in the case of turn-on
interval, the charge current at Miller plateau will be even smaller if Vi ...5 V is
used and therefore, longer turn-on time and greater turn-on loss. This is the problem
with conventional gate-drive scheme.

With the proposed CSD, the MOSFET gate is charged and discharged at the
peak inductor current during the switching interval (Miller plateau). The current is
constant during the switching interval. In addition, the impact of the leakage
inductance is removed as it is in series with a much large inductor. Therefore, the
turn-on and turn-off times can be significantly reduced and the switching loss can
be reduced.

3.1.3.3 Body diode conduction time reduction

It is noted that in order to avoid cross conduction, dead time is introduced for SR
MOSFET gate-drive signals. During the dead time, the body diode of the SR
field-effect transistor (FET) is on and causes loss. With the proposed CSD circuit,
the dead time can be reduced as the SR FET can be turned on and turned off
faster as shown in the analysis above. Therefore, the diode conduction loss can be
reduced.
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3.1.3.4 High noise immunity and alleviation of dv/dt effect

With the new CSD, the gate of the power MOSFET is connected to either source or
ground via low impedance path, rather than through the external gate resistor and
driver’s on-resistance (a few ohms) in conventional gate-drive scheme. Therefore,
the noise immunity is significantly improved and it is much less likely the syn-
chronous FET will be turned on by dv/dt effect.

3.1.3.,5 Less impact of parasitic inductance

As the gate is charged/discharged by a constant current source, the negative impact
by the parasitic inductance in the gate-drive loop (such as PCB track, lead inside
the MOSFET) can also be significantly reduced.

3.1.4 Applications

The proposed CSD can be used in wide range of switching power converters. It can
be used to drive the SR in a current doubler circuit, the primary MOSFET in push-
pull converters, as well as the so-called bus converter when the duty cycle is 50%.
Figure 3.8 shows that the proposed CSD is used to drive the SRs in a current
doubler circuit. In this application, the duty cycles for Q, and Q, are the same and
larger than 50%. With the CSD, most of gate-drive energy can be recovered. In
addition, the turn-on and turn-off times of Q; and Q, can also be reduced, which
will help reduce their body diode conduction loss.

Figures 3.9 and 3.10 show the current fed push-pull converter and voltage fed
push-pull converter with CSD to drive the primary side MOSFET, Q; and Q..

Ty
*5 L, Ls
Primar
y c R +
Tip = >V,
ol _
Q; Q,
T S Coo2

—— e

|
\ Ve |
\ I

Y \
| sg_sl “| | S1 52 |’ng_52 ‘
\ Ly
| Vgs ot j Vgs 2 |
} | iy |
\
\
\

I S S |
V95753 J s 4 V

Figure 3.8 Current doubler with CSD
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In current fed push-pull converter, the duty cycle for Q; and Q, is same and larger
than 50%. In voltage fed push-pull converter, the duty cycle is less than 50%.

3.1.5 Experimental results

Two boost converters are built to demonstrate the feasibility and advantages of the
proposed CSD. One Boost converter is driven by conventional drive chip
UCC27323 from Texas Instrument and the other is driven by the proposed CSD.
The power train of the Boost converters is same. IRF6618 is used as the Boost
MOSFET. Schottky diode 10TQ40 is used as the diode. The Boost inductor
value is 2 mH. The current ripple is 1.4 A peak to peak. The switching frequency is
1 MHz for both cases. The duty cycle is 50% and the output voltage is regulated at
11.35 V by slightly adjusting the input voltage. The input voltage is around 5.7 V
for all the test cases. In the test setup, the gate-drive circuit is powered from one
power supply (with V. of 12 V) and the Boost converter is powered from another
power supply. Therefore, the gate-drive loss can be separated from the power
circuit loss.

The circuit diagram of the prototype is shown in Figure 3.11. Pulse width
modulation (PWM) generator, logic circuit, and level shift circuit are designed for
generating drive signals of switches S;-S,.
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2 uH
H 10TQ40 l Vo
=—=2u J pm 15Q
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Logic and level 2 2 HH
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=l shift circuit | :| |__>:
= FDN335NX4

Figure 3.11 Circuit diagram of the prototype
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The measured gate-drive loss under conventional drive scheme is 2.61 W
(2.53 W from calculation) at 1 MHz operation. The gate-drive loss for proposed
current source drive scheme is only 0.864 W (0.75 W from calculation). The loss
reduction is 1.746 W, or 67% of the conventional gate-drive loss. The measured
gate-drive loss is very close to the calculated loss.

Figure 3.12 shows measured key waveforms for the CSD. Figure 3.12(a) shows
the gate signal for Sy, S5, Ss, and S,. The dead time is easily achieved. Figure 3.12(b)
shows the gate voltage and the resonant inductor current. It is observed that
waveform is very clean and the peak inductor current is used to charge and dis-
charge the gate capacitor. No Miller plateau is observed.

Figure 3.13 shows the comparison of gate voltage and gate current for CSD
and conventional gate-drive circuit. It is observed from Figure 3.13(a) that the gate
current during switching interval is constant and is about 1.3 A. The miller plateau
is not observed, which shows that the Miller charge is removed very quickly. It is
also observed from Figure 3.13(b) that for conventional gate-drive circuit, the peak
current is similar. However, the gate current at Miller plateau is quite small (around
0.3 A) and significant Miller plateau is observed.

The waveforms in Figure 3.13 also indicate that the switching time is reduced
for CSD. In order to illustrate this point clearly, the total power train loss of
the Boost converter (excluding gate-drive loss) is measured under different load
current (0.4 A and 0.8 A) when output voltage is regulated at 11.35 V. For con-
ventional gate-drive scheme, the loss is measured under four conditions, with gate
resistor of 25 W and 1 W, as well as with load current of 0.4 A and 0.8 A.
Table 3.2 summarizes the total power train loss measurement (excluding gate-
drive loss).

Vg s1 [5 V/div]
Vgs [5 V/div]
Vg s [5 V/div]

v, 5 V/div
X ] iL1 [1 A/div]

Vgs_s4 [5 V/div]

@ (b)

Figure 3.12 Measured key waveforms of the proposed CSD and conventional
gate-drive circuit, time scale 200 ns/div; (a) gate-drive signals of
switches S-S, (5 V/div) and (b) resonant inductor current (1 A/div),
and gate-drive voltage (5 V/div)
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Vs [5 V/div]
Vs [5 V/div]
Miller effect

ig [1 Ardiv] ig [1 A/div]

(®) (b)

Figure 3.13 Measured key waveforms of the proposed CSD and conventional
gate-drive circuit, time scale 200 ns/div; (a) gate voltage (top,
5 V/div) and gate current (1 A/div) for CSD and (b) gate voltage
(top, 5 V/div) and gate current (bottom, 1 A/div) for conventional
gate driver

Table 3.2 Total power train loss comparison, Vgs ... 12 V, V, ... 11.35 V,

fs...1 MHz
Load Conventional driver CSD Loss
current (A) saving (W)
Rg_ext (W) P_Ioss (W) P_Ioss (W)

Casel 04 2.5 2.07 1.92 0.15
Case2 0.8 25 2.78 2.32 0.46
Case3 04 1 1.98 1.92 0.06
Case4 0.8 1 2.50 2.32 0.18

The following two points can be observed from the above table:

1. External gate resistor impact switching loss for conventional driver
For conventional drive, comparing case 1 to case 3, and case 2 to case 4, it can
be observed that with smaller gate resistor, the total loss is smaller. The loss
difference is due to switching loss difference in these cases as all the other
conditions are same.

2. CSD can reduce switching loss
As can be observed from case 3, with the proposed CSD, the total loss is
1.92 W, while the total loss with conventional driver is 1.98 W. The difference
of the total power loss is the switching loss reduction as all the other conditions
are same. Therefore, the switching loss reduction is 0.06 W. In case 4, where
the current is doubled, the total loss is also increased. The switching loss
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Figure 3.14 Dual-channel high-side and low-side CSD

reduction with CSD is 0.18 W (2.50-2.32 W). It is noted that the power circuit
is same for both cases. When the external gate resistor is 2.5 W, the switching
loss reduction is even further.

The above observation indicates that proposed CSD can reduce the switching
loss by reducing the switching time, which is achieved by charging and discharging
the gate capacitor at high current level. It is expected that the switching loss
reduction will become more significant when the load current is further increased.

3.2 High-side and low-side continuous current source drivers

3.2.1 Operating principle of proposed current source drivers

Different from two-channel low-side CSDs, this section presents high-side and
low-side CSD, which is able to drive two MOSFETS in a synchronous buck con-
verter. Similarly, it uses a constant current to charge and discharge MOSFET gate
capacitor. Other benefits include simple circuit configuration, better dv/dt turn-on
immunity, less impact by parasitic inductance.

The proposed CSD is shown in Figure 3.14. The circuit consists of four switches
S1-S4, which is inherited from dual-channel conventional gate-drive circuit, con-
necting as a bridge configuration, an inductor, L, and a capacitor C, connecting across
the bridge. Diode D, and capacitor C, consist of a charge pump circuit for high-side
drive. Capacitors, Cy4 oz and Cy_qp, are the gate capacitors of the power MOSFETs Q;
and Q,, respectively. Q; is the high-side switch and Q, is the lower side switch. V. is
the gate-drive voltage source. In order to simplify the implementation, P-channel
MOSFET is used for S; and S, and N-channel MOSFET is used for Szand S,. It is noted
that other implementation methods can also be used to achieve the same objective.

The proposed CSD shown in Figure 3.14 can operate in both complementary
and symmetrical mode. When it operates in complementary mode, it provides two
drive signals with duty cycle D and 1 D, respectively. This mode is suitable for
driving two MOSFETS in a synchronous buck converter or primary MOSFETS in
an asymmetrical half-bridge (HB) converter. When operating in symmetrical mode,
the proposed circuit provides two drive signals with same duty cycle D and with
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Figure 3.15 Typical waveforms of dual-channel high-side and low-side CSD with
complementary drive signal, Dg; ... D and Dg,...1 - D

180 out of phase. This mode is suitable for driving HB and full-bridge (FB)
configurations.

The following provides the detailed operation of dual high-side and low-side
CSD operating at complementary mode. The duty cycle for Q4 is D and duty cycle
for Q,is1 D. In high-side and low-side configurations, the current of the reso-
nant inductor will flow through the power train of the converter in addition to the
switches S;—S4. A synchronous buck converter is used for the operation principle
depiction. The key waveforms are shown in Figure 3.15 and a synchronous buck
converter with the proposed CSD is shown in Figure 3.16.

In Figure 3.15, Vsg s1, Vsg_s2: Vgs_sa, and Vgs_s4 are gate-drive signals for S;-S,.
Vgs o1 and vgs o2 are the voltage across Cy o1 and Cq_qo. The rising edge and falling
edge of vgs o1 and vgs o2 are shown to illustrate the details of charging and
discharging interval. i 4 is the current waveform through inductor L,. In the ana-
lysis, it is assumed that capacitor C, is large and the voltage across C; is a d.c.
value. If the capacitor value C; is small, the operation of the circuit does not change.

The operation of this circuit can be briefly described as following by six
operation modes as shown in Figure 3.17:

1. Mode 1 [before to] (Figure 3.17(a)): S; and S, are off while S, and Sz are on. Q;
is off and Q, is on. The inductor current, i, 1, increases to negative maximum
value. The inductor current i, ; flows in the loop consisted of S,, Cy, L1, S3, Q»,
and V.. The voltage across C, is charged to the level of V. via D; and Q.
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Figure 3.16 Synchronous buck converter with dual high-side and low-side CSD

2. Mode 2 [to, t1] (Figure 3.17(b)): S, is turned off at ty. Inductor L, resonates
with the input capacitor of MOSFET Q,, Cy q2. Cy o2 Will be discharged at
this period. The voltage across Cq o, decreases and it will be clamped to zero
by the body diode of S, before t;. Q, is turned off in this time interval. The
current i, flows in the loop consisted of Cy o2, Cy, L1, S3, and Q.. Then at
ty, Sz is turned off and S, is turned on with zero voltage simultaneously.
By controlling the turn-off instant for S, (to), the turn-off instant of Q, can be
controlled.

3. Mode 3 [ty, to] (Figure 3.17(c)): Sz is turned off and S, is turned on with zero
voltage at t; simultaneously. Inductor L, resonates with the input capacitor
Cg o1 0f MOSFET Q. C4 oy Will be charged at this period. The voltage across
Cg o1 increases and it will be clamped to the level of V. by the body diode of
S, before t,. Q4 is turned on in this interval. The current i ; flows in the loop
consisted of Sy, Cy, L1, Cq 01, Q1, and Vi, after Qq is turned on. Then at ty, Sy is
turned on with zero voltage. By controlling the turn-off instant for Sz (t;), the
turn-on instant for Q4 can be controlled.

4., Mode 4 [t,, t3] (Figure 3.17(d)): S; and S4 are on while S, and S; are off. Qq is
on and Q, is off. The negative inductor current i, rises to zero and further
increases. The value of the current i, will increase to positive maximum at ts.
The current i, flows in the loop consisted of C,, Sy, L1, Cyq, S4, Vin, and Q;.
Then at ts, S; is turned off with zero voltage.

5. Mode 5 [t3, t4] (Figure 3.17(e)): S; is turned off at t5. Inductor L, resonates with
capacitor Cy o1. Cy4 o1 Will be discharged at this period. The voltage across
Cq o1 decreases and it will be clamped to zero by the body diode of S; before t,.
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Figure 3.17 Equivalent circuits of six operation modes of the proposed CSD
operating in complementary mode

+

)

Qg is turned off in this time interval. The current i, ; flows in the loop consisted
of Cy 01, L1, Cy, Sa, Vin and Q;. At t,, Sz is turned on and S, is turned off with
zero voltage simultaneously. By controlling the turn-off instant for S, (t), the

turn-off instant of Q, can be controlled.
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6. Mode 6 [t4, t5] (Figure 3.17(f)): S is turned on and S, is turned off with zero
voltage at t, simultaneously. Inductor L, resonates with capacitor Cy g2. Cq o2
will be charged at this period. The voltage across Cy o, increases and it will be
clamped to the source voltage V. by the body diode of S, before ts. Q, is turned
on in this time interval. The current i 4 flows in the loop consisted of Ss, L, Cq,
Cg 02, and Q,. At ts, S is turned on with zero voltage. By controlling the turn-
on instant for Sz (t4), the turn-on instant for Q, can be controlled.

7. Mode 7 [ts, tg] (Figure 3.17(a)): S; and S, are off while S, and S5 are on, while
Qq is off and Q, is on. The inductor current i ; decreases to zero and then it
will increase in opposite direction. The value of the current i_; will increase to
negative maximum at tg. The current i, 1 flows in the loop consisted of S,, C,
L1, S3, Q2, and V.. The next cycle will start at t,.

In a synchronous buck converter shown in Figure 3.16, the d.c. voltage across
capacitor C; is given by (3.14):

Vei..D Vin 2D 1 V¢ (3.14)
The peak resonant inductor current is given by (3.15):

Vim 2v¢ D 1 D T
ILpeak L ¢ 2L > (3-15)

Where Vj, is the input voltage of the converter. V. is the gate-drive voltage, which
could be the input voltage of the converter. T is switching period. L is the resonant
inductor value. D is the duty cycle of the control MOSFET.

The proposed dual channel high-side and low-side CSD shown in Figure 3.14
can also operate in symmetrical duty cycle mode. In this case, it provides two drive
signals with the same duty cycle and with 180 out of phase. A HB converter and a
FB converter require this operation mode. The operation is similar to the com-
plementary duty cycle mode and detailed description is not provided here. The key
waveforms of this operation mode are shown in Figure 3.18. Figure 3.19 shows a HB
converter with dual-channel high-side and low-side CSD. In this converter, the CSD
operates in symmetrical mode. The duty cycle of MOSFETs Q; and Q, are both D.

3.2.2 Advantages

One key point for the proposed CSD is that during MOSFET turn-on transition, its
gate capacitor is charged by the peak inductor current, 1, peay, and during MOSFET
turn-off transition, the gate capacitor is discharged by the peak inductor current as
well. During charging and discharging period, the inductor current is constant. This
fact brings significant advantages to the operation of synchronous buck converter
as summarized below.

(@) Smaller gate-drive loss
The gate charge loss can be significantly reduced. The analysis in Sec-
tion 3.1.1 shows that more than 50% of the gate-drive loss can be recovered at
1 MHz switching frequency.
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Figure 3.19 Half-bridge converter with dual high-side and low-side drive circuit
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(b) Reduced switching loss and body diode conduction loss
The charge current and discharge current is constant and is the peak value of
the inductor current. This ensures quick discharge of the Miller capacitor,
which is critical to reduce the switching loss, especially the turn-off loss when
the turn-off current is higher. An additional benefit from this fact is that the
dead time required to avoid cross conduction between the control FET and
synchronous FET can also be reduced. Thus, the diode conduction loss can
be reduced.

(c) High noise immunity and alleviation of dv/dt effect
With the proposed CSD, as shown in Figure 3.16, the gates of main
MOSFETSs, Q; and Q,, are connected to either the voltage source or ground
via low impedance path (S; to S4). With the conventional gate-drive scheme,
the gate is connected to ground or to V. through external gate resistor (around
1 W) and driver’s on-resistance (a few ohms). Therefore, the noise immunity
is improved and it is much less likely the synchronous FET will be turned on
by dv/dt effect.

(d) Less impact of parasitic inductance
As the gate is charged/discharged by a constant current source, the impact
caused by the parasitic inductance in the gate-drive loop (such as PCB track,
lead inside MOSFET) is much less. It is noted that in the conventional gate-
drive scheme, the parasitic inductance will reduce the charge and discharge
current, and therefore increase switching loss.

3.2.3 Loss analysis

As discussed above, the proposed CSD can reduce gate-drive loss. It can also
reduce the switching loss (turn-on and turn-off). This section compares the gate-
drive loss and switching loss for a buck converter based on the proposed CSD and
the conventional gate-drive circuit.

(&) Gate-drive loss comparison

Two examples are taken to calculate the total gate-drive loss for the proposed CSD
and for conventional gate-drive circuit. One example is gate voltage of 5 V for
main FET and the other example is gate voltage of 12 V for main FET. MOSFET
IRF7821 from International Rectifier is selected as control MOSFET Q; and
FDS7088N7 from Fairchild is selected as synchronous MOSFET Q,. FDN335N is
selected for switches S;-S,, with typical Rps(n) ... 0.045 W at 5 V gate voltage.
Its gate charge at ZVS condition is Qq s... 3.5 nC. The inductor peak current is
designed as 1.2 A. The switching frequency is 1 MHz. DS3316P-1.0 mH is used
as the inductor at 5 V and DS3316P-2.2 mH is used as the inductor at 12 V.
Table 3.3 summarizes the detailed loss breakdown for CSD and the conventional
gate-drive circuit.

Pconds Pra: Pgates @nd Ping (for CSD) are given in Table 3.3. P o4ic indicates
the loss for logic circuit required for convert the input PWM signal to the drive
signal for S;—S,. Its value is similar to the power loss of a conventional gate-drive
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Table 3.3 Loss comparison between current source driver and conventional gate
driver

Current source driver (W) Conventional gate driver (W)

Pcond PRG Pgate Pind Pilogic Ptotﬁcsd Pgfchg Pfdriver Ptotﬁconv

Vgs..5V  0.043 0.149 0.080 0.015 0.04 0327 031 0.15 0.46
Vgs.. 12V 0.043 0.321 0.080 0.021 0.04 0.506 1.607 0.3 1.907

chip operating at no load. The loss is around 0.04 W. Py cng in Table 3.3 represents
the gate charge loss. P_griver represents the driver chip loss, which is estimated at
around 0.3 W for switching frequency of 1 MHz and Vg of 12 V [1]. For 5 V
operation, P_gyiver IS estimated at around 0.15 W.

It can be observed from Table 3.3 that at V... 5 V, the CSD can reduce the
total gate-drive loss from 0.46 to 0.327 W, a reduction of 0.133 W, or 29%.
At Vg ... 12 V, the CSD can reduce the total gate loss from 1.907 to 0.506 W,
a reduction of 1.401 W, or 73%.

It should be noted that for conventional gate-drive circuit, the gate-drive loss at
Vgs 0f 12 V is very high and the driver chip will have a high temperature rise.
Therefore, Vg 0of 12 V is not used for 1 MHz switching frequency operation. Vg, of
5 Vis normally used. The consequence of 5 V Vg is higher conduction loss for the
MOSFET. Design compromise has to be made between higher gate-drive loss and
lower conduction loss.

With the proposed CSD, the total gate-drive loss at Vg of 12 V is 0.506 W,
marginally increased from 0.327 W at Vg ... 5 V and almost same as the gate loss
for conventional gate driver at 5 V gate voltage. Therefore, the design compromise
between higher gate loss and lower switching loss and conduction loss is not
needed. In the simulation and experimental prototype, Vgs of 12 V is used for CSD.
For conventional gate-drive circuit, Vg4 of 6 V and 12 V are both used.

(b) Switching loss analysis

Turn-off behavior of the driven MOSFETSs under the proposed CSD is much dif-
ferent from that of conventional voltage gate-drive scheme. Switching loss can be
reduced by reducing switching time and therefore, significant switching loss
reduction is achieved.

Normally, Vg of @ power MOSFET is around 2 V, and the plateau voltage
Vy is around 3 V. Under conventional gate-drive scheme, assume gate-drive voltage
Vgs 18 5 V and the total gate resistance (including the gate resistor inside
the MOSFET, which is around 1-2 W, the on resistor of the driver, which is around
1-2 W, as well as external gate resistor to damp the gate capacitor, which is usually
around 1 W) is around 3-5 W. Then the average charge current in turn-on transition
(charging the Miller plateau) is (5-3 V)/3 W...0.7 A, whereas the average dis-
charge current in turn-off transition is determined by the threshold voltage and
plateau voltage and is only 3 V/3 W...1 A. It is also noted that because of the
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parasitic inductance introduced by PCB track and wire inside the MOSFET, the
actual charge current and discharge current is much smaller and the switching loss
is much larger [2,3].

An additional benefit for synchronous buck converter with the proposed CSD
is that the dead time between the control FET and SR FET can be reduced and
therefore, the body diode conduction loss can be reduced.

3.2.4 Experimental results

Both the conventional gate-drive scheme and the proposed CSD scheme are
simulated. A totem pole drive topology is used to represent the conventional
voltage-drive scheme. A resistor is used to limit the drive current so that the peak
current in turn-on transition is 2 A. An experimental prototype is also built to verify
the feasibility and advantages of the proposed CSD. As a comparison, a buck
converter with conventional gate-drive circuit is also built.

In order to determine the parameters in the CSD, the peak inductor current
needs to be decided first. 2 A peak-drive current is chosen for the conventional
gate-drive scheme, for the same switching time, only half of the peak inductor
current is needed by using the proposed resonant-drive scheme. Once the drive
current and duty cycle of the drive signal is determined, the resonant inductor value
can be calculated by using (3.15).

Two buck converters are built. One with CSD and the other with the conven-
tional gate-drive circuit. The buck converter parameters are same. The input vol-
tage of the prototype is 12 V. The output is 1.5 /15 A. The switching frequency is
1 MHz. For buck converter, the control FET is IRF7821 and the synchronous FET
is FDS7088N7. The buck inductor value is selected as 0.5 mH with ripple current
of 2.6 A peak to peak. For CSD, FDN335N is selected for switches S;—S,. The
inductor is DS3316P-2.2 mH from Coil Craft. The peak inductor current is 1.2 A.

For conventional gate-drive scheme, the driver chip is TPS2832 from Texas
Instrument, which uses adaptive dead-time control circuit to eliminate shoot-
through currents through the control FET and SR FET during switching transition.
The external gate resistor is 1 W. It is noted that when the external gate resistor is
set to zero, the measurement result does not change.

For CSD, the gate-source voltage is 12 V. For conventional gate-drive circuit,
gate voltage of 12 V and 6 V are both used. It is noted that with V4 of 12 V, the
driver chip is very hot and it cannot operate continuously for more than 10 minutes.

The total power loss for two converters under different load current is mea-
sured and summarized in Figure 3.20.

It is observed from the measurement that significant power loss reduction is
achieved. It is observed from the above figure that at 1.5 /15 A output, the power
loss reduction is 2.15 W at 15 A output current. It is almost 10% of the output
power (22.5 W).

A more detailed look at the measurement data shows that when the load cur-
rent increases, the total power loss reduction achieved by the CSD is also increased.
At 5 A load current, the total loss reduction is 1.03 W and at 15 A, the total loss
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Figure 3.20 Loss comparison of conventional drive scheme and resonant drive
scheme

reduction is increased to 2.15 W. As the gate-drive loss is independent of load
current and the conduction loss is same for both gate-drive schemes, the result
shows that the switching loss is reduced by the CSD scheme. The power loss
reduction due to switching loss reduction is very significant.

The proposed CSD also beats the conventional gate-drive scheme with 6 V
drive voltage. It is observed that less energy is saved under light load condition by
using CSD as the driving loss under 6 V conventional drive scheme is reduced
dramatically. Whereas under heavy load condition, more energy is saved by using
CSD, since the drive loss reduction benefit is overwhelmed by the conduction loss
increasing.

Figure 3.21 shows the measured waveforms with CSD. As shown in Fig-
ure 3.21(a), the gate-drive signal for vy (control FET) is very clean and smooth.
No Miller plateau is observed as the Miller charge is removed very quickly. The
total rise time and fall time (between 0 V and 12 V) of v, is less than 20 ns. This
indicates that the switching time is much less than that, and therefore, very fast
switching is achieved. The ringing in v, is caused by noise picked by the probe.
Figure 3.21(b) shows the drain to source voltage of SR. Figure 3.21(c) shows the
resonant inductor current waveform. The peak inductor current, which is also the
charge and discharge current, is about 1.2 A.

The experimental results presented in this section demonstrate that the pro-
posed CSD can significantly reduce the power loss, especially the switching loss,
and, therefore, improve the efficiency. With CSD, the loss saving of 2.15 W is
achieved for 22.5 W (1.5 /15 A) output, or almost 10%.
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Figure 3.21 Measured key waveforms of the proposed CSD; (a) top trace:
Vgs1 (control FET). Bottom trace: vgs, (SR FET), scale: 5 V/div,
40 ns/div, (b) drain-to-source voltage for SR FET scale: 5 V/div,
40 ns/div and (c) resonant inductor current 1 A/div (10 mV/div),
200 ns/div

3.3 Accurate switching loss model with current
source drivers

3.3.1 Proposed MOSFET loss model with current
source resonant driver

69

This section develops an analytical loss model of the power MOSFET driven by the
CSD. Closed-formed analytical equations are derived to investigate switching
characteristics due to the parasitic inductance. The comparison between a voltage
driver and a resonant driver is presented concentrating on the common source
inductance in detail. The modeling and simulation results prove that a current
source resonant driver can significantly reduce the propagation impact of the
common source inductance on the switching transition, which leads to a significant

reduction of the switching transition time and the switching loss.
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The MOSFET switching loss models can be classified into: (1) a physical-
based model using physical parameters of the device, (2) a behavior model
provided by device vendor supplies, and (3) an analytical model (also called a
mathematical model). The physical-based model and the behavior model are con-
venient using simulation software, but simulation cannot be used for the purpose of
design and optimization directly. It should be stressed that the piecewise loss model
by linearizing the switching waveforms is no longer valid due to the parasitic
inductance at high frequency. Therefore, we need a new analytical loss model to
predict the optimal design solution for a resonant driver.

3.3.1.1 Circuit and basic assumption
Figure 3.22 shows a basic converter circuit including a MOSFET in series with a
diode Di, with d.c. input voltage Vp and an inductive load. The simplified
equivalent circuit for the switching transition is shown in Figure 3.23, where
MOSFETs M; is represented with a typical capacitance model, the clamped
inductive load is replaced by a constant current source and the current source gate
driver is simplified as a current source (lg) since the charge and discharge current is
kept constant during the switching transition. Ly is the switching loop inductance
including the packaging inductance and any unclamped portion of the load induc-
tance. Lg is the common source inductance, which is shared by the main current
path and the gate diver loop. The critical MOSFET parameters are as follows:
(1) the gate-to-source capacitance Cgs, the gate-to-drain capacitance Cgp, the
drain-to-source capacitance Cps; (2) the gate equivalent series resistance (ESR) Rg
(external and internal); (3) the threshold voltage Vy,; and (4) transconductance gss.
For purpose of transient analysis, we make the following simplifying
assumptions:

1. ip..0ks Ves Vi and MOSFET is ACTIVE, provided vgs > Vi, and vpg >
ipRps(on);

Gate drive
circuit

Circuit with a clamped inductive load

Figure 3.22 Circuit with a clamped inductive load
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2. Forvgs < Vi ip ... 0, and MOSFET is OFF;
3. Whengs Vs Vin > Vps=Rps on » the MOSFET is fully ON.

3.3.1.2 Analytical modeling of main switching transition

During the main switching transition period, the MOSFET enters its active state
and the linear transfer characteristics is assumed as given in (3.16) [4], where ip(t)
is the instantaneous switching current of the MOSFET and vgg(t) is the instanta-
neous gate-to-source voltage of the MOSFET:

ipt ..OsVest Vi (3.16)

According to the equivalent circuit in Figure 3.23, the circuit equations take
the form:

dvep dvgs

Ig ... — — A7
G - Cep a0 Cos it (3.17)
and

VeD .- Ves  Vps (3.18)

So
dVGs dVDs
Ig ... — — A
6. Ces Cop a0t Cep it (3.19)

Figure 3.23 Equivalent circuit of MOSFET switching transition
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From (3.19), dvps/dt is solved as

dvps Cos Cep dvgs g

. — 2
dt Cop dt Cop (3 0)
So d?vps/dt® and d*vpg/dt® are respectively
d?vps Cgss Cep d?vgs
i " Cep  dC (3.21)
d®vps  Css Cep d3ves (3.22)

i " Cep  dB

During the switching interval, the change of the switching loop current ip_
induces a voltage across the parasitic inductance. The drain-to-source voltage vps is
given as

di di | di
Vps ... Vp LD% LSDLTG .. Vb Lp L dE;L (323)
And
. dv, dv,
ipL ... CGS% CDSTDS O Ves Vi o (3.24)

Substituting (3.24) to (3.23) yields

dZVGs dZVDS dves
Vps .. Vb Lp Ls Ces e Cps o (3.25)
Substituting (3.21) to (3.25) yields
CesCep CpsCep CpsCos d?Vas dves
Vps ... Vp Lp L CGD di2 Ofs dt
(3.26)
Differentiating (3.26) yields
dvps CesCep CpsCep CpsCos d*Vas d?vgs
— .. Lp L 3 Ofs —
dt Cep dt dt
(3.27)
Substituting (3.20) into (3.27), (3.28) is derived:
Ad3VGs t dZVGs t dVGs t e (3.28)

de dt? dt
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where parameters A, B and C are represented in terms of the device parameters
(Cas, Cop, Cps, 05, and Rg) and the equivalent circuit parameters (Lp and Lg)
as A.. Lp Ls CesCep CpsCop CpsCges;B..0s Lp LsCep and
C..Cgs Cep.

For turn-on transition, the initial condition for (3.28) is vgs(0) ... V. Then
(3.28) is solved to give either sinusoidal or exponential solutions, depending on the
relative magnitudes of B2 and AC.

When B2 4AC < 0, sinusoidal solution occurs and vgg (t) takes the form:

P '
Vgs t E Il ex i cos wit nBZ 4AC B
st gz e g, ! 2c2 T 4AC B2 2C?
t . Ic t B
I ex — sinwit — — | V
G EXp T 1 c cz e th
(3.29)
p 2
where Ty ... 2, wy ... —AC B
When B> 4AC > 0, exponential solution occurs. Then vgs (t) takes the form:
P t
B2 4AC B s A exp o
Ves t .. p p :
B2 4AC B C B2 4AC
P
B2 4AC B Ig A exp —
T3 Ic t B Ig Vi
P P th,
B2 4AC B C B2 4AC c c
(3.30)
B2A L 2A
where Tp ... o—PS e Ts o 5P aac

Then, by substituting vgs(t) to (3.16) and (3.26), ip(t) and vps(t) of the
MOSFET can be calculated respectively. The turn-off transition is similar to the

turn-on transition except for the initial condition becomes vgs 0 ... Vi &

3.3.2 Analytical modeling and simulation results

The modeling results in Section 3.1.1 are presented in this section. The turn-on and
turn-off transients are divided into several intervals, during which the gate-to-
source voltage vgs (), the drain current ip(t) and the drain voltage vps (t) can be
calculated analytically with corresponding boundary conditions and constraints.
Once the instantaneous waveforms of vgs(t), ip(t), and vps(t) are solved, the
switching transition time and the switching loss can be easily obtained.

In the experimental prototype, MOSFET Si7860 from Vishay is used and the
circuit specifications and the device parameters are listed in Table 3.4. The esti-
mated value of the parasitic inductances are Lg... 1 nH and Lp, ... 2 nH by Maxwell
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Table 3.4 Circuit specifications and device parameters in analytical modeling

Vp..12V, I .20 A, fs...1 MHz

Cas Cep Cpbs Vin Ofs Rg: current Rg: voltage driven (W)
(pF) (pF) (pF) V) (S) driven (W) (external and internal)
1600 200 500 1.8 60 1 15
2.5
Vin =12V, f,=1MHz !
2
S
2 15
% Modeling ~
g 1
(% Simulation
0.5
0 1 1 1 1
5 10 15 20 25 30

Load current (A)

Figure 3.24 Switching loss comparison between modeling and simulation

simulation software. In this case, since B? is more than 4AC depending on the
above parameters, the exponential solution occurs as (3.30).

Figure 3.24 shows the switching loss comparison between the above model
using Mathcad software and the simulation results based on Si7860AD SPICE
model provided by Vishay. It is noted that the modeling results are in good
agreement with the simulation results.

However, as for a current source resonant driver, the great advantage is that
the common source inductance is absorbed by the resonant inductor to ensure
the constant drive current during the switching transition. Therefore, the pro-
pagation impact of the common source inductance on the switching transition is
eliminated, which leads to a significant reduction of the switching time and the
switching loss.

Figure 3.25 gives the comparison of the turn-on and turn-off losses as a
function of the common source inductance on the basis of above analytical loss
model. With today’s MOSFET packaging and compact PCB layout, the parasitic
inductance is usually less than 2 nH and the parasitic values can be extracted by
Maxwell simulation software. It is observed that with the resonant driver, the
common source inductance L does not increase the switching loss of the MOSFET.
Therefore, the resonant driver significantly reduces the switching loss compared to
a conventional voltage source driver due to the common source inductance.
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Figure 3.25 Switching loss comparison as function with different common source
inductances (Vi ... 12V, Iy ... 20 A, f5 ... 1 MHz, L ... 2 nH); (a) turn-
on loss and (b) turn-off loss

3.3.3 Proposed optimal design with the accurate switching
loss model

Figure 3.26 shows the resonant driver under investigation. In next section, this
resonant driver is optimized for a buck converter operating at 1 MHz switching
frequency and 12 V input.

Figure 3.27 shows the key waveforms. Cy; and Cg, are the gate-source capa-
citors of the control FET Q; and the synchronous FET Q,, respectively, and they
are not external capacitors. In Figure 3.27, the gate-to-source signals of Q; and Q,
have a small crossover level, which is less than the threshold voltage of the devices,
to minimize the dead time and reduce the conduction loss and reverse recovery of
the body diode. It should also be pointed that an additional margin should be set for
this crossover level according to the threshold voltage at high temperature, which
reduces with temperature increasing.
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Figure 3.26 Synchronous buck converter with the proposed CSD
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Figure 3.27 Key waveforms

In order to achieve design optimization, the loss analysis of the CSD is given.
The total power loss of the proposed resonant driver includes: (1) the resistive loss
and the gate-drive loss of switches S;-S,4; (2) the loss of the resonant inductor;
(3) the resistive loss caused by the internal gate mesh resistance of the power
MOSFETSs. The detail loss analysis was presented in [5].
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As seen from the principle of operation in Figure 3.27, the peak current I,
of the resonant inductor L, is regarded as the current source magnitude Ig. So the
higher 1, o is, the shorter of switching transition is, thus more switching loss can
be saved. On the other hand, higher 1., o will result in a larger RMS value of the
inductor circulating current i, since the waveform of i, is triangular, which
increases the resistive circulating loss in the drive circuit and decreases the gate
energy recovery efficiency. Therefore it is critical to decide I, p (i.e., I) properly
so that the maximum loss saving can be achieved.

The general method proposed here is to find the optimal solution on the basis
of the object function that adds the switching loss and the resonant drive circuit
loss together. The object function should be a U-shaped curve as function of the
drive current Ig, and the optimization solution is simply located at the lowest point
of the curve. It is noted that the analytical loss model proposed in Section 3.3.1 is
used to calculate the switching loss since the piecewise loss model is no longer
valid due to the parasitic inductance at high frequency. The demonstration of
the optimization methodology is employed to the new CSD. The specifications
are: Vin...12 V; V5...15 V; 1,..30 A; V...8 V; fs...1 MHz; Q: Si7860DP;
Q,: Si7336ADP.

First, the switching loss of the control FET as function of drive current Ig is
given in (3.31):

t Z t.
sw on —Q1 sw off _Q1

PQl Vds on _Q1 id on _Qldt fs Vs off Q1 id off _Qldt fs
0 0
(3.31)

where Vgsion) 01 and Vgsefr) o1 are the drain-to-source voltages during turn-on
interval and turn-off interval, respectively; ion) g1 and igem o1 are the drain cur-
rents at turn-on interval and turn-off interval, respectively; tg,on) g1 is the turn-on
switching transition time and tyyoi o1 IS the turn-off switching transition time.
In Figure 3.28, the switching 10ss Psyitching as function of driven current I is given,
illustrating that the switching loss reduces when Ig increases.

Secondly, the total loss of the CSD as function of drive current I is calculated.
In Figure 3.28, the loss of the total gate-drive circuit Pgcuit(lg) as function of drive
current lg is given, illustrating that the resonant drive circuit loss increases when
I increases.

Thirdly, in order to find the optimized gate-drive current, the objective func-
tion is established by adding the switching loss and the resonant driver circuit loss
together as

F IG F)circuit |G I:’switching |G (3-32)

In Figure 3.28, the objective function F(lIg) with the drive current Ig is
given, which is a U-shaped curve. Therefore, the optimization solution can be
found at the lowest point of the curve, and accordingly, the gate-drive current I is
chosen as 1.2 A.
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Figure 3.28 Obijective function F(lg) as function of current Ig
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Figure 3.29 Loss breakdown between the CSD and the conventional gate driver
(Vin .12V, Vy...1.5Vand |, ... 20 A)

Finally, from the selected gate-drive current, the calculated resonant inductor
value from (3.33) is 1.5 mH:
Vi 2. D 1 D

Ly ... 3.33
r 2 1o T, (3.33)

where Vi, ... 12 V, f,... 1 MHz, V... 1.5V, V. ..8 Vand Ig ... 1.2 A.
Figure 3.29 illustrates the loss breakdown comparison based on the analytical
loss model between the above optimized resonant driver and the conventional
diver. At V,...1.5V and |, ... 20 A, the turn-on loss is reduced by 0.55 W and the
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Figure 3.30 Loss comparison between resonant driver and conventional driver
with different switching frequencies (Vi ... 12 V, V, ... 1.5 V and
lo... 20 A)

turn-off loss is reduced by 0.94 W. The total loss reduction is 1.66 W, which is
5.5% (1.66 W/1.5 /20 A) of the output power.

Figure 3.30 shows the loss comparison between the resonant driver and the
conventional driver as function of the switching frequency based on the above
circuit parameters. It is interesting to observe that as long as the switching fre-
quency is above 252 kHz, the loss of the resonant driver is always lower than that of
the conventional driver, which means that the resonant driver can always achieve
loss saving over the conventional driver. The higher switching frequency, the more
loss saving we have. However, when the switching frequency is lower than
252 kHz, the loss of the resonant driver is higher than that of the conventional
driver. The reason is that though the frequency-dependent loss is reduced, it is
offset by the circulating loss of the resonant driver circuit itself, which means the
resonant drive cannot achieve the loss saving when the switching frequency is
below 252 kHz.

3.3.4 Experimental verification and discussion

A 1 MHz synchronous buck converter with the new resonant driver was built to
verify the modeling results and demonstrate the advantages of the proposed reso-
nant driver. The specifications are as follows: input voltage Vi, ... 12 V; output
voltage V, ... 1.5 V; output current I, ... 30 A; switching frequency fs...1 MHz;
resonant driver voltage V. ... 8 V. The PCB uses six-layer 2 oz copper. The com-
ponents used in the circuit are listed as follows: Control FET Q,: Si7860DP (30 V
N-channel, Rpgeny...11 MW@Vgs...4.5 V, Vishay), Synchronous FET Q:
Si7336ADP (30 V N-channel, Rpgn)...4 MW@Vgs... 4.5 V, Vishay), Drive
switches S;-S,: FDN335N (20 V N-channel, Rpsen)... 70 mMW@Vgs ... 4.5 V,
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Vgs_ 01 [2.5 V/div]

Vs g2 [2.5 V/div]

Time: [40 ns/div]

Figure 3.31 Waveforms of the gate signals vg4s o1 (control FET) and vgs o2
(synchronous FET)

Fairchild), Output filter inductance: Ls... 330 nH (R ... 1.3 mW, IHLP-5050CE-01,
Vishay), Resonant inductor: L, ... 1.5 mH.

Figure 3.31 shows the gate-drive signal vgs o1 Of the control FET Q; and vgs o2
of the synchronous FET Q,. The crossover level of these two gate signals is less
than the threshold voltage of the switches so that the dead time can be minimized
significantly and the shoot-through can also be avoided. It is observed that vgs o1 IS
smooth and the miller plateau is less than 5 ns due to the constant charging current.
Moreover, the rise time and fall time of vg4s o7 is less than 15 ns, which indicates the
gate charging time is significantly reduced compare to a conventional driver. Fig-
ure 3.32 shows the drain-source voltage vgs oo and the gate signal vy oo Of the
synchronous FET. It can be seen from vy o, that the body diode conduction time is
small, which reduces the conduction loss and the reverse recovery loss of the body
diode significantly.

Figure 3.33 shows the gate-drive current iy and the gate signal vgs o2 Of the
synchronous FET. It is noted that the gate-drive current keeps constant during the
switching interval disregarding the current oscillations. Because the extra wire
length is used to allow the insertion of a current probe to measure the current
waveforms, this introduces higher stray inductances, which causes the parasitic
oscillations of the current waveform at high frequency. Figure 3.34 shows the
resonant inductor current i, and its peak current value is 1.2 A, which is the
optimized value of the drive current.
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Figure 3.32 Waveforms of the drain-source voltage vgs o2 and the gate signal
Vgs a2 (Synchronous FET)

ig g2 [1 A/div]
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Figure 3.33 Waveforms of the gate drive current iy and the gate signal vgs
(synchronous FET)
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i, [1 A/div]

Figure 3.34 Waveform of the resonant inductor current i,

In order to illustrate efficiency improvement by the resonant driver, a bench-
mark of a synchronous buck converter with the conventional gate driver was built.
A Predictive Gate Drive UCC 27222 from Texas Instruments was used as the
conventional voltage driver.

Figure 3.35 shows the measured efficiency comparison for the CSD and the
conventional gate driver at 1.5 V output. It is observed that at 20 A, the efficiency is
improved from 82.7% to 86.6% (an improvement of 3.9%) and at 30 A, the effi-
ciency is improved from 76.9% to 83.6% (an improvement of 6.7%).

Figure 3.36 shows the converter power loss comparison for the CSD and the
conventional driver. It shows that at 20 A, the total loss is reduced from 6.28 to
4.64 W, a reduction of 26%. At 30 A output current, the total loss is reduced from
13.52 to 8.83 W, a reduction of 34.7%.

Another interesting observation from Figure 3.36 is that for same power loss of
6.4 W, the buck converter with the conventional gate drive can only provide 20 A
output current, while the buck converter with the CSD can provide 25 A (an
improvement of 25%). In other words, if the total voltage regulator (VR) output
current is 100 A, we need five phases buck converters if the conventional gate
driver is used, while we only need to use four phases if the CSD is used. This will
be a significant cost saving. Similarly, if the power loss is limited at 8.8 W, the
buck converter with the conventional driver can only provide about 24 A while
with the CSD the converter will be able to provide 30 A (an improvement of 25%).
In other words, if the total load current is 150 A, we will need six (150/24 ... 6.25)



88%

86%

82%

80%

78%

76%

74%

2%

Continuous current source driver

Efficiency

86.6%

\82.7%

85.4%
83.6%
R

80.3%
76.9%
—#— CSD
—&— Conv.
Vin=12V,V,=15V, ;=1 MHz
T T T T T
5 10 15 20 25 30
Output current (A)

83

Figure 3.35 Efficiency comparison at 1.5 V/30 A condition: top, current source
gate driver (CSD); bottom: conventional driver (Conv.)
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Figure 3.36 Power loss comparison at 1.5 V/30 A condition: top, current source
gate driver (CSD), bottom, conventional driver (Conv.)

phases for the conventional gate driver while we only need five (150/30 ...5)
phases for the CSD.

Figure 3.37 shows the measured efficiency for the CSD at different output
voltages and load currents. It is observed that at 1.0 /20 A, the efficiency is
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Figure 3.37 Efficiency with different output voltages and currents with the
resonant driver

83.5% and it is even higher than 82.7% (see Figure 3.35) of the conventional
driver at 1.5 V/20 A, which means that we can reduce the output voltage from
1.5 to 1.0 V by the CSD without penalizing the efficiency. This is important
because that the VR output voltage keeps reducing and will be less than 1 V in
the near future.

The efficiency comparison of different approaches of 12 V VRs at the switching
frequency of 1 MHz is listed in Table 3.5. Compared to the tapped-inductor (TI)
buck converter in [4], the resonant driver improves the efficiency from 84% to
87% (an improvement of 3%). Compared to the soft-switching phase-shift buck
(PSB) converter in [6], the resonant driver improves the efficiency from 82% to
86% (an improvement of 4%). The resonant driver achieves almost the same
efficiency as the self-driven soft-switching buck-derived multiphase converter in
[7]. But in terms of power density and cost, the resonant driver approach has
significant advantages over the self-driven soft-switching buck converter which
requires an additional bulk transformer that occupies plenty of space on the
motherboard. Furthermore, it should be emphasized that the resonant driver does
not change the multiphase buck architecture of today’s VRs featuring lower cost
and simple control while improving the efficiency in a cost-effective manner.
However, other buck derived approaches requiring additional magnetic compo-
nents not only reduce the power density significantly, but also increase the cost
and the complexity of the circuits and control scheme. In particular, it should
also be mentioned that an efficiency improvement of 1.6% at 1.5 /20 A is also
achieved over the Toshiba synchronous buck Multi Chip Module using semi-
conductor integration approach to minimize the parasitic inductances [8].
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Table 3.5 Efficiency comparison between the resonant driver and different state
of the art VR approaches

Input voltage: 12 V and switching frequency: 1 MHz

VR topologies Conversion  Output Output
efficiency current/phase (A)  voltage
(%) V)
Tapped-inductor (T1) buck converter [4] 84 12.5 15
Toshiba synchronous buck Multi Chip 85 20 15
Module (TB7001FL) [8]
Proposed resonant driver (Figure 3.37) 87 12.5 15
86.6 20 15
Soft-switching phase-shift buck (PSB) 82 175 1.3
converter [6]
Self-driven soft-switching buck-derived 84.7 25 13
multiphase converter [7]
Proposed resonant driver (Figure 3.37) 86 17.5 13
84.3 25 1.3

V=12V, V=15V, 1 =20 A, f, = 1 MHz
14
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Figure 3.38 Loss breakdown

Figure 3.38 gives the total loss breakdown of the buck VR with the resonant
driver. Figure 3.39 shows the measured efficiency and the analytical efficiency
based on the loss model. It can be seen that the modeling results matches the
experimental result well.
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3.4 High-side and low-side current source drivers

3.4.1 Problem of high-side and low-side current source drivers

In particular, the current-source driver as shown in Figure 3.26 for a buck converter
significantly reduces the switching loss since the impact of the parasitic induc-
tances, especially common source inductance, can be significantly reduced. This
gate-drive circuit features simplicity, low cost and efficiency improvement.
However, carefully investigating the equivalent circuits of operation, it is noted that
this driver circuit in Figure 3.26 has several drawbacks:

1.

In a buck converter for VR applications, high-drive current is desired for the
control MOSFET to ensure fast switching speed to reduce switching loss, while
low-drive current is desired for the synchronous MOSFET to achieve gate
energy recovery. Therefore, it is beneficial to have different gate-drive currents
for optimal design. However, this drive circuit can only provide identical drive
currents for the two buck MOSFETS;

Due to the reverse recovery of the body diode, the switching node has severe
oscillation as shown in Figure 3.40. This switching node is actually in series
with the level-shift capacitor of the drive circuit, which makes the circuit
sensitive to the reverse recovery noise in practical applications;

The resonant inductor current flows through the control MOSFET and syn-
chronous MOSFET, which causes additional conduction loss;

To enhance light load efficiency, the switching frequency can be reduced or
diode emulation can be used to turn off the synchronous MOSFET to allow
discontinuous conduction mode by detecting when the inductor current reaches
zero. However, it is difficult to achieve these advanced features using this drive
topology.
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Current-source
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Figure 3.40 Equivalent circuit during switching transition

In order to solve the above problems and improve the driver’s performance,
a new current-source gate driver is introduced in the next section.

3.4.2 Proposed decoupled high-side and low-side
current source drivers

One objective of the proposed current-source driver is to achieve independent drive
control for the control and synchronous MOSFETS to achieve optimal performance.
For the control MOSFET, the optimal design involves a tradeoff between switching
loss and drive circuit loss; while for the SR MOSFET, optimal design involves a
tradeoff between body diode conduction loss and drive circuit loss. Moreover, the
drive currents should not go through the main power MOSFETS.

All the above features can be achieved by the proposed new drive circuit as
shown in the dotted area in Figure 3.41. In Figure 3.41, Qq is the control MOSFET
and Q, is the synchronous MOSFET in a buck converter. Figure 3.42 gives the key
waveforms.

3.4.2.1 Principle of operation

In Figure 3.41, there are two sets of the drive circuits (CSD #1 and CSD #2) and
each of them has the structure of the HB topology, consisting of drive MOSFETS
S1-S, and S-S, respectively.

It is noted that the drive MOSFETS (S;—S4) are similar to those in a conventional
driver integrated circuit (driver IC), which means S;-S, can also be easily imple-
mented in a driver IC with standard complementary metal oxide semiconductor
(CMOS) technology to achieve low profile and high power density with low footprint
packages such as small outline integrated circuit (SOIC) package or Quad Flat No-lead
(QFN) package, which are pin-to-pin compatible with conventional driver IC. The new
current source gate-driver circuit is analyzed with discrete components and the timing
is tuned using digital complex programmable logic device (CPLD). If the drive circuit
is integrated into an IC chip, the circuit timing can also be optimized.
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Figure 3.42 Key waveforms of the new drive circuit

As illustrated in Figure 3.42, S; and S, are switched out of phase with com-
plimentary control to drive Qq, while S; and S, are switched out of phase with
complimentary control to drive Q,. With complimentary control, all the drive
switches can achieve ZVS. Driver #1 can also be regarded as a level-shift version
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of driver #2. V., and V,, are the drive voltages and they could use the same, or
independent drive voltages if desired. The diode Ds provides the path to charge Cs
to the voltage of the drive voltage V,. C,; and Cy; are the blocking capacitors.

There are six switching modes in a switching period and the equivalent circuits
are given in Figure 3.43 accordingly. D,—D, are the body diodes and C,—C, are the
intrinsic drain-to-source capacitors of S;-S,, respectively. Cg; and Cgyp are
intrinsic gate-to-source capacitors of Q; and Q,, respectively. The switching tran-
sitions of charging and discharging Cgys; and Cgs, are during the interval of [to, t;]
and [ts, ts]. The peak currents ig_o1 and ig_gp during [to, to] and [ts, ts] are constant
during switching transition, which ensures fast charging and discharging of the
MOSFET Q. gate capacitor including the Miller capacitor.

1. Mode 1 [to, t;] (Figure 3.43(a)): Prior to ty, S, and S; conduct and the inductor
current i, increases in the positive direction, while i, increases in the
negative direction. Q. is on. At t,, S3 turns off. i_,, charges C5 and discharges
C4 plus Cgs, simultaneously. Due to C; and C,, S3 achieves zero-voltage turn-
off. The voltage of C; rises linearly and the voltage of C, decays linearly.

2. Mode 2 [ty, to] (Figure 3.43(b)): At ty, Vg3 rises to V¢, and v, decays to zero.
The body diode D, conducts and S, turns on with zero-voltage condition. The
gate-to-source voltage of Q, is clamped to ground through S,. At t;, S, turns
off. i 1 charges C, plus the input capacitor Cgs; and discharges C; simulta-
neously. Due to C, and C,, S, is zero-voltage turn-off. The voltage of C, rises
linearly and the voltage of C; decays linearly.

3. Mode 3 [ty, t3] (Figure 3.43(c)): At t,, v, rises to V¢, and v, decays to zero.
The body diode D, conducts and S; turns on under zero-voltage condition. The
gate-to-source voltage of Qq is clamped to V., through S;. i 1 and i, both
decrease.

4. Mode 4 [ts, t4] (Figure 3.43(d)): Before t3, i1 and i, » each changed polarity.
Atts, Sy and S, turns off. i, charges C, plus Cgs, and discharges Cs. Due to C3
and C4, S, achieves zero-voltage turn-off. The voltage of C, rises linearly and
the voltage of C; decays linearly. i, charges C, and discharges C; plus Cgys;
simultaneously. Due to C, and C,, S; achieves zero-voltage turn-off.

5. Mode 5 [t4, ts] (Figure 3.43(e)): At t4, vy rises to V¢, and v, decays to zero.
The body diode D, conducts and S, turns on with zero-voltage. The gate-to-
source voltage of Q is clamped to zero through S..

6. Mode 6 [ts, ts] (Figure 3.43(f)): At tg, Vg4 rises to V¢; and vz decays to zero.
The body diode D3 conducts and S; turns on with zero-voltage. The gate-to-
source voltage of Q, is clamped to V., through Ss.

3.4.2.2 Advantages of proposed current-source gate driver
The advantages of the new drive circuit are highlighted as follows:

1. Significant reduction of the switching transition time and switching loss
During the switching transition [t;, t;] and [t3, ts] (see Figure 3.42),
the proposed current source driver uses the peak portion of the resonant
inductor current to drive the control MOSFET and absorbs the common source
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inductance. This significantly reduces the propagation impact of the parasitics
during the switching transition, which leads to a reduction of the switching
transition time and the switching loss.

2. Gate energy recovery
Current source drivers, using an inductor as a current source, store energy in
the inductance, which can be recovered to the driver supply voltage rail. In the
proposed driver, the inductor returns its stored energy to the line during
intervals [to, to] for the SR MOSFET, Q.. Energy is also returned to the driver
supply during the corresponding time intervals for the control MOSFET, Q;.
Owing to gate energy recovery, high gate-drive voltage can be used to further
reduce Rps(n) conduction losses.

3. Reduced SR body diode conduction
Quick switching is also beneficial to minimize the dead time between the
control and SR MOSFETS. As the gate-source voltage rises from the plateau
voltage to Ve, the Rpg(on) Of the SR is decreasing. Quick switching enables a
fast transition to the minimum value of Rpg(on) at Vgs ... Ve, This results in
conduction loss savings and reverse recovery loss in the body diode of the SR
MOSFET.

4. ZVS of the drive switches
Through the mode analysis, it is noted that all of the drive switches are able to
achieve ZVS, which is beneficial for high frequency (i.e., >1 MHz).

5. High noise immunity
With the new drive circuit, the gate terminals of the buck MOSFETSs (Q, and
Q) are clamped to either the drive voltage source via a low impedance path
(S1 and S; with fairly small Rpsiny) or their source terminals (S, and Sg).
This offers high noise immunity and leads to the alleviation of dv/dt effect to
prevent Cgy/q: induced turn-on of the SR MOSFET.

3.4.2.3 Drive circuit design analysis
The two current-source drivers have similar driver losses, except each operates
with different peak inductor currents. With CSD #1, the drive loss includes: (1) the
resistive loss and gate-drive loss of drive switches S;-S,; (2) the loss of the resonant
inductor L,q; and (3) the resistive loss caused by the internal gate mesh resistance of
the power MOSFETs.

Using volt-second balance across the resonant inductor, the DC voltage, Vcp1,
across the blocking capacitor, Cy,, is given by

Vepr .. 1 D Ve (3.34)
where D is the duty cycle of S; and V., is the drive voltage.
The blocking capacitor value is found using:

ILrl_pk

where k is the percent ripple on Cy; and fs is the switching frequency. For example, for
Ver .o 7V, I pi L5 A K. 5% and fs ... 1 MHz, then Cyy ... 1.0 mF should be used.
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The relationship of the inductor value L, and the peak inductor current Iy o
is given by (3.36):
Va D 1 D
Leyp oo ——————— 3.36
" 2 ILrl_pk fs ( )
By choosing the proper peak inductor current (i.e., drive current for the power
MOSFET), the resonant inductor value can be obtained using (3.36).

3.4.2.4 Optimal design

One advantage of this new drive circuit is that it can drive the control and
synchronous MOSFET independently with different gate currents to achieve an
optimized design.

For the control MOSFET, Q4, optimal design involves a tradeoff between the
switching loss and the drive circuit loss. Following the optimal design procedure
using the analytical loss model in Section 3.3, the gate-drive current can be decided.
The sum of the switching loss and drive circuit loss can be plotted as Pgi_optimal
and the optimal gate current, Ig o1 can be determined from the graph (at the
minimum point of Po; optimar)- FOr the given application and parameters in the
experimental results section, the curves are given in Figure 3.44. In Figure 3.44,
the optimal gate current is 1.5 A and the resonant inductor value is 1.0 mH using
(3.36). In this example, Pgyitching --- 2.3 W and Ppyiye ... 0.5 W.

The synchronous MOSFET, Q,, operates with ZVS since its output capacitance
is discharged to zero voltage before it turns on. Therefore, for the synchronous
MOSFET, optimal design involves a tradeoff between body diode conduction loss
and gate-drive loss.

(w) 6
Vo=15V,1,=30A, f,=1 MHz |

4 g 01 =15A ]
P_Q1_switching (1G) \ - //
ST \ l -
P_Drive (IG) \. e
P_Q1_Optimal (IG) R T
[ 2 ~ o ~e - —~ -t -

0 k"
01 2 3 2 5
0.5 Is (A) 5

Figure 3.44 Optimization curves for the control MOSFET Q.: power loss vs. gate
current
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The body diode conduction loss can be estimated as:

Pbody,QZ Vbody,QZ I0 fs tbody (3-37)

where ty,qy is body diode conduction time, which can be estimated using (3.38).
Equation (3.38) assumes that the body diode conducts during the interval when the
gate voltage is between the threshold and until the gate voltage is large enough so
that the Rpgony Of the synchronous MOSFET is less than about 20 mW, which
means the voltage drop across the channel is less than the body diode drop. The
values for Qg g2 (V2omonm) and Qg q2(Vin_g2) can be estimated using the MOSFET
manufacturer datasheets:

) Qg2 Voomonm  Qgo2 Ving2
lgq2

tbody (3.38)

Using Ppyive and Ppogy o2, the sum of the two loss components can be plotted
as Po2_optimal and the optimal gate current, lg oo, can be determined from the graph
(at the minimum point of Pz optimar). FOr the given application and parameters in
the experimental results section, the curves are given in Figure 3.45. In Figure 3.45,
the optimal gate current is 1.1 A and the resonant inductor value is 1.2 mH by using
(3.36). In this example, Ppyive ... 0.33 W, Ppody 02 ... 0.58 W, thogy ... 27 Ns.

Figure 3.46 illustrates the loss breakdown comparison between the new
current-source driver with the optimal design and the conventional diver. At
Vo..15V, 1,..20 A and f5... 1 MHz, the most significant loss reduction is the
switching loss. The turn-on loss is reduced by 0.5 W and the turn-off loss is reduced
by 0.7 W. The conduction loss and the body diode loss are also reduced by 0.05 W
and 0.2 W, respectively. The total loss reduction is 1.45 W.
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Figure 3.45 Optimization curves for the synchronous MOSFET Q,: power loss vs.
gate current
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Figure 3.46 Loss breakdown between the current-source gate driver and
conventional gate driver

3.4.25 Application extension

Half-bridge converter and FB converters can achieve ZVS using complimentary
control and phase-shift control respectively. However, turn-off loss still exits and
can be high due to the parasitics of the main power MOSFETs. Turn-off loss
therefore becomes a concern at MHz switching frequencies.

It is noted that the proposed gate-drive circuit can also be extended to drive
two MOSFETSs in one leg of the HB or FB topologies to achieve switching loss
reduction and gate energy savings at high switching frequencies (=1 MHz), as
shown in Figure 3.47.

3.4.3 New current-source gate driver with integrated magnetics

It can be observed the waveforms of two inductor current i, and i ., in Fig-
ure 3.42 that i 4 is nearly a mirror image about the time axis of i, ,». This provides
good ripple cancellation effect of the magnetic flux enabling potential inductors
integration.

Figure 3.48 shows the proposed current-source gate driver with integrated
magnetics. It is noted that the reference voltages of the two drivers do not need to
be the same.

Figure 3.49 illustrates an integrated inductor structure for current-source
driver. The two resonant inductors (L., and L,,) are built on the two outer legs of
one E-I core with different air gaps, g1 and g,, respectively. The fluxes F;, and F,
in the two outer legs generated by the two windings flow through the center leg,
which is a low-reluctance magnetic path with no air gap. Though L,; and L,, are
built on the same E-I core, there is no interaction between the two flux loops of F;
and F, and there is no coupling effect between L,; and L,,. Therefore, the principle
of operation of the driver circuits with the integrated inductors do not change;
however, the core number is reduced from two to one to one.
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Figure 3.50 Flux ripple cancellation effect

Another benefit of using integrated inductors is that the flux F (F ... F; F5)
in the center leg has smaller ripple owing to the flux ripple cancellation effect of the
current i 1 and i as shown in Figure 3.50. The smaller flux ripple helps to reduce
the core losses in the center leg.

3.4.4 Experimental results and discussion

In order to verify the advantages of the new current-source gate-drive circuit, a
synchronous buck converter with the proposed driver was built. The specifications
are as follows: input voltage V;, ... 12 V; output voltage V, ... 1.5 V; output current
I, ... 30 A; switching frequency fs... 1 MHz; gate-driver voltage V¢; ... Ve ... 8 V.
The PCB uses six-layer 2 0z copper. The components used in the circuit are listed
as follows: Control FET Q;: Si7860DP (30 V N-channel, Rps(on) ... 11 mMW@Vgs ...
4.5 V), Synchronous FET Q,: Si7336ADP (30 V N-channel, Rpsen)-.
4 mW@Vgs...4.5 V), Drive MOSFETs S;-S;: FDN335N (20 V N-channel,
Ros(on) .- 70 MW@Vgs ... 4.5 V), Output filter inductance: L¢...330 nH (Ryc...
1.3 mW, IHLP-5050CE-01, Vishay) and Resonant inductors: Ly ... 1 mH (I ...
15 A) and Ly...1.2 mH (I ... 1.1 A). The driver was built using discrete
components and an Altera Max Il EPM240 CPLD was used to generate the driver
gating signals. The bootstrap and level-shift circuit were used for the non-ground
referenced switches. Surface mount (SMT) power inductors (DO1608C series)
from Coil Craft are used for the resonant inductors.

Waveforms of the gate-drive signals vgs o1 (control MOSFET) and vgs o2
(synchronous MOSFET) are provided in Figure 3.51. The zoomed waveforms are
shown in Figure 3.52. It is observed that the dead time between two gate signals is
minimized to reduce the body diode conduction. It is noted that additional
fixed dead time can be set to account for the threshold voltage variation at high
temperature. Moreover, with full integration of the drive circuit into a drive IC,
adaptive control or predictive control using logic monitoring circuitry can be used.

Itis also observed that vgs o, is smooth and no Miller plateau is observed since
the Miller charge is removed fast due to the constant charging/discharging current.
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Vgs_ o1 [2.5 V/div]
Vgs_g2 [2.5 V/div]

Figure 3.51 The gate signals vy4s o1 (control FET) and vgs o2 (synchronous FET)

Vgs_o1 [2.5 V/div]
Vgs_g2 [2.5 V/div]

Figure 3.52 Zoomed gate signals vgs o1 (control FET) and vgs o (Synchronous
FET)
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Figure 3.53 Waveforms of resonant inductor currents (discrete resonant
inductors)

It is also noted that due to the gate energy recovery, 8 V drive voltage is used to
reduce the Rps(on) by 25% compared to 5 V drive voltage. This translates into a
reduction of the conduction loss by 25%.

Waveforms of the resonant inductor currents, i 1 and iy, are illustrated in
Figure 3.53 for the prototype with discrete inductors. It is observed that for the
control MOSFET, the drive current i_., is the optimal value, 1.5 A, while for the
synchronous MOSFET, the drive current iy, is the optimal value, 1.1 A.

Waveforms of the resonant inductor currents, i and i, are illustrated in
Figure 3.54 for the prototype with integrated inductors. It is observed that the
mirror relationship between i,,; and i ,, leads to the feasibility of inductor inte-
gration and lower core loss due the magnetic flux cancellation effect. In addition,
the integrated inductor does not change the operation of the drive circuits.

A benchmark synchronous buck converter with a UCC27222 conventional
gate driver was built. The same parameters are used as the current-source gate
driver. Figure 3.55 illustrates the measured efficiency comparison for the current-
source gate driver and the conventional gate driver at 1.5 V output. It is observed
that at 20 A, the efficiency is improved from 84% to 87.3% (an improvement of
3.3%) and at 30 A, the efficiency is improved from 79.4% to 82.8% (an improve-
ment of 3.4%). The current-source driver with one integrated inductor achieves
similar efficiency as the driver with two discrete inductors.

Figure 3.56 shows the converter power loss comparison for the CSD and the
conventional driver. It is noted that 30 A load, the proposed current source gate
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Figure 3.54 Waveforms of resonant inductor currents (with magnetic integration)
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Figure 3.55 Efficiency comparison at 1.5 V/30 A/1 MHz

driver saves approximately 2.2 W (a reduction of 23%) compared to the conven-
tional driver. This loss savings is significant for a multi-phase VRs. For example,
a five-phase VR, the total loss savings would be 11 W.

Another interesting observation is that if the power loss per phase is limited to
9.5 W, the buck converter with conventional gate drive can only provide 26 A
output current, while the buck converter with the current source gate driver can
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Figure 3.57 Efficiency at different output voltages

provide 30 A (an improvement of 15%). In other words, if the total output current is
120 A, we need five phases (120 A/26 A per phase) for the conventional gate driver
and only four phases (120 A/30 A per phase) for the current source driver. This
yields a significant potential cost savings and space savings enabling high power
density.

Figure 3.57 shows the measured efficiency for the current-source driver at
different output voltages as a function of load current. It is observed that at 1.0 VV/
30 A, the efficiency is 79.2% which is almost same as 79.4% of the conventional
driver at 1.5 V/30 A (see Figure 3.55). Therefore, the output voltage can be reduced
from 1.5 to 1.0 V using the current-source driver without an efficiency penalty.
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This is important since the VR output voltage is reducing to approach sub-1 V in
the near future.

3.5 Summary

The continuous CSDs build continuous current of the current source inductors.
These drivers feature the following advantages: (a) significant switching loss
reduction; (b) gate energy recovery; (c) reduced conduction loss with potential high
driver voltage and reverse recovery loss of the body diode; (d) ZVS for the driver
switches; and (e) clamp the drive voltage to either source voltage level or zero.

It is important to note that in a synchronous buck converter for VR applica-
tions, high-drive current is desired for the control FET to ensure fast switching
speed to reduce switching loss, while low drive current is desired for the syn-
chronous FET to achieve gate energy recovery. Therefore, independent CSDs for
high-side and low-side are preferred to achieve better performance with different
optimal driver current.
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Chapter 4
Discontinuous current source drivers

4.1 Discontinuous current source driver

This chapter presents different discontinuous current source drivers (CSDs) for the
power metal oxide semiconductor field-effect transistors (MOSFETS). These dri-
vers aim to reduce switching loss by providing a near constant gate charging and
discharging currents to switch quickly. Furthermore, they can recover a portion of
the QV gate energy otherwise lost in conventional voltage source drivers (VSDs).

4.1.1 Proposed low-side discontinuous CSD

The proposed CSD is illustrated in Figure 4.1. It consists of four controlled
switches, S;-S; (S;, S, P-channel and Sz, S; N-channel) including their body
diodes, D;-D,, and a small inductance, L. The switches are controlled and diodes
are used to allow the inductor current to be discontinuous and allow the power
MOSFET to turn on or off beginning from a non-zero pre-charge current. Fol-
lowing charging, or discharging of the power MOSFET, the excess energy stored in
the inductor is allowed to return to the supply voltage, V.., thereby allowing the
power MOSFET gate charge energy to be recovered.

The gating waveforms of the four driver switches, S;-S,, along with the
inductor current, gate current, power MOSFET gate-to-source voltage and the line
current are illustrated in Figure 4.2. The key waveforms to note are: (1) the inductor
current, labeled i, which is discontinuous to minimize conduction loss, (2) the
gate-drive current, labeled iy, which remains approximately constant (in compar-
ison to the conventional VSDs), and (3) the line current, iy, Which contains
negative intervals, indicating that energy is returned to the line. The operation of
the circuit is explained in the following paragraphs.

Initially it is assumed that the power MOSFET is in the off state before time t,.
Initially, before to, only switch S; and D, are on and the gate of M is clamped to
zero volts. The current paths during the intervals of the turn-on stage are illustrated
in Figure 4.3. It is noted that M has been replaced by its equivalent total gate
capacitance, Cy.

1. Mode 1 [to, t1] (Figure 4.1(a)): At to, S, turns on (with zero-current switching
(ZCS)), therefore turning off D4 by commutation (with ZCS) and allowing the
inductor current to ramp up. The current path during this interval is S—L-Ss.
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Since Sz is in the on state, the gate of M is clamped low. This interval is the
inductor current pre-charge interval and it ends at time t;, which is a pre-
determined time set by the user.
Mode 2 [tq, t,] (Figure 4.1(b)): At ty, S5 is turned off, which allows the inductor
current to begin to charge the power MOSFET gate. Assuming a low natural
resonant frequency for L-Cg, the inductor current continues to ramp up from
the pre-charged level as the voltage across the gate capacitance increases. The
current path during this interval is S,—L-Cg. This interval ends at t,, when v
reaches V.. If the inductor pre-charge current at the end of t; is much greater
than the ripple amplitude during this interval, then the inductor can assumed to
be a current source (CS) charging the power MOSFET gate.
Mode 3 [t,, t3] (Figure 4.1(c)): At tp, S; is turned on (with ZVS) and S, is
turned off, therefore driving D, on to allow the inductor current to continue to
conduct into the dot through the path Ds,~L-S;. Most importantly, during this
interval the stored energy in the inductor is returned to the line. This can be
observed from the negative portion of the iy curve in Figure 4.2. Also, during
this interval, the inductor voltage has become reverse biased, so the inductor
current quickly ramps down toward zero. During this interval, the gate voltage
of M remains clamped to the line voltage, V.. The interval ends when the
inductor current reaches zero at ts.
Mode 4 [t3, t4] (Figure 4.1(d)): At t3, D4 turns off (with ZCS). During this
interval, the gate voltage of M remains clamped to V... The interval ends at t,
when the pre-charging interval for the turn-off cycle begins as dictated by the
pulse width modulation (PWM) signal.

The turn-off interval begins at the end of t,. Initially, the inductor current is
zero and Sy is on.
Mode 5 [t4, ts] (Figure 4.1(e)): At t4, the turn-off inductor pre-charging interval
begins. S, is turned on (with ZCS), therefore turning off D, by commutation
(with ZCS). Since S; was previously on, the inductor current begins to ramp
negative out of the dot through the path S;—L-S,4. During this interval, the gate
voltage of M remains clamped to V.. The interval ends at ts.
Mode 6 [ts, tg] (Figure 4.1(f)): At ts, Sy is turned off, which allows the inductor
current to begin to discharge the power MOSFET gate. Assuming a low natural
resonant frequency of L-Cg, the inductor current continues to ramp negative
from the pre-charged level as the voltage across the gate capacitance decreases.
The current path during this interval is Cg—L-S4, where Cy represents the
equivalent gate capacitance of M. This interval ends at ts, when vgs reaches
zero. If the inductor pre-charge current at the end of t5 is much greater than the
ripple amplitude during this interval, then the inductor can assumed to be a CS
discharging the power MOSFET gate.
Mode 7 [tg, t7] (Figure 4.1(g)): At tg, Sz is turned on (with ZVS) and S, is turned
off, therefore driving D, on to allow the inductor current to conduct out of the
dot through the path Ds—L-D,. Most importantly, during this interval, the gate
discharging energy is returned to V.. This can be observed from the negative
portion of the iy curve. Also, during this interval, the inductor voltage has
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become reverse biased, so the inductor current quickly ramps down positive
toward zero. During this interval, the gate voltage of M remains clamped to
ground. The interval ends when the inductor current reaches zero at t;.

8. Mode 8 [t7, tg] (Figure 4.1(h)): At t;, D, turns off (with ZCS). During this
interval, the gate voltage of M remains clamped to ground. The interval ends at
to when the pre-charging interval for the turn-on cycle begins and the entire
process repeats as dictated by the PWM signal.

4.1.2 Driver loss analysis

The loss components of the proposed CS gate-drive circuit are outlined in the
following subsections. The loss components include: conduction loss, gate-drive
loss in the driver switches, CV? output loss, turn-off loss in the driver switches,
core loss in the driver inductor, and loss in the driver logic circuit.

The conduction loss can be determined by analyzing the losses during the three
states of the turn-on interval (to—t3) and three states of the turn-off interval (t,~t;)
when the inductor current is non-zero. The detailed inductor current waveform and
power MOSFET gate voltage waveform are shown for the turn-on interval in
Figure 4.4. The analysis of the turn-on intervals is explained as follows.

It is assumed that the power MOSFET being driven, M, is represented by an
RC network consisting of its parasitic series gate resistance, Ry, and an equivalent
gate capacitance, Cg4. During the on state, the control switches can be represented
by series resistances R;—R,. The inductor copper loss can be represented by an
equivalent series a.c. resistance, R,.

gs

lg= CgVec/ Ton

Ee Tpre H Ton | Tch)E
fo t ) i

Figure 4.4 Power MOSFET gate-source voltage and CSD inductor current
waveforms during the turn-on interval
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The driver is designed to charge the gate-source voltage from zero to V.,
during Ton by an average CS, Ig. Under this assumption, the turn-on time, Top, IS
given by (4.1), where Qg represents the total gate charge of M:

Ton Ya Q_ (4. 1)

lg
In the following subsections, the equivalent circuits during the pre-charge,
turn-on, and energy-return intervals are used and equations are derived to calculate
the conduction loss in the proposed driver.

1. Pre-charge [to, t1] (Figure 4.5(a)): During the pre-charge interval, switches S,
and Sz are on allowing the inductor current to ramp up into the dot. The
equivalent circuit during Ty is given in Figure 4.5, where R, R, and R3 have
been lumped together as Ryre (i.€., Rpre Y4aR2 PP R P R3). The circuit is a
voltage-driven RL circuit with zero initial inductor current. The inductor
current is given by (4.2), with the time constant, ty, given by (4.3). The root
mean square (RMS) current during the pre-charge interval is given by (4.4).
Using (4.4), the power consumption, Py, during the interval is given by (4.27):

. V -
iLpre Yo ——01 e rep 4.2)

Rpre

L

tpre Ya—o— (4.3)

Rpre

S
Tpre
|preRMS Ya fs inrezdt (4-4)
0
Z Tpre
F)pre Ya Rprefs inrezdt (4-5)
0

2. Turnon [ty, to] (Figure 4.5(b)): The circuit is a series RLC circuit consisting of
Rz, R, Ry, L, and Cq, where Ry, Ry, and Ry have been lumped together as Ron
(i.e., Ron ¥4 R, P R p Rg). The inductor contains an initial current iy (t;). In the
s-domain, the Kirchhoff’s voltage law (KVL) equation for the circuit is given
by (4.7). Solving for the inductor current in the RLC circuit, the characteristic
equation is of the form in (4.8) with poles at p; and p, as given in (4.9).

(a) [to, ta] [t to] [tz ta]

Figure 4.5 Equivalent circuit during the inductor pre-charge interval
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The parameters in (4.10) and (4.11) are the neper frequency, a, and the reso-
nant frequency wy:

iLon00P ¥4 i otyp (4.6)
% YysLILsP  Li 8t;b p 1.3sPRon % (4.7)
9
». Ron 1
s“p + sp c Y2 0s P p1bds o pob (4.8)
g
= 2
Ron Ron 1 p
v, -0 o — Y, 2 2
A R TR To AL
s ) (4.9
ROH Ron l p
1/ _ _ 1/ 2 2
P27 L 2L g & & W
R
a1/42—°L” (4.10)
Lol
Wo /ApE (4.12)
g

There are three possible solutions for the inductor current: (1) overdamped,
(2) critically damped, and (3) underdamped. A driver designed with minimal con-
duction loss will be under damped with Ry, 20 (R, is typically 1 W) and w, > a.
The under damped solution for the inductor current is given by (4.12):

C

. Ve . g @ . P
iLon Y4 T aLi dt;p Pp——— sin Wo2 a2t
WO a
1 ta p 2 2
pLidtipe ®cos = we? at (4.12)

1. The RMS value of i, is given by (4.13). Using (4.13), the conduction loss
power, Pqp, during To, is given by (4.14):
Sz,

lonrms ¥4 s iLon2dt (4.13)
0

Z 1,
Pon ]/4 Ronfs iLonzdt (4.14)
0

2. Energy return [ty, t3] (Figure 4.5(c)): R, and Ry have been lumped together as
Rvee (i-€., Rvee ¥aR1 P RL). The diode voltage drop is considered constant at V.
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The inductor current is given by (4.16), with the time constant, ty.., given
by (4.17):

iLyecB0P Vs i 3t, (4.15)

. oV Veb . V V -

e Vo Ve PVEP G g p Ve PVE g et (4.16)
Rvee Rvee

Tyee 7a (4.17)

Vee

The RMS value of i vce, lvecrms 1S given by (4.18). The average value of iy yec
during Ty over one period is given by (4.19). The conduction loss power, Py,
during Ty is given by (4.20):

s
Tvee
Ivecrms 2 fs iLVccZdt (4.18)
0
TVcc
Iveeave ¥ fs iLveedt (4.19)
0
Tvee Tvee
F)Vcc Ya RVccfs iLVccZdt p VFfs iLVccdt (4-20)
0 0

To calculate the total conduction loss, it can be assumed that the turn-on and
turn-off states of operation are identical. Therefore, under this assumption, the total
conduction loss in the proposed CS gate-drive circuit is given by (4.21), which is
two times the sum of Py, given by (4.5), plus Pon, given by (4.14), plus Py, given
by (4.20):

Pcond Y4 26Ppre b Pon b PvecP (4-21)

Equations (4.5), (4.14), and (4.20) can be used in a software package to
calculate conduction loss during the pre-charge time. However, under certain
conditions, with simple piecewise linear approximations, the conduction loss
calculations can be simplified for use in a spreadsheet design file.

In the intended ideal operation of the driver, the inductor current ramps up
linearly (during Tpy.), then charges the power MOSFET gate with a constant current
(during T,n) and then the excess inductor energy is returned to the driver supply as
the inductor current ramps down linearly (during Tycc) as illustrated in Figure 4.6.
To achieve an inductor current close to the desired ideal operation, three conditions
are required: (1) the resistance, Ry during the pre-charge interval can be neglec-
ted, (2) the current at the end of the pre-charge interval should be much greater than
the ripple deviation during T, (i.e., i_(ty)) =>> |i_(t,) — i (t1)]); therefore, it is
assumed that the inductor current remains constant at i, (t;) ¥4 lg during Ton, and
(3) the resistance, Ry during the energy return interval can be neglected. The three
conditions are explained in the following subsections.
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Figure 4.7 Inductor current during the pre-charge time

The inductor current as a function of time is plotted in Figure 4.7 up to two
time constants. If it is assumed that Ry % 0, then i e increases linearly as given
by (4.22) and shown by the dotted line. From Figure 4.7, for driver designs with
Tore < 0.25t,, it can be assumed that the inductor current is linear as approxi-
mated by (4.22), allowing |4 to be expressed by (4.23):

. V

ILpre %t (4.22)
Vv

lg % Tore (4.23)

To simplify the design, the inductor current pre-charge ratio a is introduced as
given by (4.24):

T
av % (4.24)

on
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T z
t, s t)

Figure 4.8 Piecewise linear inductor current during the pre-charge interval
overlaid on the actual piecewise linear inductor current

The piecewise linear simplification of the inductor current waveform during
Tore is highlighted in bold in Figure 4.8. The RMS current during this interval is
given by (4.25), which can be expressed by (4.26) using (4.23) and (4.24):

r
Toref
|preRMS |g % (4-25)
s
Ig3Lf;
|preRMS 3V (4.26)
cc

The conduction loss power, Py, as a function of Iy and Ty, during the
interval is approximated by (4.27) using (4.25). Py as a function of V¢, L, and 1 is
approximated by (4.28) using (4.26):

Toref
Popre Rprelg2 p:r;es (4.27)
lg3Lf
P Roe 28)

In the intended operation of the driver, the current at the end of the pre-
charge interval should be much greater than the ripple deviation (i.e., i, (t2)—-i (t1))
during Ton. Therefore, it is assumed that the inductor current remains constant at
iLon ¥aiL(ty) Yai (t2) Y4 14 through T, following the piecewise linear approximation
illustrated in Figure 4.6. The piecewise linear simplification of the inductor current
waveform during T, is highlighted in bold in Figure 4.9.

The RMS current during this interval is given by (4.29), which can be
expressed by (4.30) using (4.23) and (4.24):

P
|onRMS |g anre fs (4-29)

P
|onRMS |gQg fs (4-30)
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Figure 4.9 Piecewise linear inductor current during the turn-on interval overlaid
on the actual piecewise linear inductor current

The conduction loss power, Py, as a function of a, Iy, and Ty, during the
interval is approximated by (4.31) using (4.29). P, as a function of V., L, and Iy is
approximated by (4.32) using (4.30):

Pon Ronlgzanre fs (4.31)

Following the condition presented for the pre-charge interval, for driver
designs with Ty < 0.25ty, it can be assumed that the inductor current is linear as
approximated by (4.33), where Vg represents the diode forward voltage drop in the
body diode of S,. The energy return interval can be estimated by (4.34):

. Ve PV
ivee g #t (4.33)
T I Lt (4.34)
vee o Vcc b \ l
The piecewise linear simplification of the inductor current waveform during
Tvee i highlighted in bold in Figure 4.10. The RMS current during this interval is
given by (4.35), which can be expressed by (4.36) using (4.34):

I’_T f
Ivecrms g % (4.35)
s
lg3Lfs

Ivecrms m (4.36)

The conduction loss power, Py, as a function of Iy and Ty, during the
interval is approximated by (4.37) using (4.35). Pycc as a function of V., L, and Ig
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Figure 4.10 Piecewise linear inductor current during the energy return interval
overlaid on the actual piecewise linear inductor current

is approximated by (4.38) using (4.36):

1 1
Pvee |gTVcc fs 3 Rvee |g b 2 VE (4.37)

P I g 2 Lfs RVCC I [s}
Vce VCC p VF 3

b3Ve (4.38)

To calculate the total estimated conduction loss, it can be assumed that the
turn-on and turn-off states of operation are identical. Therefore, under this
assumption, the total estimated piecewise linear conduction loss in the proposed CS
gate-drive circuit is given by (4.39), which is two times the sum of Py, given by
(4.27), plus Pg,, given by (4.31), plus Py, given by (4.37). Alternately, P.ong Can
be expressed by (4.40), using (4.28), (4.32), and (4.38):

VETvee
2

T T
Peond 2 |g2 Rpre%pRonanrebRVccﬂ bl fs (4.39)

3

R R Y
) 2 | 3 pre Vee I 2 F
cond T 3v, P 3ve b Vep P s 2avas b Vep

L b I4RonQq s
(4.40)

The second significant component of driver circuit loss is driver switch gate
loss and is given by (4.41), where Qgi1, Qg2 Qgs, and Qg4 represent the total gate
charge in S;—S4 and Vg4 represents the gate driving voltage for S;—Sy:

Ps1 sagate ¥4 0Qqg1 I Qg2 o Qgs P QgaPVad fs (4.41)

The CV? output loss in S, and S, at turn on is given by (4.42), where Coes, and
Cosss represent the output capacitance values for S, and S, obtained from the
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MOSFET datasheets:

1
Pout ¥a E EScossz b Coss4pvcc2fs (4-42)

S, and S, turn off at the peak inductor current, i (t;) ¥4 lg. The turn-off loss in
S, and S, is given by (4.43), where the fall times, T, and T4, are obtained from the
MOSFET data sheets:

Pott Ya %Vcclganz o Ti4bfs (4.43)

The core loss can be obtained by standard core loss estimation methods and
should be small in comparison to the other loss components. If air core inductors
are used, the core loss is zero.

The loss in the logic circuit should be negligible in comparison to the other
components, so it can be neglected.

The total loss, Py, in the proposed driver is the sum of the loss components as
given by (4.44):

Ptot Ya I:’cond b PSl S4gate p Pout b Pof‘f (4-44)

4.1.3 CSD design procedure

The power MOSFET turn-on transition time, T,,,, (from 0 V to V), or average gate
current, Iy, must be chosen by the designer for the given application. For the
designer, there is a tradeoff between speed (i.e., switching loss reduction, or
reduced body diode conduction) and gate energy recovery. Increased gate current
(smaller values of T,,) results in greater conduction loss in the driver. Typically,
Ton should be less than 10% of the switching period.

After selecting To, (or lg), a circuit designer has a choice of the turn-on
inductor pre-charge time, Ty, Or inductor value, L, using the ratio, a. This is
illustrated in Figure 4.4 from to—t;, of the inductor current waveform during the
turn-on interval. Typically, Tpee should be in the range of 0.25 Ton < Tpre <3 Ton.
Larger values of Ty (and a) yield a larger required inductance and add more delay
in the control loop, but provide a more constant gate current and improved gate
energy recovery. Smaller values of Ty (and a) yield a smaller required inductance,
which is beneficial for component size; however, loss in the drive circuit increases
since the inductor pre-charge interval becomes nonlinear and the inductor current
ripple during T,, becomes large.

Using (4.1), (4.23), and ratio a defined in (4.24), the required inductance can
be calculated using (4.45):

VccTon2
Qq

L%a (4.45)
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Setting a %2 0.5 is a good starting point assumption for the driver design. With
this assumption, using (4.1) and (4.23), the required inductance can be calculated
using (4.46):

2
VeeTon
9

L ¥ 0:5 (4.46)

4.1.4 Design example

A design and loss analysis of the proposed driver was conducted using the total
driver loss in Section 4.1.2 and the design procedure presented in Section 4.1.3. The
parameters for the designs are given in Table 4.1. A turn-on time, T, of 50 ns, was
selected along with a pre-charge time, Ty, 0f 25 ns (a%.0.5). Using these values,
the calculated driver inductance is 139 nH.

A loss breakdown of the proposed driver is given in Figure 4.11. It is noted
that the losses in the conventional driver are 82% greater than those in the
proposed CSD.

The largest loss component in the proposed CSD is conduction loss. The largest
portion of the conduction loss is dissipated in the power MOSFET parasitic gate
resistance, Rg, which is typically about 1 W. Curves of CSD loss and conventional
driver loss as a function of Ry are given in Figure 4.12 in order to demonstrate the
potential benefits of using MOSFETS with lower internal gate resistance.

Table 4.1 CSD design parameters

Parameters

Switching frequency 1 MHz
Gate drive voltage, V¢, 5V
Turn-on time, Ty, 50 ns
Pre-charge time, Tpre 25 ns
Energy return time, Tycc 50 ns
Driver inductor, L 139 nH
Driver inductor resistance, R_ 25 mw
MOSFET, M IRF6618
Total gate charge, Qq 45 nC
Internal gate resistance, Rgq 1w
Diodes, D,-D, MBR0520
Diode forward voltage, Vg 0.385 V

CSD Switches, S-S,

NDS351AN (S5-Sa)

FDN342P (S;-S,)

Total gate charge, Qg 1.25nC 6 nC
On resistance, Rgson 90 mwW 60 mw
Output capacitance, Coss 50 pF 200 pF
Fall time, T; 1ns 2ns
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4.1.5 Experimental results

The proposed CSD was built using discrete components and compared to the Texas
Instruments UCC37322 state-of-the-art driver using the boost converter topology
operating at 1 MHz. The boost converter and its input/output specifications were
chosen as a simple, ground referenced drive, single switch test application in order
to demonstrate the capabilities of the proposed CSD.

The circuit boost converter specifications were as follows: Vi, %45V, Vo, % 10 V,
10%5 A, Lpoost¥21l mH, fs% 1 MHz. The boost MOSFET was part number
IRF6618, rated for 30 V. In addition, an International Rectifier 10TQ035 Schottky

0.40 Conventional driver total
0.35 loss 0.338
0.30
% 0.25 Current source driver
8 020 total loss 0.186
g 0 Current source driver
g oI loss components
0.106
0.10 ~
0.073
0.05 +
0.001  0.007 0.000
000 T T T == T T T
Pcond PSl-S4gate Pout Poff Pcore Ptot I:‘conv

Figure 4.11 Proposed CSD gate-drive loss breakdown with comparison of total
losses to total loss in a conventional driver circuit
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Figure 4.12 CSD loss as a function of MOSFET gate resistance
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Boost
with CSD_

Figure 4.13 Photo of the proposed CSD in a boost converter topology (left) and
the boost converter with UCC37322 driver (right; driver on bottom)

diode was used in the boost converter. The output capacitance consisted of six
10 mF, 16 V, and 1,206 ceramic capacitors. A six-layer, 1.5 oz printed circuit board
(PCB) was used for both prototypes. A photo displaying both prototypes is given in
Figure 4.13. The boost converter with CSD is on the left and the boost converter
with conventional driver, UCC37322, is on the right. It is noted that the circuit
area occupied by the proposed driver is much larger than the conventional driver.
However, for practical implementation and widespread use, complete semi-
conductor integration of the proposed driver would reduce its size significantly.

The CSD was designed to deliver 1.25 A average gate charging current to the
IRF6618 gate in order to demonstrate the switching loss reduction. In order to do
so, a turn-on time of approximately 40 ns (To, Y4 Qgf/lq %445 nC/1.25 A Y436 ns)
was selected with a pre-charge time, Ty, of 20 ns. Dallas Semiconductor DS1100
tapped delay lines were used to implement the delay times. Fairchild UHS series
discrete logic components were used to implement the logic. Fairchild FMBT3646
BJT pair pre-drivers were used to drive the CSD driver switches, S;—S4. A 100 nH
Coilcraft 1812SMS-R10L air core inductor was used for the driver inductance,
L. Fairchild NDS351AN N-channel MOSFETSs were used for S; and S,. Fairchild
FDN342P P-channel MOSFETSs were used for S; and S,.

Detailed waveforms of the turn-on transition are provided in Figure 4.14(a).
The three control signals for S;, S,, and S; are at the top (S4 is not shown and
remains off for the entire turn-on transition). The middle waveform is the IRF6618
gate voltage and the bottom waveform is the driver inductor current. The turn on of
S, (active low) initiates the turn-on inductor pre-charge interval where the inductor
current ramps up during Tpe. After the designed 20 ns, Sz turns off allowing the
inductor to charge the gate of the IRF6618 power MOSFET during T,,. During this
interval, the gate current remains at approximately 1.25 A and the power MOSFET
voltage charges from 0 V to V. ¥4 5 V. After 40 ns, the gate is clamped high when
S1 (active low) turns on. After S; turns on, the inductor current ramps back down to
zero while the inductor energy is returned to V...

Detailed waveforms of the turn-off transition are provided in Figure 4.14(b).
The three control signals for S;, Sz, and S, are at the top (S, is not shown and
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Figure 4.14 Detailed turn-on and turn-off waveforms; top: gate signals for Sq, S,
and S; (5 V/div, 20 ns/div), second: IRF6618 gate-source voltage
(2 V/div), bottom: CSD inductor current (1 A/div); (a) turn-on
interval and (b) turn-off interval

remains off for the entire turn-on transition). The middle waveform is the IRF6618
gate voltage and the bottom waveform is the driver inductor current. The turn on of
S, initiates the turn-off inductor pre-charge interval where the inductor current
ramps negative during Tp. After the designed 20 ns, S; turns off (active low)
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Figure 4.15 Efficiency curves as a function of load for the boost converter with
proposed CSD and UCC37322 driver operating at 1 MHz, 5 V input
and 10 V output; NOTE: 2.9% efficiency improvement at full load

allowing the inductor continue to ramp negative at a decreasing rate while at
the same time discharging the gate of the IRF6618 power MOSFET. During
this interval, the gate current remains at approximately 1.25 A and the power
MOSFET gate voltage discharges from V. %5 V to 0 V. After 40 ns, the gate is
clamped low when S3 turns on. After S; turns on, the inductor current ramps back
down to zero while the inductor energy is returned to V.

The efficiency and total loss curves (driver and boost converter powertrain)
for the proposed CS driven boost and UCC37322 driven boost are provided in
Figures 4.15 and 4.16, respectively. It is noted that in the testing, all components
were the same in both circuits except for the drivers. The CSD maintains greater
efficiency and lower power loss across the entire load range. Furthermore, the
efficiency improvement at full load is 2.9%, representing a total power loss
reduction of 1.85 W. It is noted that the loss reduction of 1.85 W is very close to the
1.8 W predicted and simulated. The loss reduction with the proposed driver is
achieved by reduced gate-drive loss and reduced switching loss. In addition, at 1 A
load current in Figure 4.16, the proposed CSD achieves a loss reduction of 0.16 W
(1.36-1.20 W). At 1 A load current, switching loss and conduction loss are very
small, so this loss reduction can be attributed to gate energy recovery. The loss
reduction of 0.16 W is very close to the 0.15 W predicted in the analysis results
reported in Figure 4.11.

The proposed driver was tested at other turn-on times of 20, 50, 80, 110, and
140 ns. There is a design tradeoff for the proposed driver between speed and driver
loss. Greater switching speed (i.e., smaller T,,) requires greater driver current,
which increases conduction loss in the driver. On the other hand, an added benefit
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Figure 4.16 Total loss curves as a function of load for the boost converter with
proposed CSD and UCC37322 driver operating at 1 MHz, 5V input
and 10 V output; NOTE: 1.8 W loss reduction achieved at full load
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Figure 4.17 Curves of driver loss as a function of turn-on time

is that as turn-on time decreases, the required driver inductance also decreases.
Curves of the proposed driver loss are given as a function of turn-on time, Tgp, in
Figure 4.17. Curves of the actual measured driver loss are also included. It is noted
that the proposed driver operates with lower driving loss than the UCC37322 for all
turn-on times achievable with the UCC37322 driver. While the driving loss
reduction is small (50-100 mW for the example given), in other applications at
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higher switching frequencies, or with multiple switches, the potential for gate
energy savings can become a significant.

The proposed CSD operates correctly for duty cycles ranging from 0% to
100%. Driver waveforms at 3% duty cycle are given in Figure 4.18(a). The top
waveform is the PWM signal. The second waveform is the IRF6618 gate-source
voltage and the bottom waveform is the driver inductor current. The peak inductor
current during turn on is 1.25 A as expected. However, at turn off the peak inductor

PWM —»
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Figure 4.18 CSD waveforms at: (a) 3% duty cycle and (b) 97% duty cycle;
top: PWM signal (5 V/div, 200 ns/div), second: IRF6618 gate-
source voltage (2 V/div), bottom: driver inductor current
(1 A/div)
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currentis 1 A. The lower peak inductor current at narrow duty cycles is expected
since the turn-on energy recovery time, Ty and the turn-off pre-charge time, Ty
overlap. This overlap causes the turn-off time to be slightly slower than expected.
However, if the power MOSFET gate is not fully discharged by the inductor current
after Ty, it quickly discharges when S turns on. It is also noted that when the
PWM input duty cycle is 0%, the power MOSFET gate-source voltage will remain
clamped at 0 V.

Driver waveforms at 97% duty cycle are given in Figure 4.18(b). The top
waveform is the PWM signal. The second waveform is the IRF6618 gate-source
voltage and the bottom waveform is the driver inductor current. In contrast to the
3% duty cycle example, the peak inductor current during turn off is 1.25 A as
expected and the peak inductor current at turn on is 1 A. At wide duty cycles, the
turn-off energy recovery time, Ty and the turn-on pre-charge time, T, overlap,
resulting in the turn-on time to be slightly slower than expected. However, if the
power MOSFET gate is not fully charged by the inductor current after T,,, it
quickly charges to V.. when S, turns on.

4.2 High-side discontinuous CSD

4.2.1 Proposed CSD for synchronous buck converter
and operation

The proposed synchronous buck CS gate-drive circuit is illustrated in Figure 4.19.
The circuit consists of the synchronous buck and two CSDs similar to the ground
referenced driver proposed in Section 4.1. Each driver has four small MOSFETs
and two very small inductors that carry a discontinuous current, which minimizes

XCC Current source gate driver Vi,
e leeepeeifeelieepeeetis |
| : Dy For high side (M1) | 4 Synchronous
g ? : buck
Lt
it
+ +
vae  Cr = Vo @I,

Figure 4.19 Proposed synchronous buck current source gate-drive circuit
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Figure 4.20 Proposed driver waveforms

conduction loss and allows the driver to work effectively over a wide duty cycle
range. The driver for the high-side (HS) MOSFET M, contains a bootstrap diode Dy
and capacitor C,. The operation of the driver is similar for M, and M, since each
driver operates using independent control signals (pwmM; and pwmM,) derived
with dead time from the PWM controller input.

The piecewise linear driver waveforms are given in Figure 4.20. It is assumed
that each driver is supplied with independent PWM inputs, pwmM; for M; and
pwmM, for M,. Waveforms S;—S, and Ss—Sg represent the gating signals for driver
MOSFETs S;—Sg. It is assumed that N-channel MOSFETS are used, so all devices
are active high. The D,, D4, Dg, and Dg waveforms represent the diode conduction
intervals. i, ; and i_, represent the inductor currents in the HS MOSFET driver and
SR MOSFET driver, respectively. vgs; and vgs, represent the gate-to-source voltage
waveforms for MOSFETs My and M, respectively.
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Figure 4.21 CSD inductor (top) and gate (bottom) piecewise linear current
waveforms for the HS MOSFET (M,)

The key to the driver operation is the controlling of the driver switches and use
of the body diodes to generate the discontinuous inductor current waveforms, i,
and i_,. A portion of the inductor current waveform at its peak is then used to
charge the power MOSFET gate as a nearly constant CS. This concept is illustrated
in Figure 4.21, for the HS driver of M;.

4.2.2 Design example

This section includes design examples for the HS MOSFET driver for M; and SR
MOSFET driver, for M,.

The parameters for the design of HS MOSFET CSD are given in Table 4.2. An
inductor value of 68 nH was selected for L;.

Using the values in Table 4.2, the loss curves for the driver, Py, sSwitching
loss, Psy1, and total gate current dependent loss, Pyot1, are given in Figure 4.22. The
minimum power loss point, Pio1min COrresponds to a gate current of lgyop: ¥4 3.25 A,
enabling the pre-charge inductor current to be calculated as 20 ns.

The parameters for the design of the SR MOSFET CSD are given in Table 4.3.
An inductor value of 307 nH was selected for L,.

Using the values in Table 4.3, the loss curves for the driver, Pq,», body diode
conduction loss, Pgpy, and total gate current dependent loss, Py, are given in
Figure 4.23. The minimum power loss point, Pioomin, COrresponds to a gate current
of lg10pt ¥4 1.3 A, enabling the pre-charge inductor current to be calculated as 40 ns.

4.2.3 Experimental results

In this section, experimental results are presented to compare the proposed CSD to
a benchmark synchronous buck converter with conventional driver.
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Figure 4.22 Optimization curves for the control MOSFET My; power loss vs. gate
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Table 4.2 HS MOSFET CSD design parameters

Circuit parameters

Switching frequency, fs 1 MHz
Gate drive voltage, V. v
Load current, I, 30 A
Input voltage, Vin 12V
MOSFET, M; IRF6617
Total gate charge, Qg1 20 nC
Internal gate resistance, Rq; 1w
Gate charge at Vi1, Qpix 4nC
Gate charge at Vin1, Qi 2nC
Gate-drain charge, Qga1 4nC
Driver Switches, S;-S, NDS351AN
Diode forward voltage, Vg 0.7V
Rass1—Rass4 140 mw
Fall time, Ty, Tis 1ns

Driver inductor, L,

1812SMS-68N

Inductor value, L;
Driver inductor resistance, R, ;

68 nH
20 mwW

2.5

Ptotl

4 Pdrl

HS|switching loss

P

swl

2.25
2 Total driver + HS switching loss
1.75 //'
15 “
1.25 Ptotlmin
1 v
0.75 e
0.5 | Driver loss P -
N o=? T
0.25 PP T
e =~ H
1 15 2 25 3 23.5 4 45 5 55 6
g (A)
Iglopti 3.25A

current, lg;
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Table 4.3 SR MOSFET CSD design parameters

Circuit parameters
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Switching frequency, fs 1 MHz
Gate drive voltage, V¢, v
Load current, I, 30 A
Input voltage, Vin 12V
MOSFET, M, IRF6691
Total gate charge, Qg 60 nC
Internal gate resistance, Ry, 1w

Gate charge at V2, Qpi2 18 nC
Diode forward voltage, Ve » 05V
Driver Switches, S;-S,4 NDS351AN
Diode forward voltage, Ve 0.7V
Rasss—Rasss 140 mw
Fall time, Tsg, Tig 1ns
Driver inductor, L, 132-16SM
Inductor value, L, 307 nH
Driver inductor resistance, R, 70 mW

15
1.35
1.2 Total driver + SR body diode
s 105 ‘conduction loss
g 0.9 Plotz
é_ 0.75 PtolZmin e Pdr2
3 06 e
2 o~ Body diode
§ 0.45 Drivar | L7 conductipn loss
0.3 river loss et N4
0.15 et Peowm
0
05 075 1 125 15 175 2 225 25
Ig2 (A)
lg20pt = 1.3A

Figure 4.23 Optimization curves for the SR MOSFET M,; power loss vs. gate
current, lgp

A prototype of the synchronous buck converter with CSD was built on a
six-layer PCB as shown in the photo in Figure 4.24. The driver was built using
discrete components with an Altera Maxll EPM240 CPLD used to generate the
control signals. Circuit, driver and MOSFET parameters from Tables 4.2 and 4.3 in
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Figure 4.24 Photo of the proposed synchronous buck converter with CSD
prototype

Section 4.2.2 were used. The buck inductor was IHLP5050FD, 330 nH from
Vishay. Load voltages were tested at 1.5, 1.3, 1.2, and 1.0 V up to a full-load
current of 1,%30 A. The output voltage was regulated within 30 mV of the
nominal value using a function generator with 1 ns resolution control of the duty
cycle. The proposed synchronous buck with CSD was compared to an identical
synchronous buck with the conventional UCC27222 driver from Texas Instruments
as the benchmark. The powertrain components and layout were the same for the
two circuits.

Waveforms of vgs1, Vgso, and iy 4 for the proposed synchronous buck converter
with CSD are given in Figure 4.25(a) for 1 MHz switching frequency operation.
The waveforms illustrate the turn-on and turn-off switching transitions of M. It is
noted that the gate-to-source waveforms rise and fall with constant linear slopes
due to the constant CS drive (at the peak inductor current) and the inductor current
is discontinuous as expected. The inductor current used to charge the gate at turn on
is 2.9 A and at turn off is 3.2 A used to discharge the gate. The inductor pre-
charge time, Tpye1, is 20 ns as designed in Section 4.2.2. The turn-on time, Topny, (for
the vgs; transition from 0 to V) is approximately 6 ns and the turn-off time, Ty,
(for the vgg; transition from V. to 0) is approximately 5 ns.

Waveforms of vgs1, Vgsp, and i, for the proposed synchronous buck converter
with CSD are given in Figure 4.25(b) for 1 MHz switching frequency operation.
The inductor current used to charge the gate of the SR, M,, at turn on is 1.3 A and at
turn offis 1.3 A used to discharge the gate. The inductor pre-charge time, Tpyep, IS
40 ns as designed in Section 4.2.2. The turn-on time, Tq,p, (for the vy transition
from 0 to V) is approximately 50 ns and the turn-off time, T, (for the vge
transition from V. to 0) is also approximately 50 ns.

A waveform of vgevy for the synchronous buck converter with the proposed
CSD is given in Figure 4.26(a) illustrating the turn-on and turn-off switching
transitions of M;. The measurement was taken at V% 1.3V, Vi, %412 V and 1, %
20 A. The measured fall time is approximately 4 ns, which is half of the fall time
for the UCC27222 driver implying that the turn-off switching loss is reduced by
half with the CSD.
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Figure 4.25 Top: CSD HS MOSFET (M,) and SR (M,) gate-to-source voltages at
1 MHz (y-axis: 10 V/div and x-axis 20 ns/div); bottom: M; CSD
inductor current (y-axis: 2 A/div); with (a) proposed CSD and
(b) conventional driver

A waveform of vy, for the synchronous buck converter with conventional
UCC27222 driver is given in Figure 4.26(b) illustrating the turn-on and turn-off
switching transitions of M;. The measurement was taken at Vo % 1.3 V, V;, %412 V
and 1,%20 A. The rise and fall times cannot be accurately measured since the
common source inductance voltage is included in the probed measurement; however,
the turn-off plateau is clearly evident. The measured fall time is approximately 8 ns.

The efficiency as a function of load is given in Figure 4.27 for the synchronous
buck converter with CSD and synchronous buck converter with UCC27222 driver
at 1 MHz switching frequency and 1.5 V output. The converter with CSD achieved
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Figure 4.26 Synchronous buck converter with proposed CSD and UCC27222
driver HS MOSFET (M,) gate-to-source voltage at 1 MHz (y-axis:
2 V/div and x-axis 20 ns/div); with (a) proposed CSD and
(b) conventional driver

an efficiency of 87.5% at 15 A load and 83.3% at 30 A load, compared to 85.2%
and 79.4%, respectively, for the UCC27222 driver.

The total power loss including powertrain and gate-drive loss for both con-
verters is given in Figure 4.28. It is noted that at 30 A load, the proposed CSD saves
2.6 W, or 21.9% compared to the UCC27222 conventional driver. This loss
reduction is significant for a multi-phase converter. For example, in five-phase
buck converters, the total loss reduction would be 13 W.

The efficiency as a function of load is given in Figure 4.29 for the synchronous
buck converter with CSD and the synchronous buck converter with UCC27222
driver at 1 MHz switching frequency and 1.2 V output. The converter with CSD
achieved an efficiency of 85.5% at 15 A load and 80.5% at 30 A load, compared to
82.5% and 73.1%, respectively, for the UCC27222 driver.
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Figure 4.27 Efficiency as a function of load for the CSD and UCC27222 gate
driver at 1.5 V output and 1 MHz switching frequency

e el
o R, NN W

Total driver and powertrain loss (W)

O P N W s OO O N 0 ©

[

CSD,V,=15V 116/
—*-UCC27222,V,=15V //
81 9o
5.7
/( 6.4:
39
27 / 45
8?/ 3.2
1 23
18
5 10 15 20 25 %6 30
Load current (A)

Figure 4.28 Total measured loss as a function of load for the CSD and
UCC27222 gate driver at 1.5 V output and 1 MHz switching
frequency

The semiconductor integration approach has a significant advantage since the
parasitic inductance of the package leads between the buck HS and SR MOSFETs
is negligible. It is believe that if the proposed synchronous buck converter with
CSD were similarly integrated, the efficiency of the proposed solution would be
improved further.
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Figure 4.29 Efficiency as a function of load for the CSD and UCC27222 gate
driver at 1.2 V output and 1 MHz switching frequency

4.3 Discontinuous CSD with reduced inductance

4.3.1 Proposed CSD and principle of operation

The proposed CSD is illustrated in Figure 4.30. It consists of four drive switches,
S1-S,4, a small inductor L, and a series capacitor Cs. Vp, is the gate-drive voltage. In
the analysis, it is assumed that the same MOSFETSs (N-channel) are used for S;-S,.
S1-S, are controlled to allow the inductor current to be discontinuous and the power
MOSFET can be turned on or off beginning from a non-zero pre-charge current.
Flowing charging, or discharging of the power MOSFET, the excess stored energy
in the inductor is allowed to return to the series capacitor Cs and drive-voltage
source.

Figure 4.31 illustrates the control gating signals, inductor current i,,, gate
current ig and power MOSFET gate-to-source voltage vgs. The key waveforms to
note are: (1) S; and S, are switched out of phase with complimentary control to
drive Q; (2) the inductor current i, is discontinuous to minimize conduction loss
compared to the continuous circulating current as shown in dotted line; and (3) the
gate-drive current ig is relative constant during turn-on and turn-off transitions,
which achieves fast switching speed of the power MOSFET.

There are eight switching modes in one switching period. The operation of the
circuit is explained in the following paragraphs. The equivalent circuits of turn-on
transition are illustrated in Figure 4.32(a)-(d). D;—D, are the body diodes of S;-S,.
C1—C, are the intrinsic drain-to-source capacitors of S; and S,. Cg is the intrinsic
gate-to-source capacitor of the main power MOSFET Q. The switching transitions
of charging and discharging Cgys are during the intervals of [t;, to] and [ts, tg],
respectively. The peak current ig during [t;, to] and [ts, te] are constant during the
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Figure 4.31 Key waveforms of the proposed CSD
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switching transition, which ensures fast charging and discharging of Q gate capa-
citor including the Miller capacitor. Initially, it is assumed that the power MOS-

FETs is in the off state before time t,,.

1. Mode 1 [to, t;] (Figure 4.32(a)): Prior to ty, S, is on and the gate of Q is
clamped to ground. At ty, S3 turns on (with ZCS) allowing the inductor current
i to ramp up through D,4. The current path during this interval is Cs—L,~S3—
D,-S,. This interval is the inductor current pre-charge interval and it ends at
time t;, which is a predetermined time set by the user. Since S, is in the on
state, the gate of Q is always clamped low.
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Figure 4.32 Equivalent circuits: turn-on intervals

2. Mode 2 [t;, t,] (Figure 4.32(b)): At t;, S, is turned off, which allows the
inductor current to begin to charge the gate capacitor Cgs. i, charges C, plus
the input capacitor Cgs and discharges C; simultaneously. Due to C; and Cy, S,
is zero-voltage turn off. The inductor current continues to ramp up from the
pre-charged level.

3. Mode 3 [tp, t3] (Figure 4.32(c)): At ty, v, rises to Vp and v, decays to zero.
The body diode D, conducts and S, turns on under zero-voltage condition. The
inductor current continues to conduct through the path C—L,—S3—-D4-S;. This
interval continues for a short duration until t;. During this interval, the gate of
Q is clamped to the drive voltage Vp. This interval ends when the inductor
current reaches zero at tz. It is noted that it is during this interval when the
stored energy in the inductor is returned to Cs. Also during this interval, the
inductor voltage has become reverse biased, so the inductor current quickly
ramps down toward zero.

4. Mode 4 [ts, t4] (Figure 4.32(d)): At t3, D4 turns off (with ZCS) and the inductor
current is zero. During this interval, the gate of Q remains clamped high. This
interval ends at t4 when the pre-charged interval for the turn-off cycle begins as
dictated by the PWM control signals.

The equivalent circuits of turn-off intervals are illustrated in Figure 4.33(a)—(d).

5. Mode 5 [ty, ts] (Figure 4.33(a)): At t4, S4 turns on (with ZCS). Since S; was
previously on, the inductor current i begins to ramp negative through the path
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Figure 4.33 Equivalent circuits: turn-off intervals

Cs—S;-S4—Ds-L,. The energy to charge the inductor is provided by Cs. During
this interval, the gate of Q remains clamped to Vp. This interval ends at ts.

6. Mode 6 [ts, tg] (Figure 4.33(b)): At ts, S; is turned off, which allows the
inductor current to begin to discharge the gate capacitor Cgs. i, discharges C,
plus the input capacitor Cys and charges C, simultaneously. Due to C; and C,
S; is zero-voltage turn off. The inductor current continues to ramp negative
from the pre-charged level.

7. Mode 7 [ts, t7] (Figure 4.33(c)): At tg, vy rises to Vp and v, decays to zero.
The body diode D, conducts and S, turns on under zero-voltage condition. The
inductor current continues to conduct through the path CsL,—D3-S4—S,. This
interval continues for a short duration until t;. During this interval, the inductor
voltage has become reverse biased, so the inductor current quickly ramps down
toward zero. It is noted that it is during this interval when the stored energy in
the inductor is returned to the drive-voltage source. During this interval, the
gate of Q is clamped low. This interval ends when the inductor current reaches
zero at ty.

8. Mode 8 [t7, tg] (Figure 4.33(d)): At t;, D3 turns off (with ZCS) and the inductor
current is zero. During this interval, the gate of Q, remains clamped low. This
interval ends at tg when the pre-charged interval for the turn-on cycle begins
and the entire process repeats as dictated by the PWM control signal.

The pre-charge current to turn on and turn off the power MOSFET is decided
by the voltage to charge the current-source inductor and the pre-charge time.
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For the turn-on current, the voltage to charge the inductor is (Vp—Vc¢s) and the pre-
charge time from t; to t; (ty0). For the turn-off current, the voltage to charge the
inductor is Vs and the pre-charge time from t4 to tg (ts4).

From the volt-second balance condition across the inductor, (4.47) should be
satisfied:

Vo  VesP tio ¥4 Ves ta (4.47)

where Vp, is the drive voltage and Vs is the d.c. voltage across the capacitor.
From (4.47), assuming t;o % ta,, the d.c. voltage across the series capacitor is

\Y
Ves Ya 7D (4.48)
The pre-charge current to turn on the power MOSFT is
\Y V
lG_on %% tio (4.49)
r

From (4.48) and (4.49), the turn on current is

V
lg_on 7a 2—|_Drtlo (4.50)

From (4.48), the pre-charge current to turn off the power MOSFET is

iG_off 1/4VL—C;S tsq 1/4;/—|_Dr tsq (4.51)
From (4.49) and (4.50), by changing pre-charge time, the turn-on gate current
and turn-off gate current can be decided. It is also noted that compared to the
discontinuous CSD in Section 4.1, since the actual voltage over the inductor is
reduced by half as Vp/2, for the same pre-charge time and gate-drive current, the
proposed driver can reduce the inductance value by half.
The advantages of the new CSD are highlighted as follows:

1. Significant reduction of the switching transition time and switching loss
The key idea of the proposed CSD is to control the four drive switches to create
a constant CS to drive the main power MOSFETS. During the switching tran-
sition [t;, tp] and [ts, ts] (see Figure 4.31), the proposed CSD uses the pre-
charge inductor current to drive the control MOSFET and absorbs the parasitic
inductance. This reduces the propagation impact of the parasitics during the
switching transition, which leads to a reduction of the switching transition time
and switching loss. At the same time, the discontinuous current does not
increase the circulating loss compared to other continuous CSDs.

2. Gate energy recovery
The stored energy in the inductor is returned to the series capacitor Cg
during [t,, t3] and is returned to the drive-voltage source during [ts, t;] (see
Figure 4.31). One benefit of the gate energy recovery capability is that high
gate-drive voltage can be used to further reduce Rpg(ony conduction loss.
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3. Small current-source inductance
One of the most important advantages of the proposed CSD is the small
inductance. Compared to the continuous CSDs in Section 4.1, which have
the inductance value around 1 mH at the switching frequency of 1 MHz, the
inductance of the proposed circuit is only about 10-20 nH. This is a significant
reduction of the inductance value.

4. Wide range of duty cycle and switching frequency
In a high-frequency buck converter, the duty cycle is required to response fast
during a transient event. At the same time, in order to improve the efficiency in
a wide load range, the switching frequency of a buck converter may need to
vary according to the load condition. The proposed CSD operates correctly for
duty cycles ranging from 0% to 100%. The gate-drive current (current-source
inductor current) only depends on the pre-charge time and is independent of
duty cycle and switching frequency, so it is suitable for different types of
control and wide operating conditions.

5. High noise immunity
With the new CSD, the gate terminal of the power MOSFETS are clamped to
either the drive-voltage source via a low impedance path (S; fairly small
Ros(ony) Or the source terminal (Sy). This offers high noise immunity and leads
to the alleviation of dv/dt effect.

4.3.2 Proposed high-side CSD and hybrid gate-drive scheme

Figure 4.34 illustrates the proposed HS CSD for non-ground referenced power
MOSFET. It uses a bootstrap circuit consisting of a diode D; and a bootstrap
capacitor C;. This CSD can be used to the control MOSFET in a buck converter to
achieve fast switching and reduced switching loss.

Figure 4.35 illustrates another version of the HS CSD using Cs; and Cs, in
series as the bootstrap capacitor, where Cg; and Cs, also serve as the bootstrap
capacitors.

Figure 4.36 shows the loss breakdown of buck converter with the conventional
voltage-gate driver. Carefully investigating the switching behavior of the

T

—

Figure 4.34 Proposed high-side CSD
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Figure 4.36 Loss breakdown of the buck converter with the conventional voltage-
gate driver (Lg% 1 nH, Lp % 2 nH, control MOSFET: Si7860DP and
SR: Si7336ADP)

MOSFETSs in a synchronous buck converter, it is interesting to observe that the
switching loss of the control MOSFET is dominant among the total loss breakdown
as shown in Figure 4.36. For the control MOSFET, the common source inductance
results in high switching loss, especially, turn-off loss, which makes the fast turn-
off transition more desirable. However, on the other hand, for the SR, it almost has
no switching loss since its output capacitor has been discharged to zero voltage
before it turns on, which can be regarded to achieve ZVS. Moreover, due to the
ZVS condition, no Miller charge is present and the gate charge is saved by around
30%. Also, the common-source inductance could help to improve the dv/dt
immunity of the SR MOSFET [1]. So the conclusion is that control MOSFET and
the SR MOSFET have different switching behavior as far as the parasitics are
concerned.
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Figure 4.37 The proposed discontinuous CSD diagram in the experiment

4.3.3 Experimental results

The first experiment is to verify the switching loss reduction with the HS CSD for a
12 V input buck converter. The circuit diagram of the experimental prototype is
shown in Figure 4.37.

The idea to use the proposed CSD is to achieve fast switching speed and reduce
the switching loss of the control MOSFET in a buck converter. Conventional vol-
tage-source driver is used for the SR MOSFET for its simplicity, good immunity
and alleviation of dv/dt effect as the switching loss for SR is minimum.

The specifications of the buck converter prototype are as follows: input voltage
Vin ¥ 12 V; output voltage V,% 1.0 V=1.5 V; output current I,% 25 A; switching
frequency fs% 1 MHz; gate-driver voltage Vp %45 V. The PCB is six-layer with
4 0z copper. The components used in the circuit are listed as follows: Q1: Si7860DP;
Q. irf6691; output filter inductance: L¢% 300 nH (IHLP-5050CE-01, Vishay);
current-source inductor: L,%18 nH (SMT 1812SMS-22N, Coilcraft); drive
switches S;-S,: FDN335.

Figure 4.38(a) shows the gate-drive signal for the four drive MOSFETS S;-S,4
from the CPLD. All waveforms agree with the theory in Figure 4.31. Most notably,
the pre-charge intervals are indicated as 20 ns.

Figure 4.38(b) shows the inductor current i, and gate-drive signals vgs o1
(control MOSFET). Its peak current value is 2.0 A, which is the optimized value of
the CSD drive current. The inductor current is discontinuous as expected. During
the pre-charge time, the current ramps up linearly. After the pre-charge time, the
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inductor current continues to ramp up while charging the gate capacitance of the
Si7860DP power MOSFET during the turn-on intervals. During this interval, the
average drive current is approximately 2.0 A and the power MOSFET voltage
charges from 0 V to Vp %45 V. After the power MOSFET turns on, the inductor
current ramps back down to zero while the inductor energy is returned to drive-
voltage source.

Figure 4.39(a) shows the gate-drive signals vgs o1 (control MOSFET) and
Vgs_o2 (SR). It is observed that vgs o1 Is smooth since the Miller charge is removed
fast by the constant inductor drive current. Moreover, the total rise time and fall
time of vy o1 is less than 15 ns, which means fast switching speed. The dead time
between two drive voltages is fixed to avoid shoot-through and is minimized to
reduce the SR body diode conduction loss.

Figure 4.39(b) shows the drain-to-source voltage vgs o2 Of the SR at the load
current of 25 A. It can be seen from vgs_o, that the body diode conduction time is
small, which reduces the conduction loss and the reverse recovery loss of the body
diode. It should be also noted that adaptive control or predictive of the voltage-
source driver can also be applied to the hybrid gate driver.

A benchmark of a synchronous buck converter with the conventional gate
driver was built. The predictive gate drive UCC 27222 from Texas Instruments was
used as the conventional voltage driver. Figure 4.40 shows the measured efficiency
comparison for the hybrid gate driver and the conventional gate driver at 1.3 V
output. It is observed that at 25 A, the efficiency is improved from 80.7% to 85.4%
(an improvement of 4.7%) and at 30 A, the efficiency is improved from 77.9% to
83.9% (an improvement of 6%).

Figure 4.41 gives the measured efficiencies for the CSD with different output
voltages and load currents at 1 MHz respectively.

The second experiment is to verify the gate energy recovery of the proposed
CSD. Typically, high gate-drive voltage helps to reduce the MOSFET Rpg(on) and
conduction loss. The SR MOSFET usually has high total gate charge. However, it
also increases the gate-drive loss. Typically, the gate-drive voltage of 6 V-7 V
gives a good tradeoff between the conduction loss and the gate-drive loss.
In addition, in high-current application, more SR MOSFETSs are often paralleled to
reduce Rpgony @and thus the conduction loss. In this experimental test, the proposed
low-side CSD is used to drive two paralleled IRF6691 as SRs. The CSD with the
same components and parameters is tested. The conventional gate-driver chip
ISL6208 [2] from Intersil is used for the same SR MOSFETSs for comparison.

Figure 4.42(a) and (b) illustrates the gate-drive voltages of the SR with the
proposed CSD at 1 and 2 MHz, respectively. In this figure, it is observed that the
turn-on and turn-off transition time is less than 20 ns, which means that the pro-
posed CSD achieves fast turn-on and turn-off speed of the SR MOSFET.

The measured losses are listed in Table 4.4. Three different drive voltages of 5,
6, and 7 V are tested under different switching frequency condition. It is observed
that when the gate-driver voltage increases, the loss difference (D loss) increases,
which means the CSD is more effective with high-drive gate-drive voltages to
reduce Rps(on) conduction loss. For example, Rpsony of IRF6691 [3] is reduced
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Figure 4.41 Efficiency with different output voltages and currents at 1 MHz

from 2.5 mW@Vgs %5 V drive voltage to 1.9 mW@ Vgs¥% 7 V (a reduction of
24%). In Table 4.4, it is noted that with Vp %7 V and the switching frequency
of 2 MHz, the gate loss reduction with the CSD is as much as 2.24 W, a reduction
of 63% with the voltage-source driver.

For the step change of the duty cycle, Figure 4.43(a) and (b) illustrates the duty
cycle changes from D %, 0.1 to D % 0.8 and from D ¥ 0.8 to D ¥, 0.1, respectively.
It is observed that the proposed CSD can responds fast when duty cycle has a step
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Table 4.4 Measured loss comparison of proposed CSD and conventional (Conv.)
voltage driver

Switching Vp %5V Vp %6 V Vp¥7V
frequency

CSD Conv. DLoss CSD Conv. DLoss CSD Conv. D Loss
w) W) W) W w W w)y W) W)

800 kHz 028 1.07 0.79 040 176 1.36 056 240 184
1.0 MHz 035 110 0.75 049 198 149 069 270 201
1.2 MHz 041 130 0.89 061 206 145 083 280 197

1.5 MHz 052 140 0.88 075 230 155 102 313 211
1.8 MHz 060 150 0.90 087 246 159 119 335 216
2.0 MHz 065 162 097 095 260 165 130 354 224

change. This is of great benefit for voltage regulator (VR) applications with fast
dynamic response requirement.

4.4 Current diversion

4.4.1 Introduction

The CSDs can reduce the switching loss by charging and discharging the MOSFET
with a nearly constant current. Another advantage of the CSDs is that the gate-drive
waveforms of CSDs are bipolar [4], which means that CSDs can turn off the power
MOSFET with a negative voltage. The typical CSDs presented previously can turn
off the power MOSFET with 0.7 V, while the CSD presented in [5] can turn off
the power MOSFET with 3.5 V. In comparison, conventional VSDs can only turn
off the power MOSFET with p0.5 V. Therefore, compared to VSDs, CSDs can
significantly reduce the turn-off loss, which is the dominant part of the whole
switching loss.

However, during the switching transitions, the current in the CS inductor is
diverted, which reduces the effective drive current to the MOSFET. This is known
as the current diversion problem, which commonly exists in the CSDs. In order to
maintain the performance of CSDs compared with VSDs, the current diversion
problem needs to be analyzed mathematically to predict and optimize the perfor-
mance of the CSDs more accurately.

An analytical loss model, which thoroughly analyzes the impact of the para-
sitic inductance in CSDs, is presented in [6] to evaluate the performance of the
CSDs. In addition, a generalized method to optimize the overall performance of the
buck converter with a CSD is analyzed in the proposed model. A piecewise model
that enables easy calculation and estimation of the switching loss is also proposed
in [7]. However, the current diversion problem, which reduces the effective gate
current and the switching speed, has not been investigated yet.
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4.4.2 Proposed switching loss model considering
current diversion

The equivalent circuit of the MOSFET driven by proposed CSD is shown in
Figure 4.44, where the power MOSFET Q is represented by a typical capacitance
model, Ls is the common source inductance including the PCB track and the
bonding wire inside the MOSFET package and L, is the switching loop inductance.
For the purpose of the transient analysis, the following assumptions are made [8]:

1. iDS Ya gfs(VCGS_Vth) and MOSFET is ACTIVE, prOVided Vegs = Vth and Vps =
ipsRps(on)

2. For vegs < Vi, Ips %40, and MOSET is OFF

3. When gss(Veas—Vin) = VDS/RDS(on), the MOSFET is fully ON.

where ips is the drain current of the Q, gy is the transconductance, vpgs is the voltage
across the drain-source capacitance of the Q, vegs is the voltage across the gate-
source capacitance of the Q, Vy, is the threshold voltage of Q, Rpson) is the drain-
source on-state resistance. During the Active State when switching loss happens:

ips ¥4 Os0Veas VP (4.52)

According to Figure 4.44, i is the effective current to charge or discharge Q as
shown below,

ic ¥4 8Cgs b CGDpd‘(’% cGDd‘(’j—'fs (4.53)

Vps IS given as,

di dai igh
Vos Ve Vi Lpibs | d0ibs PicP

dt dt (4.54)

Current source driver

Figure 4.44 Equivalent circuit of MOSFET with the proposed CSD
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Figure 4.45 MOSFET switching transition waveforms

The detailed switching waveforms are illustrated in Figure 4.45, where Vgs—Vges
are the gate-drive signals for driver switches S;—Ss in Figure 4.44, i, is the driver
inductor current of L,; vgsy, as shown in (4.55), is the gate-source voltage of Q
including the effect of the common source inductance and the gate resistance, psw,
is the switching loss of the Q:

. d,. .
Vost Ya IGRg b Vees Ls aéle b igh (455)

The operation principle of the turn-on transition is presented as follows. Prior
to to, the power MOSFET is clamped in the OFF state by S, and Ss.

Turn-ON Transition:

1. Pre-charge [to, t;] (Figure 4.46(a)): At to, S; is turned on, and the inductor
current i, rises almost linearly and the interval ends at t; which is preset by the
designer. The equivalent circuit is given in Figure 4.46 turn-on transition (a).
The inductor current i, is given in (4.56):

4,
ILr Lr ( 56)
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Figure 4.46 Turn-on transition

2. Turn-on delay [t;, t;] (Figure 4.46(b)): At t;, S; and Sg are turned off, the
inductor current i, starts to charge the gate capacitance of Q — the equivalent
circuit is given in Figure 4.46 turn-on transition (b). At this interval, the
effective charge current ig equals i ,. The initial condition of this interval is
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iLr 1 Yai(ti—to), and vegs % 0. This interval ends when vegs reaches V.
The differential equations for the circuit are given in (4.57), where Ry, Y2
Rason_s2 P Rir P Ry, Rason_s2 1S the on-resistance of Sy, R, is the DCR of L,
and Ry is the gate-resistance of the power MOSFET:

d .. . . d
Ve % 0L b staalup b iLrRon P Vegs; iLr % 8Cas p CGDPaWCGsD (4.57)
Mathematically, there are three possible forms for the equation of the
inductor current: overdamped, critically damped and underdamped - for
practical situations, wg > ay, the equations for ig, i ,, and vcgs are given in
(4.58)—(4.59):
h P P i
Veas ¥ AgCos  Wo2  ag?t pBpsin wg2 ag’t e ®'pCy (4.58)
L h P P
ic Yair % dCgs P Copb Aol W(Z) ag b Boag sin ) W(Z) agt
P P !
b Aa By wi a3 cos w3 ajt e
(4.59)

where P

ao Ya Ron:26|—r p Lsh, wp ¥4 1= oL, b LSD6CGS b Cepb,

Ao ¥a 2agir_u P dVe  2iLr_uRonb=0L; b LsP =#Cgs P CapbWo?

Bo Y4 6iLLt1 b aCGs b CGDDavo:%CGS b CGDbWOZ P, Co¥a Ao.

Drain current rising [t,, t3] (Figure 4.46(c)): At ty, Vcgs ¥ V. During this
interval, vcgs keeps increasing, and ips Starts to rise according to the rela-
tionship in (4.52). Since ips flows through Ls, according to (4.55), the large
voltage induced across Ls makes vgs- far larger than the driver supply
voltage V.. Therefore, D,, the body diode of the driver switch S,, is driven on
to clamp vgs: at V¢ p 0.7. The equivalent circuit is shown in Figure 4.46 turn-
on transition (c). At this interval, ig drops sharply because of the voltage
clamping. The subtraction of i, and ig is diverted into D,. The initial condition
of this interval is ig_1p Y4 ig(to—t1), ips_12 %40, and Vegs 2 ¥ V. The interval
ends at t3 when ipg equals the load current, 1,. The equations for ig, i, Vcass
and vps are given in (4.60)—(4.64):

p 2 2t p 2 2t
Vegs Y4 Are & &t W I:)Ble ab &t w bCl (460)

ips ¥4 OrsOVegs VP

P P
Yig Al ap  a? wi? thle alp a2 w? tpcl Vi (4.61)

. P 2 w2
ic¥aA, a; a12 W12 g & a® wi® t

b B; a; b pa12 W]_2 e atp ar? wi? t (4.62)
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iLr Y4 0lg_tp P 0:7=Rgpe® Ra™t?  0:7=R (4.63)
d,. d..

Vps ¥4 Vin LDaaIGD BLS b LDD&élDSp (464)

where wq Ya 1:pL56CGS p CGDD, ay Ya RgéCGs b CG p I:) Lsgfs :%LsaCGs b
Cqpb, C; ¥4 0:7 ch, AL Ya 6Vth 0:7 cha ap ID a12 lep lg 1o =
2 a12 W12 ,B1YaVy Ar Ci.

Miller plateau [ts, t4] (Figure 4.46(d)): At ts, ips ¥4 lo. During this interval, vegs
is held at the Miller plateau voltage. i mainly flows through the gate-to-drain
capacitance of Q, and vpg decreases accordingly. It is noted that ig starts to
increase rapidly since the EMF across L falls sharply due to the unchanged
ips; however, part of the inductor current is still diverted through D,. The
equivalent circuit is given in Figure 4.46 turn-on transition (d). The initial
values of the interval are iG_t3 Ya i(;(t3—t2), Vcas 3 Ya Vces(t:;—tz), and VDs_t3 Ya
Vps(ts—to). The interval ends when vpg equals zero at t,. The equations for ig,
Vcgs and vpg are given in (4.65)—(4.66). i, remains the same as the previous
interval:

Vees ¥4 Vees_t3 (4.65)
ic ¥ lois VepPO0:7 Vees P=Rg € F™" p Vv, p0:7 Vces_sP=Ry
(4.66)
Vos Ve lg_t3 dV¢ b 0:7 VCGS_tSDZRg @f Ro=Lbt
CGDRg:LS
O3 OV.p0:7 Vees_13P=Rgpt
Cep
| V. p0:7 V P=R
b Vos.i G_t3 e cGs_t3P=Rg (4.67)

CGD Rg =L5

Remaining gate charging [ts, ts] (Figure 4.46(e)): At ty, Vps ¥4 0 and v¢gs Starts
to rise again until it reaches V.. vgs: remains at V¢ p 0.7, and due to the rising
of the vcgs, ig decreases gradually. The equivalent circuit is given in Fig-
ure 4.46 turn-on transition (). The initial values of this interval are: ig_ 1 % i
(ta—t3), Veos ta YaVees a3, and Vps_ 4 ¥4 Vps (ta—t3). This interval ends at ts when
Vcas ¥4 Ve, The equations for ig, Vegs, and vps are given in (4.68)—(4.70) and iy ,
is the same as the previous interval:
h P P i

Vegs Y4 Ajcos W12 alzt b B, sin W12 a12t p &t b C, (468)

iG Ya 6CGS p CGDD Alpwlz 312 ID Bia; sin pW12 alzt

(4.69)
b Aa BlpW12 a2 cos pW12 a;’t e &t
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0Vees  Vps_taPdVps_ta loRon@veP

Vps ¥4 Vps_ta (4.70)

Ve  Vces_ua

where A YaVees 3 Co, By %VZIG,M:GCGS bCGDD Ara; :pa12 W12, Co Y
Vc b 0:7, and Rongve is the on-resistance of the MOSFET when Vegs ¥ V.
Energy recovery [ts, te] (Figure 4.46(f)): At ts, S, is turned on to recover the
energy stored in the inductor to the source as well as actively clamping Q to V..
The initial value of this interval is i, s ¥4 i ((ts_t,), and this interval ends when
i_- becomes zero. The equivalent circuit is illustrated in Figure 4.46 turn-on
transition (f). The equation for i , is in (4.71):

iL, Ya'tlg_s b 8V p 0:7P=8Ron_s2 o Ryyp € Ron-szPRiP=Lrt
6VC p 0:7D:6Ron_52 b Rip (471)

Prior to t7, the power MOSFET is clamped in the ON state by S,.

Turn-OFF Transition:

1.

Predischarge [t7, tg] (Figure 4.47(a)): At t;, S is turned on, and the inductor
current i, rises almost linearly and the interval ends at tg which is preset by the
designer. The equivalent circuit is shown in Figure 4.47(a). The equation for i,
is given in (4.72):

il Ve 6t tsp 4.72)

L

Turn-off delay [tg, to] (Figure 4.47(b)): At tg, S, is turned off. In this interval,
Vcgs decreases until Vy, p 1,*gss which ends the interval. The equivalent circuit
is given in Figure 4.47(b). The initial condition of this interval is ig g ¥4
iLr 8 Y4iLr (tg), Vces s ¥4 V. The way to solve the equations for ig, i.r, and
Vcgs are the same as turn-on delay interval.
Miller plateau [tg, t1o] (Figure 4.47(c)): At tg, Vegs % Vin P 16*05. In this
interval, vcgs holds at the Miller plateau voltage, Vi, P Io *05s. i (equal to i)
strictly discharges the gate-to-drain capacitance Cyq 0f Q, and vps rises until it
reaches Vi, at tig. The equivalent circuit is illustrated in Figure 4.47(c). The
equations of this interval can be obtained in the same way as the Millerplateau
in turn-on interval.
Drain current drop [tyo, t11] (Figure 4.47(d)): At tig, Vps ¥ Vi, and vegs con-
tinues to decrease from Vi, p 1,*0ss 10 V. ips falls from I, to zero according to
relationship in (4.52). According to (4.55), due to the induction EMF across
L, the series connected diodes Dg;—Dsgs are driven on to clamp vgg' at around

3.5 V. The voltage across the CS inductor becomes 3.5V, so i, decreases
at a higher rate than in the turn-on transition. The equivalent circuit of this
interval is given in Figure 4.47(d).

By comparison, the CSD previously proposed only can clamp vgs:to 0.7 V
during this interval. This means that the turn-off speed of the CSD proposed in
this section (Figure 4.44) is more than three times that of the CSD proposed
previously. It is worth mentioning that vps in this interval will keep rising due
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Power MOSFET

Ds4
B D55
Current source driver Current source driver =
(a) [t;, tg]: Pre-discharge (b) [tg, tg]: Turn-off delay

Power MOSFET Vin

Dsl
DsZ—_
: DS3:
Ds4
. DsS

. L . £
Current source driver = Current source driver =
(c) [to, tyol: Miller plateau (d) [t1o, t14]: Drain current drop
Ve Power MOSFET = Vi v,  Power MOSFET .. v

s3 ‘
' L
Current source driver =

Current source driver

(e) [t11, t1o]: Remaining gate discharge (d) [ty2, t13]: Energy recovery

Figure 4.47 Turn-off transition
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to effect of the Ls. Therefore, the derivation of the equations in this interval
needs to solve the third-order differential equations in (4.73):

8
d.. . .
%Ls &mos picP b vces b icRg P Vi %0

ips ¥4 Ors0Vces  VinP

_ d d (4.73)
ic Ya 6CGS b CGDD—()VCgsp Cep —aVDsp
dt dt
- Lg %alep b 6LD b LDD%6IDSp b Vps Vin 0:7%0

5. Remaining gate discharging [ti1, tio] (Figure 4.47(e)): At tio, Vcas ¥4 Vin.
In this interval, vcgs continues to decrease until it equals zero; it is noted that
Vps continues to rise during this interval. The equivalent circuit is shown in
Figure 4.47(e). The equations in this interval have the same form as the
equations in remaining gate charging interval.

6. Energy recovery [tio, tis] (Figure 4.47(f)): At t;;, S4—Sg are turned on to
recover the energy stored in the inductor to the source as well as actively
clamping Q to ground. The equivalent circuit is given in Figure 4.47(f). This
interval is the same as the energy recovery at this turn-on transition.

4.4.3 Experimental results and discussions

A prototype of a synchronous buck converter as shown in Figure 4.48 was built to
verify the proposed switching loss model and the optimal design of the CS inductor.
The control FET is driven with the proposed CSD, while the SR is driven with a
conventional voltage-source driver since the switching loss for SR is very small.

CSD Conventional VSD

Figure 4.48 Synchronous buck converter with proposed CSD
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The PCB consists of six-layer 4-0z copper. The components used are: Q:
Si7386DP; Q,: IRF6691; output filter inductance: L% 330 nH (IHLP-5050CE-01);
current-source inductor: L, ¥ 23 nH (Coilcraft 2508-23N_L); drive switches S;—S,:
FDN335; Anti-diodes Ds;—Dgs5: MBR0520. Altera Max 11 EPM240 CPLD is used to
generate the PWM signals with accurate delays since the CPLD can achieve time
resolution as high as 1/3 ns per gate. For common practice, the driver voltages for
the control FET and SR are both set to be 5 V. The operating conditions are: input
voltage Vi,: 12 V; output voltage V,: 1.2-1.5 V; switching frequency fs: 500 kHz—
1 MHz.

The gate-driver signals for Vs o1 and Vgs o are shown in Figure 4.49. It is
observed that during turn-off transition, Vgs o1 is clamped to about 3.5 V. The
current waveform of the CSD inductor is impossible to obtain without breaking the
setup of the prototype.

Figure 4.50 summarizes the efficiencies of the CSD with the optimal inductor
for 1.2, 1.3, and 1.5 V output respectively at 1 MHz switching frequency. It can be
observed that at 30 A load current, when output voltage increases from 1.2 to 1.5 V,
the efficiency increases from 82.8% to 85.1%; and the peak efficiency at 1.5 V
output is 89.8% for a 15 A load.

In order to validate the accuracy of the proposed switching loss model, the
calculated total loss of the synchronous buck converter as a function of load current
is compared to the experimentally measured loss in Figure 4.51. It is observed that
the calculated loss by the loss model proposed in this paper matches the actual loss

ey

ek Stop

Ves ot

@ 2.00V M 100ns A Ch3 S 1.60V

Ch3 2.00V
i1+~ =52.0000ns

Figure 4.49 The waveforms of driver signals Vg o1 and Vgs o
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Figure 4.50 Efficiencies of 1.2 V, 1.3V, 1.5 V output for 12 V input, 1 MHz

frequency
8
, Vin =12V, Vy =13V, L, =330 nH, f, = 1 MHz 757
7.55
6
—~ 5
=
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3
-3
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Figure 4.51 Comparison between measured loss and calculated loss
(Top: calculated loss; bottom: measured loss)

of the synchronous buck converter very well. The difference between the calculated
loss and experimentally measured loss is less than 10% across all load levels from 5
to 30 A.

During drain current drop interval, the clamped gate-to-source voltage, Vs
affects the turn-off loss to a great extent. The more negative Vs is, the smaller the
turn-off loss is introduced. The V4 for proposed CSD in Figure 4.44is 3.5V, and
Vit for existing CSD is 0.7 V, while for conventional VSD, Vs is roughly
p0.5 V. Therefore, the proposed CSD in Figure 4.44 is supposed to have smaller
switching loss than existing CSD; both CSDs introduce smaller switching loss than
conventional VSD. The calculated loss comparison among the proposed CSD in
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12
10 —@— Calculated total loss of proposed CSD 9.79
—4— Calculated total loss of existing CSD 8.59
8 Calculated total loss of conventional VSD6 3

5 10 15 20 25 30
Load current (A)

Figure 4.52 Calculated loss comparison between proposed CSD (Figure 4.44),
existing CSD and VSD

Figure 4.44, existing CSD and conventional VSD is shown in Figure 4.52. It is
verified that the proposed CSD in Figure 4.44 has the smallest total loss due to the
negative gate-to-source voltage during turn-off transition.

45 Summary

Discontinuous CSDs are proposed for the power MOSFETSs. They can achieve
quick turn-on and turn-off transition times to reduce high-frequency switching loss
and conduction loss in power MOSFETS. In addition, it can recover a portion of the
QV gate energy normally dissipated in a conventional driver. The circuit consists
of four controlled switches and a small inductor (100 nH or less, typical). The
current through the inductor is discontinuous in order to minimize circulating
current conduction loss in the driver. This also allows the driver to operate effec-
tively over a wide range of duty cycles with constant peak current — a significant
advantage for many applications since turn-on and turn-off times do not vary with
the operating point. The driver provides superior performance in comparison to
conventional drivers and solves the problems of existing resonant gate drivers.
These drivers can drive both the HS MOSFET and synchronous MOSFET in a
synchronous buck converter. A significant loss reduction and efficiency improve-
ment are achieved.

The current diversion phenomenon happens in the CSDs is analyzed in detail.
An accurate switching loss model considering the current diversion is presented for
the power MOSFET driven by a CSD, and the analytical equations for each interval
to predict the switching loss are derived. Based on the proposed model, the optimal
CS inductor is obtained to maximize overall efficiency of the synchronous buck
converter.
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Chapter 5
Adaptive current source drivers

5.1 Adaptive current source driver for buck converters

5.1.1 Introduction

For the current source driver (CSD) technology, high-drive current normally leads
to lower switching loss. A stronger drive current is desired to reduce the switching
loss further when the power metal oxide semiconductor field-effect transistor
(MOSFET) carries higher current. Nevertheless, higher drive current also results in
higher circulating loss. However, the present CSD circuits normally use constant-
drive current and voltage. For the control field-effect transistors (FETS), stronger
drive current means faster switching speed and lower switching loss, but results in
higher drive circuit loss. This leads to a trade-off between the switching loss
reduc