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ABSTRACT

Switching Converters with Paralleled MOSFETs

Jerry Moudilos

The requirements for i1ncreasing power density is spawning the use
of techniques which are increasing the efficiency of the power supplies.
The historic metlod of decreasing the size of the power supply was by
increasing the switching frequency This method was limited by
switching losses which 1ncreased with switching frequency. Soft
switching topologies have removed this barrier by minimizing these
losses These topologies however, have increased conduction losses
because of higher currents which are required to flow through the

switches in order to achieve lossless switching.

To further increase efficiency 1t has been proposed that switching
MOSFETs be paralleled to decrease their effective on resistance Rdson
Although increased efficiency 1is achievable, there are 1limits and
constraints which prevent continuously adding MOSFETs in parallel to
further decrease conduction losses These limitations will be presented
and discussed. Furthermore. in order to understand the principles
involved, a MOSFET model will be used in simulations to visualize the
voltages and currents flowing through the MOSFET structure during

switching in hard and soft switching topologies.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In recent years, the developments of soft switching techniques has
allowed Pulse Width Modulation (PWM) converters to operate at higher
frequencies and at higher efficiencies. This has allowed for higher
power densities in modern converter design. It has also made conduction
losses more dominant in the overall power losses of the switching
element, which for high frequency applicaticns is a Metal Oxide
Semiconductor Field Effect Transistor (MOSFET). This has made designers
attempt to further increase efficiency by paralleling MOSFETs to lower
their effective Rggon, @s described in Chapter 2. This has led to some

increase in efficiency but limitations exist which must be considered.

1.2 MOSFET Models

In order to comprehend what happens internally to the MOSFET, a

MOSFET model will be explained in Chapter 2. Most papers presented on

this topic concern themselves with modeling the MOSFET so accurate drive



wave forms can be obtained. This has resulted in complex models which
require significant simulation time and at times present convergence
problems. Also, mathematical models of the MOSFET are of little use in
observing the internal currents causes by the switching action and the
parasitic capacitances. The models used were obtained from Motorola and
contain discrete elements which allowed the probing of currents flowing
through the parasitic components with the PSPICE simulator. The
parasitic components must be discrete so that simulation tools such as
PSPICE can place current sensors in series with these devices and

internal currents can be observed during switching.

1.3 Modulation Techniques

In switching power supply design there are two methods of
controlling the output voltage. These are Pulse Position Modulation
(PPM) where a fixed pulse width has its repetition rate varied to
control the Duty Cycle (D), and PWM which uses a fixed frequency and a
variable duty cycle. 0Of the two techniques PWM is the most commonly
used technique because its fixed frequency optimizes the transformer
inductor, and input filter design. As a result most controller IC's
offered by semiconductor manufactures wuse PWM as the modulation

technique.

PWM is further divided into Hard Switching (HS) and Soft Switching
(§S). For the scope of this thesis HS-PWM is any technique which does

not minimize the voltage across the MOSFET's drain-source capacitance




C4qs when it is turned on. As a result the MOSFET experiences high
voltage and currents during switching and these generate switching
losses. This is the original application of PWM and is most commonly
used in the buck, the boost, the buck-boost, and the derived topologies
{11. A full bridge buck converter will be analyzed using the MOSFET
model described in Chapter 2. This analysis will be presented in
Chapter 3 and will consider HS-PWM circuits with single and multiple

MOSFETs inr parallel.

SS-PWM is any technigue which minimizes the voltage across the
MOSFET's drain-source capacitance Cgqs before the drain current starts to
flow through the MOSFET's drain-source conduction channel. This does
not include the techniques which use snubbers to store energy derived
during switching and dissipate it by using a resistor [2][3][4]. It
also does not include techniques which store energy in inductors and
capacitors and then removed by auxiliary circuits [5]. SS-PWM does
include techniques which through the use of converter topologies and
switching strategies minimizes switching losses. This includes
techniques such as the Zero Voltage Switching (ZVS) PWM converter [6]
and the Phase-Shifted Modulated Double Tuned Resonant (PSM-DTR) PWM
converter {7]. The 2VS-PWM converter uses an auxiliary switch on the
line side to discharge the drain-source capacitance Cg4g ‘of the MOSFETS
before the are turned on. The PSM-DTR-PWM conveiter uses a resonant
load to discharge the drain-source capacitance Cgg of the MOSFETs before
they turn on. In both these cases (45 is discharged before the MOSFET
starts conducting in the forward direction. In these cases the MOSFET

will have no voltage across it when it turns on and thus, no switching



loss at turn on. Conduction losses however are still present. The PSM-
DTR-PWM converter will be analyzed using the MOSFET model described in
Chapter 2. This analysis will be presented in Chapter 4 and will

consider S$S-PWM circuits with single and multiple MOSFETs in parallel.

1.4 Scope and Contribution

The scope and cbject of this thesis is to study the effects of
switching on the MOSFETs parasitic components in both HS-PWM and SS-PWM
schemes and observe the effects on switching losses when MOSFETs are
paralleled in order to decrease conduction losses. The study is limited
to converters s.itching with frequencies between 10 KHz and 200 KHz and
with power levels up to 2000 watts. The contribution of this thesis is
to use this understanding of the MOSFET's internal parasitics and to
generate guidelines to evaluate the effectiveness of adding MOSFETs in
parallel for c fferent variables such as topologies, power devices,

switching frequencies, cost, and loads.

1.5 Summary of Thesis

The contents of the thesis have been organized as follows:

Chapter 2 discusses the non-ideal MOSFET and considers the models
presented in recent papers. The MOSFET model used in simulations and in

explaining the effects of parasitics will be described Chapter 2 will




also discuss the requirements and considerations for paralleling
MOSFETs. Using the model described in Chapter 2, the effects on the

MOSFET 's parasitics will be considered.

Chapter 3 will discuss the HS-PWM converter topology and the
differences in losses when one MOSFET, and a parallel combination is
used. Guidelines will be presented to determine the effectiveness of
paralleling MOSFET's using this topology. Experimental measurements

will be given to verify the theoretical and simulated analysis.

Chapter 4 will discuss the PSM-DTR-PWM converter topology and the
differences in losses when one MOSFET, and a parallel combination is
used. Guidelines will be presented to determine the effectiveness of
paralleling MOSFET's using this topology. Experimental measurements

will be given to verify the theoretical and simulated analysis.

Chapter 5 will summarize the results and effectiveness of
paralleling MOSFETs in HS-PWM and SS-PWM topologies. A simplified
algorithm will be presented which will help the designer to determine if

paralleling is effective for different MOSFETs and applications

Chapter 6 will summarize the thesis and present a conclusion on
the effectiveness of paralleling MOSFETs to decrease losses.

Suggestions for further work will be presented in this section.




CHAPTER 2

MODELING and PARALLELING of MOSFETs

2.1 MOSFETs vs. BJTs

The MOSFET is a voltage controlled impedance which is widely used
in power electronics as the switching element in converter topologies.
Before power MOSFETs became commercially available, Bipolar Junction
Transistors (BJT) were commonly used. MOSFETs however have become the
switch of choice for power supply designers because they have the

following advantages over BJTs [8]:

a) MOSFETs can switch faster than BJTs,

b) MOSFETs require less complicated drive
circuitry,

c) MOSFETs have a low on voltage,

d) MOSFETs exhibit no secondary breakdown.

MOSFETs are faster because they are majority carrier devices. BJT
are minority carriers which store base charge. As a result BJT's have a
storage time parameter which prevents the device from being able to
block a collector - emitter voltage. Until this charge is removed from

the base, the BJT cannot be considered to have turned off. This places




a limit on the maximum switching frequency which can be used for BJT
designed power supplies. Since MOSFETs can be switched at higher
switching frequencies, power supplies designed with MOSFETs can use

smaller transformers and inductors resulting in higher power densities.

MOSFETs require less complicated drive circuitry because the gate
is insulated electrically from the drain-source channel Electrical
connection of the gate-source region is not required because the MOSFET
uses electric fields to control the conductivity of the drain-source
channel. The MOSFETs drive circuitry requires power only when the

device is turned on or off. It requires little power to stay on or off.

The voltage drop across the drain-source region of the MOSFET when
it is turned on is dependent on the Rg4gon, and the current Ig,, flowing
through the device unlike the BJT device whose voltage drop is less
dependent on its collector current I.,, This maxkes MOSFETs desirable in
low input voltage applications where voltage drops across the switching
device 1limits the overall efficiency such as converters which use

batteries as their voltage sources.

Unlike BJTs, secondary breakdown does not occur within the
specified ratings of the MOSFET. The MOSFET's Safe Operating Area (SOA)
is bounded by the peak current ratings, the drain-source breakdown

voltages, and the devices power handling capabilities.

The MOSFET has the following disadvantages when compared to the

BJT. These are [8]:



a) the gate is sensitive to Electro-Static Discharge
(ESD),

b) dv/dt effects can turn the MOSFET on,

c) fabrication results in an inherent drain-source

diode, Dyg-

Since the MOSFETs gate is insulted frum the drain-source channel
by a thin layer of silicon oxide (S0;), the gate-source region can only
support 20 V before the insulation is damaged. Before ESD protective
measures were practiced, MOSFETs were damaged while handling during
assembly because charged workers were discharging themselves through the
gate-source region when they were handling the devices. Modern ESD

preventative precautions hove largely eliminated this problem.

MOSFETs can also be momentarily turned on when they are connected
to an inductive load and driven oft quickly. The inductor will generate
a large voltage wmpulse when the current flowing through it is stopped
by the MOSFET. This voltage impulse will generate capacitive currents
in the MOSFETs gate-drain capacitance ng and will prevent the device
from turning off. This will have the effect of increase the switching
losses or destroying the device 1in the case of a full bridge

configuration

The MOSFET also has an inherent drain-source anti-parallel body
diode Dgg which will allow current to flow from the source to the drain

even thougn the MOSFET is turned off. This can present problems in



topologies whe.e blocking reverse current is required. Also, since this
diode is a parasitic, it is typically slower in turning on and off as
compared with the MOSFET itself. This presents problems in topologies
such as the full bridge inverter where two MOSFETs are connected in
series across the DC source. If current is flowing in the anti-parallel
body diode of one MOSFET and the other is turned on, there will be a
short across the DC rail because the MOSFET with the conducting diode
will not be able to block the applied voltage until the charge is

removed from its anti-parallel body drain diode.

2.2 MOSFETs as Switching Elements

The MOSFET, like the BJT can be used as a switch by operating it
in its cutoff and saturation recgions, or as an amplifier by operating it
in its linear region. Since efficiency is a prime concern in switching
converters, the MOSFET is not rsed in the linear region since this will
force large currents to flow through th. device when voltages are
present across its drain and source. This will create high conduction
losses. Linear regulators operate in this method and are used when low

power and or low Electro-Magnetic Interference (EMI) is required.

Commercial power MOSFETs are optimized to operate in their
saturation and cutoff regions. 1n the saturation region the MOSFET is
on and the current flow through it will be dictated by the load

impedance and the Rggop ©f the device. Very 1little drive power is




required to keep the MOSFET is this region since its gate-source input

is a high impedance capacitance.

2.2.1 Controlling the MOSFET

MOSFETs unlike BJTs are voltage controlled impedances. This means
that the MOSFET requires a voltage source to be applied to the gate
instead of a carrent source as in the case of a BJT. Also, in corder to
use the MOSFET as a switching element it must be fully on or off.
Unlike a BJT, where this requires the drive current to vary with load
current, the MOSFET will turn on and off by simply insuring that the
voltage at the gate is higher than the gate-source threshold voltage
Vgsth: ©OF lower than Vggtp respectively. Also, since the gat¢-source
region of the MOSFET is electrically isolated from the drain-source
region, only cavacitive currents will flow from the drive. This
requires that the MOSFET's drive circuitry be capable of supplying large
currents for short periods of time in order for the device to switch
quickly. The average current and power required is very small compared
with an equivalent power BJT. In fact the MOSFET's drive power is

dependent on its parasitic elements.

2.2.2 Parasitic Elements of the MOSFET

Like most semiconducting devices, the MOSFET has parasitic

resistances and capacitances due to its construction, material,
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junctions, and parasitic inductance due to its wiring from the silicon
chip to the package. The parasitic resistances become dominant as
current levels increase and the parasitic capacitances and inductances
become dominant and cannot be neglected as switching frequencies
increase. Power MOSFETs also have a parasitic diode across the drain-
source region due to the physical construction of the silicon regions of
the device. These parasitic elements affect the turn on and turn off
characteristics of the MOSFET, the drive power and the switching losses.
Figure 2-1 shows the MOSFET's parasitic elements which are counsidered

when the device is used as a switching element.

The resistive parasitic elements are:

Rg gate contact resistance

R4 drain contact resisiance

Rg source contact resistance
Rdson on drain-source resistance
Rgsoff of £ drain-source resistance

The contact resistances Rg, R4, and Rg are due the resistance
between the silicon and the metal conductor in the contact area. Rggpp
is the resistaice of the siliron in the drain-source conduction channel
when the device is fully on. Rggoff is the resistance between the drain
and source when the MOSFET is off. This resistance can be estimated by

obtaining the drain-source breakdown voltage V(br)dss and dividing it by
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Figure 2.1 - Complete Model of the MOSFET

the zero gate voltage drain current I4gg. These parameters are given as

worst case values in most data books [9].

The capacitive parasitic elements are:

Cgs gate-source capacitance
Cas drain-source capacitance
Cdg drain-gate capacitance
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These parasitic capacitances are formed between the external
device terminals and the silicon material and are dependent on the
structure of the MOSFET [10]. As voltages are applied and varied on the
gate, source and drain terminals of the MOSFET, charges will move
through the silicon to the opposite charged terminal forming a
capacitance. These capacitances will vary with the voltage applied

across these terminals [11}].

Data books provide typical maximum values of the short circuit
input capacitance (common source) Cjgg, the short circuit output
capacitance (common source) Cngg, and the short circuit reverse transfer
capacitance (common source) C,qs. These capacitances are related to the

parasitic capacitances by the following equations [12]:

Ciss=Cgd+Cgs (2.1)
Coss = Cds + Cgd (2.2)
Crss =Cgd (2.3)

The parasitic capacitances value can be found from the fo lowing

equations:

Cgs = Ciss — Crss (2.4)
Cds = Coss - Crss (2.5)
Cdg = Crss (2.6)



The inductive parasitic elements are:

Lg gate wiring inductance
Lg drain wiring inductance
Lg source wiring inductance

These inductances are formed by the wire which is used to connect
the semiconductor material to the device's case pins. Ly and L, are
dependent on the MOSFET's package case and are given as typical values

in data books [9].

The MOSFETs parasitic anti-parallel body diode Dgg 1is formed
between the drain and source of the device and is an inherent pe..sitic
component formed by the fabrication of the MOSFET [13]. This diode will
block the same voltage V(br)dss and conduct the same current as the
MOSFET's maximum drain current Tdon(max) in the reverse direction, that
is from source to drain, because of its excessive junction area [13].
The orientation of this parasitic diode prevents the MOSFET from

blocking reverse voltages and prevents its use as a bilateral switch.

The parasitic diode also exhibits reverse recovery effects which
prevent the MOSFET from blocking voltages until the charges are cleared

from its junction.

Finally the MOSFET Q represents an ideal MOSFET which has infinite

off resistance and zero on resistance. This MOSFET is modeled to have a




specific Vgsth for switching. It is also modeled to exhibit the

MOSFET's linear region of operation.

2.3 Simulation MOSFET Models

There has been extensive work done on different MOSFET models used
for simulation packages. Xu proposed that the parasitic capacitances
C4qs and Cgs be modeled by the variable capacitance function of the
PSPICE diode sub circuit model, and the gate-drain capacitance Cqd be
modeled by a switched capacitance [14]. Switching the gate-drain
capacitance simplifies the voltage variation of the capacitance and in
some cases causes convergence problems. The model proposed by Haslem
also has the switched gate-drain capacitance and does not include the
anti-parallel body diode Dyg or the lead inductances [15]. Mathematical
models such as those proposed by Ong ({16} and Hancock {17] are not
usable in studying power losses because the current and voltage cannot
be probed directly across the parasitic capacitances, resistances and
inductances. The model proposed by Yee is limited because it does not
model the drain-source capacitance C4g which can be a major source of

losses as the switching frequency increases [18].

Software simulators such as PSPICE have their own MOSFET models
which allow users to define the MOSFET's parameters. The PSPICE model
of the MOSFET has 48 different parameter which need to be defined by the
user [19]). The problem with some parameters is that detailed knowledge

of the MOSFETs geometry and semiconductor material is required in order
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to define them. Channel width and length, lateral diffusion, substrate
doping density and forward bias capacitance co-efficient are required by
the model, but are not given in the manufactures data books. These
models are hard to obtain and do not allow access to the parasitic
elements. Also, the waveforms obtained with the PSPICE MOSFET models do

not give accurate waveforms during transitions.

The PSPICE software package has a program called PARTS which
allows users to enter data sheet values which are converted by the
program into parameters used by the MOSFET model [19]). Since data
sheets provide partial information, these models are approximate.
Manufactures suggest that typical, and worst case models be made and
used in simulations. This is time consuming and again does not provide

a model with accessible parasitic components.

2.4 MOSFET Model Used in Simulations

In recent years semiconductor manufacturers such as Motorola and
International Rectifiers have written articles and application notes

describing MOSFET models that they have developed for the PSPICE and

SABER simulation software packages. As in any model, a compromise 1is
made between simplicity, accuracy and simulation time. Motorola's
models are based on its application note AN1043 [20]. This model shown

in Figure 2.2 simulates the variable drain-source capacitance Cgqg by
using the voltage controlled capacitance feature of the PSPICE diode

models Dds. The variable drain-gate capacitance Cdg is modeled by a
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PSPICE diode model Ddg and a capacitance Cdgmax, which is switched by
ideal MOSFETs M2 and M3 and are controlled by monitoring the gate-drain
voltage by voltage sources E2 and E3. The anti-parallel body diode is
modeled by diode Dbody. Resistances Rg, Rs and Rd are the contact
resistances which are formed when the leads are attached to the silicon
die. Although the gate-source capacitance Cgs is fixed in the Motorola
model accurate switching waveforms were obtained by Cordonnier [20].
Other simplifications of the Motorola model are that the gate and drain
inauctances were combined into a single source inductance Ls. The
simulations were performed on a COMPAQ Deskpro XL 590 computer using

version 5.4 of the PSPICE circuit simulator.

2.5 Paralleling of MOSFETs

MOSFETS are paralleled to obtain higher current handling
capabilities, lower Rggops higher efficiencies, and !mproved thermal
performance [12]. Higher switch current capabilities allow a higher
power level converter to be built at a lower cost as compared to
building two separate converters and operating them in parallel at the
unit level. It also avoids using complicated current sharing techniques
which will prevent one converter from hogging the load current. A lower
R4gon decreases the voltage drop across the MOSFET and lowers conduction
losses. Thermal performance is improved by distributing the thermal
flow over a larger surface area. This along with the lower conduction

losses allows for smaller heatsinks to be used given the same MOSFET

junction temperature. Paralleling MOSFETs is also less expensive than
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Figure 2.2 - Motorla Model of MOSFET MTW20NSOE
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using a single high current device because larger silicon die sizes cost

more due to the lower yield rates [12].

Unlike BJTs, MOSFETs have a drain current with a negative
temperature coefficient which prevents thermal runaway [19]. This
characteristic makes paralleling MOSFETs much simpler than paralleling
BJTs. From manufacturers data sheets it is documented that as junction
temperature rises due to increasing drain current, the devices Rygop
will increase since it has a positive temperature coefficient. This
increase in Rggpon Will cause the current to decrease, or in the case of
paralleled devices force more current to flow in the other device. This

mechanism will effectively force the devices to share the load current.

2.6 Static and Dynamic Current Sharing in Paralleled MOSFETs

When MOSFETs are paralleled the areas of concern are the steady-
state or static conditions, and the switching or dynamic conditions
[21]. Static current sharing conditions are dominated by the MOSFETs
R4son a@nd are relatively easy to predict [12]. In order to maximize
reliability and increase the level of current sharing, paralleled
MOSFETs should be thermally coupled by being mounted on the same
heatsink and in close proximity to one another [12]. This ensures that
the device's junction temperatures will be approximately the same and

thus their R4gon Will be approximately the same.
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Dynamic current sharing is more complicated and involves more
device parameters than static current sharing. Dynamic current sharing
involves both the MOSFETs parasitic components and external circuit
components and parasitics. MOSFET parasitics which affect dynamic
current sharing are the gate-threshold voltage Vgsth' the forward
transconductance ggg, and the input capacitance Cj;go [22]. Circuit
components and parasitics which affect dynamic current sharing are the
total gate impedance consisting of the gate resistance and gate trace

inductance, and the parasitic drain inductance [22].

Dynamic current sharing can also be divided into two sub-sections
which have diff{erent modes and different controlling parameters. The
first sub-section is affected by the Vgsth' Cigg+ and the parasitic gate
impedance. These parameters will determine which ice will turn on
first and cause a current imbalance. The second sub-section is affected
by transconductance dggg, and the drain parasitic inductance Lg. These
parameters will determine how the MOSFETs will share current between the
time they are turning on and the time they have reached static current
sharing. To simplify the analysis, these two mechanisms will be lumped

together for this thesis.

2.7 MOSFET Paralleling and Parasitics

When MOSFETs are paralleled, certain parameters and parasitics
will affect static and dynamic current sharing. Reviewing Figure 2.1,

the following observations can be made. Rgson: Wwhich affects static
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current sharing will decrease and thus lower conduction losses. Rgsoff
which affects the off leakage current will also decrease and will
increase the leakage losses. As mentioned before, in power circuits
leakage losses are negligible when they are compared to the switching
and conduction losses and can be ignored. Cjgg will increase resulting
in an increase in the required drive power. This increase in drive
power will occur for both soft and hard PWM switching techniques. Drive
power is also increased as switching frequencies are increased since the

power required for driving the MOSFET is:

P=—;—-(Cgs-Vgs3)-f (3.1)

This equation also shows that a trade off will exist between switching
frequency and paralleling MOSFETs. For example, at higher switching
frequencies, the decrease in conduction 1losses due to paralleling
MOSFETs may wve less than the increase in urive power required to drive

the extra MOSFETs.

Other parasitics which will be affected by paralleling MO3FLTs
will be the output capacitance C,qq and the transconductance capacitance
Crgg- These parasitics will both increase when devices are paralleled

and depending on whether hard or soft switching is used, may have an

effect on efficiency as will be shown in subsequent chapters.
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2.8 MOSFET Parameter and Parasitic Variations

In order to ensure perfect static and dynamic curreri sharing, all
the relevant parameters should be made similar in value. Selection of
component tolerances and careful symmetrical power and drive circuit
layout will help minimize current imbalances ceused by components and
layout parasitic inductances and impedances The MOSFETs parasitics are
more difficult to match. Table 2.8.1 below shows the variation of
MOSFET parameters and parasitics expected during the production lifetime
of a die. An expected value of 1.0 represents the typical value given

in manufacturers data sheets.

Table 2.8.1 - MOSFET Parameter Variations {[23].

Parameter Expected |Expected [variation [variation
Minimam [Maximum [Minimum [Maximum
Turn On Delay (tgan) 0.7 15 - 30% + 50%
Rise Time (t,) 0.5 2.0 - 50% + 100%
Turn Off Delay (ta-ff) 0.5 2.0 - 50% - 100%
Fall Time (tg) 0 5 2.0 - 50% ~ 100%
Gate Source Threshold 0.6 1.5 - 40% + 50%
Voltage (Vicrp)
Drain Source Resistance 0.5 2.0 - 50% - 100%
(Raenn)
Input Capacitance (C,cq) 0.7 15 - 30% + 50%
{Output Capacitance (Cnhgg) 0.5 2.0 - 50% + 100%
Transconductance Capacitance 0.6 1.6 - 40% + 60%
(Crog)

Table 2.8.1 also shows that the parameters which will determiune the

amount of current mismatch can vary by as much as 100% making accurate



prediction of losses and current mismatch difficult. From the numbers
given in the data books, only best and worst case losses and current
mismatch can be determined. It also shows that MOSFETs selected fiom
different lots will most likely have different parameters and parasitics

and thus current mismatch and higher than expected losses will result.

Since matching of all the parameters is impossible, PSPICE
simulations were used to determine which parameters affected current
imbalance the most. It was observed that Ry, most affected static
current imbalance. Ciss+ Vgsth and ggy; affected dynamic current
imbalance the most. These parareters vary greatly from production lots
but also vary within the same production lots. Table 2.8.2 shows how
these critical parameters and parasitics vary within the same production

lot for the MTP8N20 MOSFET from Motorola.

Table 2.8.2 - MOSFET Parameter Variations Within Production

Lots [24].
wafer Lot Risan 9fg Vﬂﬁth Sample Size
Min. Max . Min. Max. Min. Max.
1 0.231 0.297 3.704 4.878 2.300 4.080 100
2 0.239 0.305 3.571 4.878 3.685 3.910 50

Normalized in terms of percentage Table 2.8.3 is obtained.
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Table 2.8.3 - MOSFET Parameter Vaiiations Within Production
Lots (%)
wafer Lot Rdf_nn qg£ Vasth Sam‘ple Size
Min. Max. Min. Max. Min. Max.
-12.5% +12.5% -13.7% | +13.7% f -27.9% ] +27.9% 100
-12.1% +12.1% -16.5% | +16.5% -3.0% +3.0% 50
Table 2.8.3 shows that even within the same production lots, selecting

MOSFETs at random will result in parameter variations which will make

static ana dynamic current sharing difficult. In order to maximize
current sharing between MOSFETs extra circuitry will be reguired or
matching parameters of paralleled components will be necessary. This
will depend on cost considerations, the intent of paralleling and of
course whether hard or soft switching topologies are used. Another

method to increase current sharing would be to insist manufactures

specify key parameters such as Rggpopr 9fs: Cisggr and Vgsth! with tighter
tolerances, but this does not seem feasible unless the design engineer
is willing to commit to large production orders and higher costs. This

technique would not involve any changes in the manufacturing process but

tighter screening during testing and selection of the devices [25].
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2.9 Paralleling and MOSFET Parameter and Parasitic

Variations

Considering the variation of parameters and parasitics, and
assuming proper layout techniques were used to make the MOSFETs power
and drive circuits symmetrical, there are other affects which will
occur when MOSFETs are paralleled. The variation of Rggon Will force
more current through one device resulting in some static current
imbalance. The variation of Cjgg and Vggpp will result in one device
turning on before the other and carrying the full current resulting in a
dynamic current imbalance. This becomes more dominant as frequency
increases and the time when only one device is on becomes larger in
percentage terms. Also, the variation of the transconductance grg, will
affect the dynamic current sharing as the devices turn on. All these
variation will affect the current imbalance and result in higher than

expected losses.
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CHAPTER 3

HARD SWITCHING PWM AND PARALLELED MOSFETs

3.1 Introduction

Hard Switching PWM (HS-PWM) is the most popular modulation
technique presently used in switching power supplies. As mentioned in
Chapter 1, HS-PWM is a modulation technique used to control the output
voltage which does not take the voltage across, and current through the
switching element into account when the element is turned on and off. As
a result, HS-PWM converters exhibit both conduction and switching
losses. Since switching losses increase with increasing switching
frequency, converters using this topology are limited to lower operating
freguencies. In this chapter, a converter using HS-PWM will be
described, and simulated in terms of losses with a single switch and
with paralleled switches. Experimental results will also be obtained

for the converter using single and multiple switches,

3.2 Hard Switching PWM Topology

Figure 3.2.1 shows a HS-PWM full bridge converter circuit which

was simulated. MOSFETs Q1, 02, Q3 and Q4 are used to generate a
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Figure 3.2.1 - HS-PWM Full Bridge Converter

high frequency bipolar waveform which will not saturate transformer T1.
This transformer is used to provide impedance matching, and galvanic
isolation between the power source and the load. This is desirable
because optimization of the MOSFETs and filter components is obtained
when the duty cycle is fully utilized. Diodes Dl and D2 are used to
rectify the bipolar waveform from the secondary of the transformer.
Inductor Lf and capacitor Cf form a low pass filter which allows the DC
component to flow to the load and attenuates the high frequency
components generated by the switching action of the converter. The
filter decreases the ripple voltage at the load and also reduces EMI

presented to the load.
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The MOSFETs are switched so that Q1 and Q3, or Q2 and Q4 are on,
or all the MOSFETs are off. By controlling the MOSFETs in this manner a
bipolar waveform with a varying duty cycle can be generated at the
primary of the transformer Tl. The volt-second product of the positive
cycle (Ql and {? on) must equal the volt-second product of the negative
cycle (Q2 and Q4 on) in order to prevent the transformer T1 from
saturating. Voltage control is achieved by varying the duty cycle, that

is the time the MOSFETs are on with respect to a fixed time period

(fixed frequency). Higher duty cycles will produce higher output

voltages across the capacitor Cf.

3.3 Single MOSFET HS - PWM Simulated and Experimental Results

As mentioned earlier, hard switching occurs wher. the MOSFETs are
turned on and off irregardless of the voltage across or the current
flowing through them. This is the most common switching technique used
in switching power supplies. The PSPICE model of the MOSFET described
in chapter 2 was used in simulations to observe the charging currents of

the parasitic capacitances around the MOSFET.

3.3.1 HS-PWM Turn On Transition

Figure 3.3.1 shows the MOSFET in its steady state off condition.
The voltage across Cqg is (0.5 x VDD), which is half the DC bus voltage.

The drive circuit applies a negative voltage across the gate-source,
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resulting in the gate-drain voltage across capacitor C q being (0.5xVDD

g
+ VGS)

(0 5xVDD + VGS)
. +
i
[ Cgd
B~
— N\ 05xvDD
; t ZZ—" Cds% S
! Cgs Dds !
| ’
A |
VGS

Figure 3.3.1 - HS-PWM Off Condition

To turn the MOSFET on, a positive gate-source voltage is applied
as shown in Figure 3.3.2. Currents will flow from the drive circuit in
order to charge capacitor Cgs to Vgsth' and capacitor ng to (0.5xvDD -
Vgsth). This current will flow from the drive source, through the gate

resistance and will generate a power loss across this resistance.
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Figure 3.2.2 - HS-PWM Off Condition Vgs = Vgsth
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Although the MOSFETs gate-source region is isolated by an oxide layer, a
charging current will flow as the gate is charged and discharged when
the MOSFET is turned on and off. A gate resistance is required to
minimize oscillations during the switching of the MOSFET. The current
path for the charging of capacitor ng, will flow through the load

circuit before it returns to the drive supply.

When the capacitor Cgs is charged to Vgsth’ the MOSFET will start
to turn on as shown in Figure 3.3.3. This will short the capacitor Cgg
across the MOSFET and result in the energy in capacitor Cg4g being lost
across the device Also, as the MOSFET turns on it will connect the
capacitor ng across capacitor Cgs and will drain current away from the
capacitor Cgs resulting in a slower turn on cycle for the time it takes
to charge the capacitor ng. Also, the charge required to discharge the
capacito: ng will result in a current flowing from the drive supply
through the MOSFETs drain-source conduction channel. This current will
also generate a power loss across the MOSFET. Switching losses also
occur at this time as the voltage across the MOSFETs drain-source
decreases to zero volts while the load current through the drain flows
through the MOSFET. During this interval, the gate-drain capacitance
ng and the drain-source capacitance Cg4g are charged from (0.5 x VDD) to

vDD. This charging current will also flow through MOSFET Q.
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Figure 3.3.3 - HS-PWM Off Condition Vgs > Vgsth

Figure 3.3.4 shows the MOSFET when it is fully on. 1In this state
the only losses across the MOSFET are the conduction losses caused by

the drain current I4 and the Rgs,, ©f the device.
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Figure 3.3.4 - HS-PWM On Condition
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3.3.2 Losses During HS-PWM Turn On Transitions

When any charging current flows from the load or from the drive
source through the gate resistance, losses will result. Thus losses
will result when the gate-drain and gate-source capacitances Cgd and
Cgs' are charged and discharged during the switching cycle. Also, as
the MOSFET turns on the load current will start to flow through the
drain-source conduction channel of the MOSFET before the impedance drops
to R4gson and will generate a switching loss. During turn on, the
drain-source capacitance (jg will be discharged through the MOSFETs
drain-source channel resulting in a loss of the energy stored. Once the
MOSFET is fully on, the only losses will be conduction losses caused by
the drain current I; flowing through the drain-source channel which has

a resistance of Rgson:

3.3.3 HS-PWM Turn Off Transition

The current flow during the MOSFETs turn off cycle is shown in
Figures 3.3.5, 3.3.6, and 3.3.7. When the MOSFET 1is on, the parasitic
capacitances Cqg, Cgqr and Cgg are charged to the levels shown in Figure
3.3.4. The turn off gate signal applied forces the gate-source
capacitance (gg to discharge to Vggtp and the gate-drain capacitance Cgd
to discharge to (Vgsth - (ID x RDSon)). MAgain, the gate resistance will
have these discharge currents flowing through it and will result in
losses. The discharge current flow for the gate-source capacitance Cgs

flows through the drive resistance to the drive source as is shown in
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Figure 3.3.5. The discharge current path for the gate-drain capacitance
ng is more complex and is dependent on the load. In general, this
current will flow from the gate supply to the load and also through the
source-drain channel of the MOSFET. The ratio will depend on the

dynamic impedance of the MOSFET.

To load
(VGS-(DxRDSon) > (VGSth- (IDx RDSon)
> A
Cod a | +
qf .
icgd Je ZE IDxRDSon
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Drive N e
VGS > VGSh

l ) food

Figure 3.3.5 - HS-PWM On Condition Vgs > Vgsth

When the gate-source voltage reaches Vggrp, the MOSFET will start
to turn off as shown in Figure 3.3.6. The drain current will flow
through the drain-source channel of the MOSFET and when the drain-source
voltage starts to rise towards the voltage (0.5 x VDD), a charging
current will flow from the load to the drain-source capacitance as its
voltage also rises to (0.5 x VDD). The gate-source voltage will
continue to decrease from Vgsth to - Vgs, which will continue the flow
of the gate-source current through capacitanc: Cgs- The voltage across

the gate-drain capacitance Cga will increase as the MOSFETs drain-source
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voltage increases. This will make the gate-drain capacitance Cqd charge
to ((0.5 x VDD) + VGS). The current to charge the gate-drain capacitance
will again flow through the MOSFETs drain-source region, and also
through the load circuit. As the MOSFET turns off, more of the gate-

drain discharge current will flow through the load.

1o Lload

(VGSth (DxRDSon) > (05VDD + VGS)

,a + ]
It — 1
; Cgd ' ' ;
[SES— Q 1 +
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: — ; cd?!
10gs ) Dds !
[ CQS [ B [
f
Dnive Uy :
VGSth > VGS

]

t

i

| cds

: load

Figure 3.3.6 - HS-PWM On Condition Vgs < Vgsth

Figure 3.3.7 shows the steady-state off condition of the MOSFET.
There are no currents flowing, other than the drain-source leakage
current . The gate-source capacit -ce Cgs is charged to - VGS, the
drain-source capacitance C4g is charged to (0.5 x VDD), and the gate-

drain capacitance Cgd is charged to - (VGS + (0.5 x VDD)).
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Figure 3.3.7 - HS -PWM Off Condition

3.3.4 Losses During HS-PWM Turn Off Transitions

As in the case when the MOSFET turned on, any charging current
flowing through the gate-drain and gate-source capacitances ng and Cgs,
will generate losses in the drive source resistor. Also, as the MOSFET
turns off, the load current flowing through the MOSFET will generate a
switching loss as the drain voltage rises to (0.5 x VDD). The drain-
source capacitance Cgg helps to divert some of the load current away
from the conduction channel of the MOSFET at the cost of generating a
turn on switching loss when it has to be discharged. Negligible leakage

losses will be generated when the MOSFET is on because of the small off

leakage current.
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3.3.5 Single MOSFET HS-PWM Simulated Results

The MOSFET model described in Section 2 was used in the full
bridge HS-PWM circuit shown in Figure 3.2.1 to obtain simulated results.
The results presented in this section focus on the turn on and turn off
conditions since charging and discharging of the parasitic components

occurs during these intervals.

Figure 3.3.8 shows the parasitic capacitive currents which flow
through MOSFET Q4 when MOSFETI Q1 is turned on. A* 140.5 uS, the drive
signal of MOSFET Q1 1is applied to turn it on. At 140.55 uS, MOSFET Q1
turns on allowing MOSFET Q4 drain-source capacitance Cgyg to charge from
(0.5 x vDD) to VDD. The gate-drain capacitance ng of MOSFET Q4 also
charges from ((0.5 x VDD)-(-Vgs)) to (VDD-({-Vgs)) Current also flows
through the gate-source capacitance Cgs of MOSFET Q4 since 1t carries
some of the current used to charge 1ts gate-drain capacitance ng. At
140.7 uS the drain-source capacitance Cqg and the gate-drain capacitance
ng of MOSFET Q4 will be charged Current will flow through the gate-
source capacitance Cgs as the gate drive circuit of MOSFET Q4 tries to

recharge this capacitance to - Vgs.

Figure 3.3.9 shows the parasitic capacitive currents which will
flow through MOSFET Q4 when it is turned on. At 144.5 uS the gate-
source signal is applied to MOSFET Q4. Current will first start to flow
through the gate-source capacitance C;g of MOSFET Q4 as 1t charges from
- VGS to its threshold voltage + Vgsth. When the gate-source threshold

voltage is reached at 144.4 uS, MOSFET Q4 will start to turn on.
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Currents will start to flow through the gate-drain and drain-source
capacitances, ng and C4g respectively as they start to discharge. The
gate-source capacitance Cgs stops charging when the MOSFET Q4 turns on
because the drive current 1is diverted away from the gate-source
capacitance Cgs to discharge the gate-drain capacitance ng. In fact,
the negative current flowing through the gate-source capacitance Cgs at
144.4 uS shows that some charge is taken from it in order to charge the
gate-drain capacitance ng. After MOSFET 04 has turned on at 144.45 uS,
no significant current will flow through the drain-source and drain-gate
capacitances. Current will flow through the gate-source capacitance Cgs

as it continues to charge to + Vgs.

Figure 3.3.10 shows how the load current is supplied from the
MOSFETs Q1 and Q4 during the turn on of MOSFET Q1. At 140.5 uS, MOSFET
Q1 is turned on when the gate-source voltage signal is applied. When
MOSFET Q1 turns on at 140.55 uS there is a large drain current which
flows internally to MOSFET Q1. This current is caused by the
discharging cof the drain-source and gate-drain capacitances, Cgg and
ng, of MOSFET Ql, and the charging of the drain-source and gate-drain
capacitances, Cgg and Cg4, of MOSFET Q4. Iu Figure 3.3.10 this charging
and discharging current is denoted as Ia. After MOSFET Q1 parasitic
capacitances have discharged and MOSFET Q4 parasitic capacitances have

charged at 140.65 uS, MOSFET Q1 will carry the full load current I(LSA}.

When MOSFET 04 is turned on at 144.3 uS it will also be required
to discharge its drain-source and gate-drain capacitances, Cgg a 1 ng,

as well as charge the drain-source and gate-drain capacitances of MOSFET
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Q1 as shown in Figure 3.3.11. This charging and discharging current is
denoted as Ia. At 144.4 uS the drain-source and gate-drain capacitances
of MOSFET Q4 will be discharged and the drain-source and gate-drain
capacitances of MOSFET Q1 will be charged. At this time the full load

current I(LSA) will be carried by MOSFET Q4.
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3.3.6 Single MOSFET HS-PWM Experimental Results

Experimental results were obtained when the HS-PWM circuit was
connected as shown in Figure 3.3.12. The experimental results obtained
along with the simulated results are shown in Table 3.3.1. Simulated
results were obtained by using the PSPICE program to simulate the
circuit using the MOSFET model described in Chapter 2. The PROBE sub-
program of PSPICE was used to graph the waveforms and mathematically
generate loss plots which were then read from the graph by the cursor

function.

The experimental results were obtained by comparing the output
power of the converter to the input power supplied to it. The output
power was obtained by multiplying the output current Ao, with the output
voltage Vo. The output current was obtained by using a Keithley 179A
TRMS ammeter which could read the current to 5 significant fiqures. The
voltage was read by a Keithley 179A TRMS voltmeter which could read the
voltage to 4 significant figures. The input power was obtained by
multiplying the input current Ai, with the input voltage Vi. The same
ammeter was used to read both the input and output currents. Aalso, the

same voltmeter was used to read the input and output voltages.
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Figure 3.3.12 - HS-PWM Circuit Set-up for Efficiency Measurements

It was necessary to read the output DC voltage and current because the
high frequency output waveform at the bridge could not be accurately
measured by the laboratory equipment available. The losses of the
transformer T1l, diodes D1 and D2, resonant inductors LSa and LSb, and
filter inductor Lf were estimated by subtracting the simulated single
switch converter losses from the experimental losses obtained. The
losses of T1, D1 and D2, and Lf were then assumed to remain constant as
the switches were paralleled since the current and voltage applied to
the bridge remained constant. Any difference in the losses were due to
the etfects of paralleling MOSFETs. Table 3.3.1 shows a comparison of

the losses obtained.




Table 3.3.1 Comparison of Experimental,

for Single HS-PWM MOSFETs

and Simulated Losses

Number of Simulated Experimental Experimental
MOSFETs Losses Losses Losses
(MOSFETS) (Total) {MOSFETS)
1 23.92 W 65.80 W 23.92 W

3.3.7 Summary of Losses for Single MOSFET HS-PWM Topology

When single MOSFETs are used, there will be conduction losses due
to the resistance of the drain-source conduction channel and switching
losses due to the charging and discharging of the devices parasitic
capacitances. Switching losses will also result due to the topology

which will cause the drain-source current to flow through the MOSFETs

even though voltage is present across its drain-source.

3.4 Two Paralleled MOSFETs HS-PWM Simulated and Experimental

Results

When MOSFETs are paralleled, the parasitic capacitances Cgg. Cdg
and C4qg ©of both d=vices are effectively placed in parallel. If the
multiple combination of MOSFETs is considered as a single switch, it

will have twice the current handling capability and twice the parasitic

45




capacitances. If the multiple combination of MOSFETs 1s analyzed as two
separate switches, it is unlikely that they will turn on and off at the
same time unless they are matched as mentioned in Chapter 2. These
differences in turn on and turn off times will generate different

current flows from those generated by a single switch.

3.4.1 HS-PWM Turn On Transition

Figure 3.4.1 shows the two parallel MOSFETs in the off condition

in a HS-PWM topology. The voltages across the parasitic capacitances

Cgs: ng, and Cgs are the same in this case as in the single switch

example.
To load
05xVDD + VGS 05VDD + VGS
Ly : '
11 |
Cod Cod
Ql R
1 <— /\ ¥ 050D |
—_— C [3 ——
Dds
Cygs o]
J? ‘ L__{?__ﬁ
Drive i Drive Tk
VGS VGS

Figure 3.4.1 - HS-PWM Off Condition

When a gate signal is applied to turn the two MOSFETs on, the
gate-source capa._tances Cgs ©of both MOSFETS will start charging to

VGSth and both gate-drain capacitances Cqd will start charging to ((0.5
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x VDD) - VGSth) as shown in Figure 3.4.2. This will cause a charging
current to flow through the gate-source capacitance Cgs and the gate-

drain capacitance Cgy of both MOSFETS.

‘__)lcgdl ‘—)ncg&

(05XVDDVVGS) Q5xVDD- VGS) To Lood
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1cgs ! f——' icgs Z.M

Drive

VG5 D veshI

Figure 3.4.2 - HS-PWM Off Condition Vgs < Vgsth

Figure 3.4.3 shows the condition when one MOSFET reaches its gate-
source threshold voltage first. In this example, MOSFET Q1 has a lower
gate-source threshold voltage and thus turns on first. The parasitic
capacitances of MOSFET Q1 will charge and discharge in the same manner
as in the single switch case: drain-source capacitance Cgg Will
discharge through MOSFETs Q1 drain-source conduction channel, gate-drain
capiacitance Cqd will continue to charge but through MOSFET Q1 and not
the load circuit, and the gate-source capacitance Cgs will charge to
VGS. The parasitic capacitances Cgg and ng of MOSFET Q2 will charge
and discharge through MOSFET Q1 and not MOSFET Q2. The 1load current

however will only flow through the drain-source channel of MOSFET Q1.
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Figure 3.4.3 - HS-PWM Off Condition Vgs = Vgsthl (@1 Turns on First)

Both the MOSFETs gate-source voltage will continue to rise until

the gate-source threshold voltage of MOSFET Q2 is reached as shown in

Figure 3.4.4.

During this interval,

both MOSFETs parasitic capacitances ng and Cgs.

charging current will flow through

y
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Figure 3.4.4 - HS-PWM Off Condition Vgs = Vgsth2 (Q2 Turns on)
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When the gate-source voltage of MOSFET Q2 is equal to its
threshold level, MOSFET Q2 will turn on as shown in Figure 3.4.5. At
this instant, both MOSFETs will be conducting the load current. When
MOSFET Q2 starts to conduct, its losses will be small because MOSFET Q1
discharged MOSFET Q2 drain-source capacitance Cqs: Also, the gate-drain
and gate-source capacitances Cgg and Cgs of both MOSFETS will conduct

current as the voltage across them changes.

VGSh2 - ID X RGSon VGSh2 - ID xR0Son To load
VGS-IDxROSon VGS IDxRDSon
+ - + N
g 4 85 4
1| [
Cod Cgd
Ql . Q2 .
- { 2 ZS .IDXRDSO” ""J [Z, 71D x RDSon
— - cds —t cdi |
— Dds — Dds
Cgs | Cgs I
Drive MR Drive MRS
vesh2 D> VGS vest? > Vves
icgs! icgs2

tcgdt icgd2
Y Y ) load

Figure 3.4.5 - H5-PWM On Condition Vgs > Vgsth2 (Q1 and Q2 On)

When the gate-source voltage reaches VGS, the charging currents
will stop flowing through the parasitic capacitances Cgs and ng of both
MOSFETs and the devices will be in their steady state on condition as
shown in Figure 3.4.6. The load current wii.l be shared between the

MOSFETs and flow through thei: drain-source conduction channels. The
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voltage across both gate-source capacitances Cgs will be VGS, the
voltage across both gate-drain capacitances will be (VGS - (ID x RDSon))

and the voltage across both drain-source ~apacitances Cg4q wiil be (ID x

RDScon) .
i To load
1
(VGS- 1D x RDSon) (VGS - 1D x RDSon) [
+ + | .
A T J i S ‘
‘ Cgo g ! Cod . |
| Ql { . i . Q2 l ! ‘,
e, j;yxmwww Dl 7N ;§rmmw
—-r—41 ‘ cds ;- —— - cdf -
| T |Dds \ = 0Dds
| Cgs ‘ . [ Cgs ! ?
L_____% — IL.___:_____.____.
Drive M Drive ° 1
Ve | e ’I
5 .

\ 2 ¥

Figure 3.4.6 - HS-PWM On Condition

3.4.2 Losses During HS-PWM Turn On Transitions

As in the single MOSFET case, the currents flowing through the
gate-source and gate-drain capacitances Cgs and ng will generate losses
because they will also flow through the drive source resistance.
Although one MOSFET will turn on with no losse~. the MOSFET which turns
on first will have to discharge the drain-source capacitances Cgyg of
both MOSFETs. This results in having more losses as compared to the

single switch case, since there will be more drain-source capacitance
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C4qs for paralleled MOSFETs. Also, more drive powar will be required to
charge and discharge the higher gate-source capacitances Cgs and the
higher gate-drain capacitances ng. These charging 1losses are a

function of frequency and increase as the switching frequency increases.

Conduction losses on the otherhand, will be less because of the
lower effective Rygop which results when multiple MOSFETs are used. The
greatest savings occur when both MOSFETs turn on at the same .Lime. As
mentior2d above in Chapter 2, this is a highly unlikely condition.
Practically, there will alwa s be a delay between the turn on of both
MOSFETs. During this period. the conduction losses will be similar as
if only one MOSFET was used. Since this delay period is a function of
tne MOSFETs cransconductance ¢gg, 9gate-source threshold voltage Vysth'
and input capacitance Cjgs» the delay will be constant to the particular
MOSFET combination. The delay will also be independent of the switching
frequency. Therefore, as the switching frequency is increased, the
delay wil? become more significant with respect to the conduction
period. This will diminish the savings in conduction losses. This shows
that the efficiency gained by paralleling MOSFETS in HS-PWM topologies

diminishes as switching frequency if increased.

Finally, assuming the same heatsink size is used, the MOSFETs will
operate at lower case temperature resulting in lower Rggop, values and
lower conduction losses for a given current. This effect however is
sma)l and can be neglected in the analysis. Also, power designers tend

to accept a higher heatsink temperature to decrease the size of the

power supply.
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3.4.3 HS-PWM Turn Off Transiticn

Figure 3.4.7, shows when the turn off gate signal is applied to
the MOSFETs. Currents will flow from the load circuit to the gate drive
circuit through the gate-drain capacitances ng, and circulate in the
gate drive circuit through the gate-source capacitances Cgs as in the

single switch case.
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Figure 3.4.7 - HS-PWM Or Condition Vgs > Vgsth

When the gate-source threshold voltage Vgsth is reached bv MOSFET
Q1, it will start to turn off as shown in Figure 3.4.8. MOSFET Q1
however will turn off with no losses because MOSFET Q2 is still
conducting and will carry the full load current. The currents through
the parasitic capacitances Cag and Cgs will continue to flow during this

period.
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Figure 3.4.8 - HS-PWM On Condition Vgs < Vgsthl (Q1 Turn: off First)

When the gate source threshold voltage Vgsth of MOSFET Q2 is
reached, it will start to turn off as shown in Figure 3.4.9. Cu. rent
will flow through the drain-source channel of MOSFET Q2 and also through
the drain-source capacitances Cgg of both MOSFETs as the drain-source
voltage increases across MOSFET Q2. Again, currents will continue to
flow through the gate-drain capacitances ng as the drain-source voltage
increases. Currents will also flow through the gate-source capacitances

Cgs as the gate drive circuit lowers the gate-source voltage VGS.
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Figure 3.4.10 shows the off state of the MOSFETs.

During this

condition the only current flowing is the leakage drain-source current

which is negligible and can be ignored.

The drain-

source capacitances

Cqs are charged to (0.5 x VDD). the gate-drain capacitances are charged

+ VGS) .,

and the gate-source capacitances are charged

to - ((0.5 x VDD)
to - VGS.
050D + VGS
- ? +
| Cgd
| €—
1 —:-_-,—4
e |
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Figure 3.4.10 - HS -PWM Oft Condition




3.4.4 Losses During HS-PWM Turn Off Transitions

As in the turn on transition, losses will occur when current is
flowing through the gate-drain capacitances ng and the gate-source
capacitances Cgs. More power will be required in the multiple switch
case because of the increased parasitic capacitances Cgs and Cga-
Conduction losses will be lower as mentioned in section 3.4.2 when both
MOSFETs are on. For the period when one MOSFET is on and the other is
off, the conduction losses will be the same as in the single switch

case.

3.4.5 Two Paralleled MOSFETs HS-PWM Simulated Results

The MOSFET model described in Chapter 2 was used in the full
bridge HS-PWM circuit shown in Figure 3.2.1 to obtain simulated results.
The MOSFET model was paralleled and switched on and off at the same
time. The results presented in this section focus on the turn on and
turn off conditions since charging and discharging of the parasitic
components o©ccurs during these intervals. This section will be
presented in two parts. The first part will describe the ideal case
where both MOSFETs in the paralleled combination will turn on and off at
the same time. The second section will describe the case where the
paralleled MOSFETs will turn on and off at different times due to

different Vggtps 9fg: Cigss and drive impedances.

55




3.4.5.1 Two Paralleled MOSFETs HS-PWM Ideal Case

Figure 3.4.11 shows the case when two MOSFETs are connected in
parallel and are turned on at the same time, It also shows the
parasitic capacitive currents which flow through MOSFETs Q4a and Q4b
when MOSFETs Qla and Qlb are turned on. At 140.5 uS, the drive signals
of MOSFETs Qla and Qlb are applied to turn them on. At 140.55 usS,
MOSFETs Qla and Qlb turn on allowing MOSFETs Q4a and Q4b drain-source
capacitances Cg4g to charge from (0.5 x VDD) to VDD. The gate-drain
capacitances ng of MOSFETs Qd4a and Q4b also charge from (0.5 x VDD-(-
Vgs)) to (VDD - (- Vgs)). Current also flows through the gate-source
capacitances Cgs of MOSFETs Q4a and Q4b since they carry some of the
current requir_1 to charge the gate-drain capacitances ng. At 140.7 uS
the drain-source capacitances Cg4g and the gate-drain capacitances ng of
MOSFETs Q4a and Q4b will be charged. Current will flow through the
gate-source capacitances Cgs as the gate drive circuit of MOSFETs Q4a

and Q4b tries to recharge these capacitance to - Vgs.

Figure 3.4.12 shows the parasitic capacitive currents which will
flow through MOSFETs Q4a and Q4b when they are turned on. At 144.3 uS
the gate-source signal is applied to MOSFETs Q4a and Q4b. Current will
first start to flow through the gate-source capacitances Cgs of MOSFETs
Q4a and Q4b as they charge from - VGS to the MOSFETs threshold voltage +
Vgsth. When the gate-source threshold voltage is reached at 144.4 us,
MOSFETs Q4a and Q4b will start to turn on. Currents will start to flow
through its gate-drain and drain-source capacitances, Cgaq and Cqgg

respectively as they start to discharge. The gate-source capacitances
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Cgs stops charging when MOSFETs Q4a and Q4b turn on because their drive
current is diverted away from their gate-source capacitances CgS to
discharge their gate-drain capacitances ng. In fact, the negative
current flowing through the gate-source capacitances Cgs of MOSFETs Q4a
and Q4b at 144.4 uS shows that some charge is taken from them in order
to charge the gate-drain capacitances ng. After MOSFETs Q4a and Q4b
have turned on at 144.45 uS, no significant current will flow through
their drain-source and drain-gate ~apacitances. Current will flow
through the gate-source capacitances Cgs of MOSFETs Qd4a and Q4b as they

continues to charge to + Vgs.

Figure 3.4.13 shows how the load current is supplied from the
puralleled combination of MOSFETs Qla and Qlb and MOSFETs Q4a and Q4b
during the turn on of MOSFETs Qla and Qlb. At 140.5 uS, MOSFETs Qla and
Q1lb are turned on when the gate-source voltage signal is applied. When
MOSFETs Qla and Qlb turn on at 140.55 uS there is a large drain current
which flows internally to both MOSFETs Qla and Qlb. This current is
caused by the discharging of the drain-source and gate-drain
capacitances, Cgg and ng, of MOSFETs Qla and Qlb, and the charging of
the drain-source and gate-drain capacitances, Cg4g and ng, of MOSFETs
Q4a and Q4b. In Figqgure 3.4.13 this charging and discharging current is
denoted as Ia. After MOSFETs Qla and Qlb parasitic capacitances have
discharged and MOSFETs Q4a and Q4b parasitic capacitances have charged

at 140.65 uS, MOSFETs Qla and Qlb will share the load current I(LSA).
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When MOSFETs Qd4a and Q4b are turned on at 144.3 uS they will also
be required to dis hiiye their drain-source and gate-drain capacitances,
Cds and Cgq, as well as charge the drain-source and gate-drain
capacitances of MOSFETs Qla and Qlb as shown in Figure 3.4.14. This
charging and discharging current is denoted as Ia. at 144.4 uS the
drain-source and gate-drain capacitances of MOSFETs Q4a and Q4b will be
discharged and the drain-source and gate-drain capacitances of MOSFETs
Qla and Qlb will be charged. At this time the load current I(LSA) will

be shared by MOSFETs Qd4a and Q4b.
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3.4.5.2 Two Paralleled MOSFETs HS-PWM Non-Ideal Case

Figure 3.4.15 shows the condition when MOSFET Qla turns on before
MOSFET Qlb and MOSFET Q4a turns on before MOSFET Q4b. The capacitive
parasitic currents through MOSFETs Q4a and Q4b will be the same as was
the case when MOSFETs Qla and Qlb turned on at the same time. This
occurs because the charging currents for the drain-source and gate-drain
capacitances, Cg4g and ng will start to flow as soon as one MOSFET in

the Q1 combination turns on.

Figure 3.4.16 shows the conditicon when MOSFET Q4a turns on before
MOSFZT Q4Db. The capacitive parasitic currents flowing through MOSFETs
Q4a and Q4b will be the same as was observed when both these MOSFETs
turn on at the same time. The only difference observed between these
two cases was the current flowing through the gate-source capacitance

C of MOSFET Q4b. At 144.6 uS, the current flows through the gate-

gs
source capacitance Cgs of MOSFET Q4b and is similar to the current which
starts to flow through the gate-source capacitance Cgs of MOSFET Qda.
The only difference between these currents is that the gate-source
parasitic capacitance current of MOSFET Q4b does not reverse direction

when MOSFET Q4b is turned on ut 144.5 uS because 1its gate-drain

capacitance has already been discharged by MOSFET Qda.

Figure 3.4.17 shows how current flows through MOSFETs Qla and Qlb
when they are turned on at 140.5 uS and 140.75 uS respectively. At
140.55 uS, MOSFET Qla will turn on first and will carry current Ia.

This current is the sum of the load current I(LSA), the charging
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parasitic capacitive current of MOSFETs Qd4a and Q4b and the discharging
parasitic capacitive current of MOSFETs Qla and Qlb. Also, MOSFET Qla
will carry the full load current I(LSA) until MOSFET (Qlb turns on at
140.85 uS. When both MOSFETs Qla and Qlb are turned on, they wil. share

the load current I(LSA).

Figure 3.4.18 shows how current flows through MOSFETs Qd4a and Qdb
when they are turned on at 144.30 uS and 144.55 uS respectively. At
144.30 uS, MOSFET Qda will turn on first and will carry current Ia.
This current is the sum of the load current I(LSA), the charging
parasitic capacit:ve current of MOSFETs Qla and Qlb and the discharging
parasitic capacicive current of MOSFETs Qda and Qdb. Also, MOSFET Qda
will carry the full load current I(LSA) until MOSFET Q4b turns on at
140.85 uSs When both MOSFETs Qla and 04b are turned or, they will share

the load current I(LSA).

Figure 3.4.19 shows the turn on of MOSFETs Qla and ¢lb. In this
case MOSFFT Qla turns on 250 nS before MOSFET Qilb. MOSFET Qla will
carry the charging and discharging currents of all the MOSFETs in the
leq, that is MOSFETs Qla., Qlb, Q4a and Q4b. MOSFET Qla will carry the

load current until MOSFET Ql1lb turns on at 140.85 uS.

Fiqure 3.4.20 shows the turn on of MOSFETs Qia and Q4b. In this
case MOSFET Q4a turns on 250 nS before MOSFET Q4b. MOSFET Qda will
carry the charging and discharging currents of all the MOSFETs in the
leg, that 1s MOSFETs Qd4a, Q4b, Qla and Qlb. MOSFET Q4a will carry the

load current until MOSFET Q4b turns on at 144.60 usS,
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3.4.6 Two Praralleled MOSFETs HS-PWM Experimental Results

Experimental results were obtained when the HS-PWM circuit shown
in Figure 3.2.1 was connected with two MOSFETs connected in parallel.
The experimental results obtained along with the simulated results are
shown in Table 3.4.1. Simulated results were obtained by using the
PSPICE program to simulate the circuit using the MOSFET model described
in Chapter 2. The PROBE sub-program of PSPICE was used to graph the
wavefori's and mathematically generate loss plots which were then read
from the graph by the cursor function. The experimental res lts were
obtained by measuring the input power to the bridge and subtracting the
output power of the diode filter. The losses of the transformer,
diodes, and filter inductor were estimated and subtracted from the final
section 3.3.6. Table 3.4.1 shows a

loss result as described in

comparison of the experimental and simulated results.

Table 3.4.1 Comparison of Experimental, and Simulated Losses

for Paralleled HS-PWM MOSFETs

Number of Simulated Experimental Experimental
MOSFETs Losses Losses Losses
{MOSFETS) (Total) (MOSFETS)
1 23.92 W 65.80 W 23.92 W
2 38.40 W 79.64 W 37.52 W
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A time delay was simulated to see the effects on the losses when
two MOSFETs were wused in parallel. This delay was implemented
experimentally by varying the gate drive resistor of one MOSFET of the
parallel combination while observing its gate source voltage. The
results are given in Table 3.4.2 for delay times of 250 nS and 500 nS.

and compared with the no (minimal) delay case mentioned above.

Table 3.4.2 Comparison of Experimental, and Simulated Losses

for Paralleled HS-PWM MOSFETs with Switching Delays

Number of Simulated Experimental Experimental
MOSFETSs Losses Losses Losses
(MOSFETS) (Total) (MOSFETS)
0 nS 38.40 W 79.64 W 37.52 W
250 nS 39 55 W 80.45 W 38.72 W
500 nS 39.78 W 110.75 W 39.12 W

3.4.7 Summary of Losses for Two Paralleled MOSFETs HS-PWM

Topology

From the results obtained 1is this section it 1is seen that
paralleling MOSFETs will decrease the conduction losses because of the
decrease of the effective Rgqgo,- Switching losses however will increase
because the parasitic capacitances Cgg and Cgg will also increase
requiring more cate drive power to turn the devices on and off. The

.ncrease in the drain-soutce capacitances Cgg will require the MOSFET
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which turns on first to dissipate more energy as it discharges this
capacitance for both devices. The MOSFET which turns on last will also
generate the same turn on losses due to the voltage and current as in
the single MOSFET case. The MOSFET which turn off last will also
experience the same turn off switching losses as a single switch. Also,
as mentioned above, since it is unlikely that both MOSFETs will turn on
and off at the same time, there will exist a period of time when only
one MOSFET is conducting. During this periocd it will seem as if only
one MOSFET is used and the conduction losses will be the same as in the

single MOSFET case.

As switching frequencies are increased, the drive power to charge
and discharge the parasitic capacitances will also increase. Also, the
time period when only one MOSFET conducts will become more significant
with respect to the on time of tlLe MOSFET. This means that savings
obtainea by paralleling MOSFETs will decrease as switching frequency
increases. 1In fact, the decrease in conduction losses may be offset by

the increase in switching power required for a given frequency.

From the experimental result it is seen that as more MOSFETs are
added in parallel, losses increase. The losses do not double when two
MOSFETs are used in parallel because the conduction losses of the
combination decreases and thLe switching losses caused by the overlap of

drain-source voltage and current remains the same for the combination

When the MOSFETs within the paralleled combination were delayed

the losses increased due to fact that one MOSFET had more conduction
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loeses. For the delay time of 500 nS, the losses were less than those
obtained for a delay time of 250 nS and was due to some instability

during switching.

3.5 Three Paralleled MOSFETs HS-PWM Simulated and

Experimental Results

The case where three MOSFETs are paralleled for a single switching
element was studied and found to be similar to the two par lleled MOSPET
case. In order to prevent a repeat of section 3.4, only a summary of
the differences observed between the two cases will be presented in this

section.

When three MOSFETs were paralleled, the parasitic capacitances
Cds' ng and Cgs were effectively placed in parallel and resulted in a
switching element which had three times the parasitic capacitances of
the single MOSFET case. This resulted in more drive power required to
switch the MOSFETs on and off. Also, when three MOSFETs are paralleled

the etfective Rygop Will be one third that of the single MOSFET case.

As in the two paralleled MOSFET case, the MOSFET which turns on
first will carry the full 1load current. This MOSFET will also be
required to discharge the other MOSFETs drain-source capacitances Cds:
and gate-drain capacitances Cgzq. The load current will be shared when
the other MOSFE.’s turn on in the steady state condition. Also, the

MOSFET which turns off last '.iil conduct the full load current. Care
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must be taken to ensure that the MOSFETs in the configuration can handle
the full load current and drain-source capacitance discharge current for
the brief time when only one device is conducting. The differences in
conduction times of the MOSFEIs will increase the effective Rgson to a
value greater than one tnird the value observed in the single MOSFET
case. In order to make the conduction times similar .t is necessary to
match the MOSFEYs input capacitance Cjgg/ gate-source threshold voltage

Vgsth' and transconductance ggg.

3.5.1 Three Paralleled MOSFETs HS-PWM Simulated Results

The MOSFET model described in Chapter 2 was used in the {full
bridge HS-PWM circuit shown in Figure 3.2.1 to obtain simulated results.
The MOSFET model was paralleled so that a switching elerent consisted of
three MOSFETs. These MOSFETs where switched on and off at the same
time. The results presented in this section focus on the turn on and
turn off conditions since charging and discharging of t} parasitic

components occurs during these intervals.

Figure 3.5.1 shows the case when three MOSFETs are connected in
parallel and are turned on &t the same time. It also shows the
parasitic capacitive currents which flow through MOSFETs Q4a, Q4b and
Q4c when MOSFETs Qla, Qlb, and Qlc are turned on. At 140.5 uS, the
drive signals of MOSFETs Qla, Q1b, and Qlc are applied to turn them on.
At 140.55 uS, MOSFETs Qla, Qlb, and Qlc turn on allowing MOSFETs Qda,

Q4b and Q4c drain-source capacitances C4g to charge from (0.5 * VDD) to
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VDD. The gate-drain capacitances ng of MOSFETs Q4a, Q4b, and Q4c also
charge from (0.5 x VDD-(-Vgs)) to (VDD - (-Vgs)). Current also flows
through the gate-source capacitances cgs of MOSFETs Qd4a, Q4b, and Qdc
since they carry some of the current used to chcrge their a~' :-drain
capacitances ng. At 140.7 uS the drain-source capacitances C, .4 the
gate-drain capacitances ng of MOSFETs Q4a, Q4b, and Q4c will be
charged. Current will flow through the gate-source capacitances Cgs as
the gate drive circuits of MOSFETs Q4a, Q4b and Q4c try to recharge

these capacitances to - Vgs.

Figure 3.5.2 shows the case when three MOSFETs are connected in
parallel and are turned on at the same time. It also shows the
parasitic capacitive currents which will flow through MOSFETs Qdia, Q4b,
and Q4c when they are turned on. At 144.3 uS the gate-source signal is
applied to MOSFETs Q4a, Q4b and Q4c. Current will farst start to flow
through the gate-source capacitances Cgs of MOSFETs Qda, Q4b aud Qdc as
they charge from - VGS to their threshold voltage + Vgsth. When the
gate-source threshold vcltage is reached at 144.4 uS, MOSFETs Q4a, Q4b
and Q4c will start to turn on. Currents will start to flow through the
gate-drain and drain-source capacitances, ng and Cgqg respectively as
they start to discharge. The gate-source capacitances Cgs stop charging
when the MOSFETs Q4a, Q4b and Q4c turn on because the drive current is
diverted away from their gate-snurce capacitances Cgs to discharge their
gate-drain capacitances Cgg. In fact, the negative current flowing
through the gate-source capacitances Cgs at 144.4 us shows that some
charge is taken from them in order to charge the gate-drain capacitances

ng. After MOSFETs Q4a, Q4b and Q4c have turned on at 144.45 uS, no
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significant current will flow through the drain-source and drain-gate
capacitances. Current will flow through the gate-source capacitances

Cgs as it continues to charge to + Vgs.

Figure 3.5.3 shows how the load current is su~plied from MOSFETs
Qla, Qlb and Qic and MOSFETs Qd4a, Q4b and Q4c during the turn on of
MOSFETs Qla, Qlb, and Qlc. At 140.5 uS, MOSFETs Qla, Qlb and Qlc is
turned on when the gate-source voliage signal is applied. When MOSFETs
Qla, 0Qlb and Qlc turn on at 140.55 uS there is a large drain current
which flows internally to MOSFETs Qla, Q1lb and Qlc. This current is
caused by the discharging of the drain-source and gate-drain
capacitances, Cg4g and ng of MOSFETs Qla, Qlb and Qlc, and the charging
of the drain-source and gate-drain capacitances, Cgg and ng, of MOSFETs
Qd4a, 0Q4b, and Qdc. In Figqgure 3.5.3 this charging and discharging
current is denoted as Ia. After MOSFETs Qla, OQlb and Qlc parasitic
capacitances have discharged and MOSFETs Q4a, Q4b and Qdc parasitic
capacitances have charged at 140.65 uS, MOSFETs Qla, Qlb and Qlc will

carry the full load current I(LSA).

wWhen MOSFETs Q4a, Q4b and Q4c are turned on at 144.3 uS they will
also be required to discharge their drain-source and gate-drain
capacitances, Cgg and Cgq., as well as charge the diain-source and gate-
drain capacitances of MOSFETs Qla, Qlb and Qlc as showa in Figure 3.5.4.
This charging and discharging current is denoted as Ia. At 144.4 uS the
drain-source and gate-drain capacitances of MOSFETs Qd4a., Q4b and Qd4c

will be discharged and the drain-source and gate-drain capacitances of
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MOSFETs Qla, Qlb and Qlc will be charged. At this time the full load

current I(LSA) will be cairied by MOSFETs Q4a, Q4h and Qdc.
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3.5.2 Three Paralleled MOSFETs HS-PWM Experimental Results

Experimental results were obtained when the HS-PWM circuit shown
in Figqure 3.2 1 was connected with three MOSFETs connected 1in parallel
The experimental results obtained along with the simulated results are
shown 1n Table 3.5 1. Simulated results were obtained by using the
PSPICE program to simulate the circuit using the MOSFET model described
1in Chapter 2. The PROBFE sub-program of PSPICE was used to graph the
waveforms and mathematically generate loss plots which were then read
from the graph by the cursor function. The experimental results were
obtained by measuring the input power to the bridge and subtracting the
output power of the diode filter. The losses of the transformer,
diodes, and filter inductor were estimated and subtracted from the final
loss result as described in section 3.3.6 Table 3.5.1 shows a

comparison of the experimental and simulated results.

Table 3.5.1 Comparison of Experimental, and Simulated Losses

for Three Paralleled HS-PWM MOSFETs

Number of Simulated Experimental Experimental
MOSFETs Losses Losses Losses
(MOSFETS) {Total) (MOSFETS)
1 23.92 W 65.80 W 23.92 W
2 38.40 W 79 64 W 37.52 W
3 42.72 W 83.01 W 41.13 W




The total MOSFET losss when they were connected in paralleled for
both the simulated and experimental cases were plotted for comparison

and shown i1n Figure 3.5 5

I
i —®— Smulated |

i

MOSFET Losses (W) /
- [ —8-- Expenmental

Number of MOSFETs

Figure 3.5.5: Plot of Simulated and Experimental Losses for

Paralleled MOSFETs used in the HS-PWM Topology

3.5.3 Summary of Losses for Three Paralleled MOSFETs HS-PWM

Topology

From the results obtained is this section it is seen that

paralleling MOSFETs will decrease the conduction losses because of the

decrease of the effective Rggop- Switching losses however will increase
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because the parasitic capacitances Cys and C

gd will also 1ncrease
requiring more aqate drive power to turn the devices on and off The
increase 1n the drain-source capacitances Cgg will require the MOSFEI
whichi turns on ti1rst to dissipate more energy as 1t discharges this

capacitance for all thiee devices The MOSFET which turns on last vill

also generate the same turn on losses due to the voltage and current as

in the sinale MOSFET case The MOSFET which turn off last will also
experience the same turn ott switrhing losses as a single switch Also,
as mentioned above. since 1t is unlikely that all three MOSTETs will
turn on and otf at the same time, there will exist a period ot time when
only one MOSFET 1s conducting Durina this period 1t will seem as if
only one MOSFFT 1s used and the conduction losses will be the same as in

the single MOSFED case

As switchina trequencies are i1ncreased, the drive power to charge
and discharge the parasitic capacitances will also increase Also, the
time period when only one MOSFEI conducts will become more signiticant
with respect to the on time of the MOSFET. This means that the savings
obtained by paralleling MOSFEIs will decrease as the switching frequency
1ncreases In fact. the decrease 1n conduct:ion losses may be offset by

the increase in switching power required for a given frequency.

From the experimental results 1t is seen that as more MOSFETs are
added 1n parallel. losses increase. The losses do not triple when three
MOSFEIs are used in parallel because the conduction losses of the
combination decreases and the switching losses caused by the overlap of

drain-source voltage and current remains the same for the combination.
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when three MOSFETs were used in the experimental circuit, the larger

drain-source capacitances Cgyg affected the operation of the circuit and

thus these results should be neglected.
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CHAFPTER 4

SOFT SWITCHING PWM AND PARALLELED MOSFETs

4.1 Introduction

Soft Switching PWM (SS-PWM) 1s a popular new modulation technique
being used in switching power supplies. As mentioned in Chapter 1, S§S8-
PWM 1s a modulation technique used to control the output voltage of a
power supply which tries to minimice the voltage across, and or the
current through the switchina elements when they are turned on and off.
As a result, S8S-PWM converters exhibit conduction losses but minimal
switching losses The decrease 1n switching losses allows SS5-PWM
converters to operate at higher frequencies compared to older HS-PWM
converters and thus operate at higher power densities. In this chapter,
a converter using SS$-PWM wi1ll be described, and simulated in terms of
losses with a single switch and with paralleled switches. Experimental
results will also be obtained for the converter using single and

multiple switches.
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4.2 Soft Switching PWM Topology

Figure 4.2.1 shows a constant frequency, tour element series tuned
SS-PWM converter topology [26]. The topclogy consists of a full bridge
inverter consisting of 4 MOSFETs and four external snubber capacitors
Cl, C2, C3 and C4 connected across the MOSFETs drain-source te'minals
It should be understcod that these capacitors are in parallel with the
internal drain-source capacitance Cqe ©f the MOSFETs In cases when
the drain-source capacitance is large or when MOSFEIs are paralleled,
the effective capacitance across the MOSFET may be large enouah to
eliminate the need for the external! snubber capacitors Also, the anti-
parallel body drain diode Dye of the MOSFET 1s used 1n this topology
The MOSFET bridge. as 1n the HS-PWM topology, converts the input DC
voltage 1into a high frequency bipolar waveform which allows tne

transformer Tl *o operate without saturating

A resonant circuit consisting of Lsa, Lsb, (s, Lp aund Cp 1s used
to form a series and parallel resonant circuit. The series 1esonant
circuit consisting of Lsa Lsb and Cs 1is tuned to have a resonant
frequency equal to the switching frequency of the converter so that it
will present a minimum 1mpedance to the load. The parallel resonant
circuit consisting of Lp and Cp is off tuned so that it will it appears
inductive to the MOSFET bridge [27]. This will cause an inductive or
lagging current to flow through the MOSFEls and facilitate lossless

switching.
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Figure 4.2.1 - SS-PWM Circuit (Phase-Shift Resonant)

The diode rectifiers D1 and D2 and the output filter are the same
as 1n the HS-PWM ciicuit e:.cept that the diodes conduct for their full
duty cycle of almost 50% 1in this topology. This minimizes the voltage
stress across the diodes allowing lower forward voltage drop schottky
diodes to be used resulting in lower conduction losses. It also allows
the filter inductor to be minimized since the conducting diodes will

presant a voltage to the filter for almost 100% of the switching period.

4.2.1 Modes of Operation

There are eight distinct intervals ot operation for the PSM-DTR-PWM

converter. Since these 1intervals are half cycle symmetrical, the first
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four cycles involving one pair of MOSFETs will be the same the last four
cycles involving the remaining pair of MOSFETs. Thus in this section

only the first four intervals will be described.

During the first interval MOSFET Q1 is on and the current 1is
flowing through the resonant caircuit and through the anti-parallel body

diode of MOSFET Q2.

At the beginning of the second interval MOSFET Q1 1is turned off
External snubber capacitor Cl will start to charge to the supply voltage
and the external snubber capacitor €4 will start to discharge to zero
volts. When capacitor C4 reaches zero volts, the anti-parallel body
diode of MOSFET Q4 will start to conduct the resonant load current. The
resonant load current will flow through the resonant circuit, through
the anti-parallel body diodes of MOSFET Q2 and MOSFET Q4 to the DC

source

MOSFET Q4 is turned on to start the third interval. The resonant
current will be completely or partially transferred from the anti-
parallel body diode of MOSFET Q4 to its drain-source channel. Since
MOSFET Q4 was turned on when its anti-parallel body diode was
conducting, 1t will not have any turn on losses. During this interval
the resonant current will reverse its direction and will flow from the

DC source through the drain-source conduction channels of MOSFET Q2 and

MOSFET Q4.
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At the beginning of fourth interval MOSFET Q2 is turned off. The
resonant current will flow through the exterunal snubber capacitor €2 and
charge it to the source voltage The resonant current will also fiow
through the external snubber capacitor C3 and discharge it to zero
volts. Since the resonant current was diverted i{rom MOSFET Q2s
conduction channel to capacitor €2, the MOSFET will turn off with no
losses. When capacitor C3 reaches zeru volts the anti-parallel body
diode ot MOSFET Q3 will conduct the resonant current The current will
flow through the drain-source conduction channel of MOSFET @4 through
the resonant circuit and through the anti-parallel body diode of MOSFRT
Q3 until MOSFET Q3 is turned on The half cycle will repeat itself with

MOSFET Q1 and MOSFET Q3

4.3 Single MOSFET SS~-PWM Simulated and Experimental Results

As mentioned earlier, sort switching occurs when the MOSFEIs are
turned on and off when the voltage across or current through them 1s at
zero. PSM-DTIM-PWM is a new switching technigue used 1n switching power
supplies and is preferred over the gquasi-resonant techniques because it
uses a fixed switching frequency. The PSPICE model of the MOSFET
mentioned in Chapter 2 was used in sunulations to observe the charaiag
currents of the parasitic capacitances around the MOSFET. This section
will present the analytical results first and summarize them when

simulated results are presented in section 4.3.5. Experimental results
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will be presented in section 4 3.6 and compared with the simulated

results.

4.3.1 S5-PWM Turn On Transition

The charging and discharging of the MOSFETs parasitic capacitors
is more complicated for resonant soft switching topolcgies than for hard
switching topologies because the MOSFETs anti-parallel body diode Dgyg is
used to conduct load current during the off state of the MOSFET, and the

load current reverses direction during the off state.

The MOSFET is shown in Figure 4.3.1 when it is in its steady-state
off condition. Since the gate-source voltage is - VGS, all the lead
current will flow through the MOSFETs anti-parallel body diode Dyg,
forcing the drain-source voltage to be egual to the forward voltage drop

of the anti-parallel diode, - Vdf.

Figure 4.3.2 shows when the gate signal is applied to turn the

will start charging to VGSth,

o

MOSFET on. The gate-source capacitance Cg
and the gate-drain capacitance ng will start charging to (VGSth - vdf).
The charging of the gate-drain capacitance Cqd will cause a current to

flow from the drive circuit to the load, and the clarging of the gate-
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Figure 4.3.1 - §S-PWM Off Conditior

source capacitance Cgs will cause a current to flow in the gate drive
circuit. As in the HS-PWM topology, the diive circuitry includes a
resistance to dampen the oscillations which may result when the MOSFET
18 switched on or off. The parasitic charging currents will flow

through this drive resaistor and will generate losses.
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Figure 4.3.2 - §5-PWM Off Condition Vgs < Vgsth
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When the gate-source voltage reaches VGSth as shown in Figure

4.3.3, the MOSFET will turn on and the load current will start to flow
from the source to drain within the MOSFETs drain-source channel. The
load current may also flow through the MOSFETs anti-parallel body diode
Dgg- The division of the load current is determined by 1its level, the
forward drop of the body diode Dgg, and the drain-source resistance
Rgson ©f the MOSFET. The maximum current which will flow through the
MOSFETs drain-source channel will be determined by the forward voltage

drop of the body diode Vvdf, and will be:

vdf
dson

Idmax =

(4.1)

If the load current is greater than Idmax, it will flow through the
anti-parallel body diode. The gate-source capacitance Cgs and the gate-

drain capacitance ng will continue to charge as mentioned above.

icgd

foad

To Load

(VGSth Vo) D> (VGS- VD !
* jil f
r N m__._
. , |
cgd @ :
‘v—J Dds! |

Drive b

vesth - VGS
mw‘<'[

Figure 4.3.3 - SS-PWM Off Condition Vgs > Vgsth
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Figure 4.3 4 shcws the condition when the gate-source voltage has

reached VGS and the MOSFETs drain-source voltage 1is less than the
forward drop of the anti-parallel body diode Dgg. At this point, all
the load current will flow through the MOSFETs drain-source channel.
Since the load current is decreasing because of the resonant topology,
the voltage drop across the MOSFET will be increasing from -(¢(ID x RDSon)
to OV. There will be no charging current for the gate-source
capacitance Cgs since it has reached its desired voltage. The gate-
drain capacitance Cqd and the drain-source capacitance Cgg will have a

charging current as the drain-source voltage decreases to 0V.

) load
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+/ ’ ‘ A
Cgd Q .
¥ Dds
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— Cds
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Drive .
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Figure 4.3.4 - §S-PWM On Condition (lload Decreasing)

Figure 4.3.5 shows the instant when the reversing load current
reaches OA. At this point the drain-source capacitance Cgzq is at OV,

and the gate drain-capacitance ng is at VGS.
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As the current starts to increase in the opposite direction, the
voltage diop across the MOSFET will be (ID x RDSon). Figure 4.3.6 shows
this condition which will cause a charging current to flow through the
drain-source capacitance Cg4gq. and a charging current to flow through the

gate-drain capacitance ng.
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Figure 4.3.6 - $5-PWM On Condition (lload Reversed)




Figure 4.3.7 shows the MOSFET in its steady state on condition.

Since the load current is not constant, the drain-source voltage will
change since it is equal to (ID x RDSon). This will result in small
charging and discharging currents flowing through both the drain-source

capacitance Cgg and the gate-drain capacitance ng during the MOSFETs on

condition.
Yoad
(VGS D x RDSon) ; To load
+ ,7 ‘
Cgd @
— jDds N
G /\ J;§7mxmxn
- —_— - Cds
: Cgs | i ;
Drive .
VGS

. 3 >

Figure 4.3.7 - 55-PWM On Condition

4.3.2 Losses During SS-PWM Turn On Transitions

Losses for S8S-PWM topologies are less than those for HS-PWM
topologies but are more difficult to calculate because of the larger
number of conditions during switching. For example, conduction losses
occur when the MOSFET conducts the load current from drain to source or

from source to drain. Also, losses are generated in the anti-parallel
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body diode when it is conducting the load current. Also, as in the case
of HS-PWM, all the charging and discharging currents flowing through
parasitic capacitances Cdg and Cgs' will generate a loss through the
drive source resistance. Unlike HS-PWM, there are no turn on switching
losses because the load current discharges the drain-source capacitance

Cgs and is Ilowing through the MOSFETs anti-parallel body diode Dgg.

4.3.3 SS-PWM Turn Off Transition

The off transition of the MOSFET begins when a negative gate
signal is applied as shown in Figure 4.3.8. The load current will flow
through the MOSFET causing conduction 1losses, and discharge currents
will flow through the gate-source capacitance Cgs' and through the gate-
drain capacitance Cdg- These currents will generate losses through the

drive source resistor.
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Figure 4.3.8 - SS-PWM On Condition Vgs > Vgsth
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When the gate-source voltage reaches VGSth, the MOSFET will start
to turn off and the drain-source voltage will rise to VDD as shown in
Figure 4.3.9,. This will force a charging current to flow through the
drain-source capacitor C4s- In the soft switching topology, an extra
capacitor is added to divert the load current away from the MOSFET as it
turns off but in the general case, some load current will flow through
the MOSFETs drain-source channel as it turns off generating a power
loss. As the drain-source voltage rises, the discharge current will
continue to flow through the gate-drain capacitance ng. Also, the

gate-source capacitance Cys will continue the discharge to - VGS.

(VGSth 1D x RDSon) > (V0D +VGS) ‘ To Load
. /}Z +
Cgd @ ‘
~——  Dds
' +
:cgd(——i‘ <— A ﬂ iDxRDSon  » VDD
‘_ . cds’ :
icgs w Cos
Drive . , y

cds
VGSth D -VGS

| >

Figure 4.3.9 - §S-PWM On Condition Vgs < Vgsth

In the condition when the load current is low and there is
adequate drain-source capacitance added to the circuit, the charging and

discharging currents will flow as shown in Figure 4.3.,10.
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When the gate-source voltage reaches -VGS, the MOSFET will be off
as shown in Figure 4.3.11. There will be no currents flowing through
the parasitic capacitances Cqg: Cgs' and ng or the MOSFET. The MOSFET
will remain in this condition as long as the load current flows from the

load, through the upper MOSFETs drain-source capacitance.
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Figure 4.3.11 - §5-PWM Off Condition




Figure 4.3.12 shows the condition when the upper MOSFET turns on.
At  first, the load current will flow through the drain-source
capacitance C4c and discharge its voltage to - Vvdf. While the drair-
source voltage is dropping, a discharge current will also flow from the
load through the gate-drain capacitance ng. This discharge current will
flow through the gate-source capacitance Cgs and the drave circuit. When
the drain-source voltage reaches - Vdf, the anti-parallel body diode Dgs

will start conducting the load current.

icgad
toac
MDD+ VGS) D> (VGS Vd) Toload
e A
Cgd Q :

—A < |

gs Cgs

Dnive

Figure 4.3.12 - 58-PWM Off Condition (Reverse Current)

The MOSFET will be ready to turn on when there will be no charging
or discharging currents flowing and the 1load current will be flowing
through the anti-parallel body diode. From Figure 4.3.13, the drain-
cource capacitance (g4 will be - Vdf, the gate-drain capacitance ng
will be (VGS - vdf), and the gate-source capacitance Cgs will be - VGS.
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Figure 4.3.13 - $S-PWM Off Condition (Reverse Current)

4.3.4 Losses During SS-PWM Turn Off Transitions

During the turn off transition, the MOSFET will experience losses
when it charges and discharges its parasitic capacitances Cqd and Cgs-
Losses will occur when current is flowing through the MOSFETs drain-
source channel and its anti-parallel body diode Dgg-. A turn off loss
can also result when the MOSFET attempts to turn off and the load
current is diverted to the drain-source capacitance Cg4_. If the load
current is too large and the drain-source capacitance is too small,
current will flow through the MOSFETs drain-source channel as it turns

off resulting in a turn off loss.
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4.3.5 Single MOSFET SS-PWM Simulated Results

The MOSFE1 model described in Chapter 2 was used in the full
bridge resonant circuit shown 1n Fiqure 4.2.1 to obtain simulated
results. The results presented in this section focus on the turn on and
turn off conditions since charging and discharging of the parasitic

components occurs during these intervals

Figure 4 3.14 shows the turn off condition of MOSFET Q4. When the
MOSFETs drive signal begins to dischaige to - 12V at 140.4 uS, a gate-
source current will flow through the drive circuit as shown in Figure
4.3.8. The negative current in the plot indicates that this is a
discharging current flowing through the gate-source capacitor Cgs-
The MOSFET turns off at 140.45 uS. Since the load current must be

maintained through the resonant inductors LSa and LSb, it will flow

through the MOSFETs drain-source, drain-gate and external snubber
capacitances. Also, some of this current will flow through the gate-
source capacitances Cgg. Thic¢ interval corresponds to the currents

shown in Figures 4.3.9 and 4.3.10.

Current will flow through the parasitic and external snubber
capacitances of MOSFETs Q1 and Q4, until MOSFET Ql's drain-source
capacitance (gg has discharged to - Vdf. At this point, 140 6 uS, the
anti-parallel diode Dgg of MOSFET Q1 will start to conduct and no

significant current will flow through the parasitic capacitances.
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Figure 4.3.15 shows the condition when MOSFET Q4 is turned on. At
144.30 uS the MOSFET Q1 will turn off by charging its gate-source

capacitance C to - Vgs. As described above, when MOSFET Q1 stops

gs
conducting through its drain-source channel, the drain-source, drain-
gate, and external snubber capacitances of MOSFET Ql will start to
charge the drain-source, drain-gate, and snubber capacitances ot MOSFEI
Q4 will start to discharge in order to maintain the load current through
inductors Lsa and Lsb. This condition corresponds to Figure 4.3.12.
When the drain-source capacitance (g4 discharges to - at 144 50 us,
current will flow through the anti-parallel diode Dggs ©f MOSFET Q4 as
shown in Figure 4.3.13. No significant currents will tlow through the

parasitic capacitors wnen the anti-parallel body diode Dgg 1S

conducting.

Figure 4.3 15 shows that MOSFET Q4 is turned on .t 144.8 uS when
its gate-source capacitance Cgs 1s charged to + Vgs as shown in Figure
4.3.2. This will cause a current to flow through the gate-source

capacitance CgS and the gate-drain capacitance ng of MOSFEI Q4.

Figure 4.3.16 shows when MOSFET Q4 is turned oft at 140.4 uS. the
current flowing through its drain-source conduction channel (ID(Q4)) and
the resonant inductor current (I(LSA)) will be carried first by the
parasitic and the external snubber capacitances of MOSFETs Q1 and Q4
during the interval between 140.45 uS and 140.60 usS. From 140 60 uS,
the current to the load will flow tr-ough the anti-parallel body diode

Dag of MOSFET Q1 until it is turned on at 140 95 uSs.
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Figure 4.3.17 shows the condition before MOSFET Q4 is tuined on.
Fiitst, the load current wil] flow through the parasitic and the external
snubber capacitors of MOSFETs Q1 and Q4 when MOSFET Q1 is turned off.
Current will then flow through the anti-parallel body diode Dgg ot
MOSFET Q4 until it is turned on by the gate signal at 144 8 uS. At this
point current will {low through both the anti-parallel body dicde Dyg
and the drain-source conduction channel of MOSFET Qd The current
flowing throuch the MOSFE1 04 wi1ll ke rom the source to the drain as
shown in Figure 4 3 17. As the resonant curtent decreases, current will
first decrease to zero i1n the anti-parallel body diode Dyg. and then
decrease to zero 1n the drain-source conduction channel of the MOSFE!

before 1t reverses and flows trom the drain to the source
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4,3.6 Single MOSFET SS-PWM Experimental Results

Experimental results were obtained when the SS-PWM circuit was

connected as shown in Figure 4.3.18. The experimental results obtained
along with the simulated results are shown in Table 4.3.1. Simulated
results were obtained by using the PSPICE program to simulate the
circuit using the MOSFET model described in Chapter 2. The PROBE sub-
program of PSPICE was used to graph the waveforms and mathematically

generate loss plots which were then read from the graph by the cursor

function.
[
Q1 — . 1Q2
l | ! Lp E b
) SuEIVAN 19uH Zs

MTW20NS50E ' es m MTW20NS0E
e —i- e

vDC, |
| ouH AuF snF | suH
4007_ W ‘ 11 |

‘TH519AA;
Q4 |
E‘v\'\_‘_rvvv\"_) ‘03
SR =
|
%

-

MTWZONSOEl

(a9
Fs = 128 Khz MUR3020
c'_.-—.
T
\ l>__J 1400uF Rid @
MUR3020
|

Figure 4.3.18 - SS-PWM Circuit Set-up for Efficiency Measurements
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The experimental results were obtained by comparing the output

power of the converter to the input power supplied to it. The output
power was obtained by multiplying the output current Ao, with the output
voltage Vo. The output current was obtained by using a Keithley 179A
TRMS ammeter which could read the current to 5 significant figures. The
voltage was read by a Keithley 179A TRMS voltmeter which could read the
voltage to 4 significant figures. The input power was obtained by
multiplying the input current Ai, with the input voltage Vi. The same
ammeter was used to read both the input and output currents. Also, the
same voltmeter was used to read the input and output voltages. It was
necessary to read the output DC voltage and current because the high
frequency output waveform at the bridge could not be accurately measured
by the laboratory equipment available. The losses of the transformer
Tl, diodes D1 and D2, resonant inductors LSa and LSb, and filter
inductor Lf were estimated by subtracting the simulated single switch
converter losses from the experimental losses obtained. The losses of
Tl1, D1 and D2, LSa and LSb, and Lf were then assumed to remain constant
as switches were paralleled since the current and voltage applied to the
bridge remained constant. Any difference in the losses were due to the
effects of paralleling MOSFETs. Table 4.3.1 shows a comparison of the

losses obtained.
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Table 4.3.1 Comparison of Experimental, and Simulated Losses

for Single SS-PWM MOSFETs

Numbex of Simulated Experimental Experimental
MOSFETs Losses Losses Losses
(MOSFETS) (Total) (MOSFETS)
1 15.64 W 47.82 W 15.64 W

4.3.7 Summary of Losses for Single MOSFET SS-PWM Topology

When single MOSFETs are used, conduction losses will be present
because of their Rygpop- There will be no switching losses due to the
discharging of the drain-source capacitance Cgg when the MOSFPETs turns
on because the anti-parallel body source diode Dyg is conducting at turn
on clamping the drain-source voltage at - Vg4¢. There will be switching
losses due to the charging and discharging of the gate-drain capacitance
ng and the gate-source capacitance Cgs' At turn off there will be no
turn off losses because the snubber capacitors will divert the current

away from the MOSFET as it turns off.
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4.4 Two Paralleled MOSFETs SS-PWM Simulated and Experimental

Results

As in the HS-PWM case when MOSFETs are paralleled the parasitic
capacitances Cgsr Cdg and Cgqg of both devices are effectively placed in
parallel. If the multiple combination of MOSFETs is considered as a
single switch, it will have twice the current handling capability and
higher parasitic capacitances as in the HS-PWM case. If the multiple
combination of MOSFETs is analyzed as two separate switches, it is
unlikely that they will turn on and off at the same time unless they are
matched as mentioned in Chapter 2. These differences in turn on and
turn off times will generate different current flows from those

generated in the single switch S8S-PWM case.

4.4.1 SS-PWM Turn On Transition

Figure 4.4.1 shows the two parallel MOSFETs in the off condition
in the S8S-PWM topology. The veoltages across the parasitic capacitances
Cgs Cgd- and Cgg are the same in this case as in the single switch
example. Important to note is that the load current is flowing through
the anti-parallel body diode Dgg forcing the voltage across the drain

source capacitances Cg4gy to be at the low voltage of - Vdf.

When a gate signal is applied to turn the two MOSFETS on, the
gate-source capacitances Cgs of both MOSFETS will start charging to VGS

and both gate-drain capacitances ng will start charging to (VGS + vdf)
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as shown in Figure 4.4.2., This will cause a charging current to flow

through the gate-source capacitance Cgs and the gate-drain capacitance

N
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Figure 4.4.1 - SS-PWM Off Condition

ng of both MOSFETs. The load current will continue to flow through the
anti-parallel body diode Dgg until the MOSFETs reach their gate-source
threshold voltage Vgsth- Also, since the MOSFETs are off, the current
flow through the gate-drain capacitances ng will flow from the drive

source through the capacitance to the locad.

Figure 4.4.3 shows the condition when one MOSFET reaches its gate-
source threshold voltage first. In this example, MOSFET Q1 has a lower
gate-source threshold voltage Vggrp and it will turn on first. The
parasitic capacitances of MOSFET Q1 will charge and discharge in the

same manner as in the single switch case. The drain-source capacit. uce
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Figure 4.4.2 - §S-PWM Off Condition Vgs < Vgsthl

Cqs Will remain at - Vdf since the MOSFET which is off will conduct
through its anti-parallel body diode Dyg- The gate-drain capacitance
ng will continue to charge through the load circuit since the load is a
current source, and the gate-source capacitance Cgs will continue to
charge to VGS through the drive circuit. The parasitic capacitances Cgs
and ng of MOSFET Q2 will charge and discharge as in Figure 4.4.2. Load
current will flow through the drain-source channel of MOSFET Q1. If the
current is large enough to generate a voltage drop across the drain-
source on resistance Rg4go, Which is equal to the forward diode drop of
the anti-parallel body diode Dgg., then current will also flow through

the body diode for both MOSFETs.
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Figure 4.4.3 - SS-PWM Oft Condition Vgs > Vgsthl (Q1 Turns on First)

Both the MOSFETs gate-source voltage will continue to rise until
the gate-source threshold voltage of MOSFET Q2 1is reached as shown in
Figure 4.4.4. During this interval, charging current will flow through
both MOSFETs parasitic capacitances Cgq and Cgg. Load current will
start to flow through the drain-source channel of MOSFET Q2. This will
lower the currents through the drain-source channel and the anti-
parallel body diodes Dgyg of MOSFET Q1 and MOSFET Q2. If the voltage
drop across the drain-source conduction channel of both MOSFETS is less
than the forward drop of the anti-parallel body diodes, then all the
load current will flow through their drain-source conduction channels.
If the voltage drop across the conduction channel is greater than the
forward drop of the anti-parallel body diodes Vvdf, a current of - Vf/(2
x Rdson) will flow through the MOSFETs conduction channel .nd the rest

of the load current will be :>3red by the MOSFETs anti-parallel body

diodes Dggs-
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Figure 4.4.4 - SS-PWM On Condition Vgs > Vgsth2 (@1 and Q2 on)

Figure 4.4.5 shows the condition when both MOSFETS are fully on
and the load current is decreasing. I1f the 1load current was large
enough for it te be flowing through both MOSFETS drain-so..ce conduction
channels and the anti-parallel body diodes Dgg. it will first stop
flowing through the anti-parallel body diodes as the drain-source
voltage drops and then gradually decrease through the MOSFETs drain-
source conduction channels. While this occurs, the drain-source voltage
will change from - vdf to - (ID x RDSon) to 0 volts. This will cause a
charging current to flow through the drain-source capacitance Cg4g. The
current through the gate-drain capacitance Cqd will reverse direction

and flow through the MOSFET instead of the load.
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Figure 4.4.6 shows the condition when the reversing load current
is 0 amps. There will be no charging current for the gate-source
capacitances Cgs since they are charged to VGS. The charging cur:ent
for the gate-drain capacitances ng will continue to flow through the

MOSFETs conduction channel and not through the load.
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Figure 4.4.6 - SS-PWM On Condition (lload Decreasing)
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When the load current starts to increase in the forward direction

as shown in Figure 4.4.7, load current will start to flow throuh the
MOSFETs drain-source conduction channels. As the voltage drop across
the drain-source of the MOSFETs increases with current, some load
current will flow througn the drain-source capacitances Cyg. Drive
source current will also flow through the gate-drain capacitance ng as

the voltage across it changes from VGS to (VGS - (Th x RDSon)).
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Figure 4.4.7 - SS-PWM On Condition (Forward Current)

Figure 4.4.8 shows the MOSFETs in their on condition with forward
current flowing through them. There will be some charge current flowing
through the drain-source and gate-drain capacitances Cgg and Cgs as the
current through the drain-source conduction channel increases causes the

drain-source voltage to increase.
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4.4.2 Losses During SS-PWM Turn On Transitions

As in the single MOSFET case, the currents flowing through the
gate-source and gate-drain capacitaaces CgS and Cgd will generate losses
because they will also flow through the drive source resistance. Since
the voltage acrouss drain-source capacitance Cgg is almost 0 volts when
the MOSFETs are turned on, there will be no turn on losses and the
addition of more MOSFETs in parallel will not increase the switching
losses as in the HS-PWM case where losses increased with the addition of
more MOSFETs. The increase in the gate-drain capacitances ng and the
gate-source capacitances Cgs will increase the drive power required to
turn the MOSFETs on and off. Also, some load current will be diverted
to charge and discharge the gate-drain capacitance ng through the drive
source resistance resulting less power delivered to the load. This will

also lower the overall efficiency.
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Conduction losses on the other hand, will be 1le.s because of the
lower effective Rgjgo, Which results when multiple MOSFET. are use?. The

greatest savings occur when both MOSFETs turn on at the same time. As

in the HS-PWM case, this is a highly unlikely condition. Practically,

there will always be a delay between the turn on of both MOSFETs.

During this period, the conduction losses will be similar as if only onpe
MOSFET was used. Since this delay period ‘s a function of the MOSFETs
transconduction gg., gate-source threshold voltage Vgsth. and input
capacitance Cjgg. the delay will be constant to the particular MOSFET
combination. The delay will also be independent of the switching
frequency. Therefore, as the switching frequency is increased as is tue
tendency in SS-PWM circuits since there are lower switching losses, the
delay will become more significant with respect to the conduction
period. This will diminish the savings in conduction 1losses. This
creates a contradiction since SS-PWM has smaller switching losses which
allows higher switching frequencies for single MOSFET switches. For the
paralleled MOSFET switch however, the higher switching frequencies make
the delay time for both MOSFETs to conduct more significant and thus
minimizes the effects of paralleling. This compromise should be
considered when the designer is considering the switching frequency and

whether MOSFETs should be paralleled.

4.4.3 SS-PWM Turn Off Transition

Figure 4.4.9, shows when the turn off gate signal is applied to

the MOSFETs. Currents will flow from the load circuit to the gate drive
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circuit through the gate-drain capacitances ng, and circulate in the
gate drive circuit through the gate source-capacitances Cgs as in the

single switch case.
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Figure 4.4.9 - SS-PWM On Condition Vgs > Vgsthl

When the gate-source threshold voltage Vgsth is reached by MOSFET
Ql, it will start to turn off as shown in Figure 4.4.10. The load
current will continue to flow through the MOSFET 02 which is still on.
The currents through the parasitic capacitances Cdg and Cgs will

continue to flow during this period.

When the gate-source threshold voltage Vgsth of MOSFET Q2 is
reached, it will start to turn off as shown in Figure 4.4.11. The load
current will flow through the drain-source capacitances Cgqg of both

MOSFETs as the drain-source voltage increases across the MOSFETs. No
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Figure 4.4.10 - SS-PWM On Condition Vgs > Vgsth2 (Q1 turns off tirst)

load current will flow through the drain-source channel of the MOSFETS
as the drain-source capacitances are charging. External capacitances
may be added across the MOSFETs to increase the time taken to charge the
drain-source capacitances Cgg to VDD. This will allow the other
switches in the leg to turn on with zero or little voltage across them.
Again, currents will continue to flow through the gate-drain
capacitances Cggq as the drain-source voltage increases. Currents will
also flow through the gate-source capacitances Cgs as the gate drive

circuit lowers the gate-source voltage Vgs.

Figure 4.4.12 shows the off state of both MOSFETs. During this
condition the only current flowing is the leakage drain-source current
which is negligible and can be ignored. The drain-source capacitances
C4s are charged to VDD, the gate-drain capacitances are chaiged to -(VDD

+ VGS), and the gate-source capacitances Cgs are charged to - VGS.
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When the upper MOSFET is turned off, the load current will first

start to flow through the drain-source capacitances Cgg as shown in
Figure 4.4.13. This will discharge them to - Vvdf. Wwhile the voltage
across the drain-source capacitances Cg4g is decreasing, the gate-drain
capacitances ng will be discharging through the drive circuit and the

load until the voltage across them is - (VGS + Vvdf).
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Figure 4.4.13 - SS§-PWM Off Condition (Reverse Current)

when the voltage across the drain-source capacitance reaches -
vdf, the anti-parallel body diodes Dyg will start to conduct the load
current as shown in Figure 4.4.14, These diodes will continue to
conduct the load current until the MOSFETs turn on. When they turn on,
some current will be diverted to the MOSFETs drain-source conduction

channel.
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4.4.4 Losses During SS-PWM Turn Off Transitions

As in the turn on transition, losses will occur when current is
fiowing through thne gate-drain capacitances ng and the gate-source
capacitances Cgs- More power will be required in the multiple switch
case because of the increased parasitic capacitances Cgs and Cgd-
Conduction losses will be lower as mentioned above when both MOSFETs are
on. When one MOSFET is on aud the other is off, the conduction losses
will be the same as in the single switch case. As in the turn on
transitions, the delay time which only one MOSFET is conducting will
decrease the gains in efficiency as the switching frequency is

increased.
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4.4.5 Two Paralleled MOSFETs SS-PWM Simulated Results

The MOSFET model described in Chapter 2 was used in the full
bridge resonant circuit shown in Figure 4.2.1 to obtain simulated
results. The MOSFET model was paralleled and switched on and off at the
same time. The results presented in this section focus on the turn on
and turn off conditions since charging and discharging of the parasitic
components occurs during these intervals. This section will be
presented in twc parts. The first part will describe the ideal case
where both MOSFETs in the paralleled combination will turn on and off at
the same time. The second section will describe the case where the
paralleled MOSFETs will turn on and off at different times due to

differing Vgsth’ 9fs. Cijggr and drive impedances.

4,4.5.]1 Two Paralleled MOSFETs SS-PWM Ideal Case

Figure 4.4.15 shows the turn off condition of parallel combination
of MOSFET (Q4A and Q4B. When the MOSFETS drive signal begins to
discharge to -12V at 140.4 uS a gate-source current will flow through
the drive circuit as shown in Figure 4.4.9. The negative current in the
plot indicates that these are discharging currents flowing away from the
gate-source capacitance Cgs- Also, this current is the same magnitude
as in the single MOSFET case showl. above in Fiqure 4.3.14. As expected,
this implies that the gate power required to drive two MOSFETs will be

double that required to drive one MOSFET.
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The parallel MOSFET combination turns off at 140.45 uS. Since the

load current must be maintained through the resonant inductors LSa and
LSb, it will flow through both MOSFETs drain-source, drain-gate, and
external snubber capacitances. Also some current will flow through the

gate-source capacitances C(C The drain-source and drain-gate

gs:
capacitive currents are the same for both MOSFETs in the parallel
combination because they have the same capacitive value in the
simulation model. However, the total capacitive current flowing through
the paralleled MOSFET combination 1is equivalent to the capacitive
current flowing in the single MOSFET case since the resonant load
current 1is the same for both cases. Also, the time the . rasitic
capacitors are conducting increases from 0.175 uS to 0.325 uS when the
MOSFETs are paralleled since the load current 1is the same and the
parasitic capacitance has increased. Current will flow through the
parasitic and snubber capacitances of the paralleled combination of
MOSFETs Q1 and Q4 until MOSFETs Q1A and Q1B have their drain-source
capacitances Cgqg discharged to - Vvdf. At 140.75 uS, the anti-parallel

body diode Dgg of MOSFETs QIlA and QlB will start to conduct and no

significant current will flow through the parasitic capacitances.

Figure 4.4.16 shows the condition when both MOSFETs Q4A and Q4B
turn on. At time 144.30 uS the MOSFETs Q1A and Q1B will turn off when
their gate-source capacitances Cgs are discharged to - Vgs. As
described above, when the MOSFETs 1A and Q1B stop conducting through
their drain-source channel, the drain-source, drain-gate, and external
snubber capacitances of MOSFETs Q1A and Q1B will start to charge, and

the drain-source, drain-gate, and external snubber capacitances of
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MOSFETs Q4A and Q4B will start to discharge in order to maintain the
load current through the resonant load inductors LSa and LSb. When the
drain-source capacitances Cgg of MOSFETs Q4A and Q4B discharge to - Vdf
at 144.65 uS, current will flow through the anti-parallel body diodes

Dgg of MOSFETs Q4A and Q4B. No significant current will flow through

the parasitic capacitors when the anti-parallel body diodes Dyg are

conducting.

Figure 4.4 .16 shows that MOSFETs Q4A and Q4B are turned on at
144.8 uS when their gate-source capacitance Cgs is charged to =+ Vgs.
This will cause currents to flow through the gate-source capacitances

Cgs and the gate-drain capacitances ng of MOSFETs Q4A and Q4B.

Figure 4.4 .17 shows when MOSFETs Q4A and Q4B are turned off at
140.4 uS, the current flowing through their drain-source conduction
channel (ID(Q4A) + ID(Q4B)), and the resonant inductor current (I (LSA))
will be carried first by the parasitic and the external snubber
capmacitances of MOSFETs QlA, (1B and MOSFETs Q4A, Q4B during the
interval between 140.5 uS and 140.7 uS. As mentioned above, since the
load current is the same as the single MOSFET case, and the parasitic
capacitances have increased because of the paralleled combination, it
will take more time for the load current to charge and discharge the
MOSFETs parasitic capacitances. From 140.70 uS, the current to the load
will flow through the anti-parallel body diodes Dgs of MOSFETs Q1A and
Q1B until they are turned on at 140.95 uS. When MOSFET Q1A and Q1B turn
on, all the load current will flow through their drain-source conduction

channel. This occurs because the paralleled MOSFET combination will
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have a voltage drop across the drain-source region which will not bias
their anti-parallel body diodes Dgg on. This differs from the single
MOSFET case where current was flowing through both the anti-parallel

body diode Dgg and the MOSFETs drain-source conduction channel.

Figure 4.4.18 shows the condition before MOSFETs Q4A and Q4B turn
on. First, the load current will flow through the parasitic and the
external snubber capacitors of MOSFETs Q1A, Q1B and MOSFETs Q4A, Q4B
when MOSFETs Q1A and Q1B are turned off at 144.3 uS. Current will then
flow through the anti-parallel body diodes Dygg o©of MOSFETs Q4A and Q4B
until these MOSFETs are turned on by their gate signal at 144.45 uS. At
this point current will only flow through the draiu-source conduction
channels of MOSFETs Q4A and Q4B and not through their anti-parallel body
diodes Dgg. This occurs because the paralleled MOSFETs effective Rygop
is low enough so that the voltage generated by the load current will not
bias their anti-parallel body diode Dgg on. Some current does flow
through these diodes because of their reverse recovery interval. In

Figure 4.4.18 this happens from 144.9 uS to 145.15 uS.
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4.4.5.2 Two Paralleled MOSFETs SS-F.JM Non-Ideal Case

The MOSFET model described in Chapter 2 was used in the full
bridge resonant circuit shown in Figure 4.2.1 to obtain simulated
results. The MOSFET models were paralleled and one was turned on and
off 0.250 uS before and after the other MOSFET to emulate the delay
caused by the mismatching of ggg/, Cjggs, and Vgsth of the MOSFETs in the
parallel combination. This delay was implemented by changing the gate-
source impedance of each MOSFET so that one MOSFET had less impedance
while the other MOSFET had more impedance. This caused the MOSFET with
the lower gate-source impedance to turn on and turn off before the other
MOSFET. The results presented in this section focus on the turn on and
turn off conditions since charging and discharging of the parasitic

components occur during these intervals.

Figure 4.4.19 shows the turn off condition of MOSFETs Q4A and Q4B.
When the MOSFETs drive signal begins to discharge to -12V at 140.4 uS, a
gate-source current will flow through the drive circuit as shown in
Figure 4.4.9. The negative current in the plot indicates that this is a
discharging current for the gate-source capacitor Cgs- In this case
MOSFET Q4A will turn off first since its gate-source impedance is
smaller than the gate-source impedance of MOSFF™ Q4B. The parasitic and
the external snubber capacitances will not carry any of the load current
because the other MOSFET in the paralleled combination Q4B is still
turned on and will carry this current. MOSFET Q4A will also keep the

voltage across the paralleled combination clamped to the voltage drop
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across its drain-source region. This condition is shown in Figure

4.4.10.

The MOSFE™ Q4A turns off at 140.48 uS. At this point, since both
MOSFETs Q4A and Q4B in the paralleled combination are turned off, the
load current which must be maintained through the resonant inductors LSa
and LSb will flow through their drain-source, drain-gate and the
external snubber capacitances. Also, some of this current will flow
through the gate-source capacitances Cgs- This interval corresponds to

the current flows shown in Fiqures 4.4.11.

Figure 4.4.20 shows the condition when MOSFETs Q4A and Q4B are
turned on. At time 144.30 uS the MOSFETs Q1A and Q1B will turn off by
charging their gate-source capacitance Cgs to - Vgs. As described
above, when both MOSFETs Q12 and Q1B stop conducting through their
drain-source channel, the drain-source and drain-gate capacitances of
MOSFETs Q1A and Q1B will start to charge and the drain-source and drain-
gate capacitances of MOSFETs Q4A and Q4B will start to discharge in
order to maintain the load current through inductors LSa and LSb. This
condition corresponds to Figure 4.4.13. When the drain-source
capacitances Cg4g discharge to - Vdf at 144.65 uS, current will flow
through the anti-parallel body diodes Dyg of MOSFETs Q4A and Q4B as
shown in Figure 4.4.14. Since these diodes are turned on by the voltage
applied across them they will be unaffected by the delayed gate-source
signal. No significant currents will flow through the parasitic

capacitors when the anti-parallel body diode Dgg is conducting.
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The MOSFET Q4A is turned on at 144.8 uS when its gate-source
capacitance Cgs is charged to + VGSthl as shown in Figure 4.4.2. When
the gate-source voltage is first applied to the paralleled MOSFET
combination, a current flow through the gate-source capacitance Cgs and’
the gate-drain capacitance Cgd of both MOSFETs Q4A and Q4B. This
condition is shown in Figqure 4.4.2. The gate-source capacitance Cgs

current is different for MOSFETs Q4A and Q4B because of the different

gate-source impedance which was used in the simulation.

Figure 4.4.21 shows when MOSFETs Q4A and Q4B are turned off at
140.4 uS, the current flowing through their drain-scurce conduction
channel (ID(Q4A) + ID(Q4B)) and the resonant inductor current (I(LSA))
will be carried first by the parasitic and the external snuiber
capacitances of MOSFETs QlA, Q1B and MOSFETs Q4A, Q4B during the
interval between 140.45 uS and 140.75 uS. From 140.75 uS, the current
to the load will flow through the anti-parallel body diocdes Dgg of
MOSFETs Q1A and Q1B until they are turned on at 140.95 uS. Also, at
140.48 uS there is a negative transition in the total MOSFET current
(ID(Q4Aa) + ID(Q4B)) when MOSFET Q4A turns off first and MOSFET Q4B is
forced to carry the full current. This transition does not affect the

load current (I(LSA)).

Figure 4.4.22 shows the condition before MOSFETs Q4A and Q4B are
turned on. First, current will flow through the parasitic and the
external snubber capacitors of MOSFETs Q1A, Q1B and MOSFETs Q4A, Q4B
when MOSFETs Q1A, and Q1B are turned off at 144.3 uS. Current will the

flow through the anti-parallel body diode Dgg of MOSFET Q4A and Q4B
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until one MOSFET turns on. This condition is shown in Fiqure 4.4.14.
MOSFET Q4A will turn on at 144.85 uS and current will flow through both
the anti-parallel body diodes Dgqs of MOSFETs Q4A and Q4B, and the drain-
source conduction channel of MOSFET Q4A as shown in Fiqure 4.4.3. The
current flowing through the MOSFET Q4A will be from the source to the
drain as shown in Figure 4.4.3 since it is negative. When MOSFET Q4B
finally turns on at 144.9 uS, it will lower the effective Rggo, Of the
paralleled MOSFET combinati-n and all the load current will flow through
the MOSFETS drain-source conduction channel as shown in Figure 4.4.5.
If the load current 1is large, then both the MOSFETs drain-source
corduction channels and anti-parallel body diodes Djg will conduct. As
the resonant current decreases, current will first decrease to zero in
the anti-parallel body diode Dgg, and then decrease to zero in the
drain-source conduction channel of the MOSFET before it reverses and

flows from the drain to the source.

Figure 4.4.23 shows how load current is transferred from MOSFETs
Q4A to Q4B when they are turned off at 140.45 uS. The current is shared
equally until this point where it decreases to zero for MOSFET Q4A and
doubles for MOSFET Q4B. Figure 4.4.23 also shows how load current is
transferred from MOSFET Q1A to Q1B they are turned on at 140.8 uS. This
case 1is more complicated since current is also flowing through the
MOSFETs anti-parallel body diodes Dgyg. Load current is first carried
equally by both anti-parallel body diodes. When MOSFET QlA turns on at
140.9 uS, it will carry a portion of the load current while the anti-

parallel diodes carry the rest. When MOSFET Q1B turns on at 141.0 uS,
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the anti-parallel body diode will stop conducting and the load current

will be carried equally by the MOSFETs in the parallel combination.

Figure 4.4.24 shows how MOSFETs QlA and Q1B transfer current when
they are turned off. This transition is the same as described in the
paragraph above when MOSFETs Q4A and Q4B were turned off. Figure 4.4.24
also shows how MOSFETs Q4A and Q4B transfer current when they are turned
on. This transition is the same as described in the paragraph above

when MOSFETs Q1A and Q1B are turned on.
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4.4.6 Two Paralleled MOSFETs SS-PWM Experimental Results

Experimental results were obtained when the SS-PWM circuit shown
in Figure 4.2.1 was connected with two MOSFETs connected in parallel.

The experimental results obtained along with the simulated results are

shown in Table 4.4.1. Simulated results were obtained by using the
PSPICE program to simulate the circuit using the MOSFET model described
in Chapter 2. The PROBE sub-program of PSPICE was used to graph the
waveforms and mathematically generate loss plots which were then read
from the graph by the cursor function. The experimental results were
obtained by measuring the input power to the bridge and subtracting the
output power of the diode filter. The losses of the transformer,
diodes, and filter inductor were estimated and subtracted from the final
Table 4.4.1 shows a

loss result as described in section 4.3.6.

comparison of the experimental and simulated results.

Table 4.4.1 Comparison of Experimental, and Simulated Losses

for Paralleled SS-PWM MOSFETs

Numbexr of Simulated Experimental Experimental
MOSFETs Losses Losses Losses
(MOSFETS) (Total) (MOSFETS)
1 15.64 W 47.8B2 W 15,64 W
2 11.15 W 43.42 W 11.24 W
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A time delay was simulated to see the effects on the losses when
two MOSFETs were used in parallel. This delay was implemented

experimentally by varying the gate drive resistors of both MOSFETs of

the parallel combination while observing their gate-source voltage Vgs-

The results are given in Table 4.4.2 for delay times of 250 nS and 500

nS. and compared with the no (minimal) delay case mentioned above.

Table 4.4.2 Comparison of Experimental, and Simulated Losses

for Paralleled SS-PWM MOSFETs with Switching Delays

Numberx of Simulated Experimental Experimental
MOSFETs Losses Losses Losses
(MOSFETS) (Total) (MOSFETS)
0 nS 11.15 W 43.42 W 11.24 W
250 nS 11.76 W 44.22 W 12.04 W
500 nS 12.02 W 45.42 W 13 24 W

4.4.7 summary of Losses for Two Paralleled MOSFETs SS-PWM

Topology

From the results obtained is this section it is seen that
paralleling MOSFETs will decrease the conduction losses because of the
decrease of the effective R;j,,,- Switching losses however will increase
because the parasitic capacitances Cgs and Cgq Wwill also increase

requiring more gate drive power to turn the devices on and off. This is

the same as in the case when MOSFETs in HS-PWM circuits are paralleled.
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The increase in the drain-source capacitances will have no effect on
losses because the load circuit will discharge them before the MOSFETs
are turned on. Also, as mentioned above, since it is unlikely that both
MOSFETs will turn on and off at the same time, there will exist a period
of time when only one MOSFET is conducting. During this period it will
seem as if only one MOSFET is used and the conduction losses will be the

same as in the single MOSFET case.

As switching frequencies are increased, the drive power required
to charge and discharge the parasitic capacitances will also increase.
Also, the time period when only one MOSFET conducts will become more
significant with respect to the on time of the MOSFET. This means that
the savings obtained by paralleling MOSFETs will decrease as switching
frequency increases, Since SS-PWM minimizes switching losses, higher
switching frequencies are used. This makes the delay time more
significant with respect to the on time of the MOSFETs. As the delay
time becomes more significant the gains obtained in efficiency by

paralleling MOSFETs are minimized.

From the experimental result it is seen that as more MOSFETs are
added in paraliel, the overclil losses decrease. The losses are not
halved when two MOSFETs are used in parallel because losses are incurred
when the gate-drain capacitance ng, and the gate-source capacitance Cgs

are charged and discharged during switching.
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When the MOSFETs within the paralleled combination were delayed

the losses increased due to the fact that one MOSFET had more conduction

losses.

4.5 Three Paralleled MOSFETs SS-PWM Simulated and

Experimental Results

The case where three MOSFETs are paralleled for a single switching
element was studied and found to Le similar to the two paralleled MOSFET
case. In order to prevent a repeat of section 4.4, only a summary of
the differences observed between the two cases will be presented in this

section.

When three MOSFETs were paralleled, the parasitic capacitances
Cgg' ng and g Were effectively placed in parallel and resulted in a
switching element which had three times the parasitic capacitances of
the single MOSFET case. This resulted in more drive power required to
switch the MOSFETs on and off. Also, for a given load current, it will
take longer for the MOSFETs drain-source and gate-drain capacitance, Cgg
and Cdg respectively, to discharge. This will decrease the effective
duty cycle of the converter and may cause switching losses 1if the
external snubber capacitors are not decreased. Also, when three MOSFETs
are oaralleled the effective Rggo, Will be one third that of the single

MOSFET case.
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As in the two paralleled MOSFET case, the MOSFET which turn on
first will carry the full load current. The load current will be shared
when the other MOSFETs tusn on in the steady state condition. Also, the
MOSFET which turns off last will conduct the full load current. Care
must be taken to ensure that the MOSFETs in the configuration can handle
the full load current for the brief time when only one device is
conducting. The differences in conduction times of the MOSFETs will
increase the effective Rggo, to a value greater than one third the value
observed 1in the single MOSFET case. In order to make the conduction
times similar it is necessary to match the MOSFETs input capacitance

Cigg: gate-source threshlold voltage Vgsthr and transconductance ggg.

4.5.1 Three Paralleled MOSFETs SS-PWM Simulated Results

The MOSFET model described in Chapter 2 was used in the full
bridge resonant circuit shown in Figure 4.2.1 to obtain simulated
results. The MOSFET model was paralleled so that a switching element
consisted of three MOSFETs. These MOSFETs where switched on and off at
the same time. The results presented in this section focus on the turn
on and turn off conditions since charging and discharging of the

parasitic components occurs during these intervals.

Figure 4.5.1 shows the turn off condition of the parallel
combination of MOSFET Q4A, Q4B and Q4C. When the MOSFETs drive signal
begins to discharge to - 12V at 140.4 uS, a gate-sourc2 current will

flow through the drive circuits. The negative current in the plot
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indicates that these are discharging currents flowing away from the

gate-source capacitance Cgs. Also, this current is the same magnitude
as in the single MOSFET case shown above in Figure 4.3.14. As expected,
this implies that the gate power required to drive three MOSFETs will be

triple that required to drive one MOSFET.

The three parallel MOSFET combination turns on at 140.45 uS.
Since the load current must be maintained through the resonant inductors
LSa and LSb, it will flow through all the MOSFKZATs drain-source, drain-
gate, and the external snubber capacitances. Also some current will
flow through the gate-source capacitances Cgs- The drain-source and
drain-gate capacitive currents are the same for all three MOSFETs in the
parallel combination because they have the same gate-source capacitance
Cgs and gate-source impedance wvalue in the simulation model. However,
the total capacitive current flowing through the paralleled MOSFET
combination is equivalent to the capacitive current flowing in the
single MOSFET case since the resonant load current is the same for both
cases. Also, the time the parasitic capacitors are conducting increases
from 0.175 uS to 0.450 uS when the MOSFETs are paralleled since the load
current is the same and the parasitic capacitances have increased.
Current will flow through the parasitic and the external snubber
capacitances of the paralleled combination of MOSFETs Q1 and Q4 until
MOSFETs Q1A, Q1B and QIlC have their drain-source capacitances Cqg
discharged to - Vdf. At this point, 140.85 uS, the anti-parallel body
diode Dyg of MOSFETs QlA, QIB and QI1C will start to con<oe:t and no

significant current will flow through the parasitic capacitances.
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Figure 4.5.2 shows the condition when the paralleled MOSFETs Q4A,
Q4B and Q4C turn on. At time 144.30 uS the MOSFETs QlA, Q1B and QlC
will turn off when their gate-source capacitances Cgs are discharged to
- Vgs. As described above, when the MOSFETs Q1lA, Q1B and QIlC stop
conducting through their drain-source channel, the drain-source, drain-
gate, and the external snubber capacitances of MOSFETs QlA, Ql1B, and Ql1C
will start to charge, and the drain-source, drain-gate, and the external
snubber capacitances of MOSFETs Q4A, Q4B and Q4C will start to discharge
in order to maintain the 1locad current through the resonant load
inductors LsSa and LSb. When the drain-source capacitances Cqe ©f
MOSFETs Q4A, Q4B and Q4C discharge to - Vdf at 144.75 uS, current will
flow through the anti-parallel body diodes Dgg of MOSFETs Q4A, Q4B and
Q4C. No significant current will flow through the parasitic capacitors
when the anti-parallel diodes Dgg 2re conducting. FPigure 4.5.2 shows
that MOSFETs Q4A, Q4B, and Q4C are turned on at 144.8 uS when their
gate-source capacitance Cgs is charged to + Vgs. This will cause
currents to flow through the gate-source capacitances Cgs and the gate-

drain capacitances ng of MOSFETs Q4A, Q4B, and Q4C.

Figure 4.5.3 shows when MOSFETs Q4A, Q4B and Q4C are turned off at
140.4 uS, the current flowing through their drain-source conduction
channel (ID(Q4A) + ID(Q4B) + ID(Q4C)), and the resonant inductor current
(I(LSA)) will be carried first by the parasitic and the external snubber
capacitances of MOSFETs Q1A, Q1B, Q1C and MOSFETs Q4A, Q4B, Q4C during
the interval between 140.5 uS and 140.85 uS. As mentioned above, since
the load current is the same as the single MOSFET case, and since the

parasitic capacitances have increased because of the paralleled
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combination, it will take more time to charge and discharge the MOSFETs
parasitic capacitances. From 140.85 uS, the current to the load will
flow through the anti-parallel body diodes Dgg of MOSFETs QlA, Q1B and
Q1C until they are turned on at 140.95 uS. When MOSFET Q1A C1B QIC turn
on, all the load current will flow through their drain-source conduction
channel. This happens because the three paralleled MOSFET combination
will have a voltage drop across the drain-source region which will not
bias their anti-parallel body diocdes Dygg on. This differs from the
single MOSFET case where current was flowing through both the anti-

parallel body diode Dgg and the MOSFETs drain-source conduction channel.

Figure 4.5.4 shows the condition before MOSFETs Q4A, Q4B and Q4C
turn on. First, the load current will flow through the parasitic and
the external snubber capacitors of MOSFETs Q1A, Q1B, Q1C and MOSFETs
Q4A, Q4B, Q4C when “OSFETs QlA, Q1B and Q1C are turned off at 144.3 uS.
Current will then flow through the anti-parallel body diodes Dgzg oOf
MOSFETs Q4A, Q4B and Q4C until these MOSFETs are turned on by their gate
signal at 144.85 uS. At this point current will only flow through the
drain-source conduction channels of MOSFETs Q4A, Q4B and Q4C and not
through their anti-parallel body diodes Dgg. This happens because the
paralleled MOSFETs effective Rgg5o, is low enough so that the voltage
generated by the load current will not bias their anti-parallel body
diode Dgg On. Some current does flow through these diodes because of
their reverse recovery interval. In Figure 4.5.4 this happens from

144.85 uS tc "45.00 usS.
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4.5.2 Three Paralleled MOSFETs SS-PWM Experimental Results

Experimental results were obtained when the S8S-PWM circuit shown
in Figure 4.2.1 was connected with three MOSFETs connected in parallel.
The experimental results obtained along with the simulated results are
shown in Table 4.5.1. Simulated results were obtained by using the
PSPICE program to simulate the circuit using the MOSFET model described
in Chapter 2. The PROBE sub-program of PSPICE was used to graph the
waveforms and mathematically generate loss plots which were then read
from the graph by the cursor function. The experimental results were
obtained by measuring the input power to the bridge and subtracting the
output power of the diode filter. The losses of the transformer,
diodes, and filter inductor were estimated and subtracted from the final
as described in section 4.3.6. Table 4.5.1 shows a

loss result

comparison of the experimental and simulated results.

Table 4.5.1 Comparison of Experimental, and Simulated lLosses

for Three Paralleled SS-PWM MOSFETs

Number of Simulated Experimental Expexrimental
MOSFETs Losses Losses Losses
( MOSFETS) (Total) ( MOSFETS)
1 15.64 W 47.82 W 15.64 W
2 11.15 W 43.42 W 11.24 W
2 10.47 W 41.82 W 9.64 W
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The total MOSFET losss when they were connected in paralleled for
both the simulated and experimental cases were plotted for comparison

and shown in Fiqure 4.5.5.
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Figure 4.5.5: Plot of Simulated and Experimental Losses ror

Paralleled MOSFETs used in the SS-PWM Topology

4.5.3 summary of Losses for Three Paru:leled MOSFETs SS-PWM
Topology

From the results obtained is this section it is seen that
paralleling three MOSFETs will decrease the conduction losses because
of the decrease of the effective Rggo,-  Switching losses however will

increase because the parasitic capacitances Cgg and (Cgq will also
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increase requiring more gate drive power to turn the devices on and off.

This is the same as in the case when MOSFETs in HS-PWM circuits are
paralleled and when two MOSFETs are paralleled in SS-PWM circuits. The
increase in the drain-source capacitances Cgg will have no effect on
losses because the load circuit will discharge them before the MOSFETs
are turned on. Also, as mentioned above, since it is unlikely that all
the MOSFETs will turn on and off at the same time, there will exist a
period of time when only one MOSFET is conducting. During this period
it will seem as if only one MOSFET is used and the conduction 1losses

will be the same as in the single MOSFET case.

As switching frequencies are increased, the drive power required
t> charge and discharge the parasitic capacitances will also increase.
Also, the time period when only one MOSFET conducts will become more
significant with respect to the on %“ime of the MOSFET. This means that
savings obtained by paralleling MOSFETs will! decrease as switching
frequency increases. Since SS-PWM minimizes switching losses, higher
switching frequenvies are used. This makes the delay time more
significant with respect to the on time of the MOSFETs. As the delay
time Dbecomes more significant the gains obtained in efficiency by

paralleling MOSFETs are minimized.

From the experimental results it is seen that as more MOSFETs are
added in parallel, the overall losses decrease. The losses do not
decrease to a thiyd when three MOSFETs are used in parallel because
losses are still incurred when the gate-drain capacitance ng and the

gate-source capacitance Cgs are charged and discharged during switching.
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It was also observed that when three MOSFETs were paralleled the savings

were minimal as compared to the case when two MOSFETs were paralleled.
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CHAPTER 5

COMPARISON BETWEEN HARD AND SOFT SWITCHING CONVERTERS WITH

PARALLELED MOSFETS

5.1 Introduction

In this section the advantages and J sadvantages of paralleling
MOSFETS are considered for the HS-PWM and SS-PWM topologies. A
simpl®fied procedure is also presented and explained which allows the
designer to determine if paralleling MOSFETs in either topology will

ield any savings in poweir dissipation.

5.2 Advantages and Limitations of Paralleling MCSFETs in the

HS-PWM Topology

In Chapter 3, the HS-PWM t .pology was studied when a single and

paralleled MOSFET were used as switching elements. It was observed

anaitytically =ard experimentally that total losses increased when two
MOSFETs were paralleled in the HS-PWM topology. Also when three
paralleled MOSFETs were used as a switching element, the total losses
also increased compared to the losses observed in the single MOSFET

case. Although the effective Rggpop ©f the paralleled combination
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decreased, the energy lost in switching the MOSFETs on and off increased

because of the increased .arasitic capacitances. Since the HS-PWM
topology does not discharge the drain-source and drain-gate capacitances
before the MOSFET is switched on, these capacitances will be forced to

discharge through the MOSFET when it turns on.

The variations of the MOSFETs input capacitance Cjgg, the gate-
source threshold voltage Vgsth' and transconductance ggg, will cause the
MOSFETs in the parallel combination to turn on and off at different
times. This will prevent the effective Rggon from being 1/n that
observed in tle single MOSFET case when n MOSFETs are paralleled. Also,
the MOSFET which turns on first must carry the full load current and
also discharge the drain-source capacitance Cgg of the other MOSFETs 1in
the parallel combination. This must be considered when selecting the

MOSFET.

The effectiveness of paralleling MOSFETs in thr~ HS-PWM topology to
decrease the losses is dependent on the load current, the switching
frequency of the converter, the on drain-source resistance Rygpops and
the parasitic capacitances Cgg, Cgs' and ng. By observing the
switching waveforms obtained in Chaipter 3, the power lost in the
parasitic capacitances Cgg- Cygs and Cygq: can be approximated by the

following equation:

Peap =%(C\.‘-v_\.\2 +Cu- Vit +Cot-Vid* ) f (5.1)




where
Vgs is the gate-source voltage
Vgs 1s the drain-source voltage
ng is the gate-drain voltage, and

f is the switching frequency.

The conduction losses, Pgopgq: can be approximated by the following

equation:

Poma = IJ2 ‘Rdum'tnn'f (5.2)

where
Ig is the drain current, and

ton 18 the on time of the MOSFET.

The off losses, Pg¢yg, are approximeted by the following equation:

Pop = Lo -Vaa - toyy - f (5.3)

where
I4gsg is the leakage current which flows when the
MOSFET is turned off.
V4gq is the applied DC bus voltage, and

toff is the time the MOSFET is turned off.
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The transition losses, Pjyraps: @lso known as the switching losses

are approximated by the following equation:

1
Plran\ = E . (ld 'Vd() . ([mvllv"f' t(yftdls) 'f (5.4)

where
V4e is the drain source voltage at turn off,
tondly is the MOSFE1< turn on delay time, and

toffdly 1s the MOSFETs turn off delay time.

The total MOSFET losses, Peot: is the sum of all these losses:

P11)1=P¢un+P(md+Put/+P1rum (5.95)

From the equa‘*ions above it 1is seen that 1if the switching
frequency and load current are kept constant, then paralleling MOSFETs
will increase the P.yp and rofr 1osses, and decrease the Pcond losses.
The transition losses Pgpjpe Will remain the same for the paralleled
combination. Intuitively it can be seen that if pcap and P,rr are a
significant part off the losses, paralleling will have a minimal effect
on decreasing the MOSFET losses. If the conduction losses P,, 4 form a
significant part of the losses, then paralleling will have a larger

>offect on decreasing the switching losses. The ratio of conduction




losses Pgopg to total losses Py, can be used as a figure to determine
the effect of paralleling. The closer this ratio is to 1, the greater

the effect paralleling will have in decreasing losses.

The following simplified procedure should be used to determine if
paralleling will have a significant effect on decreasing the MOSFET
losses. It can also be used to determine which MOSFET will have the
greatest impact when they are paralleled.

1) Determine the conduction losses Prond: by using equation 5.2. This
equation assumes that the MOSFETs will turn on at the same time.
Although this is very unlikely, it does not matter in this comparison

since exact values are not important.

2) Determine the parasitic capacitance losses Poap: by using equation

5.1.

3) vetermine the off losses P,frr, by using equation 5.3.

4) Determine the transition losses Pg,zpg: by using equation 5.4.

5) Calculate the total losses Pyo+, by using equation 5.5.

6) Determine tne ratio of conduction losses to total losses by using the

following equation:
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Pumd

CL = (5.6)

tor

The closer this number 1is to one the greater che effect in

decreasing the losses when the MOSFETs are paralleled.

At this point the designer may wish to consider using other
MOSFETs which will have a larger portion of its total iosses due to its
Rgson- Of course it is desirable that the new MOSFET selected will
achieve this by decreasing its overall losses. Steps 1 to 6 should be
repeated until an acceptable solution considering cost, design, and

component limitations is reached.

nce a MOSFET 1is selected the effects of paralleling can be

assessed by using the following steps.

1) Use equation 5.7 below to determine the total losses Ptot(n)' for
different paralleled MOSFET combinations. Although this equation is
valid for any number of MOSFETs, it is recommended that for practical

reasons, no more than two MOSFETs 1n parallel should be considered.

lem
n

1.,
Plul(n)z(—)-‘Pt('nd+n'(leU+P(uf)+ (5.7)
n

where n is the number of MOSFETs in parallel.

2) The total MOSFET losses Ptot(n) as a function of the number of

MOSFETs n, could then be plotted to illustrate the effect on paralleling
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on the 1losses as different MOSFETs are paralleled. An example

illustrating this procedure is given in Appendix A.

For most modern switching power supplies using HS-PWM, paralleling
MOSFET: will not decrease total losses even though individual MOSFET
losses will decrease. Some improvement may result when the switching
frequency is decreased since this will make the conduction losses more
significant with respect to the total MOSFET losses. This 1is not
desirable since the magnetics in the power supply will have to increase
in size. Also, the transition losses are a significant portion of the
losses and are not affected by the number of MOSFETs that are
paralleled. Therefore, the MOSFETs parameters mentioned above should be
considered before they are paralleled. From Appendix A, it is obse:ved
that paralleling some MOSFETs will increase overall losses while
paralleling others will decrease the overall losses. The closer the CL
coefficient 1is to 1, the more optimal results will be obtained when
MOSFETs are paralleled. However, this may not yield a combination which
will give the lowest total MOSFET losses. It is recommended that the
analysis described above be done to determine which combination of
MOSFETs will yield the best results. The other advantage obtained by
paralleling MOSFETs is that the lower individual MOSFET losses will
allow the MOSFETs junction to operate at a lower temperature. This
allows the converter's heatsink to be smaller for a fixed ambient and
junction temperature. Appendix C shows an analysis comparing heatsink

size required for difierent parallel combinations of MOSFETs.
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5.3 Advantages and Limitations of Paralleling MOSFETs in the

SS-PWM Topology

In Chapter 4, the SS-PWM topology was studied when a single and
paralleled MOSFETs were used as switching elements IL was observed
analytically and experimentally that total losses decreased but did not
drop to half the value when two MOSFEls were paralleled in the SS-PwM
topology Also when three paralleled MOSFETs were used as a switching
element, the total losses decreased but were not less than a third of
the losses observed in the single MOSFET case. Although the eiffective
R4ygson ©f the paralleled combination decreased, energy was lost in
switching the MOSFETs on and off and this energy increased because of
the increased gate-source capacitance Cgs and gate-drain capacitance
ng. The 1ncrease 1in tne drain-source capacitance had no effect on the
losses since it continued to be discharged by the 1load current. The
increased drain-source rapacitance did increase the time required to
discharge it since the load current was the same as in the single MOSFET
case. This decreased the available duty cycle available for regulation

of the power supply.

As in the HS-PWM topology, the variations of the MOSFETs input
capacitance Cjgqq. the gate-source threshold voltage Vgsth» and
transconductance gg.,, Will cause che MOSFFTs in the parallel combination
to turn on and off at difterent times. This will prevent the effective
Rgson from being 1/n that observed in the single MOSFET case when n
MOSFETs are paralleled. Also, the MOSFET which turns on first must

carry the full 1load curient and also discharge the drain-source
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capacitance Cg4g of the other MOSFETs in the parallel combination. This

must be considered when selecting the MOSFET.

The effectiveness of paralleling MOSFETs in the SS-PWM ‘opology to
decrease the losses is dependent on the load current, the switching
frequency of the converter, the on drain-source resistance Rggop: and
the parasitic capacitances Cgs' and Cqd- By observing the switching
wvaveforms obtained in Chapter 4, the power lost in the parasitic

capacitances Cgs and ng, can be approximated by the following equation:

P(up:—;"(Cg’\'VN\Z+C(;J‘VX1]2)‘f (5.8)

where
Vgs is the gate-source voltage
ng is the gate-drain voltage, and

f is the switching fiequency.

The conduction losses P.qopq: consist of the two seperate losses
which occur when the MOSFET is turned on. The first loss Pgg, is due to
the current flowing through the drain source conduction channel. The
second loss Pgyijodge 1S due to the current flowing through the anti-
parallel body diode D4g. There are also two conditions of operation
during the turn on period. If the drain current I4 is not large enough
to forward bias the anti-pareallel diode Dgyg, then all of 1t will flow
through the drain-source conductiun channel of the MOSFET and the losses

can be approximated by equation 5.10 If the drain current Iy is large
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enough to forward bias the anti-parallel diode Dgg then current will

flow through both the drain-source conduction channel of the MOSFET and
it anti-parallel body diode Dgg- The losses in this case can be

approximated by equation 5.11.

Poond = Pay + Paioue 15.9)
Pind = 10* - Rion ton- (5.10)
if i< Va or,
Ruon
Piona = (((-Yif—z--%-(l‘/—- i )-Va) v+ (L7 Ram-12)) - f (5.11)

dvon dvon

Jon
where

Iz 1s the drain current flowing through

the MOSFET,

Vgqr 1s the voltage drop across the anti-parallel
MOSFET diode Dyg.

t; 1s the time both the MOSFEls drain-source
channel and diode Dyg are conducting,

ts 1s the time when only the diode Dgygq

is conducting,

ton 1s the time the MOSFET is turned on, and

f is the switching frequency.
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The off losses, Pyry, consist of two separate losses. These

losses are the leakage losses Pjgax, which occur when the MOSFET is
turned off and it is blocking a drain-source voltage, and the reverse
conduction losses Pg;,, wWhich occur when the MOSFET is off and current
is flowing through the anti-parallel body diode Dgs - These losses can

be approximated by the following equation:

Pt{”':lel’f‘Pdm (5.12)

Poy =(luys - Vaa-tog + 1u-Vyr - 23)- f (5.13)

where
T4qsc 1= the leakage current which flows when the MOSFET
is turned off and a drain-source voultage is applied,
Vqg is the applied DC bus voltage,
V4f is the anti-parallel diode Dgg voltage drop,
torF is the time the MOSFET is turned off, and

t3 is the time the anti-parallel diode Dgg conducts.

For the SS5-PWM topoloay there are no transition losses because the

MOSFETs voltage is zero when it turn on and its drain-source current is

diverted to the snubber capacitors when it is turned off.

The total MOSFET losses, Ppoe, s the sum of all these losses:

Pt = Pup+ Poona + Pogr (5.14)
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From the equations above it is seen that if the switching

frequency and load current are kept constant, then paralleling MOSFETs
will increase the Pp,p, and Pyrr losses, and decrease the P,,p4q losses.
This was similar in the HS-PWM case. However, the Pcap losses are less
in the §85-PWM topology because the drain-source capacitance Cg,

discharged by the resonant load current. Intuitively it can be seen
that if Pcap and P,rr are a significant part of the losses, paralleling
will have a minimal effect on decreasing the MOSFET losses. If the
conduction losses P,o,q9 form a significant part off the losses, then
paralleling wili have a larqer effect on decreasing the switching
losses. The ratio of conduction losses P,opg to total losses Py, can
be used as a figure to determine the effect of paralleling. The closer
this ratio is to 1, the greater the effect paralleling will have in

decreasing the losses.

The following simplified procedure should be used to determine :f
paralleling will have a significant effect on decreasing the MCSFET
losses. It can also be used to determine which MOSFET will have the

greatest impact.

1) Determine the conduction losses Pgy,4, by using equation 5.10 or
equation 5.11 depending on the value of Igq with respect to Vg4f, n, and
R4son- This equation assumes that the MOSFETs will turn on at the same
time. Although this is very unlikely, it does not matter in this

comparison since exact values are not important.
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The times t; and tp; can be obtained by simulation of the resonant

circuit and the load.

2) Determine the parasitic capacitance losses Pcap, by using equation

5.8.

3) Determine the off losses P,gr, by using equation 5.13. The time tj

can be obtained by simulation of the resonant circuit and the load.

4) Calculate the total losses Py,¢, by using equation 5.14.

5) Determine the ratio of conduction losses to total losses by using the

foilowing equation:

P cond
Pron

CL =

(5.15)

The closer this number is to one the greater the effect in decreasing

the losses when the MOSFETs are para’leled.

At this point the designer may wish to consider using other
MOSFETs which will have a larger portion of its total losses due to its
Rdson - Of course it is desirable that the new MOSFET selected will
achieve this by decreasing its overail losses. Steps 1 to 5 should be

repeated until an acceptable solution considering cost, design, and

component limitations is reached.
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Once a MOSFET is selected the effects of paralleling can be

assessed by using the following steps.

1) Use equation 5.16 or equation 5.17 depending on the value of I4 with
respect to Vgr, n, and Rggon to determine the total losses F.ot(nyr for
different paralleled MOS.El combinations. Although this equation is
valid for any number of MOSFETs, it is recommended that for practical
reasons, no more chan tw. MOSFETs 1n parallel should be considcrod in

SS-PWM topologies.

L
Pioim=n ‘((—)h *Rivnston+ T Vaaotop + Li - Var - 11+ P(.m) : f (5 16)
n
Vi
if Lo<—L or,
RJ\un
Valn 1s-Vyen l: s
P = n-((( + (LN Vi + () Rueom 12
Rdum Ru’um n
+lon Vs toy + 1e-Var - t3+ Pp) - f (5.17)
Vi
if Li>—
RJ\U"

2) The total MOSFET losses ‘tot(n) 2as a function of the number of
MOSFETs n, could then be plotted to illustrate the effect on paralleling
on the losses as different MOSFETs are paralleled An example

illustrating this procedure is given in Appendix B

For most modern switching power supplies using SS-PWM, paralleliag

MOSFETs will decrease the total losses. I'hese losses however will not
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decrease to 1/n the losses observed for a single MOSFET because the

leakage losses Pj,,, and the parasitic capacitance losses P i1ncrease

cap
as MNSFETs are paralleled Also, the overall off diode losses Py;. will
stay the same as MOSFETs are paralleled Some 1mprovement may 1esult
when the switching frequency is decreased since this will make the
conduction losses more significant with respect to the total MOSFEY
losses This 1s not desirable since the magnetics in the power supply
will have to increase 1n size Therefore, MOSFETs should br. paralleled
if decreasiuqg the losses 18 the main criteria when SS-PWM tupologiles are
used Of course the increased cust of MOSFETIs must be considered and
assessed In some applications where space 1s limited, 1t may be the
only solution a designer has to fit the converter i1n the given area. In
cost sensitive applications, paralleling may not be desirable 1f the

efficiency specifications are met
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CHEAPTER 6

SUMMARY and CONCLUSIONS

6.1 Summary of the Thesis

MOSFCTs are paralleled to obtain higher current handling
capabilities, and to lower losses A simplified MOSFET model was
presented 1n Chapter 2 which considers the parasitic capacitances and
inductances This model was found to give reasonable results and not
require long simulation times Considerations in paralleling MOSFETs
were also discussed in Chapter 2 Dynamic and static current sharaing
were discussed and the MOSFET parasitic variations were presented to

show that these vary significantly from device to device.

Chapter 3 discussed the HS-PWM topology used in this thesis and
the MOSFETs losses observed during operation. This section was divided
into theoretical and simulated, and experimental sections The
theoretical and simulated section described the effects of switching on
the MOSFETs parasitic capacitances using the model described in Chapter
2. The experimental section presented results that were obtained in the
laboratory and compared with the losses obtained by simulation. This
format was repeated for single MOSFETs, two MOSFETs connected in

parallel, and three MOSFETs connected in parallel.
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Chapter 4 discussed the SS8-PWM topology used 1n this thesis and
the MOSFET losses observed during operation This section was divided
1into theoretical, simulated and experimental sections The theoretical
section presented the analytical results that were expected when the
MOSFETs were operating 1n the SS-PWM topoloay The simulated results
show the PSPICE results which were obtained when the MOSFET model
described 1n Chapter 2 was wused 1n  the  SS-PWM topology The
experimental section presents results which were obtained 1n the
laboratory and compared with the results obtained bv simulation This
tormat was repeated for single MOSFEIs, two MOSFETs connected 1n

parallel, and three MOSFETs connected in patallel

The results obtained in Chapter 3 and Chapter 4 were summarized 1in
Chapter 9 The advantages and disadvantages ot parallelina MCSFETs 1in
HS-PWM and SS-PWM were also reviewed. In this section a simplified

procedure was discussed which would help the designer to determine 1t

paralleling MOSFETs would reduce losses 16 HS-PWM and 5S-PWM topologies

6.2 Conclusions

The effectiveness of paralleling MOSFETs 1is dependent on the
MOSFETs, the topology and the operational parameters of the converter.
Determining the exact power losses due to parasitic parameters was found
to be difficult because these parameters are not tightly specified 1in

the manufacturers data sheets. This 15 because these parameters vary
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widely from device to device Also, the layout parasitics such as lead

inductances and capacitance will aftect the loss results

Paralleling MOSFETs for HS-PWM topologies lowered the individual
MOSFET losses but not the overall switch losses This occurred because
the drain-source capacitance C4qs: the gate-drain capacitance Cqq and
the gate-source capacitance Cgs+ increased when MOSFETs are parallcled
The 1individual MOSFET conduction losses due to the Rison decreased and
because the drain current I4 is less, overall switch conduction losses
decreased as well The individual MOSFET transition losses also
decreased, but the overall switch transition losses remained the same
The effectiveness of paralleling MOSFETs 1in HS-PWM topologies depends on
the ratio of conduction losses to the overall losses This ratio cat be
approximated by the formulas described 1n Chapter 6 and should be used
to determine the effectiveness of paralleling before the decision 1s

made to parallel MOSFETs.

The variation of the MOSFETs parasitic parameters also reduce the
effectiveness of paralleling MOSFETs by allowing one MOSFET to turn on
before the other. As a result the MOSFETs should be chosen to have
similar gate-source threshold voltage Vggpp. 1nput capacitance Cjgq. and

transconductance ggg.

Paralleling MOSFETs for SS5-PWM topologies lowered the individual
MOSFET losses and the overall switch losses This occurred because the
drain-source capacitance Cygs was discharged by the resonant load curient

before the MOSFETs were turned on and there were no transition losses.
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The individual MoSTET conduction leosses due to the Ry, decreased and

because the drain current Iy 1s less, overall switch conduction losses
decreased as well The effectiveness o1 paralleling MOSFEIs 1n SS-PWM
topolugies depends on the ratin of conduction losses to the overall
losses This ratio can be approxamated by the formulas described 1n
Chapter 5 1and should be used tn deterimine the effectiveness ot
paralleling betftore the decision 1s made to parallel MOSFETs As in HS-
WM case the ga.e sovrce threshold voltage Vgsth: the 1nput capacitance
C

15 and the transconductance gdrg should be similar for the MOSFETs

being paralleled so tnat the, will turn on and oft at the same time

Finally, when  MOSIEls are paralleled the lavyout should be
symuetrical with respect to the power circuit and the drive circult
Similar drain-sourlce circult traces will ensure simlilar drain impedance
which will 1mprove dynamic current sharing Similar drive circuit
trares will ensure similar gate-source impedance. allowing the devices

to turn on at the same time and optimizing the eftect ot parallelino.

6.3 Suggestions for Future Work

Future work on paralleling MOSFETs should concentrate on SS-PWM

techniques since this topology gives the best results. The MOSFET model

presented in Chapter 2 should also be improved by adding more parasitic

components as computer speeds increase.
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Work on a more realistic PSPICE simulation model should consider
the printed circuit board layout parasitic inductances and capacitances
Again, this becomes more feasible as computer speeds 1ncrease,

decreasing the simulation times required for analysais.

Optimization of paralleled MOSFETs would result 1f the devices
turn on and off at the same time. Work should be done to design a
circuit which can monitor the turn on and turn off characteristics of
the MOSFETs and control the driver for each individual device In order
to minimize the drawbacks, this circuit should not significantly

increase the switching time of the MOSFETs
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APPENDTX A

Mathcad Spreadsheets used to Determine the Effectiveness
Paralleling MOSFETs in the HS-PWM Topology

Appendix Al Program to Determine the Effectiveness of Paralleling

IRF720 MOSFETs in the HS-PWM Topology

Appendix A2 - Program to Determine the Effectiveness of Paralleling
IRF730 MOSFETs 1n the HS-PWM Topology

Appendix A3 - Program to Determine the Effectiveness of Paralleling
IRF740 MOSFETs in the HS-PWM Topoloay
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Appendix A1

Program to Estimate the Effectivness of Paralleling IRF720 MOSFETs in the HS-PWM
Topology

Units:

m - 0.001 ohm | Hz 1
u-mm F 1 w1
n um S 1

p-nm Al

K 1000 AVER

Parameters : MOSFET IRF720
Rdson  1.8-ohm

Ciss - 600:pF tondly 40-n-S Idss  I'mrA
Coss  200-pF toffdly 100 n-S
Crss  40-pF

Application Parameters:

Id 3A Dratn Current

d 0.3 Duty Cycle

Vdd - 400V Applied Drain-Source Voltage
Vgs 12V Apphed Gate-Source Voltage
f 128 K-Hr Switching Frequency

Calculations:
Cgs  Ciss Crss Cds  Coss Crss Cdg  Crss
Cgs = 560+p F Cds = 160+ p-F Cdg = 30+p-F
\,' \.
ves 2 \ps Vdg ~fd S\ Vds --fd
Ves =245V - -
Vdg =224V Vds =200V
1 !
ton - -d toff (1 )
f f
ton = 2.3344-u-S toff =5.46Y9-u 8§

Step 1: Calculation of Conduction Losses

Peond - 1d°-Rdson-ton f (5.2)
Pcond = 4.86°W




Step 2: Calculation of Parasitic Capacitance Losses

1
Pcap = -2--(Cgs-Vgs2 - Cds-Vds2 - Cdg-Vdgz)-f (5.1)

Pcap =(0.559-W

Step 3: Calculation of Off Losses
Poff = Idss-Vdd-toff-f (5.3)
Poff =0.28 W

Step 4: Calculation of Transition Losses

-Vds- . ,
Ptrans lﬂ__d_s_(_xgn%ly toffdly)

f 5.4)

Ptrans = 5.376*W

Step 5: Total MOSFET Losses

Ptot; - Pcond - Pcap - Poff - Ptrans {5.5)
Prot; = 11.075-W

Step 6: Calculation of Effectivness Coefficient CL

cu - Peond (5.6)
Plol]

CL =0.439

Step 7: Calculation of Paralleled MOSFET Losses (Individual)

n-2.3
] 2 Puans

Pot, - (-) -Pcond - (Poff - Pcap) ~ —— (5.7)
n n

Plot, = 4.742-W {2 MOSFETS)

Plot, =3.171-W (3 MOSFETSs)




Step 8: Calculation of Paralieled MOSFET Losses (Total)

n 1.3

Ptonn Ptotn n

{1 MOSFET)
(2 MOSFETS)
{3 MOSFETs)

Pton‘ =11075-W
Plott, =9.483-W
Ptott, =9.512-W

Step 9: Plot of Paralleled MOSFET Losses (individual and Total)

n 1.3
l: 7
2 S
| o f— i
| N \x—
| 9 .
1 . \
| MOSFET Pwln \\
Losses N
(W) Pmun \\
x 6
N
5 > r\
1

-

Number of MOSFETSs




Appendix A2

Program to Estimate the Effectivness of Paralieling IRF730 MOSFETS in the HS-PWM
Topology

Units:

m = 0.001 ohm =1 Hz =1
u = mm F:-1 W =1
n=um S:1

p=nm A =]

K - 1000 V=1

Parameters : MOSFET IRF730
Rdson = 1.0-ohm

Ciss = 800-p-F tondly = 30-n-S Idss = I'm-A
Coss = 300-p-F toffdly = 55-n-S
Crss = 80-p-F

Application Parameters:

Id - 3-A Drain Current

d =03 Duty Cycle

Vdd = 400V Applied Drain-Source Voltage
Vgs = 12V Applied Gate-Source Voltage
f-128-K-Hz  Switching Frequency

Calculations:
Cps = Ciss - Crss Cds = Coss - Crss Cdg = Crss
Cgs = 720-p-F Cds =220:p-F Cdg =80+p-F
Vdd vd
Vgs = 2:Vgs Vdg = — - Vgs Vds = vad
Vgs = 24-V 2
Vdg =224-V Vds =200V
1 ]
ton = —-d toff = —-(1 - d)
f f
ton = 2.344+u-S toff =5.469 -u-S

Step 1: Calculation of Conduction Losses

Pcond = 1d>-Rdson-ton-f (5.2)
Pcond =2.7-W




Step 2: Calculztion of Parasitic Capacitance Losses

1
Peap - 5-(Cgs'Vg52 + Cds-Vds? + Cdg-Vdg')-f

Pcap = 0.847-W

Step 3: Calculation of Off Losses
Poff = ldss-Vdd-toff-f (5.3)
Poff =0.28 -W

Step 4: Calculation of Transition Losses

_ Id-Vds:(tondly -+ wffdly)

Ptra f 5.4
ns 5 (5.4)

Puans = 3.264-W

Step 5: Total MOSFET Losses

Ptot, = Pcond + Pcap - Poff - Ptrans (5.5)

Ptot, =7.091 -W

Step 6: Calculation of Effectivhess Coefficient CL

) Pcond
Ptoll

CL

(5.6)

CL =0.381

Step 7: Calculation of Paralleled MOSFET Losses (I

n=2.3
| 2 Ptrans
Prot, - (—) -Pcond ~ (Poff - Pcap) -~ -T
n

Ptot, =3.434-W (2 MOSFETS)
Prot, =2.515-W (3 MOSFETS)

(5.1)

ndividual)

(5.7)




Step 8: Calculation of Paralieled MOSFET Losses (Total)
n=1.3

F‘tonn = Plotn~ n

Prott, =7.091 W (1 MOSFET)
Ptotty =6.867 *W (2 MOSFETSs)
Ptott; =7.544 W (3 MOSFETS)

Step 9: Plot of Paralleled MOSFET Losses (individual and Total)
n=1.3

MOSFET Plot, \

Losses © 5
(W) P_:nn \
4 \\

1 1.5 2 25 3
n

Number of MOSFETs




Appendix A3

Program to Estimate the Effectivness of Paralleling IRF740 MOSFETs in the HS-PWM
Topology

Units:

m = 0.00! ohm = 1 Hz =1
u=mm
n:um
p=nm
K = 1000

<> v
" "

Parameters : MOSFET IRF740
Rdson = 0.55-ohm

Ciss = 1600-p-F tondly = 35-n-S Idss = I'mA
Coss = 450-pF toffdly = 90-n-S
Crss - 150-p-F

Application Parameters:

Id - 3-A Drain Current

d=03 Duty Cycle

Vdd = 400V Applied Drain-Source Voltage
Vgs = 12:V Applied Gate-Source Voltage
f-128KHz Switching Frequency

Calculations:

Cgs = Ciss - Crss Cds = Coss - Crss Cdg = Crss
Cgs = 14510 *p-F Cds = 300+pF Cdg = 150+pF
\Y \Y
Ves = 2-Vgs vdg - Y9 vg, vds - Y4
Vgs = 24+V 2
Vdg =224+V Vds =200V

1 1
ton = —-d toff = —-(1 - d)

f f
ton =~ 2.344-u-S toff = 5.469-u-8

Step 1: Calculation of Conduction Losses

Peond = 1d>Rdson-ton-f (5.2)
Pcond = 1.485°W




Step 2: Calculation of Parasitic Capacitance Losses
1
Peap - 5-(Cgs-Vgsz - Cds-Vds? - Cdg-Vdg?) -1 (5.1)

Pcap =1.303-W

Step 3: Calculation of Off Losses
Poff = Idss-Vdd-toff-f (6.3)
Poff =0.28-W

Step 4: Calculation of Transition Losses

_ 1d-Vds-(tondly -~ toffdly)

Ptrans 3 f (5.4)
Ptrans =4.8-W

Step 5: Total MOSFET Losses

Ptot, = Pcond - Pcap - Poff - Ptrans (5.5)

Ptot, =7.868 - W

Step 6: Calculation of Effectivness Coefficient CL

L Pcond (5.6)
Ptot,
CL =0.189

Step 7: Calculation of Paralleled MOSFET Losses (Individual)

n=2.3

trans

(5.7)

1\2 P
Plot, - (—) ‘Pcond - (Poff + Pcap) -~
n n

Ptot, =4.354-W (2 MOSFETS)
Ptot, =3348-W (3 MOSFETS)




Step 8: Calculation of Paralleled MOSFET Losses (Total)
n:=1.3

Prott, = Ptotn

Prott, =7.868-W (1 MOSFET)
Pott, = 8.709°-W (2 MOSFETSs)
Piott; = 10.044-W {3 MOSFETSs)

Step 9: Plot of Paralleled MOSFET Losses (Individual and Total)
n-1.3

MOSFET Pot,

Losses © 4
W) Prott, \¥

n

Number of MOSFETs



APPENDIX B

Mathcad Spreadsheets used to Determine the Effectiveness of
Paralleling MOSFETs in the SS-PWM Topology

Appendix Bl - Program to Determine the Effectiveness of Paralleling
IRF720 MOSFETs in the SS-PWM Topology

Appendix B2 - Program to Determine the Effectiveness of Paralleling
IRF730 MOSFETs in the SS-PWM Topology

Appendix B3 - Program to Determine the Effectiveness of Paralleling
IRF740 MOSFETs in the SS-PWM Topology

195




Appendix B1
Program to Estimate the Effectivness of Paralleling IRF720 MOSFETSs in theSS-PWM

Topology

Units:

m = 0.00] ohm =1 Hz =1
u=mm F=1 W1
n =um S=1

p = nm A =1

K = 1000 V=1

Parameters : MOSFET IRF720
Rdson = 1.8-ohm

Ciss = 600-p-F tondly = 40-n-S
Coss = 200-p-F offdly = 100:n-S
Crss = 40-p'F

Application Parameters:
Id = 5A Drain Current

Vdd - 400V Applied Drain-Source Voltage
Vgs = 12V Applied Gate-Source Voltage
f - 128-K-Hz  Switching Frequency

ton = 1.5u-S MOSFET Conduction Time
toff = 2.5-u-S MOSFET Off Time
t3 =0.2:uS MOSFET Diode Conduction Time

Calculations:

Cgs = Ciss - Crss Cds = Coss - Crss
Cgs =560-p-F Cds = 160+p-F
Vgs = 2:Vgs Vdg = Vdd -~ Vgs
Vgs =24-V

Vdg =424-V

Step 1: Calculation of Conduction Losses

Pcond - Id%-Rdson-ton-f (5.10)
Pcond =8.64*W

Idss = I'm-A
vdf = 1V

Cdg = Crss
Cdg =40+p-F

Vds = 0




Step 2: Calculation of Parasitic Capacitance Losses

Pcap - %-(Cgs-Vg'f - Cdg-Vdgz)-f (5.8)

Pcap =0.481-W

Step 3: Calculation of Off Losses

Poffl = Idss:Vdd-toff-f Poff2 - Id-Vdf-t3.f
Poff = Poffl + Poff2

Poff =0.256°W

Step 4: Total MOSFET Losses
Ptot; = Pcond - Pcap - Poff {5.14)
Pot, =9.377-W

Step 5: Calculation of Effectivness Coefficient CL

L - Pcond

5.15
Ptot, ( )

CL =0.921

Step 6: Calculation of Paralleled MOSFET Losses (Individual)

n=2.3
1\2 1

Prot, = (~) Pcond - (Poff 1 ~ —Poff2 - Pcap (5.16)
n n

Piot, =2.833:W (2 MOSFETSs)

Prot; = 1.612°W (3 MOSFETSs)

Step 7: Calculation of Paralieled MOSFET Losses (Total)
n=1.3

Prott, = Prot'n
Prott; =9377W (1 MOSFET)
Prott, = 5.666-W (2 MOSFETS)

Prott, = 4.835-W (3 MOSFETS)




Step 8: Plot of Paralleled MOSFET Losses (Individual and Tcial)
n=1.3

Prot 6 \\
MOSFET o

Losses Pron

W) X4 <

Number of MOSFETs
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Appendix B2

Program to Estimate the Effectivness of Paralleling IRF730 MOSFETSs in the SS-PWM
Topoingy

Units:

m = 0.001 ohm = 1 Hz =1
u=mm F:=1 W -1
n=um S:=1

p=nm A-1l

K = 1000 V=l

Parameters . MOSFET IRF730

Rdson = 1.0-ohm

Ciss = 800-pF tondly = 30:n-S Idss = 'mA
Coss = 300-p-F toffdly = 55:n-S vdf = |-V
Crss = 80-pF

Application Parameters:
Id = 5A Drain Current

Vdd = 400-V Applied Drain-Source Voltage
Vgs = 122V Applied Gate-Source Voltage
f:-128KHz Switching Frequency

w©on = 1.5uS MOSFET Conduction Time
toff = 2.5uS MOSFET Off Time
B3 =02us MOSFET Diode Conduction Time

Calculations:

Cgs = Ciss - Crss Cds = Coss - Crss Cdg - Crss
Cgs = 720+p-F Cds =220+p-F Cdg =80-pF
Vgs = 2-Vgs Vdg - Vdd -~ Vgs Vds = 0
Vgs = 24V

Vdg =424-V

Steg 1: Calculation of Conduction Losses

Peond = 1d>Rdson-tonf {5.10)
Pcond = 4.8°W




Step 2: Calculation of Parasitic Capacitance Losses
1
Peap - 5-(Cgs-Vgsz - Cdg-Vded) f (5.8)

Pcap = 0.947-W

Step 3: Calculation of Off Losses

Poffl = 1dss-Vdd- toff-f Poff2 - Id-Vdf-13-f
Poff - Poffl - Poff2

Poff = 0.256-W

Step 4: Total MOSFET Losses
Prot; = Pcond - Pcap - Poff (5.14)

Piot, = 6.003:W

Step 5: Calculation of Effectivness Coefficient CL

cL - eone (5.15)

Step 6: Calculation of Paralleled MOSFET Losses (Indwidual)

n-2.3
1\? / 1

Pot, = <—) -Pcond ~ (Poffl + —-Poff2 - Pcap (5.16)
n n

Prot, =2.339-W {2 MOSFETSs)

Plot; = 1.651W {3 MOSFETSs)

Step 7: Caiculation of Paralleled MOSFET Losses (Total)
n=1.3

Prott, = Ptotn-n

Prott| = 6.003-W (1 MOSFET)
Prott, = 4.678 W {2 MOSFETs)
Prott, =4.953:W (3 MOSFETs)




Step 8: Plot of Paralleled MOSFET Losses (Individual and Total)

MOSFET o, N

Losses Pon,
(W) *-
3

Number of MOSFETs




Appendix B3

Program to Estimate the Effectivness of Paralleling IRF740 MOSFETs iIn the SS-PWM
Topology

Units:

m = 0.001 ohm -1 Hz 1

U =mm F 1 w1

n:uwm S
p-nm A 1
K = 1000 \Y

Parameters : MOSFET IRF740
Rdson : 0.55-chm

Ciss = 1600-p-F tondly - 35n-S Idss 1'm A
Coss = 450-p-F toffdly ~ 90:n-S Vdf 1V
Crss - 150-p-F

Application Parameters:
Id - 5A Drain Current

Vdd - 400V Applied Drain-Source Voltage
Vgs - 12V Applied Gate-Source Voltage
f 128K-Hz  Switching Frequency

ton : 1.5u'S MOSFET Conduction Time
toff -25uS MOSFET Off Time
3 - 02uS MOSFET Diode Conduction Time

Calculations:

Cgs - Ciss  Crss Cds Coss  Crss Cdg  Crss
Cgs = 1.45-10° +pF Cds =300+p-F Cdg = 150+pF
Vgs = 2:Vgs Vdg Vdd - Vgs Vds = 0
Vgs m24:V

Vdg =424V

Step 1: Calculatior of Conduction Losses

Pcond - 1d>Rdeon-ton-f (5.10)
Pcond ~2.64-W




Step 2: Calculation of Parasitic Capacitance Losses
1
Pcap = 5-(Cgs-Vgs2 + Cdg-Vdgz)-f (5.8)

Pcap = 1.779°W

Step 3: Calculation of Off Losses

Poffl = Idss-Vdd-toff-f Poff2 = Id-Vdf-t3-f
Poff = Poff] + Poff2

Poff =0.256-W

Step 4: Total MOSFET Losses
Pict, = Pcond + Pcap + Poff (5.14)
Prot;, = 4.675°W

Step 5: Calculation of Effectivness Coefficient CL

L - Pcond
Ptot )

{5.15)

CL =0.565

Step 6: Calculation of Paralleled MOSFET Losses (Individual)

n=2.3
1\ 1

Pot, - (—) ‘Pcond - (Poff 1 + —Poff2 ~ Pcap {5.16)
n n

Prot, =2.631 ‘W (2 MOSFETS)

Ploty =2.243-W (3 MOSFETS)

Step 7: Calculation of Paralleled MOSFET Losses (Total)
n=1.3

Prott, = Protn
Ptott; = 4.675 W (1 MOSFET)
Prott, = 5.263°W (2 MOSFETS)

Puott, =6.73+W (3 MOSFETSs)




Step 8: Plot of Paralleled MOSFET Losses (Individual and Total)

=1.3
7
b /
Put_ > —
ot
MOSFET o
Losses Prott,
w) X 4 \
3 \
H\\
—
)
1 1.5 2 2.5 3
n
Number of MOSFETs




APPENDIX C

Mathcad Spreadsheet used to Determine the Thermal Resistance

of the Heatsink when MOSFETs are Paralleled in the HS-PWM

Topology
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Calculation of Heatsink Thermal Resistance required for Paralleled MOSFETs
in the HS-PWM Topology.

Units
W=1 C =1

IRF740 Device Losses
Pot, = 7.368-W
Ptot2 = 4354 W
Prot, = 3.348-W

Application Information:

C
Réic = 1-— Tymax = 105-C
e w Jma

Tmaxamb = 65-C

Calculation of Heatsink's Therma! Resistance
n=1.3

Tjmax - Tmaxamb
n Pot,

R6hs

Rehsl =5.084-

£ln £]o

Rehs2 =9.187-

Réhs, =11.947+

£l0

When three IRF740 MOSFETSs are used in parallel, the heatsink thermal
resistance ROhs can be 11.947 C/W. This means that the heatsink can
be smaller than in the case where only one IRF740 MOSFET is used.




