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Abstract

A three-phase, mosfet inverter motor drive was designed and constructed to meet
the requirements of a two-horsepower, size-constrained application. Paralleled power
mosfets were successfully cmployed to provide circuit operation at currents greater
than the capability of a single mosfet. The performance of the mosfet design was
compared to that of a relatively conventional bipolar circuit, designed for the same
application.

The power mosfet design was shown to have significant advantages over the
bipolar design in terms of size. The mosfet design was twenty per cent smaller in size
than the bipolar design. This very significant size advantage was achieved without
penalties in the areas of cost or efficiencics. While the mosfet and bipolar designs were
seen to have different efficiency profiles over a range of operating conditions, the
overall efficiencies were found to be very similar - typically around 92%. Although cost
was not regarded as a significant constraint in either design, it was shown that the cost
of a mosfet design is not significantly worse than that of a bipolar design and may in
fact be better. The relative reliability of the two circuits was impossible to compare
because of the limited design experience with power mosfets.

Thesis Supervisor: Dr. John G. Kassakian

Title: Associate Professor of Electrical Engineering



Acknowledgements

I would like to thank my family and friends for their patient support and
encouragement during the course of my work; without them it would have been
difficult to complete. 1 would also like to thank the National Science Foundation
whose fellowship provided part of the support for this work. GE and MIT deserve
thanks for providing the atmosphere and facilities which made this thesis possible.

Several people deserve special thanks. At GE, Jim Foley and Jerry Christopher
provided many helplul suggestions and much encouragement in the course of my work
there. At MIT, John Kassakian’s enthusiam for my work provided the encouragement
necessary for its completion.



-4-
CONTENTS

Table OF CONIENLS ..covuerverrsisensssenerersensassestsssrssssssasassossosssssrsssasssssssaresassssssssassonses 4
TaDIe Of FIBUFES cecovemerecreriinesorsaissassscsasssrasssnsasssnasssssasssasssmsssmsssesssssssssssssasananse 5
TaADIE OF TADBIES .ouccvereereemenrereerenssasasnsstorensassmssstsnsatsssssssssssensasssssssassssnsassesanssssne 6

o TNEFOMUCTION ceeevceriiereeerarsererressesnsererssnsrnsssessnssrmeseessmsarsssnsssssstsssnsssasssstnssassrsesnssnaes 7
L1 APPIICALION .ovevirrieernsireraresseesnereesesssss s ses s sreresssssssessesssssssesssssanns 8

v The POWer MOSIEL .ocneeeeieeerenccccncecsensiacsrernsssnnonisssssercssssesmostonssessossassessessssssassas 10
2.1 Mosfet Device PRYSICS et seneseseneescons 10

2.2 Mosfet Circuit BeRavioT ......coooioveeeeeeeeeeeeeceeee et ersnneeneas 15

2.3 Comparison of Mosfet and Bipolar Transistors .........ccccvevevennene. 23

2.4 Currently Available MOSTEtS .......ooevveeveireerveinee s ersteresree s 25

. Mosfet Drive DESIZN ...ccevicerensrncrssesssnsssnsnssssessassrsasssssssmessssssssmssssssassssssnsasssass K] |
3.1 TOPOIOZY SEIECHION ..oveeeeeeeererereeceerees e s e seessns s e neronsasens )|

3.2 Power Device Selection .......... reeter et eteteea e sterer et a st ae e e neetans 45

3.3 Circuit Implementation .......coerreneveennes reeeernrars s niasa s srane 50

3.4 Circuit ANAlYSIS ..vvvvvircreveevrecrnieterrssensssressreesesssesessmsssssssssessssssessasass 09

. Mosfet and Bipolar Circuit COMPAriSON .....ocecreerisesrsrsessassasasorsserasassassrsessssessas n
4.1 The Bipolar CirCUIL ...ccveeeeerrccrinsesinsseseesansceessssaseesseesseseseasesasens 71

4.2 Performance COMPATISON ....eevveeccvereerereeeeeeeeressnssseasessssssensansesens 76

. Summary and ConcluSions ........oeeveercserrnesrensisssncssmmsssssissssessassssenssmsssssssassases 85

. References ....... eseessssteststsasestatsasessetaeneaasssatessasrResteran asr L s s asRtS TSR n RS EaRes 88



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

1.
2.
3.
4.
3.
6.
7.
8.

Fig. 9.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig,
Fig.
Fig.
Fig.
Fig,
Fig,
Fig.
Fig.
Fig. 33.

10.
11.
12,
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.
23,
24.
25.
26.
27.
28.
29.
30.
31
32.

-5-

FIGURES
LMOS MOSTEt SITUCIUTE ...c.veveevevenreceermreereeeteseseeensessaes s sasmsssssssssessnssensons 11
VMOS MOSTEE SEIUCLUTE ..vuvereeerrecrereisteeeeeene e ssesessssssesssessesssosaraesanones 13
DMOS MOSTEt SITUCLUTE ....ovieveerverirerrerrsaseressesessssanesmeessessresasasessesesss ‘14
Power Mosfet Static Operating Characteristics .........cvevvcveveervvvecervensenens 16
Power Mosfet Transfer CharacteriStiCs .......ooevceeeeveeeeeeresesessssnssensresens 18
Power Mosfet Transconductance CUIVES ........ococovevivvennecreieriaressessneenins 19
Power Mosfet Circuit Model ... seeerereeens 21
Basic Bridge TOPOIOZY ..ot ceeses e nssssnssas s ssessasassesensssnesas 32
Drive TOPOIOZY | o.eeeeeeeeeerreeerisresises st s e e srenes e s enan 34
Drive TOPOIOZY 11 ...t ecn bt asnsnsesnons 35
Drive TOPOIOZY [T ..ot reie s e e e e eseeas 37
Upper Corner Charging Circuit Model .........overvvevrrrnncrrrcninnsia 38
Drive TOPOIOEY [V oottt sttt s es e s s 40
fmproved Version of Drive Topology TV ... 42
Drive TOPOIOEY V ...eveeirireriririeveieimases e sarssesssessnesissesassareseessesernessnsssaasas 43
Improved Version of Drive TOpology V ....cooeiierniceeineeseeneeeins 44
Current Sharing in Paralleled Mosfets .........co.ccovviceereresccieencceeeennene 51
INItIAl DIIVE CITCUIL .vveeveveeeeeirireeeerereeerencesssnssesenesnssassesaesaeseesasnsesseresanses 52
Drrive Circuit with Zener Gate Protection .......coceeeveeeveerececercereecnens 53
Overlapping Gate DIIVES ...ovcvieeorneeriiereereercessrascessssersessaneesasareessnes 55
Drive Circuit with Resistive Lower Corner Delay .......ooccoviivniniiennns 56
Gate Drives with Resistive Lower Corner Delay ........ccovvreeeveeennn.e. 57
Drive Circuit with Buffered Lower Corner Delay .....ocovvviviceneirninirnen 58
Gate Drives with Buffered Lower Corner Delay .......oooeeevveeeveeveveennne 60
Reverse Recovery During Pulse Width Modulation ............................. 61
Reverse Recovery with Internal Diode ......cooveveienncnneniesnieenn 62
Drive Circuit with External Free-Wheeling Diode ...........ccooverrrcunee.. 63
Reverse Recovery with External Diode ........oveeeeeviencevirenericvenenans o4
Switching Circuit Model ... srssrnesenes 66
Inductive Kick-back Switching Waveforms ..........cooveevvvrvreinenssecrnenanns 69
Free-wheeling Switching Waveforms ..........ocoeoeicencvecseccscceerrceens 70
Bipolar Transistor TOPOIOZY ....cceciireviriieeiieresnrsssiorersssssessssssessessesssesass 12

Bipolar Drive CifCUILTY ...cc.cceveeceevesnerenreecsesenerenseseesenssessonssssssssessonsassenss 14



_6-

TABLES
Table §. Currently Available Power MOSetS ......ocveceveecomvncnrneninnsnsnecinen 27
Table II. Currently Available Power Mosfets (CONL) ....ovuvenrivenieecncsscareniesnians 28
Table 11, Currently Available Power Mosfets (CONL.) ...ccocuenmnriensriinieens erverenenans 29
Table 1V. Currently Available Power Mosfets (CONL.) .cocvevcnineinniinrnicniininnn 30
Table V. Bipolar CITCUIL SIZE ..o ctcree e cesveesesee e sesss e sssssirassansanassenas 77
Table VI. MOSFet CitCUIL SIZE .overereccerrreeeceeriesssnessesesessiis e sessiseenencs 78
Table VII. Bipolar CIrCUIL COSE ..uvieeriececeecceee s rasseras e s e nebsssssssesesanenss 82

Table VIIL. MOSfet CIFCUIL SIZE ..ovveveeiieeiesresiiree it esreensssnesesasessccessesssnsesssses 83



1. Introduction

The recent emergence of power mosfets [1,2,3] has given the circuit designer new
options when designing power circuits. The traditional choice between power bipolar
transistors and thyristors must be extended to include power mosfets. This is a
significant extension of options as the characteristics and circuitry behavior of these

new devices is substantially different from those of either of the other alternatives.

Currently, interest in the use of power mosfets seems to focus primarily on their
high switching speed. This characteristic has been used to advantage.in the design of
high frequency switching regulators and other high speed circuits [4,5). There is
another substantial advantage of power mosfets - simplicity of drive. Because they are
voltage-controlled devices requiring virtvally no input current, the drive stage has to
provide much less power than in conventional bipolar designs. Voltage drive
waveforms are also in general much easier to synthesize then current drive waveforms.
These two advantages should result in much simpler circuitry for designs employing

power mosfets,

The following is a comparison of a conventional bipolar design and a power
mosfet design for an inverter motor drive in a size-constrained application. The
development of the mosfet design is described and the resulting design is compared

with a conventional bipolar design in the areas of size, efficiency, cost and reliability.



1.1 Application

A need for a low-volume, light-weight inverter motor drive prompted this
cxamination of power mosfet switching circuits as an alternative to conventional
bipolar switching circuits in size-constrained, medium-power applications. The motor
to be driven is a three-phase, two-horsepower, induction motor. This motor drives a
pump, and the pumping application requires that minimum size and weight be primary

design goals.

The power for the motor will come from a battery which will provide a stiff
voltage source with low internal impedance. The battery voltage will vary between 300

and 50 volis during the pump operation.

During normal operation the motor drive will operate with a bus voltage of
between 300 and 150 volts and provide a three-phase, 400 Hz drive to the motor, The
fundamental component of the motor line-line voltage will be maintained at 100 Vrms
and the normal line éurrent will be 9.5 Arms at a rated load of 1645 watts. The
fundamental component of the line-line voltage will be maintained at 100 Vims by
means of pulse width modulation. The puise width modulation will be done at nine

times the drive frequency using the subharmonic scheme [6).

When the bus voltage drops below 150 volts, it is no longer possible to maintain
the motor line-line voltage at 100 Vrms, so the line-line voltage is allowed to drop
linearly with the bus voltage. The frequency is also dropped linearly, maintaining

constant volts/Hz to maintain the power delivered to the load. Variable frequency
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drive is also providf:/d (o allow controlled start up and ;h{ down. The drive frequency
is allowed to range from 40 Hz to 400 Hz. Because the pulse width modulation
provides between one and nine chops per cycle depending on the bus voltage, the
switching frequency can vary from 40 Hz to 3600 Hz. A current limit is also provided

at 16 amperes which will be allowed to chop at frequencies up to 10 kHz.

In summary the requirements of the switching stage are: it will operate with bus’
voltages between 50 and 300 volts, it will operate at switching speeds between 40 Hz
and 10 kHz, and it will swjtch cutrents as large as 16 amperes. This is to be
accomplished primarily with minimum size and as much as possible with maximum

. ,/- - ‘
efficiency and minimum cost.

\

\
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2. The Power Moslet

Until recently field-effect transistors were used exclusively in small-signal,
low-current applications. Recent advances in technology have extended their use into
the power field. Devices are now available with current ratings as high as 70 amperes

and voltage ratings as high as 500 volts.
2.1 Mosfet Device Physics

Lower power mosfets typically use a lateral structure as shown in Fig. 1. The
forward conductivity of the device is changes by modulating the conductivity of the
channel electrostatically by means of the gate. The gate is electrically isolated from the
channel by a thin, insulating, oxide layer. The voltage applied between the gate and
the source changes the effective doping of the channel region which changes the

forward drain-source resistance of the device.

Two major problems prevented the use of this structure as a power device. In
order to conduct large currents the channel resistance must be very low to minimize
device power dissipation. To do this the channel must be made very short. Initially,
photolithography could not produce short enough channels, The second problem was
the need to include a thick, lightly-doped N region in the current path. This region
would provide the much larger breakdown voltage necessary for a power device. To
insert this region in the lateral structure would require a targe amount of chip area and
make the de\}ice prohibitively large. ’A structure with vertical current flow was needed

-

to allow this layer to be included fbeneath the surface of the device where it would not
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Fig. 1. LMOS Mosfet Structure

Gate
Stuvce ' Urain

ﬁ [ ]

Chananel Ox:dt 3y €

chtf\



-12 -

take up valuable chip area. An additional advantage of a structure with vertical current
flow, is that the drain and source contacts are on opposite sides of the wafer. This

allows the use of even less area for a device with a given current rating.

The first commercial devices to overcome these problems were developed by
Siticonix and had a V-groove structure (VMOS) as shown in Fig. 2. The problem of
obtaining a short channel is solved by first etching V-grooves in the silicon wafer. The
slope of the sides of the groove is fixed by the crystalline structure of silicon. The
channel length is controlled by the difference in the diffusion depths of the N+ and P
layers. The difference between diffusion depths could be controlled more accurately
than the width of surface structures. This structure also allowed vertical current flow

and hence the subsurface, horizontal Ncpi layer necessary for a higher voltage rating.

The other structure currently being used to produce power mosfet devices is the
double-diffused structure (DMQOS) shown in Fig. 3. This structure is something of a
cross between the VMOS and LMOS  structures. Improved photolithographic
techniques have allowed the channel to be created on the surface as in the LMOS
structure. The vertical current flow and the inclusion of the Nepi layer is accomplished
as in the VMOS structure. Currently, DMOS allows somewhat higher packing
densities and hence higher current devices. International Rectifier is the leading

supplier of DMOS mosfets with their H EXFET® line.
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IFig. 2. YMOS Moslet Structure
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Fig. 3. DMOS Mosfet Structure
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Inherent in each of the structures are parasitic elements. As can be seen from the
diagrams, a NPN sequence of layers exists in the devices. It is possible under some
circumstances to inject current into the P region and cause transistor action. More
significant is the reverse diode formed by the P layer - Nepi layer junction. This diode
allows reverse current flow from source to drain. This diode precludes the use of a
éing]e mosfet as an ac switch. The circuit behavior of these parasitic elements will be

discussed in the next section.
2.2 Moslet Circuit Behavior

Despite the difference in construction technologies, the terminal characteristics
of DMOS mosfets and VMOS mosfets are virtually identical. The static output
.characteristics of a typical power mosfet are shown in Fig. 4. At any given gate voltage
their are two main regions of operation. The first region is the constant resistance
region. In this region the drain current is determined chiefly by the drain to source
voitage. The second region is the constant current l'f;gion. In this region the mosfet
behaves as a constant current source. This results because electron velocity saturation
in the channel prevent additional current from flowing. One¢ should be careful not to
confuse this use of the term saturation with its use when referring to bipolar transistor;s..
In bipolar transistors saturation refers to the low voltage-drop, fully on condition, while
in mosfets it refers to the high voltage-drop linear region. The slope of the V¢ - Iy
curve in the constant resistance region is the "on resistance” of the device. This is an
important parameter in power applications as it determines the on-state véltage-drop

and power-loss in the mosfet,



e

_lb-

Fig. 4. Power Moslet Static Operating (.'ll:lructeristicy
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The static gate voltage versus drain current curve for a typical power mosfet is
shown in Fig. 5. This curve reveals another significant characteristic of a mosfet - the
gate threshold voltage Vi;¢(th). Below this threshbld voltage only the drain-source
leakage current, [ygs» flows. This current is relatively small, typically less than a
milliampere. Above this voltage the relationship of gate voltage to drain current is
initially a square law relationship which changes quickly to a linear relationship. This
behavior can also be seen in the transconductance, gg, versus gate voltage curve (Fig.
6). The transconductance of a mosfet is the ratio of drain current to gate voltage and is
the analogue of the beta of a bipolar transistor. As can be seen ﬁ'orﬁ the curve, the
power mosfet exhibits a nearly constant transconductance over a wide range of drain-
currents. This feature is useful when power mosfets are used in linear circuits. The
current gain of a power mosfet is essentially infinite. It is limited only by the gate

leakage, 15¢q, Which is typically on the order of nanoamperes.

The dynamic behavior of power mosfets is dominated by the interterminal
capacitances. Because.power mosfets are majority carrier devices their switching times
are not limited by the minority carrier storage delay times seen in bipolar transistors.
The primary limitation of switching speed is the speed at which the input capacitance,

C.... can be charged and discharged. This allows the circuit designer to control

iss’
switching specds rather than the transistor designer as is the case in bipolar transistors, -
Using currently available power mosfets with relatively simple low-impedance drive
circuits, switching speeds of a few tens of nanoseconds can readily be obtained. The

can greatly increase switching times, -

gate to source or reverse transfer capacitance, C g,
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Fig. 5. Power Mosfet Transfer Characteristics
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Fig. 6. Power Mosfet Transconductance Curves
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acting as a Miller capacitance. The output capacitance, C__, can also be important in

0358’

circuit behavior.

A circuit model of the mosfet which is useful for the analysis of switching
circuits can be developed from the above discussion of terminal behavior and device
physics (Fig. 7). This model consists of the interterminal capacitances, a switch, the
"on" resistance and the parasitic diode and transistor mentioned previously. The
resistor, Ry, from the base to the emitter of the transistor represents the spreading
resistance of the P region and the capacitor, CJ-, represents the P layer - Ncpi layer
Junction capacitance. It can be seen that large slew rates of draih to source voltage can
turn on the transistor. This causes current tails during switching and was observed in
the testing of early devices. Recent designs seem to be much more immune to this
behavior, and no transistor effects have been seen with drain to source voltage slew
rates as high as 20,000 v/us. The other parasitic component is the reverse "free
wheeling” diode. Although the use of this diode in a circuit can save a part in some
circuits, in many circuits the bad reverse recovery characteristics of this diode can lead
to trouble. International Rectifier parts have shown reverse recoveries lasting several
hundred nanoseconds and peak recovery currents as large as several times the forward
current [7). This diode can be designed out of the circuit by paralleling the mosfet
with a diode having a lower forward drop and better reverse recovery characteristics.
Because diodes with good reverse recovery characteristics typically have large forward
drops, this is usually impossible. [t is usually then necessary to block the mosfet

internal diode with an additional series diode.
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Fig. 7. Power Mosfet Circuit Model

Drain
o
Lrate c res
s | -
U
A&

lg
\_______.
8

Ciax
Ron %
0

E’; D-?w

.
|

s:;ul'c,a.



-2 -

The variation of characteristics with temperature can cause significant problems'
in power devices as they must operate over wide extremes of temperaturé. Power
mosfets, however, are not greatly affected by temperature. The primary effect is that
the on-resistance increases with temperature at the rate of approximately 0.7%/ °C.
This positive temperature coefficient is responsible for the lack of secondary
breakdown in power mosfets. It prevents the localized current hogging which leads to
secolndary breakdown in bipolar transistors. If a small area conducts more than its
share of current the area heats up which results in a localized increase in resistance and
hence a decrease in current. This temperature coefficient also has its disadvantages. If
a power mosfet is inadequately heat sunk thermal runaway can occur. An increase in
temperature will cause an increase in resistance which in turn causes an increase in
power dissipation raising the temperature still more. The threshold voltage and

transconductance are also slight functions of temperature.

Two other important parameters of a power mosfet are gate to source breakdown
voltage, Vg and drain to source brecakdown voltage, V¢q. Gate to source
breakdown voltages are typically about 40 volts. Gate to source overvoltage results in a
rapid degradation of the gate oxide layer. Initially this causes high gate leakage which
will quickly degrade to a near short condition between gate and both drain and source.
Circuits should incorporate some kind of protection from this breakdown and several
mosfets come with internal zener diodes. Drain to source brecakdown is less
catastrophic and is essentially the same as reverse breakdown in power diodes. As long

as the breakdown is not sustained and the power input is not excessive, permanent
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damage will not occur.

Another failure mode is slow gate threshold voltage drift caused by residual ions
in the gate oxide layer. Occasionally positive ions such as sodium may reside in the
gate oxide after manufacture. A time-average positive gate voltage will cause these
ions to slowly drift into the channel where they slowly change the doping level. This.
results in a slow reduction in the gate threshold voltage. Eventually a state may be
reached where the mosfet cannot be turned off. Although this problem was observed
in a few early samples, better process control seems to have eliminated this problem in

currently available mosfets.
2.3 Comparison of Moslet and Bipelar Transistors

Now that the major characteristics of power mosfets have been described it is
useful to compare them with those of power bipolar transistors. Because of the
fundamentally different operating principles there aré several major differences
between the two typeé of power transistors. Perhaps the most fundamental difference
between mosfets and bipolar transistors is that the former are voltage controlled
devices while the latter are current controlled devices. This can result in much simpler
drive circuitry for the mosfets since voltage signals are in general easier to produce than
current signals. The mosfet also has very low drive power since the device has virtually

no input current.
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- A second majof/ difference is that the mosfet is a m/ajéty carrier device while the
bipolar transistor is a minority carrier device. This allows the mosfet to escape the
problems of minority carrier storage delay time and hence generally allows much faster
switching times. This allows a large reduction in switching losses or much higher

practical switching speeds.

The efficiency gains resulting from low drive power and reduced switching losses
are at least partially mitigated by the relatively large "on" state fosses of power mosfets.
When fully "on" a mosfet appears to the circuit as a resistor while a bipolar transistor
appears as a voltage source with a relatively constant magnitude equal to the
transistor's satu ?z{tion voitz-lge. As the current is increased, the mosfet "on" losses
increase as the square of current while losses in the bipolar transistor increase only
linearly with cukrent. This generally results in larger "on" state losses for power

mosfets as compared with bipolar transistors.

The last major difference between mosfets and bipolar transistors is their
behavior over a range of temperatures. The "on" state resistance of a mosfet has a
positive temperature coefficient while that of a bipolar transistor has a negative
coefficient. This positive temperature coefficient in mosfets insures a relatively
uniform current distribution, eliminating the possibility of "hot spot” formation which
occurs in bipolar transistors and which can lead to secondary breakdown. This also
means that mosfets inherently current share when paralleled. This eliminates the need
for ballast resistors or careful. parameter matching that is necessary when bipolar

transistors are paralleled. The switching speeds of mosfets are also not affected by
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temperature in contrast to bipolar transistors.

2.4 Currently Available Mosfets

The recent emergence of the power mosfet technology has been accompanied
with a proliferation of product announcements. A summary of some of the currently

available parts and their specifications is contained in Table 1.

Several things can be seen from Table 1. First of all there is currently available a
wide variety of power mosfets from several manufacturers. Two manufacturers,
Hitachi and Supertex, have announced complementary N and P channel devices.
Because the P channel devices were impossible to obtain complementary circuits wiil
not be considered in the following section. The thrce most important parameters for
determining the performance of power mosfets in switching applications are drain to
source breakdown voltage, "on" resistance, and input capacitance. A fairly typical
device is one having a drain to source breakdown voltage of 400 volts, an "on"
resistance of one ohm, and an input capacitance of about 1000 pF. Since a device of
this type is made by three manufacturers, International Rectifier (IRF330), Siliconix
(VN40000A), and Supertex (VN0450), it is a useful means of comparing manufacturers
product lines. The differences in current ratings for these three devices appear to result
from two factors - the packaging details for each manufacturer and their courage in
specifying their parts. When sizing power mosfets for peak currents it is probably
more useful to calculate power dissipation and use the manufacturer’s thermal ratings

to determine safety than to use the manufacturer’s peak current specifications. Each of
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the three manufacturers currently offers a significant advantage over the other two.
]ntemﬁtional Rectifier offers by far the broadest product line, Supertex offers the most
complete packaging line (TO-3, TO-39, TO-220, dice., and DIP packages), and Siliconix
offers the lowest prices. Siliconix also seems to have the best thermal packaging. The
Siliconix process also results in somewhat higher gate threshold voltages, which may or

may not be an advantage in a given application.
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Table I. Currently Available Power Mosfets

Part
Source
Process
,B VDSS
B VGS hY
I

DSS

I D(cont)
1,{peak)
R, (on)
Ve(th

IGSS

iss

SRR

oss

rss

= O

8JC
Cost

IRF330
Int Rect
DMOS
400V
120V
1.0mA
4.0A
8.0A
1.002
1-3V
100nA
1000pF
300pF

. 20pF
1.66°C/W
$28

IRF33I
Int Rect
DMOS
350V
+20V
1.0mA
4.0A
8.0A
1.0Q
1-3V
100nA
1000pF
300pF
20pF
1.66°C/W
$24

IRF332
Int Rect
DMOS
400V
+20V
1.0mA
JS5A
T.0A
1.5Q
1-3V
100nA
1000pF
300pF
20pF
1.66°C/W
$26

IR17333
Int Rect
DMOS
350V
20V
1.0mA
3.5A
7.0A
1.58
1-3V
100nA
1000pF
300pF
20pF
1.66°C/W
$22

IRF350 IRF351 {RF352
" Int Rect Int Rect Int Rect
DMOS DMOS DMOS

400V 350V 400V
20V +20V +20V
1.0mA 1.0mA 1.OmA
11A 1tA 10A
25A 25A 20A
0.32 0.39 049
1-3v 1-3V 1-3V

100nA 100nA 100nA
4000pF  4000pF  4000pF
600pF 300pF 300pF
200pF 200pF 200pF
083°C/W  0.83°C/W  083°C/W
$85 $75 $80
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Table I1. Currently Available Power Mosfets (cont.)

Part IRF353 IRF430 IRF431 IRF432
Source Int Rect Int Rect Int Rect Int Rect
Process DMOS DMOS DMOS DMOS
BV s S0V SO0V 450V 500V
BV sq 20V +20V +20V +20V
Inss 1.0mA 1.0mA 1.0mA 1.0mA
I fcon) 10A 3.5A 35A 3.0A
1,(peak) 20A 7.0A T.0A 6.0A
R s(on) 0.49 1.5 1.5 2.0Q
Vas(th) 1-3V 1.5-3.5V 1.5-3.5v 1.5-3.5V
liss 100nA 100nA 100nA 100nA
Cos 4000pF 900pF 900pF 900pF
C s 600pF 200pF 200pF 200pF
C 200pF 60pF 60pF 60pF
Ry — 08C/W  L66°C/W  L66°C/W  166°C/W
Cost $70 $40 $28 $34

IRF433
Int Rect
DMOS
450V
+20V
1.0mA
3.0A
6.0A
209
1.5-3.5V
100nA
900pF
200pF
60pF
L67°C/W
$24

1F230
[nt Rect
DMOS
200V
20V
1.0mA
T0A
15A
0.4Q
1.5-3.5V
100nA
1000pF
450pF
150pF
1.67°C/W
NA

IRF150
Int Rect
DMOS
100V
+20V
1.0mA
28A
TOA
0.055%
1.5-3.5V
100nA
4000pF
1500pF
500pF
0.83°C/W
$75



Table IIl. Currently A/vailable Power Moslets (cont.) /

Part IRF130
Source Int Rect
Process DMOS
BV oo 100V
BY oo +20V
Ipss 1.0mA
{ o cont) 6.0A
1,(peak) 12.0A
R J(on) 0.12Q
Vot 1-3v
1 Gss 100nA
C 1000pK
c. S0P
Cy lﬂﬂiF

\

* P-channel device.

QI 1.67°C/ 0
Cost $18

25K 135
Hitachi
NA
160V
14V

. NA
7.0A
7.0A
168
0-1.5V
NA

600pF

350pF
10pF
8°C/W
NA

NA Information not avatlable

28J50°

Hitachi
NA
-160V
+14V
NA
-7.0A
-T.0A
L6g
-1.5-0V
NA
500pF
400pF
40pF
0.8°C/W
NA
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VN4G00A
Siliconix
VMOS
400V
+20V
10mA
3.0A
16.0A
1.0
3-5V
100nA
800pF
115pF
30pF
L17°C/W
NA

VYN4001A
Siliconix
VMOS
400V
20V
10mA
3.0A
16.0A
1.582
3-5V
100nA
8G0pF
H5pF
J0pl-
1.17°C/W
NA

YIN4002A
Siliconix
VMOS
400V
20V
10mA
3.0A
16.0A
7.0Q
-5V
100nA
800pF
115pF
0pF
1.17°C/W
NA

VIN0335
Supertex
VMOS
350V
120V
0.1mA
4.0A
NA
308
1-3v
NA
700pF
500pF
25pF
NA

$21
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Table IV. Currently Available Power Mosfets {cont.)

Part
Source

Process

B VDSS

BV ¢
Ipss

! D( cont)
1,(peak)
R D b( on)
Vel

IGSS

iss

SIS

asy

(!

rss

=

8JC
Cost

VNO435
Supertex
VMOS
350v
20V
250uA
8.0A
NA
0.8¢
1-3V
250nA
2000pF
1500pF
75pF
NA

NA

L] -
P-channel device.

VYNO440
Supertex
VMOS
400V

20V
250pA
8.0A
NA
0.8Q
-3V
250nA
2000pF
1500p¥-
T5pF
NA
NA

NA Information Not Available

VN0445

Supertex
VMOS
450V

220V
250pA
8.0A
NA
0.8
1-3v
250nA
2000pF
1500pF
T5pF
NA
NA

VINO450
Supertex
VMOS
500V

120V
250pA
8.0A
NA
0.8Q
1-3V
250nA
2000pF
1500pF
75pF
NA
NA

YN0345
Supertex
VMOS
450V
120V
100pA
4.0A
NA
3.00
1-3V
100nA
700pF
500pF
25pF
NA

$30

VIN0340
Supertex
VMQS
400V
+20V
100pA
4.0A
NA
jon
1-3v
100nA
700pF

S00pF

25pF
NA
$24

VP0109°
Supertex '
VMOS

90V

+20V
-10nA
-1.0A
NA
9.02

-1.5--3.5V

100nA
50pF
50pF
10pF
NA

- $9
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3. Mosfet Drive Design

In order to use the mosfets in the applica'tion it is necessary to develop a drive
design. Several steps are necessary in order to arrive at the final design. The initial
steps are the selection of the topology or topologies to be examined and the particular
power devices to be used. Then the initial design or designs can be built and
unforeseen problems can be corrected. Finally, once a working design exists, the

design can be analyzed and optimized.
3.1 Topology Selection

The basic topology was selected to be the bridge topology shown in Fig.8 because
it seems to accomplish dc-ac inversion with the fewest parts. Although bipolar drive
topologies can certainly be modified to drive power mosfets, the use of these circuits
will almost certainly not take advantage of the unique characteristics of the power
mosfet. Basically to switch a mosfet on and off it is necessary to charge and discharge
its input capacitance. The switching speed is determined by how fast these charges and
discharges can be accomplished. Several topologies were examined which
accomplished the task of driving a bridged pair of mosfets. Complementary topologies

were not examined because P-channel mosfets are unavailable,

When bridge circuits are designed using non-complementary devices, one of the
largest obstacles to be overcome is the fact that the upper corner drive must float up
and down with the output voltage. Five basic schemes were developed to provide this

floating upper corner drive,
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Fig. 8. Basic Bridge Topology
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The first topology (Fig. 9) little more than a bi'poiar drive topology adapted to
power mosfets. It utilizes a floating, low-le\iel power supply to provide the power-
source for the floating upper corner drive. The upper corner drive signal is coupled in
using an optoisolator, and then buffered in order to drive the mosfet input capacitance.
The lower corner is simply driven directly through a buffer., Although this topology is
iaery simple and the number of parts is small, its use in a three phase system requires
three floating low-voltage power supplies in addition to the non-floating supply. This
imposes a tremendous size penalty on the power supply, so basically the simplicity in
the drive circuit has been obtained by imposing a complex structure on the power

supply.

The second drive topology (Fig. 10) uses a transformer coupled upper corner
drive. For some applications this works very well. No floating supplies are needed and
the drive circuit is very simple. The biggest drawback to this topology is the frequency
limitation of the transformer. In order to have the fast rise and fall times on the upper
corner gate drive signal necessary for low switching Iosses, the transformer must have
good high frequency response. To achieve switching times on the order of several
hundred nanoseconds, it is necessary ‘to have a transformer with frequency response
out to SMHz. This extended high frequency response requires very low leakage
inductance. This can be accomplished with special wire and winding techniques. Low
frequency response, however, is more difficult to achieve. To achieve extended low
frequency response it is necessary to minimize the ratio of self inductance to series

resistance. A small transformer with extended low frequency response is an
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impossibility. Either the self-inductance is made large with a large amount of iron or
the series resistance is made small with a large amount of copper or both. As the
transformer gets larger it also becomes more difficult to achieve the low leakage
inductance necessary for high frequency response. So while the transformer drive
topology is attractive for many applications, for applications requiring low frequency
éwitching capability, a substantial size penalty must be paid to fit in a transformer with

the required frequency response.

In the third topology (Fig. 12) inductive ring up is used to charge the upper
corner input capacitance. To examine this one can mode! the upper corner charging
circuit as shown in Fig. 13. In this circuit model, C,y, is the input capacitance of mosfet
Ql, SW] is mosfet Q3, Cyy 5 1 the output capacitance of mosfet Q3. and V| g, 4(t) is
the output voltage which slews from 0 volts to V4, during the switching transient.

The energy stored in the inductor must supply the encrgy finally stored in the input

2
FINAL

COU’I‘VzRAlu plus it must supply energy to negate the energy pumped back from the

capacitance, 172 C,\V and the energy stored, in the output capacitance, 1/2
. IN

output, 1/2 COU’I‘V%{ AjL- The energy balance to size the inductor is then:

2 _ 2 2 2
V2112 = 172 CoupVaaL + V2O Vi + 12 CinVEinaL

+ SAFETY MARGIN.

One can define the time constant, - = L/R, which determines the recovery time of the
circuit. The peak current is determined by the size of the resistor: I = V| qu/R.

Using these expressions in the above equation yields the following equation.



Fig. 11. Drive Topology HI
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ig. 2. Upper Corner Clmrging Circuit Model
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2 2n — 2 2 2
172VE oL = 172 Co V2 + V2 CVian + V2 CinVimaL

+ SAFETY MARGIN

As an example suppose a circuit has the following parameters: Cy = 1500 pF, Cyyy
= 200 pF, VoA, =300 v, Verar = 15V, Viow = 15 v. Assume a safety margin of
50% is desired and a recovery time of 50 ps is desired. The above equation then yields
the following component values: R = 48 @, L = 2.4 mH. The zener diode, Z1, shown '
in Fig. 10, clamps the final gate voltage of mosfet Q1 at 15 volts. The excess energy in
the induc_tor is dissipated in this diode. This drive scheme has two major problems.
First the power dissipation in the resistor is relatively large. In the example above,
assuming a 50% duty cycle, the power dissipation would be 2.4 watts. Also once the
mosfet input capacitor is charged, it has no source of refresh. At low frequencies this
may become a problem as the charge slowly leaks off the gate capacitance. This could
be remedied by paralleling the input capacitance with a larger capacitor but this causes

a corresponding increase in the energy that must be stored in the inductor.

The fourth topology, Fig. 13, uses a floating capacitor, C1, as a floating supply to
charge the upper corner mosfet input capacitance. When mosfets Q2 and Q3 are "on",
capacitor C1 is charged to 15 volts from the low level supply and the gate of Q1 is held
at ground. When Q2 .and Q3 are turned off, capacitor C1 acts as a voltage source
floating with the output voltage, and charges the input capacitance of Q1 to 15 volts
through the resistor R. The upper corner switching speed is limited by the time
* constant RC,. If R is made small in order to enhance switching speed, the power it

dissipates when Q3 is "on" becomes excessive. A somewhat improved version of this



Fig. 13. Drive Topology 1V

\ N
% 1 L '1 sy
L H *
o 5 T
?t«;ir —L | I_‘
R — =
‘.__.
Q2
. h
l_..

5 buber
Lowee
Copner

Deive

Input

I




-41 -

topology is shown in Fig. 14. In this topology the source impedance for charging the
gate capacitance of the upper corner mosfet has been greatly reduced by using Q4 as an
emitter follower. The diode, D1, insures that a low impedance discharge path remains
for the upper corner gate charge. One advantage of this topology is the ability to
sustain leakage from the gate capacitance for long periods of time by using Cl as a
charge reservoir. If a longer holdup time is desired, the size of C1 can simply be
increased. This design does have two possible disadvantages. First there is no
provi‘sion made for having both the upper and lower corners turned off at the same
time. This could be a problem in some applications depending on the control strategy.
Another disadvantage is that the mosfet Q3 is an additional high voltage component.
Although t'he average current in Q3 is small, it must withstand a voltage equal to the

sum of the bus voltage and the low level supply.

The fifth topology (Fig. 15} is a variation on the preceding one. A capacitor, C, is
again used to provide a floating charge source for the upper corner gate drive. An
optoisolator, Q3, is uéed to couple in the upper corner drive. This has a definite
advantage over the previous design. The floating upper corner in this design is much
better isolated from the rest of the circuitry and hence can be switched off
simultaneously with the lower corner. A significant disadvantage of this design is the
slow speeds at which optoisolators are able to switch, especially into capacitive loads.
Currently available optoisolators can switch as fast as 10 us and source as mucﬁ as 150
mA. This would result in extremely slow upper corner switching times and large

switching losses. A more practical version of this topology is shown in Fig. 16. In this
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Fig. 14. Improved Version of Drive Topology IV
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Fig. 15. Drive Topology V
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Fig. 16. Improved Version of Drive Topology V

e

VB-S-
9 -
R1 T
Dl
o4 : I"“Ql
\ | H cl
D2

G2

+i5v



_45_

circuit the switching speed is greatly enhance by using a CMOS Schmidt trigger and
CMOS buffer. The combination of these two devices will supply very fast switching
gate drive to the upper corner mosfet. The CMOS chips are necessary to limit the
steady state drain on the capacitor, which is acting as their power supply. The price to
be paid for this improved swiiching is the delay introduced by the Schmidt trigger and
t—he added circuit complexity. Using available parts the delay could be kept as low as

about 2 ps.

The major constraints in deciding among these topologics were the necessity to
hz;ve a small size and the necessity to switch at low frequencies. These constraints
eliminated the first three topologies. Because space was at a premium and the ability to
simultaneously shut off both upper and lower corners was not necessary, the fourth

topology was selected for development over the fifth topology.
3.2 Power Device Selection

After the basic topology has been decided upon the next task to be accomplished
is the selection of a power device, The application provides constraints which dictate

which devices may be used.

Several constraints on device characteristics are impose‘d by the application, ’
Since the circuit must operate off bus voltages of between 300 and 50 volts, devices
with a breakdown voltage of over 300 volts should be used. Practically using 400 volt
devices is prudent as it allows protection against voltage ring up which may be caused

by bus inductance. The peak load in this application is 1645 watts and the induction
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motor is designed to operate with a line-line drive voltage of 100 Vrms. In a three
phase system to deliver 1645 watts a line current of 9.5 Arms is required or a peak line
current of 13.4 Amps. Allowing a 20% overload for current limit results in a worst case
peak curren‘_ﬂ of 16 Amps. The other application constraint is that the heat sink
capability and operating environment require the minimum junction temperature with

a case temperature of 70°C.

From Tables I-1V, it can be seen that the International Rectifier part, IRF350, is
the part best suited for this application. [f the assumption that most of the power
dissipation in the power mosfet is "on" state losses, the power diésipated in an IRF350

in this application can be calculated.

In calculating power dissipation one must use the fact that the "on" resistauce
increases with temperature at the rate of 0.7%/°C. Thus the power equation for the

mosfet is:

P=1

0.007(T-2
RMSRON(QSOC)e (1-29)

Assuming a case temperature of 70°C and knowing the case-junction thermal

resistance R 4, reduces this equation to one unknown:

P=1

RMSRON(Z S(IC)CO.UOT(R gict+ 10-25)

For the IRF350 in this application the parameters are: Igpg = 9.5 Amps, Rq(25°C)
= .32, and Ry, = 83°C/watt. Using these values the power is found to be 54.8 watts

- indicating a junction temperature of 115°C. This is well within the manufacturer’s
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maximum rating of 150°C. The lack of availability of the IRF350 prompted

examination of other alternatives.

Since there are no available 400 voit devices with larger current capabilities than
the IRF350 it was necessary to examine paralleling devices. Two devices seemed to be
appropriate for the application, International Rectifier’s TRF330 and Siliconix’s
VN4000A. A pair of either of these devices should apbroximately equal the
performance of the IRF350 and the dissipation would be divided between two TO-3

packages.

The chief concern when paralleling power devices is how well they current share,
Current sharing must be examined both statically and dynamically. Static sharing
determines how well the devices share under steady state conditions and dynamic

sharing determines how well they share during switching,

Static current sharing is determined by the "on" l'esistances of the power mosfets.
The positive temperalture coefficient of the mosfet helps keep the current fairly
balanced. The mosfet with the lowest "on" resistance draws more current and
dissipates more power. This heats up this mosfet more which causes its resistance to
increase which reduces the imbalance. The static current balance in two parallel
mosfets can be found by solving four non-linear equations. The equations

representing power dissipation are:

P, = PR (25°C)P 07 Teasi+Rgych12)
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P, = 3R (25°C)e? W7 Tcasp +RgscPr )

The voltage balance and current constraint equations are:

L+ 1 =oAL

[ Ron (2500 07T eas T RaicP129) = 1R ,(25°C)e 0 Teask + RgicPy2)

The worst case current sharing can be found by substituting in the lowest and highest

possible values for Ry and Rgp; and solving.

The testing of 30 IRF330 devices showed R\ (25°C) values ranging from 0.625
@ to 1 ©. The parameters for determining the worst case current sharing for a pair of

IRF330s are Ry (25°C) = 0.625 2, Rgpy(25°C) = 10 @, Rye = L67°C/watt,

Toasg = 70 °C, and Tygpa; = 9.5 Arms. Using these values in the above formulas

yield the following values.

Junction
Current Power Temperature "On" Voltage
mosfet 1 35A 436 W 143°C 795V
mosfet 2 40 A 318 W 124°C 795V

Although no VN4000As were available for testing, it was assumed their "on"
resistance range would be the same as that of the IRF330s. The parameters used for

calculating worst case current sharing for the VN4000As are R 1(25°C) = 0.625 g,
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Using these parameters the following worst case sharing d}w4~as found.

Vs

Junction
Current Power Temperature "On" Voltage
mosfet1 ~ 5.65A 371W 113°C 6.5V
mosfet 2 385A 249 W 99°C 6.5V

As can be seen from the numbers shown above, the current imbalance is not
severe. For a £23% variation in "on" resistance, the current variation was reduced to
+16% for the IRF330 and to +19% for the VN4000A. This reduction in variation is a
result of the posiﬁve- tembérature coefficient of the "on™ resistance. Although the
junction temper{ulres are higher than those for the IRF350 they are still within the

manu facturers spe@cations - 150°C for the IRF330 and 175°C for the VN4000A.

Although the VN4000A seems to be a superior device on the basis of the above
thermal behavior, its lack of availability caused the use of the IRF330 in the circuit
development, At least from the information given on the manufacturers’ data sheets,
the VN4000A should be similar enough to the IRF330 to allow direct replacement

when they become available. This should result in a performance improvement,

Dynamic current sharing is determined by how closely the paralleled devices
track during switching. The big problem here is making the devices switch at the same

- time. Obviously if one device switches off first, the other device will pick up the total
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current until it switches off. Because the speed of switching of the mosfets is very fast,
these current unbalances should not be a problem. Typically, slight unbalances of
about S0nsec in length were observed during paralleled switching. These differences in
switching times are caused by variations in gate threshold voltages. Typical paralleled

turn-on and turn-off photos are shown in Fig. 17.
3.3 Circuit Implementation

Once the circuit topology and power devices to be used were selected, the circuit
shown in Fig. 18 was constructed and operated. Components were not optimal, but
were selected to be safe. Buffering of the drive signal was accomplished with the
MMHO0026. ‘this is a bipolar clock driver with active pull-up and pull-down. It is
designed to drive capacitive loads and seemed well suited to the task of driving the.
mosfet input capacitance. When operating the circuit, several problems quickly

showed up.

The first problem seen was the need for protection from gate to source
breakdown. It was very easy to accidently exceed the £20 V absolute maximum rating |
and ruin a device. To prevent this problem, three zener diodes were added, Z1,Z2, and
Z3, as shown in Fig. 19. The additional reverse zener was necded to protect the upper _
corner mosfe’t in order to prevent Q3 from sharing the lower corner current with Q2.

Since the normal "on™ voltage of Q2 can be as high as 8 volts, without the upper corner -
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.Flg._ 17. Current Sharing in Paralleled Mosfets
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Fig. 18. Initial Drive Circuit
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Iig. 19. Drive Circuil with Zener Gate Protection /

-
-

T NN E
sy
23R Rl ™ : M—*O
Dl
X
2NT32L I &l
JIRP 330 (a) Ccl
D L —24F

INYIYT m"%il

T

~ ‘
P

[
-

2
ol

T Tl

Loaed

£
™~

3solyy -

x

<
e
]

I
|
I
-




- 54 -

reverse zener diode, Z2, significant current would flow through Q3, which is also "on"

when Q2 is "on".

The second problem was the "shoot through" current caused by a delay in upper
corner switching. This delay was caused by the Q3 swifching time, If Q1lis "on" and
ﬂ1en Q2 and Q3 both switch on., both Q1 and Q2 are "on" while Q3 is switching. This |
overlap in gate drives (Fig. 20) caused a very large “shoot through™ current - about 20
amperes with a bus voltage of only 75 volts. Two schemes were examined to solve this
problem. T'he‘ first scheme was to use a resistor, R2, to slow down the turn-on of the
lower corner mosfet, Q2 (Fig. 21). The result of this solution is shown in Fig. 22.
While the gate drives no longer show overlap, the slow turn-on of the lower corner
could result in problems, especially during pulse width modulation. During pulse
width modulation, Q2 might be required to turn on and pick up a large forward
current from the upper corner free \;Jheeling diode. The very slow turn-on of the lower
corner mosfet will cause it to remain saturated until the gate voltage reaches a value
sufficient to support the entire load current. This behavior will greatly increase
switching losses. The second solution to the problem was to use a delay network and
buffer tc; create a fast-rising gate signal delayed by approximately 200 ns (Fig. 23). The
input drive, Q5 and Q6, is designed to insure the low threshold voltage of the
MMHO0026 (0.2 volts) is not exceeded. The delay network is composed of R2 and C2

- and the zeners, Z5 and Z6, insure that the buffer input voltages do not exceed the rated



e

Fig. 20. Overlapping Gate Drives
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Fig. 21. Drive Circuit with Resistive Lower Corner Delay
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Fig. 22. Gate Drives with Resistive Lower Corner Delay
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Fig. 23. D-rive Circuil with Buffered Lower Corner Delay
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maximum, This scheme worked quite well as can be seen in Fig. 24.

The third and largest problem was caused by the reverse recovery of the mosfets’
internal free wheeling diodes. When pulse widih modulating into an inductive load, it
sometimes happens that a mosfet will free-wheel current during its entire "on" period
(Fig. 25). When this corner turns off and the other corner turns on, the other corner
must conduct not only the load current but also the reverse recovery current needed to
clear the free-wheeling diode of stored charge. While this charge is being cleared, the
voltage drop across the diode remains lbw, so the other corner is faced with
exceptionally large currents and the full bus voltage (Fig. 26). Because of this it is
desirable to have diodes which recovér quickly with small reverse recovery currents.
The diodes internal to the IRF330 mosfet are not particularly good in this regard.
Typical reverse recovery time of 300 ns and peak recovery currents of 10 Amps have
been observed for the IRF330. International Rectifier has indicated that the reverse
reéovery can get much worse than that, especially at elevated temperatures [7]. To
solve this problem, blocking diodés, D3 and D4, were installed to block the mosfet
internal diodes and new free-wheeling diodes, D4 and D5, were installed (Fig. 27).
These new diodes were International Rectifier 6FL60 devices
with a reverse recovery time of under 200 nsec and a peak recovery current of 4.0

amperes, The imprdvement can be seen in Fig. 28.
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Fig. 24. Gate Drives with Buffered Lower Corner Delay

VG‘.‘Z -SVIJ:V

Vosi de.‘,/




-pl -

e
s

Iig. 25. Reverse Recovery During Pulse Width Modulntio;f
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[ig. 26. Reverse Recovery with Internal Diode
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Fig. 27. Drive Circuit with External Free-Wheeling Diode
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Fig. 28. Reverse Recovery with External Diode
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3.4 Circuit Analysis ' /

The working circuit can now be analyzed to allow improved performance and to
check the basic assumption made throughout the design - that the power mosfets
would switch fast enough (several hundred nanoseconds or less) to make switching
losses negligible. A switching circuit model of the final design is shown in Fig. 29. As
can be seen from this model, the lower corner switching behavior is relatively simple.
The switching speed is determined by the time constant created by the output
resistance of the buffer and the effective input capacitance formed by C;, and C,.
Because the outpu’t im pedzihce of the buffer used is very low (<10%) this time constant
is very small. Léwer corner switching is thercfore always very fast, typically undef 100
nanoseconds. g upper corner switching is somewhat more complicated. Upper
corner turn-off is relatively simple. The mosfet input capacitance, -Cil is simply
discharged through the mosfet, Q3. This happens very quickly due to the low "on”
resistance of the mosfet, so upper corner turn-off is very fast. Upper corner turn-on is
somewhat more complicated. Two main situations exist for upper corner turn-on -
either there is an inductive ioad and positive current flowing in the lower corner mosfet
or there is not. The latter situation happens when there is a resistive load or when there
is an inductive load but the current is "free-wheeling” in the lower corner prior to
upper cbmer turn-on. When there is positive current flowing in the lower corner and

the lower corner turns off, the inductance maintains the current flow, charging up the



Fig. 29. Switehing Circuit Model
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lower corner output capacittance, Cyo» 10 the bus voltage. When the output voltage
reaches the bus voltage, the upper corner "free-wheeling” diode picks up the current.
Meanwhile, the driver mdsfet, Q3; has turned off and the-upper corner drive circuit is
trying to turn on the upper corner mosfet. To accomplish this it must charge the
output capacitance of the driver mosfet, C,, to the bus voltage plus fifteen volts and
the‘input capacitance of the upper corner mosfet, C;;, to fifteen volts. This charging

time is controlled by the time constant shown below.

As can be seen from this equation, the output capacitance of the driver mosfet actually
dominates the time constant. For the values of components selected previously, tiis
_ time constant is 600 nanoseconds. The actual output switching is much faster, since it
takes place as the gate voltage crosses the threshold voltage. When there is no
inductive "kick-back™ to ring up the output voltage the switching is much slower. Here
again the driver mosfet output capacitance is the limiting factor. Under thése
conditions the bootstrap capacitor, Cpq g, acts as a floating fifteen volt voltage source.
The driver mosfet output capacitance, C;, is then effectively being charged by a
consmnt.currer_lt source with a magnitude of 15V/R1. The switching time is ihen
~determined by the chargin-g time of the output capacitor, which is found from the

equation below,
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tswi[ch =

C,3VpusR1/15V

With a bus voltage of 300 volts, a worst-case output capacitance of 300 pF, and a
resistance of 3300 €, this equation results in a switching. time of 20 ps. This was
considered unacceptably long, so the value of resistor, R1, was reduced to 330 @. This
results in a worst-case switching time of 2 ps, and the switching time is only this slow
during a "free-wheeling” upper corner turn-on. .The change in this resistor value
increases the driver low-tevel power consumption to 0.34 watts per phase. Typical
switching waveforms are shown in Fig. 30 (inductive "kick-back” switching) and in
Fig. 31 ("free-wheeling” switching). As expected, the "free-wheeling” upper corner
turn-on is significantly slower than the other transitions. The load current in each‘ of
these photographs appears constant because at these fast time-scales the inductance of

the load causes it to act like a cuurrent source.
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Iig. 10 Inductive Kick-back Switching Wavelorms
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Fig. 31. Free-wheeling Switching Waveforms
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4. Mosfet and Bipolar Circuit Comparison

| Now that the mosfet inverter circuit has been developed and analyzed, it is uscful
to compare ‘it with a bipolar inverter circuit designed to éu:complish the same task.
While the bipolar circuit design will not be analyzed in as much detail as the mosfet
design, its basic operation will be described and then its performance will be compared

with that of the mosfet design in the areas of size, efficiency, reliability and cost.
4.1 The Bipolar Circuit

The basic bipolar topology is a bridge topology with parallel and series snubbers
(Fig. 32). The parallel snubber is a polarized snubber consisting of R1,D1, and C1. Its
purpose is to modify the turn-off behavior of the transistor to prevent secondary
breakdown. The series snubber, L1, ﬁcts to limit the current spike conducted during
turn-on. This current spike consists of the complementary parallel snubber charging
current, the self snubber discharge current and the complementary free wheeling diode
reverse recovery current in addition to the normal load current. The resistor, R1,
controls the magnitude of the sclf snubber discharge current, dissipates the snubber

energy, and deterrhines the recovery time of the snubber.

Operation with a 300 volt bus dictated the use of 400 volt transistors. 1n order to
avoid secondary breakdown when switching 16 amperes, the smallest snubber

capacitor that could be used is 0.047 yF. Ideally the series snubber, L1, should be large
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Fig. 32. Bipolar Transistor Topology
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since this would reduce the turn-on current spike. A large inductance, however, results |
in voltage ring-up during turn off. The series inductance was selected at a compromise
value of 1pH. This value of inductance causes a voltage ring-up of 73 volts at 16
amperes and limits the complementary parailel snubber charging current to 32
amperes. In order to provide safe parallel snubber recovery and the curfent limit peak
switching frequency of 10 kHz, the snubber resistor, R1, was selected to be 20 @. This
limits the self snubber discharge current to 18.2 amperes. The free wheeling diode
revell‘se recovery current could be as high as 15 amperes. These numbers indicate that
the transistor must conduct a current spike of as high as 72 amperes during turn on.

On this basis, the Power Tech transistor, PT3523, was selected.

The drive circuitry, Fig. 33, is a relatively standard design. Small power mosfets,
Q1-5, have been used to provide fast current switches with easy drive. A speed-up
capacitor, Cl, has been added to provide the base current spike necessary during
turn-on. Each corner is optically isolated and each of the three upper corners requires

a separate floating 10 volt supply.

The losses in this bipolar design occur in severat places. There are two main
types of losses - steady state losses and switching losses. The steady state losses occur in
two places - the transistor "on" losses and the drive losses. The drive losses are caused
by the contirnuous base current that must flow to keep the transistor saturated.

-~ Assuming a worst case saturation beta of 26 at a current of 16 amperes, the base drive



Fig. 33. Bi'polm' Drive Circuitry
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was selected to be 0.7 amperes. This results in a contiymﬁs drive loss of 7 watts per
/s

phase. The "on" loss is the loss due to the saturation voltage drop of the transistor.

The transistor has a saturation voltage drop of 0.2 volts. With a 9.5 Arms load current

flowing, this results in an "on™ loss of 1.9 watts per pﬁase. The sWitcl1ing losses in the

bipolar design are very significant. Using the drive scheme described above the

switching time for the transistor can be as long as 3 gs. The switching loss can be’

~ calculated using the formula below.

Powich = Vius'i.oab switentswitch?3

/o
At a frequency Cf 3600 Hz, with a switching time of 3 s, a bus voltage of 300 volts and

a load current of 9.5 Arms the switching losses for one phase would be 5.1 watts. The
last major power\oss is the power lost in the snubber resistor. This power can be

calculated as shown below.

- 2
Psnubbcr - Csnllbbcr(yBUS+VI{[NG) fswitch

With a snubber capacitor of 0.047 uF, a bus voltage of 300 volts, a ring-up voltage of 73
volts and a switching frequency of 3600 Hz the snubber losses are 23.5 watts. Under

the above conditions, the total losses for this design are 37.5 watts pér phase.
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4.2 Performance Comparison

The bipolar inverter circuit and the mosfet inverter circuit described above both
accomplish the same task. To decide what the relative advantages and disadvantages of
the two circuits are they can be compared in the areas of size, efficiency, cost, and

reliability.

The physical sizes of the bipolar circuit and the mosfet circuit are tabulated in
Tables V and VI respectively. As can be seen from these tables, the mosfet circuitry is
significantly smaller. This is the result of two main factors. First of all, snubbers are
not necessary for thé safe operation of the mosfet circuit. This results in very
substantial size savings since the snubber resistor and capacitor are very large. A
second reason for the mosfet circuit being smaller is thatt the components in the mosfet
driver are very small and do not have to be able to dissipate much power. The bipolar
driver, in contrast, has several large power resistors and the large speed-up capacitor.
The size advantage demonstrated here does not even take into account the fact that the
bipolar design requires a signiﬁcantly larger low level power supply, It can be seen
from the tables that the mosfet design has in fact provided the significant reduction. ir;

size that had been desired.



Table V. Bipolar Circuit Size

FET, IVN5200

Buffer, D50026

15V zcner, IN965

5V zener, IN751

4.7uF capacitor, 20V
0.1uF capacitor, 20V
159 resistor, 1 Watt
11€2 resistor, 12.5 Waits
209 resistor, S0 Watts
0.47u¥ capacitor, 400V polycatbonate
Diode, 6160
Transistor, PT3523

Subtotal
50% overhead

Total
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30@ 1075 in?
3@ .1075 in?
18@ .018 in2

6@ .018 in?
6@ 683 in’
12@ 82 in’
12@ .141 in2
6@ 859 in2
6@ 1.514 in?
6@ 365 in?
12@ .15 in?
6@ 244 in>

3225 in?
323 in?
364 in
108 in2

4098 in?
982 in2
1692 in?

5.154 in

9.084 in®

2.190 in?
1.800 in®
1.464 in%

30.486 in2
15243 in?

45.727 in?



Table VI Mosfet Circuit Size

FET, IVN5200
Buffer, DS0026
Transistor, 2N3439
Transistor, 2N3905
15V zener, IN965
5V zener, INT51
Resistors, 1/4 Watt
Capacitor, 470pF
Diode, 6FL60
Mosfet, IRF330

Subtotal
50% overhead

Total

3@ .1075 in?
3@ .108 in2
3@ 1075 in?
3@ 065 in?
9@ 018 in2
6@ 018 in?
12@ .027 in?
3@ 017 in?
2@ 15 in
15@ 1.328 in?
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323 in?
323
323 in®
195 in2
162 in?
108 in?
324 in?
051 in?
1.800 in?
19.920 in2

23.529 in2
£1.765 in2

35.294 in2
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A comparison of the losses and efficiency of the two circuits reveals several
important differences. The power losses for the mosfet circuit can be determined as

shown below.

Pmosfct = (l_k)Pon + kpfw + Pdrive + 2f‘swi[chVBUS(\)switch

In the above equation K is the fraction of time the current "free wheels", P, is the
“on" loss of the mosfets, Py . is the power consumed in the drive, Py, is the power

dissipated in the "free wheeling” diode, and Q is the effective switching charge.

Switch
stitch - II_O/\Dtswitch/6

For the bipolar transistor the losses can be calculated from the following equation.

Pbipolar - (1'k)P0n + kpfw + l)drivf: + 2r:wviu:hVBUSstiuzh

2
+fswitch Csnubber Vus + VRING)

The "free-wheeling" diode loss can be calculated assuming a forward drop of 1.5 volts.
With a current of 9.5 Arms, this yields a loss of 12.8 watts. For the mosfet design the
drive loss is 0.34 watts and in the bipolar design this loss is 8.0 watts. Assuming a 300
ns worst-case switching time for the mosfet circuit and a 3 #s worst-case switching time
for the bipolar circuit, one éan calculate a switching charge of 0.475 uC for the mosfet
circuit and 4.75 pC for the bipolar circuit. The "on" losses for the mosfet circuit are

75.4 watts if the worst case selection of 2 IRF330s is assumed but éan be as low as 54.8
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watts for a single IRF350. 1n the following analysis it is/asfumed 2 IRF330s are being
used. The "on" losées for the bipolar circuit are 1.9 watts.

The losses and efficiencies of the two circuits vary as the operating conditions
vary. The efficiencies of the two circuits are compared below at three typical operating
states. In the first state the bus voltage is 300 volts, the bus current is 9.5 Arms, the
switching frequency is 3600 Hz, and the current is "free-wheeling” 50 per cent of the
time. Under lhese conditions the mosfet circuit's losses are 45.2 watts per phase and
the bipolar circuit’s losses are 49.6 watts per phase. The corresponding efficiencies,
assuming a lanif of 1645 “watts, are 92.4% for the mosfet circuit and 91.7% for the
bipolar circui< This is probably the most typical operating condition for this
application, AI second operating state would have a bus voltage of 150 volts, a
switching frequency of 400 Hz, a load current of 9.5 Arms and very little
"free-wheeling” current flow. Under these conditions the mosfet circuit’s losses would
be 75.5 watts and the bipolar circuit’s losses would be 11.1 watts. The corresponding
efficiencies are 87.9% for the mosfet circuit and 98.0% for the bipolar circuit. A third
operating condition would be that of current limit. Here one might find a bus voltage
of 300 volts, a éurrent of 11.0 Arms, a switching frequency of 8000 Hz and
"free-wheel’ing" current 80 per cent of the time. Under these conditions the power
losses are 27.4 watts for the mosfet circuit and 131.8 watts for the bipolar circuit. The

corresponding efficiencies are 95.2% and 80.6%.
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Several things can be noted from the above calculations. The most obvious fact
~is that the mosfet circuit operates better at high frequencies and the bipolar circuit
operates better at Jow frequencies. This is as expected because the bipolar circuit’s
losses are dominated by switching losses while the mos;fet circuit’s losses are dominated
by "on" losses. A second characteristic is that the mosfet circuit’s ¢fficiency improves
as the amount of time thé current "free-wheels"” increases. This is due to the much’

lower forward drop of the "free-wheeling" diode as compared to the mosfet.

The parts cost for the bipolar circuit and the mosfet circuit are summarized n
Tables VII and VIII. Although the cost of the bipolar circuit is very high, this is
primarily due to attempts to reduce the circuit size. A somewhat larger snubber would
allow the use of much cheaper‘transistors. Also, a somewhat larger, but m‘.uch cheaper
bipolar drive circuit could have been built by replacing the IVN5200 fnosfets with
small power transistors, Because small size was the primary design goal, these
modifications were not implemented. In a less size-constrained application, these
changes would probably be made. If these changes were made, the bipolar design
would probably be cheaper than the mosfet design as a result of the expense of the
power mosfets, It is uniikely if the percentage cost differential would be large owing t@

- the relatively large cost of the bipolar drive components,



Table VIL. Bipolar Circuit Cost

FET, IVNS200

Buffer, DS0026

15V zener, IN965

5V zener, IN751
4.7pF capacitor, 20V
0.1y F capacitor, 20V
158 resistor, 1 Watt
118 resistor, 12.5 Watts
2082 resistor, 50 Watts
047 F capacitor, 400V polycarbonate
13iode, 6FL60 -
Transistor, PT3523

Total

_82_

30@ $7.40
3@§7.00
18@ $.54

6@ $.41
6@ $.80
12@$.78

12@ $1.23
6@ $2.57
6@ §3.15
6@ $9.47

12@ $8.12

6@ $149.00

$220.00
$21.00
$9.72
$2.46
$4.80
$9.36
$14.76
$15.42
$18.90
$56.82
'$97.44
$894.00

$1366.68



Table VIII. Mosfet Circuit Size

FET, TVN5200
Buffer, DS0026
Transistor, 2N3439
Transistor, 2ZN3905
15V zener, IN96S
SV zener, IN751
Resistors, 1/4 Watt
Capacitor, 470pF
Diode, 6FL60
Mosfet, IRF330

Total

3@ $7.40
3@ $7.00
3@ $1.65
3@ $.50
9@ $.54
6@ $.41
12@ $.38
3@ $.75
12@ $8.12
15@ $28.00
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$22.20
$21.00
$4.95
§1.50
$4.36
$2.46
$4.56
$2.25
$97.44
$420.00

$581.22
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Because of the limited experience with the operation of these two circuits it is
difficult to say anything substantive about the reliability of the two circuits. Although
both bipolar transistors and power mosfets have weaknesses, the circuit designs take
these into account and should protect the devices froﬁ overvoltage in the power mosfet
circuit and secondary breakdown in the bipolar transistor circuit. Due to their recent
development, little is known about the long-term reliability of power mosfets. The
smaller number of parts in the mosfet circuit should lend somewhat of a reliability
advantage to that circuit, but this is mitigated by the lack of experience with power

mosfet circuits.
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5. Summary and Conclusions

A working, three-phase, mosfet inverter has been designed and constructed to
meet the requirements of the application described in the first chapter. Paralleled
power mosfets _have been successfully employed to provide circuit operation at currents
larger than the capability of a single mosfet. The performance of the mosfet design was
comi)ared with that of a relatively conventional bipolar circuit, designed for the same

application.

Several interesting observations resulted from this comparison. First, the
necessity of low frequm;,ncy operation enabled the mosfet design to successfully compete
with a bipolar design in terms of size. At higher frequencies a transformer-coupled,
porportional-base-drive topology would have made possible a very small bipolar
design. Asthe frequency of operation becomes very low, however, the efficiency of the
power mosfet design becomes much worse than that of the bipolar design. At
operating frequencies between several hundred Hertz and several thousand Hertz the
mosfet design has the largest advantag. At these frequencies, the efficiency of the
mosfet design is equal to that of the bipolar design and the size advantage of the mosfet

design is significant.
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Another significant advantage of the mosfet design over the bipolar design is in
the area of low-level power supply requirements. The bipolar design required three
floating tep volt, eight watt- supplies and a non-floating ten rvolt, 24 watt supply. The
mosfet design requires only a non-floating supply and consumes less than two watts.
The bulk of the power is consumeci by the buffer used to interface with the low-power

control circuits.

A cost comparison of the two rdesigns reveals that although mosfets- are more
expensive than bipolar transistors, the cost of the associated drive components renders
this difference insignificant. In fact, if efforts are made to reduce the size of the bipolar
design as were made in the design presented above, the resulting bipolar design can be
significantly more expensive than the mosfet design. Little can be said about the
relative reliability of the two designs until more experience with mosfet designs is

obtained.

In conclusion, the power mosfet design offers a significant advantage over a
bipolar transistor design in a size-constrained, low-frequency, medium-power
application. This size advantage comes with little or no penalty in the areas of cost and
efficiency. The relative reliability of the two designs is still uncertain due to tﬁé recent

advent of power mosfets.
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Several are«ils of future research have been indicated by the above work. Two
particularly stand out. Furthur development of the opticall-isolated drive topology,
Topology V, would be very interesting as this drive design seemed very competitive
With the drive actually developed. Also research into‘ improving the characteristics of
the internal "free-wheeling” diode in the power mosfets would be very important as it
would greatly increase their utility in power switching applications. In general much’
work remains to be done in exploring the applicationsof power mosfets in switching
applications. Their differences from bipolar transistors promise the possibility of their

use in a wide range of applications.
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