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(ABSTRACT)

With the use of the ampligic equivdent drcuits loss mechanism in conventiond
power MOSFET (Meta-Oxide-Semiconductor Fed-Effect Trangstor) gate drive dircuits
is andyzed. Resonant gate drive techniques are investigated and a new resonant gate
drive circuit is presented. The presented circuit adds minor complexity to conventiond
gate drivers but reduces the MOSFET gate drive loss very effectively. To further expand
its use in driving Hdf-Bridge MOSFETS, another circuit is proposed in this thess. The
laer crcuit smplifies the isolaion crcuitry for the top MOSFET and meanwhile

consumes much lower power than conventiond gate drivers.
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Chapter | Introduction

As an independent discipline for decades, power dectronics is concerned with the
converson and control of eectrical power for various applications, such as heating and
lighting control, eectrochemicad processes, DC (Direct Current) and AC (Alternating
Current) regulated power supplies, induction heating, DC and AC dectricd machine
drives, dectricd weding, active power line filtering, and datic VAR (Voltage-Ampere
Reactive) compensation. It encompases the use of dectronic componets, the
goplication of circuit theory and design techniques, and the development of andytica
tools toward efficient eectronic converson, control, and conditioning of electrica power.
The core of a power eectronic apparatus conssts of a converter bult on a matrix of
power semiconductor switching devices that works under the guidance of control
eectronics. [I-1, 2]

As the fundamental building dements, power semiconductor switching devices are the
most important components in a power dectronic apparatus. Like vaves in a ven, they
control the direction of eectricdl power flow within the gpparatus.  Through intense
technologica evolution, various types of power semiconductor switching devices have
been developed: power MOSFETs (Metd-Oxide-Semiconductor  Fed-Effect
Trangdors), IGBTs (Insulated Gate Bipolar Transgors), GTOs (Gae TurnOff
Thyrigtors), and Thyristors. Figure 1.1 shows the typica gpplications of these devices.

With their fast switching capability and low forward voltage drop, power MOSFETS are
widdy used in high frequency, low power agpplications, as can be seen from Figure 1.1.

These applications include AC and DC switching-mode power supplies, automobile
goplications, brushless DC motor drives, and solid-state DC relays.  Over tens of years of
development, consderable evolutions have been seen in dl above gpplications, especidly
in the area of switching-mode power supplies. As a matter of fact, high frequency, low
power switching-mode power supplies are regarded as one of the two directions tha

power dectronics has been polarized into [I-4]. For this ample reason, immense amount



of research has been conducted around power MOSFETS to improve the performance of

power eectronic systems built upon them.
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Figure 1.1 Summary of Power Semiconductor Devices [l-3]

1.1 Research Background

With rapid advances being made in eectronic technologies, there have been increasingly
dringent requirements caled upon switching-mode power supplies. These requirements
include high power densty, fast trandent response, tight regulaion, and high efficiency.
One good example of this progresson is the VRM (Voltage Regulator Module), which is
the dedicated power supply for a computer processor, such as the Intd Pentium shown in
Figure 1.2. With continua progress being made in computer processor development, the
VRM is expected to undergo extensve changes in the near future.



Intel Pentium
Processor

Figure 1.2 Intel Pentium Processor and Its VRM [I-5]

As a consegquence of the widdy known “Moore's Law” [I-6], the speed of computer
processors dmost doubles every eighteen months, as depicted in Figure 1.3. When
processors are running a higher and higher frequencies, corresponding changes are made
upon VRM specifications VRM output voltage is becoming lower and VRM output
current is becoming larger. Lower voltage saves the loss dissipated by processors, larger
current provides even higher computation capability for processors. A lig of VRM
voltage-current combinations is aso depicted in Figure 1.3.
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Figure 1.3 Changes in Processors and VRMs [l-5]

The combination of lower output voltage and larger output current, however, places
gringent requirements upon VRM design. A larger current requires faster trandent
response, snce more current needs to be delivered during a short period of time.
Meanwhile smdler voltage ripple is dlowed, snce the output voltage is lower. To meet



fagter trandent and tighter regulation requirements, the switching frequency of a VRM
needs to be incressed. In other words, a faster processor needs a faster VRM.
Meanwhile, another trend in VRM design has dso been observed: to shrink the overal
gze of VRMs. This trend can ultimatdy lead to the integration of a VRM with its
processor in some manner [I-5]. Given the rea estate around a computer processor
extremdy expensve, the VRM dze has to be notably reduced before it can ever be
possbly integrated with a processor. Hence, it is again necessxy to increase the
switching frequency so that dl bulky capacitors and inductors of VRMs can be shrunk.

Though desirable, increasing the VRM switching frequency cannot be easly done.  The
maor limitation comes from the efficiency. When a VRM works a higher switching
frequencies, its power loss surges repidly, and accordingly its overdl efficiency fdls
down. Fgure 14 dchows different VRM efficiencies (h) a different switching
frequencies (f5). When the switching frequency is 300kHZ, a which most commercid
VRMs are presertly working, the VRM efficiency can bardly meet 80% over a wide load
range. But when the frequency goes up to 1 MHz, the efficiency drops below 75%; and
with fs going higher and higher, h drops drasticaly, to a level of 40% a 10MHz. Low
efficdency resuts in lager heat dnks and waste of energy. Agan, conddering the
expensve real estate around a processor, larger heat sinks are just impractica.  Also,
wade of energy is unacceptable since it contradicts the “Energy Star” or “Green Power”
requirements  [I-5]. Efficdency condderaions limit further development for high
frequency VRMs.
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Figure 1.4 VRM Efficiency and Switching Frequency [l-7]



Many loss factors contribute to VRM efficiency drop at high frequencies, such as power
MOSFET gate dive loss, switching loss, magnetic core loss, and conduction loss. When
the switching frequency of a VRM goes higher, dl these losses surge rapidly, resulting in
a lower efficency. However, while dl above loss factors are involved in degrading the
ovedl efficdency of a VRM, the contribution of each loss factor differs. Recognizing the
impossibility to reduce dl these losses, it is necessary to identify those mgor loss factors
0 tha proper research efforts can be focused to improve VRM efficiency a high

frequencies.

To evduate the contribution of MOSFET gate drive loss in overdl efficiency drop, one
experiment was caried out [I-7]. In this experiment, a typicd sngle channd
Synchronous Rectifier Buck converter was built, usng TPS111IN (made by Texas
Instruments) as power MOSFETs and HIP2100 (made by Harris Corporation, now
Intersil Corporation) as the gate driver. The converter was designed with an input
voltage a 3.3 Valts, an output voltage at 1.2 Volts, a full load a 8 Amps, and a switching
frequency & 2 MHz. Its circuit diagram is dso drawn in Figure 1.5. By cdculatiing the
efficiency difference between h (the overdl efficiency of the converter) and h’ (the
converter efficiency when MOSFET gate drive loss is excluded from the caculation), the
contribution of gate drive loss can be evaluated.

TPSI111N

14T =150

w 1L

HIP2100 e L

C=6CIIFT

\ Testiun

Figure 1.5 A Synchronous Rectifier Buck Converter [I-7]

As can be seen from the measured efficiency in Figure 1.6, the overdl efficiency h peaks
at 78% at about half load (load current 1,=4A) and drops to 52% at light load (1,=0.5A).



By excduding the gate drive loss from efficiency cdculdion, a dotted curve h’ is ds0
plotted in Figure 1.6. The difference between h and h’ shows that power MOSFET gate
drive loss causes about 5% efficiency drop at full load and more than 35% drop at light
load. Although these numbers may vary when the circuit in Fgure 1.5 is implemented
with different components, they demondrate the sgnificance of MOSFET gate drive loss
in causng VRM efficiency drop.
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Figure 1.6 Efficiency of the Converter in Figure 1.5 [I-7]

By knowing the sSgnificance of MOSFET gae drive loss, much vauable research has
been conducted in recent years. It is now a common understanding that the power loss in
driving aMOSFET can expressed as|[I-8]:

Pu =Ci, Ngzanf (1.D
in which Py is MOSFET gate drive loss, Ci, is the equivaent input capacitance of the
MOSFET, Vgate is the voltage level of the power supply to the gate drive circuitry, and f
is the switching frequency that the MOSFET is working a. Since Ry is proportiond to
the switching frequency, Equation 1.1 explains the Sgnificance of gate drive loss & high

frequencies.

Presenting the basc understanding to the MOSFET gate drive loss issue, Equation 1.1
gives the garting point, not the end, of solving the gate drive problem. The ultimate god
of solving the problem is to find an effective way to reduce power MOSFET gate drive
loss, 0 that a VRM can be working at high frequencies even with an adequatdy high
efficiency. This god is essentidly the purpose of this thess to investigate resonant gate



drive techniques so0 that the power MOSFET gate drive loss can be effectively reduced.
More specificdly, this thess is to explan the fundamental loss mechanism in a power
MOSFET gate driver, investigate the possbility in reducing this loss by employing
resonant power converson techniques, and findly propose a smple circuit that serves
this purpose. By reducing MOSFET gate drive loss, this thess is expected to hep
improve the peformance of any sysem built upon power MOSFETS, including dmost
al high frequency switching-mode power supplies, such as VRMs.

1.2 Thesis Organization

Thisthessis divided into seven chapters. The content of each chapter is outlined below.

Chapter 1, “Introduction,” introduces the wide use of power MOSFETs in power
electronics.  In many gpplications such as the VRM, reducing MOSFET gate drive is
citicd in improving system efficiency. The purpose of this theds is to invedigae
resonant gate drive techniques so that the gate drive loss can be effectively reduced.

Chapter 11, “Loss Andyss of Conventiond Gate Drivers” andyzes the fundamenta loss
mechanigns in conventiona “Totem-Pole’ gate drive drauits ~ Smplifying the driver
into a R-C fird-order system, Chapter |l explains the power loss involved in driving a
power MOSFET. Vey interestingly, it is dso found tha no maiter large or smdl the
vaue of the gate resdance is, it does not change gate drive loss. This chapter is findly
concluded with a discusson of some other possible lossesin driving aMOSFET.

Chapter 11l is titled as “Resonant Gate Drive Techniques” By adding a reactive
component in the smplified circuit in Chapter 1, MOSFET gate drive loss can be
reduced and there arises the origin of resonant gate drive techniques. Chapter Il
andyzes the energy didribution in a R-L-C second-order system and introduces a new

resonant gate driver.



Chapter 1V, “A New Resonant Gate Driver,” describes the basic operation of the new
resonant gate drive circuit, to reved the fact that this new driver festures complete energy
recovery during both charging and discharging trangtions. Also, with the use of this new
driver, the cross-conduction loss in a conventiond driver is diminated. Hence the gate
drive loss in the proposed circuit is much lower than that in a conventiond gete driver.
All these andyss arefindly verified by smulation and experiment results.

Chapter V, “Comparison between Different Gate Drivers,” proves the advantages of the

proposed driver over other gate drivers. It includes the following sections:
loss comparison between a conventiona gate driver and the proposed driver;
efficiency improvement of a Push-Pull Forward Converter; and

comparison with other existing resonant gate drivers.

Chapter V1 is titled as “Hdf-Bridge MOSFET Gate Drive with Coupled Resonance” To
further expand the use of the resonant drive circuit in Chapter 1V, Chapter VI proposes
another circuit to drive two power MOSFETSs in any type of Haf-Bridge configurations.
Compared with conventiond Haf-Bridge gate drivers, this crcuit in Chepter VI
possesses two pronounced advantages.  Firdt, it can diminate the Bootstrap loss in
conventiona drivers. Second, it takes advantages of the circuit in Chapter 1V so that the
gate drive loss of each MOSFET is aso greatly reduced. Also, the circuit in Chapter VI
isimmune to leakage inductance problems.

Chapter VII, “Conclusion,” concludes the whole thess with an expectation of the use the

resonant gate drive techniques for IGBTs.
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Chapter Il
Loss Analysis of Conventional Gate Drive Circuits

As dated in Chapter 1, the purpose of this thesis is to reduce the loss in driving a power
MOSFET. This issue of MOSFET gate dive loss can be further solit into following two
questions:

1) where does gate drive loss come from?

2) how does one reduce above loss effectively?
This chapter is to answer the fird question. By andyzing presently used gate drivers, this
chapter explains the loss mechanism in driving a power MOSFET, locates dl power
losses involved, and consequently offers necessary preparations for answering the second

question in later chapters.

2.1 Conventional Gate Drivers

In today’s power IC (Integrated Circuit) market, there are various kinds of power
MOSFET gate drive chips available. Most of them come from semiconductor companies
such as Intersl Corporation (formerly Harris), Texas Ingtruments, Micrd Semiconductor,
and International Rectifiers.  Usudly dl these commercid gate drivers have the same
creuit configuration: a “TotemPole’ dructure, in which the drain termind of a P-
channd MOSFET is connected to the drain of an N-channd MOSFET. In this thess, dl
gate drivers with above smple “TotemPole’ structure are referred to as “conventiona
gae drivers” Fgure 2.1 shows the circuit diagran of a conventiond gate driver, dong
with the power MOSFET being driven.

In the left block labeled with “Gate Driver” in Figure 2.1, Q1 is a Rchanned MOSFET
and Q2 is an N-channd MOSFET. They are connected at their drains and form the
aforementioned “Totem-Pole” dructure. The two diodes anti pardlded with Q1 and Q2
are ther interna body diodes. In this circuit diagram, the “Gate Driver” block has four

10



terminals.  One of them is connected to a DC voltage source Vyae, ONe is pulled down to
the ground, the third termina receives a control sgnd Vyig from a PWM (Pulse Width
Modulation) controller, and the last termind goes to the gate of the power MOSFET in
the right block. Also notice that in this circuit diagram, the gates of Q1 and Q2 are tied
together to achieve fast driving capability [11-1].

Vgate o

.
|
|
|
|
|
|
|
|
|
|
|

Power MOQSFET

Gate Driver

Figure 2.1 Circuit Diagram of Conventional Gate Drivers

Also in Figure 2.1, the resistor Ry between “Gate Driver” and “Power MOSFET” stands
for the gate resstance of the power MOSFET. It includes the MOSFET semiconductor
bulk resstance [11-2], power packaging resistance, and the on-resistance of Q1 and Q2.
In some applications, an externd resistor can be seen in series with the gate of the power
MOSFET to prevent high frequency rings, in those applications, Ry dso includes the

externa resigor.

In the right block labeled with “Power MOSFET”, G, dands for the equivadent gate input
capacitance of the power MOSFET. It is not externd to the MOSFET, dthough it is
drawn so for convenience. Because of “Miller Effect” [I1-3], the gate capacitance of a
power MOSFET actudly varies a different voltage levels. In other words, Ci, is
nonlinear in reality. Above G, can thus be regarded as the average capacitance over the
complete charging and discharging trangtions.  Figure 2.2 shows the redationship
between the gate voltage and the gate charge of a typicad power MOSFET. The fla

1



portion in the curve comes from the “Miller Effect.” If the find voltage gpplied a the
gate is Vgate, then Ciy, can be defined as

Gy = (21)
Vgate

Already shown in Equation 1.1, Ci, is used commonly in cdculaing gate drive losses,
athough, important enough to emphasize again, G, isanonlinear capacitor.

>
0
ante Qg

Figure 2.2 Relationship between Gate Charge and Gate Voltage

2.2 Equivalent Circuits

With the circuit diagram in Figure 2.1, the operatiion of conventionad gate drivers can be
explaned as follows when the control sgna commands the gate driver to turn on the
power MOSFET, Vyig put a negative sgnd (logicaly low) at the gates of both Q1 and
Q2. Since Q1 is a Rchanned MOSFET and Q2 is of N-channd, Q1 will be turned on and
Q2 will be off. A current will then flow out of the voltage source Vgae through Q1 and
Ry, into the gate capacitor G,. This current flow will not stop until the voltage across Gy,
resches Vgae During this trandtion (more often referred as “charging period”), the
whole circuit in Figure 2.1 works the same as the smpligtic circuit drawn in Figure 2.3a.

Smilar is the other trandtion: when the control sgnd commands the gate driver to turn
off the power MOSFET, Mg puts a pogtive sgnd (logicaly high) a the gates of Q1 and
Q2 and consequently Q1 will be turned off and Q2 will be on. A current will then flow
out of Cin, through Ry and Q2, and return back from the ground. This current flow will



not stop until Vg goes to zero. During this trandtion (more often referred as “discharging
period’), the whole circuit in Fgure 2.1 works exactly the same as the smplidic circuit
draw in Figure 2.3b.

— AN —— A

—> + “— +

Rg i Rg |

Vgate _—:T cn T Vo Ci 1~ Vo
() (b)

Figure 2.3 Equivalent Circuits of Conventional Gate Drive Circuits:
(a) during charging period, and (b) During discharging period [l1-4]

Since the circuits in Figure 2.3 are much smpler than the origind circuit in Figure 2.1 but
can paform the same functions, they will be used as equivdent crcuits in andyzing the
power lossinvolved in MOSFET gate drive.

The equivdent circuits in Fgure 2.3 indicate that during both charging and discharging
periods, a conventiond gate driver works exactly as a smple RC fird-order system. The
only differences between charging and discharging are the initid voltage level across Ciy,
and the involvement of the voltage source Vgaee During the charging period, the initia
vaue of Vy is zero and Vgae is involved; during the discharging period, Vg is initidly
Vgate ad the voltage source is not involved. Also with the help of equivdent circuits,
more detailed waveforms can be derived. During the charging period, like any RC firg-
order system, the voltage Vg in Figure 2.3a rises exponentidly while the current i decays
exponentidly.  Ther waveforms are shown in Figure 2.4 (the reference direction of Vg
and i are defined in Figure 2.38). During the discharging period, both Vg and i decay
exponentidly and their waveforms are shown in Figure 2.5 (the reference direction of \f
and i are defined in Figure 2.3b). Agan, given that Ci, is nonlinear in redity, actud
waveforms in Figure 2.1 may not be exactly the same as Figures 24 and 2.5, but with
minor difference. Actud waveformswill be described in next section.
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Moreover, the time congant of dl four exponentia waveforms in Figure 2.4 and 2.5 can
be expressed as follows:
1
Ry *Cin
Since a R-C firg-order system needs 3 to & time to reach its Steady State after a step
dimulus, Equation 2.2 can be used to edimate the driving speed of a conventiona gate

t= (2.2)

driver. Driving speed is dways a very important parameter to evauate the performance
of gate drivers, especidly at high frequencies.

gate

g

Figure 2.4 Current and Voltage Waveforms at Charging Period

gate

gate’ " g =

time

Figure 2.5 Current and Voltage Waveforms at Discharging Period
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2.3 Loss Analysis

This section is to andyze the loss mechanism in driving a power MOSFET in this
section.  According to [l1-1], the MOSFET geate drive loss consists of the following three
parts. conduction loss, cross-conduction loss, and switching loss.  Conduction loss refers
to the power loss dissipated by the gate lesistor R, in Figure 2.1. Cross-conduction |0ss
is caused by the “shoot-through” current going through both Q1 and Q2. Besdes these
two, there is a third type of loss involved. Whenever Q1 or Q2 switches, a crossover can
be observed between the voltage and current of each switch. This crossover causes
power loss, referred to as “switching loss’ here. Among dl three parts, conduction loss is
usudly the predominant part in driving a typicd power MOSFET. Accordingly, it is
andyzed fird in this section.

To determine the conduction loss accuratdy, current i in Figure 2.3a shdl be firg
cdculated, based on the gate charge-voltage waveform in Figure 22. For andyss
convenience, Figure 2.2 is divided into three parts, as shown in Figure 2.6. These three
parts stand for three different values of G,. From time ¢ to t, when the gate charge Q
rises from O to Q: and the gate voltage Vg rises from 0 to V,, the MOSFET gate
capacitanceis actudly linear:

Co s =% (23

During this period, current i in Figure 2.3a drops exponentidly:

t

V o
it) :%t%e t1 (2.4)
where the time congtant
in_1

From time t; to b, Qg rises from Q1 to Q2, but V4 does not rise. Therefore the gate
cagpacitance during this period is
_4Q, _

in_2
av,

O

(2.6)

15



At thistime period, i is dso congtant:

Ve - V,
it)=—2° = 2.7)
R,
From timet; to t3, the relation between Vg and Qg islinear again. The gate capacitanceis
in_3 = anle- Q2 (28)
Vgate- Vl
At this period of time, i fals exponentidly again:
V-V, —
it)=—2 —se!-3 (2.9)
Ry
where the time congtant
R I (2.10)
R, G s
Voa
Vgate ______________________________
Vi . :
: : : >
O(ty) Qi) Q.(ty) ante(t3) Qg

Figure 2.6 Gate Capacitance at Dynamics

With above andyss, the current and voltage during charging period can again be plotted,
as in Hgure 2.7. As dated in Section 2.2, there is minor difference between the idedl
waveforms in Figure 24 and the actud waveforms in Fgure 2.7. Smilaly, the actud
current and voltage waveforms during discharging period can be plotted, as in Figure 2.8.
Agan, Figure 2.8 is not the same as Figure 2.5, in which the nonlinearity of G, was not

taken into consgderation.
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Figure 2.7 Actual Waveforms at Charging Period
A
Vgate
ng@/Rg
’ -
time

Figure 2.8 Actual Waveforms at Discharging Period

With dl waveforms in Figures 2.7 and 2.8, it is not difficult to find the conduction loss
now. During the charging period, the total energy supplied by the voltage source Vgate is

¥ ¥
ES = c‘ivgate >1) >t :Vgate Xdl th) :Vgate >ante (211)
0 0

because the integra of current i over time is the tota eectric charge supplied into the
gate of the MOSFET. Meanwhile the energy stored by Ciy, is

¥ t1 t2 ¥
E. = (fV, %) >dlt = (YV, % xdt) + YV, % xdt) + (JV, % xct) (2.12)
0 0 t1 t2

Given Equations 2.3 through 2.10, Equation 2.12 can be further solved:

t1

W e dv 1
d\/g X xdt) = d\/g Cin_l XF) >t :§>Q1 A
0

0
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d\/g % th) :V1 Xdi th) = (Qz - Ql) >&‘/1

tl

t?: . _ ti dVg _ 1 ante_ QZ 2 2N 1
dvg A xdt) - dvg K:in_3 )>dt -5 )(Vgate - Vl ) - _(ante_ QZ)(Vgate +V1)
s s at 2 Ve~ Vi 2
1 1
EC = Elel + (QZ - Ql )Vl + E (ante - QZ)(Vgate +V1) (213)

It is important to redize that the expresson in Equation 213 is the area under the
voltage-charge curve in Figure 2.6, as the shaded area redrawn in Figure 29. It is dso
obvious that E is the area of the rectangle encircled by the two axiS's, Vgate and Qyate in
Figure 2.9. Now with Es and E, the energy dissipated by R; can be found because of the
conservation of energy:

E =E,- E, (2.14)

r_chaging
which is the area left blank in Fgure 2.9. It is worth mentioning that the MOSFET gate
resstor Ry does not show in either Equation 2.11, or in Equation 2.13. In other words,
for a given MOSFET, the value of E charging has nothing to do with the gate resstance R;.
This observation can ultimately lead to a concluson tha with conventiond gae drive
circuits, reducing gate resistance does not help reducing gate drive loss at all.

Voa
Vgate ______________________________
>
O(to) ante Qg

Figure 2.9 Capacitor Energy at Charging Period
By sding Es to be unity, above energy didribution during charging period can also be

depicted with a bar chat in Figure 210. Because of the “Miller Effect,” the reative
heights between the &z bar and the E charging bar are very much dependant upon the gate
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characterigic curve of a given power MOSFET as well as the current and voltage leve
the MOSFET isworking at.
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Er_charging

Figure 2.10 Energy Distribution at Charging Period

The conduction loss at discharging period is much smpler than the charging period. At
discharging period, al the previoudy stored energy Ec is totadly disspated by Ry,
regardless of the value of Ry:

And the energy distribution during this period can be plotted at in Figure 2.11.
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Figure 2.11 Energy Distribution at Discharging Period

(2.15)

Combining Equations 214 and 2.15, one can cdculae the overdl energy disspation
through a complete charging and discharging period:

E =E

r _charging

+ Er_discharging = ES = ante >&‘/gate

(2.16)
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Notice Qe Can aso be expressed with Vyae and G, by Equation 2.1, Equation 2.16 is
equivaent to
E =C, V:

gate (217)
Multiplied by the switching frequency fs, Equation 2.17 leads to find the overdl
conduction lossin a conventiona gate driver:

Pgd = Cin >%‘/gzate st (218)
Compare Equation 2.18 with Equation 1.1; they are exactly the same. This equdity
somewhat reflects the satement at the very beginning of this chapter: conduction loss is

usudly the dominating part in overdl gete drive loss.

Equation 2.18 concludes the conduction loss pat of the overdl gate drive loss in a
conventiond gate drive circuit. As dtated before, conduction loss is the predominant part
of the overal power loss, but not the only one. The overdl MOSFET gate drive loss dso
conssts of cross-conduction loss and switching loss.  After conduction loss, it is now

time to analyze cross-conduction loss and switching loss.

The cross-conduction loss in a conventional gate driver comes from the *shoot-through”
of Q1 and Q2 in Figure 2.1. Notice that in Figure 2.1 the gates of Q1 and Q2 share the
same control Sgna Vg, Which is a farly common approach in indudtry to achieve fast
driving cepability.  However, there is an inherent problem associaied with this
connection, caused by the practicdl waveform of Mig. The ideal waveform of the control
dgnd Vyig shal be of a pulse with infinitdy steep risng and faling edges. However, in
redity that kind of ided waveform is dways not achievable, especidly a high
frequencies.  Inevitably there will be some digortion in the waveform. A comparison
between an ided Vyig waveform and a red waveform is shown in Figure 212. During
the risng edge of Vuig, Snce the red waveform cannot be idedlly steep, Q1 can be turned
on before Q2 is totaly turned off. During this short period of time, both Q1 and Q2 are
on and there will be certain amount of current directly going out of the voltage source and
flowing through both driving MOSFETs. This phenomenon is caled “shoot-through™ in
a conventiond gate driver.  During this “shoot-through” trandtion, the instantaneous
power loss can be very high.



Ideal Vyig ——p» y
|

I\ 4—Real Vyq

Figure 2.12 Ideal and Real Waveforms of Control Signal

Same *“shoot-through” can aso hgppen during the faling edge of Vyig, when Q2 is turned
on before Q1 is totdly turned off. Agan there will be a current going through both Q1
and Q2 and causing a large amount of instantaneous power loss. The sum of both losses
a rigng and faling edges of Vyig becomes the aforementioned cross-conduction loss.

Thisisthe second part of power lossin a conventiond gate drive circuit.

The third part of power loss in a conventiond gate driver is the switching loss. It mainly
comes from the switching trangtions of Q1 and Q2. During these trangtions, the voltage
across a MOSFET and the current through it overlap with each other. Since nether its
voltage nor its current is negligibly low, there is a certain amount of power disspated on
the MOSFET. This part of power isreferred as* switching l0ss.”

2.4 Summary

In this chepter, power loss in a conventiona gate driver is andyzed. In driving a
MOSFET, there are three types of losses involved: conduction loss, cross-conduction
loss, and switching loss.  Among these three, conduction loss dominates and this loss
does not change when gate resstance changes. For the cross-conduction loss, severd
gae driver manufacturers have recently been seen gpplying separate control signas to Q1
and Q2 0 that the aforementioned “shoot-through” problem can be avoided. However,
by doing s0, the gate driver may have some limitations for high frequency applications,
where fast driving speed is a mus. As to the last part of loss, switching loss, it is usudly
not significant unlessin driving those power MOSFET s of large current and high voltage.
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Chapter Il Resonant Gate Drive Techniques

With the preparation in Chapter 11, it is now time to answer the question: How to reduce
the gate drive loss? As gated in Chapter II, power loss in a conventional gate drive
circuit conggs of three pats, and among these three the conduction loss is the
predominant part. Hence, if the conduction loss can be effectively reduced, the overal
gate drive loss can dso be expected to a noticesbly lower levd. Certanly, reducing
cross-conduction loss and/or switching loss will dso hep, but that shdl not be the man
focus of research. The main focusis to reduce the conduction loss.

To reduce the conduction loss in a conventiondl gate driver, it IS necessary to review the
loss andysis in Section 2.3. In Section 2.3, Figures 2.10 and 2.11 depicted the energy
digribution during charging and discharging periods, and Equation 2.18 described the
totd conduction loss. All thee results, especialy Figures 210 and 211, are very
important, not only because they summarized the fundamental mechanism of conduction
loss in a conventional gate driver, but aso because they are of much use in deriving
resonant gate drive techniques in this ®ction. Hence Figures 2.10 and 2.11 are redrawn
here as Figures 3.1 and 3.2. And the main focus in this chapter is to change the energy
digtribution in both figures so that less energy E will be dissipated.
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Figure 3.1 Energy Distribution during Charging Period
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Figure 3.2 Energy Distribution during Discharging Period

3.1 Change Energy Distribution: Resonant Gate Drive

To change energy didribution in Figures 3.1 and 3.2 is equivdent to changing the heights
of the energy bars in both figures. However some energy bars in both figures cannot be
changed, such as Es and E. Es corresponds the energy supplied by the voltage source.
As long as the MOSFET needs Qgae amount of gate charge, following equetion aways
stands:

¥ ¥
ES = dvgate >1) )dt :Vgate Xdl th) :Vgate >ante (31)
0 0

Same is the dituation of E. Aslong as the MOSFET gate voltage is charged up from O to
Vgate, Cin dways stores Ec amount of energy.

EC = %lel + (QZ - Ql )Vl + % (ante - QZ)(Vgate +V1) (32)

Given that both &5 and B cannot be changed, as wdl as that the conservation of energy
mugt hold, it shdl be clear that the only way to change the energy didribution in Figures
3.1 and 3.2 is to split the origina E-charging @Nd B _discharging bars into severd fragments and
to utilize some, if not dl, of these fragments, insteed to dissipate them all.

To split each E bar in Figures 3.1 and 3.2 into fragments, it is not too circuitous to think

of adding another component in series with the gate resstor R,.  Also, to recover some of
these fragments, the additiond comporent shdl be of reective ingead of resdive
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Reactive components, in essence, store energy indtead of disspate energy; and if given a
proper chance, this stored energy may be returned back to a power source. With this
thinking, the equivdent drcuits in Figure 2.3 ae modified as Figure 3.3, in which an
additiona inductor is presented.

Y AAA— + —YYIAAN—  +
L, —P”R L 4 R,
i 9 v i v
Ve = Cinrs V8 Cn/s
() (b)

Figure 3.3 Modified Equivalent Circuits:
(a) during charging period, and (b) During discharging period [l 11-1]

The equivdent circuits in Figure 3.3 are of much importance.  They introduce the finding
of a new type of gate drive techniques resonant gate drive techniques. Compared with
Figure 2.3, the circuits in Figure 3.3 are not fird-order systems any more. Instead, they
are R-L-C second-order systems, or more often referred to as “L-C resonant circuits.”
The subscript “r” of the additiona inductor L, denotes “resonant.” By utilizing the
natura resonance between L, and Cj,, a gate drive circuit based on Figure 3.3 may be
able to reduce the MOSFET gate drive loss by an appreciable amount.

As in awy R-L-C circuit, the resonance in Figure 3.3 can be present, unless one
assumption can be fulfilled: 2>>R;. Ry is the gate resistance shown in Figure 3.3; % is

the characteristic impedance of the resonart circuit:

Zo = r (33)

Since Ry is the only damping component in this resonant circuit, if it is not smal enough
to affect the natura resonance, not snusoidd waveforms but exponentid ones are to be

observed.
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Now when Z,>>R;, waveforms of current i and voltage Vg in Figure 3.3 are drawn in
Figures 3.4 and 35. (The reference directions are defined in Figure 3.3) Figure 34
corresponds to the charging period; Figure 3.5 corresponds to the discharging period.
During charging period, Vg fluctuates sinusoiddly around a center level of Vgae during
discharging period, Vg fluctuates snusoiddly around zero.  Both currents fluctuate
gnusoidaly around zero. It is necessary to daify: in drawing the waveforms in Fgures
3.4 and 3.5, the nonlinearity of G, is not considered. In other words, Figures 3.4 and 3.5
ae ided waveforms like those in Figures 24 and 2.5; they are not actua waveforms.
Dividing the whole charging period into three time pieces, one can dso plot the actud
waveforms of Figure 3.3, like those in Figures 2.7 and 2.8. But in redity the use of a
linearized C;,, does not lose too much accuracy and has been seen very often in andyzing

aresonant gate driver [111-2,3]. Therefore alinear G, isused in this thesis too.
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Figure 3.4 Resonant Waveforms at Charging Period
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Figure 3.5 Resonant Waveforms at Discharging Period

Waveforms in Figures 3.4 and 3.5 are the naturd resonance between L and G, without
being controlled. To make use them, the natura resonance needs to be stopped a some
point to control the gate drive timing. Actudly, in Figure 3.4, the resonance has to be
stopped as soon as Vg goes to Vgae If Vg is dlowed to rise beyond Vyate the inductor
current i begins to fal down and less magnetic energy will be stored. In Figure 3.5, the
resonance has to be stopped as soon as \j becomes zero. If V is dlowed to fal below

zero, i dso beginsto fdl, releasing some of its magnetic energy.

As dtated at the beginning of this section, the purpose of dl the above effort is to change
the energy digribution in Figures 3.1 and 3.2. Now with the equivdent circuits and key
waveforms in Figures 3.3, 34, and 35, it is time to see how much change has actudly
been made. During the charging period, Vg rises from zero to Vjae and accordingly the
energy stored across G, will dill be Ec as in Equation 3.2. Meanwhile, Equation 3.1 ill
gands and accordingly Es does not change either. Therefore, both Es and E: in Figure
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3.1 will remain the same. However, in Figure 3.4, when \j rises to Vyate, inductor current
i goes to its pesk vaue. In nature, whenever there is a current i flowing through an
inductor L;, L, will dore certain amount of energy. The amount of this magnetic energy
IS

E, :% XL %° (34)

With the conservation of energy, after the addition of L, the third part of energy in Figure
3.1 will now split into two parts: inductive energy storage E and resistive dissipation E
charging  Energy distribution after this change can be drawn in Figure 3.6. If a proper
method can be designed to make use of the . energy storage or to return B back to a
power supply, gete drive conduction loss will be lower.
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Figure 3.6 Energy Distribution at Charging Period, When L, Is Added

The same thing happens during the discharging period. During discharging period, Vg
fdls from Vgae to zero. Therefore the height of Ec in Figure 3.2 will remain the same.
However in Figure 3.5, when Vq reaches zero, inductor current i rises to its pesk vaue
and stores B amount of magnetic energy. Hence, the other part of energy in Figure 3.2
will split into two parts: inductive energy torage E. and resistive dissipation E;.gischarging:
The new energy didribution a discharging period is drawn in Figure 3.7. Agan, if
energy E_ can be recovered, conduction loss will be lower. It is worth mentioning that
Figures 3.1, 32, 36, and 3.7 dl use the same scde, with the unity amount of energy
equdl to:

E.=C, W2 (3.5)
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Figure 3.7 Energy Distribution at Discharging Period, When L; Is Added

3.2 A New Gate Driver

Andysis in the previous section triggers the finding of a new kind of gate drive circuit.
By adding a reactive component L, into the equivdent crcuits origindly disspated
energy can now be partidly stored in magnetic format. And if a proper way can be found
to recover this energy storage, less conduction loss can be expected. However, there are
ill two questions unsolved in Section 3.1:

3) How to stop resonance on time (when \jy reaches Vyaie in Figure 3.4 and when

V, reaches zero in Figure 3.5)?

4) How to recover the magnetic energy storage B ?

If answers to these two questions are found, a new gate driver can be invented with much

lower conduction loss.

Fortunately, answers to both above questions were found under the research of this work,
and the invented circuit is drawn here as Figure 3.8. Key waveforms of the new circuit
are drawn in Figure 3.9. It is farly clear to recognize that the invented circuit is based on
the equivadent circuits in Figure 3.3. Moreover, two diodes are added across the gate of
the driven MOSFET to clamp the upper level and lower level of V. By adding these two
diodes, the aforementioned naturd resonance can be stopped on time whenever Vg
resches Vgae O zero. Also, these two diodes provide a channd for returning the
magnetic energy in the inductor.
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Figure 3.8 A New Gate Driver [I11-4]
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Figure 3.9 Key Waveforms of the New Circuit [111-4]

3.3 Summary

Based upon the anadysis on energy distribution, this chapter provides an effective solution
to reduce power MOSFET gate drive loss. It modifies the equivaent circuits in Chapter
II, changes the energy didribution during gate drive periods, and findly introduces a new
gae driver. More explanaions and andyss of the new circuit will be presented in next
chapter.
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Chapter IV A New Resonant Gate Driver

As introduced in Chapter 111, a new circuit was invented during the research of this work.
The new circuit is expected to be able to reduce the power MOSFET gate drive loss by an
appreciable amount. This chapter is to further explain the detailed operation of the new
circuit, andyze the gate drive loss with this circuit (it is hoped to be much less than tha
with the conventiond method), discuss some desgn issues, and findly present the
gmulation and experimentd results  Agan drcuit diagram and key waveforms of the

new circuit are drawn here, as Figures 4.1 and 4.2.
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Figure 4.1 A New Gate Driver [IV-1]
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Figure 4.2 Key Waveforms of the New Circuit [IV-1]

32



4.1 Circuit Operation

Compared with the conventional gate drive circuit in Figure 2.1, the new circuit in Figure
4.1 has one additiond inductor L and two additiona diodes D1 and D2. As explained in
Chapter 111, L is added to recover some portion of the energy disspation; D1 and D2 are
to clamp the voltage across the input capecitor. The other difference between the
proposed circuit and a conventiond circuit is the connection of the gates of Q1 and Q2.

In a conventiona gate driver, the gates of Q1 and Q2 are connected together, sharing the
same control signal Vyig. However in the proposed circuit, the gate of Q1 is separated
from that of Q2. Q1 and Q2 have their own control Sgnd as shown in Figure 4.2.

Figure 4.2 shows four characteristic waveforms of the proposed circuit over two
complete switching cyces. Specificdly, the waveform in the top line is the control signa
goplied to the gate of Q1. The waveform in the second line is the control sgnd applied
to the gate of Q2. The third line is the waveform of the inductor current I ;. Its reference
direction is defined in Figure 4.1. The bottom line in Figure 4.2 is the waveform of the
gate voltage Vg All these four waveforms are very helpful in understanding the circuit
operation.

Operation Phase I. t0~t2. To describe the circuit operation, the waveforms in Figure
4.2 are divided into severd continuous phases, from time tO to t8. After time t8, a new
cycle begins and dl previous waveforms repeet. The first phase is defined from time tO
to time t2. Before this phase, both Q1 and Q2 are off and the initid levels of Vg and I,
are both zero. At time tO, a control sgnd is asserted to the gate of Q1 and accordingly
Q1 is turned on. Since both Vg and I, are initidly zero, as long as Q1 is on, a resonance
will be built up among the voltage source Vgae the driving switch Q1, the resonant
inductor L, and the input capacitor G,. And because of this resonance, both Vs and I,
will rise snusoiddly, as illustrated in Figure 4.2. As analyzed in Chapter 1lI, when Vs
goes to Vyate &t time t2, the inductor current I, reaches its pesk leve at:
\Y/

o =2 (4.0)

(o]



As defined in Chapter 111, Z, isthe L-C characteristic impedance:

Z = |= 4.2

Moreover, if a term “rising time’ t can be defined as the time for Vg to rise from zero to

Vgate, tr €quals ¥4 of the resonance period T in this resonant circuit.

T
t =— 4.3
=2 (4.3)
rell® w4
fow
inwhich w, isthe resonant frequency (rad/s) and can be calculated by Equation 4.5.
w, = ! (4.5
L xC

During this phase of operation, capacitor voltage Vgs is charged up from zero to Vgae
This phase can therefore be named as the “charging phase.”

Operation Phase II: t2~t3. As described in Phase |, a time t2 Vg reaches Vyate
According to the natura resonance, Vg could go even higher. However, after Vg
reaches Vgae, the clamping diode D1 will prevent Vg from rising any more. No current
will then flow into Cj, and the inductor current will gart “freewheding” through D1, Q1
and L. Now as soon as I, sarts “freewheding” a t2, Q1 is turned off. Given that there
is dill current Ip going through L, this current will flow from DQ2 (the body diode of
Q2), through L and D1, and back to the voltage source Vgae With the voltage across it
reverse biased, the current in L will be linearly discharged until it goes to zero a time t3.
During this time period from t2 to t3, capacitor voltage Vs stays at Vgare It is important
to recognize that during this phase of operation, dl magnetic energy dored in L, is
returned back to the power supply Vgae This phase can thus be named as the “recovery
phase after charging.”

Operation Phase lll: t3~t4. Notice that during Phase Il, L, is in series with two
diodes DQ2 and Q1, which will limit the current flow in one single direction. Therefore,

after the inductor current I, goes to zero, there will be no current flowing in the whole



creuitry. During this whole phase from t3 to t4, I, will stay zero, Vg will Say a Vgae,
and the power MOSFET will be continuoudy on. This phase can be named as the

“quiescent on phase.”

Operation Phase IV: t4~t6. Of course, the driven power MOSFET cannot be aways
on. Assume at time t4, a control Sgnd commands to turn off the power MOSFET and
accordingly there will be a signa asserted to the gate of Q2. As described in Phase I,
before time t4, the voltage across the input capacitor is high and the inductor current is
zero. Now, as soon as Q2 is turned on at time t4, there will resonance built up among G,
L, and Q2. And because of this resonance, both L, and Vg will go down snusoiddly
(actually L, goes negative), as illustrated in Figure 4.2. When Vg goes to zero at time t6,
I.r reaches its negative peek level and the absolute vaue of this peak is
V

| = Zg*“e (4.6)

Smilar to Phase |, if a term “fdling time’ & can be defined as the time for Vg to fal from
Vgate t0 Zero, in this resonant circuit t; equals ¥ of the resonant period T.
T
4
with T defined in Equations 44 and 45. During this phase of operation, capacitor

t, = (4.7)

voltage Vs is discharged from Vgae to zero. This phase can therefore be named as the
“discharging phase.”

Operation Phase V: t6~t7. As described in Phase IV, at time t6, Vs reaches zero.
According to natural resonance, Vg could go even to negative. However, after Vs
reeches zero a time t6, the other clamping diode D2 will prevent it from dropping any
more. No current will then flow out of Ci, and the inductor current will dSart
“freawhedling.” Now as soon as | Sarts “freewheding” a t6, Q2 is turned off. Given
that there is 4ill current going through L;, this current will flow from D2, through L and
DQ1 (the body diode of Q1), and back to the voltage source Vgae With the voltage
across it reverse biased, current |, will be linearly discharged, until it goes to zero a time
t7. During this period of time, capacitor voltage Vs Stays zero. Similar to Phase I, it is



important to redize that during Phase V, dl magnetic energy stored in L is returned back
to the power supply Vgae This phase can be named as the “recovery phase after
discharging.”

Operation Phase VI: t7~t8. At time t7, inductor current |, reaches zero. After that,
because of the current blocking characterigtics of diodes DQ1 and D2, |, cannot flow in
the reversed direction and will say a zero. There will be no current flowing in the whole
circuitry. During the whole period fom t7 to t8, both I, and Vg will Stay &t zero, and the
power MOSFET will be continuoudy off. This phase can thus be named as the
“quiescent off phase” Similar to Phase Ill, Phase VI does end until the control

commands S0 at time t8.

After timet8, al above operation repeats and enters anew cycle.

4.2 Loss Analysis

After the introduction to the operation of the proposed circuit, it is now time to find out
how much gate drive loss can actudly be reduced. With the introduction of an additiona
inductor, the proposed circuit shdl be able of reducing the gate drive loss, usng the
concept of gplitting energy disspation described in Section 3.1. However, the andyss in
Section 3.1 was not quite quantified. This section is to find exactly how much dissipation
can be reduced, and hopefully can dso find some other benefits by usng the proposed
crcuit. But before dl cdculation, it is necessary to repeat that in this theds a linearized
Cin will be used to caculate resonant gate drivers, because it is deemed as a good
gpproximation that is accurate enough [1V-2, 3].

To quantify the analyss in Section 3.1, a generd RL-C second order system is used, as
shown in Figure 43. With emphass on “generd”, Figure 4.3 is different from the
arcuits in Fgure 3.3, in the way tha the voltage source V could have ether a postive
level or even zero and both L and C are free to have dl kinds of initid current and

voltage. Given these, this gngle dircuit actudly incorporates both circuits in Figure 3.3:



by setting V=Vgae, 1t=0, and V=0, it is Figure 3.3a; by setting V=0, I.=0, and Vc=Vgae,
itisFigure 3.3b.

Vc

Ay
J 1

Figure 4.3 A R-L-C Second-Order System

As an L-C second-order system, above circuit in Figure 4.3 can be solved mathematically
by liging the following two State equations [1V-4]:

LO=Cve ) (48)

Vo (t)=V - R, - Lx%iL(t) (4.9)

The reference directions of both i (t) and vc(t) are defined in Figure 4.3. However,
Equations 4.8 and 4.9 cannot be solved until the initid conditions of i (t) and w(t) can be
given. With generdity, assume the initid vaue of inductor current is I and the initid
vaue of capacitor voltage is Ve (Notice that in this section the DC vaue of any
parameter begins with an uppercase letter such as V¢, while the ingdantaneous vaue
begins with a lower case letter such as ) Given Equations 4.8 and 4.9, dong with the
initia values of current and voltage, both i_(t) and v(t) can be solved:

4L 4L

R —- R’ R —- R’
L0 =1,8 % os S >¢)+2V'42\L’c'f't>e'z a1 S ) (410
F- R
1 t
0=V, + 270, O (4.11)
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Now for the proposed circuit in Figure 4.1, during the charging phase from tO to t2,
V=Vgae, Vc=0, and 1.=0. Subditute these three vaues into Equation 4.10, the
ingantaneous inductor current during charging phase can be obtained:

4L

2
. (t) 2vgate 'g* r( C ) R Xt) (412)
| e ————R2 ¢ N —— .
) A, 2L
—-R
C

This current can be actually plotted asin Figure 4.4.

current
|
|

|
time

Figure 4.4 Waveform of Equation 4.12

During the discharging phase from t4 to t6, snce V=0, Vc=Vgae and 1.=0, the
instantaneous current is then:

—_.R?
2Vgate '_R* . C

(A 2L
C

This current is dso plotted, as shown in Figure 45. The only difference between

x) (4.13)

Equation 4.12 and 4.13 is the sgn, or the direction of the current flow. During charging
period, the current flows into the gate of the MOSFET, in congstency with the current
reference direction in Figure 4.3; while during discharging period, the current flows out
of the gate, in contradiction to the reference direction.



current
[
]
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Figure 4.5 Waveform of Equation 4.13

Back to Chapter I, where the equivaent circuits in Figure 3.3 were andyzed, Zo>>Ry
was assumed 0 that adequate amount of power loss can be reduced. Based upon this
assumption, Equations 4.12 and 4.13 can be further dmplified. During the charging
phase,

Vgate
OR >Gn(

J_ (4.14)
c
Vo () =V, + 1><0L )t >V, Vo COS(e ) (4.15)
JLC
During the discharging phese,
() i — L (4.16)
L \P =
C
Vo (=Y +-2 X3, O >V, 005t (4.17)
;¢ e

Now with dl these mathemdtical derivations, it is easy to quantify the energy saving by
using the proposed circuit. During the charging phase, the time duration from tO to t2 (or
as defined before, the risng time t;) can actudly be cdculated from Equation 4.15: the
charging phase cannot end until vie(t) equals Vgate and hence:

t, »—J_ (4.18)



Therefore the energy dissipated by the resistor R during the whole charging phase is.

E tr(‘;i 2 ) xR)cl Vea R xt(ja JELE P VeuRCIC (4.19)
r-charging > L = .
ging ) L , , 4 ﬁ

During the discharging phase, the time duration from t4 to t6 (or, the fdling time f) can
adso be cdculated from Equation 4.17: the discharging phase cannot end until vc(t) equas

zero, and therefore:
t, »— «/ LC (4.20)

Hence, the energy dissipated by R during the whole discharging phaseis:

t 2 t
f V2 RC V2 RCAC

» OfiZ (1) R)clt = 22 ot =2 o = (4.21)
0

O

E

r- discherging

Now comes the find result that has been anticipated for long. The overdl energy
disspation in the proposed circuit is the sum of Equation 4.19 and 4.21. To keep the
notes of the circuit component consgent with the circuit diagram in Figure 4.1, the

overd| energy disspation is rewritten in Equation 4.22.

o
E =P x—gateRg (4.22)
2 L
Or thetota power lossis:
_p gateRg
R (4.23)
2 JE

where f is the switching frequency of the power MOSFET to be driven. By utilizing the
definition of the characteristic impedance Z, in Equation 4.2, above power loss can aso
be written as:

r —p xﬂpmxf (424)
2 Z,

Quantifying the power loss involved in the proposed gate drive circuit, Equation 4.24 is

of much importance. Back to Chapter Il, the conduction loss in a conventiond gate

driver is



P =G Vg xf (4.25)

gate
Comparing Equation 4.24 with Equation 4.25, only QRg)/(2Z,) portion of the energy of a
conventional driver is disspated in the proposed circuit. Given Ry is usudly designed
much smdler than Z,, the advantage of the proposed circuit is Sgnificant.

However, Equation 4.24 and 4.25 are about the conduction loss among the overadl gate
drive loss. As daed in Chapter 1l, there are three types of loss involved in driving a
MOSFET: conduction loss, cross-conduction loss and switching loss Among these
three, conduction loss is usudly the predominant pat. By reducing the conduction loss
by a sgnificant amount, the proposed circuit shdl be able to reduce the overdl gate drive
loss by a large amount as well. However before the fina clam can be made, it is safe the
check with the other two types of gate drive loss. The advantages of the proposed circuit
could be offset if cross-conduction loss and/or switching loss become worse.

As a matter of fact, both cross-conduction loss and switching loss in the proposed arcuit
are lower than the conventional gate driver too. For the cross-conduction loss, the
proposed circuit has separate gate sgnals for Q1 and Q2, and accordingly there is redly
no chance that both Q1 and Q2 can be on a the same time. However in a conventiond
gate drive circuit, the gates of Q1 and Q2 are tied together (refer to Figure 2.1), sharing
the same control signal Viig. Whenever g flips from low to high or from high to low,
there are chances that both Q1 and Q2 can be on.

For the switching loss part, snce Q1 and Q2 ae MOSFETS, the switching loss mainly
aises from ther turnon trangtions indead of the turn-off trangtions [IV-5]. By
introducing an inductor in series, the proposed circuit reduces the di/dt dew rate when Q1
and Q2 areturned on. Thisshdl help reducing their turn-on switching loss.

As a summary of this section, the proposed circuit in Figure 4.1 can reduce al three parts
of power loss in driving a power MOSFET. For the mgor part, conduction loss, the
proposed circuit can reduce it to only (pRy/(2Z,) portion of the loss in a conventiond
gate driver. For cross-conduction loss, the proposed circuit can diminate it dl. For
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switching loss, the proposed circuit can adso reduce it by lowering the di/dt. This new
circuit, therefore, has Sgnificant advantages over the conventiond gate drive circuit.

4.3 Some Design Issues

After explaining the circuit operation and power loss, this section is to discuss some
issues in how to desgn the circuit. To be more specific, this section is to answer the
faollowing two questions.

1) How to choose the inductance vaue for L,?

2) As can be noticed from Figure 4.2, the driving pulses gpplied to Q1 and Q2
are farly narow. S0 is it necessry to make them that narow? What will
happen if they are not as narrow?

3) Compaed with a conventiond gate driver, the proposed circuit has two
additional diodes and one additionad inductor. So, is there any way to

overcome this drawback?

1) How to choose the inductance value for L,?

In sdecting the inductance vaue for L., following two issues have to be taken into
congderation: driving speed and gae drive loss. Clearly shown in Equations 4.18 and
4.20, the rigng time and the fdling time in driving a MOSFET have direct reationship
with the value of L. The larger L is, the dower the MOSFET is to be driven. A dow
driving speed may sometimes not be accepteble, especidly a  high frequency
goplications, where fast driving capability is often required for gate drivers. On the other
hand, a larger L, is more effective in reducing the gate drive loss. This can be seen in
Equation 4.24. For a given R, a larger L, makes a larger Z, and consequently causes less

power |oss.

Giving condderations to above issues, adesign guiddine can be presented as following:
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Stepl: With given specifications of the converter, the switching frequency f and
the gate capacitance Ci, of the driven power MOSFET can aways be
known.

Step 2: Decide how fast the power MOSFET needs to be driven. Usually 1~5%
of overdl switching period time can be dlowed to spend on driving. For
example, 4% of switching period is dlowed for driving, including both t;
and t;. Giventhis

t =t, :% LC. £2%T:¥ (4.26)

Based on above inequdity, the maxima vaue of L, can be decided:

1 4%,
£— 4.27
LEE ) (4.27)
Step 3: With some design margin, choose the highest L vaue that is dlowable by

Inequality 4.27.

Based upon the given design guiddine, L, is about 100~150nH a 1MHz for a typical
trench power MOSFET commonly used in VRM gpplications, such as Si4410 made by
Vishay Siliconix [IV-6].

2) Is it necessary to make the pulses in Figure 4.2 very narrow?

As can be seen from Figure 4.2, the pulses applied to the gates of Q1 and Q2 are much
narrower than the duty cycle control sgnads. Actudly they are of the same width as t;
and §. At high frequency applications, it may be difficult to produce these narrow pulses.
However, fortunately enough, these pulses are in redity not necessary to be that narrow.
Following paragraphs are to explain the reason for that.

When the driving pulse of Q1 is wider than that in Figure 4.2, the “charging phasg’ in
Section 4.1 can be further divided into two sub-phases: t0~t1 and t1~t2, as shown in
Figures 4.6 and 4.7. During the firg sub-phase from time t0 to t2 (the shaded area in
Figure 4.6), both I, and Vg rise snusoiddly. At time t1, I, reaches its pesk level of



VgadZo, Vgs reaches Vyae and the clamping diode D1 begins to conduct. All these
phenomena are same as what explained in Section 4.1. The difference is for the second
sub-phase: from time t1 to t2 (the shaded area in Figure 4.7). During this sub-phase,
there is no current flowing into Cj, since its voltage is aready clamped by D1, and Iy,
“freewheds’ through D1, Q1, and L. When the voltage drop across D1 and Q1 can be
negligbly smal, 1., will maintain its pek levd VgadZo. This current I, will not stop
“freewheding” until Q1 is turned off; and on the other hand, the timing of Q1 is not
citica a dl, because its dday in turning off redly causes nothing but a “freewheding’
current in the drive circuit.

v [ ]
Q2 [ L

7 Y
ILr / \ Vgate/Zo
A
t0 t1 \ /

A
Vgs
g / Vgate \
A

Figure 4.6 Waveforms during tO~t1, when the driving pulses are wider than Figure 4.2

After these two sub-phases, Q1 is then turned off a time t2, and I, will be linearly
discharged, same as dl explained in the “recovery phase after charging” in Section 4.1.

From above andyss, it shdl be clear that a wider pulse for Q1 redly does not hurt too
much, dthough it causes an additiond period of time from t1 to t2, during which the
inductor “freewheds’ at its pesk level. As long as Q1 is turned off before time t4 where
the “discharging phase” begins, the proposed circuit shal be working fine.
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Figure 4.7 Waveforms during t1~t2, when the driving pulses are wider than Figure 4.2

Smilarly, when the driving pulse of Q2 is wider than that in Fgure 4.2, the “discharging
phass” in Section 4.2 can be further divided into two sub-phases. t4~t5 and t5~t6, as
shown in Figures 4.8 and 4.9. During the firs sub-phase from time t4 to t5 (the shaded
area in Figure 4.8), both L, and Vg decrease snusoddly (1., goes negative). At time t5,
ILr reaches its negetive pesk level —VgadZo, Vgs reaches zero, and the clamping diode D2
begins to conduct. All these phenomena are same as same as what explained in Section
4.1. The difference is for the second sub-phase: from time t5 to t6 (the shaded area in
Figure 49). During this sub-phase, there is no current flowing out of Ci,, since its
voltage is dready clamped by D2. Meanwhile, | “freewheds’ through D2, L, and Q2.
When the voltage drop across Q2 and D2 can be negligibly low, I, will mantan its
negative pesk level —VgadZo. This current Iy, will not stop “freewheding” until Q2 is
turned off; and on the other hand, the timing of Q2 is not criticd a dl, because its dday
in turning off redly causes nothing but a “freewheding” current in the drive dircuit.
After these two sub-phases, Q2 is then turned off a time t5, and I, will be linearly
discharged, as explained the “recovery phase after discharging” in Section 4.1. Again, it
shall be clear that a wider pulse a the gate of Q2 does not hurt the basic operation of the
proposed circuit. As long as Q2 can be turned df before time t8 (tO of next cycle), where
anew “charging phasg’ begins, the circuit shal be working fine,
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Figure 4.8 Waveforms during t4~t5, when the driving pulses are wider than Figure 4.2
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Figure 4.9 Waveforms during t5~t6, when the driving pulses are wider than Figure 4.2

3) How to overcome the drawback of more component parts?

Compared with a conventiond gate driver, the proposed circuit adds two additiona
diodes and one additiond inductor. And accordingly the overal circuitry is more
complicated and may cause inconvenience in use. So, is there any way to overcome this

drawback?



One possble solution to above drawback is to integrate al slicon devices into one IC
chip. As mentioned early in this thess many conventiond gate drivers are packaged in
IC chip form, and the only thing a user needs to do is to plug the gate drive chip into his
or her circuit. Same thing can be done for the proposed circuit. All four slicon devices
Q1, Q2, D1, and D2 can be packaged into one semiconductor chip. The user then do not
have to worry too much about what are ingde the chip, but plug the chip into the circuit
adong with a resonant inductor. Also, this resonant inductor could aso be packaged into
the chip, dnce its inductance is not too large. As cdculated earlier in this section, for a
typical trench power MOSFET a 1MHz, L, is about 100nH to 150nH. Given tha an inch
of PCB (Printed Circuit Board) conductor typicaly has an inductance of 15nH [IV-7], it
is possible D integrate L; into the gate drive chip. Then what a user needs to do is just
plug the whole chip into his or her circuit, as with a conventiond gate driver.

At the end in answering this quedtion, it may be worth mentioning that compared with
other resonant gate drive circuits, the proposed driver is actudly smpler than others, a
least is not more complicated [IV-2, 3, 8, 9, 10].

4.4 Simulation and Experiment Results

To veify aove andyss and cdculation, smulation and experiments were carried out.
The software PSpice was used in smulaion and the smulated results are shown in
Figure 4.10. In Figure 4.10, the waveform in the top line is the duty cycle 9gnd from a
PWM controller, the second line is the inductor current |, the third line s the capacitor
voltage Vs, and the bottom line is the averaged power loss. As shown in Figure 4.10, the
average power loss in the proposed circuit is about 0.33W. Given the driving voltage is
8V, the switching frequency is 2MHz, and the gate capacitance of the power MOSFET is
15nF, the proposed gate driver has only 17% power loss of that in a conventional gate
driver (1.92W).
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Figure 4.10 Simulated Results

Other than Imulaion, some experiments were dso caried out for verification. The
tested waveforms are shown in Figure 4.11. In Figure 4.11, top two waveforms are the
control signds applied to the gates of Q1 and Q2. The bottom waveform is the voltage
Vgs across Gn. Same as the smulation in Figure 4.10, the experiment in Figure 4.11 was
of 2MHz switching frequency and 8V drive voltage levd. Waveforms in Figure 4.11
have verified the functiondity of the proposed circuit. It is dso worth mentioning thet
the pulses in Figure 4.11 are actudly wider than those shown in Figure 4.2. This fact
further proves the previous statement that the timing of Q1 and Q2 is not criticad to the
circuit operation. As long the pulses a the gates of Q1 and Q2 are not too wide to
overlap with each other, the proposed circuit works correctly.
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Figure 4.11 Experimental Waveforms

4.5 Summary

This chapter introduces a new resonant gate drive circuit and explains its operation.
Compared with conventional gate drive circuits, the proposed circuit festures much lower
conduction loss. Other than that, the proposed circuit can dso diminate the cross
conduction loss in a conventiond gate driver and reduce the switching loss of Q1 and Q2.
Findly this chepter offers a guiddine for inductor design, some Smulaion waveforms,
and an experimenta result. Both smulation and experiment verifies the andyss and
caculation before.
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Chapter V. Comparison between Different Gate Drivers

After the introduction of the new circuit in previous chapters, this chapter compares
different gate drivers to further demondrate the advantages of the proposed circuit. To
do so, this chapter is divided into three sections. The first section is compares the gate
drive loss between a conventional gate driver and the proposed gate driver, through an
experiment. The second section is compares the overal efficiency of a converter with
different gate drivers. The last section is compares the proposed gate driver with other

resonant gate drive circuits.

5.1 Loss Comparison

As andyzed in Chapter 1V, the proposed circuit in Figure 4.1 shdl have much lower gate
drive power loss than a conventiond gete driver. This is because of lower conduction
loss, diminated cross-conduction loss, and reduced switching loss.  To verify this
conclusion, an experiment was carried out and its result is shown in Figure 51. In this
experiment, the power MOSFET was S4410 built by Vishay Sliconix [V-1] and the
switching frequency was 2MHz. These data were measured with Fluke 80 series digitd
multimeters made by Huke Corporation, and the accuracy of the measurement is
Vgate 0.01mA (0.04mW when Vgae is 4V, 0.09mW when Vgae is9V) [V-2].
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Figure 5.1 Loss Comparison between a Conventional Driver and the Proposed Driver

From Figure 5.1, it can be seen that the power loss between a conventional gate driver
and the proposed circuit is dgnificant, especidly when the gate drive voltage is high. As
can be explained by the gate drive loss equation,

Py =G Vo xf (5.1)

gate
The higher the gate drive voltage is, the more gate drive loss is.  And when gate drive
loss is higher, Figure 5.1 depicts more loss can be saved by the proposed resonant gate

driver.

Another reason that makes the loss reduction in higher Vgae more sgnificant is thet in the
condructing the resonant gate drive drcuit for this experiment, many discrete
components were used, such as the logic gates, discrete MOSFETs Q1 and Q2, and
isolation circuitry for Q1. However, for the conventiond driver, an IC gate drive chip
was used as the whole circuitry. More discrete components can cause more control
quiescent power consumption, more stray loss, and the power loss in isolation for Q1
(more on this in Chapter VI). Accordingly the condructed resonant gete drive circuit
inherently has more loss than the conventional gate driver and makes the convergence of
the two curves in Figure 5.1. This loss dso makes the experimentad results in Figure 5.1
not as good as the cdculation and smulation results in Chapter 1V. However, al these

control loss and dray loss and isolaion loss can be drunk to the same levd of
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conventional gate drivers when the resonant gate drive circuit is aso packaged in an IC

form. Or, the results in Figure 5.1 can be expected better when a more fair comparison is
made.

5.2 Efficiency Comparison

To further demondtrate the advantages of the proposed circuit, it was utilized to drive the
secondary MOSFETs of a Push-Pull Forward converter as shown in Figure 5.2. The
characteristic waveforms of the converter are shown in Figure 53. Compared with other
high voltage input VRM topologies such as Push-Pull converter, Flyback converter, Half-
Bridge converter, and Forward converter, the circuit in Figure 5.2 has high efficiency,
fast trandent response, smal current ripple, and low device stress[V-3].
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Figure 5.2 A Push-Pull Forward Converter [V-2]
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Figure 5.3 Characteristic Waveforms of a Push-Pull Forward Converter [V-2]

Above Push-Pull Forward converter is a very promisng candidate for large step-down
DC-DC power converson gpplications. When this converter is used, its input voltage is
usudly many times of its output voltage. Meanwhile, to maintain the power baance, its
output current is much higher than its input current. Therefore in condructing the
MOSFETs S3 and $4 in the secondary side of the converter, their onresstance Ryson
must be very low to achieve low conduction loss. Based on this consderation, people

usualy use more than one MOSFET for each of the secondary switches.

Pardlded MOSFETs can reduce the conduction loss, but cause higher gate drive loss.
Actudly the gate drive loss of the secondary side can cause more than 3% efficiency drop
at 300kHz. This 300kHz frequency is much lower than that in the Synchronous Buck in
Figure 1.5; however, just because of the use of pardlded MOSFETSs in the secondary, the
Push-Pull Forward converter in Figure 5.2 suffers as much even at alower frequency.



To improve the efficiency of the Push-Pull Forward converter, the proposed resonant gate
drive circuit was utilized to drive the MOSFETs in the secondary dSde and the
experimenta results are plotted in Figures 54 and 55. Figure 54 is the efficiency
comparison a 300kHz;, while Figure 5.5 is a 500kHz. From Figure 5.4, the proposed
resonant gate driver can improve the overal efficiency by 1% at full load and 3% a hdf
load, a 300kHz. At 500kHz, however, the resonant driver can improve more, as in

Figure 5.5.

Efficiency Comparison at 300kHz
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Figure 5.4 Efficiency Comparison of a Push-Pull Forward Converter at 300kHz



Efficiency Comparison at 500kHz
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Figure 5.5 Efficiency Comparison of a Push-Pull Forward Converter at 500kHz

The experiment waveforms are aso shown asin Figure 5.6.
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Figure 5.6 Experiment Waveforms in Driving the Push-Pull Forward Converter



5.3 Comparison between Different Resonant Gate Drivers

As mentioned in Section 4.3, there have been other resonant gete drive circuits published
in recent years to reduce the power loss in driving MOSFETSs a high frequencies [V-4, 5,
6, 7, 8]. It is not complete for this thess if it does not include these existing resonant gate
drivers. However, mogt of the existing circuits are very complicated in circuitry, and use
trandformers in energy trander, inherently limiting the driving speed (more on this in
Chapter VI1). Here in this section three typicd circuits are introduced and the comparison
between the proposed circuits and these two circuits will be made afterwards.

One of existing resonant gate drivers was published by Maksmovic in 1991 [V-5]. Its
diagram is drawn in Fgure 57 and its operdion is illusrated in Fiugre 58. By
controlling the timing of Q1 and Q2, the circuit in Figure 5.7 uses the resonant inductor
L, as a current source during both charging and discharging periods.  Idedly (when
Ry=0), this circuit can be losdess, same as the proposed circuit; however, much worse
than the proposed circuit, this driver in Figure 5.7 has much conduction loss smply
because the current in L is continuoudy in resonance with G, and this current can not be
gndl to drive the MOSFET. In other words, the driver in Figure 5.7 tradeoffs higher

resonant conduction loss for lower gate conduction loss.
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Figure 5.7 One Existing Resonant Gate Drive Circuit [V-5]
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Figure 5.8 Operation of the Resonant Gate Drive Circuit in Figure 5.7 [V-5]

Another drawback of the circuit in Figure 5.7 is tha its G, and L;, the only two additiona
components it adds to a conventiona gate driver, have to be large in ther vaue, as wdl
as in ther sze. Not like the smdl inductor in the proposed circuit in Chapter 1V, larger
passive components are difficult in packaging and can make the whole gate driver bulky.

The third drawback of the circuit in Figure 5.7 is its trandent performance. Since the
capacitor G, has to be large enough to work as a voltage source, it needs pretty long time
to reach a new stead-stae when there occurs any change in duty cycle [V-7]. Therefore,
its trangent performance could be poor.

Ancther resonant gate driver to be introduced in this section is drawn in Figure 59. It
was published by Jacobson in 1993 [V-4]. Badcdly this circuit tries to utilized the
leskage inductors as the resonant inductor to achieve fast driving cgpability. Meanwhile
it aso tries to return some portion of inductor current back to the voltage source through
the clamping diodes, so that some gate drive loss can be recovered. However, in
experiment, the author of this circuit found a big dscrepancy between the gate drive loss



messured from experiment and that from cdculaion [V-4]. He explaned this
discrepancy arisng from the incorrectness of the caculation modd [V-4].

Vgate

A 1= T vd

Figure 5.9 Another Existing Resonant Gate Drive Circuit [V -4]

However, in my research, | found a serious problem with the circuit in Figure 5.9: the
magnetic reset of the choke. Actudly the inductor choke in Figure 5.9 cannot be reset
unless the forward voltage drop across the clamping diodes are high aewugh. This result
is shown in the smulation results in Figure 511 (the Smulation circuit is drawn in Fgure
5.10). When the diode forward drop is very low, or when the gate drive voltage is very
high, or when the switching frequency is very high, the magnetic choke will not be reset
and there will be big voltage spikes in the ends of the inductors. This result is dso shown
in Figure 5.12.
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Figure 5.10 Simulation Model for the Circuit in Figure 5.9

v tis)

_n

V) : tis)

(_n2d-_n2s

0 s

1 Ln2E-_n28

) s}

_nid

v s}

oo
e}
A0

_ns

Saiu

982 5w Basu

QBT Eu

T T T T
D30u 982 5u 995U 947 Su
tish

Figure 5.11 Simulation Results with High Diode Voltage Drop
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Figure 5.12 Simulation Results with Low Diode Voltage Drop

The third resonant gate driver to be included was invented by Weinburg [V-7]. Its circuit
diagram is shown in Figure 513. The mgor drawback of this circuit is obvioudy its
complexity. It aso has speed problems because of the use of transformers (more on this
in Chapter V1).
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Figure 5.13 The Third Existing Resonant Gate Drive Circuit [V -7]
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Chapter VI
Half-Bridge MOSFET Gate Drive with Coupled Resonance

Power MOSFETSs are widdy used in the area of power eectronics. They are seen as the
essentid dements in a tremendous number of applications, from PFC (Power Factor
Correction) modules, to battery chargers, to DC/DC switching mode power supplies, etc.
Gengdly spesking, a power MOSFET s utilized in two basc formats a discrete switch
or two MOSFETSs connected together as shown in Figure 6.1. The latter format is often
referred as the “Haf-Bridge’ configuration.

i
s

Figure 6.1 Half-Bridge Configuration

When two MOSFETs are connected in Half-Bridge, the gate drive for the top MOSFET
is different from that for the bottom one. Since the source termind of the top MOSFET
is not grounded, it needs isolation a gate drive. In other words, the gate drive for the top
MOSFET ghall be floated as wel. Currently there are three methods for this isolation:

transformer isolation, optical coupler isolation, and bootsrgp isolation. All these three
methods are widdly used.

However, none of above methods is perfect. The opticd coupler method is very smple,
but cannot work very fast a high frequency gpplications. The trandformer method has



been in power dectronic market for a long time, but has severa drawbacks. Fird, a
trandormer is aways bulky in a sysem; second, it has limit on the maximum duty cycle
for magnetic reset; third, it has a lot of paradtics and a high frequency dl these paragitics
can dffect the driving speed. For example, when dl paragtics are consdered, an ided
transformer like Figure 6.2a does not exist any more. Instead, it shal be modeled more
accurately as Figure 6.2b. And because of dl these paraditics, when a perfect gate drive
pulse is gpplied a one sde of a transformer, what can be observed from the other side of
the trandormer is drongly didorted.  This digtortion gets more serious a higher
frequencies. Figure 6.3 shows a perfect gate drive pulse and the distorted one after a

transformer.

3 } ?E f

@)

Figure 6.2 Transformer Model: (a) an ideal transformer, and

(b) a practical transformer model with all parasitics included

Figure 6.3 Gate Drive Pulse Distortion by A Transiormer

Because of dl the above reasons, neither optical couplers nor transformers are used for
high frequency gate drive isolations. In high frequency applications, people turn to the
last resort: bootstrgp isolation. Figure 6.4 illudtrates a typica Haf-Bridge MOSFET gate
drive usng bootstrep isolaion. The right sde with fine lines is the MOSFETS in HAlf-
Bridge condruction; the left 9de of Figure 6.4 is the gate drive circuitry dong with the
controller (the block labded with “Cirl”). All gae drive circuits discussed in previous
chapters go into the triangles in Figure 6.4. As in previous chapters, \jae Stands for the

voltage source powering the whole gate drive circuitry.
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Figure 6.4 Half-Bridge Gate Drive with Bootstrap

6.1 Bootstrap Loss

The bootstrgp circuitry mainly condsts of one diode and one capacitor, as shown in
Figure 6.4. The whole circuitry works based on the concept of a “charge pump” [VI-1]
and can work very fas. This makes bootstrgp popular for high frequency applications.
However, the bootstrap method is not perfect either. The main drawback is that it causes
additiond gate drive loss.

Asin Chapter |, the gate drive loss of asingle power MOSFET is as much as

Py =C, N X (6.1)
With two power MOSFETS in Figure 6.4, the gate drive loss seems to be twice of Ry.
However, the redity is worse than that, because of the bootstrap circuitry. Back to the
equivdent dreuits in Figure 2.3, the reason for gate drive loss is the resdive disspation
in afirg-order system. A RC circuit causes power loss. Now the same theory gpplies to
the bootstrap circuit. When charging the top MOSFET, the capacitor in Figure 6.4 works
as the voltage source and supplies dl the dectric charges into the gate of the MOSFET.
The equivdent circuit for during this charging period is drawvn in Fgure 65. In Fgure
6.5, the diode near Vgae is the bootstrap diode in Figure 6.4, Cys is the bootstrap
capacitor; Ry and Cijn stand for the gate resstance and MOSFET input capacitance,

repectively.  The arrow shows the direction of current flow. During this period, no



additiond loss is involved other than the ¥2Py conduction loss as explained in Section
23. Now let us see what can happen when the top MOSFET is discharged. The
equivdent circuit during discharging period is drawn in Figure 6.6. In this circuit,
RepstRason stands for dl resstors in the path between the voltage source Vgae and the
bootstrap capacitor Cps [VI-2]. During this period, Ci, discharges dl its dectric charge
through Ry and causes %¥2Py amount of conduction loss. Meanwhile, Gs will be charged
by Vgae During previous charging period, some éectric charges were retrieved from G,
now these charges are supplied from Vjqe to maintain the voltage level across Gss. It can
be seen from Fgure 6.6 that this supplying current flows through not only Cps, but aso
the bootstrap diode and resistors RepstRyson, and of course @uses power loss. Assume
that the amount of this loss is Rs (it is worth repeating that Rs here is an additiona loss
not included in the expression of Pyj).

. VF WL Top MOSFET
Vgate+—[>|_ -9 i

L — —+ I

Figure 6.5 Equivalent Circuit in Charging the Top MOSFET

VE Rebs+Rdson Rg H

vV + B >< Vg e Top MOSFET
gate —F + K
T — — :

Figure 6.6 Equivalent Circuit in Discharging the Top MOSFET



Accurate calculation of Rs depends on the parameters of the forward voltage drop VE on
the bootstrap diode. More details on this are explained in [VI-2]. Industry has found an
easer way to cdculate this loss, by goproximating the R-C-D circuit in the left part of
Figure 6.6 to be aR-C circuit in Figure 2.3. With this gpproximation,

1
Rs= 2 Py (6.2)
And the overdl gate drive lossin the circuit in Figure 6.4 is about [VI-3]
5
PHB = ECin >z\/gzate xf (6-3)

Other than Ry, there are actualy other power losses introduced by the bootstrap circuitry.
These loses include the switching loss of the levd-shift circuitry and the loss by the
quiescent driver loss [VI-2]. However, these losses are usudly trivid compared with Rs
and can thus beignored [VI-3].

6.2 A Half-Bridge MOSFET Gate Driver with Coupled Resonance

From the andlyss in Section 6.1, the power loss in driving Haf-Bridge MOSFETSs are
even higher than that in driving two separate MOSFETs. The additiond loss comes from
the bootstrap circuitry.  Other than that, it shal adso be noticed that the bootstrap
capacitor Gy is usudly very large, much larger than G, so that the voltage across Gy can
mantan about the same levd when it charges Cin. Because of its large vaue, and
accordingly large size, Gy is usudly placed outsde the gate drive IC chip, dong with the
bootstrap diode [VI-4]. Most recently, it has been noticed that the bootstrap diode is aso
integrated into the drive chip [VI-3, 5. However, with its large vaue, Cpys is dways
placed outside the IC.

In today’s power dectronic industry, there is not an easy solution to the problems caused
by bootsrap. The bootstrgp problems can be partidly dleviated with the use of the
resonant gete drive circuit in Chapter 1V, but not totaly solved. The new circuit in
Chapter IV can reduce the conduction loss. By returning the energy back to the voltage
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source (with bootstrap isolation, it will be Gy), it can aso reduce the total eectric charges
retrieved from Cp.  However, no matter how smal amount these charges are, they need
to be recovered by a voltage source anyway, and as long as this recovery happens it
causes energy disspation, as shown in Figure 6.6. Therefore, the circuit in Chapter 1V
can only reduce the bootstrap loss, but cannot totally diminate it.

Meanwhile, in driving two MOSFETs in Haf-Bridge configuration, the resonant circuit
in Chapter 1V has to be used aong with the bootstrap method. In other words, the circuit
in Chapter 1V cannot work without the bootstrap circuitry at Haf-Bridge applications,
and accordingly the large bootstrap capacitor and diode till have to be present.  Resonant

gate drive techniques aone cannot solve the problems arising from bootstrap.

In this section, a new circuit is to be introduced. Its diagram is shown in Figure 6.7 and
its waveforms are shown in Figure 6.8. In Figure 6.7, the left top corner is the circuitry to
drive the top MOSFET Sop; the left bottom corner is the circuitry to drive the bottom
MOSFET Sottom- These two parts of circuitry are coupled through two inductors Ly and
Lo.
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Figure 6.7 Circuit Diagram of a New Half-Bridge Gate Driver [V |-6]
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Figure 6.8 Key Waveforms of the Circuit in Figure 6.7

More careful observation on Figure 6.7 reveds that the circuitry to drive Syotiom IS exactly
the same as the resonant gate driver in Chapter 1V, except its inductor Ly is coupled with
another inductor L. It shdl dso be noticed that in Figure 6.7 there is no bootgtrap any
more. This circuit in Figure 6.7 isolates the gate of the top MOSFET by coupling Ly with
L,. Another bendfit of inductive coupling is tha this circuit can utilize the energy from
discharging one MOSFET to charge the other MOSFET and essentidly reduce the energy

retrieval from the power source.

Compared with a conventional Haf-Bridge gate driver with bootstrap, the circuit in
Figure 6.7 diminaes the bootstrgp circuitry and thus diminates al bootstrap losses.
Also, by utilizing the resonant gate drive techniques in Chapters 111 and 1V, this circuit
can reduce the conduction loss in driving both MOSFETs. As in Chapter 1V, this
reduction is dependant upon the gate resstance and driving speed requirement.  For

example, usng the same inductance vaue in Section 4.3, the new circuit can reduce the
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conduction loss by 85%. Meanwhile it is dso free of bootstrgp loss. This comparison is

shown in Figure 6.9. Please notice that Figure 6.9 is a the same scae of Figures 3.1, 3.2,
3.6,and 3.7.

Conventional New Resonant
GD Circuit GD Circuit

Figure 6.9 Loss Comparison between Conventional HB Driver and the Circuit in Figure 6.7

In Figure 6.9, the power loss in a conventiona Haf-Bridge gate driver consds of three
parts: Ry amount loss in driving the bottom MOSFET (according to Equation 6.1), Ry in
driving the top MOSFET, and Y2Py loss in the bootstrap circuitry (according to Equation
6.2). Therefore the overdl loss in the conventional driver is 2.5Py (referring to Equation
6.3). Now with the new Haf-Bridge circuit, this loss is much lower. First of dl, the Ry
loss in driving the bottom MOSFET can be reduced by 85%. Second, the Py loss in
driving the top MOSFET can aso be reduced to 0.15Py. Third, the bootstrap loss does
not exisg any more. Therefore the overal loss with the new gate driver is only 0.3Py.
Thisisonly 12% of the lossin a conventiona Half-Bridge driver.

Actudly the coupled inductors in Figure 6.7 work like those in a Flyback converter: the
energy is stored in one inductor during one period of time, and when that period ends, the
energy is transferred to the other inductor. Hence it is natura for readers to be concerned
about the leskage inductance. As we know, the leskage inductance in a Hyback
converter causes high voltage spikes and needs to be snubbed. If there is also some
leakage problem in the proposed circuit, it may make the whole circuit unacceptable.
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As we dl know, when two inductors are coupled together, there will inherently be some
leakage inductance. No coupling is perfect without leskage. The key point is not how to
get rid of leaskage, but how to get rid of spikes at the presence of leskage. Whenever the
current through the leakage inductor is interrupted, it makes high voltage spikes.

Fortunately the proposed circuit in Figure 6.7 is free of spikes, even a the presence of
leskage. All leskage currents can be reset naturdly, without causing any voltage spikes
in the crcuitry. Fgure 6.10 shows the circuit diagram when leskage is present. The
extra two windings in series with Ly and L, stand for the leskage inductance. Figure 6.11
shows the key waveforms when leskage inductance is included. It can be seen from
Figure 6.11 that when the switches are turned off, currents in the leakage inductors can
dill find a way to flow and then will be discharged very fast. Since they can find a way
to flow, they will not cause voltage spikes in the circuits, since they will be discharged
vay fad, the leskage currents will not reman for long and will not affect the normd
operation of the circuit. In one word, leakage inductance does not bring any bad effects.
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Figure 6.10 The New Circuit with the Presence of Leakage
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Findly this section concludes with a smulaion result in Fgure 6.12. The arangement
of the waveforms is same as those in Figures 6.8 and 6.11. It is worth mentioning thet in
this smulation, the coupling factor K is set to be 0.9, which means leskage effect is
dready incduded in the gmulaion. The smulaion further proves the drcuit's immunity

to leakage inductance.

72



Ql
Q2 |

—, : N
b R
R
[ [ T |
498.5u 499u 499.5u 500
Figure 6.12 Simulated Waveforms of the Circuit in Figure 6.10
6.3 Summary

This chepter darted with an introduction to conventiona isolation methods. transformer,
opticd coupler, and bootdrap. With its fast drive capability, bootstrap is the only
isolaion method in driving Haf-Bridge MOSFETs. However, a bootstrap circuit causes
additiona gate drive loss as in Equation 6.2 and is dso bulky to be integrated into an IC
chip. This chapter then introduced a new Haf-Bridge MOSFET gate driver with coupled
resonance. This circuit can be regarded as a technica extenson of the resonant gate
driver in Chapter IV and employs the same resonant gate drive concept. By using this
circuit, the gate drive loss is effectively reduced; meanwhile, the bootstrgp loss is dso
eiminated aong with the bootstrgp circuitry.  Furthermore, the proposed drcuit is
immune to leskage inductance. Both andyticd and smulated results show no voltage

pikesin the circuit, even when leskage inductance is included in consderation.
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Chapter VII Discussion and Conclusion

With increasing demands in fast response and high power dendty, switching mode power
supplies ae dedgned a higher and higher switching frequenciess. One example of this
trend is the VRM design. As the computer CPU speeds up, VRMs are to be designed at
higher frequencies, from severd hundred kHz a present to MHz range in the future.

However, when the switching frequency of a VRM goes higher, its efficiency drops
down, quickly. The main reasons for this drop include power MOSFET gate drive loss,
switching loss, magnetic loss, and conduction loss.  In the work of this thess it was
found that power MOSFET gate drive loss occupies a sgnificant weight in the overal
efficiency drop. For a VRM running a 2 MHz, the gate drive loss causes a 5% efficiency
drop at full load and a 35% drop at light load. If this gate drive loss can be effectively
reduced, the VRM overdl efficiency can be expected much higher.

In this thess, the loss mechanism in conventiond gate drivers has been dudied. In a
conventional gate drive circuit, there are three types of power loss conduction loss,
cross-conduction loss, and switching loss [VII-1]. Among these three, conduction loss is
generdly dominant. Reducing gate drive loss is somewha equivdent to reducing the
conduction loss. To reduce this conduction loss, the equivalent circuit of a conventiona
gate driver was firg gudied. It is found that a conventiona gate driver is equivaent to a
R-C firg-order system during both charging and discharging periods, and the gate resistor

Ry causes dl power loss regardiess its resistance vaue.

To actudly reduce the above conduction loss, an inductor is added into the equivaent
circuit in series with the gate resstor. With the addition of the inductor, the origind RC
fird-order system is changed to be a RL-C second-order system, often referred to as a
“resonant circuit.”  This is the origin of resonant gate drive techniques. The additiond
inductor can deviate a large portion of the energy disspated by R, and if a proper way
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can be desgned to utilize dl deviated energy, the gate drive conduction loss can be
reduced.

Based on this resonant gate drive concept, a new circuit was invented under the research
of this thess [VII-2]. In Chapter IV of this thess, the operation of the proposed circuit
was introduced, its loss mechanism was anadyzed, and some desgn issues were
discussed.  Employing the resonant concept, the proposed circuit can reduce the
conduction loss by 85%, depending on the gate resstance and drive speed requirements.

Compared with conventiond gate drivers, the proposed circuit aso diminates the cross-
conduction loss and reduces switching loss. And because of al these three factors, the
proposed circuit can reduce the power loss in driving a power MOSFET very effectively,
as demongrated by smulated and experimenta results.

Power MOSFETs are often condructed in a Haf-Bridge configuration, such as in
Synchronous Buck converters, Haf-Bridge converters, and Full-Bridge converters.
Conventiondly there are three ways to isolate the gate drive circuitry for the top
MOSFET: transformer, opticd coupler, and bootdtrap. With limitations on their drive
Speeds, the transformer and the opticd coupler methods are rarely used in high frequency
goplications.  The bootstrgp is then the only resort. A bootstrap, however, causes
additiona power loss in the gate drive, because the bootstrap capacitor needs to be
charged in each switching cycle. In addition, the bootsrgp capacitor is usudly large in

value and in 9ze and causes circuit complexity.

To overcome the bootsirgp problems, a new Haf-Bridge MOSFET gate driver with
coupled resonance was invented under the research of this work [VII-3]. The operation
of this drcuit was introduced in Chapter VI. The new gate driver utilizes the energy in
discharging one MOSFET to charge the other MOSFET, through a pair of coupled
inductors. By coupling these two inductors, the proposed circuit can dso get rid of the
bootsirgp circuitry and accordingly diminate the bootstrap loss  Again depending upon
the gate resstance and coupling effect, the proposed circuit can reduce the power 10ss in
driving Hdf-Bridge MOSFETs by 88%. Lad, the new Haf-Bridge gate driver has adso
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been proven to be free of leskage problems, which aways cause high voltage spikes in a
crcuit employing magnetic coupling.

In dl, this thess has explored the resonant gate drive techniques that can effectively
reduce the gate drive loss. It has dso introduced two new circuits to drive power
MOSFETSs in different configurations. By dl this work, this thess provides a solution to
reduce the power MOSFET gate drive loss, when this loss is sgnificantly detrimenta to
gystem peformance. Given that the gate of IGBTs is essantidly the same as that of
MOSFETSs, dl concepts and circuits in this thess can dso be gpplied to drive IGBTS,
again, if the gate drive loss is sgnificantly detrimentd.
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